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ABSTRACT

A multichannel far infrared interferometer used on the Joint European Torus (JET) is described. The
light source is a 195um DCN laser. The instrument is of the Mach-Zehnder type, with a heterodyne detec-

tion system. The modulation frequency {(100kHz) is produced by diffraction from a rotating grating. -

There are 6 vertical and 2 oblique channels. The latter rely on retro-reflection from mirrors mounted
on the vessel wall. Their vibration is compensated by a second wavelength interferometer at 118.8 um.
The various subsystems are described, with emphasis on features necessitated by (a) large path lengths;
(b) remote handling requirements; (c) fluctuations in atmospheric humidity, and (d) unmanned auto-
matic operation. Typical measurements, along with real-time and off-line data analysis, are presented.
The phase-shift measurement is made with an accuracy of Y% of a fringe, corresponding to a line integrated
electron density of 5x 10" m™2, Comparison with other electron density diagnostics are shown.

The introduction of additional optics allows measurements of the Faraday effect and a determina-
tion of the poloidal magnetic field distribution. The signal processing and data analysis are described.
Errors introduced by the calibration procedure, birefringence of the probing beams, toroidal field pick-
up, the flux geometry, and the density profile are considered. The Faraday angle is measured with an
accuracy of 5%, and a time resolution of I-}0ms. The poloidal magnetic field is deduced with an accuracy

of £15%.

1. INTRODUCTION

Laser interferometry for measuring electron density has
become a standard diagnostic on most tokamaks''. As
the laser beams are usually polarized, the Faraday-effect
may provide a second piece of information—on the
poloidal magnetic field distribution in the plasma—
assuming the density is measured simultaneously. Such
polarimetry is now also used for tokamak diagnostics'?,

A multichannel far infrared (FIR) interferometer has
been used on JET routinely since 19845 In 1987 it was
supplemented by polarimetry™. In the present paper we
intend to describe the system in its final form on JET.
A schematic view of the vertical probing part is shown
in Fig. 1a and of the lateral probing in Fig. 1b. For com-
pleteness all 10 original channels are shown although due
to machine modifications channels 7 and 9 were
occluded. For clarity the added optics of polarimetry
will be shown separately in Fig.B.

The main parameters of the system are: measuring
range of line density from ~ 5x10'7 to 10%'m™, time
resolution ~ 10™¥s, spatial resolution ~20cm, Faraday
rotation angle from 0° to ~ 45°, number of samples per
channel per shot 4kbytes.

As this diagnostic will be used during the D-T phase
of JET, all the active components (lasers, detectors, elec-
tronics) are outside the Torus Hall, behind the 3m thick
biological shield. The optical link with the Torus Hall
is established via the basement.

The interferometer is of the type first reported by
Véron®), The special engineering features of JET, like
large distances, large plasma, remote handling etc, created
many new problems and solutions worth reporting.

We shall first discuss the major components of the
interferometer system: lasers, optics, mechanics, com-
pensating interferometer, data acquisition and analysis.
Thenin the second part, on polarimetry, the additional
optics, the signal processing, calibration, and data
analysis.

II. INTERFEROMETER

I1.1 Lasers

The basic source of radiation is a DCN (deuterium
cyanide) laser operated at 195 um. Actually there aretwo
such lasers with a common entry point to the system so
that one is always available while the other is being main-
tained or under repair.
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Fig.1 Schematic view of the FIR Interferometer System
(a) Vertical probing (b} Lateral probing

This wavelength was chosen to avoid refractive effects
in the large path through the JET plasma ( ~4m) and
at the same time not to be affected by the mechanical
vibrations on the short wavelength side. Power can be
as high as 400mW, all lines, 250mW in our single line,
but a typical average is ~ 300mW (~ 180mW at 195 um).

