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Internal Magnetic Turbulence Measurement in Plasma by Cross Polarization Scattering
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For the first time, the internal magnetic turbulence is measured by a new cross polarization scattering
diagnostic in the Tore Supra tokamak. The principle of this experiment is presented. It is based on the
polarization change or mode conversion of the electromagnetic wave scattered by magnetic fluctuations.
A strong correlation between the internal magnetic fluctuation and the additional heating is observed,
contrary to the edge fluctuations. The observed fluctuations increase linearly with the poloidal beta
number P~ in the L-mode confinement regime.
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The electron thermal diffusivity measured in tokamaks
is much larger than that predicted by neoclassical theory.
In the standard models for this anomalous transport, the
loss mechanism for particles and energy in the plasma
is attributed to microturbulence [1]. Experimentally, the
electrostatic turbulence or density fluctuations n have
been intensively studied in tokamaks (edge and core),
and the results were not always consistent to show
that the electrostatic turbulence determines the internal
energy confinement [2]. The magnetic turbulence B
is at present measured only at the edge by magnetic
coils [3], or indirectly by the analysis of the runaway
electron transport [4]. The internal measurement of B is
then indispensable for the clarification of its role in the
anomalous heat transport. In this Letter, we present a new
diagnostic —the cross polarization scattering diagnostic,
which is the first attempt to measure the internal B.

The cross polarization scattering has been intensively
investigated by different authors [5—8]. A simple quali-
tative description is given here. From an eletromagnetic
wave E; of frequency ~;, the scattered field E,. resulting
from n, , 8 is given by

—Vx(V&CKj+( ')(1 — )E,
g J(2)= —i p.o, (1)

where cr is the unperturbed conductivity tensor. Using a
simple nonlinear Quid model, the induced current Ji2i for
the cold plasma limit is given by

l8 MJ('i = ' —E; + ', ~[(~E;) X (B/B)],
Cu i n.e g 0 CO

(2)

where cu„, is the plasma frequency and 8 the static
magnetic field. The first term on the right-hand side of
Eq. (2), describing the interaction between n and E;, and
being parallel to E;, gives a scattered wave of the same
polarization. This is the usual scattering process for n.
The second term, describing the interaction between 8
and E;, has a polarization perpendicular to E; due to the

vectorial product between E; and 8, and can generate a
scattered wave of cross polarization. This phenomenon,
called the cross polarization scattering (CPS), is used to
measure the magnetic fluctuation in our experiment.

Two eigenmodes exist in tokamaks for wave propaga-
tion perpendicular to B: the ordinary mode (0) with po-
larization parallel to B, and the extraordinary mode (X)
with polarization perpendicular to B. The scattering pro-
cesses described above can be schematically described as
follows: 0; + n ~ O„O; + 8 ~ X, for an incident
0 wave, and symmetrically X; + n ~ X„X; + B ~ 0,
for an incident X wave. In tokamaks, due to the expected
value of B/B being lower than n/n, the scattered signal
from 8 is estimated to be 10 times less than that coming
from n, . To reject the signal scattered by n from the total
scattered signal we introduce the polarizing mirror effect
(PME). The basic idea is to use the cutoff of the inci-
dent wave as a perfect polarizer. This principle is shown
in Fig. 1 with the scenario X; + 8 ~ 0, . An X mode
is launched vertically with its cutoff layer in the plasma.
The receiver antenna is positioned at the bottom of the
torus, while the emitter antenna is at the top. The X
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FIG. I. Diagram of the cross polarization scattering diagnos-
tic. Schematic describing the polarizing mirror effect with the
scenario I; + 8 ~ g, .
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mode cutoff layer reflects the incident X wave and the
X wave scattered by n, , but lets through the 0 mode con-
verted to B. The scattering volume is located between
the top plasma edge and the cutoff layer. The fluctua-
tion wave number selected by the Bragg selection rule

fiUct = &o —kx is radial rather than poloidal.
The CPS diagnostic consists mainly of a millimeter-

