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Abstract

This paper presents the first measurement of plasma den-
sity by a K-band microwave polarimetric setup able to
= measure the magnetoplasma-induced Faraday rotation in a
£ compact size plasma trap. The polarimeter, based on rotat-
é ing waveguide OMTs (OrthoModeTransducers), has been
< proven to provide reliable measurements of the plasma
Z density even in the unfavorable conditions Ap~Ly~Le (being
_‘é Ap, Lpand L the probing signal wavelength, the plasma di-
2 mension and the plasma chamber length respectively) that
'é complicates the measurements due to multi-patterns
5 caused by reflections of the probing wave on the metallic
& walls of the plasma chamber. An analysis method has been
2 developed on purpose in order to discriminate the polariza-
E tion plane rotation due to magnetoplasma Faraday rotation
‘i only, excluding the effects of the cavity resonator. The
Z measured density is consistent with the previous plasma
— density interferometric estimations. The developed method
g is a powerful tool for probing plasmas in very compact
N magnetic traps such as Electron Cyclotron Resonance Ion
- Sources and for in-plasma B-radionuclides’ decay studies.
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INTRODUCTION

o For the development of future ECRIS dedicated and ad-
E vanced plasma diagnostic tools will be crucial. It is partic-
O ularly necessary to implement non-intrusive diagnostics
P for probing electron density and temperatures. Among the
< others, a special mention is worth by Optical Emission
b Spectroscopy (OES) [1,2] and X-rays spectroscopy (XRS)
£ [3] which however are both able to measure “partial” den-
sities only, i.e. the ones related to specific energy domains.

Interferometry and microwave polarimetry (i.e., taking
2 profit by magnetoplasma induced Faraday Rotation) are
= able to probe to whole plasma electron population, regard-
Qg) less of energy contents. These techniques have been fruit-
2 fully applied already in large-scale fusion reactors [4] and
& —regarding the Faraday rotation especially — are a standard
= in astrophysical plasmas, where used for either magnetic
8 field and/or stellar density measurements [5].
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However, the implementation of both the techniques in
compact plasma traps, such as ECRIS, is still a challenge:
the main constrain consists in the small-size of the plasma
chamber and of the plasma itself if compared with the prob-
ing wavelength. The following condition holds: Ay~Ly~L,
being A,, L, and L. the probing signal wavelength, the
plasma dimension and the plasma chamber length respec-
tively. That means, interference effects due to the metallic
walls of the plasma chamber cannot be neglected, and in
some conditions even prevail. A specific approach has been
therefore proposed and implemented, and a new double-
purpose tool named VESPRI has been constructed: it is a
microwave interfero-polarimeter suitable for total electron
density measurements in ECRIS plasmas. At least for the
interferometry in compact devices, data are already pub-
lished elsewhere [6].

Hereby we show the data coming from polarimetric
measurements (preliminary dataset are already commented
in the paper [7]) that have allowed the first line-integrated
measurement of plasma density via Faraday-rotation in
ECRISs.

EXPERIMENTAL SETUP

The measurement of the magnetoplasma induced rota-
tion of the polarization plane in the VESPRI setup has been
based on broadband waveguide OrthoModeTransducers
(OMTs) system (see Fig. 1).

The turnstile junction OMTs enable the TE11 mode from
the circular input port of the conical horn antennas to be
split equally into the two single-mode rectangular wave-
guide outputs TE10 modes, thus obtaining a return loss bet-
ter than 13 dB in the 18+26.5 GHz band. One of the twos
OMTs can rotate at + 95°, with an angular precision of
0.05°, handling up to 100 W of microwave power (but the
probing signal was below 100 mW due to the high sensi-
tivity of the power probe). The OMTs were inserted along
the plasma leg, upstream and downstream to the emit-
ting/receiving antennas.
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Figure 1: Up — simplified sketch of Faraday rotation in-
duced by the magnetoplasma. Down — Drawing of the Or-
thomode transducers used as microwave-polarimeters con-
nected to the plasma chamber. A Langmuir probe was sim-
ultaneously used to compare density data.

The angle of the rotating OMT is changed (via in-vac-
uum rotatable joint connection in circular waveguide
standard) in order to minimize its received power on the
Cross-polar port. In free-space and empty cavity case (i.e.,
if the cavity effects are negligible), the angle fulfilling
cross-polarisation condition corresponds to 6 = Oin= 90°.

The plasma changes the cross-polarization condition
such as Omin? = Or + Omin, due to the additional depolariza-
tion angle Of induced by the Faraday effect on the propa-
gating wave.