As JET operates 16 hours per day, 5 days per week,
reliability of the laser is a major requirement. In fact,
an initial difficulty was the variable performance of the
DCN laser over long periods in comparison with the
well-tested HCN laser. This was due to the much more
vigorous carbonisation of the laser cavity, requiring fre-
quent maintenance and increased UV radiation wearing
out components earkier. Both effects were due to the CD4
gas component of the supply mixture. The problem was
solved by the construction of an automatic control sys-
tem to reduce the flow of CD4 to 1-1%4 hour per day.
This allows the laser to run a He-N, discharge between
plasma shots ( ~ half an hour) and introduces CD4 only
three minutes before the JET pulse.

Due to diurnal variations of humidity which absorbs
the laser radiation, the signal amplitude may vary sig-
nificantly. For this reason, the microprocessor-based
control unit waits for the signal to reach a steady level
after the introduction of CD4 and then checks each
channel cyclically and, if necessary, adjusts their ampli-
tude to be between acceptable limits for the data

-2

acquisition system. In this way, reliable unmanned oper-
ation became possible.

The laser tubes were also redesigned to avoid any weak
joints thus prolonging their lifetime. Frequent checks
were introduced to antici pate problems of wear and tear,
dirt etc. Thus availability of the system has reached
~98%.

The source for the compensating interferometer is a
commercial COz- laser-pumped CH3;OH laser at
118.8 um. The pumping power is ~45W, the FIR out-
put is typically ~180mW (without calorimeter
correction). To keep this power within acceptable limits
(% 5%) an automatic cavity length control unit was con-
structed. The feedback system uses the amplified output
of the reference detector and tunes with its aid the out-
put mirror of the alcohol laser via a stepping motor.

I1.2 The beam-processing optics

The system is separated into a vertical and a lateral sub-
system, for convenience. The laser output is therefore
splitinto two equal parts by a quartz beam-splitter. The
transmission is critically dependent on the angle of inci-
dence and there are two mirrors in front of the laser to
achieve the correct angle (45°), without moving the
whole laser bodily. Then there is a quartz Fabry-Perot
etalon at Brewster angle to select the operating
wavelength of 195 um. Both beams are then further split
into two: a probing beam and a modulated beamas indi-
cated in Fig.1. The modulation is at 100kHz by a
rotating grating-—its 3600 grooves rotated at 28Hz. A
half-wave plate rotates the beam-polarization so that it
arrives in the correct state at the plasma, ie., parallel to
the toroidal field.

For alignment purposes a 20mW He-Ne visible laser
(6328 A) is included. Its output is split into four sub-
sidiary beams by four auxiliary beam splitters/mirrors
on a stider which can be interposed to simulate the four
DCN beams. This power is sufficient to observe the
return beams on the detector. This is facilitated by having
all the optical components for the FIR compatible with
visible radiation; aluminized mirrors, transparent quartz
beam-splitters and windows, and transparent mylar win-
dows are used throughout. The alignment.of the
components is made with an accuracy of +Imm.

11.2.2 Beam transfer

The input beams are transferred by free optical propa-
gation using aluminized mirrors to the C-frame (tower)
in the Torus Hall. First they are sent down into a duct
in the basement and then up through a penetrationinto
the tower. Telescopic arrangements keep the beams down
to reasonable size.

On the return path the beams are directed into over-
sized dielectric waveguides (Pyrex tubes of ~80mm
inner diameter). It was found'® that this form of trans-
misssion is at jeast as efficient as the free propagation
via mirrors, it preserves the polarization direction and,
what is most important for JET conditions, it eases the
alignment problem. The total distance between laser and
detector is ~80m. The entrance to the waveguidesis at




~50m. Once the return beam is within the diameter of
the entrance it will automatically reach the detector; thus
the alignment needs to satisfy only this condition,

For radiological protection the air in the Torus Hall
must be isolated from the air in the basement and the
latter from the Diagnostic Hall. For this purpose in each
exil or entrance port 50 um thick mylar windows are used
which are radiation resistant, highly transmitting both
at 195 ym and 6328 A and can bemadeinto an air-tight
window, withstanding expected pressure differences
when the Torus Hall and basement will be under-
pressurized during the D-T phase.

