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Abstract: Determination of the poloidal magnetic field distribution in tokamaks is of prime impor-
tance for the successful operation of tokamaks. In this paper, we propose a polarization-sensitive
reflectometry-based optical fiber sensor for measuring the spatial distribution of the poloidal mag-
netic field in tokamaks. The measurement method exploits the Rayleigh backscattering and Faraday
magneto-optic effect in optical fibers. The former is an intrinsic property of optical fibers and enables
distributed polarization measurements, while the latter arises in the presence of a magnetic field
parallel to the optical fiber axis and rotates the polarization state of the light. When an optical fiber is
looped around a toroidal section of the vacuum vessel, the local polarization rotation of the light is
proportional to the local poloidal magnetic field in the tokamak. The proposed method is discussed
theoretically and experimentally using the results from JET. The obtained magnetic field measurement
shows a good agreement with that of the internal discrete coils. A potential solution to recover the
magnetic field data from the noise-affected region of the optical measurement is proposed and is
demonstrated through simulations using the JET magnetic field configuration.

Keywords: distributed magnetic field measurement; optical fiber sensor; polarization-sensitive
reflectometry; JET magnetic field; tokamak; poloidal magnetic field measurement

1. Introduction

The measurement of the poloidal magnetic field distribution in tokamak devices is
crucial for understanding the confinement and stability of the plasma [1]. Conventionally,
magnetic field measurements are made by using inductive sensors like Rogowski and
pickup coils [2]. However, these sensors may not operate appropriately in future burning
plasma installations, such as ITER and DEMO, due to the strong radiation and steady-state
plasma operation [3–5]. Fiber optic current sensors (FOCSs), on the other hand, have the
potential to operate effectively in steady-state conditions. However, their performance in
the harsh radiation environment of future tokamaks, such as ITER, may be affected by
radiation-induced attenuation (RIA) and radiation-induced changes in the Verdet constant
of the sensing fiber. Preliminary research results on these aspects suggest that the perfor-
mance of Faraday-effect-based optical fiber sensors is not significantly impacted in the
harsh radiation environment expected in ITER [6]. Therefore, FOCSs are being considered
for plasma current measurement in ITER [7,8]. Using a polarization-sensitive reflectometry
(PSR)-based interrogation technique [9], an optical fiber could be used to measure both the
plasma current and spatial distribution of the poloidal magnetic field in tokamaks. The
plasma current measurement ability of the PSR-based optical fiber sensor was successfully
demonstrated by using an experiment carried out at the Tore Supra (now WEST) toka-
mak [10,11]. This paper addresses the distributed poloidal magnetic field measurement
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ability of the PSR-based optical fiber sensor. The merit of the proposed sensor lies in the
fact that a single optical fiber sensor placed around a toroidal section of the tokamak can
provide the poloidal magnetic field information that comes from hundreds of discrete
sensors and help to determine the actual poloidal magnetic field profile. Such an ability is
unparalleled by any other conventional tokamak magnetic field measuring sensors.

The idea [12] of achieving distributed magnetic field measurement based on the Fara-
day magneto-optic effect is as old as the first polarization-sensitive reflectometer, i.e., the
polarization-sensitive optical time domain reflectometer (POTDR) [13]. However, until
recently [14,15], there was no true demonstration of the Faraday-effect-based distributed
magnetic field measurement. In [14,15], magnetic field measurement was carried out in a
magnetic resonance imaging (MRI) scanner using a polarization-sensitive optical frequency
domain reflectometer (POFDR). The measurement method was based on the complete
measurement of the state of polarization (SOP) of the backscattered light, i.e., the sensing
fiber has to be analyzed by a few input SOP orientations. In this paper, we propose a differ-
ent method for Faraday magneto-optic effect-based distributed magnetic field measure-
ment in tokamaks. The proposed method uses a simpler PSR. Unlike the aforementioned
method [14,15], a single polarization axis analysis is sufficient, thanks to the use of spun
sensing fiber [16]. Polarization-sensitive photon counting OTDR (ν-OTDR) [17], referred
to as ν-POTDR, was used as the PSR in this study owing to its relative cost-effectiveness.
However, it is worth noting that a POFDR could also be utilized. It is also worth noting
that, in general, distributed magnetic field measurement can also be achieved based on the
principle of magnetostriction [18,19]. However, in the context of tokamaks, the radiation
environment and the requirement for a flexible sensing element that can be looped around
a section of the vacuum vessel make the Faraday-effect-based magnetic field sensing more
suitable for tokamak applications [20].

