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The poloidal polarimeter will be installed in the International Thermonuclear Experimental
Reactor (ITER) to measure the profile of the toroidal current (safety factor) in the plasma core region.
The number of viewing chords is restricted to about 15 channels because of the geometric capacity of
diagnostic port plugs. In this work, we have studied the optimum viewing chord arrangement to achieve
the high measurement accuracy for the first time. For the optimization of the viewing chord
arrangement, as the first step, we have studied the sensitivity of the viewing chord arrangement on the
current profile. We have proposed the new method for the sensitivity study, in which the Faraday
rotation angle due to the toroidal current only is used as the sensitive index. As the result, the following
sensitivities have been found. We have confirmed that the central viewing chords of the equatorial (EQ)
port are sensitive to the central current density (jo). It has been also found that the central viewing chord
in upper (UP) port is sensitive to the finite beta effect and not sensitive to jo. We have shown that the
combination of the central and the middle viewing chords of the EQ port is useful to distinguish the
changes of j, and the maximum toroidal current density in the case of the hollow current profile. Next,
we have proposed the viewing chord arrangements which are sensitive to the current profiles of ITER
operation scenarios. The method to make viewing chord arrangements which are sensitive to the change

in the toroidal current profile around ITER operation scenarios has been also proposed.
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1. Introduction

Identification of the toroidal current profile, j(r), or the safety factor, g(7), is necessary for the plasma
stability analyses, transport analyses and the control of j(r) or g(r). Three types of diagnostic device will be
installed in the International Thermonuclear Experimental Reactor (ITER) to measure j(r) or g(r), which
are the poloidal polarimeter (core region), the Motional Stark Effect (MSE) polarimeter (peripheral region)
and magnetic probes and coils.

For the poloidal polarimeter, proposed wavelength of the laser beam is 118.8 um (CH;OH laser) [1].
The laser beams passing through the plasma are reflected back along the same path by retroreflectors. The
Faraday rotation angle of the polarization plane of each beam is induced by the poloidal field inside the
plasma. The principal items to be studied for developing the poloidal polarimeter are followings:

e laser transmission systems for the equatorial port and the upper port

e plasma facing mirrors (first mirrors and retroreflectors)

e upper port plug (Japan will procure the upper port plug for the poloidal polarimeter)

e laser systems

e detection systems

The viewing chord arrangement affects all items listed above. The arrangements should be optimized to
achieve the accurate identification of j(r) because the number of viewing chords is limited. Therefore the
determination of viewing chord arrangement is a high priority issue at the beginning of the design of the
poloidal polarimeter.

The following results related to the viewing chords had been obtained in previous reports for the ITER
poloidal polarimeter.

e The number of viewing chords is restricted to about 9 channels in the equatorial (EQ) port and about 6
channels in the upper (UP) port because of the geometric capacity of port plugs [1].

e The central viewing chords of EQ port are sensitive to the central safety factor, ¢o [2, 3]. The
sensitivity is analyzed based on the Faraday rotation angle which includes the effects of the magnetic
field due to j(r) and the magnetic field due to external coils.

e The viewing chords of UP port are sensitive to the Shafranov shift (qualitative understanding).

In the above previous reports, the optimum viewing chord arrangement had not been
studied. In this work, we have studied the optimum viewing chord arrangement for the first time since it is
a starting condition of the over all system design as mentioned before.

There are two points of view for the optimization of the viewing chord arrangement. One is the
identification of j(r) or g(r) of plasmas with the required resolution and accuracy. Those requirements are
shown in Table 1. For example, the spatial resolution of /20, where a is the minor radius, and the accuracy
of 10 % are required for the identification of ¢(r) in the coverage region 0.5 < g < 5 [4]. Another point of
view is to meet the engineering requirements. The detailed considerations of the optical system and
components inside port plugs and inside the vacuum vessel are necessary to satisfy the engineering

requirements. However the second point is out of scope of this paper.
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The quantitative accuracy of the identified j(r) can be evaluated by the Magnetohydrodynamic (MHD)
equilibrium reconstruction method. One idea to know the optimum viewing chord arrangement is the
evaluations of j(r) by the MHD equilibrium reconstruction method for all combinations of viewing chords.
But it is actually impossible because the number of the arrangement patterns is very large (~ 10" patterns).
Therefore we have divided the optimization study in two steps. First step is the making the candidate
viewing chord arrangements based on the result of the sensitivity study [5]. The mechanisms of the
sensitivities should be also understood in this step. The second step is the evaluation of the quantitative
accuracy of j(r) using the MHD equilibrium reconstruction method. The viewing chords arrangement given

by the first step will be used in this step. We focus on the first step in this paper.