1[.2.3 Beam steering

The probing beams which arrive in the Torus Hall are
split up into individual channels. One part is sent back
without going through the plasma and recombined with
a portion of the modulated beam to constitute the
reference beam. The others are made approximately
equal in intensity, focused onto the horizontal midplane
of the plasma (beam-waist ~20mm at the e-folding
point of the intensity profile) and combined with the cor-
responding modulated channels afterwards. The input
and exit windows to the vacyum chambers are made of
z-cut crystal quartz in aluminium-bonded ferrules which
enable them to withstand baking temperatures up to

4720°C. Clear optical diameters vary between 75 and
120mm; thicknesses chosen to give a safety factor of
~8. JET is usually operated at ~300°C, but some of
the windows are at lower temperatures, depending on
position. Thus their thickness could not be optimized
for maximum transmission. To avoid back-reflection the
windows are tilted at ~ 3° from the normal. The high
temperature produces air turbulence above the windows
which leads to a ‘shimmering’ of the alignment beams.
The position fluctuation can be as high as = 10mm at
the location of the detectors, before focusing, This effect
introduces phase fluctuations in the beat signal of the

_ order Qf x/10.

11.2.4 Detector optics
After returning via waveguides the beams are focused
onto the InSb He-cooled detectors. Provision has been
made for a TPX lens and polarizer in front of the detec-
tors, but it was found unnecessary. As the detectors are
~2mm square crystals, strong focusing is necessary
from the end of the wave-guide, A quasi-parabolic cone
guides the radiation to the crystals and HDPE plus
carbon-paper filters exclude radiation below 30um.
The overall efficiency of the system, ie. (power arTiv-
ing at the detectors)/(laser output power) is ~2%.

Fig.2 Imerferometer C-frame (tower) in the withdrawn position.
(Fast transfer system on a column, in frong).
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11.3 Mechanics

A massive granite table ensures the stability of the beam-
processing optics. An air-tight cover keeps out dust and
humidity.

The beam transfer optics in the basement are attached
to a duct, 17m long, 1.2%1.2m cross-section, made of
resinated fibre, It is also made air tight and continuously
supplied with pressurized dry air, like the rest of the
system. _

The optics in the Torus Hall is situated in a large
C-frame (tower), independent from the machine. The
tower rests on a motorised carriage movable on rails so
that it can be withdrawn for machine access, Fig. 2 shows
the tower in such a position. The tower can be re-
positioned with an accuracy better than 100 um. To sup-

press mechanical coupling to time varying B fields the’

optical components are attached inside of resinated fibre

boxes: an upper and lower boom for the vertical system.

and a rectangular box for the lateral system. The tower
weighs ~ 52tons and is supported on massive springs:
this was designed to reduce the mechanical vibrations

.to ~ 10pm at the tip of the boom which is 9m long. Fig.3
shows a blown-up trace of the inner-most channel for
pulse No.3013 which demonstrates that, indeed, the
noise amplitude of the 195 um signal is of the order of
l4o of a fringe, corresponding to a minimum measur-
able line density of 5x10'"m™2. The modulation is a
characteristic of the =+ 1 bit excursion of digital output.
This vibrational behaviour made the compensating
interferometer unnecessary for the vertical system. In
fact, several mechanical sensors are attached to the tower
in order to measure the movements of the JET machine
in various directions.

. Fig.3 Pulse No: 3013
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Fig.3 Noise level on the line integrated density of channel 1.

All the optical components on the tower are remotely
alignable. The usual XY motions by screws are provided
using two reversible pneumatic stepping motors for each
mount. The motors are commanded from an electro-
mechanical switch via solenoid air-valves. For purposes
of orientation, small light bulbs can be lit on the com-
ponent to be moved. An adjustable observation
telescope in the Diagnostic Hall can be inserted in any
of the outgoing and incoming beam-paths. Retractable
field lenses in the duct help focusing over the large dis-
tance involved.

