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Abstract

The refractive indices and the cutoff conditions for electromagnetic waves in plasmas
are investigated for cold, hot and relativistic plasma models. Significant relativistic mod-
ifications of refractive indices and locations of cutoffs are found in regimes relevant for
reflectometry in large Tokamaks. For X-mode it is demonstrated that these effects may
shift the location of the reflecting layer by a significant fraction of the minor radius and
that the cold model may lead to considerable underestimations of the density profile. Rel-
ativistic effects predicted for O-mode reflectometry are smaller than for X-mode, but not
negligible. An algorithm for reconstruction of density profiles which allows a relativistic
plasma model to be used is presented.

1 Introduction

In Tokamaks and other plasma devices reflectometry is proving to be a useful method for di-
agnosing the electron density [ COSTLEY, 1991]. Broad band and multichannel narrow band
reflectometry have become reliable means of diagnosing the electron density profile [PREN-
TICE, 1990; DoYLE, 1990; MANso, 1991; Sips 1991], while correlation reflectometry offers
the possibility of localized measurement of density fluctuations [CRIPWELL, 1989; Mazzu-
CATO, 1991; Zou, 1991; CrRIPWELL, 1991]. Dual mode reflectometry may provide a means
of measuring the magnetic field profile [PAVLICHENKO, 1989; COSTLEY, 1990]. All these ap-
plications rely on measurements of the phase change which a probing beam undergoes while
propagating from a launching antenna, through the plasma to a reflecting layer at a cutoff
and back to a receiving antenna.

Although electron temperatures found in large tokamaks (5-15 keV) remain small relative to
the rest mass energy of the electrons (511 keV), recent investigations have revealed significant
relativistic shifts in the locations of cutoffs and modifications of the refractive index in the
regions leading up to these cutoffs [BATCHELOR et al., 1984; BINDSLEV, 1991 a, b and c].
This is caused partly by the fact that the refractive index in the vicinity of a cutoff is quite
sensitive to the plasma response. It is, however, also found that the relativistic modifications
of the Hermitian part of the dielectric tensor are larger than would be expected from a
straightforward comparison of the electron temperature with the electron rest mass energy.
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This paper investigates the relativistic modifications of the dispersion in a plasma in the
regimes which are relevant for reflectometry, and explores the consequences these modifica-
tions have on the interpretation of reflectometry data. Methods for analyzing reflectometry
data with a relativistic plasma model are given.

The paper is organized as follows. In section 2 the relativistic plasma model is outlined and
a computationally convenient expression for the weakly relativistic dielectric tensor (due to
SHKAROFSKY, 1986) is given. Section 3 presents numerical evaluations of the refractive indices
for ordinary mode (O-mode) and extraordinary mode (X-mode) propagation based on the
cold, the hot and the weakly relativistic plasma models. In section 4 numerical evaluations of a
number of quantities relating to the fully relativistic O-mode cutoff and X-mode R cutoff are
presented, including the locations of the relativistic cutoffs in an w./w versus wg Jw? diagram
(CMA diagram). A general algorithm for reconstruction of electron density profiles from
reflectometry data is derived in section 5. In section 6 simulated broad band reflectometry
data are analysed with the cold and the weakly relativistic models. Consequences for existing
and possible future diagnostics are discussed. Section 7 summarizes the findings in this paper.

2 Relativistic plasma model

The cold plasma model is well known. In this paper the hot plasma model refers to a magne-
tized plasma with an isotropic Maxwellian velocity distribution for the electrons. In the hot
model the dielectric tensor, €, is derived from Maxwell’s equations and the non-relativistic
Vlasov equation (see eg. SWANSON, 1989).

In the relativistic model the constitutive equations are

I= anqj/"j fi(p)dp, (1)
J
0 7] 7]
F{-{—v-—a—f+q(E+va)-b—£=0 (2)

where v = p/ym and v = \/T + (p/mc)?. The unperturbed velocity distribution correspond-
ing to thermodynamic equilibrium is

_ oaexp(—ay) mec
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K, is the modified Bessel function of the second kind and order n.

The relativistic dielectric tensor is derived from Maxwell’s equations with the plasma current
response described by equations (1), (2) and (3). Various expressions for the fully relativistic
dielectric tensor have been derived [TRUBNIKOV, 1959; BORNATICI, 1983].

