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External Magnetic Diagnostics
In very many plasma experiments the main parameters of the experiment consist of
the magnitude of currents and magnetic and electric fields inside and outside the plasma
volume. Reliable measurement of these parameters is basic to performing and understanding
the experiments. Moreover, in many cases, measurements of these global quantities can give
considerable information about the microscopic properties of the plasma such as temperature,
density, and composition. Magnetic diagnostics may not seem quite so exciting or to involve
such interesting áreas of physics as the more exotic techniques, but there is little doubt that
they are extremely productive and practical in routine use.

1 Magnetic Field Measurement Techniques
The simplest way to measure the magnetic field in the vicinity of a point in space is to use a
small coil of wire. Such a magnetic coil, illustrated in Fig. 1, may be considered the archtype
of magnetic measurements. In a uniform magnetic field, varying with time B(t), the voltage
induced in the coil is
V^NAB

,

(1)

where N is the number of turns in the coil of área A and the dot denotes time derivative.
As indicated in the figure, because one is normally interested in B rather than B, an analog
integrating circuit, such as the (somewhat schematic) one shown, is generally used to obtain
a signal proportional to the field

£ •
where RC is the time constant of the integrator.
Coil

Integrator

Figure 1: Typical magnetic coil and integrating circuit.
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Many different kinds of magnetic coil configurations can be used. One which is very
widely used is the Rogowski coil. This is a solenoidal coil whose ends are brought around
together to form a torus as illustrated in Fig. 2. Consider a coil of uniform cross sectional
área A, with constant turns per unit length n. Provided the magnetic field varíes little over
one turn spacing, that is, if

Figure 2: The Rogowski coil

Figure 3: Equivalent geometry for the integral
form of flux through a Rogwoski coil.

\VB\/B«n ,

(3)

the total flux linkage by the coil can be written as an integral rather than a sum over individual
turns:
$ == n <j>
I í dA
dA B • di
(4)
Ji JA
where di is the line element along the solenoidal axis as illustrated in Fig. 3. Note that it
is important to have the return wire back down the coil as shown in Fig. 2 or else to "back
wind" the coil; otherwise, Eq. (4) also includes a term arising from the flux passing through
the torus center. Now we note that the order of integration may be changed in Eq. (4) and
that Ampere's law is quite generally
B • di =

(5)

where I is the total current encircled by / and ¡i is the magnetic permeability of the médium
in the solenoid. Thus
$ = nAfxI
(6)
and the voltage out of the Rogowski coil is
V = $ = nAfií

,

which again is usually integrated electronically to give a signal proportional to I.
—3

(7)

The Rogowski coil thus provides a direct measurement of the total current flowing
through its center. Note particularly that it is independent of the distribution of that current
within the loop provided that Eq. (3) is satisfied. This principie is used in many different
types of electrical circuits since it has the merit of requiring no circuit contact at all with the
current being measured. The typical situation in plasma diagnostics in which it is used is
to measure the total current flowing in the plasma, particularly for toroidal plasmas such as
tokamak or pinch. For this purpose the Rogowski coil links the toroidal plasma as illustrated
Transformer
in Fig. 4.
core

Voltage
loop

Rogowski
coi i

Figure 4: Typical use of a Rogowski coil and a voltage loop to measure current and voltage
in a toroidal plasma.
2 Global Measurements
In a toroidal experiment the plasma current is driven by a voltage induced by transformer
action, the plasma being the secondary. The toroidal loop voltage is usually measured by a
so-called voltage loop, which is simply a single wire encircling the machine in the toroidal
direction as illustrated in Fig. 4. If the plasma current is not varying with time, then the
resistance of the plasma is evidently V¿//¿, where V¿ and 1$ are the toroidal loop voltage
and plasma current, respectively.
The resistance, Rp, of a toroidal plasma of major and minor radius R and a, respectively,
is related to its mean conductivity via a = 27ri2/7ra2i2p, if a is uniform. If cr is not uniform
but information about its profile shape is available, the resistance still provides a measure of
its absolute magnitude.
The usefulness of having a measurement of a, apart from determining the ohmic heating
power density, is that it gives us an estímate of the electrón temperature. This estímate is
based on the equation for the conductivity of a fully ionized plasma,
a = 1.9 x 104

T 3/2
•Le

(8)

where Te is the electrón temperature in electrón volts, Za is the resistance anomaly determined
by the ion charge, and lnA is the Coulomb logarithm.
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It is important to remark that Za is not just the quantity Z e / / = Ylj njZ? /ne. However,
an approximate relationship exists between them:
Za ~ 0.65Z e / / + 0.35

.

(9)

The electrón temperature deduced from Eq.(8) using Za = 1 (and an appropriate ínA, usually
~ 15) is called the conductivity temperature. It is usually a rather poor quantitative estímate
of Te because of uncertainties in Ze/f and also because, in a torus, trapped particle effects can
decrease the conductivity by a factor up to ~ [1 — y/(2r/R)) [1]. Nevertheless, the conductivity
temperature is often a very useful first estimate because it is so easy to obtain.
Externa! magnetic measurements are used routinely to give important information also
about the plasma pressure. The basis of these diagnostics is that the plasma is in MHD
equilibrium, where the plasma kinetic pressure is balanced by magnetic pressure. The mean
plasma pressure < p > can be deduced from the "diamagnetic effect." The measurement in a
toroidal plasma consists of measuring the mean toroidal field < B^ > using a flux loop (Fig.
5) and the toroidal field outside the plasma, B ^ a . It can then be shown [2] that the poloidal
beta is approximately:
2fi<p>

B¡

2B¡í>a(B4>a-<B<t>>)
+

(10)

Bl

where Bga is the poloidal field at r = a. This measurement is hard to perform in tokamaks
because it requires measurement of the small difference B<f,a — < B<j, > to an accuracy of order
10~4 x B,pa. However, it is very widely used for total plasma energy measurements.

Poloidal
Fietd Coiis

Figure 5: The flux loop measures
mean toroidal field.

Figure 6: External poloidal magnetic field
measurements on a noncircular plasma.

Measurement of the poloidal variation of the poloidal magnetic field (and/or flux), is also
important. In a plasma with approximately circular cross-section, it is simplest to think of the
field as consisting of different Fourier components proportional to cosí?, eos26, cosmd, etc.
The m = 1 (sine and cosine) components give plasma position and, in a torus, information
about the quantity 0$ + U/2 [2], where /,- is the dimensionless internal inductance. Higher
Fourier modes give information about ellipticity, triangularity, etc.
- 5 -

3 S h a p e d plasmas
In geometries in which there is an ignorable coordínate, such as for a toroidally symmetric
plasma like a tokamak, the magnetic fields can be expressed as the gradient of scalars. In
particular, the poloidal field of a toroidal plasma can be written as the cross-product:
B p - (e¿ A W ) IR

,

(11)

where é¿ is the unit vector in the toroidal direction and B p includes both radial and azimuthal
parts of the field (Br and Bg of our earlier analysis). The poloidal flux ip can be regarded
as (l/27r) times the total magnetic flux through a surface spanning the circular contour R
= constant, z = constant (using cylindrical polar coordinates R, 0, z). Now it is possible,
quite straightforwardly in many cases, to measure the poloidal flux directly using magnetic
measurements, in much the same way that the toroidal flux is measured. Integrating the
signal from what we have previously called a voltage loop gives directly the poloidal flux.
Therefore, we could just as well have called it a (poloidal) flux loop.
Most of the measured flux through such a loop will tend to be the transformer flux used
to drive the plasma current. Therefore, a single loop does not give much information about
the plasma position. However, if we have a number of loops ranged around the perimeter of
the plasma, then the difference in the flux measured by the different loops does give us that
information. To put the point mathematically, loops ranged around outside the plasma give
the boundary coniitions for a solution of the differential equation governing tp in the inner
región. As a simple example, if the flux valúes are all the same at the loops, then the loops
all lie on a single magnetic flux surface, and thereby give us the shape of the flux surface in
that región of space. Figure 6 illustrates the sort of configuration used to give edge magnetic
measurements on a shaped tokamak.
For axisymmetric configurations such as tokamaks, the flux function can be shown from
Maxwell's equátions to satisfy the equation:
A*^ = -Rfiojj,

(12)

with the elliptic operator A* given by

Within the plasma, equilibrium forcé balance requires that the toroidal current density is
given by
dxj)

yR

dx¡)'

where p(ip), the plasma pressure, and F(ip) = RB^ are two free functions that. together
with boundary conditions, define the equilibrium. The flux equation with this expression
substituted for j© is called the Grad-Shafranov equation.
Normally, in the absence of interna! magnetic measurements, the aim of the magnetic
diagnostics is to reconstruct as much information as possible about the flux function in a
- 6 -

región enclosing the plasma, from measurements round the boundary. In many cases this
boundary is actually the vacuum vessel wall, although it need not be.
The simplest possible situation to consider first is when the toroidal current density is
negligible. Naturally this is not representative of a tokamak plasma at full current. However
it is nevertheless an important situation in tokamak operation, representing the problem of
diagnosing the magnetic configuration during plasma formation. This problem is important
because proper plasma formation requires a carefully controlled field "nuil" for ionization of
the gas and subsequent current ramp. Particularly in future tokamaks with thick conducting
structures it is important to measure the field configuration. In this case we need to treat
the "homogeneous Grad-Shafranov equation", i.e. the elliptical problem with zero right hand
side. Since, by presumption, the equation A*ip — 0 is satisfied everywhere within a closed
two-dimensional (Jí, z) región, standard analysis of elliptic equations tells us that knowledge
of x¡) everywhere on the boundary is sufficient to define the solution. Actually we do not have
a mathematically continuous measurement of ip on the boundary, but the flux loops give us
a discrete set of points at which we know i/>. If this set is sufnciently dense (and typically 15
to 30 flux loops is enough) we can obtain adequate accuracy by simple interpolation.
What is particularly convenient about
this problem is that it is completely linear.
Consequently one does not need to solve
the differential equation over and over again.
Instead the full solution is a linear superposition of the solutions corresponding to
(for example) unit flux in the ith loop and
zero in all the others.
Thus, if V>i(f?, z) is this solution, then
the full solution when the fluxes at the N
flux loops are ibi is

0.6 -

N

0.0 -

-0.2 -

N

-0.4 -

We can therefore precalculate the solutions over some mesh (Rj, Zk) and obtain
our required solution for any set of measurements by a simple matrix multiplication.
In Fig 7 is given an example of such
a vacuum flux reconstruction for Alcator
C-MOD. This illustrates that the región
over which the solution is obtained can
be quite irregular.

-0.6 0.4

0.6

0.8

1.0

R

Figure 7: Reconstructed vacuum flux
contours (5 mWb spacing) based on measurements at the 26 flux loops (indicated
with +) in Alcator C-MOD.
Experience with these reconstructions shows that they can be surprisingly accurate. In
_ 7 _

Alcator C-MOD we find that the inner flux can be reconstructed in practice to an precisión
of approximately 10~~3 Wb out of a total flux of order 1 Wb.
When there is non-zero toroidal current density in the región over which the reconstruction is to occur, such as in the main part of a tokamak pulse, the problem becomes
mathematically more difficult. There are actually two further levéis of sophistication in the
magnetic reconstruction problem. The first is to reconstruct the flux in the región outside
the plasma itself (but inside the measurement surface), where there is no current. One can
think of this problem as similar to the vacuum reconstruction except that the reconstruction
takes place in a doubly connected región between the measurement surface and another inner
surface (roughly the plasma surface). The mathematical problem differs in that we do not
have measurements of the flux on the inner surface. Therefore insufficient information to solve
the problem is provided by the flux loops alone. However, we can also measure the poloidal
field at the measurement surface. The tangential field is actually equal to R times the normal
derivative of the flux: é¿.(ñ A B p ) = Rñ.Wip. So we have both the flux and its derivative
on the measurement surface. In principie this is sufncient information to reconstruct the
solution to the homogeneous elliptical equation in the outer región. However, the problem
turns out to be very ill-conditioned because small uncertainties in the boundary conditions
are amplified exponentially as the solution propagates inward.

(a)

(b)

Inner boundary

Measurement surface

Figure 8: Reconstruction of the externa! magnetic field by a variational method. (a) The
reconstruction, including 1 % random errors; (b) the actual surfaces.
It is necessary, therefore, to use some kind of fitting process in the outer región reconstruction so as to limlt the propagation of errors. Various options exist for this. The simplest
[3,4] is to model the plasma current as a set of filaments and construct the solution as a
superposition of a vacuum solution plus fields due to the plasma model. Another approach

[5] uses a variational technique combined with a truncated Fourier analysis in poloidal angle.
Figure 8 shows an example of test reconstructions using this variational method. In all such
approaches the idea is to limit the high poloidal harmonic content of the reconstructions
which suffer most from the error propagation problem.
In either case, provided the fitting is formulated in an appropriate way (as a least squares
problem), the outer región solution depends linearly, again, on the measurements (t/>¿ and B;).
Therefore the reconstructions can be computed very quickly by matrix multiplication, once
the solutions corresponding to individual components have been precalculated.
The final category of reconstruction technique uses the full Grad-Shafranov equation.
In contrast to the previous two techniques (that just perform solutions to the homogenous
problem) this method can therefore reconstruct the flux over the entire región including
the plasma. It uses the fact that the plasma itself is in MHD equilibrium (in addition to
Maxwell's equations which are all that the vacuum región solutions use). Since the GradShafranov solution depends on the unknown functions p(V') and F(tp) we clearly require some
method of estimating these functions from the externa! magnetic data. This is normally done
by representing the functions in some analytic form with just a few free parameters. Then
one determines the combination of parameters and externally produced fields that best fits
the magnetic measurements. It turns out that in typical cases one can determine reliably only
roughly two parameters of the plasma profile functions. These can be thought of as being
some kind of average pressure and some kind of current profile width. (The total current
can be determined by a rogowski coil of course.) Thus for shaped plasmas /?# and Z, can be
separately estimated from the external measurements.
The full reconstruction is usually performed by iteratively solving the Grad-Shafranov
equation while minimizing the error between the actual and reconstructed flux and field
measurements, by adjustment of the profile functions [6]. Because the profiles are tied to the
fractional flux between the magnetic axis and the last closed flux surface (i.e. the separatrix
or limiter surface) and this surface is determined by the global solution, the process is not
readily susceptible to expression as a linear problem. For that reason the full reconstruction
requires solution of the elliptic equations for each equilibrium and so is inherently much slower
than the vacuum región solution. It is not generally available on an "instantaneous" basis.
A major advantage of the full reconstruction, however, is that additional diagnostic
information (e.g. the kinetic pressure on the magnetic axis) can readily be incorporated
into the reconstruction, and indeed even relatively sparse additional interna! information can
dramatically improve the accuracy of the reconstruction. An example [7] from the DIIID
tokamak is shown in Fig 9.
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Figure 9: Reconstructed current density and pressure (on the midplane) and flux surfaces,
reconstructed with (dashed) and without (solid) extra kinetic information. From DIIID [7].
3 Fluctuations
So fax we have discussed mostly the measurements of quasistationary equilibrium valúes of the
various parameters measurable vía magnetic diagnostics. However, because magnetic measurements are continuous in time, they can also provide information on the rapidly changing
or fluctuating components of such parameters. These arise, for example, from various forms
of instability that can occur in magnetized plasmas.
In a doubly periodic system, such as a torus, any field may be expressed in the form
of a sum of helical Fourier modes exp i(m9 + n(f>), m and n being the poloidal and toroidal
mode numbers. The n = 0 components we have already discussed. They relate to radial
equilibrium (m = 0), position (m = 1), and shape (m ^ 2). For n ^ O the modes represent
helical distortions of the plasma that are generally undesired instabilities, except, of course,
for machines such as stellarators in which helical fields are deliberately imposed. The poloidal
mode structure of such perturbations may be determined by coils at the plasma edge in the
same way as for the n = 0 modes. In addition, the toroidal mode structure may be determined
from coils ranged around the torus in <f>.
In general, the modes of greatest interest and importance are those whose perturbation
structure lies along the direction of the magnetic field lines somewhat inside the plasma. They
are then said to be resonant at that point, and if they possess a field component perpendicular
to the equilibrium magnetic surfaces, they will cause the field topology to change there by
the formation of magnetic islands. In tokamaks, for example, this implies m/n ~ 1 to 3.
The modes that become unstable most readily in many situations and that are most easily
measured are those with long wavelength and henee low m and n.
- io -

As an example of the type of phenomena observed, Fig. 10 shows a sequence of instabilities of decreasing m that appears in the beginning of a tokamak discharge. Each time
a helical mode (n = 1) appears, perturbations of the loop voltage occur, indicating changes
of the plasma inductance due to current profile modifications caused by the instability. The
edge magnetic coils give the mode number m of the instability. In this example, Be polar
plots are made in which the radial distance from the circle is proportional to Bg at that angle
6. This gives a graphic representation of the "shape" of the perturbation (though not really
the actual shape of the plasma).
The internal mode structure of magnetic perturbations caused by MHD instabilities can
also be measured using insertable magnetic probes in relatively cold plasmas. (Not in major
tokamaks.) Since it is usually impossible to probé 2-dimensional plasma regions simultaneously, the poloidal mode structure is generally determined by external measurements. The
radial mode structure is simultaneously determined by internal measurements either by direct inspection [9] in the case of simple modes, or by correlation techniques [10] for turbulent
cases.

"S

20

24

23

32

36

Figure 10: A sequence of instabilities with decreasing m number [8].
The finer-scale fluctuations that are relevant to transport processes can also be investigated in this way, although the problem of heat flux to the probé limits the application
of all internal probing experiments. Recent developments in the technology and application
of heavy ion beam probes indicate [11] that they may be able to measure fluctuations in
the magnetic flux, xp. Such measurements would give valuable information on internal mode
structures in hot plasmas. However, these measurements are far more difücult and expensive
than simple magnetic coil measurements.
11
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Internal Magnetic Field Measurements
H. Soltwisch
Instituí für Plasmaphysik, Forschungszentrum Jülich GmbH
Ass. EURATOM-KFA, Postfach 1913, D-5170 Jülich, Germany

The currently available techniques for measuring internal magnetic fields in fusion-oriented
high-temperature plasmas are reviewed with the main focus on tokamak devices and their
important poloidalfield components. The methods are grouped according to related physical
concepts, and an assessment is made with respect to their present state of development and
their potential for routine applicability infuture machines.

Introduction
A toroidal plasma cannot be held in a stable magnetohydrodynamic equilibrium unless
it is provided with a suitable magnetic field structure made up of helical lines of forcé
winding around the torus. In a stellarator, these twisted field lines are entirely produced by
external conductors. In a tokamak, only the toroidal field component Bt is created by a set
of external coils, whereas the poloidal component B is brought about by a strong toroidal
plasma current /. The latter is usually induced by transformer action, and a small vertical
field Bv is applied to balance the outward hoop forcé due to plasma pressure and current as
shown in Fig. 1. Experimentally, there is little or no means to influence the distribution of
the current in the plasma cross-section, and normally one has to allow a tokamak to establish
itself the delicate balance between local power input and heat losses and to find a quasistationary equilibrium state with good confinement properties. A detailed knowledge of the
confining field structure is thus of prime importance for both the theoretical description and
the practical improvement of these devices.
In spite of numerous attempts to develop techniques for measuring magnetic fields within
high-temperature plasmas, none of the tried methods has yet attained the standard of a
routine diagnostic. The overwhelming part of our present understanding of magnetic confinement is, therefore, based on rather indirect information and relies on more or less verified
assumptions. A prominent example is the electrón temperature and its supposed relation to
the current density j . Using the theory of SPUZER and HÁRM (1953) and its so-called neoclassical extensión, countless re-profiles have been transformed into j-distributions and
further into poloidal magnetic fields in order to investígate, for example, the stability

- 13

-

Fig- 1. Schematic Drawing of a Tokamak: The induced current / heats the plasma and
generates a poloidal magnetic fíeld B which - together with the toroidal field B( and the small
vertieal field Bv - creates a stable equilibrium configuration.

properties of tokamak plasmas. Another frequently used approach is to run an equilibrium
reconstruction code and to find a solution to the Grad-Shafranov equation such that a given
set of external magnetic measurements and other relevant experimental data are reproduced
as well as possible (see, e.g., LAO et al., 1990). Here, however, the underlying assumption
of a static, steady state, scalar pressure MHD equilibrium may be violated in many practical
situations (as, for example, in discharges with strong additional heating). Much effort has
also been spent in tomographic reconstructions of the soft X-ray emission pattern and its
behavior during disruptive phenomena (such as sawteeth and sudden current quenches) since
it is believed to be indicative of localized deformations of the magnetic surfaces (see, e.g.,
GRANETZ and SMEULDERS, 1988).
In comparison with these indirect methods, straightforward diagnostic techniques to
measure the internal magnetic fields are, in the main, poorly developed - probably because
the invoked physical principies and the required instrumentations turned out to be more
complex than those for other plasma parameters. Table 1 provides a rather complete list of
methods that have been tried on various tokamak installations over the past two decades and
produced some information about the field structure. In the following sections of this review
each approach will briefly be explained and an assessment will be made with respect to the
present state of development and the poten tial for routine applicability in fu ture machines.
Naturally, these estimations are biased by the author's personal inclinations and will be
somewhat subjective.
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Deflection of Heavy Ion Beams

ST (1975)

Fast-Ion Orbits created by
Tangential Neutral Beam Injection

ATC (1978)
PDX (1985)

Polarization Spectroscopy of
Intrinsic Impurity Lines

TEXT (1988)

Neutral Lithium Beam Spectroscopy

PULSATOR (1977)
ASDEX (1986), TEXT (1987)

Observation of injected H- and Li-pellets

TFR (1986), JET (1989)
TFTR (1990)

Motional Stark Effect on Neutral Hydrogen Beams

JET (1989), PBX-M (1989)
DJJI-D (1991)

Harmonio Generation by Microwave Beams

ST (1975)

Incoherent Thomson Scattering

DÍTE (1978), TORTUR (1989)

Faraday-Effect on Far-Infrared Láser Beams

TEXTOR (1984), JET (1989)

Excitation of Alfvén-Waves

TCA (1989), TEXTOR (1990)

Tab. 1: List of methods for internal magnetic field measurements and corresponding tokamaks.

Measurements of Ion Beam Orbits
a. Deflection of Heavy Ion Beams
Heavy ions injected perpendicular to the plasma current experience a (vxB)-force which
is primarily determined by the large toroidal field component Bt. If the energy and mass of
these ions are chosen such that their Larmor radius is larger than the plasma radius, they
will not be captured in the plasma but traverse it on a curved path. The trajectory stays cióse
to the plañe of injection, but due to the small poloidal field component B there is a slight
deviation in the toroidal direction. Since the exact emerging point is determined by an
integral over the path of the total field, the spatial field variation can, in principie, be
deduced by sweeping the beam across the plasma and performing a rather involved integral
deconvolution.
Experimentally, it is more appropriate to observe an array of secondary beams which are
created by further ionization of the injected particles all along the primary trajectory (JOBES
and HICKOK, 1970). Because the secondaries double their charge, they have half the Larmor
radius of the parent ions. Henee they depart from the main beam, and their escape position
on the plasma surface is directly related to the birth position. A set of detectors, which is
suitably placed to intercept secondaries from selected points of the main path, can thus
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provide sufficient information to reconHeavy
struct the poloidal field distribution from
Ion
Beam
the toroidal displacements of the respective orbits (see Fig. 2). In practice, however, the uncertainties accumulating from
various field perturbations tumed out to
be quite substantial (JOBES, 1975). Exploratory measurements in the small ST
tokamak using Cs + ions of some 10-50
keV and beam currents of a few /¿A were
Fig. 2:
Primary and secondary orbits for heavy ion
rather inconclusive and yielded barely
beam probing.
more than a rough confirmation of estimates derived from plasma conductivity.
Furthermore, a straightforward adaptation to larger plasmas and higher fields would be
hindered by the need for extreme ion energies.

b. Fast-Ion Orbits created by Tangential Neutral Beam Injection
The trajectories of fast ions circulating in a tokamak plasma depend on the internal
magnetic fields and so can be used to determine the field structure. This approach was first
applied by GOLDSTON (1978) on the Princeton ATC tokamak and subsequently on the PDX
device (GOLDSTON, 1982; MEYERHOFER et al, 1985). Figure 3a shows the experimental
set-up comprising a tightly collimated neutral probé beam (D°, Ein- < 30 keV, Pin- < 10
kW) and a neutral particle analyzer to detect the reemitted charge-exchange neutrals. Both

orbit

Neutral Particle
Detector
Injector

flux
surfaces

a

Fig. 3 : (a) Experimental set-up of the Fast-Ion Diagnostic Experiment; (b) Projection of the fast-ion
orbits and magnetic flux surfaces in a poloidal plañe.
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the beam and the detector sightline are oriented in the horizontal midplane tangent to
magnetic flux surfaces on opposite sides of the torus. To zeroth order, ions born at the
injection point R2 follow the helical magnetic field Unes, and the finite pitch causes the ions
to spread over a thin toroidal shell. This shell would coincide with a magnetic flux surface,
if there were no drift motions. However, owing to the field line curvature and the field
gradient along the major radius, there is a vertical drift which takes the particles away from
the flux surface. The behavior is illustrated in Fig. 3b for a beam aimed against the plasma
current outside of the magnetic axis R^g- As an ion travels from its birth place R1 through
the upper half of the plasma cross-section, it moves continuously towards larger minor radii.
Below the horizontal midplane, the vertical drift takes the ion back to smaller minor radii
until it eventually returns to its starting position. As a result, the orbit center Rorb is displaced from the magnetic axis by a distance

where mi and q¿ are the ion mass and charge, respectively, and Bt is the toroidal field. In
contrast to most other approaches, the observable quantity A is proportional to the safety
factor q(r), rather than the poloidal field, and remains finite also in the plasma center (the
safety factor is defined as the number of times a magnetic field line winds the long way
around the toroid divided by the number of transits the short way around). While Rorb
derives immediately from the tangency radii R1 and R2 of the probé beam and the detector
sightline, the location of the magnetic axis is usually not well known. To circumvent this
difficulty, advantage can be taken of the fact that the beam carnes D° neutrals at energies
of Einj, Einj/2, and EinJ3. These components have different orbits and so allow to eliminate
R

mag i n e^-

í 1 )-

On the ATC tokamak, corresponding measurements were performed with a singlesightline detector, and the necessary sean to determine the various orbits was done by
changing the major radius of the plasma during a discharge. Furthermore, in order to
discrimínate against scattered and background particles, the injection voltage was modulated
at 3 kHz. In subsequent experiments on PDX the detector was replaced by a ten-sightline
neutral particle analyzer to provide sufficient spatial resolution without moving the plasma.
The system was primarily employed to investígate the time evolution of the safety factor in
the plasma center during the initial phase of current penetration. A recent reappraisal of the
experimental conditions and uncertainties in these measurements revealed a number of
critical points for potential applications on PBX-M at high densities and additional heating
powers, among which the energy of the diagnostic beam and the magnetic shielding of the
detector against stray fields appeared to be the most significant (KUGEL et al., 1988).
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Spectroscopic Observations of Intrinsic and Injected Particles
a. Polarization Spectroscopy of Intrinsic Impurity Lines
Polarization spectroscopy based on the Zeeman effect has widely been used in astronomy
to measure solar and stellar magnetic fields. FELDMAN et al. (1984) proposed to adapt
corresponding experimental and analytical techniques to tokamak plasmas. When atoms or
ions are placed in a (weak) field Bo, each energy level is split into (2J+1) sublevéis with /
being the total angular momentum number. The energy shifts are given by AE=Mg^BB0,
where M assumes valúes from -J to + / (g is the Landé-factor in case of puré LS-coupling,
and \i.B is the Bohr magneton). Due to the energy splitting of the upper and lower levéis of
a transition, a spectral line disintegrates into a number of components whose polarization
depends on the change in M and on the direction of observation relative to the magnetic field
direction. In general, only transitions with AM=0 and AM= ± 1 are allowed. For AM=0 the
radiation is always linearly polarized, whereas for AM=±1 the polarization varies from
purely linear lo purely circular when the line of sight is changed from perpendicular to
parallel to the magnetic field. Thus the relative content of circular polarization in these
constituents of a spectral line is a direct measure of the magnetic field component along the
direction of observation. In order to provide for a sufficient separation, A\B, of the line
components and to reduce the Doppler broadening, A\D, due to thermal motion as much as
possible, long-wavelength transitions of heavy species must be employed (the ratio AX^/AX^
scales as \QA'1/2, where XQ is the zero-field wavelength and A is the atomic weight of the
ion). The experimental procedure is to observe magnetic dipole transitions within the ground
configuration of highly ionized stages of, e.g., Ti or Fe, which fall into the visible or nearultraviolet spectral range. The line of sight is adjusted perpendicular to the toroidal field and
is moved across a poloidal plañe in a sequence of reproducible discharges in order to obtain
a radial profile of the fractional circular polarization (for details of the registration technique
see WRÓBLEWSKI et al., 1988a). However, the experimental data represent line-of-sight
averaged results and need to be turned into local poloidal field valúes by means of appropriate inversión methods.
The technique has been applied on the TEXT tokamak using a magnetic dipole transition
of Ti XVII at 383.4 nm (WRÓBLEWSKI et al, 1988b). Since the brightness distribution was
rather broad and extended almost to the plasma edge, nearly the MI poloidal magnetic field
profile could be determined. The experiment made great demands on the reproducibility of
the tokamak discharges because each data point of the radial sean required five to ten shots
in order to achieve acceptable signal-to-noise ratios. Although the potential of polarization
spectroscopy of intrinsic impurity Unes is not yet fully exploited, a straightforward application in larger size devices seems difficult. On the one hand, the content of high-Z species is
usually kept as small as possible, and on the other hand, the brightness of magnetic dipole
transitions decreases rapidly with the plasma density.
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b. Neutral Lithium Beam Spectroscopy
Instead of using intrinsic impurities, particle beams can be employed to dope the plasma.
Lithium atoms combine several features which make them particularly attractive as doping
species for diagnostic applications. Besides their low atomic weight, they nave a strongly
allowed optical transition between the ground state and the first excited state (22P - 2 S;
X=670.8 nm), and, furthermore, the Zeeman pattern of this Une is essentially a simple
triplet (provided that the magnetic field exceeds 1 T and the spin-orbit coupling breaks
down). McCormick and co-workers were the first to utilize these properties for poloidal
field measurements in the Pulsator tokamak and subsequently in ASDEX (see, e.g.
MCCORMICK, 1986). They injected a mono-energetic neutral lithium beam into the plasma
and observed the collisionally excited resonance line at right angles to the magnetic field. By
means of a Fabry-Perot interferometer they isolated the central component of the Zeeman
triplet and determined its plañe of polarization which was oriented parallel to the local
magnetic field direction at the intersection of the lithium beam and the line of sight. Thus
they obtained thepitch angle y of the field and were able to deduce the poloidal component
Bp = Bt tan7. Radial profiles were measured by scanning the beam from shot to shot.
Probably the most advanced application of lithium beam spectroscopy has been devised
by West and co-workers and implemented on the TEXT tokamak (WEST, 1986; see Fig. 4).
It consists of a neutral beam system typically run at 95 keV with a current of 1 mA, and of
a narrow-bandwidth cw dye láser whose output is directed collinearly with the Li beam into
the torus along a major radius. The dye láser is tuned to match the central x component (but
not the shifted a components) of the Li resonance line, and the induced fiuorescence is
observed from the bottom by a multichannel detection system. The plañe of polarization of

Neutralizer
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>
Fig. 4: Schematic Diagram of the Li Beam Diagnostic in TEXT (after
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WEST,

1986).

the láser beam is caused to rotate continuously at 50 kHz. When it points parallel to the
local magnetic field, the x component can be excited, whereas no excitation occurs at right
angles between the láser polarization and the field direction. Thus, the fluorescence signal
exhibits a modulation at the frequency of the polarization rotation, and the phase is directly
related to the tilt angle of the field lines.
A fundamental problem with neutral lithium beams is the large ionization cross-section
and a resulting strong attenuation by the plasma. The characteristic depth to which the beam
penetrates may be estimated from ¡ neál < 4 x 1018 m"2. For this reason measurements in
the core región can be performed for low- density discharges only.

c. Observation of Injected H- and Li-Pellets
In order to overeóme the problems of Lithium beam penetration in larger devices, it has
been proposed to replace the atomic beam by the ablation cloud of a high-speed Li pellet and
to use detection techniques similar to those described in the previous section. First tests on
Alcator C and TFTR (TERRY et al., 1990) demonstrated the feasibility, but the achieved
signal-to-noise ratios were too small as to permit reasonably aecurate measurements in the
plasma center. On the other hand, experiments with frozen hydrogen pellets usually show a
characteristic modulation of the visible light and X-ray emission from the ablation zone as
the pellet penetrates into the plasma core and crosses the magnetic surfaces. Photographic
pictures of the pellet trajectories exhibit dark and bright streaks which extend toroidally
within the ablation cloud and make a small angle with respect to the toroidal direction.
Drawin and co-workers were the first to relate this inclination to the local pitch of the
magnetic field lines and to analyze the radial-dependent tilt angles in terms of the safety
factor profíle (for a reproduction of photographs and a comprehensive description of the
experiments see TFR GROUP, 1987). For minor radii r/a>0.3 the experimental g-values
agreed well with theoretical g-profiles which were calculated from the Spitzer electrical
conductivity using plasma parameters measured a few milliseconds before pellet injection.
It is worth noting, though, that the striations did not always follow straight lines, with
irregularities appearing predominantly in the región of q~2 and, for sufficiently deep pellet
penetration, also at q~l. Moreover, measurements up to the magnetic axis in the TEXT
tokamak (DURST et al., 1988) yielded central g-values significantly below 0.5 which were,
however, not corroborated by the Lithium beam probé technique employed on quite similar
discharges. These incongruous results and a still incomplete understanding of the mechanism
that causes the striations to align along the magnetic field lines cast some doubt on the
general applicability of the method.
Another characteristic feature of the ablation process of H-pellets is a pronounced
reduction of the Ha line intensity as the pellet crosses the q=l surface. Gnx et al. (1989)
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and, in more detail, PÉGOURIÉ and DUBOIS (1990) have interpreted this phenomenon as
being due to an annular región with very low magnetic shear in the vicinity of the q=\
radius. The conclusión is based on the conception that the ablation of the pellet and the
excitation of evaporated hydrogen atoms are caused by plasma electrons moving along the
magnetic field lines with a speed much higher than the pellet velocity. Henee the pellet is
regarded as quasi-motionless relative to the plasma, and almost all electrons on a nonrational <?-surface can interact with the ablation cloud. On rational surfaces, in contrast, the
flux tubes cióse on themselves, thus restricting the number of electrons which can hit the
pellet. Flux tubes winding around the q=l surface are particularly short and contain only a
small energy reservoir available for ablation and collisional excitation of the Ha line. For a
measured width of the dark zone and a calculated diameter of the ablation cloud, this model
allows to estímate the local shear.

d. Motional Stark Effect on Neutral Hydrogen Beams
Atoms moving with a velocity v through a magnetized plasma experience in their rest
frame an electric field E'=E+vXB which gives rise to a Stark splitting of the emission
lines. For hydrogen the effect is linear with E' and results in a symmetric pattern of ir and
<x components with polarizations parallel and perpendicular to the electric field when viewed
in transverse direction. If one uses an energetic hydrogen beam, the electric field acting on
the particles is completely determined by the (vxB)-term which can exceed 40 kV/cm for
a beam energy of 50 keV and a magnetic field of 1.5 T. The spectral shift is much greater
than the concomitant Zeeman splitting and permits a clear separation of components with
orthogonal polarizations. In addition, the beam attenuation is tolerable also for larger plasma
dimensions and densities, and an interference of thermal background line radiation is easily
avoided due to the large Doppler shift of the spectrum emitted by the beam atoms.
The first measurements of the motional Stark effect on the deuterium Balmer a line
(X=656 nm) were performed on JET by making use of the neutral beam injection system
installed for plasma heating (BOBLEAU et al., 1989). The authors resolved the Stark pattern
and determined the wavelength separation of the components with statistical errors of less
than 1%. An evaluation of the poloidal magnetic field was, however, hindered by the
unfavorable beam orientation and viewing line direction in conjunction with uncertainties
about the flux geometry. These problems were overeóme on the PBX-M tokamak by
Levinton and collaborators who employed a low-divergence diagnostic beam with variable
injection angle (LEVINTON et al, 1989). The injected power was typically 10 kW at an
energy of 55 keV. Radial scans with a spatial resolution of 1 - 2 cm were obtained by
changing the intersection of the beam and the fixed viewing axis from shot to shot. Instead
of resolving individual Stark components of the Ha line, Levinton and his co-workers
adopted spectroscopic techniques of the Li beam method and determined the direction of
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polarization of a manifold of Stark cr-components in order to derive the local pitch angle of
the magnetic ñeld Unes. The required integration times were 40 msec for each data point of
a radial sean, and the results were in good agreement with those obtained from the Fast-Ion
Diagnostic Experiment described before.
Owing to the ready availability of suitable neutral hydrogen beams, the relative simplicity of the spectroscopic technique, and a fairly straightforward interpretation of the experimental data, internal magnetic field measurements based on the motional Stark effect of
hydrogen lines are likely to undergo a rapid development in the near future. From the
DIH-D tokamak first experiments have already been reported (WRÓBLEWSKI and LAO,
1991), and preparatory work is in progress on various other machines.

Photon Beam Probé Techniques and Alfvén-Wave Excitation
a. Harmonic Generation by Microwave Beams
According to theoretical analyses of FEDONE et al. (1971), a microwave beam traversing
a magnetized plasma generates harmonic waves if it encounters a región where the incident
frequeney uin matches the upper hybrid frequeney wu/¡=(wCg2+")pe2)1/2 with uce=eB/me
being the electrón eyelotron frequeney and o) =(e2ne/s(fne)l/2 the plasma frequeney. The
harmonic waves are plane-polarized at right angles to the magnetic field direction in the
resonance layer and thus carry information on the local pitch angle. Cano and co-workers
used this property to determine the poloidal field distribution in the ST tokamak (CANO et
al., 1975). They launched a microwave beam from the inboard side of the toras into the
plasma and detected the second harmonic at the outboard side diametrically opposed to the
emitting horn. The receiving system included a sensitive polarimeter to measure the tilt
angle of the electric field of the harmonic wave relative to the horizontal midplane. The
frequeney 2w¿n was high enough to ignore birefringent effeets of the plasma. Henee the
direction of polarization corresponded directly to the field line direction at the place of
origin. The location of the resonance layer was calculated from the known toroidal field
distribution Bt(R) and the electrón density profile ne(R) as deduced from Thomson scattering
measurements. By varying the level of Bt for a constant incident frequeney, the layer was
moved along the major radius and the poloidal magnetic field was obtained as a function of
R. The results provided a reasonable indication of the profile shape, but the error bars were
too large to contrast the data quantitatively with those derived from plasma conductivity.
Apart from experimental difficulties (as, e.g., de-polarization due to reflections from
metallic surfaces) and uncertainties of the position of the resonance layer, the technique is
limited to conditions where (i) the upper hybrid resonance is accessible and (ii) the harmonic
wave can leave the plasma essentially unperturbed. Mainly for these reasons the method has
not been adopted on other devices.
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b . Incoherent Thomson Scattering
Virtually all tokamak facilities are equipped with Thomson scattering systems for routine
measurements of the electrón density and temperature. The usual arrangement of the láser
light source and the collection optics is such that the wave vector k 0 of the incident beam
and the vector k s of the scattered wave are orthogonal to each other and to the direction of
the plasma current. Since the observed spectrum corresponds to the projection of the
electrón velocity distribution on the scattering vector k=k s -ko, this geometry selects velocity
components along a minor radius and exeludes any contribution of the drift velocity v D of
the current-carrying electrons. By changing the optical set-up such that the difference vector
k has a major component parallel to the plasma current, it is, in principie, possible to access
v D and to determine the current density j =en e v D . However, for typical plasma conditions
the electrón drift velocity is much less than the mean thermal velocity and leads only to a
minute shift of the detected spectrum. Although the technique has been used successfully on
small tokamaks (ALLADIO and MARTONE, 1977; BARTH, 1989), its applicability to plasmas
with electrón temperaturas in excess of a few hundred eV seems questionable. Here the
spectral shift will be masked by relativistic asymmetries of the scattered light spectrum, and
non-thermal features are likely to cause further distortions.
A more promising modification of Thomson scattering systems is aimed at detecting
characteristic modulations of the spectrum which oceur when k is at right angles to the
magnetic field B in the scattering volume. In this case, the effective velocity along k is
given by a sinusoidal oscillation of the electrons due to the gyration around the field lines.
Henee the scattered light from each electrón has a Doppler shift that varíes in time at the
eyelotron frequeney o3ce. Consequently, the observed spectral distribution consists of a series
of peaks which are separated by u>ce and bounded by an envelope of width 2kve (with ve
being the electrón thermal velocity and k denoting the absolute valué of k; see Fig. 5).
These peaks would be smeared out, however, if the Doppler shifts due to thermal motion
parallel to the field were as large as o)ce. Given a small angle \¡/ between k and the perpendicular to B, the width of
the peaks is 2kve sin i/\
Thus, the existence of the
modulation means that
\p< tíce/(2kve), which
amounts to one degree or
less for common tokamak
parameters. So the mere
observation of a periodic
structure in the scattered
light spectrum provides
precise information on the

Fig. 5: Shape of the scattered light spectrum for k almost perpendicular
toB.
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local magnetic field direction. However, in return for the inherent accuracy, the experiment
makes great demands on a proper lay-out and meticulous installation of the optical arrangement. For a customary 90° scattering system employing a ruby láser to probé a plasma of
Te « 1 keV in a field of about 2 T, the number of peales within the e-folding points of the
Gaussian envelope exceeds 1300, and the scattered intensity in each of these harmonios is of
the order of one photon only. Obviously, a technique to superimpose the sepárate peaks has
to be used, and the width of the envelope has to be decreased by choosing a smaller scattering angle (i.e. by changing over to forward scattering). The first problem can be solved by
means of a Fabry-Perot interferometer (SHEFEELD, 1972), but the second requirement
inevitably involves an extensión of the scattering volume along the láser beam and henee a
deterioration of the spatial resolution. Besides that, the pitch angle variation within the
enlarged volume can smear out the modulation in the wings of the spectrum. These limitations as well as further practical constraints have been discussed in detail by CAROLAN
(1977).
As yet the only successful demonstration of the technique has been accomplished on the
DÍTE tokamak (FORREST et al, 1978). The authors directed a ruby láser beam vertically
through the plasma and observed the light scattered under 30° at various positions along the
beam path by a set of prisms. The system accuracy was estimated to yield the magnetic field
line inclination to within 0.15° and to provide the corresponding safety factor with an
uncertainty of 5 %. Valúes for q of less than one were found in the center of the plasma.
Clearly, the experimental demands are extremely difficult to satisfy and do not recommend the method for routine use on major fusión devices. Nevertheless, the technique lends
itself to occasional precisión measurements in order to corrobórate the results of other
magnetic field diagnostics and to clarify details of the field structure under specific discharge
conditions.

c. Faraday Effect on Far-Infrared Láser Beams
The application of far-infrared polarimetry for magnetic field measurements in tokamak
plasmas goes back to a proposal of DEMARCO and SEGRE (1972) and is schematically shown
in Fig. 6. Plane-polarized waves traversing a poloidal cross-section normal to the plasma
current experience a phase shift A<p and a rotation a of their plañe of polarization according
to
A<p(x) = cl X í nedz

and

a(x) = c2 X2 f neBp^ áz

(2)

(X is the vacuum wavelength and Bp | denotes the magnetic field component parallel to the
beam path; the constants of proportionality are q =2.82 x 10"15 rad • m and c 2 =2.62 x 10"13
rad-T"1). Both quantities A<p and a can be measured simultaneously by combining an
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interferometer with a polarimeter in a
variety of conceivable schemes. A
technique which is particularly well
suited to the optical system of customary phase-modulated submillimeter
interferometers has been proposed by
JACOBSON (1977) and VÉRON (1979).
Based on this concept, a multi-channel
interferometer/polarimeter has been
constructed and routinely operated on
the TEXTOR tokamak (SOLTWISCH,
1983) and subsequently on JET
(BRAITHWAITE et al,
1989). The
appropriate wavelengths of the probing
beams are in the far-infrared regime
(from about 0.1 to 0.5 mm) and result
from a compromise between sufficiently large valúes of A<p and a and small
perturbing. effects (such as beam deflection due to density gradients and
elliptical polarization caused by transFig. 6: Principie of poloidal magnetic field
verse magnetic field components; a
measurements by far-infrared polarimetry.
detailed description of the principies
together with design considerations and technical aspects of the apparatus was given by
SOLTWISCH, 1986).
In order to determine local valúes of ne and B' the full profiles Acp(x) and a(x) have to
be known and assumptions have to be made about inherent symmetries of the sought-after
distributions. For the simple case of a cylindrical plasma column B' H reduces to (x/r)B (r),
where x is the chord distance from the center, and the Faraday rotation angle is proportional
to the integral of {x/r)nJBp. Interpreting (x/r) and ne as weight functions along the beam
path, one notices that both of them have a máximum in the equatorial midplane and fall off
towards the plasma boundary, thus emphasizing the information on B gathered near z=0
and attenuating the influence of the outer plasma regions. It is this localization which makes
it possible to draw fairly accurate information also on the plasma center where the poloidal
field is rather small. A detailed reconstruction of the field distribution has to take into
account the exact shape and shift of the magnetic flux surfaces. Furthermore, as with all
line-integrated information, the limited number of probing chords and the finite signal-tonoise ratio leave some latitude for the evaluation of the local poloidal field. Small spatial
structures in the radial distribution can only be resolved if their extensión is larger than the
spacing of the chords or if they can be moved without alteration across a fixed beam.
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Exploiting the technical maturity of far-infrared interferometers, the Faraday rotation
technique has attained a fairly high stage of development and demonstrated its potential as
a routine current profile monitor as well as a useful diagnostic tool for investigating specific
questions (as, e.g., the plasma stability with respect to tearing modes and the related topics
of profile consistency and sawtooth activity). There remains, however, the basic problem of
unfolding the line-integrated data which cannot be done without a thorough knowledge of the
electrón density profile and the magnetic flux pattern. Henee, for plasmas with strongly
shifted or non-circular flux surfaces, this method depends more than other approaches on
additional information from, e.g., soft X-ray tomography or extensive equilibrium code
calculations.

d. Excitation of Alfvén Waves
Alfvén waves are low-frequency plasma oscillations perpendicular to the magnetic field
lines which propágate along B with a phase velocity VA=B/(JIQP)1/2 (with p being the mass
density). Since these waves provide a possible means for the additional heating of a tokamak
plasma, their properties have been studied in considerable detail. Notably on the TCA device
dedicated experiments were carried out by using a special antenna system in order to excite
different mode structures (see, e.g., BEHN et al., 1984). For a fixed driving frequeney u and
imposed toroidal and poloidal mode numbers (n,m), Alfvén resonances occurred in the
plasma wherever the mass density distribution p(r) and the safety factor profile q(r) allowed
to satisfy the condition
B /R

t

í

m 1

The position of the resonance layer could be determined from strong density fluctuations
caused by kinetic effeets in this región. Experimentally, a phase-contrast imaging interferometer served to detect the radius rA at which these fluctuations appeared. Thus, in the case of
a well-known mass density distribution, the measured dependence rA(co) for a given (n,m)
mode would suffice to deduce the g-profile.
et al. (1989) used this approach on TCA, although in a refined manner. In
order to circumvent a precise determination of p(r), they excited successively the (n,m)
=(1,1) and (2,0) resonances in a sequence of identical discharges. The driving frequeney
was held constant, and the resonance layers were swept across the plasma radius by a
continuous increase of the density which occurred automatically during the excitation of the
Alfvén waves. Then, writing the mass density as p(r)=p(0)xS(r) and assuming the profile
shape S(r) as being independent of a particular mode, the resonance conditions (3) for
(n,m)=(l,l) and (2,0) were combined to yield
WEISEN
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q(r) =[2[ Pll (P)/p 20 (0)] 1/2 -l] 1

(3a)

So the safety factor at a certain radius rA could be inferred from the central valúes pnm(0)
which were required to place the (1,1) and (2,0) resonance layers at that position. Although
the mass densities were unknown, their ratio Pn/pjo w a s obtained from electrón line-density
measurements under the assumption that the plasmas always had the same effective ion
mass. For discharges with well-developed sawtooth activity it was found that both resonances occurred in the plasma center at exactly the same density. This observation led to the
conclusión that the axial safety factor q(0) had to be very cióse to unity. However, systematic errors due to a cylindrical approximation of the resonance condition and a possible
excitation of higher-order modes in toroidal geometry have not been discussed.
et al. (1990) determined the central #-value in the TEXTOR device by
making use of a different feature of Alfvén waves in tokamak plasmas. While the condition
(3) for the excitation of a local (n,m) resonance requires a minimum driving frequency <arnin
for given proñles p(r) and q(r), discrete peaks in the antenna loading appear already at
frequencies slightly below coTOn. These narrow resonances are global eigenmodes of the
Alfvén wave due to finite «/ü)a- effects in a non-uniform plasma (cod is the ion-cyclotron
frequency). The frequency separations between the resonances and wnún depend sensitively
on the spatial distributions of mass density and safety factor and so offer a further possibility
to gain information on the g-profile. In a rather simple experimental set-up, Descamps and
his co-workers fed one of the antennae designed for ion-cyclotron-heating experiments with
a 400 W broad band generator and swept the frequency from 0 to 3 MHz during the
quasi-stationary phase of Ohmic discharges. An electrical dipole located 30° away in the
toroidal direction served to register the poloidal ñeld component and to detect the discrete
Alfvén eigenmodes. A plot of the field amplitudes versus frequency showed a series of
distinct peaks which could be related to corresponding (n,m) modes by comparison with code
calculations. Although, in accordance with theoretical predictions, modes with |n+m|
=const were nearly degenerate, some of the resonances having the same | n+m | valué were
clearly split into individual peaks. The measured frequency separations could be reproduced
by model calculations assuming a g-profile with a central valué of 0.7. Obviously the
credibility of these results depends crucially on a detailed understanding of the physical
mechanisms underlying the Alfvén waves.
DESCAMPS

Summary
The present state of the art of internal magnetic field measurements in tokamak plasmas
is rather unsatisfactory with respect to the technical maturity of most approaches and their
routine applicability. Far-infrared polarimetry appears to be the most advanced method but
suffers from principie limitations due to the line-integrated character of the measured data.
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The detection of cyclotron modulation in scattered light spectra is probably the most accurate
and straightforward diagnostic technique, but here the experimental demands can hardly be
overestimated. Other early methods like Lithium beam spectroscopy, harmonic generation
by microwaves, or the deflection of heavy ion beams turned out to cover only a narrow
operational range or to be rather inconclusive. By contrast, the exploitation of the motional
Stark effect is still at an early stage and deserves further development, although the application is bound to an energetic hydrogen beam. Novel approaches making use of pellet
ablation patterns or Alfvén waves require detailed theoretical models which are still incomplete.
In view of the large number of physical effects in magnetized plasmas and the consequential multitude of conceivable diagnostic schemes, there is no doubt that new competitive concepts will be pursued in future. However, considering the efforts spent in the past
years, it seems illusory to expect a major progress from forthcoming large fusión devices
which are bound to leave little or no room for improvisation and gradual improvement of
complicated instrumentations. To this end, adaptable medium-sized tokamak installations will
be indispensable.
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MAGNETIC SURFACES MEASUREMENTS IN STELLARATORS

E. Ascasíbar
Asociación EURATOM/CIEMAT para Fusión
28040 Madrid

ABSTRACT
In this work some widely spread methods for measuring equilibrium magnetic
surfaces in stellarators are described, dedicating especial attention to the fluorescent
rod technique that was applied to the W7-AS stellarator before starting plasma
experiments. Results showing several configurations of this device are shown.
Finally, the experimental system designed for these measurements in TJ-I Upgrade
torsatron is presented.

INTRODUCTION
The existence of closed, nested magnetic surfaces is a critical issue as regards
theories on radial plasma transpon in toroidal magnetic devices; cf. Jaenicke [1988].
However, in most cases, it is not known to what extent these closed magnetic
surfaces really exist because stellarator magnetic surfaces have been shown to be
very sensitive to degeneration and breakup at very low levéis of stray magnetic field;
cf. Colchin [1986].
In stellarators it is possible to measure vacuum magnetic surfaces because the
confining magnetic field structure depends almost exclusively on electric currents
flowing through external coils; cf. Spitzer [1958] . For these reasons the vacuum
magnetic field of the stellarators must be thoroughly investigated before starting
plasma experiments.
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1. GOALS OF THE MEASUREMENT
The main purpose of magnetic surface measurement is to confirm the good quality
of the created magnetic structure. This generic objective can be split into more
specific issues:
*Demonstrate the existence of closed, nested magnetic surfaces, in
particular:
- Radius of the last closed magnetic surface
- Position of the magnetic axis.
*Measure the -t and shear profiles over all accessible configuration range,
see figure 1.
*Provide accurate surface and island data as input for computer simulation
codes.
*Detect field errors and their possible causes. Study their influence on the
formation of islands.

