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One of the systems envisaged for measuring the current density profile in the ITER ispanl18
poloidal polarimeter system. The proposed system has two independent views: one fan of chords
observes the plasma via an equatorial port and a second fan views down from an upper port. This
article will present the status of the on-going work and will address issues as sensitivity and
accuracy, refraction, Gaussian beam ray-tracing, alignment, and calibration as well as some specific
design details. @004 American Institute of PhysicfDOI: 10.1063/1.1804372

I. INTRODUCTION Il. BASIC GEOMETRY AND LAYOUT

Control of the current density profile is essential for the  The polarimeter under study is an evolution of the sys-
so-called advanced modes of tokamak operation. The maiem that was originally proposed for ITER-8&hat system
techniques to measure this profile are based on the Faradgyatured a fan of chords viewing the plasma through an equa-
effect, experienced by a far-infrared beam passing througtorial port and was envisaged to operate at a wavelength of
the plasma(called polarimetry* and on the motional Stark 118 um. Because the geometry of ITER has changed with
effect (MSE)2 experienced by energetic neutral beam atomgespect to that of ITER-98, the maximum number of chords
that are injected into the plasma. Both techniques have theiia the equatorial port is now limited to(@ee Fig. 1, view-
specific advantages and, therefore, both of them are beingg the plasma via two penetrations through the blanket mod-
explored for the ITER tokamalTER=Latin word for “The  ules. The change of geometry has happened in parallel to the
way”). This article will focus on the poloidal polarimeter work reported here. This explains why in some figures cal-
system for ITER. In Sec. Il the overall optical setup alongculations for eight chords are shown. Since in all cases the
with the results ofGaussian beapray-tracing calculations calculations have been done for the same plasma geometry
including refraction will be presented. In Sec. Ill the valuesthis does not have an effect on the conclusions of this article.
for the Faraday rotation angles and the ellipticity that can be  To optimize the coverage of the plasma also four chords
expected are discussed for various ITER operational scesa an upper plug are proposed. Additional chords looking up
narios, along with the envisaged accuracy in the determinafrom the divertor have been used for a small part of the
tion of the current density profile. In Sec. IV the character-underlying study. The beams are reflected back along the
istics of the retroreflectors to be employed are discussedame path through the plasma by means of 37 mm wide
Gaussian-beam ray-tracing calculations of one of the polaretroreflectors indented about 25 cm deep at the bottom of
imetry chords all the way from the retroreflector to the diag-remote handling grips in the blanket modules opposing the
nostics laboratory have been performed to assess alignmepérts. The chord geometry is essentially fixed by the fact that
issues and to study the optical tolerances. The results of thesige retroreflectors can be only positioned at a number of
calculations are presented in Sec. V. The article will be condiscrete slots in the blanket modules and the additional desire
cluded with an outlook including suggestions for furtherto minimize the number and size of port penetrations to re-
work. duce as much as possible the neutron streaming through the

port plugs. It may be obvious that, because of their proximity
#Author to whom correspondence should be addressed; electronic mai[‘.0 the plasma, the retroreflectors are the most critical element

donne@rijnh.nl in the setup.
Ppartners in the Trilateral Euregio Cluster. In the design of the optical system the rule of thumb was

0034-6748/2004/75(11)/4694/8/$22.00 4694 © 2004 American Institute of Physics


http://dx.doi.org/10.1063/1.1804372

Rev. Sci. Instrum., Vol. 75, No. 11, November 2004 Poloidal polarimeter for ITER 4695

used that the dimensiofs of apertures and mirror diameters
should be larger than the limiD,,;,>2.2d, with d the 1/e
width of the intensity distribution of the laser bedrthis
corresponds to a 99.2% reflection/transmission by/through
the optical component. Since the maximum possible diam-
eter of the retroreflector is limited to 37 m¢ne., the width