wave source and a heterodyne detection system (see
Fig. 1). A high mode purity is required for the emitter
and receiver antennas in order to optimize the polarization
selection. This includes a quasioptic Gaussian system
and an accurate positioning system with a motorized
rotary joint. The rotary joint allows a match of the
antenna electric field direction to that of the total magnetic
field at the plasma edge with a precision of 0.36
(1000 steps/rotation). The millimeter-wave source is an
extended interaction oscillator (EIO) of 60 GHz (Ati =
5 mm) with a maximum output power of 70 W. The total
losses due to waveguides and millimetric components in
the transmission lines are estimated to be —23 dB. The
half angle of divergence of the wave beam launched by
the antennas into the vacuum is less than 1 and its linear
polarization in power is better than —30 dB (10 ). The
local oscillator (LO) is a Gunn diode with an output power
of 70 mW. The frequency difference between EIO and
LO is stabilized at 48 MHz by a phase lock loop. The
signal from the plasma is then mixed with that from the
LO by a balanced mixer. The absolute sensitivity of this
detection system is NEPtt = 10 's W/Hz.

In tokamaks two intrinsic plasma effects can affect the
wave polarization: (1) the eigenmode mixing effects such
as the Faraday and Cotton-Mouton effects which can be
avoided by the separation of the two modes thanks to the
polarizing mirror and (2) the coupling between the two
modes due to the magnetic shear [9j. This mode coupling
can be important in the adiabatic transition layer at the
plasma edge, or near the upper hybrid resonance region
[10]. For our cases the coupling rate is estimated to be
less than 10 in both cases and can therefore be neglected.
Thus one can consider that each eigenmode propagates
independently in the plasma following the local magnetic
field. The mode conversion by B occurs locally even
though the magnetic field direction changes. Finally, the
residual polarization rate is dominated by the alignment
of the incident electric field to the magnetic field at the
plasma edge, which causes a spurious polarization rate
lying between —25 and —30 dB.

The first experiments, presented in Figs. 2 and 3, have
been performed with the CPS scenario X; + B ~ 0, .
The plasma parameters are helium gas, with a major
plasma radius of R = 2.46 m and a minor plasma radius
of a = 0.68 m. The central plasma density and the
magnetic field are chosen to have an X mode cutoff in
the plasma: Bo = 1.82 T and n, p

= 3.6 X 10 m
This cutoff layer is located close to r/a = 0.85. The
receiver antenna is set with a polarization parallel to

E4

2
th

0
2

0—~O

I

X—00
~ Le«&rw&w«asm«au&«I&&&t &&

6 8 10
t {sec}

12

FIG. 2. Time evolution of the plasma current 1„(MA), the
major radius R (m), the mean density (n, ) (10' m '), and the
direct transmission power 5, (mW).
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FIG. 3. Turbulence spectra obtained with the CPS configura-
tion (solid), X; + B ~ O„and the SFS configuration (dashed),
0; + n ~ 0, . I~ = 0.79 MA, Bo = 1.82 T, and n, o = 3.6 X
10' m . OdBm = 1 mW.

the 0 mode. Figure 2 shows the time evolution of the
plasma parameters and the video signal S that represents
the power directly transmitted through the plasma and
detected by the receiver antenna, and then measured by
a video detector with a frequency window of 20 kHz.
The process used to find the emitting antenna positions
includes three phases: (1) for 4 ( t ( 5 s, just after the
plasma shift from the inner wall to the outboard limiter,
the emitting antenna rotates by 360 . During this phase
S is used to find the antenna position where the 0
(5, maximum) or X (S, minimum) modes are launched.
(2) For 5 ( t ( 6.4 s the emitter is tuned to the 0
mode, i.e., the standard forward scattering configuration
0 ~ 0. (3) After 6.4 s the emitter is tuned to the X
mode, i.e., the CPS configuration X ~ 0. The difference
between the maximum and minimum values of S is about
30 dB; i.e., the antenna can be aligned to within 2 of
the edge magnetic field by this process. This indicates
that the depolarization effect by refIection on the wall
is less than —30 dB. Thus the 0 modes converted by
wall depolarization from the X wave scattered by n are
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dP, = K, C~P;,frAAAfn, Lr]]u/(I —u) Sb, (3)

negligible. Polarization analysis by the rotation of the
receiver antenna confirms that the received signal is in the
0 mode, thus excluding the possibility that the received
signal is a component of the spurious X mode signal
coming directly from the emitter via a multireAection on
the wall.