2. Calculation method of the Faraday rotation angle due to only the toroidal current

The Faraday rotation angle along a viewing chord, F, is approximately shown as the following

equation [6]:

er
St B GLD
0"

where A is the wavelength of the laser, m, is the mass of electron, n. is the electron density, & is the
dielectric constant of vacuum, By is the magnetic field parallel to the direction of the viewing chord. By
includes the magnetic fields due to the plasma current B”pl and due to the external coils B,"*. Therefore eq.

(1) can be written as:

312 3192
e’ / e’ A vac
F:mjneB“p deJneB“ “ &2
0% 0" %e

The first term and the second term correspond to the Faraday rotation angles due to the plasma current and
the external coils, respectively. By denoting the former as '~ and denoting the latter as FT the (2.1.2)

can be written as:
F=F" 4 &7 (2.1.3).

F had been used as the index of the sensitivities in the previous reports [2, 3]. But - should be used when
the objective is to understand the sensitivity between the viewing chord positions and j(r). Therefore, in this
study, F™ has been used as the index of the sensitivities.

B”"’ and B are given by the result of the MHD equilibrium calculation. As the MHD equilibrium
calculation code, we have used “Tokamak Operation Scenario and Circuit Analysis code (TOSCA)”, which

had been used for the considerations of the operation scenarios of ITER. Although the Faraday rotation

— 2 —
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angle is a function of the electron density also, we assumed the fixed electron density profile as n.(p) = 10"
+107°( 1 - pm) m™ (see Fig. 1), with p the normalized minor radius, so that the sensitivity only of the
toroidal current profile can be known. In ITER, ndp) can be measured by the toroidal
interferometer/polarimeter system, the Thomson scattering systems, and the measurement of the ellipticity

due to the Cotton-Mouton effect using the poloidal polarimeter.

3. The mechanisms of the sensitivities
3.1 Candidate viewing chords

The EQ port and the UP port are used for launching the laser beams into the vacuum vessel of ITER
and receiving the returning laser beams [1]. Figure 2 shows the poloidal cross section of the ITER vacuum
vessel with all candidate viewing chords. The arrangement of each viewing chord has been determined by
the positions of retroreflectors, which are assumed to be installed inside the remote handling slots of the
blanket modules in this study, and possible first mirror positions. The viewing chords of 24 channels for the
EQ port and of 21 channels for the UP port have been picked up. At the existing design, the possible
numbers of viewing chords will be restricted to about 9 channels for the EQ port and about 6 channels for
the UP port because of the geometric capacity of port plugs [1]. The positions of viewing chords in the EQ
port and in the UP port are identified with the angles of dand & respectively (Fig. 2).

3.2 Sensitivity to the central toroidal current density

Figure 3 shows the inputs and results of calculation using TOSCA. The central toroidal current density,
Jo, is scanned. The net toroidal current ,= 15 MA, the position and the shape of last closed flux surface
(LCFS), the poloidal beta value 5, are fixed. The fixed parameters and one of the toroidal current profiles
(bold line in Fig. 3) are same as those of the ITER design scenario II (inductive operation) at the start of the
burn phase (S2-SOB). Figure 4 shows F and F'. The definition of the viewing chord angles 6 and & are
shown in Fig. 2. We can see that the differences between F and F* "are about 1.7 times for the EQ chords
and 1.5 times for the UP chords. |

In the Fig. 5, the definition of the central slope is shown. The central slope of F*' is defined by dF*de,
where dF*' is a difference between F*' of viewing chords of the EQ port at 8 = -15 deg. and that at 11 deg..
In the previous works[2, 3], it had been reported that (i) the relationship between the reciprocal of the
central safety factor g, and the central slope of the F is linear and (ii) the dependence of the toroidal
current profile on the proportional coefficient is weak. At first, those sensitivities have been confirmed by
our analyses as shown in Fig. 6. In Fig. 6, three different 7, (11, 13 and 15 MA) are examined and other
conditions are same as those for Fig. 3. We can confirm that the relationship between g0 and the slope of
the F is linear. Next, we have studied the dependence of g on the slope of F* ! (Fig. 7). From this analysis, it

is shown that (i) the relationship between g, and the slope of the '~ is also linear and (ii) the dependence
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of the toroidal current profile on the proportional coefficient is not weak. The effect of the external field is
also included in go. The dependence of j, on the central slope of F* "in the EQ port is shown in Fig. 8. From
above analyses, it can be said with good reliability that the central viewing chords of the EQ port are

sensitive to jo.
3.3 Sensitivity to the finite beta effect

The sensitivity of the finite beta effect is studied in this section. The Pfirsch-Schliiter (P.S.) current, jp,
is induced by the finite beta effect (see Fig. 9). The P.S. current is described as the following:

a( )
. q O\P, TP
. € —————COST7} 3.3.1

where p, is the plasma pressure perpendicular to the magnetic field, pj is that parallel to the magnetic field

and # is the poloidal angle. In the case of the isotropic pressure, it is shown as the following:

. q op
~oC ——CO0S 33.2).
e B or 7 ( )