of the remote handling grips in the blanket modylekis

was used as a starting point for the gaussian beam ray-tracing
calculations. To avoid vignetting by the retroreflector, the
beam focus at the retroreflector should have a diameter
smaller than 16.5 mm. In Fig. 2, the beam expansion is
shown for three diameters of the beam waist: a larger beam
waist leads to a smaller diameter of the beam in the port
plug. To allow for some small beam misalignments on the
retroreflectors a 13 mm diameter beam waist was used as
design guideline. The distance between the retroreflector and
the port penetration is in the range 4.5-5.5depending on

the chord and that between the retroreflector and the second
mirror (being the first focusing element seen from the
plasma is between 6.5 and 7.5 m. Applying again the rule of
thumb, this implies that blanket penetrations with a diameter
of 100 mm are sufficiently large for the lateral fan of view-
ing lines. This incorporates even some margin for slight mis-

L alignments of the beam and the use beam steering for align-
ment purposes. Apart from the second mirror only one other
FIG. 1. Overview of the proposed polarimeter system for ITER. focusing mirror per chord is needed to guide the laser beam

all the way from the retroreflectors to the diagnostics labo-

70 . .

— d_=13mm ratory (see Table I, Fig. B All other reflective elements are
0f - -~ ;"flgmm plane mirrors.

o G 2T In principle also a blanket penetration of 100 mm diam-

eter would be large enough for the additional vertical view-
ing lines. However, to be able to correct for possible mis-
alignments and the requirement for beam sweefseg Sec.

V) a somewhat larger diamet&t20 mm) is preferable.

... PR i ] Albeit not very critical for the optical system, it is tempt-
ing to minimize the number of optical components in the
setup. Nevertheless, the viewing penetrations should have a
sufficiently high number of bends to reduce the neutron
Hm streaming and also to correct for differential movements of
the various parts of the ITER device. Furthermore, a double

FIG. 2. Expansion of the beams for different beam waists at the position o(,acuum barrier is needed. This will be made up of two
the retroreflectors.

TABLE I. Coordinates of all optical elements in the beam line of polarimeter chord Nee& Fig. 1

Cumulative
Focal length distance
Number Element X(mm) Y(mm) Z(mm) (mm) (mm)
1 Retroreflector —4048.70 -1937.62 1803.30 0.00
2 Plane mirror -9057.60 -1937.62 284.50 5234.10
3 Spherical mirror -9057.60 -1733.32 284.50 5100.00 5438.40
4 First window —-11004.94 -1733.32 482.00 7395.73
5 Plane mirror —12 598.62 -2014.33 482.00 9014.00
6 Second window -12 598.62 -2014.33 818.00 9350.00
7 Plane mirror -12598.62 -2014.33 1154.00 9686.00
8 Plane mirror -12773.31 -1023.61 1154.00 10 692.00
9 Plane mirror —-17 640.86 —-1881.89 1154.00 15 634.64
10 Plane mirror -17 640.86 -1881.89 2862.50 17 343.14
11 Plane mirror —17 403.25 —-2695.49 2862.50 18 190.73
12 Spherical mirror —33250.00 —7323.44 2862.50 72 00.00 34 699.43
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FIG. 4. Effect of refraction on the position of the beam on the retroreflectors

FIG. 3. Overview of the optical transmission line from the position of the (in & direction perpendicular to the chgr@hords 1-8 are for the equatorial
first vacuum window(No. 4 in Table ) to the point of entrance into the Port system, while chords 9 and 10 are two of the chords viewing via the
diagnostic laboratoryNo. 12. upper port.