Initially the system needed occasional re-alignment
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as the components settled and also due to the Torus Hall

slowly sinking with respect to the Diagnostic Hall.

Recently, however, the sysiemn has operated between two
major shutdowns ie. over a year, without the need for
re-alignment.

The 195 pm radiation is very sensitive to atmospheric
humidity. Therefore the input-output entrances of the
boxes are sealed with mylar windows. The dry air comes
from a compressor and filter array. A relative humidity
of 0.1% or less is required due to the large distances.
The main difficulty arises from pressure differences, due
to a complicated ventilation system between Diagnos-
tic Hall and basement, which draw in humid air even
through tiny leaks., The problem was eased when
isolating mylar windows were interposed at the building
interfaces. Thus each channel passes through 6 isolat-
ing windows.

All the components in the Torus Hall are radiation
resistant to the maximum fevel forseen during the D-T
phase of JET eg. special radiation- hardened diodes are
used to prevent cross-talk in the matrix of the solenoid-
pneumatic control. The possible detrimental effect of
high magnetic field is avoided by the use of pneumatics
and non-metallic support of optical components near
the machine. The booms and the optical compornents
inside have been designed for remote hand-
ling such that a repair and/or replacement could be car-
ried out in the Hot Cell. ‘

1I.4 Compensating interferometer

The JET plasma is D-shaped. Hence it is important to
have views in addition to the vertical lines of sight if a
proper density profile is required. For this reason the
lateral system was designed with three channels; one
horizontal, one at 15° above it and the third one at 32°
below. These must use mirrors attached to the inner wall
of the vacuum chamber and make a double path through
the plasma. This introduced sensitivity to vessel move-
ment and required a compensating interferometer which
would measure the phase shift due to mechanical dis-
placement. This displacement is especially large during
the change of the toroidal field: the vessel wall bends so
much that a plane or spherical mirror would send the
return beam completely off the waveguide resulting in
signal loss, As the angular movement is one-
dimensional, use of roof-top mirrors solved the problem.
(Corner cubes are not applicable because of the separate
input and output windows).

At the outset the 3.39 um wavelength of a He-Ne laser
was used as it is sensitive to the mechanica} vibration
alone. 1t can pass the same optics as the FIR beam.
However the beams returning from the internai mirrors
became fainter due to surface damage and mainly due
to carbonisation. The latter is more detrimental the
shorter the wavelength.

The same fate befell the visible alighment beams: the
initial 35% reflectivity of the Nickel roof mirrors
deteriorated to 0.003 %, hence the alignment possibility
was completely lost. Due to the small size of the beam,
its short wavelength and the lack of waveguide action




at 3.39um, the alignment was very critical and needed
frequent adjustment. Without the visible alignment the
weak infrared signal was adjusted by ‘trial and error’ to
keep a sufficiently high beat signal. In this way the use-
fulness of the lateral channels was demonstrated, but
after more extensive carbonisation the 3.39 um signals
were completely lost.

It was decided to replace this wavelength with a much
longer one, sharing the advantages of the 195pm:
insensitivity to carbonisation and ability touse the wave-
guide, The 118.8 um radiation.of the alcohol laser (see
Ch.I1.1) was chosen. As the existing optics must be used,
some inevitable losses had to be accepted: the beam-
splitters have lower reflectivity, absorption in 10mm of
quartzis ~40%, in kapton ~25%, in humid air it is by
a factor 3.3 more than at 195um.

1o avoid losses in numerous kapton windows, which
were used initially, it was found that 50 pm thick mylar
reduced this loss to ~ 5%, the same as for 195 pm. It was
tested and found radiation resistant so it replaces kap-
ton everywhere.