The sensitivity of the finite beta effect means the sensitivity of the magnetic field due to the P.S. current.
Figures 10 and 11 show the calculated results of TOSCA, for which the j(r) without the P.S. current is
fixed to investigate the effect of the P.S. current. The net plasma current, /,, and the position and the shape
of LCFS are also fixed. The poloidal beta value /3, is scanned, i.e. 0.05, 0.3, 0.65 and 0.8. Figure 12 shows
the calculated F*' in the EQ port and the UP port. The dependence of f, on the central slope of F'in the EQ
port is shown in Fig. 13. The linear relationship between the j; and the slope is broken when f, changes.
The additional information relating to f, is necessary because it is difficult to distinguish the effect due to
the change in j; and due to change in f; only by central viewing chords of the EQ port. Moreover the P.S.
current depends not only on the average beta value but also on the pressure profile. The diagnostics relating
to the pressure profile, which measure the profiles of the electron density, the electron temperature, the ion
temperature and the mean effective ion charge (Z.g), can take the information of P.S. current. But the fewer
diagnostics for the MHD reconstruction is attractive. Furthermore the P.S. current depends on the neutral
beam pressure and the pressure anisotropy [7]. However the measurement of the anisotropic pressure
profile is difficult. In order to distinguish the effect due to the change in j, and due to change in f,, the
viewing chords of the UP port will be useful because the viewing chords of the UP port are sensitive to the
P.S. current and not sensitive to the toroidal current profile. But it had been only a qualitative estimation.
The sensitivities of j and of £, on the viewing chords of the UP port have been quantitatively evaluated in
this study. Figure 14 shows the dependence of /¥ ! of the central chord in the UP port (£~ 0) on the changes
of B, and jo. The fB,, jo and FP "at ITER design scenario S2-SOB are used as the reference (AF* = 0) and the

— 4 —
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differences from that are shown. Af, and Aj, are defined as the relative difference from those of S2-SOB.
The change in Af, = 10 % induces 2.7 deg. of AF" although the change in Ajo = 10 % induces only 0.7 deg.
of AF*'. Therefore it was found that the central chord of the UP port is sensitive to 8, and less sensitive to
Jo-

The P.S. current induces the vertical magnetic field. Then the vertical magnetic field induces the
Shafranov shift. The Faraday rotation angle of each viewing chord is affected by the vertical magnetic field

and the Shafranov shift. The comparison of those effects is discussed in Sec. 6.2.
3.4 Sensitivity to the negative magnetic shear

The plasmas in above analyses have the normal magnetic shear. The sensitivity to the hollow type
toroidal current profiles, which construct the negative magnetic shear, has been also studied. The example
of that is shown in Fig. 15 (a) in which Z,, f3,, the position and the shape of LCFS and the pressure profile
are same. Figure 15 (b) shows the difference of magnetic field distributions due to current profiles shown in
Fig. 15 (a). Figure 15 (c) shows the Faraday rotation angle of EQ 'chords, which is calculated by the
difference of the magnetic field shown in Fig. 15 (b). The slope of middle viewing chords is larger than the
slope of central viewing chords. The reason is that the magnetic field difference near the central region is
small and the difference near the middle region is large (see Fig. 15 (b)). Figure 16 shows an example in the
case of the normal shear. The slope of middle viewing chords is smaller than the slope of central viewing
chords. Figures 17 and 18 show the results of current profile scans which are jo / jmax scan (from broad to
hollow shape) and j; scan (from broad to peak shape), where j,..x is the maximum toroidal current density,
the central slope is defined as same as that shown in Fig. 5 and the middle slope is defined as the slope
between 6 = -35 deg. and -26 deg. as shown in Fig. 5. The both slopes of AF" at the central region and at
the middle region increase in both cases of j, increase and jo / jmax decrease. But the relative relations
between the central slope and the middle slope are different, namely, the slope of AF" at the central region
is larger than the slope of the middle region in the case of j, increase, whereas it is an opposite relationship
in the case of jo / jmax Scan. Therefore the combination of the central and the middle chords is useful to

distinguish the change in j; and jo / j max-
3.5 Consideration of insensitivities at each viewing chord region

The sensitivities between the current profiles and the viewing chords regions are summarized in Fig. 19.
The current profiles are scanned by changing the parameters jo, 8, and jo / jmax. Note that other conditions
are fixed when one parameter is scanned. The viewing chord region is divided into the center region of the
EQ port viewing chords, the central region of the UP port viewing chords and the middle region of the EQ
port viewing chords. The central slope and middle slope of viewing chords in the EQ port have same
definitions with those shown in Fig. 5. Those slopes are used as the sensitive index for the central and the

middle region of EQ port viewing chords. The central viewing chord of the UP port defined in Sec. 33 is