UNDERLYING THEORY

The derived Faraday’s angle can then correlated to
magnetoplasma parameters through the well-known rela-
tion:

(1
The pulsations appearing in Eq. (1) assume the usual
meaning of pumping, gyro and plasma frequencies, while
c is the speed of light.
The Faraday angle dependence on such pulsations can
be highly simplified in case ®>>wm, and ®>>wm,, assuming
the famous form of the so-called “lambda-squared” law:
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Equation (2) shows that once known By, i.e. the induc-
tion of the externally applied magnetostatic field, is possi-
ble to univocally derive the plasma density from a linear-
ized fitting procedure O vs. A2. Actually, for probing mi-
crowaves in the range 18+30 GHz, that is the one of our
setup, only the condition ®>>w, applies, since the expected
densities (order of 10'? cm™) violate the second assump-
tion. Hence, Eq. (1) has been developed in series of o/wp,
truncating the series at the 4™ term:

9, = H fL<E+ q; n*B  q; n’B
2cmieg Jy \w?  megy 20*  m2el 4w
q¢ n*B
2cm2£§®>
3)

The integral stands for the variation of n and B along
the line of sight. In general, in ECRIS-like systems, B pro-
file is well-known, while n(1) can be argued depending on
the magnetic structure (flat-B field, Simple Mirror, B-min-
imum) with reasonable precision. Figure 2 shows how big
is the difference between the Faraday’s law and its approx-
imation, at a density of 3-10'2 cm™.

n =3 10"8 [m™]

—not-approximated Faraday law
H—approximated Faraday law X<<1 Y<<1 .

100 . A L

1.5 2
A2 [em?
Figure 2: Calculated trends of the expected Faraday angles
for approximated and not-approximated Faraday law as a
function of A2,

DATA ANALYSIS STRATEGY

2.5

Due to the already mentioned cavity-induced effects,
which superimpose to the straight signal going from the
emitting to the receiving antenna, acquired data vs. fre-
quency (or, equivalently, versus the wavelength) must be
accurately depurated by spurious components. In particu-
lar, we want that the polarization measurements occur more
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or less as in free-space, where co and cross polarization
conditions are well-known, following the Malus’ law:

P=Pcos’9 4)

The frequency scan proceeds from 18 to 26.5 GHz, at
steps of 0.6 MHz, thus collecting more than 13000 single
frequencies. An analysis routine has been implemented in
order to scan the dataset, applying Eq. (4) in terms of sta-
tistical agreement to the linearized relation P vs. cos?9.

The filtering consists in eliminating only those frequen-
cies which are dominated by cavity modes and do not fulfil
Eq. (4) condition when varying the reciprocal orientation
of OMTs. This filtering is practically applied via the statis-
S tical correlation parameter R. The higher is the request in
*E terms of R (i.e., for R closer and closer to 1) the lower is
.2 the number of frequencies that can be selected. Typically,
2 R parameters >0.99 were needed in order to obtain datasets
with good “signal-over-noise” ratios.
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Figure 3: The sequence of plots (scatter and histograms
types) represent the selected frequencies dataset at increas-
ing “filtering strength”, i.e. for R-parameters closer and
closer to 1.
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Figure 3 displays a sequence of in-cavity experimentally
obtained data sets: the cross-polarization angle (here
named Onmin) is measured along the whole frequency scan.
Only the frequencies fulfilling Malus law are plotted, at in-
creasing R-correlation parameter. The ideal case corre-
sponding to free-space configuration is when the angle for
minimum transmission (i.e., the cross-polar condition) is
exactly equal to 90°. Cavity effects, introduce waves scat-
tering then implying a broad distribution of angles for
which the cross-polarization condition occurs.
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Figure 4: Standard deviation of the histograms in Fig. 3:
at increasing R the angular dispersion drops.

The final number of frequencies was a compromise be-
tween accuracy of the filtering and statistical consistence
of the dataset. From each histogram of Fig. 3 a relative
standard deviation can be calculated, as shown in Fig. 4: it
somehow relates to the data spread, hence with the accu-
racy by which the rotation angle can be measured.

EXPERIMENTAL BENCHMARKS IN
EMPTY PLASMA CHAMBER

In order to verify that the device is able to distinguish
among different polarization angles inside the resonant
cavity, we implemented a benchmark setup based on a mi-
crowave-wire grid polarizer, according to the sketch of Fig.
5.