Lack of space necessitated the use of the same In Sb
detectors; their sensitivity decreases by more than an
order of magnitude at 118.8 um, Nevertheless the avail-
able laser power gives usable signals. Optical separation
of the two wavelengths is not easy, without significant
modification of the system. It was decided to separate
them electronically by modulating them at greatly differ-
ing frequencies—the 195um at 100kHz as before and
the 118.8 um at SkHz (by a rotating grating)—and then
filtering. The fringe counting electronics had to be modi-
fied to attenuate strongly the unwanted frequency,
without undue phase shift and to lock the fractional
fringe counter to 5kHz (see section 11.5}. Spurious SkHz
modulations had to be eliminated.

1t should be noted that the 5kHz modulation
introduces a fundamental limitation of 5 fringesms (of
the 118.8 um signal) on the maximum fringing rate which
can be measured. This corresponds to changes in the
line-integrated electron density of the order of
102 m™2s™!, which is adequate except in certain pellet
injection experiments.

Fig. 4 shows the 195 pm and 118.8 um signals of chan-
nel 10 as they both respond to mirror motion induced
by the fall of the toroidal field and the third signal,
representing the net density trace after correction for
mechanical motion.

11.5 Data acquisition and analysis

The detectors are Indium Antimonide crystals, with six
of them situated in a common cryostat for liquid
Helium. There are two cryostats for the interferometers
and one for the polarimeter. The systemn is kept cooled
down ali year round, except major shutdowns. The hold-
ing time is 10 days for one and two weeks for the other
two cryostats, A preamplifier with a gain of 100 is
directly connected to the crystal and then the output goes
to fringe digitizing CAMAC units. The fringe number
is obtained by recording the difference between the num-
ber of zero crossings experienced by the reference
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Fig.4 Typical result of the compensating interferometer
{Channel 10):
(a) Phase shift versus time (195um interferometer),
(b) Phase shift versus time (118.8um interferometer);
{c) Net line integrated density versus time.

channel signal and the probing channel signals. As this
number is low on JET—of the order of 10—fractional
fringe counting is necessary. It is done by muitiplying
the modulation frequencies electronically by 32 and car-
rying out a similar zero-crossing detection. This limits
the accuracy to %, of a fringe which is better than the
mechanical limit of Y%, mentioned earlier. Supporting
evidence is that the sawtooth modulation of the electron
density which is at the 1 % level is detected on the cen-
tral channels.

Fig. 5 shows a typical direct output of the system: the
line densities in the six vertical channels. Also shown is
the total number of elec trons calculated and the ratio
of the line-averaged to volume-averaged densities.
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The line-integrated density measured by the FIR inter-
ferometer is required not only for diagnostic purposes,
but also in real-time for machine control. The two real-
time applications are the Density Feedback and the
Plasma Fault Protection System!”), Although the fringe
counters convert the line-integrated density to an
analogue real- time signal, this initself is not sufficient
since the signal must also be validated as being free of
fringe jumps. This is accomplished according to three
¢riteria: (a) agreement (within a predetermined toler-
ance) between different FIR channels and/or the single

" chord 2mm interferometer:™® (b) sufficient signal ampli-
tude; (c) no detected fringe jumps. This leads to ‘high
confidence’ level. In certain pellet-injection scenarios
criterion (d) cannot be fulfilled. For this purpose the
bremsstrahlung radiation monitor is included which is
not a phase-dependent measurement. It does not give
absolute values of density but is proportional to

e~ he/kT

i - A1)
where 2, is the effective ion charge, n, is the electron
density, v is the frequency of the detected light and Tis
the electron temperature. Hence, since the temperature
dependence is weak at the frequency considered
(hv< KT)and if one assumes that the change inimpurity
content is negligible during the time interval considered,
one can compute the change in », from the change in
the Visible Bremsstrahlung signal. It is continuously
compared with the interferometer and serves to renor-
malize the density signal after a fringe loss. Although
this is regarded as ‘low confidence’, it still allows the
plasma operation to proceed.

To obtain the density distribution, there are several
Abel-inversion procedures in JET which give results all
in very good agreement. The methods specifically deve-
loped for this diagnostic apply inversion procedures
which introduce smoothing of data from the total num-
ber of chords (vertical and obligue) in a consistent
manner.