Fully relativistic expressions for & are generally difficult to handle numerically. A much more
tractable form known as the weakly relativistic dielectric tensor, derived from TRUBNIKOV’s



result by SHKAROFSKY (1986), is given below. It is valid for @ > 1 and A < 1 (X is defined
below) and is a very good approximation at the temperatures found in large Tokamaks.
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The coordinate system is oriented such that 2 is in the direction of the magnetic field, B, and
the wave vector, k, lies in the z—2 plane. The required Shkarofsky functions, 7"(¢, 9y = 0),
are readily evaluated by the use of recursion relations and expressions relating the lower order
functions to the Fried and Conte dispersion function [SHKAROFSKY, 1986].

For the conditions investigated in this paper the summation over powers of A in expression (4)
converges rapidly. For these conditions X is typically smaller than 5-10~2 and it is generally
sufficient to include only terms up to the fifth power in A.

3 Refractive index

Electromagnetic waves in a homogeneous source—free plasma satisfy the homogeneous wave
equation
AE

0, (5)
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where p is the refractive index, w the angular frequency, k the wave vector, k the unit wave
vector and I the identity tensor. Non-trivial solutions to (5) only exist if

A=A|=0. (6)

This is the dispersion equation. In a cold plasma an explicit expression for x4 can be derived
by solving for g in (6). In hot and relativistic plasmas, where € is a function of y, (6) is a
transcendental equation in p. In this case the refractive indices of the modes of the plasma
are found numerically by searching for the roots of A in the complex u plane. Whereas in the
cold plasma at most 3 modes exist, in the hot and relativistic plasmas there are in general an
infinity of modes, though most of them are heavily damped. A typical situation at frequencies
above the R cutoff is illustrated in figure 1.

Cold, hot and weakly relativistic calculations of the O-mode refractive index as a function
of density at f = 30, 60 GHz and T, = 10 keV are presented in figures 2 (a) and (b). The
cold and the hot curves are indistinguishable.

In Tokamaks, X-mode reflectometry makes use of waves with frequencies between the 1*
and 2" harmonics of the electron cyclotron frequency and above the R cutoff frequency.
Calculations of the refractive index in this region are presented in figures 2 (c)-(f). Cold,
hot and weakly relativistic calculations for 7., = 10 keV and f = 100, 110 and 120 GHz are
compared in figures 2 (c)—(e). While the hot model produces only a small change relative
to the cold model and tends towards the cold model at the R cutoff, the weakly relativistic
model predicts a substantial change in the refractive index and the density of the R cutoff
is increased considerably. In figure 2 (f) the refractive index is calculated relativistically for
four different temperatures to display the temperature dependence of the relativistic effects.
The T, = 0.05 keV curve is indistinguishable from the cold curve.

It is noteworthy that the relativistic effects are more important than the effects found with

the hot model in all the regimes explored here. The following analysis will therefore only be
concerned with the cold and relativistic models.

4 Cutoffs

The locations of the O—mode cutoff and the X-mode R cutoff predicted by a fully relativistic
model are given by [BATCHELOR et al., 1984; BINDSLEV, 1991 a]
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where K; is the modified Bessel function of the second kind and order 2.



The locations of cutoffs found with the weakly relativistic code agree accurately with the
results found with the fully relativistic expressions (7) and (8). In figure 3 the locations
of the O-mode cutoff and the X-mode R cutoff predicted by the fully relativistic model
(equations (7) and (8)) are plotted in an w./w versus w?/w? diagram (CMA diagram) for
T, = 0.1, 5, 10, 15, 20 keV.

As may be seen in figures 2 and 3, the largest relative shift occurs for the R cutoff near the
cyclotron frequency. Relativistic effects in reflectometry should therefore be most noticeable
in this region.

Relativistic effects increase the density at which a wave is cut off in both O-mode and X-
mode. Cutoff densities calculated with equations (8) and (7) and normalized by the equivalent
cutoff densities found with the cold theory,

n
( €rel ) - Vo , (9)
Necold / O cutoff

Nerel VR
= T 10
(ne cold)R cutoff 1- wc/w ( )

are plotted as functions of temperature in figure 4.

In X-mode the temperature dependence of the cutoff density varies with w./w. Curves are
given for O-mode and for X-mode with a range of values of w,/w.

