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Sensitivity Study for the Optimization of the Viewing Chord
Arrangement of the ITER Poloidal Polarimeter
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In order to optimize the viewing chord arrangement of the poloidal polarimeter in International Thermonu-
clear Experimental Reactor (ITER), we studied the sensitivity between the toroidal current profile and the viewing
chord position. The current profile is scanned around the ITER operation scenario which is estimated as one of
burning plasma operations. The sensitive viewing chords to distinguish changes of the central toroidal current
density, the finite beta effect and the magnetic shear, are shown. The physical mechanisms of those sensitivities
are also shown.
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1. Introduction
The poloidal polarimeter will be installed in the Inter-

national Thermonuclear Experimental Reactor (ITER) to
measure the profile of the toroidal current (safety factor)
in the core region. The far-infrared laser beams (the wave-
length is 118µm) 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 in-
duced by the poloidal field inside the plasma. The number
of viewing chords is restricted to about 15 channels be-
cause of the geometric capacity of port plugs [1]. Therefore
the consideration of the optimum viewing chord arrange-
ment is important. There are two points of views for the op-
timization. One is an accurate identification of the toroidal
current profile. The first priority is the identification of the
toroidal current profile in ITER design scenarios and the
identification of the change around the scenarios with the
required resolution. The second priority is the detection of
the advanced physical phenomena like the current hole, the
edge localized mode (ELM) and the disruption. Another
point of view is the satisfaction of the engineering require-
ments. The detailed considerations of the optical system
and components inside port plugs and inside the vacuum
vessel, are necessary. It is out of scope of this paper.

The quantitative accuracy of the identified toroidal
current profile can be evaluated by the Magnetohydrody-
namic (MHD) equilibrium reconstruction. The accuracy of
the toroidal current profile was evaluated in the previous
work [1]. But the dependence of the viewing chord ar-
rangement on the accuracy has not been considered yet.
The evaluations using all combinations of viewing chords
are actually impossible. Therefore the understanding the
sensitive viewing chords to the change of the toroidal cur-
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rent profile around the estimated toroidal current profile, is
important as the first step. In this step, the physical mech-
anisms of the sensitivities should be also understood. The
second step is the evaluation of the quantitative accuracy of
the toroidal current profiles using the MHD equilibrium re-
construction method based on the knowledge given by the
first step. This paper focuses on the first step. The toroidal
current profile in one of ITER design scenarios is used as
the estimated current profile.

2. Candidates of Viewing Chord Ge-
ometry and Calculation Method
The equatorial (EQ) port and the upper (UP) port are

used for the launching of the laser beam and the detec-
tions of the Faraday rotation angle [1]. Figure 1 shows the

Fig. 1 All candidates of viewing chords of the ITER poloidal
polarimeter.

c© 2007 The Japan Society of Plasma
Science and Nuclear Fusion Research

S1112-1



Plasma and Fusion Research: Regular Articles Volume 2, S1112 (2007)

poloidal cross section of the ITER with all candidates of
viewing chords. The viewing chord arrangement is based
on the positions of retroreflectors, which are assumed in-
side the remote handling slots of the blanket modules in
this study, and possible first mirror positions. 45 viewing
chords are picked up. 9 channels for EQ port and 6 chan-
nels for UP port were proposed in the previous works [1]
because of the geometric capacity of port plugs. Therefore
the optimum selection is necessary.

The Faraday rotation angle F is shown as the follow-
ing equation:

F =
e3λ2

8π2ε0m2
ec3

∫
neB||dl

=
e3λ2
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ec3

∫
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|| dl

+
e3λ2
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ec3

∫
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|| dl, (1)

where λ is the wavelength of the laser beam, me is the mass
of electron, ne is the electron density, B|| is the magnetic
field parallel to the direction of the viewing chord, Bpl

|| is
the magnetic field due to the plasma current and Bvac

|| is
one due to the external coils. The first term and the sec-
ond term correspond to the Faraday rotation angles due to
the plasma current and the external coils, respectively. We
used the MHD equilibrium calculation code TOSCA [2]
which has been used for the considerations of the oper-
ation scenario in ITER. The Faraday rotation angle can
be calculated from the magnetic field distribution obtained
as the result of TOSCA, the electron density profile and
Eq. (1). Although the Faraday rotation angle is affected by
the electron density, we assumed the fixed electron den-
sity profile as ne = 1019 + 1020( 1 − ρ10) m−3 with ρ the
normalized minor radius, so that the sensitivity only of the
toroidal current profile can be known. In ITER, ne can be
measured by the toroidal interferometer/polarimeter sys-
tem, the Thomson scattering system and/or the measure-
ment of the Cotton-Mouton effect in the poloidal polarime-
ter.