Figure 3 shows the frequency power spectra of the
fluctuation, obtained separately from the two scenarios:
standard forward scattering (SFS) 0; + n ~ 0, (dashed
line), and cross polarization scattering X; + 8 ~ 0,
(solid line). The large central peak in the SFS case repre-
sents the unscattered component of the transmitting wave
for cu = 0, and the forward scattering by density Puc-
tuations with 0 ( cu ( 200 kHz. Note that the central
peak has totally disappeared in the CPS case, but a broad
spectrum of 2 MHz is observed. This is of course due
to the presence of the X mode cutoff in the plasma.
The dramatic change in the spectra can be considered
to be the signature of the CPS process and can be ex-
plained as follows: (a) In the SFS configuration, i.e.,
the 0 ~ 0 forward scattering kf] r (= k, —k; = 0)
is limited to 0.5 cm '. The drift frequency, defined as
cu' = kf]„,„T,/eBoL„= 40 kHz, is in agreement with
the observed SFS spectrum. L„= n, /~dn, /dr) is the
density scale length. (b) In the CPS configuration two
X ~ 0 scattering processes are observed by the re-
ceiver antenna: forward scattering before refIection where
kf]Ug] (= ko —k~) varies from 0 in the vacuum to ru, /c
(= 12.56 cm ') at the cutoff, and backscattering after re-
fiection where kf] q] (= ko + kx) varies from cu, /c at
the cutoff to 2';/c in the vacuum. Thus the contribu-
tion of B from the cutoff layer, estimated to be the domi-
nant effect as was indicated in Ref. [7], is localized at
kf] ] rL];/c, for which the corresponding co* = 1 MHz
is in agreement with the observed CPS spectrum. On the
other hand, the contribution of edge B in the CPS signal
is in the low k range, i.e., the low frequency range, or
in the large k range (= 25.12 cm ') where the fluctua-
tion level is too small. This emphasizes the fact that the
CPS signal originates from the cutoff region. Note that
the spectrum around 500 kHz in the SFS case, shown by
the thick solid line in Fig. 3, is due to the phase noise
in the heterodyne detection system, as its level is directly
proportional to the received power. Similar features are
found for the symmetric case: a low amplitude, broad
spectrum for 0; + 8 ~ X„and a large central peak with
a small base for X; + n ~ X, . The magnetohydrody-
namics (MHD) activity, characterized by a very low wave
number and frequency, is not directly measured by our di-
agnostic. The reason for this is that the dominating kf]
in the CPS signal is very far from that of the MHD.

A simplified scattering equation, allowing us to calcu-
late 8/8 from the scattered power in Fig. 3, can be ex-
pressed in the following form [7]:

where K, is the spatial localization factor, C~ is the
loss factor due to refraction, I. is the scattering volume
length, n, is the mean density in the scattering volume,
P;,fr is the effective incident power, AA is the solid
angle of detection, /] f is the frequency resolution, ro
is the classical electron radius, and the frequency ratio
u = (cr]„/cu;)z. The form factor relative to 8 is defined
as for the density Iluctuation S„[11]:

B(k, u]) B*(k, cu)
(4)Sb(k, cu) = lim

Tv TV

Sb has the dimension of a time as 5„. With dP, =
10 s mW, P;,fr = 50 mW, AA = 5 X 10 sr, Af =
30 kHz, ro=2.82X10 ' m, n, =0.7X10' m
L = 0.1 m, K, = 3.2, C~ = 0.1, and u = 0.72 (8]] =
1.82 T), we find that Sb = 6.2 s. Sb can then be directly
linked to the 8 correlation function by the Wiener-
Kinchine theorem [11]. By integrating this equation over
phase space, we obtain