vacuum windows separated by a 90° mirror. The two win-albeit that one should carefully take this effect into account

dows each need to tilted by a small angle to avoid backreWhen dimensioning the mirrors. For instance a 4 mm mis-
flections and to have a minimum distortion on the beamflignment of the be_am_on the retroreflector of chord No. 5,
polarizatior® If the amplitude of the backreflected signal ar- Would lead to a misalignment of the beam on almost all
riving at the detector is even as small as 1%, this leads to afPmpPonents in the beam liisee Fig. 3. So either the op-
additional error in the measurement of the Faraday rotatiof{c@ components should have a large enough dimension to
angle of 0.1 de§.The space between the two windows is incorporate these misalignments, or one should make use of
separately pumped. An overview of the beam line from theAClive beam steeringsee Sec. Y. ,

first window to the entrance of the diagnostics laboratory is 1 he €ffect of electron cyclotron absorption has not been

shown in Fig. 3. The coordinates of all optical elements areParately studied for ITER. However, in the earlier study for
indicated in Table I. ITER-98 it was already concluded that absorption by very

Ray-tracing calculations have been done for ITER plasfigh harmonics of the electron cyclotron frequency was
mas with two different density profilesi,=101%+ax 107 completely negligible u_nd_er all cond|t|qﬁ§|nce the h|ghest
X (1-p°)m3, with p the radial coordinate, being 0 in the electron cyclotron emission frequenm_es expect(_ed in ITER
plasma center and 1 at the edge. Both a(fIEER referencg &€ lower than those in ITER-98, this conclusion is still
density profile witha=1 andb=10, and a peaked profile Valid-
with a=2 andb=2 have been studied. The beam displace-
trne_nt due to refraction varies from chord to.chord and "(5;]”' SENSITIVITY OF THE SYSTEM
ypically between 1 and 6 mm for the equatorial chords an
the flat density profilgsee Fig. 4. The refraction for the The Faraday rotation angles and ellipticity have been
peaked profile and for the vertical chords, with a muchcalculated for a range of ITER equilibria during a nominal
longer line of sight through the plasma is somewhat largeinductive scenario that is envisaged for ITESee Table ).
(up to 12 mm in the worst cagdt is important to note that The vacuum toroidal field in all these cases was equal to
the difference in the beam displacements calculated for th6.3 T. Furthermore, two other equilibria have been consid-
flat and for the peaked profile is typically between 1 andered. One of them is a 17 MA plasma at the end of the
1 mm (depending on the choydThese small displacements burning plasma phase, and the other is the equilibrium cor-
can be easily corrected by appropriate beam stediseg responding to a reversed shear plasma with a plasma current
Sec. V). They also demonstrate that the system is relativelyof 10 MA. All equilibria have been calculated for six differ-
insensitive to changes in the shape of the density profileent density profilegsee Fig. 6.

Retroreflector Plasma Spherical mirror windows
8 -

Outcoming beam

Incoming beam FIG. 5. Effect of the 4 mm beam dis-
2 14 placement on the retroreflector of
chord No. 5 on the full beam trajec-
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TABLE Il. Plasma current, central safety factogo, and plasma pressure 80
Pyt for the series of equilibria during a normal inductive scenario. :w;, 15 MA End burn
Q
ptot :") 40 -
(0) 3,
Io(MA) do (Mpa) Remarks é 0 5.5 MA Ramp up
55 2.14 0.03 3 5.5 MA Ramp up
6.5 2.02 0.03 _ _ 2 40
75 1.79 0.04 X-point formation B
8.5 161 0.05 S 15 MA End burn
9.5 1.47 0.07 -80 . . . .
10.5 1.36 0.08 -40 -20 0 20 40 60
115 1.28 0.09 Viewing angle [degrees]
12.5 1.18 0.11
13.5 1.13 0.13 0.25
15.0 1.05 0.16 Start of current flat-top
15.0 0.99 0.99 Start of burn 0.2 4
15.0 0.99 0.99 End of bumn 15 MA End burn
12.2 0.83 0.14 End of cooling g' 0.15
B
O 0.1 4
The calculations of the Faraday rotation angle and the 0.05 |
L. ) 5.5 MA Ramp up
ellipticity (related to the Cotton—Mouton effgatvere done
by cutting the plasma in slabs of 1 cm thickness and calcu- 0 : . . ‘
lating the transformation matrices of an electromagnetic -40 -20 0 20 40 60
wave traveling through this slab and by applying these ma- Viewing angle (degrees)

trices to the electric field vector of the beams. Refraction in

the plasma due to density gradients was neglected in this pdﬂG 7. Calculated Faraday rotation angles for a horizontal fan of chords
op) and the corresponding ellipticity valu@sottom). The viewing angle is