Expanding (7) to third power in 7T, provides a simple expression for the normalized O-mode
cutoff density which is accurate to five significant digits at temperatures below 20 keV:

~ 1+ 4.892 10-3( Te) 2.24 10-6( T. )2+23 10~8 (I—>3 (11)
Yo = : keV : keV : kevV/) -

A simple approximation to the relativistic refractive index for O-mode radiation propagating

perpendicular to B is given by
o =~ - .__l%_
"~ 1 . 12
Vow2 ( )

At temperatures below 20 keV expression (12) with vo given by (11) is generally accurate to
two or more significant digits, and typically accurate to four significant digits in the region
near the cutoff.

To explore the consequences of the relativistic modifications for reflectometry, plasmas are
assumed to have the following profiles of electron density, n., electron temperature, T, and
magnetic field, B:
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Cutoff frequencies calculated on the basis of equations (7) and (8) as functions of major
radius are given in figures 5 (a)-(c) for a range of central temperatures, T,o, and values of
density and magnetic field which are typical of JET plasmas. It is clear that in both modes
the cutoff point may, in the central region, be shifted by a significant fraction of the minor
radius.

5 General algorithm for density profile reconstruction

It is evident that the relativistic modification of the refractive index and in particular the
shift of the cutoff density will change the relation between the density profile and the phase
change which a probing wave undergoes in the plasma. An algorithm for reconstruction of
the density profile from reflectometric data which is valid for both O—mode and X-mode in
the relativistic model is therefore required. One such algorithm is derived here. It is of course
also valid for the cold model.

It is assumed that the phase shift which the probing wave undergoes in the plasma is
2(w/c)¥(w) — 7/2 where w is the frequency of the probing wave, ¢ is the speed of light
and ¥(w) is the optical distance from the plasma edge to the cutoff layer [GINZBURG, 1970],

W(w):/ra wdr . (16)

cutoff (W)

e is analytic in u? at p = 0 (cf. equation (4)). From this it follows that A is analytic in p?
at u = 0 and hence

oA 2
—6-;; = 2/181\/6[1, =0 at H= 0, (17)
while in general
OA _
W#Oaty—o. (18)

Since A is analytic in X, where X equals B, n. or Te (cf. equation (4)), it follows from (18)

that

ou?  —0AJ0X
39X ~ BAjo (19)

tends to a finite limit as g — 0, while
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does not.

Let u(z) be the refractive index at the distance z from the cutoff. Expanding u?(z) around
the cutoff we get to lowest order in z

9B 9z T on. 0z T 9T, oz

2 2 2
2(z) = (0;1 dB  Ou* On. 4 op BTc) . (21)

Let ¥ be the integral of p from the cutoff out to a distance A
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The second equality is valid to lowest order in A. From equations (21) and (22) we get an
expression for dn./0z in the vicinity of the cutoff which together with the expression for A,
implicit in (21), forms the basis for the inversion algorithm:

on. — 2”3 - 8“23_13 - 8“2% 2“_2 (23)
or 36 OB 9r 0T, Or on.
36¥

In equations (23) and (24) p is the refractive index at the distance A from the cutoff while
the gradients, which vary slowly, can be evaluated anywhere in the vicinity of the cutoff. The
assumptions about analyticity made in the derivation clearly also hold for the cold model.

Given the spatial profiles of the magnetic field and of the temperature, an iterative procedure
for reconstructing the density profiles is readily derived from expressions (23) and (24). As-
sume that experimental data on the phase shift function are available at discrete frequencies,
w;. Waves at these frequencies are cut off at points, r;, with densities n;. Further assume
that the density profile has been reconstructed from the edge to the (¢ — 1)th cutoff point,
using the experimental data at frequencies up to and including the (i — 1)th frequency. The
distance from r;_; to r; can then be estimated with expression (24) where §¥ is obtained from
the experimental data at frequency w; and that part of the density profile which has already
been reconstructed. The density at the ith cutoff point can be estimated with expression
(23). The explicit form of this iterative algorithm is
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7n; is the reconstructed electron density at the minor radius r; (r; is negative on the inside of
the plasma). Having determined r; the density, #;, could of course also be determined from
equation (7) or (8), or the equivalent cold equation. This provides a convenient means of
checking the reconstruction.

If the group delay time,

[

is available instead of the phase function then expressions (25f) and (25g) in the algorithm
are replaced by

80; = (wi — wi1) (%u%),- - /:_l(ﬁ(w;,r) - fwiet,))dr . 27)



6 Reconstruction of density profiles from simulated data

To simulate reflectometric data the phase function ¥(w), as given in equation (16), was
calculated relativistically for a range of plasmas with profiles given by equations (13)—(15).
Density profiles were then reconstructed from ¥(w) with the algorithm given above using the
cold and the relativistic plasma model.

