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One of the systems planned for the measurement of electron density in ITER is a multi-channel tangentially
viewing combined interferometer-polarimeter (TIP). This work discusses the current status of the design,
including a preliminary optical table layout, calibration options, error sources, and performance projections
based on a CO2/CO laser system. In the current design, two-color interferometry is carried out at 10.59 um
and 5.42 um, and a separate polarimetry measurement of the plasma induced Faraday effect, utilizing the
rotating wave technique, is made at 10.59 pm. The inclusion of polarimetry provides an independent measure
of the electron density and can also be used to correct the conventional two-color interferometer for fringe
skips at all densities, up to and beyond the Greenwald limit. The system features five chords with independent
first mirrors to reduce risks associated with deposition, erosion, etc., and a common first wall hole to minimize
penetration sizes. Simulations of performance for a projected ITER baseline discharge show the diagnostic
will function as well as, or better than, comparable existing systems for feedback density control. Calculations
also show that finite temperature effects will be significant in ITER even for moderate temperature plasmas

and can lead to a significant underestimate of electron density.

PACS numbers: 52.70.Kz, 52.55.Fa, 52.25.0s, 52.70.m, 07.60.Ly, 07.60.F's

I. INTRODUCTION

The primary system planned for real-time density con-
trol in ITER is the combined tangential interferometer
and polarimeter (TIP).! TIP will also contribute to den-
sity profile reconstruction and play a secondary role as
a diagnostic of core density fluctuations including those
from broadband turbulence, MHD, and coherent modes
such as Alfvén eigenmodes.??

Initial conceptual design studies of the TIP were car-
ried out in 1998* and form the basis for the current design
described here. This design uses a vibration compensated
interferometer [two-color interferometer (TCI)]>® with a
COg laser at 10.59 pum for the probe beam and a CO laser
at 5.42 pm for the vibration compensation.” While this
technique alone is well-established and used for feedback
control on several tokamaks around the world, it does
suffer from susceptibility to fringe-skip errors since the
measured phase shifts are much larger than 27. To guar-
antee continuous density control, the COy probe beam is
also used in a polarimeter configuration for measuring the
density dependent plasma induced Faraday rotation.!013
The rationale behind adding a polarimetry measurement
to standard TCI is that for the majority of operating

a) Contributed paper published as part of the Proceedings of the
19th Topical Conference on High-Temperature Plasma Diagnostics,
Monterey, California, May 2012.

b) Electronic mail: vanzeeland@fusion.gat.com.

conditions the expected Faraday rotation of 10.59 um ra-
diation will always be less than 27, making fringe skips ir-
relevant. This additional measurement can then be used
for renormalizing TCI measurements, should a fringe skip
occur, or as an independent measure of line-integrated
density!® and possibly for feedback density control by
itself.

Both interferometers and the polarimeter described
here measure a phase shift. What is ultimately desired,
however, is information about the plasma density evolu-
tion. The phase shift for each wavelength interferometer
can be expressed as'*

¢i = AN+ 21V (1)

where the first term (A\;) is the plasma contribution
with A related to the line-integrated electron density (n.)
according to:

3T,
A= re/ne (1 — 2m602> dL (2)

re = 2.82 x 10715 m (the classical electron radius), m,
the electron mass and T, the electron temperature. The
second term (27V/);) is the phase shift due to vibration
(V) in the direction of beam propagation. Relativistic
corrections are taken from Ref. 15. For a two-color inter-
ferometer, the line-integrated density including relativis-
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tic effects is given by

3Te >\co2
/’I’Le <1 - Qmecz) dl = Te(A2,0—A2,)

% [6eoz = deoiez] L (3)

AcoZ

where for the current ITER design using CO and COs
lasers, Aco = 5.42pum and A.p2 = 10.59 pm. Similarly,
the magnetic field weighted density integral measured by
the polarimeter is given by

2T, R le’
1- Bodl= -2 4
/n < m502> CpA? (@)

co2

where « is the Faraday rotation angle (the actual mea-
sured polarimeter phase shift is 2«a), B is the local mag-
netic field, and C, = 2.62 x 1073 rad/T. Equations
(3) and (4) represent the actual physical quantities ob-
tainable from the instruments themselves with no addi-
tional information from any other diagnostic or calcula-
tion. The primary source of error on the interferometer
density integral in Eq. (3) is due to phase measurement
errors (typically 1-5 deg) and likewise for the polarimeter
(typically 0.01-0.1deg). Secondary errors for the interfer-
ometer measurement can result from inaccurate determi-
nation of the wavelength ratio (10_4 error in Mg/ Aoz
with V' = 2mm causes equivalent of 5deg phase error)
and for the polarimeter from the finite frequency differ-
ence of the RH and LH rotating waves described in the
next section (V' = 2mm causes equivalent of 0.012deg
phase error for 4 MHz frequency difference) — both er-
rors become significant with increased vibration V.