. . t
of the StUdy' The calculations were dor}e for smgle p"’ISS"’lg%‘efined as the angle the chord makes with the equatorial glegative
through the plasma only. So all values given below should b@umbers refer to values below the midplanghe steepest slopes in the
multiplied by 2. The MATLAB computer program for these Faraday rotation correspond to the largest plasma currents. All values are for
calculations was originally developed by Niesw&nd. single passage of the beam.

Here we will only present as example the calculations
for a fan of beams through the equatorial port and for the flat

. . ._conjunction with the Faraday rotation profile. This could be
density profile. The calculated values of the Faraday rotatlor(ljone either by interferometry along the sagpelarimetry
angle and the ellipticity are rather largeee Fig. 7 and can y y 9

be easily measured with high accuracy. Also the dependen?cehords(albelt that this method is very vulnerable to multiple

. ; finge jumps and vibrations of the optical components, ne-
of the slope of the Faraday rotation profile on the centraCessitating the use of a second wavelepgihby using the

safety factor is easily measurable with sufficient accuracy, . )
: . Cotton—Mouton effect to retrieve the electron density, as was
even in the reversed shear case, where the rotation angles are

typically a factor of 2 smaller than in the other cases. SimilarOrlglnally proposed by Se_g|7eand alrgady successfully _dem-
. onstrated at W7-A$.In this respect it should be mentioned
conclusions can be made for the upper chord and for th?h . .
) ) at a polarimetric method proposed by Segre for ITER has
other density profiles. . . .
. een successfully tested at University College, Cottis
The slope of the Faraday rotation angle depends on botR ) N i
. . method is based on a polarization modulation scheme that
the centralq value and the central density leading to the . .
conclusion that the density profile should be measured irt];lllows the simultaneous measurement of'the Faraday rotation
and the Cotton—Mouton effect by two, independent phase
measurements, so that the diagnostic is virtually independent
20 from intensity variations of the probing beam due to refrac-
tion and mechanical vibrations. In the test a sensitivity of
about 1 deg with a time resolution 6f10 ms has been dem-
onstrated. Complete polarimetfiye., the simultaneous mea-
surements of the Faraday and the Cotton—Mouton e¢ffext
been already successfully applied to the Joint European
Torus plasmd®
The calculations presented in Fig. 6 and similar calcula-
tions for other cases demonstrate that physically speaking
psi polarimetry at 118um is well feasible at ITER. However,
FIG. 6. Density profiles that have been used in the calculations. The profileglf]ey do not give {_:m answer on the optlmu_m number_ of
range from flat to peaked, but all have the same value of the Iine-average@hords of the polarimeter system. Therefore, it was decided

density. to calculate the accuracy in the determination ofdhm@ofile




4698 Rev. Sci. Instrum., Vol. 75, No. 11, November 2004 Donné et al.

5

Reflection (%)

40

Misalignment ( mm)

FIG. 10. Reflection of a Gaussian beam of 12 mm diameter vs the misalign-
FIG. 8. Meanq profile, 95% database envelogsolid lines, 95% o) ment on the corner cube for three different retroreflectometer geometries.

confidence bands for magnetics-oritjotted and for magnetics +15 Fara- Solid: (?Iong:;tioh oriented par?IIeI to ?ne inlterfa(lf]e: ][ength: 6_0 mm, W]idth:
day angles +15 line densiti¢dasheq 37 mm; dashed: same as solid but for a length of 50 mm; dotted for a

circular 37 mm diameter retroreflector.