3. Sensitivity Study
Figure 2 shows the calculated results of TOSCA. The

central toroidal current density, J0, is scanned. The net
toroidal current Ip, the position and the shape of last closed
flux surface (LCFS), the poloidal beta value βp and the
pressure profile are fixed. Those fixed parameters and one
of the toroidal current profiles (bold line in Fig. 2) are same
as ITER design scenario II at the start of burn (SOB) phase.
Figure 3 shows the Faraday rotation angle on viewing
chords of the EQ port due to the plasma current, F pl, which
corresponds the first term of Eq. (1). The current profiles
shown in Fig. 2 are used for the calculations. The calcu-
lations were done for single passage through the plasma.
The definition of the viewing angle θ is shown in Fig. 1.
The slope of F pl across the point of F pl = 0 is defined by

Fig. 2 The profiles of (a) the toroidal current and (b) the safety
factor q in case of J0 scan, which are calculated by
TOSCA.

Fig. 3 Faraday rotation profiles which is induced by the toroidal
current only.

δF pl/δθ, where δFpl is a difference between F pl of viewing
chords of the EQ port at θ = −15 deg and one at 11 deg. In
the previous works, it was reported that (i) the relationship
between the reciprocal of the central safety factor q−1

0 and
the slope of the F is linear and (ii) the dependence of the
toroidal current profile on F is weak [3, 4]. However both
of F and q−1

0 include not only the magnetic field due to the
toroidal current but also one due to external coils. There-
fore the external magnetic field effect can be thought as the
reason of the weak dependence of the toroidal current pro-
file. The sensitivity of F pl is important for the optimization
of the viewing chord arrangement because the magnetic
field due to external coils can be easily given. So we evalu-
ated the relationship between J0 and the slope of F pl. The
result is shown in Fig. 4 in which conditions are same as
ones for Fig. 2. The clear dependence can be seen. Nowa-
days polarimeters are able to resolve the Faraday rotation
angle of 0.1 deg [4]. This corresponds to δF pl/δθ = 0.0038
as the slope. From Fig. 4, δFpl/δθ = 0.013 is enough for
∆J0 = 1 [%]. Therefore it can be said with good reliability
that the central viewing chords of the EQ port are sensitive
to the J0. In those analyses, the sensitivity of Ip was not
discussed because F pl is proportional to Ip.

Next, the sensitivity of the finite beta effect is stud-
ied. The Pfirsch-Schlüter (P.S.) current is induced by the
finite beta effect. The toroidal current without the P.S. cur-
rent is fixed in this analysis. Ip and the position and the
shape of LCFS are also fixed. The poloidal beta value βp

is scanned, i.e. 0.05, 0.3, 0.65 and 0.8. The dependence of
βp on the central slope of Fpl in the EQ port is shown in
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Fig. 4 The dependence of the toroidal current profile and βp on
the central slope of Fpl in the EQ port.

Fig. 5 The sensitivity of the central chord of the UP port to (a)
βp and (b) J0.

Fig. 4. The linear relationship between the J0 and the slope
is broken if βp changes. The additional information relat-
ing to βp is necessary because it is difficult to distinguish
the change of J0 from one of βp only by central viewing
chords of the EQ port. The P.S. current induces the ver-
tical magnetic field, which is denoted by BPS

z . Then BPS
z

induces the Shafranov shift. The Faraday rotation angle of
each viewing chord is affected by BPS

z and the Shafranov
shift. The P.S. current depends not only on the average beta
value but also on the pressure profile. The diagnostics re-
lating to the pressure profile, which measure the profiles
of the electron density, the electron temperature, the ion
temperature and the mean effective charge, can take the in-
formation of P.S. current. But the fewer diagnostics for the
MHD reconstruction is attractive. Furthermore the neutral
beam pressure and the pressure anisotropy depend on the
P.S. current [5]. The measurements of those are difficult.
The viewing chords of the UP port, which are sensitive to
the P.S. current and not sensitive to the toroidal current pro-
file, are needed. Figure 5 shows the dependence of F pl of
the central chord in the UP port (ξ ≈ 0) on the changes
of βp and J0. The βp, J0 and F pl at ITER design scenario
II (SOB) is used as the reference and the differences from
that are shown. The change of ∆βp = 0.1 induces 4.2 deg
of ∆F pl although the change of ∆J0 = 10 % induces only
0.7 deg of ∆F pl. Therefore it was found that the central
chord of the UP port is sensitive to βp and less sensitive
to J0.

The plasmas in above analyses were the normal mag-
netic shear. The sensitivity of the hollow type toroidal cur-
rent profiles, which construct the negative magnetic shear,
was also studied. The example of that is shown in Fig. 6 (a)

Fig. 6 The profiles of (a) the toroidal current and (b) Fpl in case
of Jmax scan and fixed J0.