Rotational
transform, i

Magnetic
field line

2JC

dr

Fig.l: The rotational transform, -t, is defined as the number of times a magnetic
field line winds the short way around the toroid divided by the number of times it
winds the long way around, in the limit of an infinite number of times; cf. Bateman
[1978].
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2. DESCRIPTION OF MEASUREMENT TECHNIQUES
All the experimental methods used to reveal the existence of closed magnetic
surfaces use an electrón beam source that can be moved sweeping a poloidal cross
section. In most cases the electrón beam source is directed, although not always; cf.
Dikij [1988], Bykov [1990]. In this work we will be concerned with the techniques
using a directed electrón beam since they have evidenced to result in better
resolution and time saving; cf. Hartwell [1988], Jaenicke [1992].
As far as space charge effects are negligible, electrons emitted parallel to the
magnetic field follow field lines that describe surfaces which deviate a small amount
(Ar) from the magnetic surfaces:

eBo-i
Thus, the experimental requirements that must be fulfilled are:
- Low accelerating voltage: V < 1(X) v
- Electrons injected in the direction of the magnetic field: v M » vj_
- High magnetic field: B > 0.5 T
- Low pressure : P < 1 10 "^ Torr
Detection of the electrón beam
2.1 Point probé
This is a very well known technique and it is still commonly used; cf. Sinclair
[1970], Jáckel [1976], Fairbanks [1979]. It is based on a small (typical diameter * 2
mm) disk-shaped probé that explores the poloidal cross section of the device until
intercepting the electrón beam, for a given position of the electrón gun; see fig.2.
With the help of encoders, the probé position can be determined with and accuracy
better than 0.01 mm. When using this technique the electrón gun must work in a
pulsed mode, with the pulse length shorter than the time required for the electrón
beam to complete one toroidal transit. Under this conditions the rotacional
transform, -t, is given by:
_n+An
m
where n is the number of poloidal transits and m is the number of toroidal transits.
Since the initial launching point of the beam is known, n can be deduced from the
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probé position. An (An « 1 ) can be calculated quite accurately by comparing the
measured transits with the line tracing code predictions. On the other hand, m

Figure 2: The point probé designed for magnetic surfaces mapping in TJ-I U
torsatron is shown. It s located in an outerport ofthe vacuum vessel, corresponding
to a toroidal angle, <p = 30°. The cross section ofthe outermost magnetic surface is
outlined, as well as the región that can be swept with the probé.
results unambiguously determined from a time-of-flight measurement, since it has to
be an integral number of times the electrón beam toroidal circulation period.
This method is very precise and convenient for measuring -t-profiles, see fig. 3, and
it can also be used to map contours of the flux surfaces. The drawback is that it is
very time consuming because it requires to proceed point after point.

2.2 High transparency fluorescent screen
This detection technique is based on a fluorescent mesh - metallic grid coated with a
fluorescent powder - covering entirely a poloidal cross section; see fig. 4. When
struck by the electrón beam it emits light spots that can be recorded, providing an
stationary image of the magnetic surface in which the electrón gun is located; cf.
Takahashi [1986], Anderson [1988]. In this case the electrón gun is emitting a
continuous beam. There are some requirements that the grid must fülfil:
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- Both the grid and the fluorescent coating must be good electrical
conductors and the mesh should be grounded in order to avoid electric charge
accumulation that would deflect successive electrón beam transits.

0.285
•
D

u
V
0.28

fluorescent rod
point probé

h-f-H

0.275

0.27

0.265
0

10

15

20
25
< r > (cm)

Figure 3: An example of measured t-profile is given. It corresponds to a
negative shear magnetic configuration ofW7-A Stellarator from IPP Garching.
Very accurate and consistent -t-valúes are obtained with different methods .
- High transparency : The máximum number of detectable transits is limited
by the grid transparency; cf. Hailer [1987]. This parameter is a function of the
distance between two adjacent wires forming the mesh, and of their thickness. But
as the transparency gets higher the grid resolution drops, so a compromise should
be found between them .
This method is much faster than the point probé for mapping magnetic surfaces
although it has not enough resolution for measuring -t-profiles.
2.3 Movable

fluorescent

rod

As it has just been shown the main drawback of the fluorescent screen method is the
poor transparency associated with the required high resolution. A reasonable way to
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overeóme this obstacle is to project a movable, thin fluorescent rod that sweeps all
the interesting área and offers a very small effective cross section to the electrón
beam. This approach was first proposed and demonstrated by Hailer et al. [1987] in
the stellarator WEGA in Stuttgart. In this situation the electrón gun is static and
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Figure 4: The fluorescent grid designedfor magnetic surfaces mapping in TJ-IU
torsatron is shown. It is located in a cross section of TJ-I U vacuum vessel
corresponding to a toroidal angle, <p= 10 °. Cross sections corresponding to three
magnetic surfaces are sketched. The spacing between mesh wires has been enlarged
in the picturefor the sake ofelarity.
emitting continuously so that the electrón beam is describing a fixed magnetic
surface; the moving rod emits light at the two points where the rod interseets the
contour, see fig. 5. These light spots can be recorded (photography, CCD camera)
to obtain the shape of the corresponding magnetic surface. After moving the gun to
another position another surface can be obtained an so on. In a very short time (=
0.5 hour) a complete set of magnetic surfaces defining a given magnetic
configuration (-8-10 contours) can be measured.

- 35 -

Figure 5: A sketch of the flúorescent rod that will be used in TJ-I U torsatron
measurements is shown. It is ais o located in a cross section of the vacuwn ves sel
corresponding to a toroidal angle, <p= 10 °, in such a way that the plañe described
by the rod is observed perpendicularly. Light is emitted at rodpoints intersecting
the magnetic surface cross section.
This technique has important advantages compared with the previously described
ones:
. - Higher transparency than the fluorescent grid: Up to few hundred transits
can be detected
- Spatial resolution comparable with the point probé method. It is mainly
determined by the cross section of the electrón beam, the precisión of the optics and
the resolution of the imaging and processing systems.
- Much faster
- Although, in principie, it does not provide information on the transit
number, in some cases the first 10^-30 transits can be identified and used to obtain
accurate -t valúes.
3. EXAMPLE: MAGNETIC SURFACES MAPPING IN W7-AS
In this paragraph some results concerning magnetic surfaces measurement in W7AS are shown; cf. Jaenicke [1989], [1992]. All the reported cases were obtained
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with the moving rod technique, in the same toroidal plañe and for -t-valúes ranging
from 0.25 to 0.67. Experimental parameters used in this study were:
- Electron gun:
Emission current, Iemis ~ 10 [LA
Accelerating voltage, Vac = 100 v
Beam diameter: 2 mm (at the launching point)
- Detection system
Fluorescent material, ZnO:Zn
CCD camera
- Magnetic field: B < 0.2 T
3.1 Results
The valué of the rotational transform in this case is just below 1/3, see fig. 6. Since
no low order resonances are present in the -t -profile, closed, nested contours are
obtained up to minor radius valúes corresponding to the limiter position (20 cm).

R

>

i

\

\

*•

•

—

Figure 6: This is a typical result of magnetic surfaces mapping in W7 AS for
small -t configurations. Z is the vertical coordínate, R is the major radius. The
images offour LED's are visible at thefour corners ofthe picture. They serve as
absolute references for measuring distances.
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As -t increases the resonance -t = 1/3 appears in the plasma center and moves
outwards. Fig 7 shows a magnetic configuration in which -t = 1/3 is located at a
radial position r = 13 cm. Since the shear is small, there is a wide radial range in
which the electrón beam impinges on the back side of the gun after three transits.
This extended área can not be mapped for this reason.

Figure 7: In this configuration the resonant surface with i = 113 is located at
about halfradius. The shear is small and negative. The outermost contours indícate
that -t is again approaching 1/3.
Even if no errors are made during the construction of the coils, every machine
should have some intrinsic field perturbation due to the symmetry of the ideal
vacuum field. This perturbations will lead to the appearance of the so-called "natural
islands" for valúes of -t = n/m, being n the number of periods of the magnetic coils
system. In W7-AS, n = 5, so, natural islands are expected to be detected for -t =
5/m, specially for low m-values. Fig. 8 show a configuration in which -t =5/11 is
present and the associated m =11 islands can be clearly seen. Since this is a
relatívely high order perturbation the island width decreases strongly towards small
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radii; cf. Bateman [1978]. This is the reason why the corresponding islands can be
seen only for large valúes of the radius. In this situation the useful plasma aperture
is dominated by the inner island separatrix and, so, it can result drastically reduced.

tz

« - V
'i 3 x ,¿ e « ," ¿

Figure 8: Magnetic configuration with
boundary 11 islands can be seen.

-t = 5111 at r = 15 cm. Cióse to the

These type of measurements make possible to describe and summanze in detail the
position, width and rational -t-valué of the islands present in the configuration
range as a function of the rotational transform of the magnetic axis. From this
description information can be drawn about the relative amplitudes of the Fourier
components of the perturbation field and some hypothesis about the error fields
origin and their influence on the plasma confinement can be formulated, see
Jaenicke [1992], Renner [1989]. As expected, it was shown that islands with high
m numbers are limited to large radii. Only small m-number islands can penétrate
cióse to the center.

- 39 -

4. E X P E R I M E N T A L S E T - U P F O R M A G N E T I C
SURFACE
MEASUREMENTS IN TJ-I U TORSATRON
TJ-IUpgrade is a six period, / =1 torsatron in the final stages of constmction at
CIEMAT, Madrid. Its major radius is 0.6 m and plasma radius 0.1 m. The winding
law of its helical coil, 0 = 1/6 (9 + 0.4 sin 8); cf. Ascasibar [1990]. The approach
chosen for magnetic surface measurements is to combine all the above descnbed
detection methods: point probé, fluorescent grid and movable rod; see fig. 9.
Fluorescente
rid and rod

Point probé

CCD Camera

Electron

Figure 9: A top view ofTJ-I U is displayed. It shows the experimental equipment
distribution that will be installed around the device to perform magnetic surface
measurements: The electrón gun and the point probé are placed at 0 = 30°and the
fluorescents grid and rod are at <p= 10°. The tangential observation port allows
perpendicular observation of the plañe where surface images areformed.
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The main features of the different equipments are:
Electron gun:
- Tungsten filament
- Emission current, Iemis ^ IO^LA
- Accelerating voltage, Vac = 80*420
- Beam diameter (at launching point): 1 mm
Point probé
- Probé diameter: 3 mm
Fluorescent grid
- Wire diameter, <j>w = 0.1 mm
- Distance between wires, A = 3 mm
- Transparency = 93%
Movable fluorescent rod
- Fluorescent material:

P-24 (ZnO:Zn)
^ spectral peak = 510 nm

Image acquisition system
- CCD camera
- Image integrator
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Electric Probes in Magnetized and Flowing Plasmas

Langmuir probé operation is reviewed briefly and its theory developed from a fluid ion
model. Probes in strong magnetic fields are shown to be affected by ion viscosity. In particular, recent theoretical and experimental developments are discussed for the measurement of
plasma flow using Mach probes.

1 Introduction
Langmuir probes have been used for plasma diagnosis for at least 70 years. In many ways
they are the simplest plasma diagnostic, consisting basically of a conductor introduced into
the plasma whose current is measured as a function of bias voltage, see Fig. 1. Despite this
long history, electric probé diagnostics are still under active development as well as being
widely used on a routine basis, even in fusión plasma research.

Signáis:
Probe
\

Shield

common V

"1 Power
JSupply

Insulator

Figure 1: (a) Schematic diagram of a Langmuir probé, (b) Simple circuit for probé operation.

The main difRculty with electric probes is with their interpretation. Insertion of the
probé causes very strong perturbations to the local plasma particle distributions. The main
objective of Langmuir probé theory is to relate the current/voltage characteristic not to the
plasma parameters immediately adjacent to the probé, because these are perturbed, but to
parameters some distance away, where they are representative of the main plasma.
There are severa! extensive introductions to electric probé theory [1-5] to which the interested student should refer. Essentially, all of these are based on a particle-kinetic approach
to the physics of the situation. We shall here adopt a different approach and treat the ions
as a fluid. This treatment is complementary to the particle theory and gives essentially the
same answers.
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We simplify our treatment of the electrons by making the very standard assumption
that the electrón density is everywhere given by a Boltzmann factor for thermodynamic
equilibrium,

n(r) = noo exp (y J

.

(1)

where Te is the electrón temperature and <p is the electric potential in the plasma, measured
relative to its valué at 'infinity' (i.e., far from the perturbing effects of the probé), where
the density is neo- This equation will be an excellent approximation for most cases because:
(1) electrons move much faster than ions and so they readily reach thermal equilibrium; and
(2) the case usually of most interest is where the electrons are being repelled, i.e., the probé
potential, V, is negative. (Discussion of this assumption is given, e.g., in [1].)
The total electric current emitted by the probé is
I = eA(F e — F¿)

(2)

where A is the collection área, the ions are assumed singly charged, and F e , F¿ are the
electrón and ion flux densities to the probé. Generally, the ion flux variation with probé
potential is minor provided the probé is much bigger than the Debye length. Therefore,
writing Is{ = — eATi as the ion saturation current, the probé current characteristic is
(I-Isl)

oc

Fe

oc

exp(^)

,

(3)

as long as Eq. (1) is valid. This will be the case provided we are away from the 'electrón
saturation' región of the characteristic, i.e., provided the probé potential is substantially
negative. Thus, the shape of the characteristic gives directly the electrón temperature either
by fitting the slope of ln(I — Ia¿) or directly graphically as Fig. 2 indicates.
It is easy to see physically that the magnitude of the probé current will be proportional
to the plasma density. The hard part of probé theory is to determine the exact constant of
proportionality. Most often, the ion saturation current is the quantity that we can measure
unambiguously in an experiment. Therefore, our theoretical attention focuses on calculating
r¿.
A final preliminary remark before we begin this calculation is that one must recognize
that the perturbed plasma round the probé splits up into two regions: (1) the Sheath, in which
charge neutrality is violated and potential variations are very rapid; and (2) the 'Presheath', in
which the plasma is quasi-neutral (n¿ = n e ) but the potential perturbation (<f>) is non-zero. It
is, of course, a basic property of plasmas that their self-shielding allows quasi-neutrality to be
violated only over distances of order the Debye length. The sheath, which separates the probé
surface from the quasi-neutral plasma región, is therefore only a few (typically ~ 4) Debye
lengths thick. We shall assume this sheath thickness is much smaller than the probé size.
The presheath, however. has dimensions of order a few probé radii in unmagnetized plasmas
and often very much larger in magnetized plasmas. It is the analysis of the presheath that
dominates the problem.
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CURPENT:
'Electron
Saturataon

PROBÉ
POTENTIAL: V.

Ion Saturation

Figure 2: Typical probé characteristic: I vs V. The electrón temperature can be obtained
from the logarithmic slope which may be obtained as indicated.

2 Unmagnetized Plasma Presheath
We analyze the plasma ion flow to the probé using the (two-fluid) equations for the ion fluid.
In their simplest form they are:
Continuity,
V.(nv) = 0
(4)

and Momentum,
V.(nm¿vv) + enV¿> = 0
In using such simplined equations we are ignoring ion viscosity and pressure. This can be
justified either by discussion of the particle kinetics or by simply assuming that T¿ < < T e .
If we expand the divergence of the momentum flux, using the continuity equation, and
take the v-component of the resulting momentum equation, we can quickly obtain:
nv.V

¿

+ e©

0

(6)

whose solution is
-mv~ + ee> = const.
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(7)

This. of course. is just the energv conservation equation for ion flow along streamlines. If the
velocity is zero at co. where o = 0, then the constant is zero.
We need to use the electrón density equation (1) to elimínate o. Write it as eo =
Te ln(n/n^) and recall that in the presheath región n, = ne = n. We substitute into the
momentum equation and write the velocity in the form of a Mach number M = v/cs where
cs = ^/(Te/m,-), so that
V.(nM) = 0

(8)

V.(nMM + rcl) = 0

.

(9)

The momentum equation can be rearranged in a different way, again using the continuity
equation, to get
( n M ) ( n M ) . V - + V n + (M,V)(nM)=O .
(10)
n
So if we take the M-component of this equation and note that V(l/n) = — (1/rr )Vn we get:
[-M2 +l]M.Vn = -M.i(M.V)ínM)]

.

(11)

This equation shows that there is a singularity in the solution (i.e., |Vn¡ —>• co) at any point
where M2 = 1. provided that the right hand side is not zero. (The R.H.S. is not zero if v
has divergence, e.g., spherically or cylindrically symmetric flow.) Thus. extremely general
analysis shows that the plasma presheath equations break down where the ion flow speed
reaches the sound speed. This represents the formation of a shock: or, in the probé context,
it says that quasineutrality breaks down, i.e., that we enter the sheath at \M\ — 1. In fluid
terminology the sheath is a shock.
Returning then to our solution (Eq. 7), which can also be written
\.M2 = - l n i n / n « ¡

.

(12)

on the basis of the discussion of Eqílii. we now have the boundary condition Ms = 1 to
appiy at the sheath edge. giving immediately
ns = i x e x p ( - i )

.

(13)

The ion flux into the sheath fand henee probé if the sheath is thin) is therefore

( - | ) v /(r e /m,)

.

(14)

This is the standard result, more usually obtained by particle kinetic analysis.
It enables us to determine the plasma density, n^, from the probé characteristic by first
getting Te from the slope. as described earlier, then observing the ion saturation current and
using
noo

= Isl/{eAexp

( - | ) v/ÍTe/m,-)}

(15)

to deduce the density. Notice, though, that ion temperature does not substantially affect the
observed ion current (at least when X, í$ Te). So T¿ cannot be obtained from Langmuir probé
measurements.
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3 Magnetized and Flowing Plasmas
When the ion Larmor radius is smaller than the probé size, the ions are no longer free to
be drawn to the probé directly along the density (and henee potential) gradient. Instead
they can move freely only parallel to the magnetic field. Ion flow perpendicular to the field
is governed by diffusion, generally anomalous difFusion, and not by the simple momentum
equation (5). Analysis of the parallel momentum equation shows, in essentially the same way
as for the unmagnetized plasma, that the ions enter the sheath at Mach 1; although now their
velocity is parallel to the field so the collection área, A, is just the projection oí the probé
surface in the parallel direction.
The density at the sheath edge, which then determines the ion flux, is not as given by
the previous analysis (although the quantitative difference is relatively small). The situation
is illustrated in Fig. 3 (see ref.[l] for a detailed discussion). The presheath becomes highly
elongated along the magnetic field. Its length is determined by requiring the inward cross-field
difFusion into the presheath flux tube to be sufficient to balance the sound-speed collection
flow to the probé. Simple dimensional arguments then give the order-of-magnitude of the
presheath length as a2cs/D: where a is the probé radius and D the cross-field diffusion
coefficient.
8

Probe
»

-1-

Diffusive Ion Source

-i-

^s=¿- - i

1
Upstream
Collector

Figure 3: In a strong magnetic field, the
presheath becomes elongated and parallel flow
to the probé is supported by cross-field
difFusion.

,í

Downstream
Collector

Figure 4: A Mach probé measures
the ion flux with sepárate upstream
and downstream collectors

Before we go into the mathematics of how to analyze this situation. it is extremely
valuable to introduce a further topic, namely parallel plasma flow. Notice that the ion
collection is into two different presheaths extending in either direction along the field. The
plasma ions are accelerated in each presheath from whatever velocity they had when they
entered it up to the sound speed at the probé. If there is a net ion parallel flow velocity
outside the presheath. in the background plasma, one can see that there will tend to be more
ion collection on the upstream side and less on the downstream side. This suggests the idea

of what has come to be called a "Mach probé'. As illustrated in Fig. 4, the Mach probé is
designed to collect current separately to either side. When biassed to draw ion saturation
current. an imbalance in the currents to the two collectors is interpreted as an indication of
parallel flow velocity in the background plasma. Specifically, the ratio, R, of upstream to
downstream ion current should tell us the Mach number of the flow.
Clearly the analysis of this problem is inherently (at least) two dimensional. We write
down the ion fluid equations, separated into parallel and perpendicular parts, for
Continuity,
5

,

(16)

Parallel M o m e n t u m ,
V|| (nm¿U||U||) + (T¿ + Te)V{¡n = - V x . (nm ¿ v x u||) + Vj_. (T?VJ.U||) = S m

,

(17)

and Transverse Diffusion,
nvj. = - D V x n

.

(18)

Here we have reintroduced nonzero (but constant) T¿ (which could also have been done in
the previous section) and nonzero shear viscosity, rj (which would not have changed the
unmagnetized calculation in the usual case where there is no velocity shear). The approach
now is to regard the transverse divergences as sources S and Sm in the one-dimensional parallel
fluid equations. To do this, approximate equations (16) to (18) by replacing as follows,
(19)
—v
where co refers to valúes in the background, and parallel velocity is implied. Then nondimensionalize by the transformations
x/a -+ x

,

y/a~-> y

,

/ — - - d z -*• z

J
™/ncc -* n

.

csa¿

v^/c3 —> M

,

,

where z is the parallel coordinate and now c3 = \/[(Te + T^/rrii]. The equations that result.
once v x is eliminated are:
, rdn
dM
„
M— +n—— = 1 -n
dz
dz
dz

dz

(M00-M)n-n

/.->n\
(20)

+ —2-—\ .
min^lJ

(21)

For a given flow (M^), the only undetermined parameter here is (a =) 77/(m,-n0OI?), which
is the ratio of the perpendicular difFusivities of parallel momentum and of particles. The
absolute valué of D determines only the parallel extent of the presheath. not the density and
velocities that determine the ion flux.
A lively debate has taken place over the past few years about what is the 'best' valué to
take for a (= -q/rriin^D). Stangeby [6] in early treatments of the one-dimensional problem
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took as sources 5 = const. and Sm = m^ooS. leading to equations that are essentially
equivalent to adopting Q = 0. The convenience of this choice is that the equations can then
be solved analytically, giving
n

09)

= 1 - MooiVÍ + M 2

and consequently ion flux density into the sheath (where M = ± 1) on the upstream and
downstream sides is
up

(23)

down

On the other hand, I have argued that a ~ 1 is a more plausible valué [7], and have
shown by a series of calculations at different a, that the a = 0 solution is actually a singular
case [8]. Solutions of Eqs(20) and (21) for n as a function of M are illustrated in Fig. 5.
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Figure 5: Example of the solution of the presheath equations for n as a function of M. At
n = 1, M = MOQI the external flow speed. M increases to 1 at the sheath edge. The density
there then gives F. The a = 0 case (a) is qualitatively different from Ü ^ O , e.g., a = 1 (b).

This question has great practical importance. For density measurements, the difference
lies in the coeflicient, / , in the expression for the ion flux density to the probé
(24)
In a stationary (Moo = 0) plasma, one finds / = 0.5 for a — 0 and / = 0.35 for a — 1.
(Compared with / = exp( — \) = 0.61 for the unmagnetized calculation.) This 30% difference
(with a) in the density one would deduce from the ion saturation current, is substantial but
not overwhelming, since electric probé measurements tend to be subject to uncertainties that
are anyway in the 10-20% range.

-1.0

-0.5

Flow Mach No.
Figure 6: The normalized density at the sheath edge (giving F) plotted as a function of flow
mach number, M^.
For velocity measurements using Mach probes, however, the discrepancies are extremely
large. Fig. 6 shows the sheath edge density (and henee F) versus flow Mach number (MQQ)
for various valúes of a. Negative M^ means flow away from the probé (i.e., the downstream
side) while positive means towards it (upstream). The discrepaney in predicted F for a = 0
versus a = 1 on the downstream side can be a factor of 3. The corresponding ratio of ion
collection fluxes, R, is shown in Fig. 7. The way such curves would be used is, knowing or
choosing the 'best' valué of a. observe the ratio R using a Mach probé; then read off the valué
of Moo to which it corresponds. The valué deduced using a = 0 is higher by a factor of 2 or
more than that using a = 1. So we must somehow decide roughly what a is appropriate, or
else we can have no confidence in the interpretation of Mach probé measurements.
One might also be concerned about the other approximations and simplifications of this
model, such as the one-dimensional approximation or the validity of a fluid treatment. It
turns out that these effeets are much weaker than the viscosity (a) problem. Calculations
of fully two-dimensional fluid models give excellent agreement (within typically 15%) with
equivalent one-dimensional models [8], while full kinetic calculations of one-dimensional models, using sources that model cross-field transport, also agree well with corresponding fluid
calculations [11]. (This demonstrates, for example, that parallel viscosity is not very important in determining F.) It has been found from these numerical studies that the ratio of
upstream to downstream ion collection flux can be well fitted by the functional form:
R = exp(A-foo/Afc)

(25)

where A/c is a calibration factor that varíes from ~0.45 for a = 1 to ~1.0 for the a = 0 fluid
model.
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Figure 7: The flux-ratios as a function of M^ for two fluid calculations (Hutchinson and
Stangeby) compared with kinetic calculations [11].
To resolve the question of what valué to take for a, experiments are needed. Harbour,
Proudfoot and others [9,10] had been making Mach probé measurements in the edges of
tokamaks for some years before the theory described here was developed. They found that
the a = 0 model of Stangeby gave unreasonably high Mach numbers when used to interpret
their data. . Independent flow velocity measurements were not available but a reasonably
self-consistent picture was obtained using Mc = 0.6 in Eq. (25).
In the interests of deciding a, Chung, et al [12] have done a series of experiments on
the PISCES linear plasma. Again truly independent velocity measurements were lacking;
however a valué of a ~ 0.5 gave the best self-consistency. Recently, other experiments with
láser induced fluorescence measurements of velocity have also shown a ~ 1 to give reasonable
interpretation [13]. Finally, it should be remarked that the interior of tokamaks generally
show momentum difFusivity comparable to heat and particle difFusivity, again suggesting a ~
1.
There is therefore mounting evidence that the viscous (a ~ 1) theory is basically correct
and that Eq. (25) can be used with Mc ~ 0.5 to deduce parallel flow from Mach probes.
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4 Practical Considerations and Remaining Problems
Although electric probes are relatively "low tech' diagnostics to implement. there are many
practical problems. Valuable reviews of these practical considerations have been given by
Manos and McCracken [14] for fusión research applications and by Hershkowitz [15] in the
context of plasmas for materials processing. We shall just touch on a few topics.
Perhaps the most obvious problem is that in hot, dense plasmas the probé must survive
the heat load. This places a limitation on the plasmas that can be studied. However there
are also steps that can be taken to help. One is to build big probes. Probes in large tokamaks
are often very bulky by comparison with the fine, light probes of the past, and are made
from graphite and other heat resistant materials. A second step is to avoid drawing large
electrón currents, which can cause much greater heating than ion currents. This is done by
keeping the probé biassed to roughly floating potential or below. This causes no great loss
of information because in magnetized plasmas the electrón collection región is unreliable for
diagnosis because of perturbations to the ideal Boltzmann law (1). One should therefore
avoid fitting to the characteristic much above the floating potential anyway. A third step is
to limit the time duration of the probe's exposure. This can be done by moving it rapidly in
and out of the plasma. Pneumatic drives can reduce the dwell-time to only ten milliseconds
or so, thus reducing the energy deposited. Finally, probes are often built directly into limiter
and divertor plates to benefit from the 'solidarity' of the píate, which again minimizes the
heat load.
Numerous complicating factors may have to be considered. These include: determining
the effective collection área, which may be changed by erosión or sputtered films; secondaryand photo-electron emission from the probé; effects of nearby atomic processes such as ionization and charge exchange. In addition, many more elabórate types of probé exist, which
are used to try to obtain additional information (see e.g., [14,15]).
Two specific problems of current interest concern situations frequently encountered. The
first is when the length of the presheath is greater than the distance along the field to the
nearest solid surface. The presheath is then said to be 'connected' and the theory of the
previous section for a 'free' (i.e., unconnected) presheath probably requires modification.
The second is that when probes are mounted in divertor or limiter surfaces, as illustrated
in Fig. 8, which are almost tangential to the field, complicated gyro-orbit effects occur that
change the effective collection área. Both of these are active theoretical and experimental
research áreas.
Thus, electric probé diagnostics are a. research área where substantial development is
still taking place. The área requires cióse collaboration between theoretical analysis and
experiment and offers excellent opportunities for important contributions to be made by
relatively small facilities.
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Figure 8: Example of a 'Flush-mount' probé design embedded in a plasma-facing tile.
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Interferometry and polarimetry with high spatial resolution
A.J.H. DONNÉ
FOM-Instituut voor Plasmafysica 'Rijnhuizen', Associatie EURATOM-FOM,
P.O. Box 1207, 3430 BE Nieuwegein, The Netherlands

Abstract
In order to understand the physical mechanisms underlying the anomalous transpon of
energy and particles from thermonuclear plasmas, much attention has been devoted to the
development of diagnostics with high spatial and temporal resolution. In recentyears dedicated
multichannel interferometerlpolarimeter systems have been developed in which the probing
beam is expanded to a slab-like beam, covering almost the complete minor cross section of the
plasma. In contrast to interferometerlpolarimeter systems with discrete chords, a high number
of detectors can be implemented to detect fine-grained structures in the electrón density and
current density profiles. Detailed measurements have been performed to study the ejfect of
MHD activity (in particular sawteeth), disruptions, additional heating andpellet injection on the
electrón density distribution.
1.

Introduction
Already from its first application to magnetically confined laboratory plasmas 1
interferometry has been one of the standard techniques to diagnose the electrón density
distribution. Its major advantages above other electrón density diagnostics are: (1) that the
temporal evolution of the electrón density can be followed (in contrast to Thomson scattering),
(2) that no absolute calibration of the instrumentation is required and (3) that no additional
information is needed from other diagnostics (as in the case with spectroscopic measurement of
the density). In the early years of thermonuclear research, interferometers were essentially
single-channel devices with limited spatial and temporal resolution. Because of the availability
of high-power láser sources and detectors with a low noise equivalent power it became possible
to develop multichannel interferometer systems with improved temporal resolution.
DE MARCO and SEGRE realized that it was possible to determine the poloidal field
distribution in a tokamak from the Faraday rotation of the plañe of polarization of the probing
beam.2 After the first successful measurement of this poloidal field induced Faraday rotation at
TFR3 several already operational (or envisaged) interferometer systems were extended with an
option to measure also the Faraday rotation angle.
Many of the interferometers/polarimeters applied nowadays are based on the system
originally used by VÉRON.4 Apart from measuring the evolution of the electrón density profile
as well as that of the current density profile, interferometers/polarimeters can be successfully
integrated into the control systems for the plasma position, plasma density (gas puffing or pellet
injection) and additional heating.5
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In recent years a world wide effort is being undertaken to understand the cause of
anomalous transport of particles and energy from thermonuclear plasmas. The anomalous
losses are generally associated with the presence of micro-instabilities. To check the predictions
of a large body of theories based on various physical mechanisms it is necessary to diagnose the
plasma parameters with high spatial and temporal resolution. This kind of studies can be
excellently performed on smaller tokamak devices, which offer sufficient access and a large
degree of flexibility. At the TEXT, 6 RTP 7 and MTX 8 tokamaks interferometer/polarimeter
systems were implemented in which the number of measuring chords could be substantially
increased by probing the plasma with a slab-like beam, covering almost the entire minor crosssection of the plasma. The detectors in these systems are mounted on linear rail systems, such
that their positions (and number) can be easily adapted to the varying experimental conditions.
The number of probing chords in these systems divided by the minor radius of the tokamak in
cm is about 1.0 cnr 1 , which is much higher than the corresponding valué for conventional
multichannel systems with discrete viewing chords (< 0.2 cm 4 ). Thanks to their high spatial
resolution these interferometer/polarimeter systems are ideally suited to study fine-structured
density effects like MHD activity, sawteeth, density transients, etc.
This paper will be organized as follows. A brief presentation of the basic principies of
interferometry and polarimetry is given in Section 2. The. instrumental details of multichannel
interferometry and experimental results will be discussed in Sections 3 and 4 respectively.
Section 5 will focus on the extensión of the multichannel interferometers with an option to also
measure the Faraday rotation. Experimental results will be presented in Section 6.

2.

General Principies

The basic principies of interferometry and polarimetry have been extensively discussed
in a number of excellent review papers4-5-9 and textbooks.10-11 Therefore, we will only briefly
present the basic ideas below.
The dispersión relation for electromagnetic waves propagating through a magnetized
plasma can be solved on several levéis of sophistication. Since we are only concerned with
waves travelling at phase velocities cióse to the speed of light, c, we will assume that thermal
motions of the plasma particles can be neglected (i.e. the cold plasma approximation). The
dispersión relation for this case is given by the Appleton-Hartree formula, which is an
expression for the refractive índex, ¡i, of the plasma:
X

2

(l-X)

1 - X - ± Y2 sin 2 6 ± {(± Y2 sin2 Q)2 + ( 1 . j ) 2 y2

COS

a)

where X = (cúp/co)2, Y = CÜJCÚ , CÚ is the frequency of the propagating wave and 6 is the angle
between the wave vector k and the magnetic field B. The plasma frequency is given by

(2)

£ome
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and the electrón cyclotron frequency by
m - e
®c-—

B

n\
(3)

,

with e and me the charge and mass of the electrón respectively, ne the electrón density and £o the
permittivity of vacuum.
Let us now consider a linearly polanzed probing wave traversing a uniform slab of
plasma with thickness, L, parallel to the magnetic field, B (i.e. 6 = 0). Furthermore, we
assume that the magnetic field is small but finite (co > co c , henee only the first order terms in Y
in Eq. (1) are retained). Under these conditions Eq. (1) reduces to:
H2±~1-X±XY,

(4)

which can be further simplified to:

Upon entry of the plasma a linearly polarized electromagnetic wave is split into two counterrotating circularly polarized waves which propágate at different phase velociti.es corresponding
to the + and - sign in Eq. (5) for the refractive index. When the waves emerge from the plasma
they have undergone phase shifts given by:

&<p± = Lj(ii±

-1).

(6)

Superposition of the two circularly polarized waves results again into a linearly polarized wave
which has experienced a total phase shift of:
0)

A(p = (A<p+ + A(p- )/2 = - 2fJ¿¡ "eL ,

(7)

and whose plañe of polarization is rotated by the angle:
a = (A<p+ - A<p. )/2 = -9

e

neBL

,

(8)

ZtL T'lg fie

in which the critical density nc = co2 me£o I e2. Note that when the density becomes larger than
the critical density, the refractive index becomes imaginary and the wave will not propágate.
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Fig. 1.

Geometry for interferometry and polarimetry measurements on a tokamak plasma. Figure taken
from reference [9].

The electrón density and magnetic ñeld component parallel to the probing wave are
usually not constant along the beam path. In this case the equations given above have to be
integrated along the beam path. In tokamaks the plasma is usually probed by a beam injected
vertically to the toroidal magnetic field (see Fig. 1). For this geometry Eqs (7) and (8) have to
be rewritten to
CÚ
ÁC Hc

(9)

-zo

and whose plañe of polarization is rotated by the angle:

2c me nc _

neB//dz

(10)

with Bu the component of the poloidal magnetic field parallel to the probing beam. It may be
concluded from Eqs (9) and (10) that Acp ~ X and a ~ X 2, with X the wavelength of the source.
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In order to determine local valúes of ne and Bt/ the full profiles &(p(R) and a(R) have to
be known, which can be achieved by probing the plasma simultaneously along many different
chords (and eventually by interpolating between adjacent chords). For a cylindrically symmetric
plasma the transformation from line-averaged measurements to local quantities can be
performed analytically by an Abel-inversion. For plasmas which exhibit small distortions from
the cylindrical symmetry conditions one has to rely on numerical inversión procedures.12"14 In
the presence of strong distortions from cylindrical symmetry one can no longer expect physical
relevant information on the local valúes of the electrón density and the poloidal magnetic field
component, unless interferometer/polarimeter systems are used featuring more than one
independent viewing direction (see Section 3.3).15"17

3.

ínterferometry

3.1.

Single-channel interferometer systems
Several different interferometer/polarimeter schemes have been developed to measure
the phase shift as well as the Faraday rotation of a probing beam through a plasma. In this
section we will only consider the Mach-Zehnder interferometer (see Fig. 2). Radiation from a
source is split into two parts. The plasma is contained in one of the branches of the
interferometer, the other branch does not pass through the plasma. The two beams are
recombined again on a detector. If the electric fields of the two beams before recombination are
represented by E¡ exp(ia) t) and E2 expO'o) t + A (p ) for the reference and plasma branch
respectively, one can write the power detected by a squared-law detector as:
(E21+E22)(1

2 £ / E2

.

x

(11)

—;— l ~— COS Affl ) .
F + F

sin(cot)

s¡n(cot + Acp)

sin(cüt)
Fig. 2.

*

detector

Schematic representation of a single-channel Mach-Zehnder interferometer.

Henee, the detector current is in a simple manner related to the density induced phase shift. The
above set-up has a few disadvantages. Firstly, variations in the beam power can be interpreted
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as density changes. Secondly, because of the cosine dependence it is not possible to determine
unambiguously whether Acp is increasing or decreasing.
These disadvantages can be easily circumvented by applying a heterodyne detection setup (see Fig. 3). The basic idea is to introduce a frequency shift Acó between the two beams. As
a result the signal detected by a squared-law detector will be phase-shifted by Acó t + Acp . The
phase shift Acp due to the plasma can be simply determined by comparing the signal of the
interferometer detector to that of a reference detector, which is only phase shifted by Acó t. The
frequency shift can be easily introduced by either reflecting the reference beam from a rotating
diffraction grating 4 or by using two sepárate frequency-locked sources. 18 The temporal
resolution which can be obtained is directly related to the intermedíate frequency of the two
beams. For the mechanical modulation this limits the temporal resolution of the measurements
to typically several tens of kHz. By applying a dual-laser system frequencies in the MHz range
(up to 50 MHz) can easily be obtained.

sin(cot)

-*—^

plasma

\
sin(oot + Acp)

s¡n(Ao>t)
reference detector
sin(Aa>t + Acp)

s¡n(cot + Acot)

detector
Fig. 3.

Se hematíe representation of a heterodyne Mach-Zehnder interferometer.

3.2.

Multichannel interferometer systems
The single-channel interferometer system presented above can be easily extended to a
multichannel system. On most tokamaks this is done by using beam splitters to créate sepárate
probing beams, each of which travels through the plasma along a different chord. This then
leads to very sophisticated but — especially on larger tokamaks — complex systems with many
optical components.19 The number of measuring chords is on the one hand restricted by the
limited size of the diagnostic access ports and on the other hand by the minimum distance
needed between neighbouring chords, which is usually determined by the space consumed by
optical mounts.
To study the evolution of fine-structured deviations from a smooth electrón density
profile, it is a requirement to use an interferometer system with both a good spatial and temporal
resolution as well as a high density of measuring chords. On the TEXT,6 RTP 7 and MTX8
tokamaks this has resulted in systems in which the probing beam is expanded to a slab-like
beam covering almost the complete minor cross section of the plasma. The beams are injected
into the plasma through large diagnostic ports. The detectors are mounted on rail systems and
the number of detection chords is essentially determined by the width of the detectors. The
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density of chords in these systems is about 0.5 chord/cnr 1 , a valué which is more than five
times higher than conventional multichannel systems with sepárate probing beams. Below we
will briefly present the interferometer system available on RTP.7 The TEXT and MTX systems
are fairly similar in set-up.
interferometer
mixer array

beam splitter

— reference detector

Fig. 4.

Artists view of the multichannel interferometer at RTP.

A sketch of the multichannel interferometer for RTP is given in Fig. 4. A dual-beam
optically-pumped far-infrared láser produces a total power of 65 mW at a wavelength of 432
|im. 20 By detuning the cavities an intermedíate frequency (IF) of 1 MHz can be obtained
between the two beams. Both beams are expanded to slab-like beams by sets of two parabolic
mirrors. 21 This, in combination with the large diagnostic ports of RTP, makes it possible to
observe nearly the complete minor plasma cross section. After one beam has passed through the
plasma, the two beams are recombined on an array of 19 corner-cube mixers with Schottky
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diodes. 22 The outputs of the m i * r s at the EF frequency are fed into phase detectors which
determine the phase differences between the signáis from the probing beam and the reference
channel. The accuracy of this phase detector is I o . The overall accuracy is better than
2 x 10 16 n r 2 at a line-averaged density of 2 x 1019 nr 2 . The time resolution of the system of
10 |is is determined by the IF frequency and by the fact that a few periods are needed to
determine the phase shift accurately. The RTP interferometer system is able to follow density
changes as fast as 5 x 1022 n r V 1 . Details of the interferometer systems at RTP7, TEXT 6 and
MTX8 are given in Table I. All three systems have more or less equal specifications as far as the
spatial resolution is concerned. The temporal resolution in the TEXT and MTX systems is
mainly determined by the detection electxonics and not by the EF frequency of the source as is
the case for RTP.
Table I. Details of the MTX8. TEXT6 and RTP7 interferometer svstems
MTX
RTP
TEXT
16.5
16.5
26
19
15
29
0.45
0.58
0.56
Dual-beam far-infrared láser

Minor radius of tokamak (cm)
Number of chords
Density of chords (cm 4 )
Láser system
Wavelength (¡im)
IF - frequency (MHz)

185

432

432

1
1
1
Corner-cube mixers with Schottky diodes
1.5
1.4
1.5
100
10
50

Detectors
Detector width (cm)
Temporal resolution (|is)
Accuracy in degrees (fringe counter)
in density (nr 2 )

6
2 x 10 17

3.3.

1
2 x 1016

1-2
5 x 1016

Interferometric tomography systems
Because most interferometer systems have a single (vertical) viewing direction, they are
not able to resolve up-down asymmetries in the poloidal plañe. To overeóme this problem,
interferometer systems have been developed with more than one independent viewing direction,
such that tomographic reconstruction of the electrón density becomes possible.
The phase-imaging interferometer at the late Microtor tokamak featured 40 chords from
two independent viewing directions.15-16 The chord density in this interferometer had the very
high valué of 3.3 chords/cm. A Mach-Zehnder set up was used for the vertical interferometer,
and a Michelson interferometer for the horizontal view. The source for the interferometer was a
carcinotron tube operating at a wavelength of 1.05 mm. A rotatíng grating was used to créate a
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Doppler-shifted beam with an IF of 20 kHz to facilítate heterodyne detection by linear arrays of
microbolometers.
The interferometer used on the H-l Heliac is featuring 30 viewing chords from 4
independent viewing directions (see Fig. 5). 17 A specially designed rotating grating has been
developed to créate fans of viewing chords, while simultaneously introducing a frequency shifL
Twenty chords are used in a Michelson set-up (the vertical and horizontal interferometers),
whereas the other ten chords are mounted in a Mach-Zehnder construction.

-350.
Fig. 5.

-300.

-250.

-200.

-150.

-100.

-50.

Interferometer arrangement for the H-l Heliac.17 Local oscillator arms are not shown. The shaded
bean-shaped región represents the plasma. D¡^: detectors for the various viewing directions and the
reference arm, PR: polarización transforming reflectors and G: rotating grating. Figure takenfrom
reference [17].
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3.4.

Experimental constraints
When designing an interferometer/polarimeter system one has to take account of various
experimental constraints which can have a detrimental effect on the operation of the device. A
detailed discussion of all these effects can be found in literature.4-9-11 Here we will only briefly
mention the main constraints.
From Eqs (9) and (10) it could be inferred that the wavelength should be chosen as large
as possible since A<p ~ A and a ~ X 2. However, refraction causes the beam to deflect from its
straight trajectory. As a result the probing beam may experience a different phase shift due to a
changed path length in the plasma. Refraction gives rise to an upper limit for the wavelength to
be employed in an interferometer system. A lower limit is set by considering path length
changes due to mechanical vibrations of for instance optical components. Other instrumental
effects, which in general have a small effect on the choice of the optimum wavelength are
source and detector noise. For the interferometer schemes discussed above the optimum
wavelength is in the far-infrared spectral región.

4.

Results

Interferometry

Thanks to the high spatial and temporal resolution of the interferometer systems at
TEXT and RTP various fine-structured effects on the electrón density distribution — hitherto
not observed with other interferometer systems — could be studied. These include the study of
sawtooth-induced density pulse propagation, density transients as a result of the onset of
ECRH, MHD activity, disruptions and pellet ablation. A brief presentation of some important
results will follow below. This Section will be strongly biassed towards the experiments at RTP
since the author is not fully aware of all the measurements at other devices.
4.1.

Sawtooth studies (m = 1)
At the RTP tokamak a clear m = 1 has been observed, prior to the sawtooth crash.23
The density perturbation is shown in Fig. 6 for several central channels. Data were averaged
over 10 sawtooth periods for a discharge with Ip = 120 kA and ne(0) = 9 x 1019 nr 3 . The fact
that the m = 1 precursor is present even after averaging indicates that the crash always takes
place at almost the same phase of the m = 1 oscillation. Density pulse propagation studies were
performed at the RTP tokamak, following the sawtooth-induced density pulse to both the highand the low-field side. A remarkable difference between the two pulses has been observed (see
Fig. 7). A possible explanation for the discrepancy is a particle source at the high-field side in
combination with a longer equilibration time along the magnetic field lines. This could be due to
a larger heat load after the crash at the high field side, because of the toroidal geometry. The
density pulse propagation was analysed in detail with the ACCEPT code. 24 The simulation of
the pulse at the low field side resulted in particle diffusion coefficients D = 1.7 m2/s and
1.0 m2/s for non-boronized and boronized plasmas. It was found that the density pulse travels
with the same speed as the heat pulse, as was also observed in TEXT.25
The particle diffusion coefficients found in TEXT for a wide range of discharge
parameters are in the range D = 2 - 5 m 2 /s. 25 It was not possible to observe the density pulse
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propagating towards the high field side of TEXT, since the inner part of the plasma column is
not accessible for the interferometer due to the restricted size of the ports.

C\!

S

ne dens'

O

-0,5

Fig. 6.

2.0

Time traces ofthe line density in RTP for three central channels after averaging over ten sawtooth
periods. The sawtooth crash takes place at 0 ms.
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0.4 -
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c

Fig. 7.

0.0

The sawtooth-induced density pulse as observed in RTP with the outermost channels at the high
field side at r = -15 cm (solid line) and at the low field side at r = 16 cm (dotted line). The sawtooth
crash takes place at 0 ms.
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With the 2-D interferometer at Microtor a rotating m = 1 island has been observed
reproducibly in the tomographic reconstructions during the first 4 ms of the plasma start-up
phase (see Fig. 8). 16
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Tomographic reconstructions from the start-up phase of a Microtor discharge,16 showing density
islandformation. The axes are in cm. Figure takenfrom reference [16].

4.2.

Disruption studies (m = 2)
Some of the discharges in RTP showed strong m = 2 activity.26 To analyse the data the
time-averaged line density was subtracted from the raw data, leaving only the effect of density
variations (see Fig. 9a). A simulation code has been written to calcúlate the time evolution of the
oscillations in the line density, assuming Gaussian shaped m = 2 islands in the plasma (see Fig.
9c). A satisfactory agreement between simulations and experimental data has been obtained (see
Fig. 9b) for islands with a radial 1/e-width of 4 cm, an azimuthal width of 1 rad, and a density
change of 1% with respect to the unperturbed electrón density. To improve the agreement with
the measurements small m = 3 islands were included in the simulation (see Fig. 9c).
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a) Three-dimensional plot of a measured m = 2 instability in RTP. The time-averaged Une density
profile has been subtracted. b) Three-dimensional plot of a simulation. c) Contour plot of the
islands which were usedfor the simulation. The dashed Une indicates the position ofthe limiter

Some of these discharges were terminated by a major disruption. The evolution of the
density profile for a disruption at 118.8 ms is shown in Fig. 10. Due to the very high density at
espedally the high field side, the probing beam may have suffered from refraction effects in the
plasma. For the typical shot shown in Fig. 10 this could give a máximum shift of the peak in
the profile over approximately 1 cm. During the first 20 jis of the fast energy quench phase of
the disruption the density in the central región of the plasma decreases, whereas it strongly
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increases at the high-field side of the plasma. After this there is an overall density increase
across the whole plasma.
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Fig. 10.

Evolution of the electrón density profile during a major disruption in an ECRH heated RTP
discharge.

4.3.

Effects of ECRH
Electron Cyclotron Resonant Heating (ECRH) has a special place in the research
programme of the RTP project. Firstly, ECRH (60 GHz) is used to achieve plasma
breakdown.27 Secondly, ECRH is used to induce local perturbations in the electrón temperature
profile with the aim to study the response of various plasma parameters on these transients.
Immediately after onset of ECRH an increase in the electrón temperature is observed,
accompanied by a decrease and broadening of the electrón density profile (see Fig. 11). A
tentative explanation has been given,28 based on the concept of profile consisteney29-30 in
which the pressure and current density profile are coupled to each other according to:

P(r) _jO±_f,
p(0)-j(0)~{

r_l_
a2

Ha_ _

j

-2

(12)

When ECRH is applied to the plasma the electrón temperature profile is changed on a time scale
of typically a few ms. The current density profile can only follow on a time scale of typically
several tens of ms due to magnetic diffusion. Therefore, the density profile has to decrease on
the same time scale as the increase in the electrón temperature to establish profile consisteney.
(Remind that the electrón pressure pe = ne k Te, with k the Boltzmann constant).
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Fig. 11.

Time behaviour of the electrón density profile for an ECRH heated RTP discharge. ECRH is
switched onfrom 80 -121 ms (Ip = 60 kA, BT = 2.14 T, PECRH = 180 kW).

4.4.

Pellet ablation stiidies
Both at TEXT and at RTP pellets can be injected in the plasma for fuelling purposes and
for making local density perturbations. The research on TEXT has concentrated on the effect the
pellets have on the overall electrón density profile. Furthermore, the propagation of sawtoothinduced density pulses was followed in pellet-fuelled discharges, with the conclusión that the
particle diffusion coefficient is the same as in ohmic discharges.
At the RTP tokamak the high time resolution and the possibility to measure fast density
changes were exploited to study the pellet ablation process in detail.31 Since the typical density
changes in pellet-fuelled RTP discharges are usually much faster than the 5 x 10 22 rrr^s-1
allowed by the fringe counter, some improvements in the electronics are foreseen in the near
future.

5.

Polarimetry

The multichannel interferometer schemes presented above can be extended in various
ways with an option to also measure the Faraday rotation angle. A discussion of the merits of
the various methods was given by VAN LAMMEREN et al.32
A relatively simple technique is to replace the beam combiner in front of the detector by
a polarizing beam splitter and to implement an additional detector.4-9 Furthermore, a rotatable
half-wave píate and an additional polarizer are added to the system (see Fig. 12). The system is
set-up in such a way that detector Di is mainly sensitive to the phase shift of the probing beam,
whereas detector Dp is mainly sensitive to the rotation of the plañe of polarization. The Faraday
rotation angle can be readily obtained from the amplitude of the signa! measured by detector Dp.
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However, the reliability of the measurements can be much improved by deducing the Faraday
rotation angle from the phase difference between the two detectors Di and Dp.9 The accuracy
which can be obtained is in principie about 0.15°.
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Principie of the combined interferometerlpolarimeter system.9 The polarization directions of the
beams are also indicated.

DODEL and KUNZ investigated two other polarimeter schemes, which are both based on
a modulation of the polarization angle of the probing beam.33-34 In one method the polarization
plañe of the probing beam is continuously rotating.33 In the other the polarization angle of the
beam is only modulated over a few degrees by means of a ferrite modulator.33 In both methods
the Faraday rotation angle can be directly deduced from the modulation of the envelope of the IF
signal measured by the detector.
In the polarization rotation method33 a right-hand and a left-hand circularly polarized
beam of angular frequency ú)and CÚ + com respectively, are superposed to a linearly polarized

- 70 -

beam, whose polarization plañe is continuously rotating with frequency (£>m¡2. If sent through
an analyser and detected by a squared-law detector, the beam induces an ac signal at the
modulation frequency: Sj(com) ~ So coscom t. A magnetized plasma in the probing beam will
cause an additional Faraday rotation, a = (A(p+ - A(p.)l2, which changes the signal component at
com to S2(0im) ^So cos(cúm t + 2a), with A(p+ and A(p. the phase shifts of the left hand and the
right hand polarized beams respectively. The Faraday rotation angle is readily measured from
the time shift between Sj and S2, analogous to the procedure used for an interferometer.
The polarization modulation method34 is based more or less on the same principie as the
polarization rotation method: the polarization plañe of the probing beam is modulated over a few
degrees (< 10°) with a frequency Cúm. The power of the detector varying with the modulation
frequency Cúmis given in the small-angle approximation by P(com ) ~2apamPo, with ap the
Faraday rotation angle caused by the plasma, am the amplitude of the polarization modulation
and Po the power of the láser beam. In absence of a poloidal magnetic field, the power at the
modulation frequency is zero. The power component at C0m can be detected accurately by using
lock-in techniques. The signáis can be corrected for variations in Po by monitoring the láser
power.
The modulation of the polarization plañe can be achieved in various ways. A possible
method is to split a linearly polarized beam into a right-hand and a left-hand circularly polarized
beam.32 A time-varying path length is introduced into one of the beams (see Fig. 13). The other
beam passes a variable attenuator which is tuned such that both beams have the same amplitude
before they are recombined again. As a result the recombined beam is linearly polarized. Its
polarization angle depends on the phase difference between the two beams.
1/4 aplate

1/4X-plate

variable
attenuator

Fig. 13.