Il. TIP TABLE LAYOUT AND DETECTION

An initial design of the optical table component layout
for an individual TIP chord has been developed and is
shown in Fig. 1. Each chord fits entirely on a single 5x 7 ft
optical table and uses several off-the-shelf components or
standard components with custom optical coatings (com-
ponents listed in figure caption).

The basic principle of operation is that radiation from
a single 10.59 ym COs laser (frequency wy = 2.8 x
10'3 Hz) is used to create both RH and LH circularly
polarized radiation (Plasma Leg) with a difference fre-
quency of dw = (ws — wi), (where w; = 38 MHz and
ws = 42 MHz) as well as horizontally polarized light with
frequency w, (Reference Leg). Combined, the RH and
LH beams form a linearly polarized wave with its plane
of polarization rotating at dw/2. As described below, this
allows a phase measurement to be made for determina-
tion of both the interferometric phase shift and Faraday
rotation, analogous to techniques developed using FIR
lasers on RTP,'6:17 and MST.'®19 This composite beam
is split (BS4) and a fraction is used to form the opti-
cal Local Oscillator (LO). After being combined with a
fraction of the reference leg power at frequency w,, the
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FIG. 1. Optical table layout of individual TIP chord.
Red/blue labels show CO2/CO laser radiation frequen-
cies and polarization. HeNe lasers are for alignment
purposes only. Component description:  2.56X =2.5X
beam expander (1 CO2 and 1 CO), Atten=50W ca-
pable attenuator, BS1, BS3, BS6, BS7=7nSe beamsplit-
ter (45deg AOI, R~5%/T~95%, at 5.42 and 10.59 pm),
AO1, AO2, AO3=Germanium Acousto-Optic Modu-
lator 38-42MHz capable, A/2=CdS half-wave plate,
DBS1,DBS2=17ZnSe beam combiner (45deg AOI, Rx~99%
at 632 nm/T=x~99% at 10.59um), TFP=7ZnSe thin
film polarizer, A/4=10.59 um CdS quarter-wave plate,
DBS3,DBS4,DBS5, DBS6 = beam combiner (45deg AOI,
R~99% at 5.42pum and T~99% at 10.59 um and 632nm),
BS2, BS4 = ZnSe beamsplitter (45 deg AOIL, R~10%/T~90%
at 542, 10.59um and 632nm), BS5, BS8=7ZnSe beam-
splitter (45deg AOI, R~50%/T~50% at 5.42, 10.59 um
and 632nm), DET1,DET2, DET3, DET4=HgCdTe PV
detectors, Poll, Pol2=10.59 um ZnSe Brewster Angle
Based Polarizer, AM1, AM2=active piezo electric mirror
mount, 4X =4X broadband reflective optic beam expander,
QD1,QD2=HgCdTe quadrant detectors, F'SM = front sur-

face mirrors.

combined beams are sent through a polarizer and to a
reference detector (Detector 1). Detector 1 signals at
frequencies (w2 —wq) and wy are essentially used to form
the LO waveforms for demodulation of the Faraday ro-
tation and interferometry phase shifts respectively. The
majority of the RH and LH beams are sent through the
ITER plasma and back (Plasma Leg), then through a
polarizer and to a separate detector (Detector 3) after
being combined again with a separate reference leg that
is approximately the same path length (Ref Leg).
Detector 1 sees an intensity signal given by