The rest of the paper is organized as follows. In Section 2, the proposed measurement
method is theoretically detailed, and mathematical modeling of the sensor is provided and
validated by the experimental data from Joint European Torus (JET) in Section 3. Later,
in Section 4, a potential solution to recover the magnetic field information lost due to the
reflectometer’s noise is proposed and is demonstrated through simulations using the JET
magnetic field configuration. Finally, concluding remarks are provided in Section 5.

2. Polarization-Sensitive Reflectometry for Distributed Magnetic Field Measurement:
Theory and Sensor Modeling

The schematic of the ν-POTDR experimental arrangement designed for distributed
poloidal magnetic field measurement at JET [21] is shown in Figure 1. The PC placed after
the ν-OTDR is used to maximize the Rayleigh backscattered signal power. It should be
noted that the Aurea technology PICOXEA is the ν-OTDR used in these experiments. A
lead fiber, approximately 100 meters in length, is utilized to establish a connection between
the sensing fiber and the ν-POTDR interrogation unit located in the JET J1D instrumen-
tation area. The sensing fiber is looped around a toroidal section of the JET Vacuum
Vessel (VV) in Octant 3. In the present study, the ν-OTDR is operated at a wavelength
of 1625 nm. The choice of this operating wavelength is primarily due to the practical
limitations. However, it is worth noting that the measurement could be optimized by
operating at 1310 nm, where both the Rayleigh backscattered light power and the Verdet
constant (see Equation (1)) increase.

The operating principle of the measurement setup is as follows. The light pulses
launched from the ν-OTDR are polarized as they pass through the linear polarizer (LP)
before being subsequently launched into the lead fiber. As the polarized light propagates
down the fiber, a part of it is continuously Rayleigh backscattered and reaches the reflec-
tometer’s detector after passing through the linear polarizer again. The role of the linear
polarizer in the backward propagation of the light is to convert the state of polarization
(SOP) variations of the light pulse to the power fluctuation seen on the PSR trace. The
PSR-based distributed magnetic field measurement relies on tracking the SOP evolution in
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the sensing fiber subjected to the Faraday magneto-optic effect generated by the magnetic
field to be measured.

Figure 1. Schematic of the experimental setup of the ν-POTDR-based optical fiber sensor used to
measure distributed poloidal magnetic field at JET; PC: polarization controller, LP: linear polarizer.

The Faraday magneto-optic effect or Faraday effect is a phenomenon observed in
optical fibers in the presence of a magnetic field parallel to the light propagation. The
action of the Faraday effect is to rotate the plane of the linear SOP propagating in the
fiber [22,23]; see Figure 2a. The resulting SOP rotation, termed Faraday rotation, obtained
over a distance z is proportional to the integral of the magnetic field induction along the
fiber length [24,25]:

θ(z) = V
∫ z

0
Bz(l)dl (1)

where Bz(l) = B(l) cos ϕ(l) is the amplitude of the axial magnetic field induction at a
distance l along the fiber and is proportional to the axial magnetic field Hz(l) = Bz(l)