Set-up to modulóte the polarization angle of the probing beam on RTP.

The various methods to measure the Faraday rotation angle presented above all yield
more or less the same accuracy of 0.1° - 0.2°. The spatial resolution is essentially the same as
that of the corresponding interferometers. The temporal resolution is strongly dependent on the
method used. Mechanical modulation or rotation of the probing beam usually limits the temporal
resolution to a máximum of several kHz.
An additional experimental constraint which has not been mentioned in Section 3.4 and
which is important in case one wants to perform both interferometry and polarimetry is the
effect of ellipticity. During passage of a linearly polarized beam through a magnetized plasma,
the polarization can become elliptical due to the influence of the toroidal magnetic field. For
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polarimetry to be applicable the ellipticity has to be small compared to the Faraday rotation. This
in general reduces the highest wavelength which can be considered for the source.

6.

Results Polarimetry

Only a very limited number of experimental results of polarimetry with high spatial
resolution can be found in literature, reflecting the state of infancy of this diagnostic. Hitherto
no experimental group has come up with a graph showing the evolution of the current density
profile with high spatial and temporal resolution (similar to the three-dimensional profiles
shown above for interferometry).
The interferometer at TEXT has been upgraded to include a polarimeter35 according to
the principie by VÉRON.4 It was concluded, however, that the measurement of the current
density profile is no sinecure when corner-cube mixers are used instead of pyroelectric
detectors.
At RTP the choice for the polarimeter scheme to be used is flexible. Measurements have
been already performed with the polarization rotation method.33 Although, the time resolution
in these measurements was in principie very high (determined by the IF frequency of the twinlaser system), a detailed study of the evolution of the current density profile could not be
performed since the electrón density could not be measured in the same discharge. Instead
reproducible discharges had to be used. It is planned to implement the polarization modulation
method on RTP. Modulation frequencies of about 10 kHz are envisaged by using piezo-electric
crystals for introducing the path length difference. The corresponding time resolution of the
system will be more than sufficient to follow magnetic diffusion processes in the plasma. These
measurements are important for falsifying or verifying the concept of profile consistency (see
Section 4.3). An advantage of the modulation scheme is that the interferometer and the
polarimeter signal are simultaneously measured by only one set of detectors.
There is no doubt that the MTX group has made the furthest progress towards a reliable
interferometer/polarimeter setup featuring a high spatial resolution.8 At MTX a versión of the
polarization rotation method is being employed. In contrast to the original scheme proposed by
DODEL and KUNZ (1988), a beam with a continuously rotating elliptical polarization is used to
probé the plasma. This makes it possible to measure the phase shift and the Faraday rotation
with the same array of detectors (circumventing the use of a second array or the need to use
reproducible shots to measure the electrón and current density alternately). The rotation is
induced by means of a half-wave píate rotating with a frequency of 1 kHz. The accuracy of the
measurements is better than 0.2°. The MTX polarimeter has been used already to measure the
evolution of the current density profile during sawtoothing and non-sawtoothing discharges
(see Fig. 14).
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(a) Measured Faraday rotation profilefor an MTX discharge with Ip = 352 kA andBT = 6.4 T.8
(b) Evolution ofthe central and edge q-values, theq-1 radius and the electrón temperature for the
same discharge as in (a). Figure takenfrom reference [8J.
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7.

Conclusión
Interferometry with high spatial resolution has grown to a stage of maturity over the last
five years. Fine-structured deviations from a smooth density profile can be resolved and
followed with high time resolution. Interferometric tomography techniques make it possible to
deduce the density profile from the measurements without a priori assumptions on plasma
asymmetries. However, the temporal resolution in these systems was hitherto limited by the
application of rotating gratings to Doppler-shift the frequency of the beam. Using a dual-beam
far-infrared láser as a source (possibly in combination with a rotating grating to genérate fans of
beams) would alleviate this shortcoming.
Polarimetry with high spatial resolution is still in its infancy. This field needs further
development over the next few years to come up with reliable se heme s to measure the Faraday
rotation with high spatial and temporal resolution.
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Microwave reflectometry
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Introduction
Reflection of e.m. radiation has been used for decades for target localization (radar).
Microwave radiation is reflected by plasmas with high enough density, this phenomenon is the
basis of a diagnostic (reflectometry) to monitor the position of the reflecting layer by radar techniques.
As a first approach lets try to lócate a perfect mirror by reflecting e.m. radiation on it (fig.l)

Fig.l Reflection in a perfect mirror
If we launch a monochromatic wave, the phase delay which the beam undergoes traveling to the
mirror and back is given by:
2TCOT
Y

1

47tfT
c

[1]

in a Tj=l médium. In the case of a general inhomogeneous médium we can write:

-
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47tf V
c
o

[2]

In this case , only changes on L can be followed by tracking the changes on (p. The absolute
valué of L cannot be known, since the phase delay (p is undefined by some 2n.
On the other hand, we can launch a wave group including different frequencies, if we compare
the phase shift for the different frequencies we have:

áF~T

[3]

or , in the general case:

x

dela ' ^ " S t ^ ie ^ m e °^ fri§nt for a pulse centered at frequency f travelling from the reference

plañe to the mirror across the path L.
According to the expressions [l]-[2] and [3]-[4], launching a monochromatic wave will give us
information on the movements of the reflecting layer (density fluctuations) whereas múltiple frequency beams will be used for absolute location of the reflecting point (density profile), the later
method has been extensively used to probé the ionosphere structure by launching and reflecting
radiofrequency waves in the MHz range 1; .
Reflecting layers in the plasma
Reflection in the plasma occurs when the refraction index vanishes. For a wave propagating perpendicular to the plasma magnetic field, the refraction index shows different behavior for the different polarization angles. If the electric field of the wave is parallel to the magnetic field (ordinary mode: O-mode), the movement induced in the electrons is not be affected and the refraction
index is independent on the magnetic field:

S

[5]

where f_»
is the plasma frequency.
pe
If the electric field is polarized perpendicular to the magnetic field (extraordinary mode: Xmode), the effect is seen, and a dependence of the refraction index on the electrón cyclotron fre-
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quency f

ce

appears:
f 2 (f2 _ f2 -v

peK
pe)
f (f -fpe-fce)
The refraction index vanishes when:
n

2

=

i_

[6]

corresponding to the upper (+) and lower (-) cutoff frequencies.
The expressions [5],[6] and [7] correspond to the 'cold plasma' approximation, recent studies
have shown that for Te larger than 1 KeV, significant relativistic effects are observed. Those effects affect mainly the X-mode cutoffs, which are shifted to lower frequencies.
Evaluation of the phase delay
If we take the one-dimensional approach, the Maxwell equations lead to:
9

9

—2- + ^-e(G>,x)E = 0
dx
c
[o]
To solve [8] the approach proposed by Ginzburg can be taken: for the propagation path far
away from the cutoff position, the WKB approximation can be used. This approximation is
based on the assumption that the refraction index changes little over a wavelength:

ha

dt|/dx
[9]

When approaching the cutoff, the WKB solution fails due to the larger wavelength. In this región, the exact solution for a linear e is taken.
By matching both solutions the final expression for the phase delay between the reference plañe
xQ and the critical layer x is (for the two way path):
47tf

X

f
K
|Tidx + —
2
where the TÍ/2 additional phase comes from the reflection phenomenon.
(p =

J

[10]

The width of the región where WKB is not applicable defines the sparial resolution of the phase
evaluation, this width is approximately given by:
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Ar =

-dxjxc;

tu]

This distance lies between 0.2 and 1 cm for most of the fusión plasma experiments. It is usually
larger for the 0-mode than for the X-mode which uses shorter wavelength XQ.
Applications of reflectometry (I): Density fluctuations.
According to expression [10], if we opérate the reflectometer at fixed frequency, changes in the
position of the critical layer will lead to changes in the phase delay.
Reflectometry becomes an attractive diagnostic with high sensitivity for ñ measurements: ñ/n in
the range of 10 can be measured if the wavelength of the perturbation is large compared to that
of the probing beam. In addition, reflectometry is an active diagnostic with good photon statistics, offers high time resolution ( >MHz for fixed frequency measurements) and a good access to
the different positions in the plasma: the radial position of the reflecting point can be easily selected by fast electronic tuning.
The issue of the spatial resolution of the reflectometer for density fluctuations measurements remains as an open question. In the next section we will briefly discuss the different approaches to
the problem.
Spatial resolution of the reflectometer.
As already mentioned,the simplest approach to reflectometry is the Ginzburg solution: WKB approximation plus the exact solution of Maxwell equations for a linear dielectric constant cióse to
the reflection position. This approach is valid as far as: first, the density fluctuations along the
propagation path lead to refraction index perturbations that do not viólate the condition [9],
second: the perturbations cióse to the reflecting layer have long enough wavelength to allow for
the fulfillment of condition [11], (we take typically X

> 5 Ar). If both requirements are

achieved, the expression [10] remains valid and the phase oscillations carry the significant information.
The second step is to consider the effect of the propagation path along the plasma under the
WKB approach: the effect of density fluctuations along the propagation path ,where the refraction index is still finite, is small: the relative change in refraction index for a given density perturbation is largest cióse to the vanishing point (reflection). On the other hand, the phase contri bution of the región cióse to the reflecting point is small due to the low valué of the refraction
index. Both effects lead to a point of máximum sensitivity which lie cióse to the reflecting point
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but not exactly at this point (the distance typically being about one free space wavelength).
WKB based simulations show a very good localization of the fluctuation effect at this position.
The effect has been experimentally observed in laboratory reflectometer experiments , where
controlled density fluctuations were produced and measured both with Langmuir probes and reflectornetry: the fluctuations are 'observed' not at the reflecting layer but cióse in front of it.
Under WKB conditions a relationship can be established between the phase oscillation and the
density fluctuations. The first step is to determine the displacement of the reflecting layer
corresponding to a given phase change. This will depend on the local gradient of the density (and
magnetic field for X-mode) on the wavelenght of the launched beam and on the wavelength of
the density perturbation. For long wavelength perturbations with the O-mode (or X-mode without B field gradient, as in the W7AS stellarator ) a reasonable approximation is to take:

SX = X

^2

[12]

where : X varíes between XQ and 2A-Q for most of the real perturbations.
The density oscillation can be established:
on _ .* 8cp Vn
n — A. 4n • n
[13]
For the extraordinary mode in the general case, equivalent expressions, involving the magnetic
field gradients can be used.
8n = 8x • Vn

The alternative approach is to accomplish the exact resolution of eq. [8] for a fluctuating dielectric constant. A number of solutions

to this equation have been provided. All of them show a

scattering-like picture: the Bragg condition implies that the fluctuations contributing to the reflectometer signal come from different radial positions depending on their wavelength (A). For a
given vacuum wavelength XQ of the reflectometer beam, the shorter A perturbations will
contribute from radial positions far away from the cutoff layer. The measurement will be
localized cióse to the reflecting layer only for long A perturbations (typically

A>4XQ),

in agree-

ment with the WKB solution.
The experimental check of the measurement localization in real fusión plasmas is difficult.
However, some experiments indicate that large and small scale turbulence are detected at the
same position:

-
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- W7AS and ATF 5 ' 1 0 : Coherent MHD modes and broadband turbulence are located cióse to rational surfaces
- JET
- DIII-D

: Sawteeth and associated turbulence move together.
12

: The whole turbulence spectrum is suppressed for the same radial range when the L-

H transition occurs.
The experimental results from fusión plasma devices might indicate that most of the existing turbulence have long wavelengths. This is also in agreement with the condition

PS<1 ob-

served by Langmuir probes and recently BES .
In addition the laboratory experiment performed in UCLA shows good localization for both
large and small scale turbulence the perturbation wavelengths used in this experiment are short
enough (up to 0.6 X^) to lead to scattering-like phenomena according to the one-dimension full
wave theory. Those phenomena have not been observed. The conclusión could be that the onedimensional solutions must be improved by two-dimensional models
Experimental methods.

The relevant magnitude to be measured is the phase delay <p between the launched and the reflected waves. The simplest experimental approach is to use homodyne detection (see fig.2). The
output voltage at the detector diode will be given by:
E
[14]

f=30-1 00 GHz

V=c Ei E2

Fig.2 Se hematíe diagram of the homodyne reflectometer
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Homodyne detection systems are simple, can opérate broadband and can produce useful qualitative information, but suffer several limitations when we want to derive quantitatively the
behavior of (p from that of v d : El and E 2 depend on frequency, plasma position...etc. and coscp is
a strongly nonlinear function.
An upgrade of the system is obtained using an arrangement with several detectors
v 1 =E 1 E 2 coscp

and

v 2 = E 1 E 2 sin(p

, providing:
[15]

With this dual detection (quadrature) system, the amplitude and phase of the detected wave can
be measured separately. The main disadvantage of the system is the inability to opérate broadband, the phase difference between the paths is adjusted for a given frequency. In addition, the
limited dynamic range of the homodyne receiver cannot overeóme the strong oscillations in the
amplitude of the reflected beam due to the plasma turbulence.
Heterodyne detection is a powerful tool to improve the dynamic range of the receiver, it also
provides the way to measure the phase delay by comparing the modulated and unmodulated signáis.
The main limitation of the heterodyne system is the difficulty to keep constant the intermedíate
frequency (EF). Several techniques have been applied: the JET system operates with a series
of heterodyne narrowband (0.1 GHz) channels, with phase locked loops keeping the DF constant.
The broadband heterodyne system (see fig. 3) 17 installed on W7AS, operates with free running
RF and LO oscillators, the balanced downconversion scheme keeps a constant IF in the final
step, where the reference signal and that modulated by the phase oscillations are provided:
v

ref =

A

r COS(CÚIFt)

V m = A m COS(C0IFt + Cp plasma )

Both signáis are feed to a quadrature phase detector to determine <PDiasmaBy using this system , fluctuation measurements have been carried out on W7AS. The condition
Kurb Ps < ^ leac*s t 0 A>1.5 cm for the plasma edge (r/a=l) and A>3cm for deeper positions
(r/a=0.7). Operating with the X-mode between 75 and 110 GHz (BQ=2.5T) the width of the reflecting layer defined by the expression [11] is about 2mm.
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Fig. 4: Density fluctuation profiles (together with density profiles measured by Thomson
scattering system) during ECRH and NBI methods.

Under these conditions the long A approximation can be used. In addition W7AS shows a zero
gradient B-field along the Une of the reflectometer, this allows to use directly the expression
[13], with a valué of X"ík between 1 and 2 determined by numerical calculations for the particular kind of density profiles.
Results of the measurements for different plasma conditions are shown on fig.4.

Applications of reflectometry II: Density profile.

If the differential phase shift 9cp/3f for the different frequencies is known ( by frequency sweepI

ing in most cases), the electrón density profile can be reconstructed
For the 0-mode, a simple Abel inversión is used:

O

.

=df
[14]
For the X-mode, numerical solutions are required

'

.

The diagnostic offers a number of advantages as density profile diagnostic for present and future
devices:
- Good time resolution (in the range of 100 KHz)
- Easy plasma access: single Une of sight.
- Little radiation effects: vacuum window can be hidden from radiation.
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- Compact diagnostic: changes in the system can be performed in the laboratory far away from
the device.
On the other hand, the possible existence of strong negative density gradients and the effect of
cyclotron absorption can lead to shadow áreas in the profile. An additional issue is the effect of
strong turbulence leading to the possible failure of the WKB approximation along the propagation path of the microwave beam in the plasma.
Experimental methods.
Frequency sweeping

The method most widely used for the experimental determination of 3cp/8f is the homodyne receiver with frequency sweeping

18

. If the sweep is fast enough, the phase increases monotoni-

caly (3(p/dt>0) with time during the sweep and can be measured by counting the máxima and
minima in the sinus-like output of the detector. If the sweep is slow, the density fluctuations can
lead to negative valúes of 3(p/3t, in this case fringe counting lead to errors in the determination of

The effect of fast density fluctuations, leading to phase changes in the order of 2K, hampers in
many cases the measurement of the characteristic 9cp/3f. Strong filtering of the signáis is needed,
leading to limitations in the time resolution of the profile measurement. Fast systems able to
sweep over the whole profile in 10-100 |is have been developed to overeóme the effect.
Pulse methods in density profile studies
The pulse methods are an alternative to the fast swept systems: the idea is to avoid the density
fluctuations effect by taking an instantaneous measurement of 3cp/3f. Pulse methods launch several frequencies simultaneously to the plasma, the differences among them are based on the type
of the launched spectrum: pulse radar systems launch a broad spectrum, amplitude modulation
systems opérate with the carrier wave and the symmetric satellite Unes, the simplest spectrum is
used by the two-frequeney systems.
Pulse radar reflectometry:
The group delay is directly measured by launching a short microwave pulse at the relevant fre-
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quency 21> 2 2 . The pulse duration is around 1 ns, leading to a 1 GHz bandwidth in the launched
beam.
The main disadvantages of this method are the experimental difficulties to measure the delay
time and the limitation in spatial resolution: if shorter pulses are used to gain resolution, their
bandwidth ulereases, as well as the size of región of the plasma where the reflection takes place:
a 20 ps pulse has a bandwidth of 50 GHz and would reflect over a big part of the plasma.
Additional increase of the aecuracy could be gained if a method to correlate the incoming and refiected pulse were developed.
On the other hand the system is not affected by parasitic reflections in waveguides or plasma (XO cutoffs).
Amplitude Modulated (AM) reflectometry:
If the microwave beam is modulated in amplitude at high frequeney (typically 100-400 MHz)
the group delay .of the carrier can be measured through the phase delay of the modulating envelope between the launched and reflected beams 2 3 ' 2 5 . The main difficulties with this system are
the high aecuracy needed in the phase measurements (1-2 degree) and the strong sensitivity to
parasitic reflections. The advantages are: simple detection system, easy broadband operation in
the millimeter wave range, no sensitivity to spectrum deformation.
Two frequeney reflectometry
Similar technique to AM has been developed for Alcator C-mod and TFTR . The systems
launch simultaneously two neighboring frequencies to the plasma. The main difference with the
AM method is a higher resilieney to spectrum deformation by the density fluctuations, on the
other hand the system requires high complexity to opérate over a broad frequeney range of the
launched beam.
Turbulence based-methods:
In some cases the difficult geometry lead to a great difficulty to measure the time delay (due to
parasitic reflections, turbulence...). The special conditions of the new JET Divertor plasma are an
example. For those cases a way to distinguish the reflection in the plasma from other parasitic reflections is the analysis of the oscillations in the reflectometer signal induced by the density fluctuations in the plasma.
The comb reflectometer for peak density determination uses several channels at different frequencies, the channels reaching cutoff show strong signal oscillations, those corresponding to
frequencies higher than the peak cutoff showing a much weaker activity. In this way the behav-
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ior of the peak density can be followed by observing how the different channels reach cutoff.
28

A different approach, trying to measure the density profile, is the dual frequencv swept system .
If two beams at neighboring frequencies are reflected, the corresponding signal fluctuations will
be correlated. The correlation will not depend on parasitic reflections: even if one of the frequencies is swept, only the signal fluctuations due to the plasma density fluctuations will contribute
to the coherence between both reflectometers.
If the output voltages of both diodes are:
v^coscp!
v 2 x cos((p2 + S)
[15]
The coherence between Vj and V2: r(Vj,v2) will depend on:
i) The coherence between the phase shifts: T^^,^),

which will decay as the distance between

channels increase.
ii) The relative phase offset 8:

r(v1,v2)=r((p1,(p2) if 6=0, %, 2K...
r(v 1 ,v 2 )«T((p 1 ,<p 2 ) if 5=

7C/2,3TC/2...

If one oscillator remains at fixed frequency while the other sweeps, the coherence T will show
máxima and minima corresponding to increments of TÍ/2 in 8. This fringe pattern (see fig.5)
leads to the determination of both: the correlation length of the density fluctuations and the 8 9
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characteristic which includes the information on the density profile.
The main disadvantage of this method is the need for multichannel systems (due to the short correlation lengths only short frequency sweeps can be performed)with long data recording and
analysis time.
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Abstract
A short survey of density profile reflectometry in fusión plasmas is presented. The basic
features of the measurements are analysed, and the role of plasmas modes and fluctuations
is discussed. Examples from broadband experiments are used to illustrate the critical issues
of profile measurements.
The methods presently available to measure plasmas profiles - broadband and narrow band reflectometry - are considered and recently proposed techniques of pulsed radar
and amplitude modulated reflectometry are referred. The capability of reflectometry to
diagnose the plasma density profile in future fusión devices is discussed.
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1. Introduction
Microwave reflectometry is a standard technique used for several decades in the ionosphere sounding, that has been applied (in the eighties) to diagnose the density of fusión
plasmas. Results have put in evidence its great potentialities to study the detailed profile
development, and to performe local measurements of plasma fluctuations, but have also
shown that the accuracy of the results can be significantly decreased due to fluctuations.
New algorithms for data analysis and different approaches of the diagnostic are being developed, aiming at overcoming the effect of fluctuations. Reflectometry is, therefore, still
an open field of research, where the profile determination is one of the main objectives.
The basic physics of reflectometry, the methods of implementing it in fusión devices,
and the measurement of plasma density profiles and fluctuations, have been described at
the last Courses and Workshops on Fusión Plasma Diagnostics [1. 2]. The main purpose
of this paper is to analyse the critical issues of profile experiments and the potentialities
and limitations of the diagnostic.
In section 2 a short survey of density profile experiments with reflectometry, in fusión
plasmas, is presented. The basic principies of the diagnostic are analysed and the effects
of fluctuations are discussed in section 3. The specific features of profile measurements
are illustrated with examples from broadband reflectometry on ASDEX tokamak1 (section
4). The two alternative techniques presently available, swept narrowband and broadband
reflectometry are analysed. and recently proposed methods of pulse radar and amplitude
modulated reflectometry are referred (section5).
The paper is summarized in section 6 and conclusions are drawn about the applicability of reflectometry to the diagnostic of the plasma density profile in future fusión
devices.

Max-Planck Institut fuer Plasma Physik. Garching, Germany
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2. Short survey of profile reflectometry measurements
Reflectometry was first used to study the density profile of the ionosphere plasma,
(Appleton, 1928). [3], soon becoming a standard technique. Ionosphere sounding uses
automatically sweeping pulse transmitter and receiver, and the plasma profile is determined
from the time delay of the pulses reflected in the ionosphere, (Ratcliffe, 1959), [4].
In 1961 it was suggested for the first time (Anisimov et al, 1961), [5], that the density
profile of laboratory plasmas could be obtained from a large number of reflectometry measurements. Although sorne attempts were made to apply swept reflectometry to laboratory
plasmas, (Colchin, 1973), [6], it was only recently that the first profiles were measured with
O - mode broadband reflectometry in the TFR tokamak, (Simonet, 1985), [7]. Since the
principie has been established other measurements were performed in the Petula tokamak,
with X-mode reflectometry, (Bottolier-Curtet. et al 1987), [8], and in the TJ-1 tokamak
with an O mode system, (Anabitarte. et al 1988), [9],
The great difficulties of profile evaluation due to plasma fluctuations, however, were
only put to evidence when the first profiles were measured in RF and high power beam
heated discharges. In these regimes density profiles were obtained by applying filtering
techniques, namely in the ASDEX tokamak. with an O-mode broadband multichannel
system, (Manso, et al 1989), [10]: in the DIII-D tokamak, with X-mode broadband reflectometry, (Doyle. et al 1990), [11]; and in JET tokamak. with a narrow band swept system.
(Prentice, et al 1990), [12]. X-mode broadband reflectometry was used to probé the plasma
edge in ASDEX (Schubert et al. 1990), [13], and measurements in ohmic regimes were performed with O mode broadband reflectometry in Tore Supra tokamak (Millot et al, 1990),
[14].
Recently, others methods of implementing reflectometry, also widely used in the ionosphere radar sounding, have been proposed: amplitude modulated (AM) reflectometry,
and pulsed radar reflectometry. First experiments of AM reflectometry were performed
in the T-10 tokamak (Vershkov et al..1987), [15], and it is presently being implemented
in the TJ-1 tokamak (Sánchez et al. 1991). [16]. Preliminary experiments of pulsed radar
reflectometry have been made in the RTP tokamak (Heijen et al. 1991). [17].
Classical broadband systems with improved characteristics are also being developed
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for large fusión devices: a system with heterodyne detection is being tested in W7-AS
stellarator (Sánchez et al, 1992), [18]. In ASDEX Upgrade tokamak, a diagnostic with
very fast sweeping (10/xs), data compression facilities, and channels probing the plasma,
both in the high and low field sides, (Silva et al, 1991), [19], is being commissioned.
The great efFort directed to profile measurements is well justified by the potentialities
of the diagnostic: only reduced acess to the machine is required; no assumptions on the
plasma symetry are needed; it can provide profile measurements with both high spatial
and temporal resolutions.

3. Basic Principies
The principies of reflectometry are well known: the incident microwaves propágate
and are reflected at the plasma critical layers where the refractive index vanishes. The
phase (or time delay) of the reflected waves depends on the density of the plasma that the
waves have encountered in their propagation path.

Fig. 1 -

Differential reflectometry measurements Ar = r'._l — rj

Let us consider for simplicity O-mode propagation. In this case the wave with frequency Fj is reflected at the plasma layer. ne(rj). where its frequency becomes equal to
the local plasma frequency. (2-KFJ)" = (ni e2¡eonxe). The localization of each layer Tj (see
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Fig.l), can be obtained from the following Abel integral equation [20]:

' (í^\

rO-rj(Fj) =

df

(1)

So, in order to localize a layer at rj, the phase shift (dcp/df) effect of the plasma on
probing wave Fj (integrated over the whole propagating path), must be known. This phase
effect can be obtained from the differential phase measurements -£, performed at lower
densities 0 < / < Fj, by taking into account the correction factor 1/ y/FJ — / 2 due to the
difference of the refractive index at frequencies f and Fj.
The dependence of the phase shift on the plasma profile is illustrated in the simple
example of Fig.2. Waves reflected from layers located in identical parts of the two profiles
produce different phase shifts due to the differences of the edge plasmas.
So, from a single phase shift (or time delay) measurement it is only possible to determine the location of the layer where the waves have been reflected, if the plasma profile in
the propagating región is known.

Fig. 2 -

(a) Plasma profiles with different edges; and (b) corresponding differential

phase shift versus frequency characteristics. Waves with frequency Fa reflected from plasma
layers with equal density ne(xa), located at the same distance xa, and at the same profile
gradient suffer different phase shift, (-¿j?)

and ( ^ ^ ) , due to the different profiles
la.

encountered at the edge, [21].
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Discrete phase information
In standard reflectometry measurements only discrete phase information, ipi(Fi), is
used and the derivative d(p/df in equation (1) is replaced by the ratio' Aip/AF, where
Acp = (tpi+i — <pi) and AF = i ^ + 1 — Ff.

d¡

-

f2

(2)

P

In the above equation it was assumed that the profile could be linearized in the small
regions, Ar = r¿ + 1 — r¿, (Fig. 1), and that FQ = 0. Equation (2) can be rearranged as
follows:

r
(3)

The above form of equation (2) shows that (Aip/AF)j..i

is related to the small distance

Ar' = (r'-_j-— Tj), between adjacent probed layers. and the second term on the right side
of equation (3) corresponds to the larger distance between the first plasma layer, at (rg),
and r'-_1? as shown in Figl.
5o, profile reflectometry measurements are indeed differential interferometry measurements along a single viewing cord. enabling to obtain small distances between adjacent
probed layers.
For this reason relative movements of cióse layers can be directly measured from
reflectometry.

Specific features of reflectometry profile measurements
A comparison between interferometry and reflectometry is useful for the understanding
of the specific features of reflectometry, and shall be presented in the following.
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In interferometry the waves propágate in the whole plasma cord, which can be estimated from the plasma cross section; in reflectometry the propagation path depends on
the location of the critical reflecting layer, that is on the quantity to be measured (see
Fig.3). In reflectometry as the probing waves propágate cióse to the plasma cutoff región,
( in interferometry waves are always well above), they can be strongly affected by plasma
fluctuations.

Interferometry

Reflectometry

Fig. 3 -

Propagation paths for interferometry and reflectometry diagnostics

So, if the same number of channels was used in both diagnostics the profile from
reflectometry was more likely to be affected by errors. How can then reflectometry measure
accurately the plasma density profile?
The answer is quite simple: due to its great capability of probing a very large number
of plasma regions. Indeed. whereas in interferometry an independent channel is needed
to probé a different plasma región, (and in practice only a limited number of channels
can be used), in reflectometry it is simply done by changing the incident wave frequency.
By sweeping the frequency, the plasma profile is continuously probed and infinitely small
distances can be obtained.
From the above characteristics, it follows that no assumptions about the profile shape
are needed, only reduced access to the machine is required, and a large number of profile
measurements per shot can be made.
However, as the waves are disturbed by plasma fluctuations, the phase information
relevant for profile evaluation may be difficult to obtain.
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4. Effect of Plasma Fluctuations
In order to illustrate the effect of fluctuations, examples from broadband O-mode
experiments on ASDEX shall be presented, together with results from numérica! simulations. The profiles from ASDEX plasma were obtained in 2 ms with the simultaneous
operation of three broadband reflectometers, covering the density range between 0.4 and
4.5xl0 1 3 cm- 3 , [10].
4.1 Magnetic M H D modes
Magnetic modes produce localized periodic perturbations of the plasma profiles (density plateaus), with large wavelengths as compared to the probing ones. The corresponding
niovements of the plasma layers cause mainly Doppler shift effects leading to phase modulations of the detected signal:
El
E*J0(Au>)
V(t) = - ^ + p 2V Yl +EREpJ0(A<p)cos<p0(t)+
eos 2nttt eos <pp{t)n=l
co

— 2_ 2EnEpJ2n+i{A(p)sin(2n-\-l)Q,tsin.(po(t) + ...

(4)

n=0

In the above equation, Jn(A<p) is the Bessel function of the first kind, and of order n; and
the phase shift is <p(t) = <fo(t) + Aip sinQt, where A<p sinílt is the phase change due to
the fluctuations. Along with the phase variations, amplitude modulations also occur due
to the refractive effects in the rotating density plateau región.
For modes with low amplitude (A<p) only the first terms in equation (4) are significant,
and the reflected signal exhibits sidebands separated by the valúes of the mode frequency
(fi). For larger amplitudes nonlinear effects become important, the harmonic content
of the reflected signal increases, and the main spectral component (relevant for profile
evaluation), may be completely masked. Modulation effects observed in ASDEX during
LHCD regimes are shown in Fig.4.
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Í'^. 4 - R-aw data broadband reflectometry signáis (a) and (c) and corresponding frequency
spectra (b) and (d), measured at two different time intervals during LHCD regime of ASDEX #29285, when a magnetic mode is present. Large phase and amplitude modulations,
with high harmonic content, are observed when the mode amplitude increases, [22]
If the mode amplitude is sufíiciently large the main spectral component may even
disappear (corresponding to the vanishing of Jo). The supression of the main signal can be
observed in the numerical results presented in Fig.5, and in the experimental signáis from
ASDEX, measured under neutral beam heating conditions during the L to H transition,
(Fig.6).
If spurious reflections due to the microwave circuits exist they will enhance the intermodulation effects between the main signal and the components due to fluctuations,
leading to further distortion of the spectrum.
5o, even for modérate levéis of plasma fluctuations, spurious reflections can interfere
strongly with the measurements. regardless of the fact that they are well apart in frequency
from the main plasma signal.
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Fig. 5 - Phase shift versus frequency characteristics from a simulated parabolic profile,
disturbed iri phase: (p(t) = <fo(t) + Asín flt, for A=0.5 and for A= 2, ((a) and (b)). From
the respective frequency spectra (b) and (d), it can be observed an increase of the secondary
side bands and the supression of the main spectral component for the higher amplitude
perturbation, [22].

Magnetic modes affect less the measured profiles if fast measurements are performed,
as it is shown in Fig.7, where a simulated profile, disturbed by a rotating island, was
"probed" witli different sweeping times.

4.2 Drift wave activity and turbulence
Drift wave activity and turbulence cause density fluctuations witli wavelengths small
as compared to the probing ones, and scattering of the incident microwaves is the dominant
effect. As a result of the nonlinear iiiteraction between the incident probing waves (u>, k)
and the density fluctuations (uif,kf), the waves are scattered along the directions ks =
k ± kf, with frequencies uis = ui ± Uf.
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Fig. 6 -

Spectra of raw data reflec-

tometry signáis vneasured in the quiescent H phase of ASDEX

# 32031,

at the plasma edge: (ne : 0.4 — 0.9 x

i
/

1
/\

1 0 1 3 c m - 3 ) . Shortly after the L to H

(a)

transition at Ai = 5ms, (a), the main
spectral component is supressed due to

A (a.u)

the high level of fluctuations; at Ai =
12ms (b), the fluctuations are reduced

A!

and the main signal component can
be observed at F ~ lOkHz.
i

O

10

F(KHz)

Another

peak is also seen at f^ ~ 28kHz, due

1

30

to a satellite of the central m=l mode.
The frequency of the satellite mode
can be obtained as f^

~ (28 — 10) =

18kHz , [23].

r(m)

r(m)

0.3C

0.36

Fig. 7 - Simulated parabolic density profiles disturbed by a rotating island. modelled as a
density platean with variable vndth Ax = C^Jl + cos(m9 - flt). The density perturbations
of the "probed profiles" depend on the relative sweeping time internáis: (a) At = 2ms and
(b) At = 100ns. [22].
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The equations for the coherent field < E(x) > and for the scattered field Ei{x) can
be written as [24]:

>=

- klfaWE^x)-

~*°

< e1(x)E1(x) >]

(7)

When the density fluctuation level is high the incoherent part of the multiple-scattering
process, (second term on the right side of equation (7)), becomes significant and the coherent field structure is modified; in extreme cases the incident field may become totally
incoherent before reaching the reflecting layer, thus preventing the reflectometry measurements (see Fig.8). The decrease of reflected signal due to the plasma fluctuations, measured
during an H plasma regime can be observed in Fig.9.
The effect of broadband fluctuations leading to scattering processes cannot be overeóme
with fast measurements

as can be inferred from equations (6) and (7).

4.3 Filtering Techniques
The measured profiles can be greatly affected by plasma fluctuations, as the resulting
spurious phase shifts will affect the evaluation of large parts of the profile, due to the
integration procedure (eq. (1)). This can be seen in the example presented in Fig.10,
where it should be noted the distortion of the profile, in región ([dd']), where the phase
shift information is not disturbed, [ce'], due the perturbations oceuring at lower densities.
Analog and digital standard filtering techniques have been applied to the reflectometry
signáis in order to obtain the plasma profile, [for example 10, 11]. In ASDEX filtering has
been also applied to the differential phase shift versus frequeney curve (Fig.10); stochastic
nonlinear techniques, that take into account a-priori information about the plasma profile,
have also been tested. These techniques seem to have great potentialities to performe
detailed studies of the profile in plasmas with fluctuations, [25, 26].
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raw data signáis (I) and corresponding profiles (II), measured in

the H regime of ASDEX # 32060. The signal (La) reflected from the low gradient región
(II. a), where the level of fluctuations is high, exhibits low amplüude and significant phase
periurbations;
fluctuations

the signal (I.b) reflected from the steep gradient región (II.b), where the

were supressed, has a higher amplüude and the phase is less disturbed, [26].
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Fig. 10 - Differential phase shift versus frequency characteristic -^,

obtained from the raw

data (La), and from the filtered ^ £ curve (I.b). The corresponding profiles (II), shows the
great deformation due to the phase perturbations. Measurements were performed during
the quiescent phase of the plasma of ASDEX #32268 [26].
In JET a so called sweep/dwell technique was developed to overeóme the efFects of fluctuations, enabling to obtain routine profile measurements from narrow band reflectometry
experiments in several plasma regimes, [12, 29].
Filtering techniques, however. must be used with great care as relevant spectral components may be filtered out, specially when the main signal is masked due to plasma
fluctuations.
4.4 Calibration of the profiles
The profiles can be located absolutely in the vacuum vessel, by previously measuring
the phase shifts due to reflections from a metallic mirror placed inside the machine. If
the plasma cannot be probed from the lowest density (as it is the case for 0-mode reflectometry), the outer part of the edge profile up to the mínimum probed density must be
modelled. Numerical simulation studies for typical ASDEX plasma shows that only small
deviations of the profiles result from changes in the edge profile (typically < Icm). The
influence of the edge decreases from the outer part of the profile to the central one; this
decrease is less pronounced in low density plasmas, [26]
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5. Reflectometry Techniques for Profile Measurements
Two methods have been used, so far, to measure the plasma profile in fusión devices:
broadband and narrow band swept reflectometry. Both techniques use continuous waves
and can also opérate in fixed frequency for fluctuation studies.
5.1 Broadband reflectometry
The broadband technique has been mostly used in profile measurements (see section
,2). It uses one channel per frequency band and probes the plasma continuously providing
very detailed phase shift measurements. The profile can be reconstructed without any
a-priori assumption about its shape, and as redundant phase information is obtained,
disturbed data can be identified, and correct filtering can be performed,(see Fig.10).
Broadband reflectometry requires high quality microwave circuits, or decoupled incident and reflected microwave circuits, in order to minimize the interference between
spurious reflections and plasma signáis. The influence of plasma modes can be significantly reduced by using fast sweepings. Due to the detailed phase shift measurement large
amounts of data are generated, but data compression facilities can be implemented, [19].
Sophisticated filtering algorithms need to be developed in order to obtain reliable
routine profile measurements. Examples of profile measured with broadband reflectometry
are shown. in figure 11.
5.2 Narrow band reflectometry
The narrow band technique has been applied both in JET [12, 27] and in DIII-D [28].
An array of independent microwave sources with different frequencies is multiplexed into
a unique oversized waveguide, and the phase shift change (or time delay) at several fixed
probing frequencies is obtained. The accuracy of the profile measurements depends on the
number of launched frequencies, and is therefore lower than in broadband reflectometry.
The technique has less requirements on the quality of the transmission line, enabling
the use of complicated oversized waveguide runs, needed when the access path to the
machine is long, as it is the case of JET. The access.to.the device can be minimized, by
combining waves from different frequency bands into one oversized channel.
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after LH injection.

The crossing point between ohmic and LH density profiles is moving

outwards with increasing phase &<f> of the launched LH waves[21].

Due to the fact, that only discrete phase shift (or time delay) information is obtained,
errors from fluctuations are more difficult to identify. The distance between probed layers
is larger, and an interpolation scheme is needed to fit the experimental results; profiles
depend on the type of interpolation used. Results from narrow band reflectometry are
shown in figure 12.

5.3 New techniques
In broadband and narrow swept reflectometry continuous waves are launched in the
plasma; another approach is to use amplitude modulating schemes. Recently, two such
methods have been proposed to diagnose the density of fusión plasmas: pulsed radar
reflectometry and amplitude modulated reflectometry. With these techniques the profile
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is obtained from discrete measurements at different carrier frequencies.

Pulse No. 24116
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Fig. 12 - Typical example of the calculated electrón density profiles from the reflectometer
data during a 8 second time window of a JET discharge. In this discharge the density
feedback to the plasma is switched off at 7.5 seconds and switched back on at 12 seconds.
Note that only the part of the profiles is plotted for which the reflectometer measures the
density [29].
Pulsed radar reflectometry [17, 30] is based on the measurement of the time taken for
a pulse to travel to and from the reflecting layer, and in principie it can provide a direct
measurement of the differential phase shift (r¿ = ^ ]. The reflected pulses, however, may
be difficult to identify due to deformations caused by dispersive effects on the waveguides,
and also upon reflection in the plasma. Because different frequency components are reflected at different plasma layers. the spatial resolution of the diagnostic is lower than in
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classical reflectometry. Optimization of the pulse lengh by taking into account the typical
plasma profiles may reduce the plasma dispersión effects.
Amplitude Modulated Reflectometry [16, 30] is based on the measurement of the phase
delay of the modulating envelope of waves reflected from the plasma. It can also provide
a direct measurement of the differential phase delay avoiding the fringe count procedure.
As the phase measurement is performed at a relatively low frequency (long wavelength) it
is less sensitive to phase and amplitude fluctuations. Due to the small phase changes to be
detected very accurate phase measurements are needed. Signal deformation due to plasma
fluctuations is less severe than in pulse reflectometry, but the diagnostic is very sensitive
to spurious reflections from the microwave circuits.
The two above techniques have used widely used in ionospheric studies, but due to the
great differences between ionospheric and fusión plasmas, extensive experiments in fusión
devices are needed to determine its potentialities to measure the fusión plasma profile.

6. Summary and conclusions
Microwave reflectometry is a diagnostic with great potentialities to measure accurately
the density profile of fusión plasmas, with both high spatial and temporal resolutions; it
is specially suited for future fusión devices, namely because it requires reduced access to
the machine, [32].
However, as microwaves are very sensitive to plasma fluctuations the phase shift regarding the profile measurement can be difficult to obtain.
Several methods can be implemented to deal with the effect of fluctuations. In classical
broadband and narrow band systems filtering techniques have been applied. Recently,
new approaches were proposed, pulse and amplitude modulated reflectometry, where the
detection of the relevant signáis can, in principie, be easier. Near future experiments will
show the capabilities of these methods.
Fast measurements can decrease, to some extent, the influence of plasma fluctuations.
With broadband reflectometry the whole profile can be probed in a very short time interval
(~ lO^us), and with the other techniques the measuring time depends on the total time
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needed to performe the severa! discrete measurements. Scattering effects, due namely
to drift wave activity and broadband turbulence, cannot be overeóme with fast probing,
and therefore "plasma noise" will always affect the reflectometric signáis. Also, plasma
perturbations due to magnetic islands, although probed as "frozen" deformations, still can
influence the results.
Redundant information can be obtained to confirm the measurements, namely by
probing layers very closely spaced, or by múltiple probing the profile with a high sampling
rate.
In future fusión devices, diagnostics will have to opérate with high aecuracy and
reliability, and therefore further experiments are crucial to assess the potentialities of
the various reflectometry techniques. In this respect, severa! scenarios can be foreseen:
experiments may show that each approach is more suited for a certain range of plasma
conditions, or it may revea! that more then one technique should be used simultaneously
to clear any uncertainties in the measurements. Also, it is possible, that for specific
physics studies, a more complex (or/and expensive) technique, not needed for standard
measurements, should be used to probé some part of the profile.
A great challenge for the next years will be to obtain routinely, reüable and aecurate
profile measurements from reflectometry experiments. in fusión plasmas with fluctuations.

Acknowledgments: Thanks are due to my colleagues Serra, Silva, and Nunes for useful
discussions during the preparation of this paper.
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Electron Cyclotron Emission and Absorption
Techniques and applications of electrón cyclotron diagnostics are reviewed briefly. The
relativistic cyclotron resonance allows either spatial resolution, for thermal plasmas, or velocity space resolution, for nonthermal plasmas. In both cases very valuable information about
the electrón distribution function is obtained.
1 Introduction
Electrons, moving with velocity v in a magnetic field B, interact resonantly with an electromagnetic wave whose frequency and wave vector are u¡ and k respectively when
LÜ — ¿||Uj| = níí/7

.

(1)

This is the cyclotron resonance condition for haxmonic n of the electrón cyclotron frequency
Q = eB/me, downshifted by the relativistic mass increase 7 = (1 — v2/c2)"1/2. The parallel
velocity UJ|, along B, gives rise to the Doppler shift term ^||U||When the resonance condition is satisfied, cyclotron emission or absorption can take
place. The strength of interaction can be calculated and is naturally greatest for the first
few harmonics, n = 1,2,3... . Now, typical magnetically confined laboratory plasmas have
field magnitudes in the range 0.1 to 10 T. For such fields, the cyclotron frequency is in the
range Ü/2TT = 2.8 to 280 GHz. Thus, electrón cyclotron radiation lies in the microwave and
millimetre wave range of the electromagnetic spectrum, extending into the submillimetre for
high field tokamaks.
Over the past fifteen years or so, there has been tremendous expansión in the application
of electrón cyclotron diagnostics to fusión plasmas. This has been in part because of the realization that the resonant character of the process allows a very powerful diagnostic selection
of specific electrons, either at a particular spatial location or at particular velocities. In part
also, the diagnostic growth has been fuelled by development and increasing availability of experimental techniques suitable for the appropriate frequency range. Hutchinson [1] has given
an extensive introduction to the principies of cyclotron diagnostics. Costley [2] has provided
reviews focused more on practical techniques.
2 Technology for Cyclotron Diagnostics
Broadly speaking, there are two types of technology applicable to cyclotron diagnostics: (1)
microwave technology, and (2) quasi-optical technology.
By microwave technology is meant: wave-guides, coherent sources such as klystrons
and Gunn diodes, diode mixers, and heterodyne receivers. Quasi-optical technology means:
mirrors, lenses, thermal broad band sources such as lamps and blackbodies, photo electric
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and bolometric detectors, and spectrometers. There is very extensive overlap between the
technologies. For example, a quasi-optical system might use a waveguide for part of its beam
transport system while a microwave system might use a free-space " optical diplexer consisting
of beam splitters, etc., as part of a heterodyne receiver. Nevertheless, it is helpful to discuss
the approaches separately.
Microwave Technology
Microwave technology tends to be inherently narrow-band. Sensitive receivers are based
on coherent sources used as local oscillators in a heterodyne detection system (see Fig. 1).
Gunn diodes provide convenient, reliable sources up to perhaps 140 GHz (wavelength 2 mm),
with some limited degree of tunability. Above this frequency, components become smaller,
sources become less available and less convenient, and costs rise steeply. Particularly at
lower frequencies, quite a substantial degree of tunability can be achieved, for example using
backward wave oscillators, sometimes over essentially an entire waveguide band (~ 30%).
This enables a fair range of frequencies to be probed although there are many calibration
difficulties. On the other hand, recent advances in solid state and stripline amplifiers have
enabled bandwidths of order 20 GHz to be obtained [3] in the intermediate frequency (IF)
stage of modern receivers. This means that substantial radiation frequency ranges can be
studied without tuning the local oscillator. Such broad IF systems are much more stable
and practical for calibration and routine measurements than swept LO systems. Heterodyne
radiometers for cyclotron measurements have recently been reviewed by Hartfuss [4].
Mixer

Figure 1: Block diagram of a Heterodyne receiver, showing: receiving horn, local oscillator
(LO), mixer with possible de bias, intermediate frequency (IF) amplifer, second detector and
video amplifier.
Quasi-Optical Technology
The success of quasi-optical cyclotron diagnostics is based primarily on the use of liquidhelium-cooled InSb hot electrón bolometer detectors [5]. These combine the required sensitivity (NEP ~ lQ~12WHz~1/2) and speed of response (~ 1/J.S) with applicability to a very
broad range of radiation frequency (~ 50 to 1000 GHz; wavelength ~ 5 to 0.2 mm).
In concert with these detectors one needs some kind of frequeney-selection spectrometer.
A particularly useful and important one has proven to be the rapid-scan Michelson interferometer. It consists basically of a beam splitter (usually a polarizer [6]) and two mirrors, one
of which is translated by perhaps several centimeters at a frequency of up to 50 Hz or so.
-
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Fig. 2 illustrates one example. The Michelson interferometer has several important advantages. It can cover unambiguously the entire sensitive wavelength range of the InSb detector:
it has large étendue; and it benefits from the Tnultiplex advantage' [7] at low signal levéis.
These advantages are important for plasma observations but they are even more important
for accurate absolute calibration.
beom dump
moving mirror mechanism

polarisation
selector
beamsplitter

air becring

tens
moving coi I
vibrator
helium
cooled
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odjusíable
fixed mirror

Figure 2: Schematic diagram of a rapid-scan polarizing Michelson Interferometer.
Calibration is generally done with thermal sources: absorbers/ernitters held at a particular temperature (either cold or hot relative to room temperature background) that is typically
just a few hundred degrees [8]. The signal obtained from calibration sources is therefore very
weak and experience has shown that the Michelson is by fax the easiest instrument to calibrate
absolutely versus wavelength.
The most serious limitation of the Michelson is that until it has scanned it provides no
frequency resolution. Therefore its effective response speed is limited to (|) a sean period
(typically ~10 ms). There is, thus, a clear need for an alternative for studying rapid transients.
The Fabry-Perot interferometer is one possibility that is easily fabricated and has proven
successful. However, more widespread use has been made of the grating spectrometer because.
by using múltiple exit slits and detectors, it can readily be configured as a polychromator,
simultaneously observing radiation in a range of different frequency bands [9,10]. Its major
disadvantage is that it is inherently sensitive to radiation at múltiples of the desired frequency:
in the different diffraction orders. Therefore, when the radiation is over a wide frequency
range, more than a factor of 2, additional filtering is often required.
Coherent quasi-optical sources are available in the form of submillimetre lasers. These
can opérate at various discrete wavelengths depending on the molecular species of the lasing
gas. They have found use as sources for eyelotron absorption measurements [11] as well as
local oscillators for very high frequency heterodyne receivers [12]. Their application to other
plasma diagnostics such as interferometry is more widespread, however.
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3 Thermal Plasma Diagnostics
In a plasma which has a Maxwellian electrón distribution with Te/mec2 < < 1, the bulk of the
electrons can satisfy the cyclotron resonance only if the frequency is very cióse to a cyclotron
harmonic:
ui ~ níl ,
(2)
the Doppler and mass-shift effects being small. Therefore, if B varies with position, cyclotron
emission and absorption at a particular frequency is localized to the position in the plasma
where B(r) ~ meuj/ne. For example, in a tokamak B ~ B0Ro/R, where R is the major
radius and subscript zero refers to (say) the plasma center. Therefore, by observing along
a major radius, with a well controlled antenna pattern, one can diagnose a small región of
plasma where the resonance condition is satisfied, and by changing the frequency, one can
select whatever position is desired.
Both emission (which is the more important) and absorption diagnostics require theoretical calculation of radiation interaction coefncients. Much work has been done in the área and
reviews are available [13]. The simplest summary is provided by giving óptica! depth, r, which
is the exponent by which radiation is attenuated via absorption in a single pass through the
resonant layer (i.e., the attenuation is exp(—r)). For harmonics higher than the first (n > 1),
radiation interaction is dominantly with the extraordinary wave polarization. The ordinary
wave interaction is of order Te/mec2 weaker. The óptica! depth of the extraordinary mode is
»-i

.

.

/

T

\

n 1

~

Vn

(3)

where u>p is the electrón plasma frequency, y / ( n e e 2 / m e e 0 ) , L is t h e scale-length of field variation, ( d B / d s ) / B (which is R for a tokamak in radial propagation), 9 is the angle of propagation
of the wave with respect to the magnetic field and r¡n is a coefncient that is approximately 1.
At perpendicular propagation
l-X)2n2

-lnn-3/2

where X = U^/LO2 .
For the first harmonic (n = 1) the ordinary wave has the stronger interaction and its
optical depth at perpendicular propagation (0 ~ TT/2) is

(5)

(See [1] for a more complete summary.)
If one substitutes typical tokamak valúes, one finds that most tokamaks are optically
thick (i.e., r > 1) at the first harmonic ordinary wave and second harmonic extraordinary
wave. That means that essentially all radiation falling on the resonance layer is absorbed and,
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by a fundamental thermodynamic property, the layer therefore radiates at the 'blackbody'
intensity, which for relevant frequencies can be written in the Rayleigh-Jeans approximation:
(6)

Thus, for a thick harmonio, observing the absolute magnitude of the intensity, I(oo), provides
a direct measurement of the electrón temperature Te(R) at the resonance. One important
limitation to the use of cyclotron diagnostics is that the radiation must be able to propágate
out of the plasma. In view of the cutoffs in the vicinity, for example, of u>p, this requires
roughly that up ;$ Slyjn. Fortunately, this restriction is usually satisfied in tokamaks. Fig. 3
shows a plot of typical relevant characteristic frequencies in a tokamak. However, for example,
in reversed field pinches up » O, and therefore cyclotron diagnostics on RFP's are not very
useful because the low harmonics are cut off.