using simulated polarimeter signals that were CaICUIate.?)Ianned to retrieve the electron density from the Cotton—

f_ror_n a data_base of in excess of 5000 lower single null €AUlNouton effect measured along the same chord. The latter
libria (of which 1986 were selected for the present analysis measurement is insensitive to fringe jumps and therefore

This database.haq been originally generated for the S‘imm&hﬁuch more robust. Simulations have been done using the
tion of magnetic signals and has recently been extended bé{ensity profile measured from the Cotton—Mouton effect in-

the computation of simulated polarimetry signals and thestead of the interferometric density profile, leading to almost

randomization of the plasma current. The equilibria Wereexactly the same conclusions with regard to therofile

generated using a Database Generation and Analysis PaCk%%overy error
(DGAP). The core equilibrium calculation in DGAP is per- It is clear from Figs. 8 and 9 that the data from the

f(_)rmed by the Garching equilibrium code. Th_e database corgq ;g polarimeter fan give a substantial improvement of
sists of 10<1,<20 M.A' Bo=5.3T Iowe_r X-point plasmgs. the g-profile determination in the plasma center. Including
The. database contains a range of differgnand density the chords via the upper port gives a further, but smaller,
profllgs. . improvement. Analysis of the present database shows that
Figure 8 shows the meam.proﬁle generateq from the the g-profile shapes can be described effectively with only
databage W'th the 95%20_) confidence bqnds using on_ly the iy free parameters and, hence, may be artificially con-
magnetic signals and using the magnetics plus 15 S"T‘UI""teé(irained thereby leading to an underestimation of the number

Faraday rotation angles and 15 line densities. Noise Wast o\arimeter chords necessary to adequately recover the
added to all simulated signal$5 mT on magnetics, 0.2° on profile

Faraday rotation angles andx2.0'” m™3 on densities Fig-
ure 9 shows the-profile recovery error using only magnetic
signals, magnetie- the equatorial polarimeter fan, and mag- IV. RETROREFLECTORS

netics+ both polarimeter fans. As has been already stated in the introduction, the most
The calculations shown in Figs. 8 and 9 have been dongitical elements of the polarimeter for ITER are the retrore-
using the line density as measured by interferometry. Howflectors. To study the reflective properties of retroreflectors
ever, an interferometer at ITER operating at J48 is ex-  that are indented in a relatively deépb cnm slit, extensive
pected to suffer from multiple fringe jumps. Therefore, it is ray-tracing calculations have been done.
In Fig. 10 the reflectivity is calculated for four different
ccha types of retroreflectors and as a function of the misalignment
(in the poloidal direction of the beam with respect to the
0.15 center or the reflector. The conclusion is that it is advanta-
geous to use a retroreflector that is elongated in a direction
parallel to the slit in which it is placed. A 60 mm long,
37 mm wide retroreflector can cope with misalignments of
" up to 20 mm in the poloidal plane, without any effect on the
005 ;s ,/. . reflectivity. This should give enough margin to cope with
LT T e beam displacements due to refraction in the plasma. One of
the interfaces of the elongated retroreflector should be ori-
02 04 06 08 1 ented roughly vertical to minimize beam losses.
psi From Fig. 11 it is evident that it is important that the
. _ corners of the retroreflector are preferably sharper than 5%
E.'G' 9. Root mean square recovery error of hprofile ( 1o here, Z2in- 4 the heam width for a>90% reflection. Although it is not
ig. 7) vs the normalized poloidal flux for the magnetics-only base line ~.__ .
model (solid), eight main plasma polarimetry chordsasheg, and all 15 difficult to manufacture retroreflectors with ideal sharp cor-
chords(dotted. ners, care should be taken that the cumulative effects of ero-