Network Analyzer
—ePort 1 Port 2 &
“ Matched
Wire Grid load
Polarizer
Conical
Horn

Figure 5: sketch of the experimental setup where a wire-
grid microwave polarized has been placed inside the
plasma chamber.
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Figure 6: Histograms of minimum-angles in case of po-
larizer placed inside the plasma chamber, at two different
angles. Data show that the device is able to detect a varia-

tion of the polarization axis.
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The polarizer was placed inside the plasma chamber,
around the midplane. The polarizer almost completely fits
inside the chamber diameter, and its polarization angle o
was rotated at steps of 15°. For sake of brevity, here we
present results for 45° and 90°. Figure 6 summarizes the
results for these two angles. It is already clear that despite
the broad data dispersion due to the in-cavity scattering,
anyway the system is able to detect the different polarizer
angle. A more quantitative analysis can be carried out.
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Figure 7: Estimation of O, in case of benchmark measure-
ments with the microwave polarizer: data show that at in-
creasing “filtering-strength” in terms of the R parameter,
data tend to the expected value.

The results of the quantitative analysis are summarized
in Fig. 7. The plot reports the average value of Omin as com-
ing out from four datasets obtained at different “filtering-
strength”, in terms of the correlation R parameter. The
standard error is also plotted. It is clear that at increasing R
the measured angle becomes closer and closer to the ex-
pectation angle oo = 45°.

These results demonstrate that the developed method is
robust in determining any change in the polarization plane
of the wave propagating inside a resonant cavity, with a
relative error in the order of 10%.

The following step was therefore to measure polarization
angle variation induced by the magnetoplasma.

IN-PLASMA MEASUREMENTS

After the benchmark measurements the VESPRI po-
larimeter has been used for the first time to detect magne-
toplasma induced rotation of the probing wave polarization
plane. The main results are illustrated in the three plots of
Fig. 8.

Each points in Figs. 8a,b,c is the result of an average
in Omin obtained in a given Af (or, equivalently, ALA) bin.
The bin size is a compromise between the minimal number
of points needed for a good best-fit calculation, and the
minimal amount of data in a given bin to have a significant
estimation of the <Omi, > with its own error-bar. The three
plots allow a direct comparison of what happens in three
different situations:

(a) free space: the Bmin averages at 90° (standard cross
polar configuration), and data have a very low
fluctuation around the expectation value; the line
corresponds to the attempted correlation to the 4
order truncated Faraday law (Eq. (3)), showing no
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correlation at all (the corresponding R parameter is
0.08).

empty cavity: the Omin averages again at 90° (stand-
ard cross polar configuration), but now data show
wide fluctuations around the expectation value,
due to the scattering introduced by the cavity; now
the R correlating to Eq. (3) is -0.0094, again sup-
porting uncorrelated hypothesis for vacuum prop-
agation, despite the presence of the cavity;
In-plasma: in this case, a N plasma has been ex-
cited at 1.5 10 mbar, using 130 W of microwave
power. Now a trend of the O, vs. A? is clearly ev-
ident. The correlation to the Faraday law is con-
firmed by the R parameter, being R=0.88. Consid-
ering the number of points in the best-fit proce-
dure, tables for statistical consistency say this
value provides a “very high” probability of dataset
correlation to the given mathematical law.
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Figure 8: Sequence of plots regarding the Omin vs. A2 when
using the 4% term truncated Faraday law (Eq. (3)), in case
of: (a) free-space measurements; (b) measurements in an
empty plasma chamber; (c) measurements in presence of
the magnetoplasma.
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& Using Eq. (3) is therefore possible to extrapolate the value
5 of the electron density as a free-parameter of the best fit
Z procedure. The result is displayed in Fig. 9.

x10'8

Polarim. Interfer.
Figure 9: Estimation of the electron density from the best-
fit procedure on the dataset of Fig. 8c, according to the
equation 3. The result obtained by interferometric meas-
urements [6] is also reported, for comparison.

The polarimetric measurement amounts to
(2.93+0.8)-10'8 m?3, that is in good agreement with inter-
erometric estimations (2.141.0)-10'¥m. The special anal-
sis method has also permitted to reduce the relative errors.
angmuir probes measurements in identical physical con-
itions have been performed and give a density a factor 4
-8 lower: possible explanations have been discussed in details

[6].
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CONCLUSIONS

In this paper we have presented the first results con-
cerning the Faraday-rotation measurements in compact
S plasma traps such as ECR Ion Sources. The developed
© analysis procedure has permitted to estimate the rotation
§ angle of the probing wave polarization plane, then corre-
8 lating it to the plasma density value, that can be estimated
= with a relative error of around 25%. The method opens new
% perspectives about non-intrusive plasma diagnostics with
m the goal to improve the tuning of existing machines and the
S design of the new ones.
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