0-8

1

1-2
R/Rr
Figure 3: The cyclotron harmonics and cutoffs and resonances (wñ,wp,w//) that affect plasma
propagation, plotted against major radius in a toroidal (tokamak) configuration.
Temperature profile measurements using cyclotron emission on tokamak experiments
(and some stellarators) are now a work-horse diagnostic and prove to be useful not only for
observing the slow profile evolution, e.g., Fig. 4, but also for studying rapid changes due, for
example, to MHD instabilities such as sawteeth.
Diagnostics based on the optically thin harmonics (e.g., 2nd o-mode or 3rd x-mode) are
much less useful. Attempts have been made to use the density dependence of the optical
depth to obtain electrón density profile information. The main difficulty that is encountered
is the problem of múltiple reflections. The walls of plasma devices are generally excellent
reflectors at the frequencies of interest to cyclotron diagnostics. Therefore, when viewing an
optically thin harmonic, the radiation observed arises not only from the last pass through the
plasma, but also from múltiple, poorly controlled, passes through the plasma, scattering and
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Figure 4: Time evolution of electrón temperature profile deduced from the optically thick,
second harmonic, cyclotron emission spectrum.
reflecting from the walls. This means that the simple localization and relationship between
intensity and plasma parameters is obscured.
One solution to the múltiple reflection problem is to use cyclotron absorption instead of
emission. Thus, instead of passively observing the plasma emission, one can propágate, for
example, a láser beam through the plasma and observe its absorption via cyclotron resonance.
This technique avoids the múltiple reflection problem but encounters a different one, namely
that the beam can be attenuated by refractive plasma effects in addition :o absorption.
This refraction problem, together with the much greater technical difficulty involved with
providing a radiation source, has discouraged the use of cyclotron absorption for thermal
plasma diagnosis except in very specialized situations [11].
4 Nonthermal Electron Distributions
The cyclotron emission coefficient of an electrón that is not highly relativistic is roughly
proportional to Uj" where v±_ is its perpendicular velocity. Therefore, in a plasma which has
energetic electrons, for example caused by RF heating or runaway, the superthermal electrons
can emit large amounts of cyclotron radiation even if their density is much lower than that
of the bulk plasma. This nonthermal emission has often been observed in tokamaks; Fig. 5
gives an example.
The character of nonthermal emission is different from the thermal emission. In particular
it tends to be essentially broad-band, rather than divided into discrete harmonics. This is
because the Doppler and relativistic terms in the cyclotron resonance, Eq. (1) are strong
once electrón energies above roughly 25 keV are under consideration.
Considerable efforts have been expended to develop convincing ways to use the nonthermal cyclotron radiation as a diagnostic of the superthermal electrón tail. The objective is to
be able to say much more than just that superthermals are present. We would like to obtain
detailed information on the electrón distribution / ( v ) . Considerable progress has been made,
and this remains an active área of research.
Early studies used the nonthermal spectra obtained routinely in the course of other emission measurernents. Because of the multiple-reflection problem and the fact that the magnetic
-
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Figure 5: Exampié of a nonthermal eyelotron emission spectrum up to the 6th eyelotron
harmonic (uc = Í2/2TT).
field varíes across the discharge, the spectra are too smoothed out to obtain fine details. However, it has been shown [14,15] that one can deduce a single 'perpendicular temperature' from
measurements of the slope of the spectrum at the higher (n ^ 4) harmonics. This, of course,
is some kind of weighted average over the entire superthermal electrón distribution /(v).
Vertical ECE
In order to obtain more detailed information on /(v), one needs to remove some of the
complicating factors, and preferably maintain a one-to-one relation between frequeney and
electrón velocity. The resonance condition ( 1) shows that this requires the field B (and
henee íl) to be constant along a Une of sight. In a tokamak, B is essentially constant if we
view vertically rather than horizontally. In that case, the resonance condition ( 1) becomes

1+

nQ

Thus, by observing at a particular frequeney, we select electrons of a particular total kinetic
energy, E. Simply using a vertical view is not sufficient alone to ensure that all radiation
comes from the same magnetic field, unless múltiple reflections, which scatter the radiation
around the vacuum chamber, are eliminated. Kato and Hutchinson [16] have devised a
technique for constructing vacuum-compatible viewing dumps, as illustrated in Fig. 6, to
prevent multiple-reflection problems.
Nonthermal electrón distributions are not usually isotropic, so obtaining a quantitative
measurement of /(v) requires a measure of the anisotropy as well as the energy dependence
of / . Hutchinson and Kato have shown theoretically [17] and experimentally [18,19] that
one can obtain single parameter fits to the anisotropy by observing at different harmonics
(n = 2,3) or in different polarizations. (This is because different harmonics have a different
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Figure 6: Viewing dumps for cyclotron radiation can be made either by machining (e.g.
Macor) (a) or by stacking ground prisms of ceramic (b) to give a stacked knife-edge effect.
weighting of the perpendicular velocity in the integration over the resonance that determines
the emissivity.) Fig. 7 shows an example of the distribution function that could be deduced.
These ideas have subsequently been adopted in measurements in other tokamaks [20,21]. The
results are rather important in diagnosing the current-carrying electrons in Lower Hybrid
current drive.
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Figure 7: Measured (logarithmic) contours of the distribution function in the p±,p\\ plañe
(p/mc = fv/c). The distribution is elongated in the parallel direction by lower hybrid current
drive.
Nonthermal Cyclotron Absorption Diagnostics
One important limitation with the vertical ECE measurements is that they are unable
to distinguish the direction of the electrón motion along the field. This is because of the
symmetry of the resonant contour 7 = const., or equivalently |u| = const., in velocity space.
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To break the symmetry in the parallel direction, it is necessary to retain k\\ ^ 0 by propagating
obliquely to the field and henee have the full resonance condition ( 1) in play. The resonance
then defines an ellipse in relativistic momentum (p) space, rather than a circle (when fc|| =
0). Fig. 8 illustrates how the ellipses for different ratios ü/u can be made to intersect a
nonthermal distribution for a specific sign of p\\ but not for the other sign.
1.41.2 +

- - N , , = 0.4

NM = - 0 . 4

-1.0-0.8-0.6-0.4-0.2 0.0
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Figure 8: Resonance ellipses in momentum space for different ti/u and propagation direction
(wce = fi; iV|| = k^io/c). An asymmetric electrón distribution interaets essentially with only
one sign of JV||.
The practica! difficulties of achieving a well controlled beam with nonzero fc|| in a tokamak
are very severe, not only because of refraction and the need for beam dumps, but also because
an angle to the toroidal direction is required that means one cannot simply use opposite (top
and bottom ports). No convincing oblique emission measurements have been done because
of these difficulties. However, recently Kirkwood, et. al. [22] have performed absorption
measurements that succeeded in obtaining quantitative measurements of the distribution
function in runaway and lower hybrid driven tails.
As mentioned previously, transmission measurements suffer less from multiple-reflections,
although Kirkwood's experiments required an additional coherent detection technique to elimínate them effectively. The refractive attenuation of the beam, which is often laxger than the
cyclotron absorption, was eliminated by a subtraction technique. Beams were propagated simultaneously at opposite oblique angles (±fc||) as shown in Fig. 9. The refractive attenuation
for each beam is essentially the same, by symmetry. Therefore, the ratio of the attenuations
for the two beams depends only on the cyclotron absorption due to electrons on two resonant
ellipses that are mirror images in the p-plane (Fig. 8). In other words, the ratio gives the
difference between forward {p\\) and reverse (-p\\) electrón distributions.
Theory shows [22,23] that the absorption coefncient (i.e., the imaginary part of k) is
approximately proportional to the parallel distribution function,

F(P\\) = J
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(8)

Figure 9: Schematic diagram of the cyclotron absorption set up.
for the first harmonio under certain restrictions, notably p±/mec < < >/(p||/mec), that are
satisfied by the experiments mentioned. Therefore, the ratio of the forward and backward
transmission measures the antisymmetric part of F(p\\).
An example of a measured distribution is shown in Fig. 10, obtained from measurements
over the frequency range 26.5 to 34 GHz in a magnetic field B = 1.25 T (Ü/ÍÜ ~ 1.3 to 1).
Excellent time resolution is obtained, which allows the evolution of the superthermal distribution to be obtained, limited by the sweep time of the source (~ 1 ms). Good quantitative
agreement between the current calculated from measured F(p^) and the measured currents
have been obtained in lower hybrid current drive cases.
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Figure 10: Measured distributions during the development of a nonthermal tail, compared
with (lossless) Fokker-Planck theory. The discrepancy indicates anomalous loss of tail electrons.
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5 Summary
Thermal cyclotron emission measurements are thoroughly established as an electrón temperature diagnostic for toroidal plasmas. They provide information whose reliability and
completeness is at least as good as other methods such as Thomson scattering, and do so
with considerably less complicated technology. The main difliculty lies in obtaining accurate
absolute calibration of the detection system as a function of frequency. This can now be done
but requires careful design.
Measurements of nonthermal electrón distributions are not so straightforward. Obtaining
more than a general idea of the electrón distribution requires rather specific choice of beam
geometry. Absorption measurements have advantages over emission measurements in some
situations. There is still theoretical and experimental development activity in this field for
important cases, relating to electrón heating and current drive.
In configurations other than tokamaks and stellarators, cyclotron diagnostics are hardly
developed at all. Opportunities may exist, but they are constrained by the need for wave
accessibility.
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I. Introduction
The purpose of this lecture is to provide the audience with an appreciation of
what Thomson scattering is and the infonnation it can provide about tokamaks and
stellarators. A brief discussion of the scattering theory is given as an orientation. The
lecture will focus on the experimental details of the measurement, discuss problems
and some possible solutions, and expose the audience to the some of the subtleties of
the measurement as well as the present level of sophistication.
II. What is Thomson Scattering?
When a charged particle is accelerated by the electric field from an incident
photon, it radiates or scatters the incident photon. Because the electrons are much
lighter than the ions, they are accelerated more and consequently do most of the
scattering. The Thomson cross section, o-y = *j-r2, is small (10~28m2) so the incident
radiation must be very bright (pulsed lasers, 100MW) to produce a measurable
scattered signal. The radiation pattern of the scattered light is calculated from a
dipole approximation. The differential scattering cross section is given by:

where the angles are defined in Fig. 1. In most Thomson scattering systems the
direction of observation is chosen so that (<f> — •$) is 90°. The cross section is then
constant for all angles of 6. A plot of the scattered radiation pattern shown in Fig. 2,
shows that no scattering occurs along the direction of the incident electric field, but
the scattering is uniform in the direction perpendicular to the electric field.
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There are two regimes for Thomson scattering from plasmas. When the scattering wavelength is small compared to the Debye length, (AXJ ~ 10 microns in a
tokamak) the scattering events are uncorrelated and the scattering is incoherent. If
the scattering wavelength is large compared to the Debye length, collective effects
in the plasma will alter the scattered spectrum. The scattering parameter a is a
convenient measure of this effect.
1
a — —— ~"

Ao

where k = scattering vector, Ao = wavelength of the incident light, \D = Debye
length, and 9 = scattering angle as shown in Fig. 3. In tokamaks and stellarators
a <£ 1 for most choices of scattering angle and láser wavelengths. This simplifies the
interpretation of the scattered spectrum since only the effects due to free electrons
need to be considered.
Scattered radiation carnes information about the scattering centers, i.e. the
electrons, in two ways. First, the frequency of the scattered light is Doppler shifted
by the velocity of the electrons (k = wv). By measuring the spectrum of the scattered
light, one can deduce the velocity distribution and the temperatura. A Maxwellian
distribution produces a Gaussian spectrum centered about the láser wavelength. Since
k is á function of the scattering angle, the width of the spectrum broadens as the
scattering angle increases. Second, the amount of scattered light is proportional to
the number of scattering centers or the electrón density. There are subtle effects on
the scattered spectrum due to the magnetic field, but these can be ignored in most
cases. Relativistic effects also modify the scattered spectrum by shifting it to lower
wavelength. This is important for Te >~ IKeV. A plot of the normalized power
distribution function for a ruby láser system showing the effects of the scattering
angle and the relativistic shift toward shorter wavelength is shown in Fig. 4. using
the derivation by Selden, (Selden, 1980). A full treatment of these effects can be
found in the literature (Kunze, 1968; Evans, 1969; DeSilva, 1970; Sheffield, 1975;
Hutchinson, 1987)
III. Why is Thomson scattering an important diagnostic?
Thomson scattering provides a non-perturbative, local measurement of Te and
n e . The interpretation of the measurement is relatively straightforward and based
on well known theory. The only basic assumption usually made is that the electrón
velocity distribution is Maxwellian. With enough spectral resolution and signal, even
this assumption can be relaxed. For most tokamak and stellarator plasmas, this is
usually a safe assumption (ree ~ microseconds).
Thomson scattering systems can be designed for a wide range of Te (1 eV to
>20 KeV) and ne (1011 to > 1018cm~3). There are no restrictions based on other
plasma parameters such as BT (ECE), ne (ECE cutoff), profile effects (interferometry,
reflectometry), or óptica! thickness (ECE).
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Thomson scattering systems can be expanded to provide a wealth of information
about the plasma electrons. Multichannel systems provide spatial profiles of Te and
ne, and multipulse systems provide temporal evolution of Te and n e . Systems can be
optimized for the low densities and temperatures in the scrape-off-layer. High spectral
resolution systems can be used to look for non-thermal features in the electrón velocity
distribution. Special systems can also be designed to measure the magnetic field
amplitude and direction by viewing the scattering volume frbm the proper direction
relative to the field and observing the modulation of the scattered spectrum at the
gyro-frequency (Forrest, 1978; Carolan, 1990).
IV. Discussion of a typical Thomson scattering system
There are many important details to consider when designing a Thomson scattering system. Most of the technique is driven by that fact that the scattered light is
only 10~13 of the incident light. This requires the use of an intense láser pulse in a
spectral región where sensitive detectors are available. Common lasers used in modera
Thomson scattering systems include: Ruby láser, (1-20 joules, Q-switched: 10-20 ns,
divergence 0.5-1.0 mrad, pulse rate <0.5 Hz), and the Nd:YAG láser, (0.5-1 joule,
Q-switched: 10-15 ns, divergence 0.3-0.5 mrad, pulse rate < 100 Hz). These láser
systems are often the most expensive single item in a scattering experiment. They
requiré careful maintenance and alignment, skills which demand some knowledge and
expertise of láser systems.
The remaining problem is how to get the láser beam into the plasma and observe
the scattered radiation without the detectors being blinded by the background light
from the plasma or parasitic straylight from the láser. Various experimental technique
have been developed over the years and a typical experiment arrangement is shown
in Fig. 5. Straylight from the láser is produced whenever the láser beam strikes a
surface such as a window, an aperture, or dust in the air. Light baffles, viewing dump,
and láser beam dump are methods used to prevent this radiation from entering the
collection optics. A philosophy to follow when designing a baffle system is to try
to collimate scattered light from the input window into the láser beam dump. Using
high quality mirrors, Windows, beamsplitter, and lenses also helps to reduce straylight
as well as láser damage to the optical components themselves. The most damaging
straylight occurs when the láser beam hits an aperture before entering the plasma.
One can discriminate against background light by minimizing the láser spot size
in the plasma and using a viev.-ing dump such as a razor blade stack. Since most
pulsed lasers are polarized and the scattered signal preserves this polarization while
the background light is unpolarized, a polarizer in the viewing optics will reduce
the ratio of background to scattered signal by half. Efficient polarizers must be
used, however, in order to maintain a high transmission. The spectral analyzer,
(grating spectrometer, interference filters, etc.), can also be used to help discrimínate
against unwanted light through the use of masks at the output image, and blocking
or absorption filters.
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To prevent current saturation of the detectors due to background light, they can
be gated on only for a short time during the láser pulse. Synchronous detection is
usually used so the signal is only collected during the láser pulse. Slowly varying
background light can be filtered out by using suitable high pass filters. Photon noise
firom the background light still contributes to the measurement, however, and the
background light level must be measured separately to determine the error due to
this effect which may domínate in many situations.
The scattered signal is usually small enough that the dominant noise is due to
photoelectron statistics. The number of photoelectrons generated at the photocathode
of a detector corresponding to a spedfic spectral channel and specific scattering
volume is given by the following equation:
i00

dcr

Npe = neNp — ASlLj

T(A)7(A)P(A,0,Te)dA

where n e ' = electrón density, Np = number of incident photons, -^ = differential
Thomson scattering cross section, Afl = solid angle of light collected, L = length of
scattering volume, T(A) = optical transmission of specific spectral, spatial channel
as a function of wavelength, ~f(X) = quantum efficiency of detector photocathode as
a function of wavelength, and P(A, 6, Te) = normalized Thomson scattering spectral
distribution function. This can be optimized by having the largest collection angle,
high optical transmission, and quantum efñciency of the detectors. The collection
lense should be as large as possible and as dose to the plasma as possible. Although
fiber optics provide convenience as part of the optical system, they also degrade
the transmission. The vacuum window often needs protection from the plasma to
maintain high transmission. The story here is to fight for every scattered photon
because the accuracy of the measurement depends on having a sufficient number.
Spectral analysis is commonly done using a grating spectrometer or interference
filters. Fabry-Perots have been used in special circumst anees where high spectral
resolutíon is required. For many typical applications, interference filters offer the
highest transmission and straylight rejection, (Mahdavi, 1977). They are also relatively inexpensive and allow flexibility in wavelength selection. Multichannel systems
often use a grating spectrometer since the spatial infonnation can be imaged along
the input slit and the spectrometer preserves this information at the output. Systems
based on detector arrays or cameras usually use spectrometers for this reason.
Presently, there are a variety of possible detectors to choose from. Photomultipliers are commonly used for ruby láser systems with only one or two spatial channels.
The quantum effidency is suitable in the visible and the noise characteristics are
outstanding. Multichannel profile systems have been built with intensified CCD
cameras as the detector. These cameras are only useful in the visible, and consequently
they are used with ruby lasers. In order to take advantage of the high repetition
rate of Nd:YAG lasers, detectors in the near infrared must be used. Avalanche
photodiodes have demonstrated adequate frequeney response and noise performance
for this application. Streak cameras are presently being studied for application in
LIDAR systems, (Fajemirokun, 1990).
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Most modern data acquisition systems are based on gated integrators in a CAMAC system or use video image processing when cameras are used. Digital storage
scopes are used for fast time resolution in LIDAR. However, film and an oscilloscope
still offer convincing evidence that a Thomson scattered signal is what is being
observed.
The calibration of a Thomson system usually consists of two parts. First, the
relative sensitivity of the different spectral channels must be detennined. This is
often done with a calibrated scanning monochromator or a calibrated spectral lamp.
This calibration determines, in part, the accuracy of the temperature measurement.
Second, the absolute sensitivity of the system is calibrated by Rayleigh or Raman
scattering measurements of neutral gas at various pressures in the plasma vacuum
vessel. This calibration determines, in part, the accuracy of the density measurement.
This calibration is difficult to maintain because it depends on many parameters such
as the láser alignment, timing, láser beam quality, and láser energy measurements.
In profile systems, the density is often normalized to interferometer measurements to
improve the'accuracy.
Analysis of the data is typically done by performing a two parameter fit to the
data by computer. Following an initial guess of the temperature and density, a fit to
the data is made and chi-squared is examined. A new estímate for temperature and
density is made based on the residuals of the fit. Several iterations are made until
chi-square converges.
V. A brief historical perspective
The invention of the Q-switched ruby láser in the late 1950's created a light source
bright enough to measure Thomson scattered light from laboratory plasmas. The
first Thomson scattering from laboratory plasma was done in 1963, (Funfer, 1963).
Common features of the early systems include: Q-switched ruby láser, photomultiplier
detectors, fihn recording of the scattered pulse on fast oscilloscopes.
In 1968 a team from Culham performed Thomson scattering measurements on
a Russian device called a tokamak which verified the reported high temperatures,
(Peacock, 1968). Soon tokamaks were appearing in plasma physic laboratories all over
the world. Advances in computers and data acquisition in the early 70's contributed
gated integrators and computer analysis which eventually replaced (albeit slowly at
some institutions) fihn and curve fitting by hand.
Many aspects of the scattering theory including the relativistic corrections and
the magnet field effects, (Evans, 1970), were tested in the early 1970's. This work has
contributed to the high integrity Thomson scattering now enjoys.
Profile systems emerged on tokamaks in the late 70's utilizing gated intensified
cameras, (Bretz, 1978). Detailed transport analysis could now be performed. To
many people's amazement, the profiles were very self-similar over a wide range of
conditions. Theorist struggled to explain this "profile consistency".
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A significant change took place in the mid 80's due to the development of high
repetition rate Nd:YAG lasers and sensitive detectors in the 1 micron región. ASDEX
was the first to take advantage of this technology by developing a Thomson scattering
profile system based on a Nd:YAG láser operating at 100 "ñz and silicon avalanche
photodiodes, (Rohr, 1982). Now Te and n e profiles were available throughout an
entire discharge and not just at one time. Thomson scattering was transfonned from
a speciality diagnostic required for detailed physics analysis to a work horse diagnostic
that could provide the physicists and operators new information on how the plasma
was behaving.
As tokamaks became larger and access more restrictive, the traditional 90 degree
scattering geometry became more difficult to implement. A new LIDAR approach
to Thomson scattering was developed at JET in which the inddent láser pulse was
introduced and the scattered light was observed from the same access port of the
vacuum vessel, (Salzmann, 1988). Spatial information in the plasma was obtained
by tempojally resolving the scattered light from a very short light pulse (10 cm).
This technique also has the advantage of obtaining multichannel spatial information
with only one polychromator and one set of detectors. The method relies on modelocking the láser to genérate short pulses and developing high speed digital wavefonn
recorders. The practical aspects of this system make it a likely prospect for Thomson
scattering measurements on ITER.
Following a more traditional approach, but extending it to the present state-ofthe-art, a multipulse, multilaser, multichannel system was developed for the DIII-D
tokamak in the early 90's, (Carlstrom, 1992). This system provides both high spatial
and temporal resolution of Te and ne over a wide range from the scrap-off-layer to
the plasma core. The large amount of information generated by the system can be
seen from the 3D plots of Te and n e shown in Fig. 6.
Presently, a new dimensión to Thomson scattering is being developed at the MIT
C-MOD tokamak where 2D measurements are planned by moving a multipulse láser
across the plasma from one pulse to the next through the use of counter rotating
prisms, (Watterson, 1992). Spatial profiles are measured at each pulse and together
they form a 2D image of a section of the plasma. Researcher at ASDEX are also
exploring 2D imaging by using multipulse lasers on slightly different beam paths to
provide the second dimensión, (Munnann, 1992).
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Fig. 6. Te and n e profiles as a function of time measured by the multipulse,
multichannel Thomson scattering system on the DIII-D tokamak.

-

136

-

Spectroscopic Studies of Impuritv Densities and Impurity Transport
K. Behringer, Institut für Plasmaforschung, Universitát Stuttgart
Abstract
Impurity densities in the plasma interior and bulk impurity transport are usually studied by
means of vuv and X-ray spectroscopy. Resonance Unes are the main object of investigation,
but continuum radiation is also used, especially for fully ionised species. Spectrometers and
spectra, mainly from JET, are discussed with respect to diagnostic potential and calibration
problems. Spatial sean facilities or multi-chord diagnostics are essential for transport
investigations, and several possibilities are shown. The interpretation of spectral line radiation
usually requires the availability of impurity transport codes, which calcúlate the ionisation
balance in the presence of transport, the line emissivities and the total impurity radiation.
Some atomic physics prerequisites of such codes are discussed. Then, theoretical and
experimental approaches to the transport problem are investigated using ASDEX and JET
results for anomalous transport. The occasional observation of neoclassical accumulation, e.g.
after pellet injection, is presented and respective modelling is described. Some H-mode
transport phenomena are mentioned.
1. General Remarks
Spectroscopy of the hot interior of tokamak or stellarator plasmas has been employed to some
extent for measuring basic plasma parameters, the evaluation of electrón temperatures from
the slope of the X-ray continuum radiation being a typical example. Mostly, however,
spectroscopic diagnostics are being used for studying the impurity behaviour in the respective
plasmas as a complementary method to plasma edge spectroscopy. Spectroscopic diagnostics
represent a very suitable tool for measuring impurity concentrations and particle transport in
the bulk plasma, thus allowing an assessment of the relative contributions to plasma radiation
losses. Speetroscopy of the plasma interior deals with high ionisation stages of impurity ions
or even fully stripped ions. Therefore, vuv or X-ray spectroscopy are being used for analysis
of the respective resonance lines. Continuum radiation or charge-exchange spectroscopy using
active beams must be resorted to in the case of the bare nuclei of light impurities. Due to the
relatively long confinement times of particles deep in the plasma, one obtains poloidally and
toroidally averaged integral quantities for an arbitrary sightline.
The following information can be derived from line or continuum intensities:
o
plasma parameters
Te from slope of continuum
Te from satellite lines
presence of high energy electrons
Z

eff

impurity densities, ionisation balance
—» impurity radiation
—> dilution of hydrogen isotopes
—> impurity transport

- 137 -

Furthermore, line widths and shifts allow conclusions on:
o
ion temperatures
o
electric and magnetic fields (Stark/Zeeman splitting)
o
rotation velocities
The plasma impurity content is characterised in a global sense by means of the effective
plasma charge, Zeff, which is defined as

over all plasma particle species i. Measured continuum radiation in various wavelength
ranges from the infrared to the soft X-ray región is mainly used to determine Zeff of the
plasma. The continuum radiation is often just bremsstrahlung, the radiated power P b of which
depends on Zeff in the following way
= const ne2 Te1/2 Zeff
e

e

e

and possible exponentials containing the wavelength limits of the measurement. For one
dominant fully ionised impurity species Z, P b can be written as:

provided the essential wavelength región of the bremsstrahlung, usually in the X-ray región,
is covered by the measurement. In this case, the soft X-ray diagnostics, which are often
available witii many chords and high spatial and time resolution, provide valuable profile
information on the respective impurity concentration via their bremsstrahlung. If the impurity
concentration is constant as a function of radius r, i.e. hydrogen and impurity profiles are
similar, the bremsstrahlung radiation profile is proportional to ne(r)2 Te(r) . Significant
deviations from this dependence may indicate peaked impurity density profiles, as expected
for the case of neoclassical accumulation. Examples will be shown further down.
The densities of several fully ionised light impurity species I in the plasma interior can only
be measured by means of neutral hydrogen beams H° and charge exchange recombination
spectroscopy on the basis of the following reaction:

where I*^2"1' is an excited state of the hydrogenlike impurity ion. During recent years, such
methods have become a very important branch of spectroscopy in tokamaks or stellarators,
however, they are being dealt with elsewhere and not subject of this paper. In the case of
heavier elements, spectral lines of a number of ionisation stages can be investigated by a
variety of spectrometers and interpreted in terms of impurity densities. For this purpose, the
line excitation mechanism must be known, as discussed for plasma edge spectroscopy, but,
in addition, the ionisation balance is required in order to conclude on the total number density
from the particular ionisation stage observed. This will be highlighted after a discussion of
the usual apparatus and some examples of the appearance of tokamak or stellarator spectra
in the vuv and X-ray regions.
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2. Apparatus and Spectra
The important wavelength región between about 10 nm and 120 nm is usually covered by a
so-called vuv survey spectrometer, a multichannel instrument with modérate spectral
resolution (see [1] for an example from JET). In this spectral range, lines can be observed
from the Mg-, Na-, Be- and li-like ions of low- to medium-Z impurities. Usual examples are
CIV, OV, O VI, C€Vn, CfiXIV, CCXV, CrXXI, CrXXII, NiXXV, NiXXVI and many others,
the intensity of which is often monitored along a f ixed line of sight during each pulse (a JET
spectrum is e.g. shown in [2]). The necessary intensity calibration is not exactly trivial [1] and
the appearance of the raw spectra is dominated by the lower wavelength lines, since the
multichannel plates are more sensitive here by more than a factor 100. The poor spectral
resolution and the pronounced wings of the apparatus profile restrict analysis of the intensities
to the most intense lines. Therefore, the vuv survey instruments are often complemented and
the range extended down to lower wavelengths by a grazing incidence xuv spectrometer [3].
Examples of JET spectra
recorded by the above two
instruments are shown in
Fig. 1. The much better
spectral resolution of the
xuv spectrometer is obvious, however, the corresponding wavelength range
covered by the detector (or
preferably
several
detectors) is of course
smaller by a comparable
factor. Using grazing incidence, spectral coverage
can be extended almost
down to 0.1 nm to overlap
with the range of crystal
spectrometers, but intensity
calibration is particularly
difficult in the several nm
región, where there are no
suitable lines for the usual
branching ratio technique.
Calibration should ultimately be performed with
synchrotron radiation.

VUV

The X-ray región with the „ ,
„
,
, „,
,
^m
resonance lines of the He- ^ 1 :
Examples of JET spectra recorded by the JET survey
and H-like ion stages of
^ ^ ^ x u v spectrometers.
medium-Z elements is usually investigated by crystal spectrometers, which can be of quite
high resolution easily sufficient for ion temperatura measurements. On JET, a crystal
instrument with a focal length of 20 m and a resolution of =15000 was installed [1]. The size,
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however, was actually
determined by the
shielding requirements
for the detector, i.e. the
crystal box and detector
had to be behind the
concrete walls 20 m
from the torus.

8

Figure 2 shows the
spectral Unes of He-üke
nickel recorded by this
instrument The spectrum is quite complex
and contains allowed,
forbidden and intercom0.160
0.161
0.159
0.162
bination lines, as well
k [nm]
as a number of inner Fig. 2:
Resonance Unes of He-like nickel recorded by the JET
shell and dielectronic
high resolution crystal spectrometer.
satellites. The apparatus
profile is much narrower than the Une shapes in Fig. 2, which are almost entirely due to
Doppler broadening and thus allow a measurement of the nickel ion temperature. The wavelength range, covered by the detector, is correspondingly small and the spectrum shown
actually consists of three individual recordings. Wavelength shifts due to plasma rotation have
also been investigated with this instrument.
detectores
vertical camera

The most important metal species and their
densities in the plasma centre can also be
obtained from the respective K-lines by
means of X-ray pulse hight analysis,
although with much poorer spectral resolution. Simultaneously, the continuum slope
over photon energy represents a measure of
the electrón temperature.

#97

The above spectroscopic diagnostics only
provide üne-of-sight integráis of plasma
radiation, and considerable modeUing is
required in order to calcúlate the positions
and widths of the pertinent ion density
shells in the plasma. It is important to have
at least some local measurements, i.e.
spatial profiles with the respective Abel
inversión or tomographic analysis, in order
to check on the respective simulations and,
#39
in particular, on the underlying transport Fig. 3:
assumptions. Very often spectrometers have
been positioned on diff erent sightUnes from
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horizontal
camera

"plasma

SightUnes of the JET soft X-ray
channels.

pulse to pulse in order to obtain profiles. Better still, rotating mirrors can be used to measure
spatíal profiles in very short time intervals many times during a pulse [1]. However, the raw
data may be affected by a considerable noise band due to photon statistics and may require
averaging and smoothing. A measured NiXVII profile from the JET grazing incidence
monochromators with rotating mirrors will be shown below. The preferred method should of
course be simultaneous observation of the plasma along many spatial chords. On JET, this
has been done in the case of the bolometers (34 channels, more in later operation periods) and
of the usual soft X-ray diagnostics (97 channels) [4]. The sightlines of the JET soft X-ray
diagnostics are shown in Flg. 3. Intensity valúes of the 97 detectors have been converted
routinely to local radiated soft X-ray power by tomographic reconstruction. Results of this
diagnostic and the respective profile information will be used later-on for a discussion of
accumulation effects.

3. Impurity Transport Codes
For interpretation of Une intensities of arbitrary impurity ionisation stages, the excitation rate
coefficients or collisional radiative populations of the respective upper levéis are required, but
the ionisation balance must also be known in order to conclude on the total impurity number
density or to calcúlate the width of the respective radiating shells in the plasma for line-ofsight integrated measurements. This is done on the basis of the following balance equations
for neutrals and ionisation stages z:
dru
—± + div(n o v 0 ) = nú(nla1 - nQS0)
at
o
o

dnz
— + div

z-

-«S«,(SZ + o,) + n,(nz+1 aJ+1 + n , . ^ )
o
o

where v 0 is the neutral velocity and F z are the flux densities of the various impurity ions. For
a simultaneous solution of these equations for all ionisation stages of a given impurity species,
the (effective) ionisation coeff icients S ^ , the recombination rate coeff icients cc(eff), with
possible contributions of charge-exchange, and all transport parameters are required. For
further processing to obtain the total radiation losses, to be compared with bolometer results,
coefficients are also necessary for Une radiation of all Unes of all ionisation stages, for continuum radiation including dielectronic contributions and possibly some other information.
This is obviously a fairly extensive task and only relatively crude models are presently being
used for all these data, as e.g. explained in [5]. Using some polynomial fits of the measured
plasma parameters n e (r), Te(r) etc. the above equations are usually solved numerically in
cylindrical symmetry ("STRAHL" [5]) or in the actual flux surface geometry. Parallel losses
in the scrape-off plasma must be included in the simulations.
During recent years, considerable progress has been made both in the experimental results as
in the theoretical description of the atomic processes involved in the ionisation balance.
Special calculations have been performed for the fusión community [see e.g. 6], but more data
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have also become
available from
astrophysics. In
Fig. 4, a comparison of various
ionisation and
recombination rate
coefficients for Lilike CIV is shown
as a function of
the electrón temperature. Plotted
are the data in
"STRAHL" [5], the
preliminary JET
standard valúes
(so-called
'89
data), which are Fig. 4:
Various rate coefficients for Li-like carbón, CIV.
virtually identical,
and results prepared for astro-physical applications. The agreement shown in Fig. 4 is well
within the expected error bars. The recombination rate coefficients have a second máximum
at higher temperatures due to the process of dielectronic recombination. The curves in Fig.
4 apply to the región of low electrón densities.
At higher electrón densities, stepwise ionisation and threebody recombination become
important processes resulting in deviations from the corona ionisation balance and eventually
leading to Saha equilibrium. This behaviour in demonstrated in Fig. 5 for the case of neutral
carbón at a temperature possibly applicable to future high density divertors. The usual fusión
data do not include the
+8
high density effects,
although they are in
+7
reasonable agreement at
T - 2eV
plasma parameters
typical for magnetically
+8
confined plasmas. On
\
Saha
the other hand, the Saha
+5
~ \
ionisation balance is a»
o
only applicable to very
+4
high electrón densities
¡trophyslcs data.
X
Corona a
(ne > 1023 m"3, e.g.
+3
_—
-^
high pressure are dis-standard
data
charges), as is apparent
+2
from the data in Fig. 5.

C°

+17

Fig. 5:

+18

+19

+20

+21

+22

togne [m-3]
CEI/CI ionisation balance as a function of n e .
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4. Transport
In additíon to the atomic physics data above, transport models are required for a solution of
the ionisation balance. The simplest theoretical prediction of stationary impurity profiles can
be derived from the balance of pressure gradients and electrical forces for hydrogen and Zjtimes ionised impurity ions I:

Vp / =n / Z / e(£ + v/:
If the respective velocities are couples by friction, i.e. Vj « vH, and T = const., the following,
well-known profile relation results:

Thus, if the protón profile is only slightly peaked on the plasma axis, highly ionised
impurities would develop an extremely narrow radial distribution and never have a chance to
leave the plasma again.
The actual theoretical results for the various collisionality regimes are given in terms of
diffusion coefficients and convective flow velocities as a function of impurity charge Zj,
magnetic field B, safety factor q, as well as protón density and temperature and the respective
radial derivatives (see [7] for an overview). Friction among several important impuritiy
species must also be taken into account, which can be done numerically by iteration [8].
For reasons, which are not yet well-known, neoclassical transport is usually not observed in
tokamaks. Most impurity transport studies can rather be described by something called
anomalous transport The respective flux densities are given by the relation
f = -DVn + nvD
with a radially constató diffusion coefficient D and a drift velocity vD, which increases
Hnearly with radius from zero at the plasma axis. Experimental results are being used for both
parameters, which are assumed to be the same for all impurity species and ionisation stages
and apparently depend only slightly on any plasma parameters like the electrón density.
Interestingly, the empirical diffusion coefficients appear to be very much the same from very
small size machines to the largest tokamaks like JET. In stellarators, the applicability of
neoclassical theory and the "amount of anomalous transport" are still a question of debate.
There are essentially two experimental techniques to study transport phenomena, namely, i.
the analysis of stationary profiles, and ii. the investigation of the temporal behaviour after a
perturbation. Perturbations may occur naturally as a consequence of sawteeth or droplets
falling into the plasma, or they are imposed artificially e.g. by gas injection, by láser blow-off
of impurities or by pellets.
As an example, Fig. 6 shows radial profiles of impurity lines measured in ASDEX OH
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discharges. Plotted are experimental results for the shells of iníensity [reí. units]
OVI, OVTH and FeXVII, as 12
well as calculations by the
OVIII
OVI
"STRAHL" code [5] on the
basis of the above atomic data
using anomalous transport parameters. As can be concluded
from Fig. 6, simulations using a
diffusion coefficient of 0.4 m /s
4
explain reasonably well the
positions and the widths of the
2
calculation
measured shells, although there
D - 0.4 m2/s
remain differences in detail.
However, it musí be borne in
10ASDEX
mind that Abel inversión of
narrow shells near the plasma
8
edge is very difficult and
measuramen
affected by even small errors in
calculation
the raw data, an argument,
D
- 0.4 m 2
FeXVII
which holds in particular for
the inner wing of the resulting
distributioñ. The experimental
profiles, on the other hand,
were measured from pulse to
0.1
0.2
0.3
0.4
0.5
pulse and can therefore not be
r[m]
expected to be extremely accuFig.
6:
Measured and calculated stationary radiation
rate. Of course, the crude apshells in ASDEX.
proximations for the atomic
data in the code are another nonnegligible source of error. Still, it is clear that a diffusion
coefficient of this magnitude is required, and that a corona equilibrium profile cannot even
explain the result for the metal line, in spite of the higher ionisation and recombination
coefficients of ions with many electrons. In addition to diffusion, a convective term was used
in the calculations with vD » 2 m/s at the plasma edge. The drift velocity was generally
connected to the valué of the diffusion coefficient vía the relation
vD = - 2 D T I a2

[5]. The ground state densities of the respective ions are at larger radii than the spectral line
radiation shells.
A similar result from JET is shown in Fig. 7 for a plasma with ohmic heating. The profile
measurement of magnesium-like nickel, NiXVII, was performed by means of a rotating mirror
in this case, and several scans during one pulse were averaged. Due to the high plasma
temperature, NiXVTÍ exists only in a narrow shell near the plasma boundary (note the
suppressed zero radius scale). Here again, the simulation was done by "STRAHL" and all the
above arguments apply. The agreement between experiment and calculation is not perfect, but
a diffusion coefficient of the order 1 m2/s is clearly required to explain the experimental
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result, and corona
balance calculations are out of the
question. A drift
velocity of the
same magnitude as
above has been
included in the
simulation.

c

B

calculation

Ni XVII

1
V)

corona

JET

1.0 -

D - 0.4 m2/s

24.918 nm

0.5

Investigations of c
the spectral Une
intensity decrease
after a perturbation
represent a more
sensitive method
0.5
0.7
1.0
0.8
0.6
0.9
for measuring the
radius [m]
diffusion
coeffiMeasurement and calculations of a NiXVII spatial intensity
cient, as is demon- Fig. 7:
profile in JET.
strated in Fig. 8
for the case of JET. The increase and decay of the NiXXVI intensity is shown after a metal
droplet had accidentally fallen into the plasma (a so-called UFO). The time constant of the
exponentiál decay of the nickel signal in Fig. 8, as well as that of some other observed nickel
Unes, depends linearly on 1/D and therefore allows fairly accurate measurements of the
diffusion coeff icient, as is evident by means of the three calculations in Fig. 7. Again, the best
result is obtained with D ~ 1 m2/s. It should be pointed out that some nickel "recycling" was
assumed in the code to take into account the eff ect of deposition of the respective nickel ions
on clean carbón surf aces and subsequent reerosion by the plasma. This is a process which was
generally observed for
|
i
r
i
1.0
1 A
r
metal impurities in JET
;/
\
y
and leads to very long
JET
NiXXVI
\
0.8 time constants before
¡"i
V)
the intensities really disappear.
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Another interesting and
quite unique study of an
impurity perturbation is
shown in Fig. 8. In this
case, one of the usual
small deuterium peUets
was injected into the
ASDEX plasma leading
to a perturbation of the
electrón deasity, which
can actually be analyzed
in terms of the bulk ion
particle transport. How-
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Measured NiXXVI intensity behaviour after an accidental nickel injection into the JET plasma and calculations
for three diffusion coefficients.
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ever, in this particu1.0
lar experiment, the
pellet was seeded
ASDEX
V .
Ne X
with a small amount &
of neón [9], which is
thus deposited deep 3
'—**«*OB>^D - 0.2 m2/s
in the
plasma
interior. The resultUL. measurement 1^**^»^
ing increase and
decay of the Neón
\
spectral Unes can
\
then be used for
2
D
0.8
m
/s \
neón transport invesD - 0.4 m 2 / s ^ N .
tigations.
Unfortu\
0.01
i
i
t
i
nately, the pellet also
1.5
1.3
1.2
1.4
1.1
considerably disturbs
t[S]
the electrón tempera- Fig. 9:
Measurement and calculation for Ne X after injection of a
ture profile, at least
neon-seeded pellet into the ASDEX plasma.
during a time period
of some 10 ms. The resulting transient changes in the neón ionisation balance musí be
modelled correctiy in a code simulation of the impurity spectral line behaviour. The comparison of calculation and measurement in Fig. 8, a semi-logarithmic presentation, confirms
again the ASDEX diffusion coefficient for OH plasmas and demonstrates the sensitivity of
the results to the D-valúes. The NeX signal in Fig. 8 does not return to zero dunng the time
period shown because of neón recycling, which, in ASDEX, takes place via the large and
well-enclosed divertor chambers.
Typical results of such studies of
anomalous transport have always
been D = 0.5 - 1 m2/s and a drift
velocity vD(a) « 2 m/s, which, however, is much less accurate than the
diffusion coefficient. Using these
valúes, code simulations can be made
for the intrinsic impurities in order to
interpret the routinely monitored
spectral line intensities in terms of
impurity concentrations. The respective results allow calculation of Zeff,
to be compared with continuum
radiation analysis, and of the local
and total radiative power losses on
the basis of the pertinent atomic data
sets discussed above.

12
Fig. 10:

Radiated power during JET ICRH and
analysis of impurity contributions.

During the early periods of ICRH
heating on JET, the radiative power
losses of the plasma, as recorded by the bolometers, increased substantially as a function of
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RF power [10]. A respective example is shown in Fig. 10. On the basis of spectroscopic
measurements in the vuv (by means of a survey spectrometer) and of analysis of spectral line
intensities using the described methods, this increase of total radiation could be traced back
to the responsible impurity densities. Such an explanation is attempted in Fig. 10, and it
appears that the metal increase during ICRH, which has been discussed earlier, certainly plays
an important role, but carbón still represents the most important source of radiative power
losses.

5. Accumulatíon
Under certain operating conditions, frequently in regimes with particularly high energy
confinement, the usual anomalous transport model does no longer hold. This has been
observed for detached plasmas, counter injection of neutral beams, H-mode, pellet injection
and other occasional events (see e.g. [11] for some ASDEX results). After pellet injection into
JET plasmas, a behaviour of soft X-ray radiation was observed, which is shown in Fig. 11.
After the second pellet in this OH discharge, the soft X-ray radiation increased dramatically
and the radial profile appeared to become very narrow unlike the ones resulting from
anomalous transport. The bolometer profiles still had the usual edge shells, but, in addition,
a narrow central peak. All these observations of course suggest neoclassical transport phenomena leading to neoclassical impurity accumulatíon in the plasma centre. For a more quantitative discussion, it must
be borne in mind that neo- radianca
classical transport is characterized by impurity density profiles, which are
narrower than the pertinent
protón profiles. Although
there may be important
indications of accumulation, such as peaked total
radiation profiles, peaked
soft X-ray profiles or even
peaked Z eff profiles, they
can still be natural consequences of the respective
plasma parameters and do
not necessarily confirm
neoclassical theory. Such
confirmation can only be Fig. 11: JET soft X-ray profile after pellet injection.
obtained
by
detailed
modelling.
In the case of metal impurities, profile information can be obtained from various ionisation
stages with radiating shells at different radial locations in the plasma, e.g. NiXXVT and
NiXXVII in the plasma centre, NiXI - NiXVin near the plasma periphery. By means of
analysis of such spectral lines it could be shown that long sawtooth-free periods in JET
discharges, so-called monster sawteeth, did not lead to metal impurity accumulation. Very
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detailed investigations were performed of a number of pulses with pellet injection with and
without additional ICRH heating. The important time signáis of such an OH discharge are
shown in Fig. 12 [12].
As a consequence of each
of the three pellets in Fig.
12, the electrón density
increased and the temperature dropped. Sawteeth
were absent during the
major part of the pulse and
only set in at the end of
the shown time interval.
After the second pellet, in
particular, a profile change
in n e was apparent from
the two electrón density
traces corresponding to the
centre and the edge región
of the plasma. Impurity
profile changes were also
indicated by the various
spectral line intensities in
Fig. 12, especially from
the different ionisation
stages of nickel. However,
impurity lines are also proportional to n^ (corona
excitation model) and
reflect changes in plasma
temperature profiles, such
that raw signáis should be
interpreted with caution. In
the particular case of Fig.
12, the intensity ratio of
the peripheral NiXI and
the more central NiXXIV
í
and NiXXVI stages was
modified by the pellet so Fig. 12: Signáis for JET OH discharges with pellet injection.
dramatically, even, or just after recovery of the electrón temperature, that the conclusión on
a peaked total nickel ion profile seemed justified.
The final answer was obtained by detailed code modelling of the behaviour of these metal
ionisation stages, as well as of the soft X-ray signáis in Fig. 11, taking into account the
development of plasma parameters as a function of radius in many time slices [8]. The results
showed that all observations could be well explained by assuming neoclassical impurity
transport in the plasma over roughly the inner half of the plasma radius. The respective zone
appeared to shrink as a function of time during the pulse and to disappear at about t = 9 s.
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As a matter of fact, the soft
X-ray profiles alone provided
more direct information on
impurity transport, as is demonstrated in Fig. 13. In this
particular pulse, the soft Xray radiation was dominated
by the bremsstrahlung of one ©
light impurity, namely that of
carbón. As explained previ- c"
ously, the profiles should then o
be proportional to ne(r)
3
Te(r) , if the impurity concentration had been constant
over the plasma radius. Figure
13 proves that the carbón
density profile at 8 s in this
pulse must actually ha ve been
narrower than the protón
density profile, a typical consequence of
neoclassical
transport. With respect to Fig. Fig.
13, one should note that only
the inner part of the plasma
radius is shown and that the
minor radius of the JET
plasma is of the order 1.2 m.
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A similar analysis to the one
above has been carried out for
pulses with ion cyclotron
heating leading to very much
the same conclusions. Of particular interest may be the
result in Fig. 14, where impurity accumulation could not
have been a consequence of
the usual grad nj driving term,
but only an effect of grad T¡
[7], due to extremely peaked
electrón (= ion) temperature
profiles. The existence of
such terms appears to be
confirmed by the result in
Fig. 14. The actual simulation
is based on the following Fig. 14:
impurity species mixture: 5%
C, 2% O and 240" 4 Ni.

m

plasma centre
I ]
Measured JET soft X-ray profiles after pellet
injection demonstrating neoclassical-type accumulation.

-0.4

0.0

0.4

0.8
x

m

plasma centre
l l
Measured JET soft X-ray profiles after pellet
injection with ICRH confirming grad Tj driving
terms.
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Other indications of neoclassical effects were observed in JET during H-mode pulses. In this
case, the different ionisation stages of nickel NiVIII, NiXXV and NiXXVII suggested a
pronounced steepening of the impurity density profiles near the plasma edge, while it
appeared to be rather hollow in the plasma centre. The latter behaviour could have been a
consequence of the instationary increase of all densities during H-mode, and of a relatively
small diffusion coefficient in the plasma interior. Using the láser ablation technique, particle
transport during H-mode was investigated later in more detail [13]. Typical time traces and
the result of a transport analysis are shown in Fig. 15. The diffusion coefficient apparently
drops from the anomalous 1 m2/s at the plasma boundary to very small valúes in the plasma
centre. A high inward convection velocity is the reason for steep impurity density gradients
at the edge. However, this is just one more example and the investigations of neoclassical
transport effects are certainly far from complete.
start of H-moda
endof H-moda
!
.abJaíion tima '

diffusion cosffident
[m* Is]

í\

inward convection
velocity [100 m/s-1]

12

17

0.0

0.2

0.4

0.6

0.8

1.0

1.2

minor radius [m]
Fig. 15:

Transport investigations of JET H-modes by means of the láser ablation technique.

6. Summary
It was the purpose of these rwo papers to demónstrate that spectroscopic diagnostics can
contribute important information to the plasma physics and impurity problems of controlled
nuclear fusión research. However, the effort required with respect to atomic physics
knowledge and models should not be underestimated, and elabórate transport codes are often
required for Ínterpretation of spectroscopic measurements. Impurity densities in the plasma
interior and bulle impurity transport were the subjects of this second paper. They are usually
investigated by means of vuv and X-ray spectroscopy. Resonance lines are mainly being
analyzed, but continuum radiation is also used, especially for fully ionised species. Spectrometers and spectra, mainly from JET, were discussed with respect to diagnostic potential
and calibration problems. Spatial sean facilities or multi-chord diagnostics are essential for
transport investigations, and several possibilities were shown. Impurity transport codes for
Ínterpretation of spectral Une radiation calcúlate the ionisation balance in the presence of
transport, the line emissivities and the total impurity radiation. Some atomic physics
prerequisites of such codes were discussed. Then, theoretical and experimental approaches to
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the transpon problem were investigated using ASDEX and JET results for anomalous
transport. The occasional observation of neoclassical accumulation, e.g. after pellet injection,
was presented and respective modelling described. Some H-mode transport phenomena were
mentioned, the interpretaron of which, however, is still going on.
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Plasma Edge Spectroscopy
K. Behringer, Institut für Plasmaforschung, Universitat Stuttgart

Abstract
Impurities, including helium produced in the respective reaction, are still an important subject
in controlled nuclear Fusión research. Spectroscopy of the plasma edge, mainly in the visible
spectral range, provides information on hydrogen and impurity influxes, on impurity
production mechanisms and on particle confinement. Spectroscopic models for the
interpretation of such measurements are discussed with particular emphasis on collisional
radiative calculations for helium. A first application of plasma edge spectroscopy is the
investigation of atom and ion particle flux densities at the boundary of tokamaks or
stellarators. Results are shown for oxygen, carbón and chromium in JET. Then, the attention
is focused on molecular particle fluxes, like H 2 , D 2 and CH4. The interpretation of the shape
and intensity of molecular band emission is explained, and results are presented with respect
to chemical carbón production. Finally, the mechanisms of impurity screening at the plasma
edge are investigated and respective measurements are shown.