_5__
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used as the sensitive index for the central region of the UP port viewing chords. The strength of the gradient
of each graph means the strength of the sensitivity. The detailed explanations of sensitivities were described
in Sec. 3.2, 3.3 and 3.4. Not only the sensitivities but also the insensitivities are important for the MHD
equilibrium reconstruction to escape from the ill-posed problem. The following insensitivities can be seen
from Fig. 19 :

e The sensitivities of the central UP port viewing chord other than the sensitivity on f, are weak.

e The sensitivity of the central EQ port viewing chord on f;, is weak.

e The sensitivity of the middle EQ port viewing chord on £, is weak.
4. Proposal of the viewing chord arrangement for the ITER operation scenario
4.1 The method to make the viewing chord arrangement

There are 4 typical scenarios for ITER operations as the followings:
1. Inductive operation I : operation with heating during current ramp-up
2. Inductive operation II : operation without heating during current ramp-up
3. Hybrid operation
4. Non-inductive operation : weak negative magnetic shear operation.

Here we propose the viewing chord arrangements for inductive operation II and non-inductive
operation. The method to make the viewing chord arrangements is shown in this section.

The comparison among F, F**" and F*", which are calculated from the equilibrium of non-inductive
operation scenario at the start of the burn phase as the example, are shown in Fig. 20. The ratio of #*" to F/
is about 50%. The profile shapes of F and F' - are different, for example, the central slopes of F and F~ are
much different. The peak positions of F and F'" are also different. There is a possibility to select the
unsuitable viewing chords if F'is used as the sensitive index. Therefore we propose the method to make the
viewing chord arrangements using F*.

The F*' profile for the inductive operation scenario at /;=11.5MA is shown in Fig. 21. The method to
make the viewing chord arrangements of the EQ port is explained based on Fig. 21.

Step A : The two viewing chords which sandwich R, are selected to put an importance to detect j(r)
near the plasma center.
Step B : The viewing chord which has the maximum F* is selected because it is a typical point to
show the F*' profile.
Step C : If there is a single inflection point between the viewing chords selected by Step A and by
Step B, see Example 1 and Fig. 21. If there are plural inflection points, see Example 2 and
Fig. 22.
Example 1 : A straight line is drawn to link two points which are selected by Step A and B. The
viewing chord, whose F*' shows the largest difference from the straight line, is

selected.
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Example 2 : A straight line is drawn to link two points. One point is selected by Step A.
Another point is next inside point to the point selected by Step B. The viewing
chord, in which F* ' shows the largest difference from the straight line, is selected.

Step D : Step B and C are done for the lower side from a equator.
The 6 viewing chords of the EQ port have been selected by this method.

The method to make the viewing chord arrangements of the UP port is a future work. One objective of
the viewing chords of the UP port is the detection of the Shafranov shift. The chords should be arranged
near R,, in order to detect the Shafranov shift. As another objective for the viewing chords of the UP port,
there is a possibility to detect the current density in the peripheral region. The possibility is discussed in Sec.

6.

4.2 Initial viewing chord arrangement for the ITER operation scenario

4.2.1 Inductive operation scenario II

Figure 23 shows the time evolution of /; in the case of the inductive scenario II. Figure 24 shows the
LCFS and the current profiles at eight time points which are shown by the circles in Fig. 23. Figure 25
shows F*" profiles at three time points numbered in Fig. 23. The vertical lines mean the selected viewing
chord positions by the method described in Sec. 4.1. The time shown as No. 3 is a start of the burning phase.
From the time No. 1 to No. 2, the viewing chord positions selected by Step B and C, are shifted to the
outboard side because the plasma boundary is expanded. From the time No. 2 to No. 3, j(r) becomes
broader although the plasma boundary is almost same. Therefore the viewing chord position of Step B is
shifted to the outboard side. On the other hand, the viewing chord position of Step C is shifted to the
inboard side because F'~ profiles changes to a little concave profile in the region of -50 deg. < @< 0 deg..
The vertical lines in Fig. 26 shows F L/]p profiles at all time points with selected viewing chord positions.
The bold vertical lines show the selected viewing chord positions at the burning phase. The candidate
viewing chords of the EQ port could be restricted to 12 channels from all candidates (24 channels). The
high priority may be given to the candidate viewing chords at the burning phase (6 channels). The actually
possible number of channels in the EQ port had been estimated to be ~9 channels in the previous report [1].
If the candidate viewing chords at the burning phase were selected, the accuracy during the other phases
would be decreased. In order to prevent the decrease of the accuracy, the remaining 3 channels should be
arranged effectively. The region, where the remaining channels should be arranged, is shown with a symbol
¢+’ in Fig. 26. In the future work, the detailed viewing chord positions in the region will be determined by

the quantitative accuracy evaluation based on the MHD equilibrium reconstruction method.
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4.2.2 Non-inductive operation scenario