Il (t) ~ Allgsin[(wg — wl)t + (251,12(15)}
+ A1 sinfwit + ¢y1(t)] + Algsinfwat + ya(t)]
and Detector 3 sees
I3(t) =~ A31asin[(we — w1)t + ¢u12(t) + 2a(t)]
+ A3 sinfwit + ¢y1(t) + ¢1(1)] (6)
+A3QSZ‘TL[W2t -+ ¢v2 (t) + d)g (t)]
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Therefore, heterodyne detection at frequency (we — wyq)
can be applied to determine the Faraday rotation («)
where the LO signal is I1(t) and the IF signal is I3(t).
Similarly, the interferometric phase shift of the CO,
beam, ¢;(t), can be obtained through heterodyne de-
tection at frequency wp, where again the LO signal is
I1(t) and the IF signal is 13(¢). As discussed in previous
sections, the interferometric phase shift, ¢;(t), that is
observed at Detector 3 contains contributions from both
vibration and the plasma. The same process could also
be carried out at wo, however, the small variation in fre-
quency wi/wp & wa/wy << 1 may make this unneces-
sary. Separation of the plasma and vibration induced
phase shifts, is accomplished by using a second co-linear
CO laser based interferometer operating at 5.42 yun where
the LO signal is taken at wy from Detector 2 and the IF
signal is from Detector 4 — so called vibration compen-
sated two-color interferometry.

The formation of the separate frequency RH and LH
CO; laser radiation is accomplished by acousto-optic
(AO) frequency shifters functioning at wy and wy respec-
tively. The drive for the AO cells is adjusted such that
the incident beam is split into approximately equal am-
plitude components at wg, wg+w1, and wg+ws with linear
polarization in the plane of the paper. The wg+ w; com-
ponent is then passed through a CdS A/2 waveplate and
its polarization is rotated by 90deg. The two separate
frequency (wp + w1, and wp + ws), orthogonally polarized
beams are then re-combined using a ZnSe thin film polar-
izer/combiner (TFP) operating at Brewster’s angle. The
composite beam is then passed through a CdS \/4 wave-
plate with its axis at 45 deg with respect the polarization
vector of each frequency component forming the super-
imposed counter-rotating LH and RH waves at wg + wi,
and wy + wo respectively (i.e. rotating linearly polarized
wave).

Wavelength monitoring, which is important for ob-
taining accurate vibration compensation in the presence
of large motion, is accomplished in real-time via two
IR wavelength meters. It is noted that the wavelength
measured is the unshifted wavelength while the slightly
shifted wavelength is what is actually probing the plasma.
Alternatively, these signals could be taken from either of
the dumped beam fractions following beamspliter BS5
or BS8 in Fig. 1. The difference being that all three fre-
quencies would be present for the COy (wp,wp + w1, and
wp + w2) and both for the CO (wq,wq + w1)-

Not shown in Fig. 1 is a half-wave plate that will be
inserted periodically after the quarter-wave plate. This
wave plate will be used to calibrate the polarimeter and
account for any ellipitization as well as component coat-
ings that may occur.!?2 Alternatively, if real-time cal-
ibration of the polarimeter is required, a photo-eleastic-
modulator (PEM) may replace or be inserted in addition
to the half-wave plate.

Some of the components used for the feedback align-
ment system are also present on the TIP optical table.
Active mirrors AM1 and AM2 are piezo-electric mirror
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mounts controlled by quadrant detectors near the port
plug. These function to keep the reference and plasma
legs at the same position on their respective quadrant
detector (not shown). The quadrant detectors QD1 and
QD2 are used to provide position feedback to a separate
set of piezo electric mirror mounts positioned off the op-
tical table. The plasma leg active mirror near the port
plug is shown in Fig. 2. The mirrors are adjusted such
that the reference and plasma leg positions on QD1 and
QD2 respectively are held constant. It is noted that an
additional active mirror may be required to maintain in-
terference signal on the final beamsplitter in the presence
of large plasma leg motion.

Common First
Wall Penetration

TIP Drawer
[i ) wPer'scope Vacuum Window
| / = Focusing
\ ‘ . Wirror

Mirror

PSS

FIG. 2. CATIA model of TIP layout on ITER. The 5 TIP
chords enter ITER through equatorial port 9.