1. Introduction
Present-day tokamak md stellarator experiments are equipped with a considerable variety of
sophisticated spectroscopic diagnostics. To some extent, these are being used for the
measurement of standard plasma parameters and general plasma behaviour, however, the main
purpose of these instruments is usually the study of impurities in the respective plasmas.
Impurities, including helium produced in the fusión reaction, potentially represent a very
serious threat to the technical realisation of thermonuclear fusión. At the high temperatures
in question, impurities in the plasma are highly (Z times) ionised, fully stripped in the case
of low and médium Z elements. Since there appears to be a limit to the achievable electrón
densities, impurities replace Z fuel ions and thus reduce the fusión reaction rate. On the other
hand they increase radiation losses approximately proportionally to Z . As a consequence, e.g.
a concentration of about 1.5% of nickel makes ignition impossible. Present-day tokamaks use
mainly low Z material for limiters and other plasma-facing components. In that case, the usual
concentrations of several % of carbón, boron or beryllium would shift the density confinement time product required for ignition up by about a factor two and to somewhat
higher temperatures.
The main processes leading to impurity contamination of tokamak or stellarator plasmas are
shown schematically in Fig. 1. The hydrogen inventory of the discharge is supplied by a gas
valve with a flux ^^^ The hydrogen leaves the plasma either in the form of ions or chargeexchange neutrals, thereby hitting limiters and walls. Via reflection or recycling these particles
recirculate into the discharge volume. At the surfaces in contact with the plasma, impurities
are produced by means of sputtering, desorption or chemical processes. They, too, enter the
plasma and leave it again mainly in higher ionised states. The respective impurity outfluxes
lead to even more impurity production by means of sputtering, self-sputtering and other
processes. The actual concentrations depend of course on the amount of impurity production,
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but also on the location of particle sources and sinks in the
torus, and the frictional coupling
of the different ion fluxes may
play an important role.

hydrogen
0,1

Spectroscopic diagnostics are
very suitable for measuring
impurity concentrations and particle transport in the bulk
plasma. Furthermore, impurity
and hydrogen particle flux densities can be investigated providing information on particle confinement times, on the locations
of impurity sources, on production mechanisms and the respective yields. Methods and results
for the plasma -interior will be
discussed in the second paper of Fig. 1:
this series. In the plasma edge
región, important species are

recyding
self-sputtering
impurity sputtering
chamical processes
¡on sputtering
neutral sputtering
neutral desorption

Schematic diagram of hydrogen and impurity
particle fluxes in a stellarator or tokamak and
processes leading to impurity production.

neutral particles or even molecules, as well as low ionisation stages of impurities. Visible
spectroscopy is very often used for the respective measurements. A very important point to
keep in mind is tha: plasma edge spectroscopy is dealing with local information on both sides
of the main plasma, because ionisation times are to short for poloidal or toroidal spreading.
The following information can be obtained from spectral Une or molecular band intensities:
o
plasma parameters (possibly using particle beams)
o
particle flux densities
—> impurity production locations
—» impurity production yields
—> impurity screening
Information can also be derived from line widths and shifts, namely:
o
ion temperatures
o
particle energies
—> Franck-Condon energies
—» impurity production mechanisms
o
rotation velocities
Some of these subjects are dealt with in more detail below. However, for interpretation of the
spectra in question, some principies of emission spectroscopy must be discussed first.
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2. Models for Excitatíon and lonisatíon
For a plasma in thermodynamic equilibrium, TE, the population of excited levéis and the
ionisation balance are obtained by calculations on purely statistical principies leading to the
Boltzmann distribution and the Saha equation, respectively. The existence of TE requires that
all processes are balanced in detail by their inverse processes, e.g.:
impact excitatíon
absorption
impact ionisation
photo ionisation

collisions of the 2 n d kind

a + ef ** a" + es
a

+ / j V ** a*

spontaneous emission

a + e, i* i + es + e

threebody recombination

a + hv *+ i + e

radiative recombination

Here, a, e, i and hv stand for atoms, electrons, ions and photons. In almost all laboratory
plasmas, the radiation field is not equal to the equilibrium radiation field at all wavelengths,
i.e. to the Wackbody radiation of the respective temperature. This means that radiative
processes are never balanced in detail. Still, Boltzmann distribution and Saha equilibrium may
be very good approximations in cases where colusión processes are very frequent compared
to radiative processes, a situation, which is called local thermodynamic equilibrium, LTE.
Electron densities of the order n e > 10 23 m"3 are usually required for LTE, and the optical
thickness of resonance lines is a very important prerequisite. Due to the increasing colusión
cross sections, highly excited states p above the so-called "colusión limit" p are always in
thermodynamic (collisional) equilibrium with the free ions and electrons, a situation, which
is sometimes referred to as PLTE (partial LTE). Further reasons for deviations from LTE are
electric fields, diffusion losses and other processes. Due to non-stationarity or diffusion,
plasmas may be out of ionisation balance, as determined by atomic physics, i.e. in an ionising
or a recombining state. Tokamak or stellarator edge plasmas are usually ionising plasmas.
At low electrón densities, i.e. n e < 10 19 m"3, the lifetimes of excited states are mainly
determined by the A-values, and threebody recombination becomes negligible. This is the
región of the so-called corona equilibrium, i.e. impact excitation processes are balanced by
spontaneous emission, and impact ionisation is balanced by radiative recombination. For
electrón impact excitation, a simple corona balance may be written as:
p

where n 1 and IL, are the densities of ground state and excited state p, respectively, X1 is the
rate coefficient for electrón impact excitation and A^ are the Einstein transition probabilities.
The second term on the left hand side represents contributions to cascading. For ionisation,
the same balance is given by

= n¡ ne a
e

where S is the ionisation and a is the radiative recombination coefficient. As a consequence,
excited levéis are underpopulated and it can often be assumed that all particles are in the
ground state. The degree of ionisation is much lower than predicted by the Saha equation.
n e or nj/nj

<

n e or
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Saha

1 I Boltzmann

However, for levéis p above the colusión limit p :
p>p*.

Saha

The number of emitted photons per second and volume in a transition p.j is given by the
density IL times the respective transition probability. The photon rate to be observed along
a line of sight fi therefore writes in the simplest case and neglecting cascading
1

A

i

l

The A-valué of the line in question divided by the sum of all A-values is called the branching
ratio B. In order to be more realistic, particularly at higher particle densities, the simple
corona balance must be replaced by collisional-radiative (CR) models, which take into account
the actual ionisation balance, i.e. ionisation and recombination, collisions amongst excited
states, opticai thickness, diffusion of metastable levéis and possibly other effects. Such models
exist mainly for atomic hydrogen [1, 2] and for helium [3]. CR models provide "effective"
valúes Xgft, Seff'and a eff for the respective plasma conditions. Clearly, they require a huge
number of atomic data, rate coefficients (there are fortunately more and less important ones)
and plasma data. Furthermore, it is not sufficient to supply just electrón temperatures and
densities, but the plasma geometry and the spatial profiles also enter the calculations via
diffusion losses and opticai thickness.
1
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Fig. 2:

Collisional-radiative population calculations for atomic helium.

As an example, Fig. 2 shows population calculations for helium after Fujimoto [3] for
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parameters roughly corresponding to those of a tokamak or stellarator edge plasma. Shown
are excited number densities relative to the ground state divided by the respective statistical
weights as a function of excitation energy E, a semi-logarithmic presentation, which, in the
case of Boltzmann equilibrium, leads to a straight line falling with -E/kT. The results for the
individual levéis shown can be used for diagnostic purposes by means of the respective
spectral lines, in the visible spectral range transitions to n = 2 from n = 3,4,5. The colusión
limit is obviously around n = 10.
The above collisional-radiative
calculations can be used for
diagnostics of edge or divertor
plasmas, e.g. for measurements
of the electrón temperature Te.
In this case, it is convenient to
analyze the ratio of Hel triplet to
Hel singlet Unes, which is f airly
sensitive to T e in the upper temperature range, as demonstrated
in Fig. 3. This figure shows
calculations after Fujimoto [3] of
photon ratios of some triplet to
singlet transitions in the visible.
The case of fusión edge plasmas
is given (no neutral i.e.
metastable diffusion), as well as
calculations for technical microwave plasmas. For the latter
case, measurements are also
shown, which are only in fair
agreement with theory. It is
probably advisable to have at
least one independent verification of the temperature.

diffusion

i with metastable diffusion

Other helium Hne ratios within
the singlet or triplet system are
quite sensitive to the electrón
density, but only in the lower
range between about 10 17 - 10 20
.5
m . They could be used for n e
diagnostics in technical or edge
plasmas after some more experiRatio of photon numbers in various helium
mental verification, which is Fig. 3:
triplet and helium singlet lines as a function of
presently being attempted. Genthe electrón temperature.
erally, transitions from p states
should be a second choice because of their strong dependence on optical thickness.
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3. Measurement of Particle Flux Densities
The principie of using line-integrated photon intensities for measurements of particle flux
densities shall be discussed by means of the schematic diagram in Fig. 4. Hydrogen entere
the plasma from the wall and returns in ionised state without recombining. Impurities, too,
go in as neutrals and are redeposited possibly even in higher ionisation stages. The ionisation
events are correlated in a precisely predictable way with excitation events leading to the
emission of spectral Unes. A slab model is being used for the discussion with only one
component of the particle flux density F in the direction of 6 perpendicular to the wall and
a line-of-sight observation (solid angle Q.) in the same direction.
wall ionisation zone
plasma
The one-dimensional continuity
equation for neutrals then writes: /
; ^y*' h v
H

dn

o

dt

d„

_.

- run.S.
hv

The first term on the right hand
V
V"
side takes into account
recombination, which is very
tZ+
Q N
Ph
small in the cases considered
here. Neglecting recombination
0
t
and for steady state, integration
Fig. 4:
Processes in the edge plasma and prLiciple of
yields
particle flux measurements.

with TQ(°°) = 0. The integral over the ionisation rate is similar to the one for the photon rate
in section 2 and can be rewritten - using the abbreviation X for Xline or Xeff - as:
•Ñ

—
Ph y

average

This means that the neutral influx density can be measured by means of suitable spectral
Unes. The observed photon rate must be multiplied by the appropriate average of the ratio of
ionisation to excitation rate coefficients. This ratio depends very little on Te in favourable
cases, otherwise the ionisation temperature must be known at least approximately.
The method can be extended to ion Unes by summing up more of the above balance equations
to yield for the ion stage k:

where only the first term on the right hand side is positive, the others are negative, i.e. losses
in that particular ionisation stage. Therefore, a reduced neutral influx density results, but the
difference to the total neutral flux is usually small for singly or doubly charged ions. Possibly,
parallel losses (parallel spreading) must also be taken into account.
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For the described method of
measuring particle flux densities
from spectral line emission,
effective S/X valúes have been
derived from detailed calculations with CR models e.g. for H,
He, as well as for several
ionisation stages of O, C, Cr, Ni
and other ions [4]. It should be
pointed out that metastable levéis
must be treated as sepárate species and measured individually.
A selection of respective results
is shown in Fig. 5 as a function
of the electrón temperatura. The
data are for n e = 10 19 m"3 and
depend only slightly on electrón
density [4].
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Detailed investigations of carbón,
n e -10 1 9 r
oxygen and chromium influxes
1 1
have been carried out at JET [4,
10
30
40
50
20
100
5, 6 and others]. Single poloidal
limiters and ICRH antennas were
observed spectroscopically in the
Fig. 5::
S/X valúes from CR models as a function of
visible spectrum and in the vuv.
electrón temperature for flux measurements.
Of particular interest is the distribution of ion influxes over the various metastable states. As an example, Table I shows JET
limiter results for Olí and OIII. The respective ground states are underlined. Table I
demonstrates that only about one half of the particles are in the ground states, while the
remainder is distributed over several metastable states. The total oxygen influx density in relation to the hydrogen influx was about 2% in this early operation period of JET.
i

i

i

i

Clearly, sources of impurity contamination in the torus can thus be identified by means of
their line intensities in the respective regions. It may be more difficult to measure the total
impurity influx í> 0I , because at least the most important locations in the torus must be investigated experimentally. When relating impurity fluxes to the hydrogen flux in order to
evalúate production yields, it must be kept in mind that only fluxes from the surface into the
plasma are measured and not fluxes hitting the surface. One must rely on a recycling coefficient equal to one to work out yields. Conclusions on production mechanisms are e.g. possible
by investigation of the dependence of impurity production yields on plasma electrón density
[5]. At higher electrón densities, radiation losses increase and the plasma edge temperature
drops at constant power input. Therefore, if the production mechanism is energy dependent
(sputtering), as in the case of metáis and possibly carbón, the measured yield drops steeply
with increasing electrón density. On the other hand, chemical production, as in the case of
oxygen, leads to impurity influxes over-proportionally increasing with hydrogen fluxes at
higher densities.
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Table I:

Results for oxygen influx densities from limiters into the JET plasma in one of
the 1987 operation periods of JET. The Olí metastable states are measured by
means of two spectral lines each.

ion

wavelength
(nm)

S/X
T e = 50 eV

F¿ / F H in the respective
metastable state

Olí

374.95

53

0.74% in 2s 2 2p 3 4 S°

397.33
391.20

42
90

0.31% in 2s 2 2p 3 2 P°
0.27% in 2s 2 2p 3 2 P°

441.49
435.13

31
40

0.67% in 2s 2 2p 3 2 D°
0.71% in 2s 2 2p 3 2 D°

375.99

58

0.84% in 2S2 2o 2 3 P

370.30

59

0.34% in2s 2p 3 5 S°

298r38

17

0.30% in 2s 2 2p 2 ! S

559.24

71

(0.4% in 2s 2 2p 2 JD)

o ni

1.72%

1.88%

Another interesting result
of JET flux measurements
can be seen in Fig. 6. This
figure shows part of the
JET visible limiter spectrum with lines of Cu, OH
CrI and D , a standard
reference range for monitoring the behaviour of the
usual impurities. Spectra
are plotted for two pulses
with very similar plasma
parameters (2.8 MA, 3.4 T,
1.5-1019 m"3). The lower
one represents the usual
appearance at that time
with the following flux
analysis results:

r 0 / TD » 0.02

0

r c / r D - o.io.
The upper spectrum corresponds to a situation with
very high oxygen contenL

wavelength
Fig. 6

*-~

JET visible spectra used for flux measurements.
Usual appearance (lower trace) and plasma with very
high oxygen contení.
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Apparently, not only Olí lines are higher in the latter case, but also the CU line. If the higher
oxygen flux is made responsible for the increased carbón production, the f ollowing production
yield results:

r

r 0 « 1.0.

This is just what might be expected for the well-known chemical process of CO formation
(at higher temperatures impurity-impurity sputtering would lead to even higher yields).
Interesting results were also obtained on JET during operation periods with a chromiumcoated ICRH antenna. When RF power was coupled to the plasma by means of this particular
antenna, a chromium influx from the screen was observed which followed the RF power
closely and instantly. With some time constant, higher ionisation stages of chromium were
also observed in the plasma interior [6]. The Cr-influx was quantified to be some 10 Cr
atoms MW"1 [5] decreasing gradually in the course of time. After removal of the antenna at
the end of the operation period, the chromium coating had clearly been eroded roughly in the
amount expected from the spectroscopic data.

4. Investigatións of Molecular Radiatíon
The above method can be extended to investigate molecular influxes and dissociation
processes by means of molecular band emission. For that purpose, the models of emission
spectroscopy, discussed earlier, must be amended to include the appearance and the intensity
of molecular bands. In molecules, vibrational and rotational energies exist in addition to
electronic excitation. This leads to a number of band transitions for upper vibrational levéis
v' to lower vibrational levéis v", each consisting of rotational P, Q and R branches. For the
theoretical description of molecular spectra see e.g. Herzberg [7].
In order to model the
8 appearance of molecular
band spectra, the basic
6 molecular data must be
known describing vibrational and rotational
energy levéis on the
basis of the usual polynomials. Additionally,
the coupling of molecular rotation to the
angular momentum and
the spin of the electrons
is important, i.e. the
spin splitting and A
doubling constants. It is
then possible, to calcúlate the transition wave- Fig. 7:
lengths according to the
pertinent selection rules.

CH A-X

424

Tr°250QK

426

428

430

X [nm]
Part of the CH A-X band spectrum measured in a CH4
microwave discharge in comparison with respective
molecular band calculations.
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The intensity distributions within bands are determined by the rotational temperature and the
line strengths for the R, Q and P branches of the particular transition in question and for the
appropriate coupling case. For intermedíate coupling cases between Hund's cases a and b and
higher multiplets these line strengths become quite complicated relations [8]. The vibrational
and rotational temperatures are usually taken from experiment and provide information on
various particle colusión processes and temperatures [9]. Knowing the apparatus profile of
the optical instrument used, computer programs can be set up to model the measured band
spectra including their fine structure with a high degree of accuracy. Such programs have
been written for CH, CD, CH+, CD + , H 2 , D 2 , N 2 , N 2 + [9]. In the case of the CH/CD
molecules, discussed below, the respective calculations contain about 1500 lines for one
electronic transition.
Figure 7 shows part of a comparison of measured and calculated CH A-X band spectra
around 430 nm in the visible. In
this case the measurement was
done in a steady-state microwave
discharge [9], but the appearance
is very similar to the one in
tokamaks, if only the usually
poorer spectral resolution is
taken into account. The agreement of the spectra in Fig. 7 is
obviously very good. A similar
comparison of measurement and
calculation was done for a spectrum of the ASDEX plasma,
which, according to the simulation, consisted of CH and CD
band contributions in the ratio
1:4 [10]. CD spectra of JET wül
be dealt with later-on.
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The absolute intensity of molecular bands, which is the actual o
quantity used for flux measurements, is determined by the
Ha from CH4
electrón excitation rate coefficient and a corona type
excitation balance similar to the
1 1 1 1 1
one for atoms and ions. How50 100
10
20
ever, there are often several
T e [eV]
possibilities of excitation, i.e. not
Cross sections and rate coefficients for
just by electrón impact from the
8*
excitation of CH A-X and H e from CH4.
ground state, but also during
dissociation processes. Measured excitation cross sections for Hfi and CH band emission for
electrón bombardment of CH4 are shown in Fig. 8 [11]. These cross sections are converted
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to excitation rate coeff icients, plotted in the lower part of the figure, by Maxwell integration,
and the CH ground state excitation is also given, derived from the optical f-value and a
Bethe-type theoretical calculation. The following method of CH4 (CD4) flux measurements
from CH (CD) A-X band emission is based on the coefficients shown.
For the intended investigation of CH 4 flux densities it is important to know the break-up
processes of methane in the edge plasma, since only the one fragment CH is measured. The

CH4

4

C+H

3 : C H n - C H n > r v 1 + e/e+H

Y: CH n /CHÍ - C H n . l / C H * 1 + H

Z: C H * - C H ^ + H +

R: C H * - CH n . 1>n . 2 + H/2H - 0

charge exchange reacíions
Fig. 9:

Important processes for the break-up of methane in the edge plasma.

pertinent rate coefficients ha ve been compiled by Ehrhardt and Langer [12]. Figure ) shows
the most important processes with an arbitrary notation for the rate coefficients for the neutral
and ion dissociation channels. On the basis of these data, the methane dissociation can be
calculated and the CH band emission finally linked to the CH 4 influx [13]. However, particles
may leave the plasma and be redeposited before ever becoming CH, processes, which must
!
!
l
i
l
i
l
í
be taken into account by
i
I
means of appropriately
chosen particle confineo 200
ment times t. Calculations sz
5- lO^m- 3
ex
along these lines resulting
in dissociation events per V)
©
emitted CH photon are w
1 • l O ^ m 3 ..,-8
100 o
shown in Fig. 10 as a
function of electrón tem- D
y ^ ^
CH (CD ) "
perature and neutral and o
ion particle confinement
fromCH (CD) times. Experimental valúes
50 for the same quantity
a o measurement _
measured on PISCES-A
(PISCES-A, 1989)
[14] are also presented,
i
i
i
I
I
I
I
I
I
which are in reasonable
10
20
50
100
agreement at realistic confinement times. The exFig. 10: Calculated and measured ratios of CH 4 flux density
perimental data at the
and CH photons.
highest T may actually
""•--..
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correspond to higher electrón energies due to a non-thermal distribution tail [13].
Spectra from tokamaks or stellarators can now be investigated using the above diagnostic
method. The respective results shall be discussed by means of the JET spectrum in Fig. 11
for a JET deuterium pulse with particularly high CD band intensity. The figure shows part
of the visible spectrum emitted from the limiter surf ace with the usual CII and Olí lines and
also the CD A-X band. The computer simulation of the CD spectrum, which also contains
some other lines for wavelength calibration purposes, agrees very well with the measured one.
From the CD band intensity with respect to the D intensity a CD 4 production yield is
calculated of about 8% of the impinging D flux [13]. This is a high but probably still realistic
yield and represents the upper limit experimentally and theoretically.
I

T

It should be pointed
5 JET #5361
out that the flux
CII
through the ion channel of Fig. 9 is only c 4 known from calculations, but it could
also be measured by
8 3
means of the CH*
(CD+) spectrum in
the same wavelength
CD
range as CH [15]. "3 2
measuremant
Respective investi01!
calculation
gations show, that
1
much less particles
are coming down the
ion channel than
predicted by the
426
428 430 432
434
436 438
dissociation calculaX [nm]
tions, which means
Fig. 11: Part of a visible JET spectrum with particularly high CD
that ions produced
band emission for CD. flux studies.
near the limiting
surface are very effectively redeposited and do not enter the main plasma.
Measurements of molecular fluxes could of course be of particular interest for the basic H 2
or D 2 gas itself. The respective spectra have been investigated both in tokamaks and in
laboratory plasmas [15], however, they are more difficult to interpret than CH because of their
many-line structure and many overlapping electronic transitions. Analyses of the Fulcher and
other bands are still in progress and electrón excitation rate coefficients are available.
In summary, the following information can be obtained from molecular radiation:
o
molecular particle fluxes
o
chemical sputtering yields
o
electrón energy losses into vibrational excitation
o
neutral-neutral and neutral ion collisions (rotational excitation)
o
electric fields (intensity of forbidden lines in molecular bands)
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5. Impurity Screening
How much (or rather how little) impurity density in the plasma results from a given impurity
influx is characterised by the term "impurity screening" (or generally particle screening).
Here, all particle loss mechanisms play a role. The over-all behaviour is often described by
a particle confinement time for steady state conditions, which is defined in the following way:
contení
T =
losses
í.e.:

V

Á

For the average impurity concentrations follows simply
nH
where r ¡ and F H are the average flux densities of impurity species i and hydrogen,
respectively. This means that impurity concentrations are given by the impurity production
yields and thé ratio of impurity-to-hydrogen confinement times.
The basic effects shall be described by
means of Fig. 12 using the example of
sum of Ions
carbón. Neutral particles enter the plasma
with a velocity v and are ionised along
their path I The density of singly and
multiply charged ions and the respective
total ion gradient build up until diffusive
and other losses balance the neutral input
flux density. In the simplest case, the
gradient length is given by the ionisation
length X¡on, i.e. by the neutral velocity,
í
the electrón density and the ionisation
Calculation of various carbón ion
rate coefficient S at the plasma temperadensities near the plasma edge for
ture. The impurity confinement time is
discussion of particle losses and contherefore a function of these quantities
finement
time.
and of the diffusión coefficient D. Parallel
losses may also be of importance, as well as details of the limiter geometry and parallel ion
flows:
t = f(v, n e , T e , D, T|, geometry).
The simplest relation for the confinement time to be extracted from the above considerations
is the following ([5], [5] also describes more elabórate formulas):
X m

D

n.S D

where v is the neutral velocity and a is the minor plasma radius required for the ratio of
volume to surface área. For actual cases, Monte-Cario calculations are used nowadays, which
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take into account the detailed geometry of limiter or divertor structures and the profiles of
plasma parameters. The fairly realistic picture in Fig. 12 further demonstrates that the
densities of higher charged ions extend all the way out to the wall, and that losses in Cu and
CIII are small compared to the total diffusion losses.
It can be shown quite simply that the neutral velocity v plays an important role in screening.
This velocity depends strongly on the impurity production mechanism, i.e. it is much higher
for sputtering than e.g. for thermal evaporation. As for molecular processes, the question is
whether the fragments acquire Franck-Condon energies during break-up and whether
ionisation and reneutralisation lead to particle acceleration by means of elastic ion collisions.
Figure 13 shows
3
measured intensities
2
of JET Crl limiter
signáis, as a measure
1
of the Cr influxes,
O
and of Li-like Cr, as
a measure of the
Crl (» chromium influx)
3
chromium density in
2
sputtering
the
respective
1
cd
plasmas [5]. The
O
upper case represents
3
the usual situation,
where Cr is produced
2
by sputtering. During
1 _ CrXXII (» chromium density)
the pulse of the
O
lower spectrum, the
limiter
surface
20
became so hot that
evaporation
Crl (» chromium influx)
Cr eventually evap10
orated leading to
much higher influxes
l
5
10
15
t [S]
(note the change in
scales).Nevertheless, Fig. 13: Relation of Cr influx and Cr impurity densities in cases of
in this latter situCr sputtering and Cr evaporation.
ation, the respective
metal density in the plasma was much lower, since evaporation results in particles of low
energy, which are very effectively screened by the plasma edge and quickly redeposited.
Similarly, carbón produced in chemical reactions should not contribute significantly to the
carbón contamination of the plasma, unless it completely disturbs the plasma edge parameters.

1

i

6. Summary
Spectroscopy of the plasma edge, mainly in the visible spectral range, can provide information
on hydrogen and impurity influxes, on impurity production mechanisms and on particle
confinement. Atomic physics models are required for the interpretation of the relevant
spectroscopic measurements. Some basic processes determining the population of excited
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levéis have been presented leading to the corona excitation balance and to collisional radiative
models. These heve been disctissed for the special case of helium. A first application of
plasma edge spectroscopy has been the investigation of atom and ion particle flux densities
at the boundary of tokamak or stellarator plasmas. JET results habe been shown for oxygen,
carbón and chromium limiter fluxes. Then, the attention has been focused on molecular
spectroscopy, in particular on bands of CH, but H2 and D 2 are also of major importance. The
interpretation of the shape and intensity of molecular band emission has been explained, and
results have been presented with respect to chemical carbón production, i.e. measurements of
the molecular CH4 flux density from CH and an analysis of the respective yield. Finally, the
mechanisms of impurity screening at the plasma edge have been investigated, important
effects singled out and respective measurements shown. Spectroscopic investigations of the
plasma interior are dealt with in the second paper.
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IN FUSIÓN PLASMAS*
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Abstract
Charge-exxhange spectroscopy in fusión plasmas makes use of optical transitions that are
produced when an electrón is transferred from a hydrogen atom into an excited state of
an impurity ion.'For most applications. the sources of neutral particles are high-energy
beams employed for heating. These transitions are particularly useful for determining
the densities of fully stripped low-Z ions and for measuring ion temperatures and plasma
rotation. although they have also been exploited for other purposes. In this paper, the
atomic physics considerations for interpreting the data, including the influence of the
plasma environment. are reviewed. and examples of recent applications to fusión studies
are presented.
1. Introduction
Optical spectroscopy has historicallv been emptoyed to measure characteristics of
laboratory and astrophysical plasmas such as electrón and ion temperatures. charged
particle concentrations. bulk motion. and atomic composition. But with the development of tokamaks having temperatures in the rans;e of at least several hundred e\ . the
applications became more restricted. The low-Z eiements are completely ionized in the
interiors of such plasmas and do not emit spectrai lines: emissions from the high-Z eiements are primariiy detectable below 500 A and are often difficult to exploit for measurements of temperature or bulk motion. Moreover. specialized diagnostics such as
Thomson scatterins or neutral-particle analvsis were developed to the point where they
provided measurements having better spatial resolution and accuracy than were obtainable by spectroscopic means. Even iow-Z impurity densities in the interior of plasmas often haá to be inferred indirectly from resistance or bremsstrahlung measurements. However. the deveiopment of charee exchanse spectroscopy. startine; around 1976. reinvigo-

rated optical methods for studying certain plasma parameters as well as extending the
capabilities of impurity transport investigations. This mechanism depends on reactions
of the type

ff'.^-ff^^"-1)]"

(1)

where the asterisk indicates the product impurity ion is left in an excited state. The
process indicated by Eq. 1 is designated charge-exchange excitation (CXE), and the use
of the subsequent transitions for diagnosing plasmas is termed charge-exchange spectroscopy. In most cases, the source of hydrogen atoms is a neutral beam and its halo
atoms, although a few observations have been made where the source is ambient thermal
atoms íl-31.
Charge-exchange spectroscopy was first employed to measure the densities and transport of fully stripped low-Z ions which cannot be detected directly by any other means
Í4-131. Figure 1 shows spectra recorded from a SPRED instrument [14] positioned to
view across a neutral heating beam in the Axisymmetric Divertor Experiment (ASDEX)
|9j. The lower trace was recorded before neutral-beam injection was inititiated: the upper one was recorded durine injection. During injection the lines of hydrogen-like carbón
and oxygen, several oí which are identified. are very strong, whereas before the beams
are turned on. they are weak or undetectable. The difference is that the lines of C VI
and 0 VIII are only weakly excited by electrón excitation of these ions, but they are
strongly generated by charge transfer on the fully stripped stages.
Applications were subsequently expanded to measure ion temperatures and plasma
rotation since charge-transfer reactions can excite spectral lines of wavelengths long
enough that Doppler broadenings and shifts are measurable with good accuracy ¡ 1523!. In fact. this technique is by now probably the preferred method for ion temperature
measurements because it is relatively simple to implement provided a neutral beam for
heating or for solely diagnostic purposes is avaiiable. A limited review of the subject a.nd
work performed through 1986 is contamed in Ref. 24!. In this present paper the atomic
physics relevant to analyzing CXE data is discussed. and some results illustrating the
technique are presented.
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2. Atomic Physics
In order to calcúlate ion densities from data such as that shown in Fig. 1, it is first
necessary to know the effective cross sections for exciting individual spectral Unes. The
general features of the atomic physics of the charge-exchange process are discussed in
this section. Because most diagnostic work relies on charge transfer to fully stripped
ions, the discussions of the atomic physics will focus on the hydrogenic species that are
observed following charge-transfer collisions. although charge transfer on non-stripped
ions has been exploited in several experiments. and an example of such results will be
shown in Sec. 4. Significant qualitative insight into the charge exchange process can
be gained by considering a picture of the collisions in which the pairs of incoming and
outgoing ions are considered to form a quasimolecule. This picture is particularly valid
for relative ion colusión velocities less than the velocity of the electrón in the ground
state of the hydtogen atom (1 atomic unit of velocity), 2.19 ' 108 crn/s. For a hydrogen atom incident on a stationary target this velocity corresponds to an energy of 25.9
keV. In a colusión between a hydrogen atom and a fully stripped ion the potential energy between the two is taken to be zero at large internuclear distances. As the particles
approach each other there is a weak attractive forcé as the electrón cloud polarizes in
the direction of the impurity ion, but when the impurity ion actually penetrates significantly within this electrón cloud the coulomb repulsión of the nuclei become strong. The
dashed une in Fig. 2 shows the calculated potential for O8"" — H°(ls). In contrast. after charge transfer both colusión partners are charged. and the the coulomb repulsión
is effective over a greater internuclear distance compared to the incoming channel. The
solid lines in Fie;. 2 show the potential curves for a protón plus O'~ with an electrón in
various excited n-levels. Since the binding energy of an electrón in a hydrogenic ion is
proportional to Z" n ' . the potential energy of the incoming and outgoing channels is
asymptotically the same it the charge exchange takes place into the n = 8 leve! of O'~.
For transfer into states with n less than 8. the curve crossings take place at internuclear
distances of several atomic units. Despite the accidental degeneracy at large internuclear
distances. charge exchange is most likely for channels that cross around 10 - 15 atomic
units (5.3 - 7.9 A), so for the hydrogen-oxygen system illustrated in Fig. 2. it is most
likely that charge exchange takes place into the n = 5 level of O ' ~ . In general, the excited state population is peaked for n = Z°' ( a for neutral beam velocities below I a.u..
but the distribution of excitation among n-levels broadens considerablv with increasing
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colusión velocity. It shouid be noted that for transfer into states with n < Z, the processes is exothermic and actually serves as a weak heating mechanism for plasmas. Also,
the subsequent cascade radiation does not represent a plasma energy loss.
2.1 Excitation Cross Sections
The starting point for relating the CXE intensities to impurity densities is knowing
the cross sections for charge transfer into individual excited states of the product ions.
Effective emission cross sections are then calculated by including the rate at which each
state is populated by cascades from higher levéis. To appreciate fully the problems associated with analyzing data from hydrogenic species. it is necessary to keep in mind the
energy level structure of these ions. Several important features of the n = 1 to n = 6
levéis of O7^ are illustrated in Fig. 3. (The level separations are not drawn to scale.) To
lowest order the energy levéis are dependent only on the total quantum number n and
the separations of any two levéis are equal to R ^ Z 2 (l/n 2 — 1/n' 2 ), where Roo is the
Rydberg constant. This implies that the A n = l transitions occur at longer and longer
wavelengths as n becomes larger as shown in Fig. 3. On a more detailed scale. each level
characterized by the total quantum number n is composed of a set of orbital angular
momentum states having quantum numbers í such that 0 £ i < n — 1. (These s*ates
have historicallv been labeled S. P. D. F. G. H. etc. by spectroscopists.) Because of the
electrón spin these angular momentum states. except for S-states. are split into two fine
structure components with total angular momentum quantum numbers j=¿ i

j . The

fine structure splittings are indicated in parentheses in Fig. 3. They are much smaller
than separations between n levéis: for example. the n = 5 and n = 6 levéis are separated
by approximately 85.900 era"'. There are also splittings between states with the same
valúes of j , e.g.. Pi and Di. which come about because oí quantum electrodynamic effects: these are in turn even smaller than the fine structure separations and are not indicated in Fig. 3. Transitions are allowed only between states for which ¿\¿ = n i and
Aj = O.:rl. Each allowed transition between two n levéis is at a slightly different wavelength. but they are usuaily unresolved because of Doppler broadening. A knowledge of
the cross sections for populating each individual state is required in order to calcúlate
the total emission rate correctly.

It is necessary to rely on theoretical calculations for the emission cross sections since
very few of them have been measured. \ arious computational results are available for
the charge-transíer cross sections themseives: muitichannel cióse coupling calculations
employing moiec\iiar orbital (MO) 26.27' or atomic orbital i AO) =28-301 expansions.
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classical-trajectory-monte-carlo (CTMC) 25.31; methods. and unitarized-distortedwave approximations (LDWA) 32'. The MO expansions are vahd at energies below 25
keV/arnu and the CTMC results are most reliable above 40 keV/'amu. The AO investigations (0.1 - 60 keV/amu) and UDWA studies (10-200 keV ,'amu) overlap these energy
ranges.
The charge exchange calculations provide partial cross sections for populating states
described by the quantum numbers n and í. However. when determining the effective
emission cross sections. mixing of nearly degenerate states in the plasma environment
must be taken into account. This is usually a problem only for hydrogenic ions. Leaving
the question of state mixing aside for the moment. it is useíul to examine some of the
general features of the primary excitation process. The distribution of the charge transfer among individual n levéis of O'~ is íllustrated in Fig. 4a and among í levéis in Fig.
4b. At 40 keV/amu the n = 5 level is dominantly populated: this selectivity is even more
pronounced at the lower energies. As the colusión energy increases. the charge exchange
process becomes less selective with the probabilities for exciting the intermedíate levéis
decreasing as the probabilities for exciting the high levéis rise. Above about 80 keV/amu
the excitation probability of the higher levéis also begins to decline. For the intermediate n levéis excitation preferentially takes place into the highest angular momentuni
(£ = n — 1) states. The only path for radiative decay of these levéis \s n¿ —> n — 1,1 — 1
as mandated by the atomic selection rules, so it could be expected that the An = 1 transitions are the strongest. and full calculation of the emission cross sections shows this to
be true. Also. excitation from states below n = 5 comes largely from cascades. and the
emission cross «ections increase onlv flowly as the wavelengths become shorter. whereas
the cross sections for levéis above n = ó decrease rapidly with increasing valúes of n. The
photon emission rates from the lines of carbón, nitrogen. and oxvgen below LOOO.A are
much sreater than the rates from the visible lines.
Because so much reliance is placed on theoreticai results for the charge-exchange coefficients. it is imperative to have some assessment of their accuracies. These assessments
rely on consistency of the results from different theoreticai formulations and on a limited number of experimental measurements on carbón, oxygen. and helium ¡33-35;. The
máximum colusión velocity at which the experimental measurements have been made for
carbón and oxvgen is 9 ke\ amu. somewhat below the one-third energy component of
many neutral bearns currently in use on fusión devices. The MO and AO calcuiations
are in sood agreement for the dominant n leve!, and the exaerimentallv determinad
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emission cross sections conñrm the valúes obtained theoretically. For the next higher
levéis some discrepencies appear between the two approaches. The emission cross sections have also been measured for two transitions in the visible región, i.e., for the 7 -» 6
(3435 A) and 8 ^ 7

(5292 A) transitions of C o 4 \ The results are within about a fac-

tor of 2 of the most recent extended AO 30] calculations (the MO calculations do not
extend to these higher levéis) but a factor of 5 or more larger than the UDWA results.
At energies where results are available for all four theoretical approaches, the emission
cross sections from MO and extended AO results agree well for the dominantly populated levéis, but the cross sections from the CTMC and UDWA formalisms are about
25% smaller. For the highly excited states from which visible lines are observed, the AO
and UDWA calculations are reasonably consistent. but the CTMC results are as much
as a factor of 4 lower. Very recent measurements of charge transfer involoving He 2+ at
higher energies (27 - 132 keV/amu) [35; show good agreement with Fritsch's calculations
in the low energy range and with the distorted wave approximation of Belkic et al. [36]
at the highest end of the energy range.
In summary, the consistency among various theoretical calculations and experiments
should allow measurements of fully ionized carbón, nitrogen.oxygen, and helium with uncertanties of no more than 20% provided spectral lines originating from the dominantly
populated level or from lower levéis are employed. The inherent inaccuracy in determining impurity densities from visible lines of C. N. and O still appears to be at least
a factor of 2 owing to uncertainties in the primary charge-exchange cross sections alone.
Recommended cross sections for carbón and oxygen are to be found in Ref. [37!.
2.2 S t a t e Mixing
Calculating the effective emission cross sections for spectral lines from the primary
charge exchange cross sections for an isoiated hydrogenic ion is straightforward. ít is
only necessary to account for the population and depopulation of levéis using the accurately known transition probabilities. tn a plasma environment. however. the almost
degenerate states of hydrogenic ions can be mixed by electric and magnetic fields. and
collisions can rearrange the state populations before radiative transitions occur '12.15.3840!. The effective emission cross sections. especially those from the higher states that are
the upper levéis oí the visible transitions. depend on these details.
Because of the near degeneracy. states having the same quantum number j but differing in i by 1 are readily mixed by electric fields that coupie states of opposite parity
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and by collisions. So it is more accurate to consider j rather than £ as a good quantum
number for calculating cascades, except perhaps for the j = | states for which the separations are relativeiy wide. The An = 1 emission cross sections can be as much as 20%
smaller than those computed without taking j-coupling into account. The difference is
illustrated in the third and fourth columns of Table I.
Given that the Aj = 0 states are coupled, it is then necessary to calcúlate whether
additional couplings occur within an n level. In general, this is a very complicated problem; collisional mixing is a function of plasma temperature and density and Zeeman mixing can take place between states of the same £ but different j . Collisional effects would
not be expected to come into play at the densities achieved in tokamaks for states below n = 7 in O ' ~ . The mixing becomes more severe with increasing n. There is a range of
low-n levéis for which such effects are unimportant. a range of high n-levels in which all
states can be considered coupled. and an intermediate range in which only partial coupling occurs. An accurate characterization of this intermediate range requires extensive
atomic physics calculations. As an indication of how the emission cross sections may be
affected by state mixing, results are shown in the fifth and sixth columns of Table I for a
calculation that assumes states below n = 9 are not collisionally mixed and that states
having n > 9 are completely mixed. Transitions below 2000 A are little different for the
mixed and unmixed cases, but the cross sections for the longer wavelength lines differ
by as much as a factor of 3. The actual emission cross sections in a typical tokamak discharge lie between the extremes tabulated for the two cases and must be computed for
each situation. As an example. the emission cross section as a function of electrón density can be found in Ref.

12: for the S —- 7 transition of CD~.

One additionai effect may influence the effective emission cross sections. A small
fraction of the beam atoms are in excited states. and the primary charge transíer cross
sections from these excited states differ from those of atoms in the ground state. The
dominant emission cross sections are affected very little. but transitions from hieh levéis can be increased by factors of 2 or 3 because curve crossings from incomine excited
channels (see Fig. 2) occur at internuclear distances that are favorable for populating
the highlv excited states of the hvdrogenic ions.
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3. I m p u r i t y Densities and Transport
Examples of CXE data that provide both qualitative insight into oxygen behavior
and quantitative measurements of 0 8 ~ are shown in Fig. 5 together with signáis from
an edge ion. O0*". (All emissions are expressed in gigarayleighs; 1 GR =10 photons
cm" 2 s~l •) The data are taken from the ATF stellarator Í44Í. Plasmas are produced
by 200 kW of ECH power. and NBI starts 205 ms later. The 102 A line of O 7 + is only
weakly excited by electrón collisions but is readily detectable from charge transfer on
O ~ when neutrai injection begins even though it is orders of magnitude weaker than
the 1032 A line of O 5 + . At the end of the initial rise in signal. around 220 ms, the beam
input power increases by 40 %, but the CXE line intensity has doubled by 250 ms. an
indication that the oxygen density in the plasma is increasing during the beam pulse.
The subsequent decline of intensity of this line. simultaneous with the rapid rise of the
O°~ signal, irevidence that the plasma is cooling and that the most highly charged ions
are recombining. Eventually a radiative collapse occurs. The interpretaron of the lowZ impurity behavior and the plasma evolution is greatly facilitated through the use of
charge-exchange spectroscopy.
The ultímate utility of the CXE data goes beyond the qualitative understanding of
impurity and plasma behavior. of course. A knowledge of the actual impurity densities is
generally desired. The detected signal S is given by
S = K

dr
J

(2)
lk=i

where K includes terms for the spectrometer and detector calibrations. The first term
represents the sum of the excitations from the three current components of the neutral
beam. and the second term is the CXE contribution from thermal hydrogen atoms, i.e.,
from so-called haio neutrals produced by charge exchange of thermal ions with beam
atoms. and from neutral atoms that reach the beam path after recycling from the walls.
Both contributions must be integrated over the voiume subtended by the field of view of
the spectrometer. In order to evalúate the beam-atom contribution to the signáis, it is
necessary to compute the attenuation of each component of the beam current density Jk
from the injection port to the field of view and at the same time take into account the
divergence of the beam as it passes through the plasma. The beam is attenuated by ionizing collisions with electrons. and bv ionization and charge exchange w7ith working gas
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ions and impurities. It is often satisfactory to calcúlate local beam currents with a simple model rather than by a complex numerical computation 5í. In principie, the impurity content must be known before the beam attenuation can be described adequately, so
that in cases of large impurity densities it may be necessary to itérate Eq. (2) to achieve
the required accuracy.
The calculation of the second term in Eq. (2) can become rather complicated. The
thermal hydrogen density NH is not measured routinely, and a full Monte-Cario calculation of the neutral density as well as its velocity distribution is required. Each situation
differs, however it is frequently possible to estímate the relative contribution of the thermal charge-exchange terms if a few calcualtions of nfj have been done as guidelines so
that the full calculation does not have to be performed for each experiment. For example, Refs [24-271 indicate that the primary charge transfer cross sections for populating
the n = 5 level of 0'"" vary only a little from 1 keV to 30 keV. and Monte-Cario calculations for ISX-B showed that the thermal population of neutral atoms was comparable
to that of the 30 keV neutral beam used in the experiment 24!. Therefore, the relative
magnitude of the first and second terms of Eq. (2) showed up primarily in the difference
of velocities between the beam ions and the 1 keY thermal ions. This ratio was 0.18 so
that an initial approximation was that the thermal population contributed about 18% to
the total CXE signáis.
4. E x a m p l e s of Ion T e m p e r a t u r e and P l a s m a R o t a t i o n M e a s u r e m e n t s
Some of the most significant applications of charge-exchange spectroscopy have involved measuring ion temperature and plasma rotation from Doppler shifts and widths.
These are fundamental parameters for characterizing fusión plasmas, and although they
have been at least partially determined by other diagnostic methods. none of these previous techniques has provided the detaii. accuracy. reliability. and experimental ease that
is afforded by criarse exchange spectroscopy. By utilizing the spatial resolution provided
by neutral beams to obtain iocalized CXE emission. full proñles of temperature and rotation can be obtained at regular intervals throughout a discharge by using multichannel
detector systems T8.45.46i. Cross-tield ion thermal and momentura conductivities can,
therefore. be determined with the same accuracy with which electrón thermal conductivities are deduced from Thomson scattering measurements. Such investigations have
led. for exampie, to the insight that ion thermal conductivity can often deviate significantly from the neoclassical valúes, and in fact. can be as important a heat loss channel
as is electrón thermal conductivity 20 . Since carbón is a maior impurity in most fusión
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devices. and because it is raost convenient to work in the visible región, many investigations have exploited the 5292 A une of CD+ , but other lines of carbón as well as CXE
lines from oxygen, nitrogen. neón, and helium have also been used.
The ion temperatures from plasmas similar to those characterized by Fig. 5 have
been investigated from CXE emissions from He-like carbón and oxygen using the relatively strong 23P—* 23S transitions at 2271 A and 1623 A !47j. xn cases of low-densities
(ñ e < 3 x 1013cm~3) and modest temperatures. the low-Z contaminants are not completely ionized in the ATF device. The H-like density is about one-half the total concentration in the plasma interior under many conditions. and the beam atoms charge
exchange to produce excited He-like ions. The full-width at half máximum intensity of a
Doppler broadened line is given by the expression

AXW = 7.71 • IQ-5 (jjY^o,

(3)

where T is the ion temperature in eV and M is the atomic mass of the emitting ions.
Figure 6 shows the electrón temperature as measured by Thomson scattering and the
ion temperatures measured from CXE for a collapsing discharge. The electrón temperature begins to fall almost as soon as the beams are turned on because the concurrent
density rise cuts off absorption of the 53 GHz gyrotron, while at the same time beam
coupling to the plasma is poor. Nevertheless. analysis of the Doppler widths of the CXE
lines shows that the ion temperatures rise for about 60 ms following injection before
they begin to decay along vnth the electrón temperatures.
Bulk plasma rotation measurements have also been of considerable interest recently.
because of changes that occur in particie and energy conñnement when such rotations
are present and because understanding momentum confinement is a basic facet of understanding ion physics in toroidal devices. Changes in the poioidal rotation at the plasma
edge during H-mode transitions are receiving particular attention because of the insight
they may provide for the role of electric nelds in establishing plasma conditions.
Figure 7 provides an example of toroidal rotation measurements during tangential
neutral-beam injection in the ISX-B tokamak '48!. Measurements using two electrón
pxcited lines (1623 A and 1248 A), which are centered somewhat outside the magnetic
axis, are cornpared to a CXE line (633 A) that is peaked on axis. It can be verified that.
within the experimental accuracy of these measurements. the plasmas do not rotate in
the Ohmic-heating phase before neutral-beam injection besins at 80 ms. Therefore. the
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plasma rotation is measured by comparing; the centroid of the electrón excited Unes before injection to the centroid after after injection. The Doppler shift is given by
AA, = \o-cos0,
c

(A)

where v is the rotation velocity, c is the speed of light, and 8 is the angle between the
viewing direction and the velocity vector of the rotation. However, because the CXE
Une cannot be observed before the beams are turned on, it is necessary to use a nearby
electrón excited line from the nonrotating edge región as a fiducial. For the 632.7 A, 5
—• 4 transition of 0 T + it is most convenient to employ the strong 629.7 A line of 0 4 + .
The cióse agreement between the rotation measured from the Ne IX line which is located
very near the axis and the 0 VIII line which is centered on the axis verifies the utility of
the CXE lines for these measurements.
4. Summary The use of charge exchange spectroscopy as a tool for studying fusión plasmas continúes to expand. It has become a standard method on many devices for measuring the
densities of fully stripped ions and for determining ion temperatures and plasma rotation.
Theoretical calculations of charge transfer cross sections are judged to be reliable
enough to measure the densities of fully stripped low-Z ions with an accuracy of 20%,
provided transitions from the dominantly excited states or lower states are utilized. The
theoretical intensities of visible spectral lines from weakly excited states of carbón and
oxygen are most likely uncertain by at least a factor of 2 because of inaccuracies in the
primary charge transfer cross sections and because of uncertainties associated with state
mixing and with the contributions of excited neutral atoms to the charge exchange rate.
Perhaps the most sisniñcant contnbution of charge-exchange spectroscopy to research on fusión plasmas lies in its appiication to measurine ion temperatures and
plasma rotation. Ion temperatures as iow as 70-*0 eV have been determined from
CXE lines and bulk rotation velocities as small as diamagnetic drifts (on the order of
10ocm. s) have been detected. Such measurements have been instrumental in expanding
the understandins of ion transport phenomena in toroidal fusión devices.
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Table I. Emission cross sections ! 10

1D

cm") for the An = 1 transitions of 0'"^

assuming different couplings. Charge exchange cross sections frnm reference f311 at 40
keV have been used. The good quantum number (í or j) has been specified. Results are
shown for no collisional mixing and for complete mixing of all stastes with n > 9.

Transition

A (A)

unrmxed

unmixed

nm — 9

nm = 9

10-9

6070

0.025

0.024

0.007

0.007

9-8

4342

0.036

0.034

0.011

0.011

8-7

2977

0.068

0.069

0.048

0.049

7-6

1932

0.217

0.212

0.192

0.188

6-5

1165

0.758

0.688

0.727

0.659

5-4

633

1.67

1.42

1.63

1.38

4-3

292

2.12

1.68

2.06

1.63

3-2

102

2.53

1.93

2.46

1.87

3.20

2.76

3.14

2.71

2-1

19.?
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Figure Captions
1. Spectra taken from the ASDEX tokamak before injection (lower trace) and during
injection (upper trace). The spectrometer views across a neutral beam. Ref. [9].
2. Potential curves for the H° 4- O8' system (dashed line) and for the H+ + {O7+y
system in various excited states (solid lines).
3. Schematic energy level diagram of the O ' + ion showing the wavelengths of the
An = 1 transitions. Fine structure seperations. in parentheses, are specified in cm~ ! .
Energy level separations are not to scale.
4. (a) Primary charge transfer cross sections into excited n-levels of 0 7 + from hydrogen
atom collisions. (b) ¿-state cross sections at 40 keV/amu. Ref. [31 j.
5. (a) Neutral-beam input power (dashed line) and the 102 A CXE line of O7Jr (solid
line) as a function of time in ATF. fb) Emission of the 629.7 A line of O 5 + as a function of time. Neutral-beam injection starts at 210 ms, and the plasmas subsequently
collapse. Ref. i441.
6. Electron and ion temperatures as a function of time in an ATF plasma that undergoes a collapse. Ref. ¡47!.
7. Toroidal rotation velocities measured from electrón excited spectral lines (O VII and
Ne IX) and a CXE line (O VIII). Ref. [48].
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LÁSER INDUCED FLUORESCENCE AND ITS APPLICATIONS TO
FUSIÓN PLASMA DIAGNOSIS.
F.L. Tabarés,
Association Euratom/ Ciemat. Av Complutense 22, 28040 Madrid
Abstract
In this lecture, the physical principies of the Láser Induced
Fluorescence technique are first
reviewed, including the different
pumping schemes used in the literature as well as the effect of some
common perturbations on the interpretation of the detected signal. The
practical experimental set-up and
the calibration of the signal for
density and velocity distribution measurements are commented
afterwards. Some applications of the
technique to fusión plasma
diagnosis are also described, including proposed novel ones. Finally, the
currently -existing instrumentaron for LIF studies at the Ciemat Fusión
División and some proposed experiments in TJ-I Up and TJ-II are
described.
1)

Introduction

Láser Induced Fluorescence ( LIF) represents nowadays a very
powerful technique that has found
application to many aspects of
atomic and molecular physics , including spectroscopy, molecular
dynamics, sputtering phenomena, combustión chemistry ,technical
plasma characterization and fusión plasma diagnosis, among others. The
strong development of the láser sources and harmonic generation
techniques
has made it possible to carry out LIF experiments under
conditions that were unthinkable a few years ago and , in many aspects,
the technique is far from being fully exploited.
Since a full account of the applications that LIF has had to the
different aspects of Physics research is out of the scope of this lecture
and excellent books (1,2 )
and reviews (3-8) on the subject are
available, the topics that will be discussed in the present lecture are :
a) Principies of the LIF technique, b) Experimental set-up and
calibration, c) Review of the application of LIF as a fusión plasma
diagnostic and d)Instrumentation and plans for LIF experiments at the
Ciemat Fusión División.

2)

Principies

The LIF technique is based on the resonant excitation of free
atoms (or molecules ) in a láser radiation field and observation of the
spontaneous fluorescent emission. Although the full description of the
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interaction between the radiation field and the atom can be obtained
only by a quantum electrodynamic analysis, the main features can
be obtained by a simple rate equation treatment using the Einstein
coefficients for absorption and stimulated emission ( B ^ ) and
spontaneous emission ( A^ ). In what follows, the radiation field is
assumed to be a continuum, homogeneous in space and unpolarized, of
energy density per frequency unit u(v) . Also, the láser is supposed
constant in time ( CW ) , turned on at a given time, t=0. Respect to the
atom, it can be described according to the number of levéis involved
in the interaction and pumping scheme used in the experiment, as
displayed in Figure 1.
2a) Two

level

systern

In the simplest case (fig. la) only the population of two levéis is
changed by the interaction. The atom is supposed isolated, i.e.
collisions , external fields, etc.. are neglected in this first approach.
(a)

n

2

(b)

(c)

(d)

(§2)
i!

A2 1

B2 1

(gl)

V

Figure 1. Pumping se fiemes described in the text: a) two level system,
b) tfiree level system, c) stepwise excitation and d) multiphoton excitation.

Under these assumptions . the rate equation for level 2 can be
written as
dn, = u(v)[B n. -B n ]-fl n
12
2! 2
21 2

~dT

(1)

Since only levéis 1 and 2 are affected, the boundary condition nO = n
must be fulfilled, where, at t=0
nO = n¡ and n2=0. By using
relationship between the Einstein coefficients;
g,B,2 =g 2 B 2 , =ñ2;Tr:c3 //¡v3

(2)
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the

the time evolution of the n2 population after turning-on of the láser is
given by

n^j^-^l-expHs + l^t]}
where S is the saturation parameter for continuum radiation

(4)

fi

21

Usually, it is more convenient to define S in terms of the energy
flux per unit área and unit wavelength, §(\), by
and

^ X j ) =9 '
g 1 + g ¡ X'

As shown in equation 2, the population of the excited level has an
asymptotic valué at t » l/A2i(S+l) given by
g,n°
2 =

_

.