The reconstructed density profiles are identical to the actual density profiles when the re-
construction is based on the relativistic plasma model. This demonstrates that the above
algorithm is numerically stable and accurate, and that reconstruction based on a relativistic
plasma model is feasible.

For O—mode reflectometry, reconstruction based on the simple approximation to the relativis-
tic refractive index, given in equations (11) and (12), also results in accurately reconstructed
density profiles. For the parameters used in figure 6 (a) the reconstructed profiles, obtained
with this simple approximation, were all accurate to three or more significant digits.

When the reconstruction is based on the cold plasma model the reconstructed density pro-
files underestimate the actual density profiles, by a considerable amount in X-mode and by
a smaller, though still significant, amount in O—mode. Examples of density profiles recon-
structed with the cold model are given in figures 6 (a)-(c), 7 and 8.

The plasma parameters used for the calculations presented in figures 6 (a)-(c) are typical
of JET plasmas and identical to those used for the graphs in figures 5. Figure 6 (a) shows
reconstructed density profiles obtained for O-mode.

To judge the significance of the relativistic effects for the JET O-mode multichannel reflec-
tometer [PRENTICE, 1990] the relativistic shifts of profiles are compared with the errors that
enter the measurement from other sources. To this end it is convenient to separate the density
profile into three zones: the edge with very steep gradients (% /n > 1/a); the confinement
region with moderate gradients (g—’:/ n = 1/a) and densities which are significant fractions of
the peak density; and the central region with small gradients (%’f/n < 1/a).

Errors not related to relativistic effects manifest themselves as an uncertainty in the radial
location of the cutoff point associated with a given frequency. The cutoff density associated
with a frequency is not changed by these errors. Non-relativistic errors in the density profile
are therefore conveniently expressed in terms of radial uncertainties. The profile shifts caused
by relativistic effects are mainly due to changes in cutoff density associated with a given
frequency, though shifts in the location of the cutoff point do also contribute. For the purpose
of this comparison it is helpful, in the regions with non-vanishing density gradients, to think
of the relativistic shifts in terms of radial displacements.

At the edge the errors from non-relativistic sources can be brought down to about 4 cm
[Sips, 1992]. The relativistic shift at the edge is negligible because the temperature is low
and even if it is not, the relativistic effects do not shift the radial location of a sufficiently
high step in density. Only the height of the step and the densities on either side of the step
would be affected.

In the confinement region the non-relativistic errors can be brought down to 6 cm or less



[Sips, 1992). This is comparable to the relativistic shifts and it appears that under some
conditions the relativistic effects could be the dominant source of errors in this region.

In the central region the non-relativistic errors become very large and details of the profile
are seldom available here. It is however possible to give accurate information about the
peak density at the points in time when a channel changes from reflection to transmission
or the reverse. The non-relativistic errors on these data are negligible. Correcting for the
relativistic effects increases the predicted peak density by typically 5 to 8 % depending on
the temperature (see figure 4 and equations (9) and (11)).

It must be concluded that a data analysis which takes the relativistic effects into account is
likely to improve significantly the accuracy of the JET O-mode multichannel reflectometer.
The codes for analyzing data from this diagnostic will therefore be updated in the near future
to take relativistic effects into account.

Figures 6 (b) and (c) show reconstructed density profiles obtained from X-mode. An X-
mode reflectometer for profile measurements at JET would clearly require a relativistic data
analysis. The relativistic effects in X-mode reflectometry are so large that they will not be
masked by non-relativistic errors in the measurements, provided the non-relativistic errors
are small enough to allow useful profile data to be obtained from X-mode in the first place.

To estimate the relativistic effects at various values of n.g and By it is useful to note that
the graphs of the reconstructed densities normalized by neo are invariant under changes of
neo and By which keep n.o/B2 constant:

20 2§ {2 BO) ) (28)

)
Neo BO

N is the operator representing the relation between the reconstructed density, #(r), and the
actual plasma parameters. 7 is a convenient dimensionless parameter which is proportional
to neo/BE:

2 19..-3
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=5 = = = = 1.029=A———— 29
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The invariance of #(r)/n.o under changes in plasma parameters which leave 7, n.(r)/n.q,
B(r)/Bop and T.(r) unchanged, as expressed in equation (28), is readily shown to follow from
the fact that the dependence of € on wp, w; and w can be written (see for example equation