Il. TIP LAYOUT ON ITER

The TIP system features five chords with independent
first mirrors to reduce risks associated with deposition
and erosion as well as a common first wall hole to
minimize penetration sizes. Each of the five beams
are delivered to ITER using free-space optics. The
beams enter the vessel through equatorial port 9 and
are returned parallel with a finite-offset resulting from
reflection off a retroreflector. Each of the beams will
have a final focusing mirror near the port plug fol-
lowed by an active mirror controlled by the quadrant
detectors labelled QD2 in Fig. 1. The return beams
are oriented as to arrange for a vertical offset in the
actual plasma. Averaging occurs in the offset direction,
so a vertical offset as opposed to horizontal was chosen
since that is the elongated plasma direction and the
local parallel magnetic field is relatively constant in
that direction. Three of the retroreflectors are located
in neutral beam heating blankets and two in other
equatorial ports. Roundtrip path lengths range from
108-124 m and Gaussian beam modeling show for the in-
nermost chord, the 10.59 um beam 1/e? radius is <12 mm
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over the entire path and the 5.42pm beam radius is
<11mm over the entire path. Beam radii at the retro-
reflectors are 7.83mm CO2/3.92mm CO and 3.4mm
CO2/2.1mm CO for the innermost and outermost tan-
gency radii respectively. The vessel windows are envi-
sioned to be either CVD diamond or potentially BaF2,
pending analysis. Both windows fulfill two basic neces-
sities, a low Verdet constant at 10.59 um?%22 (to avoid
contamination of Faraday rotation measurements) and
acceptable transmission at both 10.59 ym and 5.42 pm.
Additionally, both materials have the added benefit of
similar indices of refraction at 10.59 um and 5.42 ym
(http://www.luxpop.com/RefractiveIndexList.html), re-
ducing uncompensated optical path differences due to do
perpendicular displacements.

IV. PERFORMANCE PROJECTIONS

To simulate the performance of the TIP system during
plasma current rampup, flattop, and rampdown, a DINA
simulation of a representative 15 MA scenario was used
to obtain the necessary discharge information. This sce-
nario has the plasma current rampup during 70s, start
of burn at 90s, end of burn at 500s.23 The relevant dis-
charge parameters are shown in Fig. 3. Since no in-
formation is given on the actual density profile, a flat
profile is assumed inside of the LCFS. The interferome-
ter and polarimeter phase shifts are calculated assuming
a 10.59 pm probing wavelength. Figure 3(a) and 3(b)
shows the temporal evolution of the LCFS shape and
plasma current combined with electron density in the
time range t = 0.1 — 100s. This time window corre-
sponds to the current rampup and flattop and contin-
ues until density flattop is achieved. Also overlayed on
Fig. 3(a) are the tangency radii of the various chords.
TIP simulation results for this time range are shown in
Fig. 3(c) and 3(d), where the interferometer phase shifts
and measured polarimeter phase change due to Faraday
rotation are given. The colors correspond to the vari-
ous tangency radii shown in Fig. 3(a). Twice the Fara-
day rotation angle is given for the polarimeter because
that is the measurable phase shift. It can be seen from
Fig. 3(a,b) that the maximum measured interferometer
phase shift corresponds to roughly ten full fringes while
the measured Faraday rotation angle is always less than
a full fringe, eliminating any possible phase ambiguity.
In fact, the polarimeter measured phase shift is always
less than 7 even for densities up to the Greenwald den-
sity of approximately 1.2 x 102 m~3. Thus, in the event
of a fringe skip in the interferometer system, one would
be able to re-normalize using the polarimeter.

Figure 4 shows the relative errors for both the inter-
ferometer (0nL/nL) and polarimeter (6nBL/nBL) cor-
responding to the assumed conservative fixed instrumen-
tal errors of §¢ =10degrees and da = 0.1 degrees for the
interferometer and polarimeter respectively. For the in-
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FIG. 3. (a) Shape of LCFS during current rampup. Tan-
gency radii of the five TIP chords overlayed as colored
diamonds (red=4.191m, green=>5.021m, blue=6.145m,
orange = 7.090 m, purple =8.050 m). (b) Plasma current and
electron density vs time. (c) Measured interferometer phase
shift for the five tangency radii vs time. (d) Measured phase
shift due to Faraday rotation vs time for the five tangency
radii.
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FIG. 4. Relative error for (a) interferometer and (b) polarime-
ter measurements during the current rampup time window
shown in Fig. 3. Each tangency radius is represented by a
color corresponding to that in Fig. 3.