0.10
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FIG. 11. Reflection of a centrally aligned Gaussian beam from a retroreflec-

tlo/reabsezé:”\:;g?ﬁ of the radius of curvature of the corners, normalized to th%IG. 12. Calculated waistdefined in terms of radigsof the full optical

system from retroreflector up to the second focusing mirror, close to the
entrance to the laser laboratofyf43=5100 mm,f.,,=7200 mn). The ver-

sion and deposition are small enough to not deteriorate th%c?:]gnes ;how the locations ofthe'optical components. The thick line refers
- . 2 . position of the port penetration.
sharpness as a function of time. This implies that preferably
materials with a low sputtering yield should be selected.
Monocrystalline molybdenum seems to be the most promiseus optical components are listed in Table I. The calculations
ing material in this respect and is presently experimentallywere done from the retroreflector to the point of entrance in
tested. the diagnostic laboratory. The Gaussian-beam ray-tracing
Apart from the fact that rounded corners have an effectalculations have been performed with the computer pro-
on the absolute reflectivity, it also causes the reflectivity as gramcRrT3p, that was originally developed for the design of
function of misalignment to become a nonmonotonic func-the interferometer system at the H-1NF heffac.
tion with various local maxima and minima, which makes  As starting point of the calculations we defined the op-
the alignment of the beam on the retrorefle¢tyy searching  timum beam waist at the position of the retroreflector to be
for maximum reflectionmuch more difficult. 13 mm diameteror as is further used in this article a beam
radius of 6.5 mm The calculated beam waist as a function
of distance in the system is indicated in Fig. 12. The vertical
lines indicate the positions of the various mirrors in the sys-
As was mentioned in Sec. Il, the optical transmissiontem. The vertical black line indicates the position of the port
from tokamak to diagnostics room will be a quasioptical sys-penetration. The following focal lengths have been used:
tem, evacuated up to the second vacuum window. The interf43=5100 mm and;,=7200 mm. The focal length of mir-
space between the two windows is separately pumped. Ther No. 3 has been chosen such, that the beam radius in the
remainder of the oversized beam pipes is flushed with dry aioptical system between mirror Nos. 11 and 12 is as small as
or nitrogen to avoid absorption of the beam. The setup ipossible. Also calculations have been done for other focal
rather similar to the polarimeter system that is used at thelistances. A focal distancefy3=4430 mm (and fg,
Reversed Field Experime(RFX)." The latter system has a =6731 mm) results in the smallest beam diameter inside the
31 m long transmission line flushed with dry nitrogen andport plug, which is advantageous because it leads to a lower
features in total ten mirrors and mylar windows at either endneutron streaming. However, in case one also includes the
The transmission of this system amounts to 61%. Most of th@ecessity to have some extra margins in the diameter of the
attenuation of the beam is caused by the aluminium mirrorport penetrations to make it possible to align the beams one
(their experimentally determined average reflectivity is 0.973omes to the conclusion that the focal distances as used in
per mirron and by the two mylar windows, which together Fig. 12 are the optimum ones. Figure 12 is reversible for the
have a transmission of 89%. Although the transmission sysin- and outgoing beams as long as the beam is well aligned
tem at ITER will be longer than that at RFpabout 44 in-  on the optical axis of the system.
stead of 31 my it is obvious from the RFX experience that Assuming an ideal alignment of the beam on the optical
not the length of the transmission line, but the actual numbeaxis of the system, the minimum needed diameter of each
of optical elements is decisive for the attenuation. Careoptical elementias well as the diameter of beam penetra-
should be taken to keep the number of mirrors as low asions) can be calculated. For the setup described here, this
possible. The system at RFX will be used to investigate howvould imply that all optical elements from port penetration
the characteristics of key optical components such as thep to mirror No. 11 could be 75 mm diameter or less. How-
retroreflector and the beamsplitters that separate the inconever, as we shall see further, larger diameters will be needed
ing from the return beam can affect the measurements. to tolerate a certain degree of misalignment as well as to
To get a feeling for the diameter of the beams along théhave the possibility to actively steer the beam for alignment
optical system, and the required tolerances for the placemepurposes. Between mirror Nos. 11 and 12 the beam expands,
of optical components, as well as to study how the alignmenbut still fits in the 150 mm transmission pipes that are fore-
of the beams can be maintained, Gaussian-beam ray-tracirsgen in the ITER design.
calculations have been performed. A choice was made to do During operation of the polarimeter it can happen that
this for chord No. 5, which is the one that is probing justdue to any physical reasof.g., refraction, movement of
above the midplanésee Fig. 1 The coordinates of the vari- machine componentsthe beam is not well aligned onto the