One method!®, developed previously under contract
for JET, does this by applying auxiliary conditions on
the Laplacian of the source function. This tends to bias

2
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the inverted profiles toward the Oth order cylindrical
Bessel function.

The approach we are presenting here is to transform
the data from the actual chords to that of a ‘virtual’ set
of chords, chosen for its symmetry. The transformed
data can then besmoothed by any conventional smooth-
ing routine and then inverted.

For n chords of data we define n pixels, whose bound-
aries are the flux surfaces tangent to the chords. We
calculate the path length for each chord through each
pixel, and store the results inan nx r mat.ix, N. Simi-
larly, we calculate two n X n matrices, A and B, for two
sets of ‘virtual’ chords, each of which is an entirely ver-
tical array of chords tangent to the same flux surfaces
as the actual chords (for each flux surface there are two
vertical tangent chords, one on either side of the mag-
netic axis).

The nx1 data matrix can then be transformed by
applying the transform matrices AN™' and BN io
generate 2n ‘virtual’ data points, which are a continu-
ous function of the major radius.

A new set of k uniformly spaced pixels is defined, with
a corresponding path-length matrix K and & data points
obtained by smoothing of the 2n ‘virtual’ data points.
Finally, the local density is obtained by applying X “lto
these data.

Fig. 6 shows the time evolution of inverted chordal
data for a typical JET plasma,

Pulse No: 14960
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Fig.6 Time evolution of the density profile during a pellet
fuelled discharge.

There are four diagnostic systems on JET which meas-
ure electron density: the FIR interferometer, the
single-channe] microwave interferometer, the reflecto-
meter and the LIDAR Thomson Scattering. Compari-
son of their equivalent outputs shows better than 5%
agreement with the interferometer. Fig. 7a compares the
line-integrated density of channel 4, at major radius,
R =3.02m and that of the microwave interferometer at
R=3.1m. Fig.7b compares the density profile in shot
3886 obtained by the FIR interferometer and the single
channel reflectometer. Finally, Fig. 7c compares the den-
sity profile in shot 12237 obtained simultaneously by the
interferometer and the LIDAR Thomson Scattering. It
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Fig.7 Comparison of results from different density diagnostics
(a) Channel4 of the FIR Interferometer (KGl}and the single-channel
microwave interferometer (KG2);

() Density profile by KG1 and by the prototype reflectometer;
¢) Simultaneous density profile by KGJ and the Thomson-scattering
LIDAR system.

should be noted that in the cases 7b and 7¢ the profiles
were calibrated at one point against the interferometer.

III POLARIMETER

I11.1 Optics

The six vertical channels of the JET far-infrared multi-
channel interferometer have been modified to also make

polarimetric measurements (Faraday rotation). The con-
figuration is essentially as described in'® and consists
of a simultaneous measurement of the probing beam
intensity along two orthogonal directions of polari-
zation.

In JET, however, the half-wave plates which are used
for calibrating the systemn are located before the input
of the beams into the torus (rather than at the exiis).
Also, the recombination of the probing and refer ence
beams and the separation of the unrotated and rotated
components is done in 2 stages, using a polarization-
independent beam splitter for the former and a tungsien
wire grid for the latter. (See Fig.8).
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Fig.8 Schematic view of the polarimeter.

IIL.2 Signal Processing and Calibration

The ‘interferometer’ signal is proportional to cosé,
where 8 is the angle of Faraday rotation, while the
‘polarimeter’ signal is proportional to sin 6. The firstis
squared to produce a DC signal proportional to cos™ 8,
the second is multiplied by the first in a phase-sensitive
detector to produce a DC signal proportional o sin ¢
cos 8. The two DC signals are digitized, and their ratio
used to determine tan @ (see Fig. 9).

This method of measurement requires a calibration,
which is performed by rotating quartz half-wave plates
(located at the point of entry of the beams into the torus)
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Fig.9 Schematic of polarimeter signal processing.

to produce a rotation of the beam polarization in steps
of 0.4° (Fig. 10).