_

(6)

If the radiation is suddenly turned-off, the population of that level
decays with a characteristic time constant of 1/A2iThe fluorescence intensity per unit time to the detector is
proportional to the population of the laser-excited level, n2
i
i

fl U —— f

= n
LiF

___ i i

n

. 1 1 ^ , , \j,

* -'

,i

(7)

4K

where V is the observation volume, defined by the intersection of the
láser beam and the detector line of sight, AQ is the solid angle subtended
by the detector and f is a factor depending on polarization and detection
geometry. According to eq. 6 a different relation between n2 and n^ ,
according to the numerical valué of S, is expected. For S « 1, i.e. low láser
powers, the population of level 2 increases proportionally to S . This is
called the linear absorption regime. Conversely, for high valúes of the
saturation parameter. in the saturated regime,
the populations of the
initial and excited levéis are related by their statistical weights and the
emission intensity. r^A^i , becomes independent of the láser power. This
fact offers to the experimentalist the advantage that continuous
monitoring of the láser power, fluctuating from shot to shot, is not
required for the calibration of the LIF signal.
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According to equation 5, the spectral power density required to
satúrate a given transition quickly increases as the corresponding
wavelength decreases. As an example , the valúes of <KA.o) > i n kWcnr 2 A"
1
for some common species in fusión plasmas are: 0.038 ( Ha, 656.3 nm )
, 0.601 ( Cr, 429.0nm) and 113 ( La, 121.6nm).
2b)

Three

level

system

As displayed in figure Ib, the level pumped by the láser has now
two decay channels, either to the initial level or to a third level not
coupled through the láser radiation. Transition from this level to the
initial one is forbidden by dipole radiation and it has typically a lifetime
of several milliseconds ( metastable level ). Under this conditions,
equation 1 has an extra term for the decay of level 2 in the form :
—2- = u(v)[B12n, -B 2 I n 2 ] --(fl 2 , +fl 23 )n 2
dt

8)

and
dn

3

dt

_

Q

„
J

~ -

9)

With the same boundary conditions than before, the time evolution of
level 2 is given by
n,

={-M!_M{i_exp[-bt/xljexp(-at/2T)
10)

where the parameters a and b are functions of the statistical weights, the
saturation parameter, the lifetime of the excited state, t , and the
branching ratio a to the initial state. Also, the saturation parameter has
to be corrected by the branching ratio, its valué being a times the one
given by eq. 5.
Equation 10 indicates that the population of level 2 evolves from
the initial valué, assumed 0 , to a máximum and then decays to 0 again ,
the final situation corresponding to the complete pumping of atoms from
the initial level to the metastable. In general, the fraction of atoms
following this pumping cycle, called the degree of pump-over,ri,
determines the total number of detected photons and it will depend on
the láser pulse duration and the saturation parameter. Figure 2 shows
the evolution of T] with S at two different pumping times for Fe atoms
under typical excitation-detection conditions.
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1X3

Figure 2. Degree of pump-over for Fe atoms ( three level system ) as a
function of saturation parameter for two valúes of the láser pulse duration
(from ref. 24 ).

Usually, the observation wavelength is that of the 2-3 transition, thus
eliminating stray light problems . Therefore, the relevant information for
density measurement is obtained by time integration of the fluorescence
signal at the frequency of the 2-3 transition, in the form
IFdt

= nOoR23/(R23+H2, )n-U.^^.f

11)

its valué being independent of the measuring time.

Until this point, the effect of polarization and the mode structure of
the láser radiation on the detected signal has been omitted. Although a
full account of these effects can be found elsewhere (8,9), it should be
noted that , in the usual case of polarized radiation, only a fraction of the
degenerated sublevéis takes place in the pumping process and the
expressions here reported must be accordingly modified. Also, the
geometry of the detection vs. polarization direction affects the absolute
detected signal . The saturation parameter for multimode pulsed láser
excitation is generally lower than the given in the expressions above, its
particular valué depending on the ratio between the spectral separation
of these modes and the natural width of the transition.
2c)

Multiphoton

absorption

When the resonant transition to be pumped lays in the VUV range,
excitation via two oí more photons allows the use of visible or UV lasers
for the LIF experiment. The multiphoton absorption can take place either
through a "virtual level " ( Fig. le ) or a real one ( eigenstate , fig. Id). In
the last case the term step-wise excitation is often used. Although the
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selection rules and polarization conditions are the same in both cases, it
should be kept in mind that tuning the láser near a resonant state
largely increases the pumping efficiency, and care must be taken to
avoid multiphoton ionization.
Compared to one photon excitation, two interesting features can be
found in these schemes. First, pumping of states typically forbidden by
the electric dipole selection rules take place and , secondly, Doppler free
excitation can be obtained if the two beams are counterpropagating (10).
Although these techniques alleviate the láser wavelength requirements,
they pose a higher limit in the required spectral powers and, besides,
since excitation cross sections are less documented, absolute calibration
is more problematic as compared to the schemes discussed above.

2d)

Collisions

So far, the interaction between the láser radiation and the atom in
the absence of external perturbations has been considered . More
realistic modelling should however take into account the presence of
other species not interacting directly with the láser radiation but
colliding with the excited ones. In terms of the parameters used for the
description of the láser pumping process, collisions affect
the
populations of the levéis involved either by exciting them or by
quenching. In the last case, the decay rate for the láser pumped level is
enhanced by the quenching term, at a rate Q¡;.nq, where Qy stands for
the collisional rate constant for the i-j transition and
n q is the
concentration of the quencher. This extra term leads to a nq dependent
higher saturation energy flux and a broadening of the absorption profile .
As an example, figure 3 shows the effect of electrón collisions on the
saturation power for the Ha transition.
At láser powers high enough the fluorescence signal is again
independent of the láser power and the quenching rate, and proportional
to the density of the initial state. The effect of electrón collisions in LIF
plasma diagnosis is discussed below.
2e)

Particle

flux

measurements

In the preceding examples the LIF signal has been directly related
to the density of the particles in the state pumped by the láser. However,
the relevant informaiion is many cases the ñux density, <t>, instead. This
information can in principie be obtained by measuring the particle
velocity distribution and using the relation O= n.<v>. Since particles
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Figure 3. lacrease of the láser intensity required to satúrate the Ha and
La transitions with electrón density at various electrón temperatures
( from ref. 15)

moving in the direction parallel to the láser beam will absorb radiation
at a wavelength X shifted respect to the wavelength of a pnrticle at rest
Xo according to the Doppler effect i.e (X -XQ)/X0= V/C, stepwise tuning
the láser wavelength allows the determination of the distribution of the
particle velocities projected along the direction of the láser propagation.
Measuring the velocity distribution,
f(v), requires however not
only a very narrow bandwidth láser , in order of < lpm, but also careful
evaluation of all the possible effects altering the shape of that
distribution. A extensive account of these effects can be found for
example in Ref.5 . Briefly, in the absence of magnetic or electric fields,
collisional , transit time and power broadening can distort the measured
distribution. In particular power broadening , arising from the fact that
stimulated emission shortens the lifetime of the pumped level with the
corresponding spectral broadening by the effect of the uncertainty
principie, will always be present so that saturation of the transition must
be avoided for good velocity resolution.
Although in the preceding analysis of the three level system , the
transit time of the atoms through the interaction volume has been
assumed to be longer than the pumping time, for the opposite situation
the total LIF signal can be directly proportional to the flux of particles
through the observation volume, instead of to the density in that volume,
as noted in Ref.5. The particular situation depends also on the saturation
parameter .
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3.

Instrumentation

and

Calibration

As discussed in the previous chapter, the láser sources for LIF
experiments
have to meet a given number of requirements respect to
wavelength, spectral width, pulse duration and power, depending on the
measuring conditions. A wide range of wavelengths can be presently
covered by the existing láser sources and frequency conversión
techniques, as described in Ref. 3 and depicted in figure 4 . Briefly,
either flashlamp , Nd-Yag or excimer láser pumped dye lasers are
tunable over all the visible and near UV range. Frequency doubling in
non-linear optical crystals (SHG) , such as KDP, ADA and BBO, are used to
extend the tunability range into the UV. The power of the láser pulses
obtained by these techniques are high enough to satúrate the relevant
transitions. Also, excimer lasers can directly cover a given portion of the
UV range by changing the gas mixture and adding tuning elements to the
end of the optical cavity. In combination with Raman cells, they can also
provide closely spaced lines of VUV radiation. THG in gas mixtures has
been succes-sfully used in VUV excitation of atoms, although the pulse
energies so obtained were not high enough for saturation conditions.
Repetition rates, of crucial importance for signal averaging and
velocity distribution measurements, strongly depend on the type of
láser. Low rates are characteristic for flashlamp-pumped dye lasers
while frequeacies up to a few hundred hertzs are available by excimer
láser pumping. Of special relevance for velocity distribution
measurements is the technique developed by the Kyushu group (11 ). By
inserting an extra piezo-electrically driven etalon in the cavity of a flash
lamp pumped dye láser , tuning across the whole Doppler profile in a
single láser shot of 3 u.s has been obtained, allowing the measurement of
the transit behaviour of the velocity distribution in sputtering
experiments, among others ( see below ).
Depending on the demand of the experiment, the detection of the
fluorescence is made through dispersing or not-dispersing optics ,
however, since the spectral resolution attainable by the láser sources is
very high (< lpm), a simple system of
interference filter and
photomultiplier is typically used for most cases, at least in atomic
spectroscopy. Image intensifiers and phocodiode arrays have also been
used for spatially resolved experiments. More care is usually paid on the
detection geometry since, as mentioned before, the emission of the
fluorescence light when polarized radiation is used for the excitation is in
general anisotropic, the degree of anisotropy depending on the relative
detection-polarization geometry. The spatial resolution is also critically
affected by the relative laser-detection angle, the best results
corresponding to the mutually perpendicular geometry.
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Figure 4. Schematic of the possible
schemes for the generation
of tunable radiation from the visible to the VUV ( from ref. 3)

For absolute measurements, the whole system must be calibrated.
This can be done either by elements, starting from the láser power and
cross section, solid angle, transmission of the optical components and
detector sensitivity, or by using some kind of absolute reference, as it is
the case for Rayleigh scattering in gases such as nitrogen or argón , for
which the cross section is accurately known. The emission intensity (
photons/s) for each process is
lB$ = ollNU$R.T(*)f(e)
for the Rayleigh scattering signal and

12 a)

12b)
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for the LIF signal under saturation conditions. In these expressions, a is
the cross section for the Rayleigh scattering at the excitation wavelength
X, I I is the photon flux of the láser , N is the density of molecules at the
pressure of the calibration experiment and the factor T includes all the
transmission, geometrical and
sensitivity factors . Different scattering
volumes are in principie assumed since the saturation profile
characteristics of the LIF signal will ultimately determine the ratio
between the them. Also, the degree of anisotropy of the emitted light , f
and g, are assumed different for both processes. For the two level system
the transmission factors cancel out in the ratio between the two signáis ,
thus allowing the direct evaluation of nJ , related to the total density as
displayed in eq. 6.
For the three level system situation, correction in the T factor due
to the different observation wavelength must be made and the density
of the excited level is related to the density of particles to be measured
through the expressions given above for that case. In this situation, it is
often more convenient to use the LIF signal from a well-known source of
particles as a reference. For this purpose, effusive beams ( from Knudsen
ovens ) are very reliable ( 12).
Finally, besides the standard methods, some specific techniques for
wavelength calibration are commonly use for LIF experiments, as it is
the case for the optogalvanic effect in hollow cathode discharges ( OGE ).
Since the cathode of these lamps can be made of the same compound as
the one to be investigated by LIF, this method provides a good reference
for the wavelength of the pumped transition (13), providing that the
absorption lines of the gas in the discharge are well discriminated
respect to the one of interest.

4) Applications

to Fusión

Plasma

Diagnosis.

The first proposal on the application of LIF to the diagnosis of ( cold
) plasmas was made by Measures in the late 60's (14 ) . Since then , it
has been widely demonstrated that LIF represents indeed a powerful
technique for both . technical and fusión plasma diagnosis ( 3) . Even
when fusión plasmas represent a very hostile médium for LIF-based
diagnostics, due to access constrains, electric and magnetic interference
and noise, fluctuating background , e t c . , there is presently a large body
of successful experiments that have provided unique information on
some relevant plasma parameters and a strong effort is presently being
devoted to enlarge the field of application of the technique. Some of the
clear advantages that LIF has over other diagnostics for fusión plasma
characterization are :
- Selectivity, due to the high spectral resolution of lasers
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- High sensitivity, specially if stray light is suppressed by the
three
level pumping scheme.
- Good spatial and time resolution
- Data interpretation independent on plasma parameters
- Ability to detect long lived electronic states ( metastables).
Among the drawbacks of the technique, it should be mentioned
that the good access required for optimum spatial resolution is not
always available , especially in large machines, and that extrapolating
the data obtained to the whole plasma requires
complementary
information from other diagnostics, since only local measurements of one
particular electronic state of the atom or ion investigated are made in
the experiment.
In what follows, we shall consider some of the applications that the
technique has had in fusión plasma studies.
a) Neutral

plasma

partióles

The detection of neutrals with spatial resolution in hydrogenic
plasmas has traditionally represented one of the main goals for LIF
diagnostics. Although the measurement of the concentration of ground
state atoms represent the aim of all the LIF experiments in this line, the
problems associated with producing láser radiation at the required
wavelengths, in the VUV, powerful enough to overeóme the strong
background emission present in the plasma have traditionally precluded
the direct observation of ground state H or D atoms. Instead, pumping of
the n=2 state, followed by emission at the Balmer alpha wavelength, in
the visible, has been preferred. Since the pumping is made in a two level
system scheme, not only the strong, continuous,
plasma emission
competes with the detected LIF but also the , pulsed, stray light seriously
limit the minimum concentration of atoms that can be detected. An
excellent overview of the problems associated with H atom detection
through LIF in hot plasmas can be found in Ref. 15.
The first successful experiment of LIF detection of n=2 H atoms was
performed in the FT-1 tokamak (16,17 ). In order to improve the S/N
ratio, a long (10u.s ) flashlamp-pumped láser pulse was used, the
integrated LIF signal being used in this case for reference of the n=2
population. Besides, a set of two identical detectors, looking at adjacent
regions of the plasma was used, the corresponding signáis being
subtracted for (fluctuating ) background minimisation. In this way,
concentrations of n=2
H atoms of the order of 106 cm'3 could be
detected.
The population of the ground state can be inferred from the Ha LIF
measurements by the application of a radiative-collisional ( C-R) model,
so that the knowledge of the relevant collisional rate constants and the
local plasma parameters is required. In this respect, a series of
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experiments carried out in the Imperial College (18) have called into
question the validity of the C-R models presently used.
After the pioneering work in FT-1 , LIF at the Ha transition has
been widely used in many fusión machines, not only as a neutral particle
density diagnostic but also for velocity distribution measurements (19).
By application of neutral transport codes, such as DEGAS, information
about recycling , interaction área and neutral transport mechanisms has
been deduced (19,20) .
As mentioned above, direct detection of the ground state
population
is always preferred to that of the excited levéis . Very
recently, frequency tripling techniques in phase matched Kr-Ar mixtures
have been successfully used to produce láser radiation at the Lyman
alpha wavelength powerful enough for LIF detection of H atoms at the
edge of the Textor Tokamak (21). With a 0.6 uJ, 4 ns pulse and a spatial
resolution of 10 cm ( colinear optics ), a S/N ratio of 40 was obtained, the
peak concentration of H atoms detected being 4x10^ cm-3. The velocity
distribution of the atoms was also measured, corresponding to typical
Frank-Condon energies. Work is presently in progress to improve the
spatial resolution by collecting the signal perpendicular to the láser.
Instead of tripling the láser frequency, the absorption of several
UV photons can be used for pumping transitions in the VUV región. This
approach offers the advantage of conventional optics and stray light
suppression, although the absolute calibration is less straightforward. A
two photon scheme has been recently used in the Heliotron -E device to
pump the Lyman beta transition (3), the fluorescence at the Ha
transition being followed. A tunable ArF excimer láser was used in
combination with a Raman cell to genérate láser radiation at 205.1 nm,
twice the L(3 wavelength. In this way, pulses of lOmJ and 8ns, with a
spectral width of 30pm were generated. The Ha light was collected in a
coaxial configuration respect to the láser beam and the spatial resolution
was found to be 2cm. Absolute calibration of the system was made by
measuring the ionization yield of H atoms through absorption of a third
photon from the n=2 level. Preliminary experiments at 30 mm inside the
separatrix of Heliotron-E during ECH plasmas yielded a atomic hydrogen
density of 1 to 3 xlO10 cnv 3 .
b)

Edge

impurities

LIF of metallic impurities, either as neutrals or in the first
ionization state, has traditionally represented the most successful
application of the technique for plasma-wall interaction studies. As
opposed to neutral plasma particles detection,
pumping of metallic
impurities from the ground state is made in the UV or even visible
región ( see Table I ) so that saturation of the transitions is easily
achieved and therefore, no information of the plasma parameters is
needed for data interpretation. The use of three levéis in the pumping-

- 201 -

detection scheme eliminates stray light problems and good sensitivity
can been obtained. As an additional advantage, it should be mentioned
that a large body of information on typical phenomena related with
plasma-wall interaction, such as sputtering, has been gathered through
laboratory LIF experiments (5 ,6) , thus strongly supporting the
interpretation of the results from hot plasmas.
Impur ity

Wavelength

Fel
Fell
CrI
Nil
Til
Till
All
WI
WII
Oí
CI
BI

302.0, 385.9
259.9
425.4
301.9
293.3,398.1
307.2
308.2, 394.4
268.1
276.4
130.5
145.4,165.8
166.7

(nm)

Table I. Typical pumping wavelengths for some metallic
impurities characteristic of the edge of fusión plasmas

and

light

In the pioneering work at the ISX-B tokamak (22,23 ), the density
of Fe atoms , Fell ions and Ti atoms was measured during the plasma
shot . Also, the velocity distribution of Fe atoms could be determined,
and the mechanism of impurity reléase at the different stages of the
discharge could be established. After that work, LIF has been
thoughtfully used for impurity detection in plasma edges, SOL and
divertors (24). Of particular success has been the use of movable,
secondary limiters as the localized source of impurities, thus allowing the
whole LIF system alignment to remain constant during the experiment
(25).
One particular application of that concept has been the LIF
measurements of Be reléase and transpon in the Unitor tokamak (26),
where ground state and metastable Be atoms and ground state Bell ions
were detected. The results from the spatial distribution of neutrals and
ions were fed into a transport code allowing the evaluation of the
screening efficiency for this species. One of the the findings of this work
was the very high pumping
yield of metastable levéis by electrón
collisions in the plasma. The measurement of the population of such
metastables by LIF allowed the determination of the absolute density of
sputtered or evaporated Be atoms and its time evolution.
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Finally, it should be noted
impurities such as C, B and O,
fusión devices, has not yet been
has been possible in laboratory
those used for n=l H atoms, and
( 27).
c)

Electron

density

and

that although the LIF detection of light
typical for the first wall of the present
reponed in hot plasmas, their detection
experiments by the same techniques as
work in this line is presently in progress

temperature.

Several concepts have
been proposed in the literature for the
measurement of the electrón density in the plasma core by LIF, all of
them based in the effect of electrón collisions on the population of the
excited states of H atoms (15 ). Although these ideas have worked fairly
well in cold plasmas, the practical realization in fusión plasmas still
remains an open question.
A completely different picture applies
for the edge plasma
characterization with the help of LIF. The spatial profile of neutral
impurities can be directly related to their attenuation, mostly by electrón
collisions, in the plasma so that the independent determination of one of
the parameters allows the remainder to be evaluated (25).
When an impurity is injected in the form of collimated atomic
beam , the geometrical problems inherent to the measurements of
intrinsic impurities, produced over extended regions, are eliminated. This
is the case for the Li beam diagnostic (28 ) by which the local valué of
the electrón density can be accurately measured without any previous
knowledge of the electrón temperature, the attenuation rate constant for
this species being independent of this parameter over a wide range of
valúes. Since the fluorescence of Li atoms , produced by electrón impact,
can be simultaneously recorded, the LIF measurement of the density of
these atoms
in the plasma edge allows the electrón density to be
determined by simply recording the relative increase of the fluorescence
signal during the láser pulse.
The ratio of some line emission intensities has been used for edge
electrón temperature characterization, as it is the case for the He beam
diagnostic (29 ). Again, the fluorescence from these lines could be
enhanced through LIF in order to reduce the
amount of injected
impurity required for a good S/N ratio.
d) Magnetic

fields.

The measurement of the Zeeman splitting of intrinsic impurities in
a plasma has been used for the determination of the local magnetic
field valué, as described in these Proceedings. If the impurity is injected
as an KeV beam, good spatial resolution can be achieved through the
range of penetration of the beam. As an example, the determination of
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the q profile in the TEXT tokamak was made by using a narrowband ,
lineary polarized CW dye láser to pump the unshifted, K component of
injected Li atoms in a 95 KeV atomic beam. (30 ). The plañe of
polarization of the láser was rotated at 50 KHz and
the tilt angle
between the total and toroidal magnetic fields was measured by
following the phase shift of the LIF signal respect to the láser
modulation. The main complications of the diagnostic arise from the
limited penetration of the beam, the spread in velocity distribution of
the atoms and the phase shift due to the finite , radially depending
lifetime of excited atoms.
A different approach, also based on the Zeeman splitting, has been
used by the Kyushu group (31 ) in the NBT-1M device.. In this case, the ,
symmetncally shifted a components of a Na beam were pumped by a
dye láser with polarization perpendicular to the magnetic field . The
wavelength of The RAFS láser can be scanned through the spectral range
of interest in a few microseconds so that the Zeeman splitting ,
proportional to the local magnetic field valué, could be recorded in a
single plasma shot with high time resolution.
e) Electric

field

The splitting of the Rydberg states in the presence of an electric
field has boen used in glow discharge plasmas to characterize the dark
región near the cathode. This splitting has been measured by the láser
optogalvanic effect ( LOG ) with high resolution (32 ). An alternative
technique is LIF , where the degree of the Stark mixing of levéis in an
electric field is observed by measuring the intensity of a forbidden line
after pumping of allowed ones . So far, the LIF technique has successfully
used in cold plasmas (33) but recently, this concept has been proposed
for the edge of fusión plasmas (34). The technique involves the
simultaneous use of a He beam and the collisional population of the
forbidden level in the plasma, which fluorescence is recorded, provides a
reference for absolute calibration.
f)

Transport

Some aspects of plasma transport can be investigated through the
measurement by LIF of the velocity distribution of ionic species in the
edge of fusión plasmas. An example of this application is the
determination of the pre-sheath velocity in the proximity of the target in
an Ar plasma (35 ). The velocity distribution of the Arll ions was
measured at several distances from the target by step tuning a
narrowband láser , in a three level scheme, and the results were
compared with different transport models.
A direct insight of the diffusion mechanism in linear plasmas has
been possible through
the "optical tagging" technique( 36).In these
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experiments, Ball ions are pumped by a pulsed láser into a metastable
level and a second , CW, láser monitors the arrival of the tagged ions at
some distance from the first láser. In this way, not only the velocity
distribution of the ions can be deduced from their time of flight, but also
their spreading in the plasma can be followed. Although this concept has
rendered very valuable information about plasma rotation and transport
in Q-machines , its possible application to hot plasmas is marred by the
effect that collisions would have in the propagation of the tagged ions.
5) LIF at the CIEMAT fusión devices.
The experimental set-up available for LIF experiments at the
EURATOM/CIEMAT Association has been previously described (37 ).
Briefly, an excimer láser ( LPX 205i), delivering a máximum pulse
energy of 400 mJ with a máximum repetition frequency of 50 Hz, is
used to pump a dye láser ( FL3002E ). The tuning range, in first
harmonic operation,
is 332-860 nm and the bandwidth can be
reduced from 0.2 to 0.04 cnr 1 by an intracavity etalon, allowing subDoppler excitation with a velocity resolution of ** 0.5 Km/s @ 430 nm .
The range of tunability can be extended down to 220 nm by SHG in
KDP and BBO crystals. Depending on method used for the generation of
the tunable radiation, the output pulse energy ranges from 50 to 0.1
mJ , high enough for saturating the atomic transitions of interest with
the unfocussed beam.
A flashlamp-pumped dye láser has been designed for the
detection of species in the presence of a high radiation background ,
as it is the case for the Ha transition, and it is presently under
construction at the Optics Department of the University Complutense
of Madrid. The output pulse energy at the Ha wavelength is U, with a
pulse duration of ^liisec and a spectral bandwidth of =* 2nm.
Fast recording of the LIF signal is made through a 1 Gs/s digital
oscilloscope ( Tectronix DSA 601 ) with averaging
and storing
capabilities.
Preliminary experiments include testing of the
system
in a
glow discharge of Ne, the sputtered Cr atoms being detected by LIF at
429 nm at the center of the discharge (38). The signal was absolutely
calibrated by Rayleigh scattering in N2. A linear dependence of the
LIF signal vs the plasma current was found, the absolute
concentration of Cr atoms, in the range of 10^ cm-3,
being in good
agreement with the expected valúes according to the tabulated
sputtering yield and the assumption of full thermalisation with the Ne
atoms . Figure 5 shows the results of the calibration experiment.
The LIF technique here described will be applied to the study of
impurity generation and transport and particle transport in the TJ-I
Upgraded and TJ-II stellarators. Since wall coating with low Z
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materials ( C, B ) is foreseen for these devices, a SS reference limiter
will be used. In both devices it is possible to inject atomic beams
intersecting
the láser beam, so that the plasma parameters at the
edge can be determined in addition. The evolution of these
parameters and that of the interaction of the plasma with the wall
and limiters will be studied for the different magnetic configurations
, in combination with emission spectroscopy.
Finally, among the novel concepts that will be tested in these
devices, the Post-Ionization Láser Induced Fluorescence (PILIF)
technique (39) should be mentioned. Basically, complete two-photon
resonant ionization of Cr atoms is achieved by combining the long
pulse of the flashlamp dye láser with the excimer láser and the time
evolution of the LIF signal is recorded as the hole in the neutral
density , created by the REMPI process, is filled
by the incoming
atoms, allowing the instantaneous determination of the velocity
distribution of the ejected atoms. The propagation of the laser-created
ions in the plasma will be followed by optical methods , rendering
direct information about the transport of these ions in the plasma
edge. Testing of these concepts in a glow discharge is presently in
progress.
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Figure 6. Some results of the LIF detection ( A= 429 ntn ) of Cr atoms in a
Ne DC glow discharge plasma : a) Schematic of the experimental set-up, b)
Shapes of the láser and LIF pulses showing the radiative decay time of ~ 26
nsecs for Cr. c) Saturation characteristics of the LIF signal, d) Rayleigh
scattering calibration
and e) Increase of the density of sputtered atom with
plasma current ( from ref. 38)
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Edge Turbulence Diagnostics
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1. Introduction
Transport processes in tokamaks and stellarators are not well described by
neoclassical theory; that is to say transport is anomalous. The most anomalous transport
coefficients are the electrón and ion heat and particle diffusivities (Table 1). Anomalous
transport is assumed to be caused by fluctuations in the plasma.

Electron heat diffusivity (Xe)

anomalous by factor > 102 %cnc

Particle diffusion (D)
Ion heat diffusivity (%0

anomalous by factor = 10 2 D n c
anomalous by factor (3-10) %inc

Table 1
Characterization of fluctuations and fluctuation driven particle and energy fluxes
requires experimental techniques for measuring the variations in parameters such as
density, temperature and magnetic and electric fields with good temporal and spatial
resolution. In particular, particle (F) and energy (Q) fluxes due to electrostatic
fluctuations can be estimated from the measurement of density, (ñ) temperature (Te) and
electric field fluctuations (E), using the expressions

r = <ñEe>/B
Q = 3/2 kb n <EQTe>/B + 3/2 k b T <ñEe>/B
These measurements can best be done in the plasma edge where material probes
can be used, giving a good opportunity to identify the driving forces of the turbulence.
Besides, other non-perturbing methods such as optical and atomic beam techniques have
successfully been used to study edge plasma fluctuations. In this paper the most common
techniques to characterize edge fluctuations will be discussed. Attention will be paid to
the interpretation-problems.
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2. Characteristic of the Edge Fluctuations
Broadband electrostatic and magnetic fluctuations have been observed in the edge
regions of magnetically confined plasmas. Typically, density and magnetic fluctuation
levéis are in the range ñ/n = (0.1 - 0.5) and Br/B = 10~5 with fluctuations dominated by
frequencies below 500 kHz (Aco/co =1) and poloidal wave numbers in the range < 10
crrr 1 (Ak/k ~ 1) [1,2] . Fluctuations peak near the outermost closed flux surface (r/a ~ 1)
[3,4]. Edge fluctuations show well developed turbulence features.
3. Edge Fluctuation Diagnostics
3.1 Probé diagnostics
Langmuir probes
Langmuir probes have been extensively used to study edge fluctuations. The ion
saturation current (Is) is linearly proportional to the local plasma density (n) and to the
velocity of the ions entering the probé sheath. The velocity is taken as v although the ratio Te/Ti usually is not well known.
The current density fluctuations (Ís/Is) are given by
(Is/Is)2 = (ñ/n)2 + (l/4)(fe/T e ) 2 + <ñ Te>/nTe
where <ñ T e > is the correlation term between density and temperature fluctuations.
It has to be noted that only when temperature fluctuations are negligible the probecurrent fluctuations are dominated by density fluctuations and floating potential
fluctuations are a good approximation of plasma potential fluctuations. Under such
conditions, measurements of edge particle flux induced by fluctuations (F) can be made
by studying the correlation between probe-current (density) and floating potential (plasma
potential) fluctuations.
Electron temperature fluctuations have been measured using the technique first
described by Robinson and Rusbridge [5]. With this method the fluctuations in a double
Langmuir probé current are studied as a function of the probé bias (V). The probe-current
fluctuations are fitted as a function of the bias-voltage with six parameters <ñ 2 >, <T e 2 >,
<É 2 >, <ñÉ>, <ñT> and <TÉ>. However, as pointed out by Carlson et al. [6],
fluctuations in temperature are density gradient must be included in the this method,
increasing the number of fitting parameters from 6 to 15 !!!.
An upper limit for temperature fluctuations has been estimated using the triple
probé technique in ATF [7,8]. However this method may be affected by errors due to the
phase shift between probé tips.

- 211 -

Current probé (Is/Is), temperature (Te/Te) and density (ñ/n) fluctuations can be
determined by sweeping the applied voltage (V) to a single Langmuir probé at high
frequencies. The current-voltage characteristic has been fitted by the expression
1= Is(l-exp[e(V-Vf)/kTe])
where I s ( I s = nCTe/mO1/2) is the ion saturation current and Vf is the floating potential.
Using a nonlinear least-square ñtting routine, it is possible to determine the electrón
temperature (Te), the ion saturation current (Is) and deduced the local plasma density (n ~
IsTe"1^2) in a time scale (=1 ¡is) smaller than the relevant times of the turbulence («10
(is).
Recent experiments carried out in the TJ-I tokamak have shown that the fast swept
Langmuir probé technique is a powerful and reliable method to determine the
mechanisms underlying edge turbulence [9]. Evidence of substantial temperature
fluctuations has been found in the plasma edge región (r/ashear < 1) with ñ/n = TQ/TQ. On
the other hand, the presence of temperature fluctuations can significantly affect the
interpretation of the Langmuir probé data (the approximation Ís/Is = ñ/n is called into
question) and makes it necessary to reconsider the validity of the particle fluxes computed
with the approximation Te/Te ~ 0.
Nevertheless, a detailed and systematic comparison between Langmuir probes and
other techniques is desirable in order to fully understand the interpretation of the probefluctuating parameters.
Magnetic probes
Small magnetic fluctuations (B r « B o ) very slightly modify the strength of the
magnetic field (B/B o ~ 1+B2/Bo2+...) and the magnetic field direction. However, the
flux surface topology is easily influenced by the presence of magnetic fluctuations (i.e.
formation of magnetic islands).The radial electrón heat transport is strongly affected by
stochastic magnetic fluctuations. For example, the electrón heat diffusivity can be written
in a phenomenogical fluid limit by, Xre ~ Xe nc+ <(Br/B)2>X||e> where X||e is the parallel
diffusivity and %enc is the neoclassical perpendicular diffusivity [10]. For T e = 1 keV
and n = 10 19 n r 3 the level of magnetic fluctuations required for Xre ~ 2 Xenc is about 10"
6.
Quantitative measurements of magnetic fluctuations at the edge región of the
plasma have been reported in many devices. Magnetic fluctuation levéis are in the range
10~5 B with dominant frequencies below 1 MHz.
A comparison between the radial heat flux resulting from electrostatic and
magnetic fluctuations has been done in the Caltech tokamak [11]; the heat flux induced by
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magnetic fluctuations is about 100 times smaller than the convented heat flux due to
electrostatic fluctuations. Thus, magnetic fluctuations are not significant for edge
transpon.
Magnetic fluctuations are correlated with electrostatic fluctuations at r/a < 1 [12].
3.2 Optical methods
The light emission from a given line is related to the local electrón density (ne), the
ion density and the excitation rate.
Measurements of visible-light fluctuations from the edge plasma región of the
Caltech Tokamak have been reported by Zweben [13]. High correlation was found
between Langmuir probé current fluctuations and visible fluctuations. This result
suggests that Langmuir probe-current fluctuations are dominated, under some conditions,
by edge density fluctuations.
The TFTR edge turbulence structure has been investigated with visible D a
imaging system. Strong filamentation of the neutral deuterium D a light was observed
with poloidal wavelength of about 3-5 cm and parallel wavelength of 100 cm [14].
Spatial and temporal correlation lengths, as well as the velocity of the propagating
fluctuations have been studied in ASDEX using arrays of H a diagnostic [15]
The comparison between optical methods and Langmuir probé techniques show
the advantages and disadvantages of both techniques. Whereas Langmuir probes provide
a local measurement, H a measurements have a less local character. However, Langmuir
probé measurements are limited to the far edge región of the plasma.
3.3 Atomic beam techniques
Atomic beams (i.e. low energy lithium beam) are being used for edge plasma
diagnostics on several tokamaks [16, 17, 18].
This method can be used as a non-disturbing method to measure edge electrón
density fluctuations. Temporal and spatial resolutions of about 10 fis and 0.5 cm can be
achieved with this technique [16]. However, due to atomic physics processes (beam
attenuation,collisional ionization of excited states,...) the intensity of the photon emission
is not dixectly related to the local density fluctuations .
Density fluctuations have been investigated in the TEXTOR tokamak using a
thermal lithium beam with a multichannel optical detection system. Broad-band frequency
spectra (< 1 MHz) were observed [18]. Frequency and wave-number spectra of density
fluctuations can be obtained with this technique.
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3.4 Other diagnostics for measuring fluctuations at the edge and ¡n the
core regions: reflectometry, scattering methods and heavy ion beam probé
(HIBP).
Reflectometry is emerging as an extremely useful technique to determine a local
measurement of density fluctuations.
Scattering methods (FIR or microwave scattering) provide wavenumber-resolved
information of density fluctuations. The spatial resolution depends on the wavenumber;
generally scattering diagnostics have rather peor spatial resolution at the relevant wavenumber.
Neither reflectometry or scattering techniques do measure potential fluctuations
which implies that they can not provide information about transport induced by
fluctuations.
The HIBP technique can provide a simultaneous and local measurement of density
and potential fluctuations and, as a consequence, like Langmuir probes it can be used to
estímate the particle flux induced by fluctuations. Furthermore, the HIBP is not restricted
to the plasma edge.
Finally, it is important to note that the HIBP and Langmuir probes, typically do
measure the wave-number spectra of the fluctuations using the two point correlation
technique, whereas scattering methods measure the k-spectrum directly. The two point
correlation technique can introduce significant uncertainties in the measurement of
coherence and phase angle when there is a simultaneous presence of more than one
turbulence feature.

5. Conclusions
Considerably more work on diagnostics is needed to firm up our understanding of
edge turbulence. Electrostatic turbulence can explain edge particle transport and might
also account for energy transport. However, the effect of temperature fluctuations has
been neglected and Ti ~ T e is assumed.
The comparison between local measurements of fluctuations and theoretical
models should include, not only the amplitude of the fluctuation levéis, but also phase
relations and intercorrelarion between density, temperature, magnetic field and potential
fluctuations.
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INTRODUCTION
As plasma performances improve in controlled fusión experiments, it
has been necessary to develop diagnostics allowing a non perturbative
knowledge of the different parameters. Scattering of light is a natural
observation method and is based upon different physical principies.
In a hot plasma, where the atoms are completely ionised, Thomson
scattering can be used to measure local electrón temperature and density, as well
as ion temperature or density fluctuations [1,2].
A charged particle, when accelerated, emits an electromagnetic radiation
which can propágate far from the emitting place.This emission can give
informations on the particle trajectory. For Thomson scattering, electrons are
accelerated by an external electromagnetic field. For an individual electrón, the
characteristics of the emitted radiation (frequency, phase, amplitude) depend on
its orbit. For a set of electrons, the global properties of the resulting radiation
depend on some macroscopic parameters (density, electric field,...).
For an oscillation of the electrons characterised by oo and k, it
corresponds two scattered vvaves whose frequencies oos and wave vectors k s are
given by the selecting rules:
ü ) s = 0ü¡ ± CO

k s = ki ± k

Fig.l Thomson scattering principie

- 216 -

In 1958, Bowles first used this scattering phenomenon to define the
ionosphere density profile with a high frequency wave, then avoiding reflections
from standard radar waves formerly used. Its experimental results leaded to a
theorical development which showed two parts in this scattering. A collective
scattering characteristic of the collective electrons movements and an incoherent
scattering due to the thermal movements. The incoherent or collective nature of
the scattering can be determined comparing the analysed wave number with the
smallest correlation distance, the Debye length ^
If the scattered wave has a wavelength much smaller than the plasma
Debye length (that is a parameter a = ^ y ~ «

1), it interacts with free and

independent electrons: this incoherent scattering allows a local measurement of
electrón temperature and density and is known under the generic ñame Thomson
scattenng.
If we consider the scattering created by the collective movements of the
electrons in the plasma (a>l), it is then collective or coherent scattering. The
density fluctuations can be considered as a set of waves in the plasma having
broad spectra both in frequency and wave vector [3-5]. The radiation, scattered
in a given direction by the electrons oscillating in the electromagnetic field of an
incident coherent beam, provides a detector current proportional to a specific k
component of the spatial Fourier transform of the fluctuations contained in the
plasma cylinder crossed by the beam [6]. The broadening of the scattered wave
can also give informations on the ion temperature. It can be shown that the
scattered power spectrum is identical to the electronic density fluctuations
spectrum. Changing the orientation of the detector, that is the angle between ki
and ks, the turbulence corresponding to the wave vector k is measured. From the
time dependent signal, the frequency spectrum can be determined by Fourier
transform. After this analysis, integrating the spectrum over k and co, one can
determine the total density fluctuation level.lt can also be calculated taking the
root mean square of the direct fluctuation signal.
DETECTION TECHNIQUES
To analyse the density fluctuations, a continuous incident wave has to be
used, and the power scattered recorded as a function of time. The more simple
way to record this power would be a direct (video) detection (fig. 2). In that
case, the scattered signal is mixed with different noises: black body radiation,
Bremsstrahlung, cyclotron radiation or electrical noises. In the usual case, these
contributions completely domínate the scattered power which is about 1O 1 2
times the incident power. Therefore, a coherent detection has to be used: the
homodyne detection. It improves the scattered signal level compared to the
noises. This detection is made by an interaction between the scattered signal and
an electromaenetic wave coherent with the incident sisnal.
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plasma

detector
Fig. 2 - Direct video detection

With homodyne detection, the current on the detector can be written as
i(t) = C

icf

2

2

d x (E s + E L 0 + Enoise)

If the incident wave is linearly polarised, it follows
i(t) = (3 (E s eos cost + ELO eos ooit + Ik Ek eos cok t ) 2
Filtering to keep only the low frequency components
i(t)= (3/2 [ (E s 2 +

ELO2

+ Sk Ek 2 ) + E s E L o cos(cos - co0t

With this coherent detection, we see that the oscillating part is sensitive only to
eos - coi = co, characterising the plasma fluctuations.
Homodyne detection, if it allows a correct analysis of the scattered
power, cannot give inforrnation about the direction of propagation of the
turbulent waves: the spectra are folded around zero frequency and no

MB1 (co+Acol)

.MB2(co+Aco2)
plasma
detector

\

4

modulators
Fig.3 Heterodyne detection with two siinnltaneous and independent wave
vectors
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information about the sign of the frequency can be obtained. The heterodyne
detection remedies to this inconvenient. For it, the scattered beam is mixed on
the detector with a reference beam shifted in frequency by CÚA- Therefore, the
fluctuating part of the detector current will be proportional to
Es ELO eos (cúA-tó) t
By sending together the local oscillator and the main beam through the
plasma, this heterodyne technique allows also a simultaneous analysis of
independent wave vectors on the same detector (fig. 3).

WAVELENGTH SELECTION
In a tokamak plasma, the fluctuations are typically centimetric
(k = ~y-~ ~ 6 cm"1) with a frequency range between 10 kHz and 2 MHz, with a
máximum being around 200 kHz. The scattering angle 9 depends on the incident
wavelength X\ = T~ and is eiven by sin 0 = r- .
The incident and scattered beams have the same waist W (radius of the
beam where the power is 1/e2 of the central power) and will be superimposed
2W 4W
along a length L, defining the scattering volume: L = ——--—- (fig. 4).
sin~
To get a good spatial resolution, it is better to have a large scattering
angle and therefore a large wavelength. But two main difficulties arise,
especially on large machines: refracción effects and problems due to machine
access. These effects generally impose a wavelength conducting to a length of
the scattering volume larger than the plasma diameter.
\
2W

L
Fi}>.4 - Scattcri/ií* volume
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Other considerations such as availability and power of the sources,
sensitivity of the detectors, possibility and simplicity of heterodyne detection,
shaping and carrying of the beams have to be taken into account.

SEPARATION OF THE BEAMS
In IR or FIR optics, the transmission of the beams will be well controlled
if the láser operates in a TEMQO mode: beams are gaussian and the divergence is
minimal. Along the ordinate z of the beam, the half width follows the relation

w = wc
where W o is the waist. The divergence (half angle) is then

\\f =

y

increasing with the wavelength and decreasing with the waist. To record the
fluctuation signal, the scattered and main beams have to be separated before the
detector. Therefore, the scattering angle has to be at lesat twice the divergence:
e

X
> 2 v|/ = 2 -^-

2X
==> W o >

7

min

The minimum scatterins; an^le is linked with the minimum wave number:
min —

>

i,.

So, the diameter of the beam is independent of the the wavelength and
depends only on the minimum wave number to be analysed.

SPATIAL RESOLUTION IMPROVEMENT
The width of the beams is much smaller than the plasma diameter,
giving an excellent spatial resolution in the transverse direction. On the
contrary, there is no geometric resolution along the observation direction
because the length of the scattering volume (L = ~TT~ ) is much larger than the
plasma diameter. The rotation of the wave vector direction in a plañe
perpendicular to the beam axis allows to remedy this inconvenience.
In a tokamak, the density fluctuations have a vvave vector which is
locally perpendicular to the magnetic field lines (ki » k// ~ 1 / q(a)R). These
field lines describe embedded hélices and their pitch angle \, with respect to the
magnetic axis, changes along the y ordinate (the axis Oy coincide with the beam
axis) according to £,(y) ~ Bp(y)/BT (Fig.5). Therefore, the wave vector of the
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fluctuations also make an angle c,(y) with the poloidal plañe, and this angle
changes between c,(-a) and £,(a) along a vertical plasma diameter. As an
example, for standard ohmic plasmas of TORE SUPRA where q(a) = 3.3, £,(y) is
máximum and equal at 8o ai y = 0.6 a. The angular resolution of the experiment
is given by the relation Aa = Ak/k, with Ak = 2/W0.
Taking into accouni the variation of the density ñuctuations along the
scattering volume, the spatial resolution can be defined in a quantitative way,
The detected scattered signal for a direction a is given by
.2
2

I k (a) = |

dy <ñ k (y)> exp-

Aa

For a beam along a vertical chord and rotating the observed wave vector
k in a horizontal plañe, the origin of the measured turbulence can be limited to a
volume where the turbulence has the same orientation than k, within the
apparatus resolution Aa.

magnetic Ene
(top)

scaliering
volume

magnelic fine
(bottorn)

turbulence
(bottom)

Fig. 5 - Orientation of the turbulence along the probing beam
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Owing to angular selectivity oí the apparatus, it is possible to select the
fluctuations associated with a chosen plasma zone, by varying the angle a
between the analysed wave vector and the poloidal plañe. The length of the
selected plasma volume depends on a, UA, Ak and on the experimental
conditions (a, R, q).

SIGNAL ANALYSIS
The fluctuation signal have to be recorded, keeping the full advantage of
the heterodyne detection. All fluctuation spectra, centered around their carrier,
have to be separately demodulated. After preamplification and filtering, the
signal is splitted into two parts, each one being mixed with reference signáis
which are phase shifted by TI/2 from each other. The outputs then represent the
real and imaginary parts of the turbulence:
Yl(t) = eos cot
V2(t) = eos (cot - TC/2) = sin cot
The merit of this system of demodulation is that the phase information of
the original signal is preserved and it is possible to reconstruct the complex
signal as V(t) = Vj(t) + i V2(t).
After having selected a volume of the plasma (centre or edge, inside or
outside, ...) and a wave vector, a total record of the time dependant signal during
the whole plasma discharge would require too much data: for a bandwidth of
2 MHz, the acquisition rate is at least 4 MHz, corresponding for the two
channels to 8 Msamples/second. Neveitheless, a good knowledge of the plasma
turbulence can be obtained by restricting the acquisition to different but
complementary signáis:
- high frequency acquisition, in the K4Hz range, limited to a short time
interval, to follow the instantaneous turbulence. It allows a precise analysis
(spectral shape, correlations, ...), but during a very short time compared to the
whole plasma discharge. ít can be synchronised to a specific event (pellet
injection, sawtooth crash, ...)
- rms (root mean square) detection, in the kHz range, that is the average
over time <Vj(t)2>V2. \[ allows to record the turbulence level integrated over all
frequencies at a lower sampling rate
- analysis through a spectrum analyser: its output can then be recorded
and complete frequency spectra recorded successively at a slow rate (in the Hz
ranee).
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SOME RESULTS IN TORE SUFRA
Fluctuation measurements have been recorded with a rotation of the
analysed wave vector k durinc stationary plasmas in ohmic regime on TORE
SUPRA (B T = 3 T, Ip = 1.2 MA, R = 2.38 m, a = 0.75 m, qcyi = 3.3, gaz = He).
The speed of rotation was 2°/s, covering a range of 12 to 15° during stationary
conditions. Successive orientations of k corresponded then to different positions
of the analysed volume.
On fig.6, the results of the measurements are presented for different k
valúes. They are integrated over all the frequencies, that is corresponding to a
rms signal. We first remark a central hollow, corresponding to a = 0 when k is
perpendicular to the central magnetic axis. This shows that the turbulence level
is lower at the centre of the plasma compared to the edge. When k increases, the
central hollow is more pronounced, corresponding to a better spatial resolution
(Aoc = Ak/k, with Ak = constant = 2/W).
Examples of instantaneous frequency spectra are shown on fig.7 for
k = 12 c n r 1 . In the left one, the angle is set at -5 o (bottom of the plasma),
whether it is set at +5° (top of the plasma) for the right one. The negative and
positive frequency shifts correspond to a propagation of the turbulence, in the
poloidal plañe, in the electrón diamagnetic direction. From the valué of the
frequency shift (300 kHz), the phase velocity can be estimated to be 1.5 km/s in
the laboratory frame.
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Abstract
The characterization of plasma-inhomogeneity-driven microturbulence is thought to
be necessary to the understanding of transport in present day toroidal confinement devices. Consequently, it is important to determine the spatial distribution and spectral
properties of the fluctuations throughout the plasma cross section for the various modes
of machine operation. Since these electrostatic fluctuations have often been invoked to
explain the anomalously high rates of heat and particle transport measured in tokamaks, further insight into the nature of the microturbulence is considered important to
future development of fusión reactor devices. Ideally, the measured properties of the
turbulence and plasma should be cross checked against theoretical models in order to
identify the dominant instabilities and hopefully establish a predictive capability. In this
paper, applications of far-infrared [FIR] collective scattering to investigations of plasma
turbulence on the DIII-D and TEXT tokamaks will be detailed. Diagnostic techniques,
capabilities and limitations will be examined. Experimental results for various confinement regimes, including Ohmic, L- and H-mode, will be presented and compared with
theoretical expectations.
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Introduction

A major obstacle impeding plasma confinement in tokamaks and stellarators stems
from instabilities which are manifested through bulk distortions of the plasma column
(MHD, magnetohydrodynamic instabilities) and fine-scale microturbulence. In present
day toroidal confinement devices, the experimentally determined electrón energy confinement time is roughly two orders of magnitude lower than neoclassical predictions.
Even with the elimination of the large-scale MHD instabilities, there remains sufficient
free energy in the form of plasma inhomogenieties [e.g., density and temperature gradients] to drive small-scale turbulence which may account for the observed anomalous
transport levéis. Absolute identification of the specific instabilities responsible for the
existing turbulence levéis remains elusive. Design and operation of the next generation
prototype thermonucluear fusión reactor devices, such as ITER and beyond, crucially
depend on our understanding of confinement and ability to accurately extrapólate to
larger scale and higher temperature and density machines. The primary motivation for
measurements of fluctuations in the plasma edge and core is to provide an experimental
basis for testing different instability theories and anomalous transport models in order
to identify the role played by electrostatic turbulence in the various modes of machine
operation.
Langmuir probé measurements in the extreme edge plasma of the TEXT tokamak,[l]
as well as several other devices, have established that the fluctuation-induced heat and
particle flux can indeed account for the measured plasma confinement derived from
power balance. In order to directly estimate the fluctuation-induced fluxes experimentally, local measurements of the plasma density, temperature and potential fluctuations
are required as well as their relative phase. Meaningful comparisons of the fluctuation
spatial and spectral characteristics with theoretical predictions also necessitates accurate measurement of the local plasma parameters [e.g. density and temperature] and
their gradients.
Langmuir probé techniques, which are extremely useful in the cool [Te < 50 eV) edge
región, are no longer applicable in the higher density and temperature plasma interior
since they perturb the macroscopic plasma parameters. In this type of environment,
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one can employ electromagnetic wave scattering techniques[2] which permit access to
the entire plasma cross section and are nonperturbing. However, scattering systems
are limited to measuring the spatial and spectral characteristics of the plasma density
fluctuations thereby making a direct estimate of the fluctuation-induced flux impossible.
At present, only the heavy-ion-beam-probe [HIBP] diagnostic has the possibility of
measuring ñ, 0 and their relative phase in the plasma core.[3] Such measurements are
presently being attempted on the TEXT-Upgrade tokamak.
The diagnostic technique which will be the focus of this work is coUective Thomson scattering of far-infrared [FIR] radiation To this end, multichannel heterodyne FIR
coUective Thomson scattering diagnostics have been designed and employed to examine
electrostatic density fluctuations in fusión plasmas such as DIII-D and TEXT[-Upgrade].
While limited to measurements of ñ, scattering systems are able to explore all plasma
parameter regimes and require only limited port access. In addition, such systems are
readily applicable to the next generation fusión reactor devices with only some modest
development. As will be shown, by measuring the frequency and wavenumber spectrum
of the electrostatic density fluctuations along with their spatial distribution, one can
address several important issues pertaining to the nature of turbulence in high temperature plasmas. Spectral phenomenology can be used to identify particular theoretically
predicted modes such as electrón drift waves[4] and ion-temperature-gradient-driven
instabilities.[5] In additon, it possible to relate the measured density fluctuation characteristics to transport via quasi-linear estimes for general turbulence. Here one substitutes the measured parameters into the derived relations where possible and relies
on theoretical predictions to provide the remainder.[6] This approach, while far from
absolute in its result, does permit one to gain a sense of the transport involved. By
investigating transitions between plasma confinement regimes [Le., saturated Ohmic, Lto H-mode, ELMS, etc], one can obtain further insights into the nature of the turbulence
and its relation to anómalous transport.
In the following, Section I briefly describes the coUective Thomson scattering technique while Section II provides the pertinent details of the specific diagnostic systems
employed on DIII-D and TEXT[-Upgrade]. Finally, a few examples of representative
data used to address issues of spatial resolution, plasma turbulence, theoretically pre-
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dicted instabilities and anomalous transport are reviewed in Sec. III.