(4))

Wp We

e:e(—,— ;L,Te) . (30)

)
W w

In O-mode the reconstructed density profiles depend very little on the magnetic field and
hence on 7, except for the limitation that cyclotron absorption may impose on the spatial
region over which the density profile can be probed. The graphs in figure 6 (a) therefore give
a good estimate of the relativistic effects in O—-mode for a wide range of plasma conditions.
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In X-mode the relativistic effects vary significantly with 7. Density profiles reconstructed with
the cold model and normalized by n.o are plotted in figure 7. Here the central temperature,
Teo, is kept constant at 10 keV while 7 is varied. With the major radius normalized by Rp
these curves cover a wide range of plasmas. For the cases covered in figure 7 the actual
central density is at least 20 % greater than the peak reconstructed density. The depths
to which the profiles with » = 0.90 and 0.60 can be reconstructed are limited by second
harmonic cyclotron absorption in the outer region of the plasma. The depths to which the
profiles could be probed were R/Rg = 1.04 for n = 0.90 and R/Ry = 0.81 for = 0.60. The
cold reconstruction overestimates this depth. In the cold plasma limit the X-mode radiation
required to probe to the plasma centre and beyond will pass through the second harmonic
cyclotron absorption layer if

_ 2(1—G/R0)
1> = R (31)

where a/Rg is the inverse aspect ratio. For the plasmas considered in figure 7, a/Ro = 1/3
giving 7o = 0.75. The relativistic mass increase lowers the frequency at which cyclotron
absorption sets in. This is counteracted by the relativistic lowering of the cutoff frequency.
Equation (31) generally gives a good indication of when the centre of the plasma may be
probed with X-mode, even when relativistic effects are taken into account.

At large values of w?/w? the location of the cutoff is a weak function of density. In the cold
plasma approximation and assuming that B o 1/R a change, §R, in the location of the R
cutoff results in a change, én., in the cutoff density given by

one 6R

w?
ne wiR’

(32)

This means that at low densities and high fields the reconstruction of density profiles from
X-mode reflectometry becomes prone to noise. Some numerical noise is evident in the n =
0.07, 0.05 and 0.0033 curves in figure 7. It should be noted that numerical stability is not a
problem at the values of 5 which are relevant for JET and other large Tokamaks.

In figure 8 reconstructed densities obtained for plasmas with a range of temperature profile
shapes are given. Pr (see equation (14)) was varied while all other parameters were kept
constant. Increasing Pr peaks up the temperature profile. It is evident that reconstruction
based on the cold model underestimates the central density by an amount which is almost
completely independent of the peaking of the temperature profile. The graphs in figure 8
further suggest that the depression in the cold reconstructed density profile at a given point
depends on the temperature in the vicinity of that point and very little on the temperature
in the rest of the plasma.

7 Conclusions

The dielectric properties of plasmas have been investigated for propagation perpendicular
to the magnetic field at frequencies in the range of the electron cyclotron frequency and
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the plasma frequency. Calculations of the Hermitian part of the dielectric tensor, refrac-
tive indices and locations of cutoffs based on cold, hot and relativistic plasma models were
compared. While only small differences were found between the cold and the hot models,
substantial differences in all three quantities were found between the cold and hot predictions
on the one hand and the relativistic on the other. The differences are larger than a simple
comparison of T, with m.c?> might suggest.

Cold and relativistic predictions for reflectometry were compared. It was found that relativis-
tic effects are of practical importance for X—mode reflectometry in large Tokamaks, because
(a) cold analysis leads to a considerable underestimation of the electron density profile and
(b) the location of the cutoff may be shifted by a significant fraction of the minor radius.
(a) implies that for density profile measurements using X-mode reflectometry (an attractive
option for ITER) the data must be analysed with a relativistic plasma model. (b) has conse-
quences for the determination of where fluctuations observed with correlation reflectometry
are situated in the plasma.

While the relativistic modifications found in O-mode are smaller than in X-mode they may
still have to be taken into account, except near the plasma edge. For typical JET parameters
the relativistic shifts of density profiles derived from O-mode reflectometery can be of the
same order or larger than the estimated non-relativistic errors on density profiles obtained
with the JET O-mode multichannel reflectometer. This diagnostic will therefore benefit from
a data analysis which takes relativistic effects into account.

A code for relativistic reconstruction of the electron density profile from the phase shift
function has been written and tested with simulated reflectometric data.