µ0

(µ0 is the vacuum permeability), ϕ(l) is the local angle between the magnetic field in-
duction vector and the light propagation direction, dl is the differential length and V
is a material constant called the Verdet constant. For a single-mode silica fiber operat-
ing at a wavelength of 1625 nm, V ≈ 0.484 rad T−1 m−1 [26]. The Faraday effect is a
non-reciprocal effect—orientation of the SOP rotation is the same for the forward and
backward direction of light propagation, meaning that the rotation is doubled after the
round-trip propagation [27,28]. The non-reciprocal nature of the Faraday effect is cru-
cial for the Faraday-effect-based distributed magnetic field measurements [12,14,15]. The
Faraday effect in single-mode silica fibers is quite weak, especially at higher wavelengths
[26,29,30]. Consequently, the relatively small SOP rotation resulting from the Faraday effect
is swamped by the intrinsic linear birefringence inherent to standard single-mode fibers
(SMFs) [31,32]. At first glance, it might appear that a low-birefringence (lo-bi) fiber could
be used as the sensing fiber. However, a lo-bi fiber, while having a very low intrinsic
birefringence, is quite sensitive to external perturbations, which are pretty much inevitable
in any polarimetric sensing application due to the sensitivity of the polarization of light
to most of the external stimuli present in any sensing environment [33,34]. Nevertheless,
a special type of fiber called spun fiber [35] is commonly used in Faraday magneto-optic
effect-based sensing applications because of its ability to effectively reduce the influence of
perturbing effects [16,36,37]. A spun fiber is formed by spinning the standard single-mode
fiber preform during the fiber drawing process—precursor birefringence axes are rotated at
a rate proportional to the spin rate [38,39]; see Figure 2b. Therefore, the precursor birefrin-
gence ∆β and spin rate ξ are the two important parameters that control the performance of
the spun sensing fiber [40–42].
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(a)

(b)

Figure 2. (a) Faraday effect in (spun or unspun) optical fiber; (b) schematic of spun fiber.

Before analyzing the experimental data, it is instructive to theoretically model the
measurement principle and deduce an analytical equation, which helps in interpreting
the experimental traces. In the sensor modeling, the spun sensing fiber is considered as a
concatenation of n uniform-spun fiber elements of small length dz, over which the spun
fiber parameters ∆β and ξ and the magnetic field can be considered constant. It should
be noted that in this modeling, the perturbing effects such as fiber bending, twisting and
ambient temperature acting on the spun sensing fiber are neglected. A theoretical analysis
of the perturbing effects in the context of ITER tokamak [43] suggests that by properly
choosing the ∆β and ξ of the spun sensing fiber, these effects can be ignored, and the
required measurement accuracy can be achieved.

In modeling the spun sensing fiber, we used the Jones retarder and rotator pair equiv-
alent representation of an optical element without polarization-dependent losses [44–46].
Therefore, the Jones matrix of the ith spun fiber element, subjected to the magnetic field,
can be expressed as [47]:

Mk
i = Ωk

i Rk
i (2)

where i = 1, · · · , n; k denotes forward (when k replaced by f ) and backward (when
k replaced by b) light propagation directions and Ri and Ωi are the Jones matrices that
represent the linear retardation and rotation action of the ith spun fiber element, respectively,
and are expressed as [47]:

Rk
i =

cos Rk
i

2 + j sin Rk
i

2 cos 2φk
i j sin Rk

i
2 sin 2φk

i

j sin Rk
i

2 sin 2φk
i cos Rk

i
2 − j sin Rk

i
2 cos 2φk

i

 (3)

Ωk
i =

[
cos Ωk

i − sin Ωk
i

sin Ωk
i cos Ωk

i

]
(4)

with

Rk
i = 2 arcsin

(
∆β

2∆k
i

sin(∆k
i dz)

)
(5)
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Ωk
i = ξkdz + arctan

(
−(ξk − ρi)

∆k
i

tan(∆k
i dz)

)
(6)

φk
i =

ξkdz−Ωk
i

2
+ qk

i (7)

∆k
i =

√(
∆β

2

)2
+ (ξk − ρi)2 (8)

where ξ f = −ξb = ξ due to the reciprocal nature of the spinning effect-induced circular
birefringence; qk

i is the initial orientation of the fast axis, with reference to the vertical, at

the beginning of the fiber section, i.e., q f
i = q0 + (i− 1)ξdz and qb

i = q0 + iξdz (q0 is the
initial orientation of the fast at the beginning of the fiber); 2ρi = 2VBi is the local Faraday-
effect-induced circular birefringence and 2∆ f (b)

i is the local elliptical birefringence in the
forward (backward) light propagation direction.