The same analyses as those in Sec. 4.2.1 were carried out in the case of the non-inductive scenario. The
results are shown from Figure 27 to Fig. 30. The plasma boundary is expanded from the time No. 1 to No. 2.
The time shown as No. 3 means a start of the burning phase. The viewing chord positions selected by Step
B and C, are shifted to the outboard side by the change in the plasma boundary. The toroidal current profile
becomes a hollow shape from the time No. 2 to No. 3 although the plasma boundary is almost same. The
viewing chord position of Step B is shifted to the outboard side. The viewing chord position of Step C is
shifted to the inboard side because F*~ near the @ ~ 20 deg. decreases. From Fig. 30, it is found that the
number of candidate viewing chord arrangement is more than that for the inductive operation scenario. The
reason is a significant change in the current profile. In order to prevent the decrease of the accuracy at
phases before the burning phase, the additional viewing chords are effective in the region shown as © * * in
Fig. 30.

5. The viewing chord arrangement to measure the change in the current profile around the ITER

operation scenario

Until the previous chapters, we have mainly focused on j(r) of the ITER operation scenarios. Since
there is a possibility of the change in j(r) around the operation scenario, it is important to measure the
difference of j(r) from the operation scenario. The method to arrange the viewing chords, which is sensitive

to the difference of j(r) from the operation scenario, is described in this chapter.
5.1 Inductive operation scenario II

The change in the current profile around the inductive scenario II at the start of the burn phase was
considered on the condition of fixed /,. The profiles of j(r) and g(r) are shown in Fig. 31 (a) and (b),
respectively. The bold lines mean j(r) and ¢(r) in the inductive scenario I at the start of the burn phase. In
this scan, the g(r) is increased in most region. The F* profile is shown in Fig. 31 (c). The AF™ is defined
as the difference between F*~ for the current profile of the inductive scenario II at start of the burn phase
and F- for the changed current profile. The AF" profile is shown in Fig. 31 (d). In Fig. 31 (d), adequate
channels to measure the current profile of the operation scenario, which are selected in Sec. 5.1, are also
shown (vertical bold broken lines). The vertical bold line in Fig. 31 (d) shows the maximum point of the
AF™ profile. The viewing chord, which has the maximum point of the AF™ profile, is adequate to detect
the change in the current profile because the viewing chord at the maximum point of the AF™ profile is the
most sensitive to the change in j(r).

In the next analysis, the magnetic shear is scanned on the condition of fixed go and ,. The profiles of
Jj(r) and g(r) are shown in Fig. 32 (a) and (b). The bold lines mean them in the inductive scenario II at the

start of the burn phase. In this scan, a weak magnetic shear region is expanded. The F* profile and the
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AF* profile are shown in Fig. 32 (c¢) and (d). The vertical bold line in Fig. 32 (d) shows the maximum
point of the AF* profile.

5.2 Non-inductive operation scenario

In this section, the change around the current profile of the non-inductive scenario is considered on the
condition of fixed /. The profiles of j(r) and g(r) are shown in Fig. 33 (a) and (b). The bold lines mean
them in the non-inductive scenario at the start of the burn phase. In this scan, the g(r) is increased in most
region. The F* profile and the AF* - profile are shown in Fig. 33 (c¢) and (d), respectively. The vertical bold
line in Fig. 33 (d) shows the maximum point of the AF*" profile.

In the next analysis, the magnetic shear is scanned on the condition of fixed gui» and Z,. The profiles of
Jj(r) and g(r) are shown in Fig. 34 (a) and (b). The bold lines mean them in the non-inductive scenario at the
start of the burn phase. The F'~ profile and the AF*" profile are shown in Fig. 34 (c) and (d), respectively.
The vertical bold line in Fig. 34 (d) shows the maximum point of the AF* - profile.

The method, which selects the viewing chord at the maximum point of the AF™ profile, is useful to
pick up the candidate viewing chords to detect the change in j(r). In the future work, these viewing chords

will be considered based on the MHD equilibrium reconstruction method.

6. Discussion

We discuss about the mechanism of the strong sensitivity to the finite beta effect on the viewing chords
in the UP port (see Fig. 14 (a)). The mechanism of the finite beta effect on the F*" of the viewing chords in
the UP port is shown in Fig. 35. The P.S. current depends on the average beta, the pressure profile and the
pressure anisotropy. The P.S. current induces the vertical magnetic field, B,. The position of the magnetic
axis, Ray, is shifted by the B,. There are two possibilities as the reason of the strong sensitivity to the finite
beta effect on the viewing chords in the UP port; (i) The vertical magnetic field due to the P.S. current
affects directly the central viewing chord in the UP port (see Fig. 36 (i), and (ii) the relative position
between the viewing chord and the magnetic axis are changed by the Shafranov shift (see Fig. 36 (ii)). It is
interesting to compare the magnitude of those effects. For the strict comparison, two MHD equilibria,
where the magnetic surface configurations including R, positions are same (the effects of (ii) are same) but
the beta values are different (the effects of (i) are different), are necessary. But those equilibria are difficult
to make. The shift of magnetic axis, AR, is different with the shift of the geometric center of LCFS, AR,
in the case the beta value increases (see Fig. 37 (a)), whereas AR, and AR, are almost same in the case
external coil currents change (see Fig. 37 (b)). Therefore the LCFS positions are different when the
magnetic axis positions are same and the beta values are different. Here we assume that the effect of Ry,
shift by external coil currents is due to the effect of (ii) although this is a rough estimation. Figure 38 shows

the relationship between R,, and F‘J], in which the R,y shift is induced by the finite beta effect and the