Table 1 The comparison of the sensitivities of slopes of central
and middle chords in the EQ port. The change of the
slope of Fpl [deg/deg] is shown.

in which Ip, βp, the position and the shape of LCFS and
the pressure profile are same. Figure 6 (b) shows the F pl

profile due to current profiles shown in Fig. 6 (a). From
Fig. 6, we can see that F pl of the central viewing chords
change although J0 does not change. The viewing chords
of θ ∼ ±30 deg have relatively a long pass length in the
region where the current density is near the maximum in
the case of hollow profiles in Fig. 6. The viewing chords,
which pass nearly θ ∼ ±30 deg (defined as middle region),
may be useful to distinguish between the change of the
maximum toroidal current density, ∆Jmax, and ∆J0. It is
estimated that the central viewing chords are more sensi-
tive than the middle viewing chords when J0 changes, on
the other hand, the middle chords are more sensitive than
the central chords when Jmax changes. As the index, which
can show the difference of the sensitivity between ∆Jmax

and ∆J0, we use the central slope, which is same definition
as one in Fig. 3, and the middle slope, which is defined as
the slope of F pl between θ = −35 deg and −26 deg. The
sensitivities of those slopes to the toroidal current profiles
are shown in Table. 1 which is based on Fig. 3 and Fig. 6.
The change of the central slope is larger than one of mid-
dle slope when J0 changes, whereas the change of the cen-
tral slope is smaller than that when Jmax changes. There-
fore the combination of the central and the middle chords
is useful to distinguish the change of J0 and J0/Jmax. The
weak sensitivities of the UP port to J0/Jmax was also found
(∆F pl = 0.58 deg per ∆ (J0/Jmax) = 0.1).
θ = −15 and 11 deg were used for the central slope of

the EQ port. The smaller interval of them is better to detect
the local toroidal current information near the plasma cen-
ter. But the amplitudes of the signals and the amplitudes
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Fig. 7 The relationship between Rax and Fpl, where Rax shift is
induced by the external coils or the finite beta effect.

of the difference between signals are smaller. θ = −35 and
−26 deg were used for the middle slope in the EQ port.
They should be selected near the point of largest change of
the slope of FPL. The smaller interval is also better to dis-
tinguish the change of J0 and J0/Jmax although the ampli-
tude of the difference is smaller. It is necessary to evaluate
the amplitudes of the signals based on small Ip, low ne and
the broad toroidal current profiles.

4. Discussion
We discuss about the mechanism of the strong sen-

sitivity shown in Fig. 5 (a). There are two possibilities as
the reason, which are (i) BPS

z affects directly the central
viewing chord in the UP port and (ii) the relative position
between the viewing chord and the magnetic axis, Rax, are
changed by the Shafranov shift. It is interesting to com-
pare the magnitude of those effects. For the comparison,
two MHD equilibria, where the magnetic surface distri-
butions are same (the effects of (ii) are same) but the beta
values are different (the effects of (i) are different), are nec-
essary. But those equilibria are difficult to make because of
the Shafranov shift. Therefore we assume the effect of Rax

shift by external coil currents changing as the effect of (ii),
although that is rough estimation. The reason it is not ex-
act estimation is that the ∆Rax is different with the shift
of the geometric center of LCFS, ∆R0, in case of the beta
value increases, whereas ∆Rax and ∆R0 are almost same in
case of external coil currents changing. Figure 7 shows the
relationship between Rax and Fpl, in which Rax shift is in-
duced by the external coils and the finite beta effect. Colors
mean the difference of βp and the shapes of symbols show
the difference of Rax shift by external coils. The change
of ∆βp = 0.1 induces ∆Fpl ≈ 4 deg, i.e. it is the effect of
(i) and (ii), and ∆Rax ≈ 0.02 m. The change of F pl is about
3 deg if ∆Rax ≈ 0.02 m is induced by external coil’s current,
i.e. it is assumed as the effect of (ii). Therefore, from this
analysis, it is thought that the effect of (ii) is much larger
than one of (i).

5. Future Plans
The evaluation of the signal amplitude (see in Sec. 3)

is the future work. The considerations of detailed positions

of viewing chords in the other operation scenarios and in
the advanced physical phenomena (see Sec. 1), are also fu-
ture works although the mechanisms of sensitivities were
known in this study.

MHD equilibrium reconstruction is also the future
work. We are planning to develop the new reconstruction
method. Most of reconstruction methods assume the Grad-
Shafranov equation. The reconstruction method, which
does not assume the Grad-Shafranov equation, has been
developed recently [6]. This method uses the magnetic di-
agnostics data and the constrainer of J × B = ∇p. The
poloidal polarimeter data has not been used. Our proposi-
tion is that the poloidal polarimeter data is used instead of
the assumption of J × B = ∇p. Therefore accurate recon-
struction is expected on the conditions where J × B = ∇p
does not stand up, for example, the highly anisotropic pres-
sure plasma.

As optical arrangement inside the port plug, one view-
ing chord passes through one vacuum window in the
present concept [1]. The alternative concept was also pro-
posed, in which plural viewing chords can pass through
one vacuum window, for a relaxation of the space limita-
tion at the back plate of the port plug, a reduction of the
vacuum leakage risk and a low cost [7]. The assessment of
this concept is also the future work.

6. Summary
The following sensitivities are found with the physi-

cal mechanisms. It was shown with a good reliability that
central viewing chords of the EQ port are sensitive to J0 by
removing the effect of external coils. The central viewing
chord of the UP port is sensitive to the finite beta effect,
moreover not sensitive to J0 and J0/Jmax. The combination
of the central and the middle viewing chords of the EQ
port, is useful to distinguish the changes of J0 and J0/Jmax.
Those sensitivities and physical mechanisms are useful to
the sensitivity studies of other toroidal current profiles and
MHD equilibrium reconstruction, which are future works.
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