For brevity of the analysis, let us simplify Equation (2) based on the choice of the
spun sensing fiber parameters. In general, for better sensitivity of the magnetic field, it is
preferred to use a spun fiber with ∆β� ξ; the experimental results reported in this paper
are based on a spun fiber with ξ

∆β ≈ 100. For ∆β� ξ, we have:

∆k
i ≈| ξk − ρi | (9)

Rk
i ≈ 0 (10)

Ωk
i ≈ ρidz (11)

Substituting Equations (9)–(11) in Equations (3) and (4) and then in Equation (2),
we get

Mk
i =

[
cos θi − sin θi
sin θi cos θi

]
(12)

where
θi = ρidz (13)

is the local Faraday rotation. The above equation indicates that the Jones matrix of each of
the spun fiber elements is a rotator with a rotation angle equal to the local Faraday rotation,
θi. Note that Mi is the same for both forward and backward propagation, as Faraday
rotation is independent of the light propagation direction.

According to the sensing arrangement shown in Figure 1, using the Jones formalism
approach [44], the SOP of the light reaching the receiver from the ith fiber element can be
expressed as

Vouti = MPCMPMT
L MbMmM f MLVin (14)

where Vin is the input SOP launched through the polarizer; ML is the Jones matrix of recip-
rocal birefringence effect that represents the effect of the lead fiber, patch cords and optical
connectors between the polarizer and the sensing fiber in the forward propagation of light
(as these optical components are not exposed to the magnetic field) and in the backward
propagation of light, the corresponding Jones matrix is MT

L (transpose of ML) [48,49]; Mm
is the Jones mirror matrix, the identity matrix, which represents the Rayleigh backscattering
effect [50,51] and M f and Mb are the Jones matrices of the spun sensing fiber, until the ith
element, for the forward and backward propagation of light, respectively, [44]:

M f = M f
i M f

i−1 · · ·M
f
2 M f

1 (15)

Mb = Mb
1Mb

1 · · ·Mb
i−1Mb

i (16)
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and MP represents the effect of the polarizer in the backward propagation. Note that ML is
represented with a general unitary matrix

[ a b
−b∗ a∗

]
, where |a|2 + |b|2 = 1 [52]. Similarly, the

effect of the polarization controller (PC) in the backward direction MPC can be expressed
as
[ A B
−B∗ A∗

]T .
For convenience, let us choose a vertical polarizer, i.e., MP =

[
0 0
0 1
]
, and a correspond-

ing input SOP, Vin =
[

0
1
]
. The resulting output SOP is given by:

Vouti =

[
Vx
Vy

]
(17)

where Vx = −B∗(b2 + a∗
2
) cos(2θ(z)) and Vy = A∗(b2 + a∗

2
) cos(2θ(z)), z = i.dz, i.e.,

θ(z) =
i

∑
j=1

θj. The normalized backscattered power of the trace seen on the ν-OTDR

detector is

PB(z) ∝ |Vouti |
2 =| Vx |2 + | Vy |2=

[
| −B∗(b2 + a∗

2
) |2 + | A∗(b2 + a∗

2
) |2
]

cos2(2θ(z)) (18)

The term in [ ] acts as a scaling factor and does not affect the spatial frequency of the
backscattered power, which contains the information on the magnetic field distribution.
Consequently, the normalized backscattered power can be expressed as:

PB(z) = cos2(2θ(z)) (19)

To facilitate the local magnetic field extraction, Equation (19) can be rewritten as:

Pf it(z) = cos2(2θi + ϕ(z)) = cos2(2ρidz + ϕ(z)) (20)

where ϕ(z) is the accumulated rotation until z− dz; recall that dz is the length of the local
section of the fiber along which the magnetic field can be considered constant. The local
magnetic field measurement can be achieved from the knowledge of ρi, i.e.,

Bi =
ρi
V

(21)