_._9_
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external coils. The painted patterns mean the difference of f, and the shapes of symbols show the
difference of R, by external coils. The change in Af, = 0.1 induces AFP =4 deg., i.e. it is a sum of effects
of (i) and (ii), and AR, = 0.02 m (see Fig. 38 “A”). The change in F*' is about 3 deg. if AR, = 0.02 m is
induced by external coil’s current, i.e. it is assumed as the effect of (ii) (see Fig. 38 “B”). Therefore, from

this analysis, it is thought that the effect of (ii) is much larger than that of (i).

7. Future works

The future works to be done are shown as the followings.
e The development of the MHD equilibrium reconstruction code
eThe quantitative evaluation of the accuracy of the identified j(r) for the ITER operation scenarios at
the burning phase
The viewing chords, which are sensitive to the operation scenarios at the burning phase, have
been selected in this study. The MHD equilibrium reconstruction of j(r) at the burning phase
will be carried out and the quantitative accuracy of the identified j(») will be evaluated.
e The proposal of the viewing chord arrangements which are optimized for each operation scenario
The viewing chord arrangement, which is sensitive to j(r) at the burning phase, will be used
in the above future work. The accuracy at the other phases will be decreased because the
sensitivities on j(r) at the other phases are small. The quantitative accuracy of the reconstructed
J(r) must be evaluated at the other phases. The viewing chords of 6 channels were selected for
the candidate EQ port chords in this study. The remaining channels should be arranged
effectively in order to prevent the decrease of the accuracy if the accuracy decreases drastically
at the other phases. The candidate viewing chords to be arranged effectively have been known
in this study. The detailed arrangement will be determined by the quantitative evaluation based
on the MHD equilibrium reconstruction.
e The proposal of the viewing chord arrangements which are optimized for each operation scenario

e The proposal of single arrangement of viewing chord, which is optimized as the poloidal polarimeter
Some of items listed above were investigated. The results were reported in Ref. [8].

8. Summary

For the optimization of the viewing chord arrangement, as the first step, we have studied the sensitivity
of the viewing chord arrangement on the toroidal current profile. The Faraday rotation angle, F, which
depends on the toroidal current and the external coils’ current, had been used as the sensitive index in the
previous studies by other groups. We have proposed the new method for the sensitivity study, in which the
Faraday rotation angle due to the toroidal current only, F* is used as the sensitive index. As the result, the

following sensitivities are found.
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e We have confirmed the sensitivity with a better reliability by showing the linear dependence of j, on
the central slope of F7.

e We have studied the sensitivity of the finite beta effect. The linear dependence of j; on the central
slope of F*' is broken when By changes. We have shown that the central chord of the UP port is useful
to distinguish the effect due to the change in j, and due to change in f,. The change in AB, = 10 %
induces 2.7 deg. of AF", whereas the change in Aj, = 10 % induces only 0.7 deg. of AF.

e We have shown that the combination of the central and the middle viewing chords of the EQ port is
useful to distinguish the changes of j, and the maximum toroidal current density, jmax, in the case of
the hollow current profile. The slope of AF*" at central region is larger than the slope of middle
region in the case of j; increase, whereas it has a opposite dependence in the case of jy / jax Scan.

Next, we have proposed the viewing chord arrangements which are sensitive to the toroidal current
profiles of ITER operation scenarios. The viewing chords are selected for the inductive operation Il and the
non-inductive operation. The method to select the viewing chords, which is based on F¥ ' has been proposed.
The candidate viewing chords of the EQ port have been restricted to 12 channels from all candidates (24
channels) for the inductive operation II and have been restricted to 17 channels for non-inductive operation.
The high priority may be given to the candidate viewing chords at the burning phase (6 channels). If the
candidate viewing chords at the burning phase were selected, the accuracy during the other phases would
be decreased. In order to prevent the decrease of the accuracy, the remaining 3 channels should be arranged
effectively. The region, where the remaining channels should be arranged, has been found in this study.

The method to arrange the viewing chords, which is sensitive to the change in j(r) around the ITER
operation scenarios, has been proposed. The viewing chord, which has the maximum point of the AF"
profile, is adequate to detect the change in the current profile. The maximum points of the AF" profile
have been picked up in the case of the change in g(r) in a large region and in the case of the change in the

magnetic shear.
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Table 1 Specification for the safety factor measurements on ITER [2]. a is the minor radius of the plasma

boundary and ¢y, is the minimum value of the safety factor.