The measurement of the Faraday rotation angle is
made with an error <5%, and a sensitivity of ~1%.

The time resolution is 1-10ms., determined by the
integration time of the electronics, The lower limit on
the time resolution is set by the 100kHz modulation fre-
quency of the polari-interferometer.

The time evolution of the measured Faraday angles
for a 4MA ohmic discharge is shown in Fig. 11,

oi\\ — j/.

N

o] 20 40 20 o}
8 {(deg)

Fig.10 Ratio of the polarimeter signal to the interferometer
signal versus rotation angle during a calibration of channel 3
(R =2.7m). Also shown is the fitted curve {crosses) 5,,/5;=ctanf where
¢ is the calibration factor.

I11.3 Data Analysis and Results

The Faraday rotation angle is proportional to § n, By d/,
where n, is the electronic density and By is the magnetic
field along the probing chord. This implies that polari-
metric measurements must be used in conjunction with
other diagnostics to infer the poloidal field distribution.
Inparticular, the non-circularity of JET cross- sections
means that the poloidal field enters into the Abel inver-
sion of the chord-integrated data both as a parameter
(determining the shape of the flux surfaces) and as the
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Fig.11 Faraday angle versus time during a 4MA ohmic
discharge. The inset shows the sawtooth modulations on the central
channel (R =3.02m), and on the Soft X-ray intensity.

unknown to be determined. In the results presented here
the flux geometry is determined from magnetic meas-
urements at the plasma boundary via an equilibrium
identification code, IDENTC!'!. The poloidal field dis-
tribution is then determined by a generalized Abel
inversion in this geometry, Fig. 12. The electron density
profiles are obtained from the interferometric data or
from the LIDAR diagnostic!*?), The Abel Inversion is
made in 2 steps. The discharge cross-section is divided
into six nested elements, determined by the flux surfaces
of tangency of the six polarimetric chords. A first cal-
culation of the poloidal field distribution is made in this
geometry, and used to calculate the expected angle of
Faraday rotation on six vertical ‘virtual’ chords, tangent
to the same flux surfaces, but on the opposite side of the
magnetic axis to the corresponding real chords. A
Chebyshev polynomial is fitted to the complete set of
Faraday rotation angles (real, virtual + zero points at
the plasma boundary) and the second Abel inversion is
performed on this smoothed data. This method ensures
that the smoothed data conforms both to the data and
to the transformation properties implied by the flux
geometry. Fig. 13 shows the results of such a calculation.
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Fig.13 An example of the determination of the g-profile.
{(a) The Abel-inverted density profile compared with the
LIDAR profile.
(b} The measured Faraday angles (circles), the mirrored angles
(diamonds), and the fitted angles (solid line).
(¢) The deduced poloidal field.

(d)} The safety factor profile qsgL‘:’ where ¢ is the toroidal

flux and - the poloidal flux.

I11.4 Sources of Error

A number of effects contribute to the error in the
measurement of the poloidal field distribution. Uncer-
tainty in the calibration, secondary effects due to
birefringence and toroidal field pick-up, uncertainty in
the geometry of the flux surfaces, and sparseness ofthe
data, and uncertainty in the electron density profile lead
to an error in B, of about +15%. Much of this error is
systematic and changes in the B,-profile can be
measured with considerably better accuracy.

111.4.1 Calibration
Calibrations as shown in Fig. 10 are reproducible to bet-

" terthan $%. Nevertheless, driftsin the alignment of the

system make it necessary to repeat the calibration proce-
dure frequently (at least once a day).