The process of extracting the local magnetic field can be summarized as follows. The
experimentally obtained PSR trace from the sensing region has to be normalized first, which
in the ideal scenario should follow Equation (19). Later, the obtained normalized trace is
locally fitted with Equation (20) to find the locally best-fitted ρi, which gives information on
the strength of the local axial magnetic field induction Bi; see Equation (21). The best local
fit is determined based on the least mean square error (LMSE) [53], by sweeping ρ and φ
over the chosen range. The range of ρ should be higher than the value of ρ that corresponds
to the maximum magnetic field induction to be measured, while the range of ϕ is chosen
between 0 and π. The sweep step of ρ and ϕ should be chosen to be small enough such that
the required magnetic field accuracy is achieved. In this study, ∆ρ was chosen as 0.001 rad,
which translates to ∆B ≈ 1.9 mT (∆H ≈ 1.5 kA/m), and ∆ϕ was chosen as 0.001 rad. It
is worth noting that the analytical equation, i.e., Equation (19), involves a cosine function
and is therefore insensitive to the sign of ρ, which changes according to the direction of
magnetic field with reference to the fiber axis. Consequently, the technique, as such, is
insensitive to the direction of the magnetic field.

The proposed distributed magnetic field measurement method demands a high degree
of data smoothing, as local magnetic field measurement is resolved by locally fitting the
filtered trace with the analytical equation Equation (20). Any unwanted local oscillations
in the trace (due to noise) lead to measurement errors. In practice, the measured PSR, in
our case ν-POTDR, traces are always affected by random noise, which originates from
various sources [54]. Therefore, data smoothing is a prerequisite in quantifying the local
magnetic field.
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The Savitzky–Golay (SG) filtering technique [55,56] is quite effective when the un-
derlying function can be locally well-fitted by a polynomial [57]. Such is the case of dis-
tributed magnetic field measurements performed in this study, as the analytical Equation
(see Equation (19)) is a cosine function that can be efficiently fitted with a polynomial func-
tion. Two of the important filter parameters that dictate the effectiveness of the smoothing
achieved by SG filtering are the filtering window (FW) and the order of the polynomial [58].
The amount of smoothing achieved increases with the FW and decreases as the polynomial
order increases. However, larger FWs in general tend to distort the maxima and minima of
the signal. Therefore, shorter FWs were employed in this study. However, as aforemen-
tioned, for the PSR trace-based distributed magnetic field measurement, a high degree of
smoothing is required too, which is not possible with shorter FWs. In such cases, repeated
filtering—passing the data to several SG filters back to back [59]—would be an effective
solution [60,61]. In this study, for noise filtering of the experimental traces, we employed
repeated SG filtering with polynomial order 2 and an FW that includes five data points.

3. Experimental Results

Figure 3a shows the ν-POTDR traces obtained from JET for the plasma shots 96649-55.
During the plasma shots, each of the 18 internal discrete coils (IDCs), DA/C2 CX01-18,
installed along the JET octant 3, where the sensing fiber is installed, measure a roughly
constant magnetic field for a period of ∼15 s; see Figure 3b,c. During this period, a ν-
POTDR measurement trace is recorded for each of the plasma shots, with pre-adjusted but
different PC positions for each of the plasma shots. This is why we see a difference in the
maximum photon count level for each of the measured traces; see Figure 3a. It is worth
stressing here that in this proof-of-concept experiment, the choice of using different PC
positions for each measurement trace (taken during each of the plasma shots) was made
to verify the effectiveness of the measurement approach when the backscattered power
level was not optimized, specifically when the maximum backscattered power level in
the measurement trace was relatively close to the device noise floor. However, in practice,
having one optimized PC position would have been sufficient for all the measurements, as
the experimental arrangement remained relatively undisturbed throughout shots 96649-55,
i.e., the Jones matrix corresponding to the optical path between the PC and the sensing
fiber input is stable. As the photon count is proportional to the optical power [62], the
ν-OTDR measured photon count corresponds to the Rayleigh backscattered power level. It
is important to note that the difference in the measured traces from shot to shot is mostly
due to different PC adjustments for each of the shots. Otherwise, all the measurement
traces should look similar to one another, as the poloidal magnetic field generated during
the shots is more or less similar; see Figure 3b,c, where two sets (for two different shots) of
magnetic field measurements acquired by the IDCs are presented.