Time Spatial
Parameter Range ) ) Accuracy
Resolution Resolution
¢ 0.5°5 10 ms a/20 10%
g=15,2)/a | 5TBD 10 ms a/20 0.5
0.3-0.9 10 ms o 50mm/a
Hgmin)/a 0.3-0.7 1s - 50mm/a




JAEA-Research 2007-078

10

1 [1019 m3]
9
I

PR IR T TR '
0 02 04 06 08 1
Yo,

Fig. 1 The electron density profile used for the calculation of the Faraday rotation angle in this study.

Fig. 2 All candidate viewing chords of the ITER poloidal polarimeter. The viewing chord positions in the
EQ port is shown as the angle § and the viewing chord positions in the UP port is identified with the angle
é
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Fig. 3 The profiles of (a) the toroidal current profiles, (b) the ¢ profiles and (c) the flux surfaces in the case
of j, scan, which are calculated by TOSCA. The bold lines show the ITER design scenario II at the start of

a burn phase.
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and (¢)) and by the toroidal current only, F* ((b) and (d)) in the case of jy scan. The line styles correspond

to those shown in Fig. 3.



JAEA-Research 2007-078

| EQ chords
pe

B
(=1
=
EI_J_‘
- - D - - —

central slope

F' [deg.]
-
l
]
I
I
I
I
I
I
|
|
|
|
|
I
I
I
I
I
I
I
|
I
|
I
|

40k
I R N R B
-60 -40 20 0 20 40 60

0 [deg.]

Fig. 5 The definitions of the central slope and the middle slope. Those slopes are defined by dF*'/d6. For
the central slope, dF” is a difference between F*' of viewing chords of the EQ port at § = -15 deg. and that
at 11 deg.. For the middle slope, dF*' is a difference between 0 = -35 deg. and that at -26 deg..
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Fig. 6 The relationship between qo'l and F. Three different plasma current, 7,,, (11, 13 and 15 MA) are used

and other conditions are same as those for Fig.3. The line styles correspond to the current profile shape

shown in Fig.3.
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Fig. 7 The relationship between qo'l and F". Three different plasma current, [,, (11, 13 and 15 MA) are
examined and other conditions are same as those for Fig.3. The line styles correspond to the current profile

shape shown in Fig.3.



Fig. 8 The dependence of j; on the central slope of F*' in the EQ port. The calculated conditions are same as

that for Fig.7.
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The vertical magnetic field due to the P.S. current

toroidal direction

P.S. current

Fig. 9 The schematic illustration of the P.S. current. » shows the minor radius, R shows the major radius and
n shows the poloidal angle. P shows the isotropic plasma pressure. The strength and the direction of the P.S.
current depend on the gradient of the plasma pressure. Therefore the P.S. current has a dipole type current

structure. The vertical magnetic field is induced by the dipole type current structure.
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Fig. 10 The profiles of (a) the P.S. current, (b) the toroidal current without the P.S. current and (c) the

toroidal current ( (a)+(b) ) in the case of S, scan. The current profile without the P.S. current is fixed to

investigate the effect of the P.S. current.
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Fig. 11 (a) The g profiles and (b) the magnetic surfaces in the case of 3, scan.
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Fig. 13 The dependence of the toroidal current profile and S, on the central slope of F*'in the EQ port. The
calculated conditions of circles are same as that for Fig. 7. The F* profiles correspond to triangles are

shown in Fig. 12.
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Fig. 14 The sensitivity of the central chord of the UP port to (a) S, and (b) jo. AS, and Ajj are defined as the
relative difference from those of S2-SOB. The change in Af, = 10 % induces 2.7 deg. of AF* "although the
change in Ajp = 10 % induces only 0.7 deg. of AP,
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Fig. 15 (a) The toroidal current profile in the case of the normal magnetic shear and in the case of the
negative magnetic shear. (b) The difference of magnetic fields due to current profiles in (a). (¢) Faraday
rotation due to the toroidal current only in EQ chord which are calculated by the difference of magnetic
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Fig. 16 (a) Two toroidal current profiles in the case of the normal magnetic shear. (b) The difference of
magnetic fields due to current profiles in (a). (c) Faraday rotation due to the toroidal current only in EQ

chord which are calculated by the difference of magnetic field shown in (b).
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central viewing chords in the EQ port and (d) the slope of AF™ at the middle viewing chords in the EQ port
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Fig. 20 (a) The profiles of F and FT and (b) the F* profile for the non-inductive operation scenario at

the start of the burn phase. The profile shapes of F and F™" are different, for example, the central slopes

of F and F*™ are much different. The peak positions of F and F" are also different.
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Fig. 21 The F*' profile for the inductive operation scenario at [,=11.5MA. The vertical bold lines show