V. OPTICAL TRANSMISSION LINE
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retroreflector, or it may even miss the retroreflector com-possible to use rotating semireflective plates for purpose. In-
pletely. This can happen for one or more polarimeter chordstead one should employ rotating polarizer grids that can be
simultaneously, while other chords maybe still well aligned.moved in to/out off the beams.

Therefore, it is proposed that as soon as the reflected signal

for an individual chord becomes below a certain detectiorvIl. OUTLOOK

threshold, the chord is automatically switched from measur-

ing mode to a scanning mode. In the latter mode, the beam is As was stated in the introduction, polarimetry is not the
scanned over an area of 88 mn? at the position of the only method that can measure the current density profile.

o . Therefore it is important to extend the simulation studies
retroreflector. Because it is not easy to move any of the mir-

. . ) reported in Sec. lll, to find the optimum combination of
rors that are positioned close to the plasie., mirror Nos. magnetics, polarimetry chords, and MSE observation chords
2 and 3 for obvious reasons, it is thought better to do the 9 P Y '

. o . ) i h file in ITER within th i
scanning by tilting a mirror that is further down the beamtO retrieve theq profile in within the requirements set

. . : by the ITER team.
line. The best option seems to be to use mirror No. 5 for Additionally detailed testing of prototype retroreflectors
steering the beam. By tilting this mirror over £0.32° in two . y gorp yp

directions, it is possible to scan the beam over an area o'? underway. This is at the one hand done by exposing the

58% 58 mn? at the position of the retroreflector. The scan- retroreflectors to bombardment with deuterium ions from a
. o P - . ‘ source, after which the reflectivity and the polarization char-
ning will give rise to an additional displacement of the beam

. acteristics are measured at 1461. On the other hand, pro-
on the optical elements between the retroreflector and th
. . : . . otype retroreflectors are exposed to the Tore Supra plasma to
scanning mirrorl £20 mm at focusing mirror No.)3 which

then defines the totally needed dimension of the beam per'?—et an |_dea of Fhelr vulnerability to_ erosion and d_epc_)smon as
a function of time. Furthermore, it was shown in literature

etration at each point as well as the needed dimensions of tl’fﬁat the polarization state of the retroreflected beam may de-

various optical elements. o . .
The transmission line from mirror No. 5 all the way to pend on the specific region of the retroreflector hit by the

. . . . incoming beant>*®The polarization is only preserved when
mirror No. 12 and even further into the diagnostic laboratory, 9 _1he PO . yp

: . . B .~ “the retroreflector is illuminated in such a way that all the
will be built as a fully articulated transmission line, which

. . . radiation in the beam cross section undergoes the same se-
automatically keeps the alignment. With tBeT3D code we . C L . .
. quence of three reflections. As this is difficult to achieve in

st_udied the maximum tolerable_angglar and t_ransverse M3he ITER desigr(a very small beam waist at the retroreflec-
afgqigfagreth:nCﬁgforggr;ﬁ? :'?n;{z:qst l:i):aln("n) m; dTh:ng]iE"tor would be requirey it can be expected that movements of
9 9 ’ he beam within the 37 mm diameter active area of the cor-

maximum tolerable transverse misalignment is 1 rfima b Id introd h fth larizati
lane perpendicular to the beam gxisr all mirrors outside ner cube, wou .|ntrc') tce changes o the polarization status
P .that are in principle indistinguishable from those due to the

the bioshield. The effect of misalignments along the beam is . ) . i
) . . asma. The importance of this effect needs to be investi-
very low and has not been considered. The earlier-mention :
gated experimentally.