I. Collective T h o m s o n Scattering

The diagnostic systems reported herein employ collective Thomson scattering of farinfrared radiation to determine the spectrum, spatial distribution and temporal evolution of electrón density fluctuations in a magnetically confined fusión plasma. This
powerful technique is well established and has been applied as a plasma diagnostic in fusión research worldwide. [7] The fundamental theory[2] is well described in the literature
and only the salient features will be briefly reviewed here.
An electrón moving in the field of an electromagnetic wave experiences an acceleration and emits electric dipole radiation. The form of the spectrum of electromagnetic
radiation scattered by a charged particle depends on its mass, charge, velocity, and
position. Similarly, the spectrum of radiation scattered by a plasma, an assembly of
charges, depends on the plasma properties. The superposition of the scattered radiation from a coilection of electrons that are distributed completely uniformly interferes
destructively and no net scattering results. However, deviations in density occur due to
random thermal fluctuations and also due to coherent collective motions in a plasma.
These departures from uniformity give rise to a scattered intensity proportional to the
density fluctuation amplitude ñ for random fluctuations. The scattered power is inversely proportional to the square of the mass of the charges: therefore, scattering from
electrón dominates.
When an electromagnetic wave (a>0, k0) impinges on a plasma, a portion is scattered
(w s ,k s ) by electrón density fluctuations ñ(r,£) with Fourier components (u>,k). Momentum and energy conservation give the wavenumber and frequency of the scattered
waves:
UJS =

ui0 ± tu and

ks = k0 ± k

,

(1)

For wavenumbers of interest, the magnitudes of the probé and scattered wave vectors
are approximately equal [k0 ~ ks], yielding
k = 2kosin(6s/2)
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,

(2)

the familiar Bragg relation, where 9S is the scattering angle.
Collective Thomson scattering is differentiated from Thomson scattering by examining the electromagnetic wave interaction with charges on a scale larger than a Debye
length [XD = (kgTe/ATvnee2)1^2), where kg, Te, and ne are Boltzmann's constant, electrón temperature and electrón density, respectively. It is useful to define a characteristic
parameter a that is essentially the ratio of the effective scattering wavelength to the
Debye length:

a = JL

.

(3)

KXD

For a << 1, scattering is from individual uncorrelated electrons and the scattered radiation has a frequency spread determined by the electrón temperature. In the a > 1 limit,
scattering is from correlated or collective motion of the electrons. In a thermal plasma,
information is obtained on the ion temperature through scattering from electrons whose
motion is correlated with the ions. Alternatively, in the case of a nonthermal plasma,
enhanced scattering may result due to the presence of density waves which are either
instrinsic [e.g., microturbulence] or externally driven [e.g., ion Bernstein waves]. It is
this scattering regime which forms the basis for our study.
The scattered power P3 is related to the incident or probé beam power Po by
Ps = Por¡neLvS(k)&nr

,

(4)

where Lv is the scattering volume interaction length [~ 2ao/sin9s], AQr is the collection
solid angle [~ A0/(7ra^)], re is the classical electrón radius, and ao,as are the radii at the
waist of the incident and scattered beams, respectively. The spectral density function
or scattering form factor 5(k) is related to the density fluctuation level by
(5)
ne

For collective scattering measurements of plasma density fluctuations, the source
wavelengths vary from the infrared and far-infrared to microwave región of the electromagentic spectrum. The optimum choice of source frequency depends upon the plasma
size and density (refractive effects), port access (large scattering angles require greater
access), beam propagation (diffraction limits; A# = A/TTOQ), spatial resolution requirements, and the. range of wave vectors to be resolved. The choice of the far-infrared,
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typically 100 - 2000 fim, results in a good compromise of the above considerations for
the TEXT and DIII-D tokamaks.
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II. Diagnostics Systems for T E X T and D I I I - D

The multichannel heterodyne FIR collective scattering system employed on the
TEXT tokamak is shown schematically in Fig.l. This scattering system, which has
previously been described in detail,[8] simultaneously collects the frequency-shifted scattered radiation at six discrete angles corresponding to 0 < k±_ < 15 cm~l [see Eq.(2)],
thereby enabling the turbulence frequency and wavenumber spectra to be monitored
throughout the duration of a single tokamak discharge. The detectors employed are
quasi-optical, biconnical Schottky diode mixers with heterodyne sensitivity ~ 10~20
W/Hz.[9] A twin-frequency láser source and heterodyne receiver system permits resolution of the wave propagation direction. The portion of the far-infrared láser beam
(P o ~ 20 mW, "Ao = 1.22 mm, Au>/2ir ~ 1 MHz for a heterodyne receiver) utilized
as the probé beam is weakly focused along a vertical chord to a waist of radius a0 =
2 cm at the e~2 point of the intensity distribution. The measured wavenumber resolution is independent of wave vector with Ak = ±1 cm'1 (~ 2/a 0 ). The local oscillator
and frequency shifted scattered beams mix in the receiver, providing an output signal
proportional to

COS(ALO ±

ui)t. If Au; is chosen such that

AUJ

»

w, the propagation

direction of the fluctuations can be resolved as the two sidebands ±u; about AUJ. This
is referred to as a heterodyne receiver system. Homodyne detection corresponds to
Au = 0. The time-series signal from each mixer is amplified and sampled at 5 MHz
for up to 105 msec using a LeCroy 6810 digitizer. This time window can be selectively
placed at any point in the discharge. Fourier transformation of the time series data is
used to produce the auto-power spectra of the fluctuations at each wave vector measured, i.e. <S(k, w) = |ñ e (k,u/)| 2 . This provides the S(k_i,Lü) oc ñ(kL,uj)2 spectra, which
in turn can be integrated over all (kL,uj) space to produce an estimate of the absolute
fluctuation magnitude. The calibration factors and techniques for the multichannel apparatus have been previously described.[8, 10] In addition, one can also compute the
wavenumber dependent mean frequency ü7(k).
The length of the scattering volume (along k0), which depends on the overlap of the
incident and scattered beams, vanes as a function of wavenumber [Lv c¿ 2ao/sin6s) and
ranges from ±8 cm (e^1 point of scattered power) at k± .= .12 cm"1 to a chord .average
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as fcx —•* 0. A plot of the overlap between the probé and scattered beams is shown in
Fig.2 for six typical wave vectors assuming a 1.22 mm source. Both the incident and
scattered beams are characterized by a Gaussian profile. Their intersection gives an
indication of the length of the scattering volume. The spatial resolution perpendicular
to k0 is the beam radius.
Scattering occurs in a plañe perpendicular to the toroidal magnetic field. For a source
beam is incident upon the plasma along a vertical chord at the tokamak major radius,
scattering is primarily from fiuctuations with a poloidal wave vector kg, Le., kr = 0, for
sample volumes positioned above or below the midplane. This represents a particular
slice through wavenumber space. The orientation of k relative to the poloidal direction
changes with position of the interaction volume, and only one combination of kr and ke
is found at each position. For a source beam positioned along a vertical chord at either
the inside or outside plasma edge, the wave vector probed is radial kr, Le., kg = 0 . For
interaction volume locations in between these two extremes, the measured kj_ consists
of both poloidal and radial components. To estímate the full spectrum in kT and kg, and
to infer an absolute valué of ñ(uj) = / ñ ( k , LO) dk requires additional assumpt : ons, e.g.,
isotropy in kx- The entire scattering apparatus is mounted rails which permit horizontal
and vertical translation of the sample volume in order to investígate any región of the
plasma cross section.
Other fluctuation measurement techniques such as Langmuir probes, HIBP or beam
emission spectroscopy [BES] have their sensitivity to wavenumber determined by the
shape and orientation of their respective sample volumes. An upper bound on the
sensitivity to wavenumber in a particular direction can be defined when the sample
volume length in that direction is half a wavelength. The measured ñ(í) and its Fourier
transform, the overall frequency spectrum ñ(uj), including phase information, are obtained directly. However, wavenumber information is obtained by two-point correlations, which means that only a mean and a width, k(u>) and crt(CJ), can be obtained at
each frequency. [11] Further details such as múltiple distinct peaks (two or more modes)
cannot be observed at a given frequency. In contrast to the vector k of scattering, k{uj)
is a scalar quantity. That is, k{uj) is the power-weighted sum of the projections of all
wave vectors onto the direction of the sample volume separation, subject to the large-k
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filtering mentioned above. The separation direction depends upon the location of the
sample volumes. Thus, as with FIR scattering, information about the degree of isotropy
in kr — kg can only be inferred by comparing signáis from different positions.[12]
In contrast to the flexibility of the collective scattering diagnostic on TEXT, the
DIII-D tokamak has severe access limitations which imposes several constraints on a
multichannel scattering system. A schematic of the system, which views the plasma
with a horizontal probé beam at the midplane, is shown in Fig.3. The radiation source
currently utilized is a high power [300 mW] carcinotron [backward wave oscillator] at 1
mm [290 GHz]. Heterodyne detection is achieved using a tracking receiver together with
a frequency doubled klystron as the local oscillator. [13] In the equatorial midplane of the
tokamak, the probé beam is directed radially into the vessel and reflects from a special
carbón tile mou-nted to the center-post of DIII-D. Carbón has a measured reflectivity
exceeding 90% at the wavelength of interest. Scattered light from the returning probé
beam [i.e. after reflection of the inside wall] is reflected out of the machine by a large
metallic mirror and passes through two 25 cm diameter fused quartz windows. The
optical components, Schottky diode mixer and low noise amplifiers, are all mounted
on an optical table adjacent to the DIII-D port windows. The local oscillator and
probé beams are transported to the machine along overmoded dielectric waveguides
which are located outside of the machine shield wall. Three channels can be operated
simultaneously which sample 1 < k± < 17 cm~l.
On the TEXT-Upgrade device, in addition to the vertically viewing system which
existed on TEXT, a new horizontal view is under construction which will permit access
to the plasma via a midplane port similar to the situation on DIII-D. A schematic for
this system is shown in Fig.4. Plans cali for use of both a twin-frequency FIR láser
as well as a carcintotron tracking receiver. The system will be operated to provide
2-dimensional density[15] and density fluctuation information. In addition, one view
can be operated as an interferometer while the second view is utilized for scattering.
A higher power, folded COi láser is under development (280 W) to allow for increased
interferometer and scattering channels, and also to provide for even greater flexibility
in the FIR wavelength selection. By adding a second, horizontally-viewing scattering
apparatus at the same toroidal location, the diagnostic. capability of the system on
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TEXT-U will be greatly enhanced. Two views will permit implementation of crossbeam correlation techniques,[14] which can greatly increase the spatial resolution of the
scattering system. Since in this case the two views are orthogonal, the spatial resolution
could be improved from a chord-average to a few centimeters which is simply the width
of the beam. The horizontally viewing scattering system would permit the plasma edge
on the high-field side of the torus to be investigated, as is not the case with the vertical
view as as consequence of limited port size. This experimental capability would allow
examination of the full spatial extent of the turbulence. For divertor operation of the
TEXT-U device, one could measure the fluctuation characteristics at the nuil points
and compare with those from regions where the flux lines are closed. With a single view
system, measurements of poloidal and radial components of the density fluctuation
spectra are presently limited to mutually exclusive regions of the plasma cross section.
With a two-dimensional system, fluctuations with poloidal and radial wave vectors can
be measured simultaneously in same spatial location therby permitting the fundamental
issue of microturbulence isotropy to be addressed.

III. Experimental Applications and Results

In the following, application of FIR collective scattering to physics investigations
of toroidally confined plasmas will be described. The examples provided will be from
experiments performed on the TEXT and DIII-D tokamaks. although numerous investigations have also been performed on other devices.
III.A. Frequency Spectra
Typical microturbulence frequency spectra for a low-density (ñe = 1.8 x 1013 cm~3)
Ohmic TEXT discharge are shown in Fig. 5(a), for 2 < ke < 12 crn"1. The scattering
volume at each wave vector is centered above the midplane along a vertical chord at
the major radius R = 1 m. Spectral components with negative (positive) frequency
correspond to fluctuations propagating in the electrón (ion) diamagnetic drift direction
as measured in the laboratory frame of reference. At each wave vector examined, there
is a distinct, large amplitude, broadband (ACJ/ÜJ > 1) peak in the electrón drift direction
as compared to the low-level contribution from the ion direction which appears to peak
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at approximately zero frequency.[16] The peak in the power spectra moves to more
negative frequencies as kg increases indicating a dispersión for the fluctuations. At
kg = 12 cm~l, the microturbulence spectra peak at a frequency cióse to the IF producing
a 'homodyne' spectral fold-over effect at

LÜ/2TT

~ — 1 MHz. It is important to note that

plasma rotation effects induced by a negative plasma potential serve to shift the spectra
to more negative frequencies. At this plasma density the global energy confinement
time rE has not saturated.[17]
In sharp contrast, a factor of four increase in the plasma density to (ñe = 7.5 x
1013 cm~3) results in density fluctuation spectra of a remarkably different nature as
shown in Fig. 5(b). In addition to the large amplitude, broadband peak observed for
negative frequencies, a new sepárate peak now appears at positive frequencies corresponding to the-ion diamagnetic drift direction. The magnitude of the ion feature is of
same order as the electrón feature. It is broadband

(ACJ/UJ

> 1), and the power spec-

tra moves to more positive frequencies as kg increases. Correction for plasma rotation
effects would make the ion feature appear at larger positive frequencies. Under these
conditions, TE exhibits high-density saturation.[17] The microturbulence ion feature
is one of the signatures of the theoreticaily predicted ion-temperature-gradient-driven
instability[5, 18] which is triggered when 7?¿ (ratio of ion density to ion temperature scale
lengths) increases beyond a threshold valué (~ 2).
By injecting pellets into the plasma, it is possible to obtain high-density discharges
with sharply peaked ne{r) when compared to a gas-fueled equivalent. The density limit
is extended from ñ e = 6 x 1013 cm~3 to ñ e = 8 x 1013 cm~3 with supplemental pellet
fueling when Ip = 250 kA and Br = 2.8 T. Strongly increasing ne(r) on axis reduces the
density scale length Ln and can potentially drive 77, below the critical level for instability. Such a scenario has often been invoked to explain the improved energy confinement
observed for high-density pellet-fueled discharges. [19] To be consistent with fluctuation
measurements, one would then expect the ion feature to be significantly reduced for
the pellet-fueled case. Figures 6(a) and (b) show the fluctuation frequency spectra at
times before and after pellet injection. For each case, the fluctuations are observed to
propágate predominantly in the electrón diamagnetic drift direction suggesting contributions from the 7]¿ instability are small. Scattering measurements have been made in
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the range 15 to 50 ms after the pellet injection and the results are similar. In contrast,
a comparable high-density gas-fueled discharge contains appreciable levéis of the turbulence propagating in both directions. as shown in Fig. 6(c). The largest changes in the
density scale length occur away from the plasma edge indicating the ion mode, which
is not observed for the pellet-fueled discharge, would be expected in this región of the
plasma. [20] The ion feature in the density fluctuation spectra is observed to grow as
a long-time precursor [of order five times the global energy confinement time] to disruptions at the high-density Hugill limit on TEXT. These precursors, occuring well in
advance of any change in the plasma MHD activity, are reflected in the electrón particle and heat transport as well. Enhanced microturbulence is proposed as the physical
mechanism for the confinement degradation and subsequent disruption.[21]
When the scattering volume is situated inside the magnetic axis of the tokamak, the
microturbulence frequency spectra exhibit substantially different characteristics.[22, 23]
For this position, it is important to note that the wave vector probed (fcx) consists of
both poloidal and radial components. As shown in Fig. 7, the frequency spectra are
observed to have a large magnitude, narrowband (AUJ/U > 0.1 at k±_ = 5 cm~l) feature
at negative frequencies, in sharp contrast to the broadband fluctuations pictured in Fig.
5(a). When the scattering volume is translated from above to below the midplane, the
frequency spectra peak shifts from negative to positive frequencies indicating the dominant wave vector contribution is poloidal, not radial, with propagation in the electrón
diamagnetic drift direction. The ability to measure wave propagation direction is necessary to identify this important feature of the new fluctuation. At present no theory
predicts this large-amplitude narrowband turbulence, making accurate measurement of
all its spectral characteristice essential to future identification.
III.B. Dispersión Relation
The density fluctuation mean frequency ZJ (= HujSk9{u)) /T,Ske(^) where Ske(w) ce
ñlg(oj)) depends on poloidal wavenumber kg as shown in Fig. 8. Since the spectra are
characterized by a broad spread in frequency about the mean (e.g. ALU/LJ ~ 0.8 at
kg = 8 cmr1, where Au is the half-width at e"1), uJ(kg) is referred to as a statistical
dispersión.[16, 22] The measured microturbulence is propagating in the electrón diamagnetic drift direction as viewed from the laboratory frame of reference. For the
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data shown, the plasma discharge exhibited low-amplitude (MHD) activity (i.e. Mirnov
oscillations) at frequency

JMHD

— 7 kHz.

For electrón drift waves, the predicted linear mode frequency uk is

where tu*e = -(kecTe)/(eBTLn),
ne | dne/dr

ps = pi(Te/Ti)1/2,

p¿ is the ion Larmor radius and Ln =

\~l is the electrón density scale length.4 A turn-over in the dispersión

at large kg is due to finite ion inertia (ps) and temperature (p¿). The above mode
frequency assumes is valid in the limit kgp{ < 1, where rji is the ratio of the ion density
to temperature scale lengths.[4]
As shown by the dotted curve in Fig. 8, the mode frequency for an electrón drift
wave is substantially less than the measured U at all kg. However, measurements of the
plasma potential profile indicate an inward pointing radial electric field ET ~ —40 V/cm
over most of the plasma cross section.[6, 24] The radial electric field induces a n £ x ¿
poloidal guiding-center rotation of the plasma particles leading to a Doppler shift of the
mode frequency:
LO = ÍOk + U>£XB

,

(7)

k¿ ¿ .

(8)

where

Agreement between Eq.(7), plotted as the long-dashed curve of Fig. 8, and the measured
statistical dispersión is very good. The turn-over in frequency at large kg is well matched
by including finite ion temperature and inertia effects. Unambiguous identification of
the predicted electrón drift wave dispersión is made difficult by uncertainties in the large
W£ X B

correction and significant spectral broadening about ID. The observed turn-over is

not expected from E_xB_ effects. No significant changes are seen in the frequency spectra
or statistical dispersión as the scattering volume is scanned from the plasma edge to
core.[22, 25, 15] Good agreement is obtained with Langmuir probé measurements at the
plasma edge. [26]
III.C. Spatial Resolution
The spatial resolution of small-angle collective scattering systems is often ambiguous due to the extended length of the scattering volume. By examining two sample
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volumes at the same wave vector (or scattering angle) that lie along the incident beam,
and by varying the separation between these two volumes, one can examine their crosscorrelation through use of simple digital signal processing techniques. As the separation
between the two volumes is increased, the signáis are observed to decorrelate. Application of this technique on the DIII-D and TEXT tokamaks shows that when the volumes
are located at the plasma edge and core, the two signáis are decorrelated indicating that
fluctuations in the plasma core can be resolved.
The experimental arrangement is as shown schematically in Fig. 9. The cross section
of the scattering volume for kg = 9 cmry is depicted for two positions spaced along
a vertical chord at the plasma major radius. The vertical separation between these
two sample volumes can be adjusted by moving the translatable mirror horizontally.
Scattered radiation is directed by the mirror or beam splitter into the mixers where it
is focussed onto the sensing element. The signáis from these two mixers are digitized at
a 5 MHz sampling rate and stored. The cross-power spectrum (i.e., cross-correlation)
and coherency (i.e., normalized cross-power spectrum) can then be computed for these
two signáis using digital analysis techniques. [27]
From Fig. 2, one would conclude that at least for kg > 9 cm~l [Lv = ±10 cm],
an FIR scattering system could resolve fluctuations from the plasma interior and edge.
However, two important factors regarding the scattering volume size and plasma density
fluctuation distribution cast dispersions on such claims. First, the scattering volume
cross section shown represents only the shape at the e"1 points of the scattered power.
For Gaussian beams, the wings extend to the plasma edge. Second, plasma density
fluctuations are known to peak strongly at the edge. [22] Henee, it is possible that appreciable scattered power can still be measured from the edge even though the scattering
volume is positioned at plasma center.
In an attempt to resolve this dilemma, a two-sample-volume cross-correlation technique has been developed. With this method, the two sample volumes are initially
positioned at the same location so as to completely overlap. This is achieved through
optical alignment and can be cross checked by computing the coherence between the
two detected signáis for a tokamak discharge. If the volumes overlap, the coherence
should be high. In Fig. 10(a), the power spectra are shown for two sample volume
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positions taken during the same discharge; r/a = 0 (solid line) and r/a = 1 (dashed
line). These data are from the TEXT tokamak [R = 1 m and a = 0.26 m] for a hydrogen discharge with Ip — 300 kA, BT = 25 kG, and low central line-averaged density,
ñ e (0) = 2 x 1013 cm~3. For the midplane position (solid line), broadband peaks are observed in the power spectra at positive and negative frequencies. Both peaks correspond
to turbulence propagating in the electrón diamagnetic drift direction in the laboratory
frame of reference with the positive frequency peak being from fluctuations below the
midplane and the negative frequency peak from fluctuations above the midplane. [28, 29]
When the sample volume is moved above the midplane, only the broadband peak with
tu < 0 is observed [see dashed line in Fig. 10(a)]. Similarly, when the sample volume is
displaced below the midplane, only the broadband peak with u> > 0 is measured.
With both sample volumes positioned at r/a = 0, the computed coherence as a
function of frequency is shown in Fig. 10(b). As expected for overlaping volumes, the
coherence is high, being approximately 0.85 (1.00 indicates 100% coherent). For the
data of Fig. 10(a), where the sample volumes are located at the edge and core, the
coherence is plotted in Fig. 10(c). In this case, the computed coherence is low, being
less than 0.30. Consequently, one can conclude that the fluctuations measured from each
sample volume are not related and that the volumes do not overlap. This conclusión is
consistent with previous experiments where an externally-imposed plasma perturbation
localized to the edge was used to isolate turbulence from the interior. [25] While the
broadband peaks with u> < 0 look quite similar, they origínate from different regions of
the plasma, i.e., edge and core. This holds true despite the fact that these broadband
fluctuations, which liave been associated with electrón drift wave turbulence[30], are
strongly peaked at the plasma edge.
At high density, the spectrum of density fluctuations on TEXT is quite different.
For ñ e = 7 x 1013 cm~3 and sample volume position r / a = l , the spectrum now shows
two broadband peaks as seen in Fig. 11 (a) [solid line]. One appears at u> < 0 and is
similar to the low-density case. In addition, a new broadband peak is observed near
zero frequency in the laboratory frame of reference. The fluctuations associated with
this peak have previously been put forward as evidence for an active ion-temperaturegradient-driven instability.[18] Independent of the plasma instabilities involved, when
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the two sample volumes overlap at r/a=l, the frequency spectra are indistinguishable
and the coherence is high as seen in Fig. ll(b). If one sample volume is translated to
r/a=0, the frequency spectra is modified showing 3 distinct peaks as seen in Fig. 11 (a)
[dashed Une]. In this situation, the broadband peaks at u> < 0 and LO > 0 correspond
to poloidally propagating electrón drift waves from above and below the midplane,
respectively. The peak centered near zero frequency, represents the plasma instability
only observed at high density. Computing the coherence now reveáis a decorrelation
across the entire spectrum, as expected. However, for the peak near zero frequency, the
decorrelation is significantly larger, dropping from 0.9 to 0.4. The coherence associated
with the other two peaks is higher. From these observations one can conclude: (1)
the peaks associated with electrón drift wave turbulence see a change in their spatial
distribution when going from low to high density plasmas, and (2) the peak near zero
frequency is observed both at the plasma edge and core.
One scenario consistent with the measured decorrelation at high density is that
the drift wave turbulence is sharply peaked at the edge (because the coherency stays
high, the fluctuations must be primarily from the same spatial location) vvhile the
turbulence associated with the new mode is more uniformly distributed. Thus far,
only preliminary measurements have been performed on TEXT. To more fully pursue
the physics implications of these results would require more detailed measurements.
However, for the purposes of demonstrating the two-sample-volume cross-correlation
technique, it is clear that this diagnostic can be used to provide information on the
spatial distribution of microturbulence measured via collective scattering.
III.D. DIII-D
On DIII-D, the ET¡B spatial variation together with the resultant Doppler shift of
the fluctuation spectra are utilized to enhance the spatial localization of the measured
fluctuations. Figure 12 shows the radial electric inferred during the H-mode phase of a
co-injected neutral beam heated discharge. The ET profile in H-mode is positive in the
interior [R < 2.26 m] and strongly negative in the edge [R > 2.26 m]. Consequently,
the scattered frequency spectrum of fluctuations existing in the plasma interior will be
upshifted (in the same direction as the ion diamagnetic drift direction in the laboratory
frame) by the local positive electric field. Likewise, the spectrum of fluctuations in the
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edge will be downshifted, toward a more negative frequency, due to the negative ET.
The turbulence spectral width observed during discharges with small Er [e.g., Ohmic
limiter plasmas] is typically 10% of that measured during H-mode where Er is much
stronger. A spatially varying Er across the sample volume can act to broaden the
measured spectrum. The Doppler shift is generally much larger than the diamagnetic
drift frequency, even in the edge during H-mode. Thus, the Er/B

Doppler shift is

the dominant contribution to the measured wave dispersión in the laboratory frame.
Fluctuations measured with a large frequency upshift (positive) must therefore originate
from the región with strongly positive Er, which corresponds to p < 0.9. Conversely,
fluctuations in the edge plasma, p > 0.9, dominate the scattered power integrated over
negative frequencies (down shifted).
With this in-mind, the scattered power frequency spectrum at kg = 2.5 cm~l at the
time of the L to H transition is shown in Fig. 13. It is observed that the power for
negative frequencies is sharply reduced at the transition, indicative of a fast reduction of
the edge microturbulence [p > 0.9]. Approximately 5 msec after the transition, an ELM
occurs, as evidenced by a sudden burst of visible line radiation lasting < 1 msec. An
ELM is known to be an edge localized disturbance with large fluctuation amplitude. As
shown in Fig. 13, the portion of the fluctuation spectrum interpreted as coming from the
edger (negative frequencies) distinctly correlates with the ELM, while that associated
with the interior (positive frequencies) does not. This is provides confirmation of the
enhanced spatial localization based on the Er/B Doppler shift.
If the scattered power is separated into frequency bands representing their spatial
origin, the time scale and spatial structure of the events can be further elucidated.
Figure 14 shows the scattered power integrated separately over negative and positive
frequency bands and plotted as a function of time for two different wavenumbers. The
scattered power integrated over negative frequencies [corresponding to the edge] for
both wavenumbers of 2 and 5 cm~l are reduced on a timescale of 100 /JS at the L-H
transition. The scattered power integrated over positive frequencies [corresponding to
the interior], however, increases slightly on a slower time scale. This is in agreement
with earlier reflectometer data which concluded that a rapid suppression of density
fluctuations occurred in a narrow edge región [3 cm].[31] The background density is in-
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creasing dramatically after the transition resulting in a reduction of ñ/n for all regions..
Suppression of fluctuations at the transition has previously been related to shear in the
radial electric field.[31]

Conclusión
Over the past decade, collective scattering measurements of electromagnetic radiation have provided considerable information on the temporal, spatial and spectral
characteristics of small-scale turbulent density fluctuations in tokamak plasmas. Collective scattering techniques have been utilized on the DIII-D and TEXT tokamaks to
investígate critical áreas of research in the fusión power development program. Evidence for particular plasma modes has been uncovered and connections to transport
have been explored. However, improved transport analysis, profile measurements, fluctuation diagnostics and theory are still clearly needed to further advance this effort. In
the future, the 2-dimensional scattering-interferometry system on TEXT-Upgrade will
hopefully provide new insight into these issues. In addition, the successful application
of other fluctuation diagnostics, such as HIBP, BES, etc., will serve to improve our total
understanding.

Acknowledgements
The contributions of the TEXT group to this work are gratefully acknowledged.
This research is supported by the U.S. DoE under grant DE-FG03-86ER-53225 [Tasks
VIIA and VIIB].

- 242 -

References
[1] Ch. P. Ritz et a l , Phys. Rev. Lett. 62,1844(1989).

[2] J. Sheffield, Plasma Scattering of Electromagnetic Radiation, Academic
Press, New York (1975).
[3] P.M. Schoch et al, Rev. Sci. Instrum. 59,646(1988).
[4] W. Horton, in Basic Plasma Physics II, edited by A.A. Galeev and R.N. Sudan
(North-Holland, New York, 1984),p.383.
[5] G.S. Lee and P.H. Diamond, Phys. Fluids 29,3291(1986).
[6] R.V. Bravenec, et al, Nuclear Fusión 31,687(1991).
[7] N.C. Luhmann, Jr. and W.A. Peebles, in Láser Handbook, ed. by M. Bass and
M.L. Stitch (North-Holland, New York, 1985) Vol. 5.
[8] D.L. Brower, H.K. Park, W.A. Peebles, N.C. Luhmann, Jr., in Topics in Millimeter Wave Technology, ed. by K.J. Button, (Academic Press, New York,
1988) Vol. II, Ch. 3, pg. 83.
[9] J.J. Gustincic, Prov. Soc. Photo-Opt. Instrum. Eng. 105,40(1977).
[10] H. Park et a l , Rev. Sci. Instrum. 56,1055(1985).
[11] A. Carlson, et al.,m in Proc. of 17th European Conf. on Contr. Fusión and Plasma
Heating, Amsterdam, 1990 (EPS, Petit-Lancy, Switzerland, 1990), Vol. IV, p. 1676.
[12] D.W. Ross et al., Phys. Fluids B3,2251(1991).
[13] C.L. Rettig et al, Rev. Sci. Instrum. 61,3010(1990).
[14] R.E. Slusher and C.M. Surko, Phys. Rev. Lett. 40,400(1978).
[15] D.L. Brower et a l , Rev. Sci. Instrum. 63, (October,1992).
[16] D.L. Brower, et al, Phys. Rev. Lett. 54,689(1985).
[17] R.V. Bravenec et al., Plasma Phys. and Contr. Fusión 27,1335(1985).
- 243 -

[18] D.L. Brower, et al., Phys. Rev. Lett. 59,48(1987).
[19] M. Greenwald, et al, Phys. Rev. Lett. 53,352(1984).
[20] D.L. Brower, et al., Nuclear Fusión 29,1247(1989).
[21] D.L. Brower, et al., Phys. Rev. Lett. 67,200(1991) and 68,891(1992).
[22] D.L. Brower, W.A. Peebles and N.C. Luhmann, Jr., Nuclear Fusión 27,2055(1987).
[23] D.L. Brower, et al., Phys. Rev. Lett. 55,2579(1985).
[24] X.Z. Yang, et al, Phys. Fluids B3,3448(1991).
[25] D.L. Brower, et al., Rev. Sci. Instrum. 61,3019(1990).
[26] Ch. P. Ritz et a l , Nuclear Fusión 27,1125(1987).
[27] C.P. Ritz, et a l , Rev. Sci. Instrura. 59,1739(1988).
[28] D.L. Brower, et al., International J. Infrared and Millimeter Waves 7,447(1986).
[29] D.L. Brower, W.A. Peebles, N.C. Luhmann, Jr., C.P. Ritz, E.J. Powers, Rev. Sci.
Instrum. 57,1977(1986).
[30] C.X. Yu, D.L. Brower, et al., Phys. Fluids B 4, 381(1992).
[31] E.J. Doyle, et al, Phys. Fluids B3,2300(1991).
[32] C.L. Rettig, et al., submitted to Nuclear Fusión 1992.

- 244 -

Figure captions
Figure 1 Schematic of vertically-viewing multichannel scattering system used on TEXT.

Figure 2 Scattering volume dependence on scattering angle [kj].
Figure 3 Schematic of horizontally-viewing multichannel scattering system used on
DIII-D.

Figure 4 Schematic of 2-dimensional FIR scattering-interferometry system for TEXTUpgrade. System is shown in scattering mode.
Figure 5 Frequency spectra (arbitrary units) for discharge conditions Ip = 350 kA, BT
= 28 kG and (a) ñe = 1.8 x 1013 cm"3, and (b) ñ e = 7.5 x 1013 cm~3. Negative frequency
corresponds to the electrón diamagnetic drift direction in the laboratory frame.
Figure 6 Microturbulence poloidal frequency spectra for kg = 9 cm'1, Ip = 250 kA, BT
= 2.8 T, and (a) pre-pellet; ñ e = 3 x 1013 cm"3, (b) post-pellet; ñe = 7 x 1013 cm"3, and
(c) high-density gas-fueled equivalent discharge; ñ e = 6 x 1013 cm~3. Negative (positive)
frequency corresponds to the electrón (ion) diamagnetic drift direction in the laboratory
frame. Vertical axes are in arbitrary units.
Figure 7 Frequency spectra for (a) k± — 5 cm~x, (b) k± = 8 cm~l, and (c) k± =
10 cm~l. Negative frequency corresponds to the electrón diamagnetic drift direction.
Scattering volumes are centered above the midplane at R = 90 cm; inside the magnetic
axis. Ip = 400 kA, BT = 26 kG, ñ e = 2 x 1013
Figure 8 Statistical dispersión relation for measured density fluctuations [aJ/27r : circles]
and theoretical prediction for electrón drift waves [see Eq.(6): dotted curve] and drift
waves plus plasma rotation [see Eq.(7): dashed curve]. Propagation is in the electrón
diamagnetic drift direction.
Figure 9 Schematic of two-sample-volume experimental arrangement employed on TEXT.
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Figure 10 (a) Scattered power frequency spectra for sample volume situated at r/a=0
[solid line] and r/a=l [dashed line]. (b) Coherence when sample volumes overlap, r/a=0.
(c) Coherence when sample volumes are positioned at r/a=0 and r/a=l. Data are for
a low-density TEXT discharge.
Figure 11 (a) Scattered power frequency spectra for sample volume situated at r/a=0
[dashed line] and r/a=l [solid line]. (b) Coherence when sample volumes overlap, r/a=l.
(c) Coherence when sample volumes are positioned at r/a=0 and r/a=l. Data are for
a high-density TEXT discharge.
Figure 12 Radial electric field profile on DIII-D.[32]
Figure 13 Density fluctuation spectra across the L-H transition.[32]
Figure 14 Temporal evolution of the frequency integrated scattered power. [32]
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I n tr od uction
In most reviews of the scattering of electromagnetic waves from
p l a s m a s there are a few standard restrictions on the domain of
applicability of the theory.
Among these it is usually stated that the
incident wave frequency, <au must be significantly larger than frequencies
assocíated with cutoffs and resonances. In particular, one should have CÚ¡ »
©pe, co ce , the plasma and cyciotron frequencies respectively. In fact, there
is an adequate modification to the usual theory in which these restriction
need not apply. The only real restriction is that the incident and scattered
waves
propágate
without
encountering
cutoffs
or
resonances.
Nevertheless, the scattering cross section can be written in a familiar way,
that is,
dP s (k s , cos) = [P¡/A][n e V][re 2 G]S(k=k s -kí,cú=Q) s -ü3i)[dcD s /27c]dn rs
where

_,

dP s (k s ,co s ) is the power scattered into the ray solid angle dfí r s
and scattered frequency interval dcos/27i.
P¡/A
is the incident power per unit área.
neV
is the total number of particles in the scattering
volume, V.
2
re. G
is a single particle cross section where r e is the
classical electrón radius ( r e = e 2 / m c 2 = 2.8xlO" 1 3
cm and F is an angular factor usually less than
unity to be defined later).
S(k,co)
is the scattering form factor, a measure of the
plasma fluctuations which is a function of k = k s kj, and CO = CÜS-CÜÍ (to be defined in subsequent
sections).

In this more general case the single particle term, G, is n o t simply the
dipole factor, [l-sin29cos2(<j>-<j>i)], and the scattering form factor, S, is n o t
simply due to density fluctuations, <l5n e (k,co)! 2 >.
The simple dipole
scattering angles 9 and <>j are shown in the accompanying figure for incident
and scattered waves with frequency and wave vector co¡, k¡ and cos, k s
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respectively. The incident wave polarization has electric field as Ej at an
angle <j>i as shown.

Dipole Radiation Angles (B=0)

The theory needed to describe the general situation was worked out
some time ago by A. Akhiezer 1 and I. Sitenko 2 , but the practical
implications and special cases useful to high temperature plasma
diagnostics have been worked out and applied only recently. There are
several concepts which are somewhat different for scattering near cope and
ooce- First, the index of refraction can be significant and ray tracing is
needed to follow the paths of the incident and scattered beams. Second,
there are, in general, two normal modes in the plasma. For propagation
approximately perpendicular to the magnetic field the highest frequency
propagating
modes are designated
ordinary and
extraordinary
corresponding to propagation in which the polarization of the wave is
parallel or perpendicular respectively to the magnetic field. Each mode is
independent and has different scattering cross sections. Each mode and
ray direction may have a different index associated with it. A single mode
can scatter onto its own branch or onto its complement (cross mode
scattering).
Third, electromagnetic wave propagation in a plasma with
spatially varying magnetic fields can be complex.
Mode transformation
can be caused by magnetic shear; so, most situations are not purely
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ordinary or extraordinary and inevitably will have a small admixture of
tñe complementary mode. Finally, scattering from the extraordinary mode
is primarily due to density fluctuations, but under some conditions
scattering can be due to magnetic fluctuations as well. Extraordinary mode
propagation depends explicitly on the magnetic field direction and
magnitude, so it should not seem so unusual that the scattering may also
be influenced by field
fluctuations.
In particular, for propagation
approximately perpendicular to the magnetic field it can be shown that
density fluctuations cannot cause mode transformation whereas magnetic
field fluctuations can. No experiments have yet been done to exploit this
feature of scattering, but several scoping studies have been carried out. In
the next year some experimental studies will be done on Tore Supra and
TFTR.
Several situations will be reviewed here which illustrate some of the
current ideas on how to use scattering near the electrón cyclotron
frequency, especially extraordinary mode scattering, to measure plasma
properties.. Three examples will be presented. The first is extraordinary
mode scattering from low frequency non thermal density fluctuations in
TFTR. The second is an idea which has been evaluated by T. Lehner, J. Rax,
and X. Zou 3 and the author4 to measure magnetic field fluctuations by
looking at cross mode scattering in a tokamak. And, the third is a proposal
now being implemented on TFTR to measure the density and energy
distribution of alpha particles in a plasma which is near breakeven.

- 266 -

Extraordinary
Fluctuations

Scattering

from

Low

Frequency

Density

Extraordinary mode scattering is used currently on TFTR to measure
low frequency, non thermal plasma density fluctuations. This
measurement is analogous to other infrared, FIR, and microwave scattering
experiments at angles for which the criteria kA.D < 1 for collective scattering
is met. The first of these on a tokamak was done by E. Mazzucato5 on ATC
[Adiabatic Toroidal Compressor] using the ordinary mode. Other scattering
experiments nave been done at higher frequencies where the distinction
between ordinary and extraordinary mode transmission is not so
important (e.g. scattering at 10.6 \xm by C. Surko and R. Slusher on PDX and
P L T 6 and by J. Andreoletti and C. Laviron on TFR7 and at 1.2 mm by D.
Brower and colleagues on TEXT8).
Historically, one of the advantages of scattering has been that it
doesn't depend on too many things at once.
Ordinarily, the scattering
process is due exclusively to density fluctuations. For COJ » cope, coce the
scattered power is proportional to S given by

)a

lim - ^

LI.

For scattering in the plañe perpendicular to the incident wave polarization,
one has <j>¡-<|) = %¡1 so that G=l. In this case the dipolar radiation "pattern is
isotropic in the scattering plañe And, of course, propagation is nearly a
straight line, and the incident and scattered waves do not change their
polarization characteristics as they propágate through the plasma. The
problem for the more general case will be to find simplifying situations
where the propagation and scattering deviate in manageable ways from
more familiar situation. In the case of extraordinary mode scattering the
situation can be similar to the high frequency limit outlined here and the
main contribution to the scattering is still from density fluctuations as
defined above. One reason for considering the extraordinary mode is that
for propagation approximately perpendicular to the magnetic field and CDÍIS
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< coce, the cutoff density can be higher than that found from the ordinary
cutoff condition coj = cúpe by a factor (1 + coce/a>i). Using a long wavelength
source can allow the observation of phenomena at low k where one expects
the máximum k spectrum in several varieties of drift waves which are
thought to be responsible for turbulent transport in tokamaks.
Theoretically, one expects to find the most interesting portion of the k
spectrum near kp s = 0.2 to 1.0. Here p s = TCi(Te/T[)1^2 and rCi is the ion
cyclotron radius. Secondarily, plasma emission is reduced in the región GOCÍ
> co i>s > coce and mínimum detectable signal can be reíatively low.
Furthermore, in typical tokamak discharges one may consider incident
wavelengths up to about 1 cm where the condition for collective scattering,
kA.D<l, is easily met for all angles.
The propagation of waves in the regime CÚ¡>S = cüce, CDpe is governed by
the cold plasma dispersión relations.9 Only near resonances and cutoffs do
warm plasma effects become important. The dispersión relation is
k x ( k x E ) - (úJ2/c2)e-E = 0

where E is the polarization direction of the wave field whose frequency
and wave vector are co and k respectively, and
S
£ = iD
v0

-iD 0
S

0

0

Py

where, neglecting the small ion contribution,

D=-a(3i /2 /(l-P),
P=l-a
and

a=(coPe/cüi)2
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Wave propagation in this anisotropic media can be described through the
refractive index, TI, which is found from the dispersión relation to be
a

where

G s

2 (L

-a)cosda

Here 9 B is the angle between k and B = Bi 2 . The upper sign corresponds to
the extraordinary mode and the lower sign to the ordinary mode.
For propagation perpendicular to the magnetic field
mode is described by

the ordinary

no2 = P = i-a,
and

E o = (0,0,1)

For the extraordinary mode

and

r¡x2 = (S2-D2)/S = l-a(l-<x)/(l-a-P)
E x = (1, iD/S, 0).

A CMA diagram of the regions of accessibility is shown. The cutoffs
defined by r] = 0 are designated as right and left handed cutoffs (RH CO and
LH CO) corresponding to wave rotation in the direction of electrón or ion
gyration.
The upper hybrid resonance occurs at TJ -> «=. Wáves are
reflected from cutoffs and absorbed at resonances. Evidently, when Q}ce/co >
1, the cutoff density in the extraordinary mode can exceed the ordinary
valué. Note also that r\ = 1 at a>pe/co = 0, 1 so that as long as coce/co is greater
than about 2 the mode propagates beyond the ordinary mode cutoff
without much refraction.
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The anisotropic index given here has been used in ray tracing models
for the propagation of waves near cúce in tokamak heating 10 » 11 and
diagnostic applications. For rays nearly perpendicular to B the ordinary
and extraordinary modes are relatively distinct with the polarization of the
ordinary mode parallel to B and the polarization of the extraordinary mode
elliptically polarized in the plañe perpendicular to B. If the field direction
changes slowly these waves tend to retain their sepárate character; that is,
the ordinary mode tends to remain polarized parallel to the local field
direction, and the extraordinary mode tends to remain polarized in the
perpendicular plañe. In a tokamak or stellarator the magnetic - field shears
as jthe wave propagates into the interior, but in most cases of practical
interest the polarization direction of the wave changes to remain
perpendicular (for the extraordinary mode) to the local field. In fact, there
is a región of low density at the plasma edge in which the wave
polarization does not follow the field. The density domain for which this
occurs has been worked out by D. Boyd. 12 This situation is quite distinct
from propagation parallel to the magnetic field in the quasi-longitudinal
approximation ( G « l ) where the ordinary and extraordinary modes become
right and left handed circularly polarized waves. The index of refraction is
slightly different between these modes retarding one with respect to the
other. In this case, a linearly polarized wave rotates about the propagation
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direction (Faraday effect). For propagation perpendicular to the field and
cüce'=» CÚ the Faraday effect has no analog.
So far, it is apparent how waves with frequencies near coce and cope
can propágate approximately perpendicular to a magnetic field.
If the
wave starts out at the edge as an extraordinary mode, its polarization
direction wül approximately follow the change in field direction as it
moves into the interior.
The ellipticity will change as the density
increases, and scattering can occur from density fluctuations in somewhat
the same way as before.
The difference is that, in the case of the
extraordinary mode, a radiating plasma electrons will experience a rotating
electric field from the incident wave.
The wave scattered in a given
direction will have an intensity which is an average o ver the dipole
intensity pattern, some fraction of which will couple to the two normal
modes in the radiation direction. For extraordinary mode scattering in the
plañe perpendicular to a magnetic field (and neglecting magnetic field
fluctuations in the plasma caused by the plasma itself), there are no
polarization field components parallel to the field, so the scattered wave
must also be extraordinary. The only part left is to calcúlate the dipole
average and coupling term. This is what has been called the "single
particle" cross section, G.
The calculation of this factor can be found in Sitenko, Simonich and
Yeh. , Hughes and Smith 14 , and has been extended for relativistic effects
by Bindslev. 15 The notatíon of Hughes and Smith is followed here13

_y^CÜ*CO*

TltT]s\4\ COS 8, COS Ss

<*>U (E1'-e1-Ei)(E;-£s-E3)
where the summation is over the two scattered normal modes, and
and
In the general case one has

- 271 -

tanSi

=

E

?f sinocos
Ó

1

siríP
O

and

1
JD.

cos<£ O
O
1

ni -s,
T]2ssinds-Ps

where the angles in the formulas correspond to the following figure.

z.B

y

j In the general case one chooses the mode by taking the appropriate
índex for that mode. The incoming wave and outgoing waves can be
chosen to be ordinary or extraordinary. The valué of G is then the cross
section for that process.
The special case of extraordinary incoming
(transmitted) and outgoing (scattered) waves perpendicular to the
magnetic field has been worked out by Bretz.16 One has.
0
*

and

cos<t> 0
0
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0

1

1
JD
0

and COS5ÍIS =1. So fínally, taking

and y=(l-a-{3). N.B. cos<í> = k¿-ks/kiks

~

Note that the processes corresponding to cross mode scattering, Gox
and G xo vanish and G oo = 1- This is the "single particle" scattering term
which replaces the dipole factor for extraordinary mode scattering.
A plot is shown of a typical radial variation of G xx through a plasma
profile taken for a typical TFTR case17 where f¡ = 60 GHz. That is, for B T =
5.0 T (ú} ce /coi= 2.3 and ü) p e /ü)i= 1.0 at ne = 4.5xlO 13 c n r 3 ) . The
extraordinary cutoff occurs at a density of 1.5x1013 cnr 3 .
0.20-r
13

nJO) = 8.0x10 cm

0.15-
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There is a density at which the forward scattering is identically zero.
This is the density for which drj x 2 /dn e = 0. That is, a = [f3((3-l)]1/2 - (p-1)
which occurs for a = 0.5, i.e. half the ordinary mode cutoff density.
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Digression

on Practical

Matters

The fundamental scattering formula given on page 2 is useful only
when applied to photon countíng applications (hf/kTB » 1) where noise
levéis are determined by counting statistics. In the present context we are
dealing with coherent detection using wave mixing techniques to measure
signáis. In this case hf/kTB « 1 and noise levéis are determined by either
the plasma equivalent blackbody background fluctuations or by photon
fluctuations in the local oscillator itself. Furthermore there are limitations
on the detectable solid angle because of the requirement for coherent
mixing. There are some simple rules by which to transíate the formula for
detectable scattered power in the photon counting limit to this coherent
detection situatíon. For a more rigorous treatment see Hughes and Smith.
Writing the scattered power as before
dP s (k s , cos) = [Pi/A][neV][re2G]S(k=ks-ki,co=cos-coi)[dcos/27t]dnrs
Note that V and A are the quantities shown below

V= £ /sinO

And the diffraction solid angle of the scattered ray, dQ r s , is of order A,i2/a2
where X-x = 27tc/co¡. Thus for coherent detection one has
[V/A]dQ rs = Xi
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Holzhauer and Massig 18 have worked this out for Gaussian antenna
parteras described by I = I o exp[-(2r 2 /w 2 )] to get

when 9S «

1.

The appropriate generalization for arbitrary beam shapes is
_ 12

Jv

' *

In order to estímate a total fluctuating density from
measurements of <l5n e 2 (oj,k)l>, it is necessary to make some
assumptions about the form of the fluctuation spectrum.
The
assumptions which apply to tokamak applications will be described.
it is assumed that the density fluctuation spectrum is made up
incoherent superposition of waves as

or

(\8nt )

-

lim

—

limited
critical
set of
First,
of an

)\dJVITZ

2izP

X:
where the subscript V and T simply mean that we are calculating an
average fluctuating quantity over a volume V and time T.
Experimentally on TFTR we measure JS(ke)dco and assume (based on
experience with other tokamaks in which ke and kr have been measured
separately and on the theoretical expectation that for drift wave like
turbulence shear will tend to make turbulence in the r-8 plañe isotxopic)
that the spectrum is isotropic in kj.. The angular resolution in the plañe
perpendicular to the incident ray is Ak/k = 2/wk where w is the Gaussian
half width of the beam (Ak/k =0.1 for the TFTR scattering system where w
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= 5 cm and k = 4 cnr 1 ) . For some beam orientations the pitch of the fíeld
lines is simiar to this valué. That is, B9/B<j, = r/Rq(r) > a/Rq(a) [~ 0.2 @ q=l
to 2 and 0.1 @ r=a for typical TFTR parameters]. Thus if the scattering
occurs strictly in the poloidal plañe the acceptance solid angle of the
antennas can miss fluctuatíons which are confined to a disk perpendicular
to the local fíeld. Neglecting this problem for the moment, one can write
down the components of the integration which are needed to calcúlate
<l8n e 2 l>v,T/ n e 2 - Substituting appropriately
dPt(co,k)
dco.
dcor

sind,
hx '*h, Jk, G(0S)

' JVJ =ConstA déA f
n2

where

Const.=

47csin(0rf2)

and

Isotropy gives /27td<í>k= 2TC . The parallel integration must be estimated as
Jiciit

]dkn = [

]Ak = [

]2/w assuming that the parallel scattered solid

angle is wider than the parallel fluctuation spectrum.
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TFTR

Extraordinary

Scattering

Results

The purpose of the TFTR extraordinary scattering experiment is to
investígate what instabilities which may be responsible for transport. This
program has been partly carried out. Measurements have been made of
<l5n e l 2 >T t v in severa! heating regimes and as a fuction of several parameters
thought to be important to transport (Pbeam> h, etc.). The ohmic frequency
spectrum has been observed to follow almost all of the same features seen
on previous tokamaks.
That is, the frequncy shift of the scattered
radiation is always in the electrón diamagnetic drift direction, but by an
amount which is several times too large for the electrón drift wave
estímate Aü>De* = k_LVTQ2/(úceLn.
Ion diamagnetic shifts have not been
observed even when the density profile is broad compared to the electrón
profile and modes propagating in the ion diamagnetic drift direction are
predicted theoretically (eta-i or ri¡ modes). The anamolous electrón shift is
conjectured to be due to a bulk plasma toroidal motion. In beam heated
discharges the bulk toroidal motion is much larger than in the ohmic case,
and its magnitude and velocity can be measured.
As shown later the
frequency shift in beam heated discharges is accounted for entirely by this
toroidal velocity. The width of the scattered feature is accounted for by
variations in the toroidal velocity within the scattering volume and is
unrelated to turbulence. The frequency width in ohmic cases may also
affected by toroidal rotation; so that for the statement that the turbulence
is strong because Af/f » 1 probably needs to be softened.
However, it is clear from the measurements that an important part of
the k-spectrum lies on or outside of the boundary where good spatial
resolution can be obtained. The figure on the following page shows a cross
section of TFTR and the antenna arrangement. Ordinary and extraordinary
ray tracing for a parabolic density profile with n e (0) = l.OxlO14 cm- 1 with
fi = 60 GHz (X{ = 0.5 cm) and B T = 5.0 T are shown; however the system
normally operates in the extraordinary mode. The system operates with
one antenna as the transmitter and the other three as receivers. The
approximately backscatter receiver, which measures k = 20 cm-1, virtually
never has any interesting frequency shifts or variations with plasma
parameters.
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The k-spectrum in the core región (r/a = 0.25) ohmic and neutral
beam heated helium discharges is shown in the following figures.19 The
shaded región indicates that the spatial resolution of the scattering is
extending out to include the edge región where the fluctuation level is
known to be higher than in the interior. The indication is that the most
intense fluctuation level is occurring for kp s < 0.5 (indicated by arrows) in
both ohmic and beam heated regimes.

Ohmic (He)
1.4MA, 3.8T,r=30 cm
• ne(0)=4.2x1013crn-3
D ne(0)=2.3x1013cnr3
1/k,Ln=5x10-3

[cnT 3 l

10 20

4

6

kjcm-1)

Two-- densities are shown in the ohmic k-spectrum.
The higher density
corresponds to a sufficiently high density that ohmic global confinement
time is roughly independent of density whereas the lower density occurs
in a regime where the confinement is proportional to density. The higher
density S(k) « 5n e 2 has a slope nearly equal to 1/k3. The valué of 5n e /n e
obtained in the ohmic case is
5n e /n e = 0.15%

@ ne(0)= 4.2x10^ cm-3.