111.4.2 Secondary effects

Birefringence introduces an elliptic polarization of the
probing beam, e:=b/a, which appears primarily as a
phase shift Ay, of the polarimeter signal with respect
to the interferometer signal:

Ay= tan"l(mne)+tan'1(e and) ... (2

Plasma-induced birefringence does not contribute sig-
nificantly to measurement errors at the relatively low
toroidal fields on JET. Beam refraction can cause fur-
ther birefringence, however, by changing the angle of
incidence into the dielectric wave guides used on the
return portion of the beam path!®. In order to make an
estimate of the error introduced by birefringence, we
have measured the Faraday angle with the interfero-

‘meter signal shifted by 90°, as well as in the usual way

with the interferometer signal unshifted, asinFig. 9. (In
the absence of any birefringence, the measurement made
with the shifted interferometer signal should give no out-
put on the phase sensitive detector (PSD) since the
interferometer and polarimeter signals are out of phase}.
The ratio of the shifted and unshifted PSD putputs is
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Fig.14 Relative difference between Faraday rotation measure-
ments with and without birefringence corrections.

proportional to tan {Ay)andisa direct measurement of
birefringence. Fig. 14 shows the relative change in the
deduced Faraday angle when the above measurement of
bire fringence is incorporated, showing excellent agree-
ment between the two. Electronics are presently being
developed to monitor birefringence on alt 6 channels.
As a further verification that imperfections in the
optical components do not lead to significant deviations
from ideal behaviour at large rotation angles, one can
measure the plasma-induced birefringence along the
central chord when the input polarization is set to 45°-
with respect to the toroidal field. In this limit the change
in phase betweeri the ‘polarimeter’ and ‘interferometer’
signals should be:
AY=17x1072B;* [ n.df o3
This can be compared with the interferometric measure-
ment (Fig. 15). Although the measurement is noisy, being
at the limit of the resolution of the phase digitizer the
agreement is good.

#15196

"
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Fig.15 Measurement of the line-integral densicy on channel 4
{(R=3.02m).
solid line —interferometric measurement.
dashed line—birefringence measurement.

Finally, due to deviation of the probing chords from

verticality, pick-up from the toroidal magnetic field
could be an important source of error {(~7%). Since
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both the toroidal magnetic field and electron density
must be present in order for the effect to be present, the
only way to estimate its importance directly is to produce
identical dis charges with the magnetic field reversed.
The JET programme has not yet been able to accommo-
date this experiment. A less direct method of estimating
this effect is to compare the Faraday angle on a chord
passing close to the magnetic axis with the value calcu-
lated from the equilibrium magnetic field and geometry.
At this position the Faraday angle is insensitive to details
of the poloidal field distribution and close to 0 unless
the toroidal field is causing an additional Faraday rota-
tion. The error due to the combined effect of the toroidal
field pick up and uncertainties in the flux surface

. geometry in this case is estimated to be ~ 0.007 rad or -

~1% of the maximum angle of rotation.

111.4.3 Geometry

Since the Faraday rotation measurement is a weighted
line integral of Bp, errors in the assumed path lengths
lead directly to errors in B,. In particular, for a set of
vertical probing chords, the inferred value of B, near the
plasma centre is approximately proportional to the
inverse of the assumed elongation of the flux surfaces
at the magnetic axis, k,. The elongation of the central
flux surface in the equilibrium reconstruction is syste-
matically greater (5-10%) than the elongation of the
SXR iso-emissivity surfaces!®, If the latter are taken to
represent the true elongation of the flux surfaces, a
higher value of B, is deduced.

Fig.16
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Fig. 16 Faraday angles in a discharge which was displaced across
the lines of sight.

(a) data from a single time slice

(b} superposition of 3 time siices to increase the spatial resolution,
The fitted angles are nearly identical,




Horizontal displacements of the plasma column
experiments have been performed to increase the spa-
tial resolution of the system by super imposing successive
time slices. See Fig. 16. The results do not indicate any
significant change to the fitted curve with this increased
spatial resolution.

111.4.4 Density Profile

Fig. 7c shows a comparison of the electron density pro-
file obtained by Abel inversion of the interferometer data
with that from LIDARThomson scattering, The very
good agreement between these independent diagnos tics
implies that the error introduced by the density profile
into the measurement of the poloidal field is =10%.
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