ey S s e homsn & poper sgag, A fther imporart aspect that has o yet been o
y 9 properly 9N€Ciressed in our study is the effect the various optical compo-

system. nents (mirrors, windows, beam splitters, etchave on the
polarization of the beam. It is obvious that the various optical
elementgincluding possible deposition layershould cause
a minimum distortion to the polarization ellipse of the beam.
VI. CALIBRATION This,_however, is strongly related to the polarir_netry scheme
that is adopted for ITER. Therefore, the various schemes
An important issue is to develop potential calibration (based on static, rocking, and rotating linearly polarized in-
strategies. However, it is very difficult to do this as long asput beams, counterpropagating circularly polarized beams,
the technical implementation of the polarimeter has not beeatc) should be studied in detail to assess their possible merit
fixed.l3'14NevertheIess, it seems to be a rather obvious wayor |TER. It is foreseen that many of these aspects can be
to calibrate the polarimeter between consecutive ITER distested in the mock up that is available at the RFX experiment
charges. In that case, for an ideal optical system the expected Padova(see Sec. Y.
Faraday rotation and Cotton—Mouton effect should be zero.
However, coatings on especially the first and second mirrolACKNOWLEDGMENTS

nonideal behavior of the retroreflector, and birefringence in .
windows can lead to a nonzero rotation of the plane of po- The authors would like to thank George Warr and John

larization of the beam as well as to a nonzero ellipticity. TheHOWard of the Australian National University for providing

cumulative effect of these can be measured in absence of tlﬁ)getﬁRTéD Gauss%n ray-tr’c_ltc_:lng C(()jde.thT his V\f[ork:[ S?Xporte_d
plasma and then corrected for during plasma operation. y the European Lommunities under the contract o Associa-

It would good if also a provision is added to quantita- ?on betwier;tlﬁUIzATOM/F('):M,_wasD carred OUtt Z‘V'th'n thet
tively induce a polarization in the bearfin case of no ramework of the European Fusion Development Agreement.

plasma. In mgny.present'polanmeters rotatlng pol.arlzers aré; o varco and S. E. Segre, Plasma Phy4, 245 (1972,
used to quantitatively calibrate the system. Since in the ITER2a_pgileauet al, J. Phys. B22, L145(1989; F. M. Levintonet al, Phys.

polarimeter the beam returns along the same path, it is notRev. Lett. 63, 2060(1989.



Rev. Sci. Instrum., Vol. 75, No. 11, November 2004 Poloidal polarimeter for ITER 4701

3A. J. H. Donnéet al, Rev. Sci. Instrum.70, 726 (1999.

“D. Véron, ininfrared and Millimeter Wavesedited by K. J. ButtorfAca-
demic, New York, 1979 Vol. 2. on Diagnostics, Padua, 2003.

5D. Elbezeet al, Rev. Sci. Instrum.75, 3405(2004). g, Zilli et al, Int. J. Infrared Millim. Waves21, 1673(2000.

5C. Nieswand, irDiagnostics for Experimental Thermonuclear Fusion Re- *G. B. Warr and J. Howard, Rev. Sci. Instruii2, 2305(2001).

actors 2 edited by P. E. Stott al. (Plenum, New York, 1998 pp. 213— 133, H. Rommeret al, Plasma Phys. Controlled Fusictd, 2073(1998.
216. 1A, J. H. Donné, Rev. Sci. Instrunt6, 3407(1995).

’S. E. Segre, Phys. Plasmas 2908(1995. 153, E. Segre and V. Zanza, J. Opt. Soc. Am28, 1804 (2003.

8Ch. Fuchs and H. J. Hartfuss, Rev. Sci. Instrur, 722 (1999. 16¢. Gil, work published under an EFDA contrageiot publicly availablg

°L. Giudicotti et al, Plasma Phys. Controlled Fusiat6, 681 (2004).
19K. Guentheret al, Reported at the 4th Meeting of the ITPA Topical Group