Simple and accurate approximations have been found for the relativistic O-mode refractive
index and for the relation between density and frequency at the O-mode cutoff. These
approximations permit accurate reconstruction of density profiles from simulated O-mode
reflectometry.
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Figure 1: Contour plots of the logarithm of the weakly relativistic plasma dispersion function,
log(|A]), in the complex u plane. The weakly relativistic modes appear as singularities in this
plot. The cold O- and X-mode refractive indices are also indicated. Parameters: T, = 15 keV,
n.=6.0-10%m"3 B =30T, £{(B,k) = 90°, f = 124 GHz. (f.. ~ 84 GHz, f, ~ 70 GHz,

fr =~ 123 GHz)

1.0 O-mode (=30GHz
Ky
0.5 Col Relativistic
hot
0 2)
1.0 O-mode {=60GHz

Relativistic

b)

0

1.0 X-mode f=100GHz
K Relativistic

hot

[=]
o
I

0 °)

1.0 X-mode f=110GHz
[ : Relativistic
05| ho

d)

X-mode f=120GHz
Relativistic

Relativistic

T/keV=0.05—\ 5\ 10\15

0 25
Electron density / 10'*'m-3

Figure 2: Refractive index, p, as
a function of electron density.
Parameters:
B=34T,<L(B,k) = 90°
(a)-(e) cold, hot and weakly rel-
ativistic, T, = 10 keV,
(a) O-mode, f = 30 GHz,
(b) O-mode, f = 60 GHz,
(c) X-mode, f = 100 GHz,
(d) X-mode, f = 110 GHz,
(e) X-mode, f = 120 GHz.
(f) weakly relativistic,
T. = 0.05, 5, 10, 15 keV,
X-mode, f = 120 GHz
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Figure 3: Locations of the R cutoff and O-mode cutoff predicted by the fully relativistic plasma
model, plotted in an w,/w versus w)/w? diagram (CMA diagram). T, = 0.1, 5, 10, 15, 20 keV.
The T, = 0.1 keV curves are almost identical to the cold curves.
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Figure 4: Cutoff densities predicted by the fully relativistic plasma model and normalized by
the equivalent cutoff densities found with the cold theory as functions of temperature. Curves
are given for O-mode and for X-mode with a range of values of w./w. The X-mode curve with
we/w = 0 is identical to the O-mode curve.
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Figure 5: Cutoff frequency as a function of major radius. Plasma profiles are defined in
equations (14)—(16). Parameters: Rg = 3m, ¢ = 12 m, p, = 0.5, nyg = 1-101"m=3, T,y =
0.1, 5.1, 10.1,15.1 keV, pr = 1, Ty = 100 eV, (a) O-mode, By = 3.4 T, n,o = 3.01 - 10®m~3,
(b) X-mode, By = 2.8 T, neo = 5.01-10°m=3, (c) X-mode, By = 3.4 T, n.o = 3.01-10**m~3,
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Figure 6: Actual electron density profile and reconstructed density profiles derived using the
cold plasma model for analysing phase functions, ¥(w), obtained with the relativistic model.
Plasma profiles are defined in equations (14)-(16). Parameters: (identical to those used in
figure 5) Ro =3 m,a=12m, p, = 05, ng = 1-10"m~3, T,p = 0.1, 5.1, 10.1, 15.1 keV,
pr =1, Ty = 100 eV, (a) O-mode, By = 3.4 T, ne = 3.01-10'°m~3, (b) X-mode, By = 2.8
T, neg = 5.01 - 10®m=3, (c) X-mode, By = 34 T, n.o = 3.01-10®m~3. For X-mode the
maximum probing frequency and hence the maximum depth to which the density profiles can
be reconstructed is limited by absorption in the outer region of the plasma at the second

harmonic of the cyclotron frequency.
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Figure 7: As figure 6 but with parameters: Ry/a = 3, p, = 0.5, n./n.o = 1/100, = 0.90,
0.60, 0.30, 0.10, 0.07, 0.05, 0.033, T.o = 10.1 keV, pr = 1, T; = 100 eV, X-mode. For 5 = 0.90
and 0.60 the maximum probing frequency and hence the maximum depth to which the density
profiles can be reconstructed is limited by absorption in the outer region of the plasma at the
second harmonic of the cyclotron frequency. For n = 0.033 the depth is limited by numerical
noise in the reconstruction.
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