Sb(k, ru) (dr@/2w) dk /(27r) = n, ]](B/8) ]. (5)

Assuming that the phase volume corresponding to this
fiuctuation is given by Af = 0.5 MHz, Ak„= Ak]] =
10 cm ', and Ak~~ = 0.07 cm ', we find that 8/8 =
1.2 X 10 . The uncertainty for this estimate is 100%.

A second series of experiments has been performed
with the CPS scenario 0; + B ~ X, . The results
presented in Fig. 4 are obtained with the same plasma
parameters: R = 2.32 m, a = 0.76 m, I„= 1.3 MA,
Bo = 3.76 T, and n, o = 6.5 X 10' m . In this case the
CPS signal is localized close to the 0 mode cutoff layer,
i.e., at r/a = 0.57. Figure 4(a) shows the time evolution
of the different signals in the presence of additional
heating [ion cyclotron resonance heating (ICRH)]: the
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FIG. 4. (a) Time evolution of the different fluctuation signals
in the presence of additional heating ICRH (thin solid line):
the internal magnetic fluctuations (diamond) are measured by
the CPS at 300 kHz in a window of 10 kHz, and the density
fluctuations (dot) are measured by CO, laser coherent scattering
at kq = 12 cm '. Both of these signals are normalized
to the Ohmic regime. The edge magnetic fluctuations are
measured by the Mirnov coil (thick solid line). Ip = 1.3 MA,
Bo = 3.76 T, n, o = 6.5 X 10'9 m '. (b) Dependence of the
internal magnetic fluctuation as a function of P~ in the L
regimes (ICRH, liquid helium).
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internal B measured by the CPS diagnostic at 300 kHz in
a window of 10 kHz, the edge n measured by CO2 laser
coherent scattering at ke = 12 cm ' [12], and the edge B
measured by Mirnov coils in a frequency window of 10
kHz. Some observations can be drawn from this figure:
A strong correlation between the internal microscopic
magnetic turbulence and additional heating is evidenced,
while the edge n and edge B (Mirnov coil signal) are
insensitive to this heating, as has been observed in several
tokamaks. This means that the CPS signal in the high
frequency range (co = 300 kHz) is not polluted by the
edge fluctuations.

Figure 4(b) displays the internal B as a function of
the poloidal beta number p„. It clearly shows that
in the L-mode confinement regime the internal mag-
netic turbulence increases linearly with p„: (B/B)
K(P„—P„p), where P„o = 0.15 and u' = 2 X 10
Thus B/B = (3.2 —6.4) X 10 for this case. This value
of B/B measured at r/a = 0.57 is compatible with the
anomalous electron heat diffusivity measured in Tore
Supra (y, = 0.8 m s ') if we use the quasilinear ex-
pression for g, due to B [13]. However, rF can be di-
rectly linked to p„. In fact by eliminating the injected
power P«, in the relations ~E = W/P«, (definition) and

7'p ~ I„P«t (Goldston [14]),we obtain 7.F ~ W/1„~
—&/2 ~ —1 2

p„. This suggests that in the L regimes the anomalous
transport in the core can be caused by the internal mag-
netic turbulence, which is decoupled from the edge tur-
bulence. We emphasize that the plasma parameters, and
hence the location of the cutoff, are constant for the dis-
charges shown in Fig. 4.

In summary, the cross polarization scattering caused by
magnetic fluctuations is identified by comparing the fluc-
tuation spectra from the two opposing configurations CPS
and SFS. A large spectral broadening effect is observed,
which is considered to be the signature of the magnetic
turbulence measured using this method. A strong cor-
relation between the internal magnetic fluctuations and

additional heating is also observed. In the L regimes,
these fluctuations are dissociated from the edge fluctua-
tions (density and magnetic).
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