the viewing chord positions which are selected.
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Fig. 22 The F profile for the inductive operation scenario at /,=15.0MA. The vertical bold lines show

the viewing chord positions which are selected.
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Fig. 23 The time evolution of /, in the case of the inductive scenario II.
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Fig. 24 (a)The LCFS and (b) the current profiles in the case of the inductive scenario II. Each number

corresponds to the number in Fig. 23.
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Fig. 25 The F*" profiles in the case of the inductive scenario II. The vertical lines mean the selected

viewing chord positions. Each number corresponds to the number in Fig. 23.
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Fig. 26 The F'" profiles in the case of the inductive scenario 1I. The vertical lines mean the selected
viewing chord positions at each time. The bold vertical lines show the selected viewing chord positions
at the burning phase. The region, where the remaining channels should be arranged, is shown with a

symbol  * ’,
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Fig. 27 The time evolution of the /, in the case of the non-inductive scenario.
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Fig. 28 (a)The LCFS and (b) the current profiles in the case of the non-inductive scenario. Each number

corresponds to the number in Fig. 23.
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Fig. 29 The F'~ profiles in the case of the non-inductive scenario. The vertical lines mean the selected

viewing chord positions. Each number corresponds to the number in Fig. 23.
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Fig. 30 The F*" profiles in the case of the non-inductive scenario. The vertical lines mean the selected
viewing chord positions at each time. The bold vertical lines show the selected viewing chord positions
at the burning phase. The region, where the remaining channels should be arranged, is shown with a

symbol © * 7.
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Fig. 31 The current profile scan based on the inductive operation scenario 1. (a) toroidal current profiles,
(b) the g profiles, (c) F* profiles and (d) AFP profiles for viewing chords in the EQ port with adequate
channels to detect the current profile of the operation scenario (vertical bold broken lines) and the

adequate channel to detect the change in the current profile (vertical bold line).
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Fig. 32 The current profile scan based on the inductive operation scenario II. (a) Toroidal current
profiles, (b) the ¢ profiles, (c) P! profiles and (d) AF profiles for viewing chords in the EQ port with
adequate channels to detect the current profile of the operation scenario (vertical bold broken lines) and

the adequate channel to detect the change in the current profile (vertical bold line).
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Fig. 33 The current profile scan based on the inductive operation scenario II. (a) Toroidal current
profiles, (b) the ¢ profiles, (c) F profiles and (d) AF profiles for viewing chords in the EQ port with

adequate channels to detect the current profile of the operation scenario (vertical bold broken lines) and

the adequate channel to detect the change in the current profile (vertical bold line).
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Fig. 34 The current profile scan based on the inductive operation scenario II. (a) Toroidal current
profiles, (b) the ¢ profiles, (c) F" profiles and (d) AF”' profiles for the EQ port with adequate channels
to detect the current profile of the operation scenario (vertical bold broken lines) and the adequate

channel to detect the change in the current profile (vertical bold line).
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Fig. 35 The mechanism of the finite S effect on the F*' of viewing chords in the UP port. The P.S.
current depends on the average beta, the pressure profile and the pressure anisotropy. The P.S. current
induces the vertical magnetic field, B,. The magnetic axis position, R,, is shifted by the B,. (i) The
vertical magnetic field due to the P.S. current affects directly the central viewing chord in the UP port
(See also Fig. 36), and (ii) the relative position between the viewing chord and the magnetic axis are

changed by the Shafranov shift (see also Fig. 36).

(1) viewing chords in the UP port (4 viewing chords in the LP port

change in the strength of jeg change in the position of jes

Fig. 36 The mechanism of the finite S effect on the F* of viewing chords in the UP port. (i) The vertical
magnetic field due to the P.S. current affects directly the central viewing chord in the UP port (see also
“(i)” in Fig. 35) and (ii) the relative position between the viewing chord and the magnetic axis are

changed by the Shafranov shift (see also “(ii)” in Fig. 35).
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(a) the R, shift by the finite beta effect

(b) the R,y shift by the change in external coil currents

Fig. 37 The schematic illustrations of (i) the R, shift by the finite beta effect and (ii) the R, shift by the
change in external coil currents. The bold circles show the LCFS before the R, shift. The broken circles
show the LCFS after the R, shift. The closed triangles and the open triangles show the R, position
before and after the shift, respectively.
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“B” The effect of R, shift by
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of (ii))
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Fig. 38 The relationship between R,x and F*’], where R, shift is induced by the external coils or the finite
beta effect. The painted patterns mean the difference of f, and the shapes of symbols show the
difference of R,y shift by external coils. The change in AB, = 0.1 induces AF”' = 4 deg., i.e. it is the
effect of (i) and (ii), and AR, = 0.02 m (see “A”). The change in F*' is about 3 deg. if AR,z = 0.02 m is

induced by external coil’s current, i.e. it is assumed as the effect of (ii) (see “B”).
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