5n e /n e = 0.30%

@ ne(0)= 2.3x10*3 Cm-3.
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These numbers are to be compared to the mixing length estímate of
8ne/ne = l/<kx>Ln = 0.5% using <k¿> » 2 cnr 1 .
L-mode (He)
1.4MA, 3.8T,r=30 cm
PB = 9 MW
ne(0)=4.2x10Mcm~3
1 /k,Lft= 5x 10"3

S(k±)
[cm"3!

4

6

1

kicíir )
The L-mode case shown above has a spectra similar to the ohmic one
at the same density (and density profile) and a fluctuation level
5n e /n e = l/<kj.>Ln = 0.5% @ ne(0)= 4.2x10*3 cm-3.
Compared to the same valué for the mixing length estimate, i.e. 8n e /n e =
0.5%. There are several drift wave saturation models which predict a kspectrum which has this form, e.g. wave particle effects on collisionless
trapped electrón mode turbulence.
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41686 39/19/89
ftna I yz<=r=2

He 1.4 MA, 3.8 T , n (0) = 4.

k = k e = 4.2 cnr 1

"ghost" from
edge fluctuations

-1.8

-0.5

0.0

0.5

1.0

f(MHz)
The above plot shows a typical scattered frequency spectra in a TFTR
plasma which is heated by toroidally injected neutral beams. 20 One can
see that when the scattering vector k is directed poloidally, the frequency
spectra is shifted as if the density fluctuation wave structure is frozen in
the local magnetic field and rotating with a toroidal velocity v<j>. This
feature has been noted on all other beam heated tokamaks with scattering.
The direction of the shift is determined by the direction of the beam
injection.
Counter injection corresponds to a shift in the electrón
diamagnetic drift velocity as seen here. The magnitude of the shift can be
accounted for by knowing the pitch of the field lines, Be/B,s, and the
toroidal velocity of the plasma (in this case measured by charge exchange
recombination spectroscopy).
A typical valué of the frequency shift
expected for drift waves, f*De = keVTe2/<flce/Ln/2ft = 50 kH where L n = n e /[dn e /dr]. The width of the shifted feature can be accounted for by
changes in the toroidal velocity across the scattering volume. Because of
this broadening the poloidal direction of fluctuations in the plasma frame
cannot be determined by scattering.
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There is also a signal near zero frequency (called here the "ghost")
which is probably due to edge fluctuations at low k picked up by the edges
of the transmitter and receiver antenna pattems. This ghost feature is a
more significant parí of the ohmic spectrum where the frequncy shifts are
smaller.
The ghost is more obvious in extraordinary mode scattering
because the variation of the cross section with density accentuates
scattering from the edge.

50-

£

o
N

o-

-50-

300

The above figure show a typical ray tracing reconstruction of TFTR
transmitted and scattered antenna patterns for a plasma with peak central
density of 4x10 13 cnr 3 . The valué of k in the scattering región is 4.3 cnr 1 .
Dotted lines show the 1/e2 power valúes of the beams. In this case
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approximately 90% of the scattered power comes from a región about 30
cm long.
The width of the beams between the 1/e2 power points is
approximately 8 cm at the midplane focus and 14 cm at the top and
bottom of the plasma.
The length of the scattering volume may be
described as L s c a t =» 130/k cm and becomes equal to the minor radius at k »
2 cm*1.
45965, 45983

2.0

k = 3.7 cm
r/a = 0.8

0
3.0

4.0

4.5

5.0

5.5

time (sec.)
The above figure shows the results of scattering during a current
ramp on TFTR during neutral beam heating of an L-mode discharge.
Fluctüations in the edge región at k = 3.7 cm-1 do not change immediately
upon the application of the current ramp following the same temporal
variation as the transport.21 However, the fluctuación level is high (dashed
lines) when the current is low and in steady state (1MA) and low (solid
lines) when the current is high (just before the ramp begins at 2 MA) also
in rough agreement with L-mode transpon.
Scattering results in the
central región show a similar pattern. Recently, when the beams were
extended to 2 sec. to allow a longer time for the relaxation of the current
profile, the edge fluctuation level was observed to begin returning to its
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low current steady state valué and the transport was also observed to
relax to the steady state valué.
Parametric studies such as the one described above show sorae
similarities between the transport and scaling of broadband fluctuations.
Scaling of 5n/n with plasma current, I p , and beam power, Pbeam, have
shown similarities with transport in L-mode discharges. 22 * 23 The level of
the density fluctuations is suffíciently high to cause the level of transport
seen in the plasma interior, but, assuming the radial transport is caused by
a perturbed potential through ExB motion, the phase between 5n and 5E is
unknown and is likely to be important. From scattering the link between
Sn and transport is only circumstantial. Evidence that this is related to
drift instabilities comes from the similarity in the level of 5n e /n e to the
mixing length estimate (which essentially states when the density gradient
is eliminated by the fluctuations) l/<k_i_>Ln and the fact that compared with
smaller tokamaks (lower valúes of L n ) this estimate has held up well. 24
Finally, the high k spectrum has been examined in TFTR at k = 20 cnr 1 and
there is very little activity and no obvious relation to transport.
This
seems to reduce the importance of electrón temperature gradient modes as
a cause of fluctuations and possibly transport as well.
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Scattering

from

Magnetic

Flucíuations

Magnetic fluctuation associated with MHD phenomena are well
known in tokamaks and stellarators.
However, small scale turbulent
magnetic stractures have often been put forward as a cause of transport. 25
Even small magnetic fluctuation levéis (SBr/Bo» 10" 5 to 1O 6 ) can cause
significant transport. These magnetic flutter models are diffícult to test
because there are few direct and local measures of small scale core
magnetic fluctuations.
In large devices there are externa! Mirnov loops 26
which give some information on the edge magnetic turbulence. In small
devices magnetic probes can be inserted into the core región. 27 In
Macrotor probes were used to measure turbulent levéis of 5Be/B 0 =• 5B r /B 0 =
10" 4 to 10"5 with correlation lengths less than 5 cm. These fluctuations
were peaked on the axis as distinct from density fluctuations which are
always largest toward the edge.
With this background it is interesting to note that scattering,
especially extraordinary mode scattering near coce, has some sensitivity to
magnetic fluctuations. Since the extraordinary index, TJX, depends explicitly
on the magnetic field, one may expect that fluctuations in the field can
cause variations in the index and, therefore, scattering from field related
phenomena. As an estimate of the size of this effect, one may consider
propagation perpendicular to the magnetic field. In this case 28
P s « <[/5eijdV]2>
and one has £ÍJ=TIX25ÍJ where T| x 2 =l-a(l-a)/y and y = l-cc-f3.
cross section one has

Estimating the

8e - 5[TIX2] = (9Tix2/ane)5ne + (9TI X 2 /9B)5B
" = «{[Y2 + (3(l-p)]/y2}(5ne/ne) + 2[pa(l-a)/y 2 ](5B/B)
/ ^ ) + 5eB(5B/B)
The ratio of cross section from field
fluctuations is roughly

fluctuations
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to that from density

[8B/Bf

and does not vanish even when a -> 0. For the situation where 5n/n is
comparable to 5B/B one might expect to see field fluctuations causing part
of the scattering. However, in a tokamak one usually has a much smaller
level of field than density fluctuations.
The precise form of the effect of field fluctuations is found ín
Sitenko and the expressions for perpendicular propagation have been
worked out by Vahala, Vahala, and Bretz. 29 We neglect terms containing
the velocity as being smaller than the others by v 2 / c 2 .
The resulting
expression is
GS «* [l^|2<5ne2>k,co/ne2 + ( P s / c t s ^ a ^ S B ^ B ^ y B o 2 + terms Ú(v2/c2)]
where

a =

[E S *-(E S -1)]X[( S Í - 1 ) . E J ]

Calculations of the density fluctuation have been carried out for thermal
plasmas by many authors. Only the selection rules implied by the single
particle scattering coefficients will be considered here. The terms <5n e 2 >
and <5B15Bm> will be assumed to be nonthermal.
The single particle terms can be calculated in the same way as was
done previously with extraordinary scattering, Le. £ xx .

l^xx|2 = (PÍY + a(l-a)] 2 sin 2 <5 + [y2 + p(l-(3)]cos 2 <D}/p 2 a 2
|P

a
a 00
axx
ax0
aox

|2

=

\P I 2 = O

= [dir. of kj, dir of k|xB, dir. of Bo]
= [0, 0, 0]
= [0, 0, -(l+Q2)sinO - 2iQcosO)
= [iaQ, a, 0]
= [a(sinO + iQcosO), a(iQsin<D - cosO), 0]
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where Q = (1-oO/p1/2. Then, if <5B!8Bm> is diagonal,
]^
[a1am*<5BI5Bm>]xx
[a1am*<SB18Bm>]xo
[a1atn*<5B15Bm>]0X

=0
= [(l+Q2)2sin2<D + 4Q2Cos2<í>] <5B,|2>
=a
=a

The coefficients for ordinary to ordinary (oo), extraordinary to
extraordinary (xx), extraordinary to ordinary (xo), and ordinary to
extraordinary (ox) scattering are shown. One has the situation that density
fluctuations cannot lead to cross mode scattering. but magnetic field
fluctuations can. In fact, if <5B n2> = 0, magnetic field fluctuations cannot
cause direct (o->o or x->x) scattering either. In this case the two scattering
quantities, <5n e 2 > and <5B 2 >, are approximately complementary.
For
forward scattering, 0 = 0, the ratio of cross sections for density and field
scattering leads to the same simple estímate based on 5e = 5 [ T I X 2 ] given
earlier in this section. For cope » cüpe = GS-XS the coefficients involving a, P, y,
and Q are of order unity, so as a rough estimate the ratio of scattering
contributions
from
field
and
density
fluctuations
is
2
2
2
2
[<5B >/Bo ]OXtXO/[<5ne >/ne ]Xx,oo which is much less than unity in practice.
This feature of density and field scattering has led several
researchers to propose ways to observe the effect of field fluctuations
experimentally. The first suggestion, due to T. Lehner30, was to look at the
forward scattering of an ordinary wave as it approaches an ordinary mode
cutoff. As the wave nears the cutoff, field fluctuations will scatter into a
forward going extraordinary wave.
This wave will proceed through the
cutoff while the ordinary wave will be reflected. The detection of a signal
on the far side of the plasma (assuming the extraordinary mode cutoff is
never encountered) would imply that mode transformation by magnetic
fluctuations has taken place.
Furthermore, the field of the wave is
enlarged near cutoff leading to a higher level of scattering, so that one
might expect a localization of the measurement to occur. In this case one
may expect that the dominant effect ís due to magnetic field fluctuations
near cutoff.
There are, however, several drawbacks to this idea:
1)
imperfect launching of a puré ordinary mode at the plasma boundary, 2)
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mode txansformation caused by magnetic shear during the wave transit to
cutoff, 31 and 3) miscellaneous reflections in the plasma chamber itself.
Groups at Tore Supra and TFTR are planning experiments to test these
ideas.32'33
The mode transformation before cutoff appears to be
sufficiently small in a low shear device like a tokamak or stellarator, but
may be significan! in a reverse field pinch. The other problems can be
overeóme with careful experimental design. A full wave treatment of the
effect of shear and fluctuations on mode transformation at the cutoff itself
has not yet been done.
The figure below shows a
measurement might be carried out.

simplified

picture

detector

Ordinary
mode
cutoff Ex/raordinary
de
ansmitted

Ordinary mode incident
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Scattering

from

Alpha

Partióles

Thermal scattering in the collective regime, kX-Q < 1, has been
proposed by Vahala 34 and later Hutchinson at ORNL35 at 10.6 u,m, Costley
at JET36 at 2.1 mm (ordinary mode), and Woskov at TFTR 37 a t 5 mm
(extraordinary mode) to measure the alphas produced by derterium
reacting with tritium in the interior of fusión devices operating near or
beyond breakeven. The idea is to scatter off the alpha ion "impurity"
species which has a high average velocity because it is produced with
approximately 3.5 MeV with a density approaching 0.2% of the
background. The velocity distribution of alphas will be nearly isotropic.
In equilibrium the alpha distribution will form a continuum from 3.5 MeV
down to the ion thermal distribution to which the alphas will slow down
by collisions.
The high velocity part of the distribution will cause large
Doppler shifts and can easily be distinguished from the main species or
heating beam ions. The experimental problem is to get a good siganl-tonoise ratio for the measurement. This means high powerlong waveiength
sources which can be on for a second or so. Previously, there has been
only one clearly successful measurement of the ion temperatura on a
tokamak plasma by scattering, and it required a large state of the art
source and detection system.38 The lack of ion temperatura measurements
by scattering on tokamaks is primarily related to the tokamak density and
temperatura niche which requires the use of sources whose waveiength
lies beyond about 100 Jim. with powers in the megawatt range. Ion
temperaturas, impurity effects, ion acoustic effects, beam effects, and
magnetic field effects have all been observed in high density laboratory
plasmas with lasers and in low density space plasmas with radar. Most of
these have been modeled with now standard thermal fluctuation
theories.39
An improvement the tokamak signal-to-noise ratio can be
obtained by going to long waveiength sources; however the ultimate
limitation is the plasma cutoff.
Blackbody emission near the cyclotron
harmonics also limits the waveiength range at long wavelengths. The JET
group has decided to do ordinary mode scattering between the the first
and second harmonics of the electrón cylotron frequency where there is a
minimum in the plasma emission. The TFTR group has decided to take
advantage of its experience with 60 GHz scattering in the extraordinary
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mode where coce/coi» 2.3 and the plasma emission falls off substantially
from its ordinary mode blackbody level at coce/co¡ = 1.
To to measure the effects of the alphas one needs to be able to
calcúlate the fluctuation spectrum, S, in the vicinity of the cyclotron
harmonios for ordinary, extraordinary, and cross mode scattering.
This
involves knowing the single partióle terms discussed previously,
calculations of the cross section for a thermal ion species, a beam slowing
down distribution, and alpha component all in the presence of a magnetic
field. For the experimental access which is the easiest and most tractable
from a propagation perspective, i.e. propagation perpendicular to the
toroidal field, the influence of the magnetic field on the fluctuation
spectrum can be strong. The magnetic field affects the density fluctuation
term, <5n e 2 >, through a modulation of the ion component at múltiples of the
ion cyclotron frequency and, at high frequencies, the lower hybrid
resonance. scattering cióse to ooce also makes the effects of thermal field
fluctuations, <5B 2 >, noticeable especially near the lower hybrid resonance
and for cross mode scattering.
The standard theoretical fluctuation
theoretical models have primarily been carried out for l o n g i t u d i n a l
fluctuaions; however, some of the effects on the alpha cross section,
particularly the lower hybrid resonance, are transverse in character and
must be modeled with the full dielectric tensor. The significance of many
of these caiculations is to find a scattering geometry in which the effects of
some of these complications are minimized.
Since the lower hybrid
resonance occurs only for angles very cióse to the perpendicular, it is
possjble to adjust the plañe of the scattering by a small amount to
eliminate their effects. Exactly how much to move off the perpendicular
for a given wavelength and mode is the subject of considerable discussion
at present.
Calculations which treat this problem correctly have been started
only recently. R. Aamodt and D. Russell have calculated scattering effects
from transverse effects and field fluctuations.40 S. Chiu has calculated the
effects of transverse modes on the density fluctuation term alone. 41 In
additions several simpler studies have been carried out to evalúate the
effect of non-Maxwellian ions, such as distributions expected for ICRF
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heating techiques, on collective scattering. 42
Aamodt

The following figure is from

0 = 37.500 <p = 67.000
a = l%600
C3-I

0.0000.0025 0.0050 0.0075 O.OtQQ 0.0125 0.0150 0.0175 0.0200 0.0225

a/n
TFTR conditions are modeled: T e = 10 keV, Ti = 25 keV, ni = 5xlO 13
cm- 3 , B T = 3.4 T, mi/me = 4590 (D-T plasma), nJm = 0.5%, finc = 56 GHz.
Extraordinary mode scattering with StOt> (solid), SSB (dashed), and SSE
(dotted). All terms affect the lower hybrid resonance strongly.
An extraordinary wave scattering diagnostic for the measurement of
fusions alphas is being set up on TFTR. A short description of this system
is presented. In order to obtain a good signal-to-noise for alphas a quasi
CW gyrotron operating at 60 GHz for 0.5 sec. at 200 kW (peak power) will
be used as a source. This will be modulated at 25 kHz to obtain good
discrimination from the plasma backgound.
The plasma background
radiation will limit the lowest detectable signáis. Its equivalent radiation
temperature has been observed to be between 20 and 50 eV in supershot
plasmas. Scattering at relatively large angles, 40 to 50 degrees, will allow
reasonable spatial resolution, 10-20 cm radial x 20-40 cm poloidal. The
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transmitter and receiver antennas can sean poloidally by about 25 deg.
and toroidally by about 10 deg. so Lhat several radial positíons can be
sampled and so that the lower hybrid resonance can be avoided as the
following figure shows. 43
Seat tered Power Vs Frequenc y
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This spectra shows the principal ion Maxwellian distribution at the
lowest frequeney and the wings proportional to the alpha density. The
shape of the wings reveáis some information about the alpha slowing down
spectrum. A uníform distribution out to the birth energy is shown. The
figure on the next page shows the geometry. Typical valúes of 1/kA.D are
10 to 20.
For the same distribution the post detection signal-to-noise ratio is
estimated from the following formula: 44
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where P s is the power scattered into a bandwidth Af for a time x. PN is the
total noise power which for most situations comes from plasma emission.
The same scattered profile for the TFTR case shown above has a post
detection signal-to-noise at the blackbody temperature shown in the figure
below. 4 5
Signai to Noise Ratio of the Scattered Signal
4
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"Figures on the following pages show the scanning system on TFTR.
Absorbing tiles made of SiC wül line the interior of the vacuum vessel to
absorb the incident gyrotron power and act as a receiver dump. Each
dump has about 30 dB attenuation, but the receiver wül have an efficient
electronic notch filter in front of it to further discriminate against the
gyrotron power.
Efficient corrugated waveguides bring power from the
gyrotron to the antenna and from the receiving antenna to the receiver, a
path length of about 90 m. The final figure shows a ray tracing of the
transmitter and receiver beam profiles in a TFTR supershot plasma.46
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The RTP interferometer and its applicatioe to pellet injection
J.H. ROMMERS, A.C.A.P. VAN LAMMEREN, F.W. BLIEK, A.J.H. DONNÉ, RTP TEAM

FOM-Instituut voor Plasmafysica 'Rijnhuizen, Association Euratom-FOM,
P.O. Box 1207, 3430 BE Nieuwegein, The Netherlands

Abstract
The 19-channel interferometer at RTP has been used to study the ablation offrozen
hydrogen pellets in ohmically and ECR-heated plasmas. Estimates for the pellet ablation rate
could be obtainedfrom the evolution ofthe total electrón density. Moreover, strong asymmetries
in the electrón density are observed during the ablation of the pellet.

1.

The
interferometer
The RTP tokamak (R = 72 cm, a = 16.4 cm) is equipped with a heterodyne far-infrared
interferometer, operating at a wavelength of 432.5 \Lm. Sepárate cavities, pumped by a single
CO 2 láser, are used for generating the probing beam and the local oscillator beam. A 1 MHz
intermedíate frequency is created by slightly detuning the cavity length of both lasers, profiting of
the finite width of the láser line.
Parabolic mirrors are used to expand both the local oscillator beam and the reference beam
in one direction. The resulting slab-like beam covers almost the complete plasma diameter. After
the probing beam has passed through the plasma, both beams are mixed on an array of 19
Schottky diode córner cube mixers, sensitive only to the 1 MHz IF signal. These detectors,
which have a width of 14 mm each, are placed upon a rail on which they can easily be translated,
In this way it is possible either to cover the entire plasma diameter, or to focus on a certain región
of interest.
A small part of the probing beam as well as of the local oscillator beam is used to créate a
reference signal. The phase difference of each of the signáis of the detector array with respect to
this reference signal is a direct measure for the line integrated density.
A more detailed description of the interferometer setup is given by VAN LAMMEREN et al.,1
and by DONNÉ.2

2.

Fringe counters

The phase difference between the measured signáis and the reference signal is determined
by fringe counters. The performance of these fringe counters is mainly determined by the
low-pass filters on the output and the total phase interval covered.
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At this moment the RTP fringe counters are equipped with filters having a -3dB point at
approximately 35 kHz and a dead time during a fringe jump of approximately 24 JIS. The total
phase interval covered by the fringe counters is 4TC, a 2n fringe jump occurs every time the edge
of the interval is reached. If no fringe jump occurs, the máximum density change that still can be
followed is determined by the slew rate of the output filter, and henee by its -3dB point. As a
consequence changes in line integrated density up to 3.7xlO23 m"2s"1 can still be followed.
However, in general a fringe jump does oceur, and in that case the máximum change in line
integrated density that can still reliably be followed is approximately SxlO72 m~2s"1. This valué is
determined by the dead time of the fringe counter. Moreover, after a jump has oceurred no
information on the phase difference is available during this dead time, but later on the phase
information is restored. The oceurence of a dead period is a major drawback when studying
pellet ablation processes, which typically take place in a time interval of 50 to 100 ^.s. A more
detailed description of the fringe counters used is given by HUGENHOLZ.3
In order to overeóme this problem, it is planned to modify the present fringe counters with
a steeper output filter, having a -3dB point at approximately 55 kHz, and a larger phase interval
of 16JL The fringe jumps will in that case have a size of 8%, which is equal to a line integrated
density of 2. lxlO 19 m"2. In this way a fringe jump can be avoided under nearly all pellet
injection conditions and changes in line integrated density up to 2.0xl0 24 m~2s"1 can still be
followed. The enhancement of this valué with respect to the present fringe counters is both due to
the higher -3dB point and the four times larger total phase interval.
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Pellet injection

In the autumn of 1991 a hydrogen pellet injector became operational at the RTP tokamak.4
This pellet injector is able to fire sequentially up to four small pellets (5xlO18 atoms, velocity
between 800 and 1000 m/s) and up to four large pellets (2xlO19 atoms, velocity between 400
and 700 m/s). Presently, only interferometer data are available of relatively small pellets injected
in low density plasmas, due to the problems with the fringe counters.
In Fig. 1 the injection of a small pellet into an ohmically heated plasma is shown, based
upon the signáis from 11 detectors. In Fig. 2 the time trace of each of these detectors is given for
the same discharge. From the latter figure it is obvious that the density starts to increase earlier at
the low field side of the plasma than at the high field side. At a minor radius of approximately
12 cm (the cords at 84.72 cm and at 50.09 cm) the delay is about 35 \is. This indicates that
during pellet ablation the electrón density is not constant on a flux surface, and as a consequence
the symmetry assumptions which are necessary for Abel inversión of the line integrated electrón
density profile are no longer obeyed.
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From Fig. 2 it can be deduced that it takes at least several tens of microseconds before the
density increase due to the pellet ablation has circled around the torus and shows up at the high
field side. Henee it can be concluded that the local density during this time interval is dependent
on the toroidal location with rcspect to the pellet injector. However, no data is available from
which this toroidal dependeney can be deduced, and as a consequence the total number of
electrons can not be calculated correctly during the ablation process.
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Time trace ofthe total number of electrons for a discharge in which three pellets are injected.

In a first approximation, one might disregard this toroidal dependeney and calcúlate the
number of electrons during pellet ablation as if toroidal symmetry were present. Figures 3 and 4
give the time evolution of this parameter. An estímate of the ablation rate can be calculated from
these plots by determining the steepness of the increase, as shown in Fig. 4. The ratio of the
ablation rates of a similar pellet under different circumstances is probably a much more reliable
parameter than the calculated ablation rate itself, due to the fact that the same erroneous
assumption is made in all circumstances
Several discharges, during which pellets were injected in low density ohmically and ECRheated plasmas, were analysed in this way. It was found that pellet ablation in ECR-heated
plasmas is 2 to 3 times faster than in ohmically heated plasmas. Furthermorc it was found that the
ablation rate of a pellet, injected 10 ms after ECRH had been switched off, was more or less
equal to the ablation rate of such a pellet during the ECRH phase of the plasma. This might
indicate that the increase in ablation rate in ECR-heated plasmas is mainly due to the creation of
suprathermal electrons.
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4.

Conclusión
From the results presented above it is clear that the interferometer at the RTP tokamak is
well suited for studying pellet ablation process. At the moment there are still some problems with
larger pellets, but it it believed that by modifying the fringe counters these problems can be
overeóme.
Due to the toroidal dependence of the electrón density during pellet ablation, it is not
possible to exactly calcúlate the ablation rate of a pellet. A rough estímate, however, can be
obtained by discarding this angular dependeney.
The pellets in RTP are injected in the equatorial plañe of the plasma. Therefore, the density
increase due to pellet ablation takes place essentially in the same plañe, and is transponed mainly
along the magnetic field Unes. The interferometer has a 120° toroidal angle with the pellet
injector, and due to the helical structure of the magnetic field Unes the local density is rotated
away from the horizontal plañe with an angle dependent upon the local valué of the q-factor. As a
consequence it is very hard to deduce pellet parameters such as penetration depth directly from
the interferometer data.
Simulation of the pellet ablation process is likely to give more insight into the relation
between the real penetration rate and depth, and the signáis measured on the various
interferometer channels. By fitting the simulated signáis to the measured signáis, it might be
possible to determine valúes for the pellet parameters under different circumstances. Ablation
rates determined in this way could then be compared with theoretical ablation rates, based upon
models like the one presented by PARKS and TURNBULL.5
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Technical aspects of a multichannel pulsee! radar
reflectometer
S.H. Heijnen, C.A.J. Hugenholtz, MJ. van de Pol
FOM-Instituut voor Plasmafysica 'Rijnhuizeri', Associatie EURATOM-FOM,
P.O. Box 1207, 3430 BE Nieuwegein, The Netherlands.
1. Introduction
Pulsed radar reflectometry has been proposed as a viable option for measuring electrón
density profile in thermonuclear plasmas [1, 2, 3 and 4]. Pulsed radar is based on the
measurement of the time-of-flight between launching and receiving a short (< 1 ns) microwave
pulse which is injected into the plasma and reflected by the cut-off layer. The flight time is
directly related to the position of the cut-off density. Density profiles can be deduced by
measuring the flight times of pulses with various frequencies. In principie, changes in the pulse
width can be used to gain additional information on the local density gradient.
2. Motivation
The effort on the development of a multichannel pulsed radar reflectometer is motivated
by the need for reliable density profile measurements in highly turbulent plasmas, e.g. in the
scrape-off layer of the JET New Phase Divertor. Reflectometer measurements are often plagued
with disappearances of the reflected signal, probably caused by density fluctuations which reflect
the signal in a direction outside the antenna pattern of the receiving hom. The phase measurement
of the received signal needs to be continuous over the lifetime of the plasma, otherwise the phase
integration process fails and the position of the cut-off layer becomes indeterminate. The principie
of the time-of-flight measurement can offer a great advantage in this situation. Although it can be
expected that some of the reflected pulses will not be detected, this will not cause problems since
every pulse received back carnes all information needed to deduce the position of the cut-off layer
unambiguously. Other interesting properties of pulsed radar include the negligible plasma
movement during the flight time of the pulses through the plasma, and the simple elimination of
spurious reflections, e.g. from the vacuum window or components in the waveguide runs,
because the corresponding echoes will fall outside the time window which is of interest for the
density measurement. Therefore, a system with a single antenna can be employed, which can be
of importance if the access to the tokamak is limited.
The principie of different echoes from a single pulse in different time Windows can also
be used for the simultaneous measurement of the positions of the X- and O-mode cut-off layers,
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if both cut-off layers can be probed with the same frequency. Such a measurement can be
performed by injecting the E-vector of the probing wave with a 45° angle with respect to the
magnetic field. Since both layers will not have the same position, the result will be two echoes
with a different time-of-flight. To perform internal magnetic field measurements, two different
systems, one operating in the X- and one operating in the O-mode, with appropriate frequencies
have to be build.

3. Pulsed radar measurements at RTP
Measurements with pulsed radar at a frequency of 34 GHz, corresponding to a cut-off
density of 1.4 x 1019 nr 3 , have been performed at the RTP tokamak [2,3]- Typical echoes,
measured for densities above (solid line) and below cut-off (dashed line), are depicted in Fig. 1.

ai
•o
+•;

"5.
89

Fig. 1:

Measured reflections above (solid line) and below cut-off (dashed line)

The reflected signáis were recorded with a sampling scope (type: Tektronix CSA 803)
with a sampling frequency of 200 kHz in sequential equivalent time. The launched pulses had a
gaussian shaped envelope with a FWHM of 1.5 ns. Both curves clearly show a reflection at 4 ns
(A), which originates from the vacuum window. The reflection (C) from the back wall of the
vacuum vessel can be observed if the density is below cut-off, while a large echo (B) appears
when the electrón density exceeds the cut-off density. The flight time of echo B is clearly smaller
than the flight time of echo C. The measured time delays are in good agreement with valúes
derived from the density profile measured by a 19-channel interferometer.

-

307 -

4. Multichannel pulsed radar.
Microwave pulses with various carrier frequencies are needed to deduce the electrón
density profile by measuring the individual flight times. This will lead to a multichannel system.
The construction of such a multichannel pulsed radar reflectometer is planned before the end of
1992 at RTP.
A four channel system in the Ka-band is proposed (see Fig. 2). The system uses a
heterodyne detection scheme to maximize the dynamic range. Only one microwave source at
26 GHz is used. The power of this source is modulated with a fast pin-switch (type: Hughes
47971H-2000) into a pulse shape with a FWHM of 0.5 - 1 ns. To genérate múltiple frequencies,
these pulses are mixed with an IF frequency, that is stepped from 3 to 12 GHz in steps of 3
GHz. This mixing is done by an up-converter (type: Hughes 47471H-2230). The same IF
frequency that is' used for the up-converter is also used as an LO for the receiving mixer. So the
output of the mixer is always at 26 GHz, which is a big advantage for signal processing, like
filtering and amplifying.
A drawback of the up-converter to genérate múltiple frequencies is that the output power
is limited to 4 dBm máximum.
It is expected that there will be no need for a phase-locked loop to stabilize the frequency
of the microwave sources, because a small frequency shift will lead to a minor change of the
valué of the cut-off density only. This will have a negligible effect on the measured flight time.
window
26

29,32,35,38

switch

(window) (plasma)

Fig. 2:

Multichannel pulsed radar system (numbers indícate frequencies in GHz)

5. Accuracy
Many effects which will influence the accuracy of the pulsed radar measurements have
been identified:
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1 :

noise, e.g. due to plasma emission;

2 :

the effect of reflected power fluctuations;

3 :

the finite bandwidth of the pulses;

4 :

the density dependency of the propagation velocity of the pulse.

A basic radar detection scheme [5] consists of a bandpass filter, an envelope detector,
followed by a threshold circuit. The bandpass filter needs to be matched to the input wave form
to maximize the signal-to-noise ratio. The threshold circuit has to distinguish the reflected pulses
from the background noise. The signal-to-noise requirement at the input of the threshold stage is
firmly related to the probability of detection, the probability of false alarm and the achieved
accuracy of the time-of-flight measurement.
In the limit of high signal-to-noise ratio, it can be shown that the m á x i m u m achievable
accuracy in the time-of-flight measurement is given by [6]:

^

^ ¡ ^

(1),

with:
Gx

= RMS valué of the error in the time-of-flight,

a

= pulse width at half máximum (FWHM),

S N R = signal-to-noise ratio as a factor.
Equation (1) shows that the RMS valué of the delay error will increase if the S N R decreases.
From Eq. (1) the lower bound of the required S N R can be calculated if a T is given. For example:
if CJX < 100 ps and o = 500 ps, then the SNR must be at least 136 = 21 dB.
It is clear that fluctuations of the reflected power can cause large measurement errors.
These errors can be reduced significantly by using the timing information of the rising edge of the
reflected pulse as well as the information of the falling edge. This method assumes that the
reflected pulses are symmetric. A feedback system can be employed to set the optimum threshold
level as a function of pulse power.
D u e to the finite bandwidth of the radar pulses, the emitted pulse shape will be deformed
after the reflection because the different frequency components of the pulse will reflect from
different cut-off layers. This effect will depend strongly on the local density gradient. In
principie, the local density gradient can be deduced from the pulse shape deformation, as is
shown in [2, 3]. Since the requirements on the time resolution to m e a s u r e pulse shape
deformations are so stringent, this will not be done on the RTP-tokamak. Dispersión in the long
oversized waveguide run, anticipated for large fusión devices, can also genérate pulse shape
deformations. This will influence the accuracy in the time-of-flight measurements, see Eq. (1).
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If Gaussian shaped input pulses are used, then the broadened pulse will also be Gaussian,
neglecting higher order effects. The pulse width is then given by:

(2),
with:
ar
= pulse width of detected pulse,
a
= pulse width of transmitted pulse,
<|)"(fo) = second derivative of the phase shift at the carrier frequency fo.
The effect of the waveguides on the pulse width has been calculated and is shown in Fig. 3.
Pulses with a FWHM of 0.5 and 1 ns, and a frequency of 33 GHz, where injected into the
waveguide.

20

40
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lcngüi ( m )

20

80

100

(b)

(a)
Fig. 3 :

40
60
lcngth ( m )

Effect of a waveguide on the pulse width. Carrier frequency of the pulses is 33 GHz, and pulse
widths are 05 ns (a) and 1 ns (b). Waveguide sizes are: fundamental Ka-band 7.112x3.556 mm?
and oversized Ku-band 15.799x7.899 mnt2.

From Fig. 3 it can be seen that the 30 m of Ku-band waveguides, envisaged for RTP,
will deteriórate the accuracy of the time of flight measurements. The pulse width will increase
from 500 ps to 710 ps over 30 m of Ku-band waveguide. This will increase the uncertainty in the
time of flight with from 70 to 100 ps. On large fusión devices, where a pulse of 1 ns FWHM will
be used, the pulse width will change from 1 ns to 1.3 ns if 100 meter of Ku-band is used. If even
larger waveguide like S-band ( 72.14x34.04 mm 2 ), is used, the pulse width will increase with
0.6 ps and the effect can be neglected completely.
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The propagation velocity of the microwave pulses will depend on the electrón density.
This effect must be taken into account by employing the information gained from the reflection at
low cut-off densities to correct the measured flight time of pulses reflected at higher cut-off
densities.

6. Conclusión
Research on the use of pulsed radar techniques for reflectometry is in progress. The
hardware of a multichannel pulsed radar reflectometer for RTP will be constructed during 1992
and is planned to become available in the beginning of 1993. Many effects which will influence
the accuracy of the measurements have been identified. Although most of these effects can be
canceled or reduced significantly, the accuracy of pulsed radar reflectometry will be less than the
accuracy of conventional reflectometry. This potential weakness of the proposed system is
compensated in many applications by several unique properties of pulsed radar reflectometry,
e.g. the possibility to measure density profiles in highly turbulent plasmas and the simple
elimination of spurious reflections.

Acknowledgement
This work was performed as part of the research programme of the association agreement
of Euratom and the 'Stichting voor Fundamenteel Onderzoek der Materie' (FOM) with financial
support from the 'Nederlandse Organisatie voor Wetenschappelijk Onderzoek' (NWO) and
Euratom.

References
[1]
[2]
[3]

[4]
[5]
[6]

C.A.J. Hugenholtz and S.H. Heijnen, Rev. Sci. Instrum. 62 (1991), p. 1100.
S.H. Heijnen, C.A.J. Hugenholtz and P. Pavlo, Proa 18th EPS Conf. on Contr. Fusión
and Plasma Phys., Berlin, (1991) Vol. IV, p. 309.
S.H. Heijnen, C.A.J. Hugenholtz, P. Pavlo, M.J. van de Pol and F Zacek, Proa Course
and Workshop on Diagnostics for Contemporary Fusión Experiments, Varenna (1991),
p. 747.
O.S. Pavlichenko, A.I.Skibenko, I.V. Jasin, ITER Diagnostic Workshop, Garching,
Germany, ITER-IL-PH-07-0-15, Feb. 12-23 (1990).
N. Levanon, "Radar Principies", J. Wiley & Sons, Inc. (1988)
M.J. van de Pol, S.H. Heijnen, C.A.J. Hugenholtz, Proa Technical Committee meeting
on microwave reflectometry for fusión plasma diagnostics (1992).

- 311 -

AMPLITUDE MODULATION REFLECTOMETRY FOR TJ-1 TOKAMAK
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Abstract
A new design of an Amplitude Modulation reflectometer for TJ-1 tokamak
(R=0.3m, a=0.1m, B=l T, Ip=70 kA) working in the Q-band (33-50 GHz), is
presented.
A.M. reflectometry performs a time delay measurement by determination of the
phase delay of the modulation envelope of a millimetre wave reflected at the plasma.The
method may solve some of the problems which arise from density profile measurements
in the classical phase delay reflectometry .

Introduction
Reflectometry is a widely used diagnostic to study the density profile in fusión
devices. The relevant magnitude to be used in the reconstruction of the density profile is
the group delay, 3<j)/3f, that is, the differential phase delay between the reference and the
reflected beams when the probing frequency is changed.
The experimental measurement of 3<j)/3f is based on the fringe counting
procedure. This method can suffer errors when large phase fluctuations, usually due to
density fluctuations, are present: they can produce spurious fringes which can distort or
even destroy the desired profile information.
The density fluctuations induce fast motions of the reflecting layers which can
modulate the amplitude and the phase of the beam reflected by the plasma. To overeóme
this effect all previous methods have swept the frequency , either by narrow or broad
band techniques, in order to obtain 3(j)/9f. It is necessary to use a time of sweep as short
as possible in order to minimize the number of spurious fringes which could appear due
to fluctuations during measurements. If the sweeping rate df/dt was not fast enough,
trying to extract the fringe information by digital filtering would not be acceptable: FM
theory shows that the information on the frequency carrier with large phase modulation is
distributed to high harmonics of the density fluctuation frequency. The number of
harmonics with significant amplitude is the higher the larger the amplitude of the phase
fluctuation is.
In present-day devices, where high density and high magnetic fields impose the
use of short-wavelength (k<\ cm) these phase fluctuations can affect the measurements
dramatically. For example, for a vacuum wavelength of the launched signal of 1 mm, a
displacement of the reflecting layer of 2 mm can cause a A(|)=12.5 rad, if the frequency of
the fluctuations is 100 KHz, the reflected spectrum will be wider than 2.5 MHz.

A.M. Reflectometry
The amplitude modulation technique, firstly used in T-10 tokamak (Ref. 1),
carnes out a time delay measurement. If a wave with periodical amplitude modulation is
launched to the plasma, the delay time t of the reflected beam corresponds to the phase
delay of the amplitude modulation signal, t=A0/27tiQ, where Q is the frequency of the
modulation.

312

-

This delay time x, leads directly to the group delay 3<t>/3f. After some calculations:
_ 1 3(j) _ 1 A0
T
~ 2 T T 3f ~27t~Q~
The measurement of A<t>/Q for different radii gives the complete information for density
profile reconstruction.
With a typical modulation frequency £2=100 MHz, the vacuum wavelength of
the modulation signal is 3 m, thus modérate phase shifts (< 2%) are expected, for the
dimensions and parameters in present tokamaks.Due to these small phase shifts, high
accuracy is required in the phase determination. This implies a linear phase meter and
good signal to noise ratio.
Therefore, while swept frequency measurements have to deal with multiradian
phase measurements, induced by broadband density fluctuations, in AM reflectometry the
phase delays involved are smaller than 2TC. This means that complicated filtering and
fringe counting procedures are not necessary and the associated errors ( fringe losses) are
avoided.
Beside producing phase fluctuations, density fluctuations affect the reflected
signal through amplitude oscülations, producing an amplitude modulation of the signal at
frequencies typically in the order of 50-100 KHz. This perturbation is not very important
for AM measurements, provided that these frequencies are much lower than the
modulation frequency Q.
Another effect which have to be taken into account in AM reflectometry is pulse
deformation . The main causes are: higher order derivatives of the phase delay versus
frequency and spectrum deformation by dispersive effects on waveguides and plasma.
Since the AM spectrum is formed by three spectral components it is only
necessary to consider the second derivative. It can affect the measurement when the phase
shift between the carrier and each of the two sidebands is significantly different. The
reflected signal is detected via a square law detector. The output voltage, proportional to
the square of the amplitude of the reflected beam, can be written as:
V out = Cj + C 2 cosasinQ(t + x) - C 3 cos2fí(t + x)
2
being a=fí 3<J)2/3co. The effect is a decrease in the amplitude of the first harmonic of the
modulation signal after detection. For tipical Q=100 MHz, a< 0.002 rad, thus the final
effect is negligible.
Spectrum deformation by dispersión in the plasma and waveguides does not affect
AM reflectometry due to the simplicity of the spectrum and the separation of the different
harmonics. Let the amplitudes of the spectral components of the AM signal be: a,b,c for
the carrier and both sidebands respectively. The signal after detection is:
2

Vout = a2 +

2

i

+ a(b + c)sinQ(t +1)

cos2Q(t + x)

The time delay of the first harmonic is not affected. The signal even survives if one of the
sidebands is completely suppressed.The pulse has been deformed by the detector, but we
can easily remove higher harmonics and recover the time delay.
Parasitic reflections, produced in waveguides, vacuum windows,.., are one of the
main problems for AM reflectometry: the error in the direct determination of the phase
delay is of the order of a/b rad, for a » b , being a and b the amplitudes of the main and
parasitic signal respectively. It is necessary to use separated waveguides and antennae for
launched and reflected beams.
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Potentialities and limitations of this technique (Ref.2) can be summed up in this
list:
Advantages:
- Group delay is measured directly.
- Not affected by density fluctuations.
- No dispersión effects.
- Reduced amount of data per profile.
- Easy to install in existing reflectometers.
Disadvantages:
- Strongly affected by parasitic reflections. A two antenna system is required.
- High accuracy is required in the determination of the phase delay.

Description of the system.
A block diagram of the AM reflectometer set-up is given in Fig. 1. The carrier
frequency signal is provided by a BWO oscillator (01) with a frequency range between
33 and 50 GHz. The signal is transmitted to a modulator (M), which consists of a
waveguide-type microwave diode to which a 120 MHz signal is applied
from the
oscillator 0 2 . The changes in the resistance of the diode genérate an amplitude
modulation in the beam launched to the plasma.This modulation frequency, Q., is chosen
that the máximum phase delay could be less than 2K over the expected range of plasma
positions ( £2< c/ 2a, where a is the minus radius).
The detector diodes DI and D2 provide the modulation envelopes of the reference
signal and the signal reflected from the plasma, respectively. These signáis are
downconverted to a lower I.F. (5 MHz) , amplified, and then compared in a phase
detector to obtain their phase difference (A(j>).
co-Q

co+Q

33-50 GHz

AM
RECEIVER

-115 MHz

03
PHASE DETECTOR

Fig. 1. AM reflectometer for TJ-1 tokamak
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This phase difference has three components: the contribution from the air/vacuum
path length, waveguide, and plasma density profile. This phase can be calibrated
measuring a signal reflected from the inner wall of the vacuum vessel, in this way the
desired contribution of the plasma density can be obtained by subtraction.

AM RECEIVER

D1

RF
,120MHz,D2

LO
115 MHz

LIMITING
AMPLIFIER
TO

PHASE

DETECTOR

Fig.2. AM receiver
The scheme of the receiver is shown in Fig.2 and its main characteristics are:
- Stability of the IF frequency is provided by quartz oscillators (02, 03)
- The use of such a low EF frequency (5 MHz) leads to a high signal to noise ratio.
- A narrow-band filter and a limiting amplifier in a hard limiting mode is used to avoid
the effect of amplitude oscillations due to density fluctuations.

First laboratory tests
First experimental tests, using a fíat mirror to simúlate the plasma reflecting layer,
have been made in the laboratory. The time for the beam to reach the mirror and return to
a detector was recorded and this allowed to determine the position of the mirror. Using a
modulation frequency of 120 MHz we could measure the distance between the antennas
and the mirror with an accuracy better than 1 cm.
The main source of error, as can be seen in Fig. 3, is a ripple in the phase with a
wavelength =4 mm, which corresponds to half of the wavelength of the launched beam
(38 GHz). This ripple are therefore caused by interference of the signal bouncing twice
between the antennas and the mirror with the desired single path signal.
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Fig.3. AM measurements in the laboratory
The amplitude of these oscillations depends on the ratio B/A between the
amplitudes of the secondary (B) and main (A) reflections . The effect of these múltiple
reflections should be smaller in real plasma experiments, where the bigger refractive
losses( B depends strongly on the size and geometry of the vacuum chamber) contribute
to reduce the amplitude of the secondary reflections. Also a proper design of the antennas
system, placing angle reflectors near the transmitting and receiving horns should
eliminate such múltiple reflections.
Conclusions
AM technique seems to work well in ideal laboratory conditions, though múltiple
reflections have to be taken into account. The AM reflectometer is ready and will be
installed in TJ-1 tokamak before the end of 1992, as soon as the the second antenna
system is installed (now the TJ-1 reflectometer used a single antenna for launching and
receiving).
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DEVELOPMENT OF A NEW E C A SYSTEM FOR R T P
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FOM Instituut voor Plasmafysica "Rijnhuizen" Association Euratom-FOM,
P.O. Box 1207, 3430 BE Nieuwegein, The Netherlands

1 Introduction
Electron cyclotron emission (ECE) measurements have proven to be an important tool for
diagnoslng a magnetically confined plasma. ECE diagnostics are based on the radiatíon of
electrons gyrating around magnetic field Unes at the cyclotron frequency,

"« " I

•

O)

Since the magnetic field in a torus is proportional to V R , with R the major radius, a one to
one correspondence between % and R exists.
It is a general principie that a médium (a plasma) which emits radiation, also absorbs
radiation at the same frequency. A perfectly absorbing plasma emits a unique "black body'
radiation, with intensity:
B ( M )

•

provided that Reo « T e , where T e is the electron temperature expressed in eV. The plasma is
then called optically thick [BOR83]. Measuring the emissivity of an optically thick plasma
yields the temperature immediately.
For the purpose of measuring the emissivity, a 20-channel super-heterodyne ECE
radiometer has been constructed for the RTP-tokamak. The radiometer measures at 20 different
cyclotron frequencies in the range of 86 - 146 GHz (second harmonio X-mode). Using this
radiometer, time resolved measurements at 20 positions in the plasma can be performed. The
spatial resolution is approximately 4 - 1 8 mm parallel and 400 -1800 mm^ perpendicular to the
viewing direction. The temporal resolution is limited to 2 |is, due to the máximum sampling rate
of the ADC's. The detection limit of the receiver, using a digital low-pass filter of 500 kHz is
less than 1 eV and the signal-to-noise ratio is determined to be better than 34 dB.
For an optically thin plasma, the emissivity is not proportional to the temperature
anymore. However, diagnostic information can still be obtained by using a transmitling antenna
opposite to the receiving antenna of the radiometer to measure the absorption in the plasma.
More details on the theory and diagnostic applications of ECE can be found in [HUT90].
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2 Electron cyclotron absorption
The optical depth % , is an important parameter in determining the intensity of the emission. For
the 2nci harmonic X-mode, the optical depth can be described as:
t = Constant.^p

(3)

where ríe is the electrón density, T e the electrón temperatura and B' the local magnetic field
gradient The transmissivity of the plasma is directly related to the optical depth:
(4)

T(eo) = exp (- X(CD))

Since x is proportional to ne.Te oc p e for the 2 n d harmonic X-mode, measuring the
transmissivity (or electrón cyclotron absorption; ECA) yields an electrón pressure profile. ECA
can be performed in plasmas with optical thicknesses in the range 0.01 ^ t < 5 , i.e. absorption
between 1% and 99%. At RTP, information on the density profile and the magnetic field is
available. Therefore, a temperature profile can be obtained from a combination of ECA
measurements with data from other diagnostics. A combination of ECE and ECA makes it
possible to measure over the whole región of optically thin, semi opaque and optically thick
plasmas. An additional advantage of ECA is that the absorption is fully dominated by the bulk
electrons and insensitive to the suprathennal tail of the velocity distribution which often exist in
conjunction with optically thin plasmas. A schematic drawing of the ECE/ECA system
envisaged for RTP is shown in Fig. 1.

Fig. 1. A schematic drawing of the ECE/ECA system at RTP
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The set-up consists of a backward wave oscillator source in the frequency range 90 -140 GHz.
The source can be swept over the full bandwidth in less than 1 ms. In order to distinguish ECE
and ECA signáis, the transmitted power will be modulated at about 1 kHz.
Information on earlier ECA measurements can be found in [PAC87].

3 Development considerations and proposed experimental set-up
The second harmonic X-mode at RTP is considered to be optically thick when the central
electrón density exceeds 6 xlO 1 ^ m"3. Plasma operation is usually performed at lower densities
where ECA measurements are needed to obtain local electrón temperatures. RTP is a médium
sized tokamak with a major radius of 72 cm and an inner radius of 24 cm .The limiter radius
can be varied between 16.3 and 18.7 cm. This leaves 5 cm in the radial direction for an antenna
to be placed at the high field side (HFS) of the toras. Therefore, a focussing hog horn antenna
has been developed. This type of antenna consists of a standard horn with an elliptical mirror
attached to it [MOR80], see Fig 2(a). The antenna pattem can be very narrow, as is shown in
Fig 2(b), and can be changed by varying the focussing point of the elliptical mirror. The spot
in which 90% of the transmitted power is concentrated is typically about 4 x 4 cm at the
receiving antenna.
Reception pattarn of hog horn antenna
Elliptical mirror

30 j
120 GHz

o
o
S

O

-30 ¡_.
-30

Degroes

30

Figure 2. a: Side view ofa hog horn antenna , b: Typical pattern of a hog horn antenna

Due to refraction, it may be possible that this spot bends outside the receiver antenna región.
This can be further enhanced by plasma shifts in the poloidal plañe. When the pattem is too
narrow, plasma excursions can cause fluctuations in the signal that have no physical meaning in
relation to the desired purpose. However, when the pattern is too wide there may be not enough
power and the dynamic range of the measurements can be reduced.Furthermore, the spatial
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resolution will be reduced. The width of the transmitting antenna pattern will be a trade-off
between all these aspects.
Another feature to be looked at, is reflection from the surface of the torus, into the
receiving antenna and between both antennae at either side of the torus. Radiation reflected from
the surface gives an unintended contribution to the signal, since it is not directly received from
gyrating electrons. Reflection between the antennae causes standing waves which give
frequency dependent interference patterns on the signáis. Both problems are practically solved
when viewing dumps are used at either side of the torus. The dumps will be made of macor and
space is left out to implement the antenna. Fig. 3 shows the placement of the hog horn antenna
at the high field side. The absorption of the viewing dump is better than 98%.

Figure 3.a: Side view of the placement of a hog horn antenna and viewing dump in the
vacuum vessel, b: Front view of viewing dump

The proposed set-up can also be used to perform high field side ECE measurements. Using
waveguide switches and a 1 kHz PIN-switch it is possible to do both HFS and LFS ECE
simultaneously. Figure 4 shows the switchboard which is going to be used for this purpose.
LFS

ér

__

V J ^

PIN-switch
E3-

Polarizer

HFS

Switch board

5)
sV
1

E> " * -

JL^
>

— s » f o N j - e « - T o radiometer

T

„ s Waveguide switch

Source

Fig.4. Switchboard for combined ECEIECA measurements
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With an oversized LFS antenna in combination with a polarizer, both X- and O-mode can be
measured. Developing this set-up gives a comprehensive diagnostic with many applications.
4 Relation to the international fusión programme
In larger experiments like JET and ITER contamination of the plasma by partióles which are
released from the limiter due to plasma-surface interaction is a basic problem. Therefore these
tokamaks are equipped with a pumped divertor, on which the contaminating partióles are
neutralized and extracted from the main plasma. For proper operation of the tokamak, the
temperature in the divertor plasma must be monitored continuously. Since the divertor plasma is
optically thin, ECE cannot be applied while ECA seems quite suitable. The electrón densities
and temperaturas, typical for the JET divertor plasma can be reached at RTP during ECRH
(electrón cyclotron resonant heating) breakdown plasmas [POL91 ] and are, therefore, ideal to
test the feasibility of ECA for JET.

5 Conclusions
Both ECE and ECA give infonnation on the electrón temperature. The plasma conditions under
which ECE measurements lose reliability are the operating conditions of ECA. Having density
infonnation available, temperature profiles can be produced of plasmas ranging from optically
thin to optically thick. With a few relatively small adaptions, high field side ECE (synchronous
with low field side ECE) and LFS O-mode measurements can be performed additionally.
Application in large tokamak divertor plasmas is possible.
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