terferometer, nL represents the line-integrated density
given by Eq. (3) and for the polarimeter, nBL repre-
sents the magnetic field weight density integral given in
Eq. (4). Overlayed in each figure is the nominal target
accuracy of 1% as specified in Table 2 of Ref. 1 (note, the
1% specification in Ref. 1) was on line-averaged density
which would also include path length errors). According
to Fig. 4, both the inteferometer and polarimeter would
be capable of fulfilling this requirement with all but one
chord by approximately 90s (flattop). Due to retrore-
flector placement restrictions, the outermost chord is at
very large radius and actually misses the plasma briefly
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near t = 18s. This chord, however, will be a very useful
constraint on edge density profiles since it traverses only
large minor radii where edge gradients are largest.

Because the plasma starts from zero density, it is
obviously impossible to satisfy 1% relative accuracy
at all times. With respect to plasma control during
startup, 1% relative error may not be necessary. To
help put these TIP simulations in context, a database
search of all DIII-D discharges from 2008-2010 was car-
ried out in which density and current ramp informa-
tion were retrieved. In these discharges, a CO2/HeNe
(10.59 pm/0.6328 um) two color interferometer was used
for density control.2 These data show that adequate den-
sity control during the current ramp on DIII-D is ob-
tained with 10% relative error at 40% of peak current and
relative errors at the beginning of flattop above 2%. The
measurement error is larger than the average plasma in-
duced phase shift until approximately 10% peak current.
These data point to the fact that, with regard to error
levels, the ITER TIP system should function as well as,
or better than, that on DIII-D for feedback control dur-
ing current rampup. Additionally, it is pointed out that
the ITER error estimates used are very conservative, in
fact, the same database search for DIII-D showed a typi-
cal resolution of 3-5 degrees (with <1 deg possible!?) and
polarimeter measurements with 0.01 deg resolution have
been made on other devices.!!

V. FINITE TEMPERATURE EFFECTS

As the equations for the interferometer phase shift and
Faraday rotation angle in the first section show, finite
electron temperature can have a significant effect on the
measurement. The magnitude of this effect for a flat den-
sity profile is shown in Fig. 5. As the plasma gets hot-
ter, for a given density profile, the interferometer phase
shift and Faraday rotation angle decrease — causing an
underestimate of the line-averaged density. The high-
est predicted electron temperatures in ITER are in the
~40keV range (the plasma in Fig. 3 is 10keV) and elec-
tron temperature profiles are expected to be centrally
peaked for all scenarios implying an average of approxi-
mately 20keV. From Fig. 5, one can easily see this effect
will be in the 5%-8% range for the interferometer and
polarimeter respectively at the highest expected temper-
atures and, even for lower temperatures, will cause a sig-
nificant systematic error in estimates of line-integrated
density if a cold-plasma approximation is used. To meet
ITER density specifications for line-averaged electron
density measurements, finite electron temperature effects
will have to be accounted for by both the interferometer
and polarimeter. One approach to doing this is using the
equations in the first section to obtain the effect itself.
By assuming an average B||, the interferometer and po-
larimeter temperature dependent density correction fac-
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FIG. 5. Effect of finite temperature on the measured inter-
ferometer phase shift (¢) and Faraday rotation angle () -
plotted as ratio of finite temperature shift or rotation over
that for a cold plasma.

This allows the relativistic factors to be backed out
and the impact on the density measurements removed
while simultaneously enjoying the benefit of additional
information about the average electron temperature.

VI. SUMMARY

The current status of the conceptual design for the
ITER tangential interferometer/polarimeter (TIP) has
been presented. The design uses two-color interferome-
try at 10.59 pm and 5.42 um, and a separate polarimetry
measurement of the plasma induced Faraday rotation at
10.59 pm. The inclusion of polarimetry allows the two-
color system to recover unambiguously from fringe skips
at all densities, up to and beyond the Greenwald limit as
well as the ability to use the polarimeter itself for feed-
back density control. The system features five chords
with independent first mirrors and a common first wall
hole to minimize penetration sizes. Simulations of perfor-
mance for a projected ITER baseline discharge show the
diagnostic will meet ITER requirements and function as
well as, or better than, comparable existing systems for
feedback density control. Calculations also show that fi-
nite temperature effects will be significant in ITER even
for moderate temperature plasmas and can lead to an
underestimate of electron density.
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