As the measurement traces taken for shots 96654 and 55 are buried under noise, we
ignored them in further analysis. Figure 3d indicates the absolute value of the magnetic
field induction, measured by the 18 IDCs, averaged over 10 s for the plasma shots of
interest, i.e., shot no. 96649-53. The 10 s averaging of the magnetic field is due to the fact
that the ν-POTDR measurement trace is taken over 10 s. Note that the distance scale in
Figure 3d is obtained by calculating the position of these IDCs with reference to the sensing
fiber around the JET VV section. It can be noticed from Figure 3d that the magnetic field
generated during shot 96649 is slightly different from the other shots, i.e., shots 96650-53.
Note that the IDC data for shot 96651 shown in Figure 3c are representative of shots 96650-
53. Considering the similar appearance of the measured traces for plasma shots 96650-51
and 96652-53 (see Figure 3a), we averaged the mentioned trace pairs to improve the SNR.
Therefore, we have three different traces for data analysis: trace obtained for shot no. 96649,
the average of shots 96650 and 51 and the average of shots 96652 and 53.



Sensors 2023, 23, 5923 8 of 15

5 10 15 20 25 30 35
Distance [m]

100

200

300

400

500

600

P
ho

to
n 

co
un

t

Shot. no: 96649
Shot. no: 96650
Shot. no: 96651
Shot. no: 96652

Shot. no: 96653
Shot. no: 96654
Shot. no: 96655

35 40 45 50 55 60 65 70 75
Time [s]

0.8

0.6

0.4

0.2

0.0

B
 [

T]

Shot no. 96649

DA/C2-CX01
DA/C2-CX02
DA/C2-CX03
DA/C2-CX04
DA/C2-CX05
DA/C2-CX06

DA/C2-CX07
DA/C2-CX08
DA/C2-CX09
DA/C2-CX10
DA/C2-CX11
DA/C2-CX12

DA/C2-CX13
DA/C2-CX14
DA/C2-CX15
DA/C2-CX16
DA/C2-CX17
DA/C2-CX18

(a) (b)

35 40 45 50 55 60 65 70 75
Time [s]

0.8

0.6

0.4

0.2

0.0

B
 [

T]

Shot no. 96651

DA/C2-CX01
DA/C2-CX02
DA/C2-CX03
DA/C2-CX04
DA/C2-CX05
DA/C2-CX06

DA/C2-CX07
DA/C2-CX08
DA/C2-CX09
DA/C2-CX10
DA/C2-CX11
DA/C2-CX12

DA/C2-CX13
DA/C2-CX14
DA/C2-CX15
DA/C2-CX16
DA/C2-CX17
DA/C2-CX18

6 8 10 12 14 16
Distance [m]

0.0

0.1

0.2

0.3

0.4

B
 [

T]

Shot. no: 96649
Shot. no: 96650
Shot. no: 96651
Shot. no: 96652
Shot. no: 96653

(c) (d)

Figure 3. (a) Measured ν-POTDR traces for plasma shot no. 96649-55; (b) magnetic field measured by
the 18 internal discrete coils for shot no. 96649 and (c) 96651; (d) absolute value of the magnetic field
averaged over 10s for all the 18 internal discrete coils for shot no. 96649-53.

Figure 4a shows the measured trace and its noise-filtered version for plasma shot
no. 96649, along with the zone of interest from which the distributed poloidal magnetic
field measurement was deduced. Figure 4b shows the normalized measurement trace
obtained for shot no. 96649 after filtering. Each of the colored sections corresponds to the
local best-fitted ρi. In Figure 4c, the local poloidal magnetic field measured for plasma
shot no. 96649 is presented along with the IDC data for the same shot. Recall that the local
poloidal magnetic field measurements are based on the local best-fitted ρi (see Equation (21))
obtained by using Equation (20) and sweeping the value of ρ and φ in the aforementioned
range and sweep step. The measured magnetic field shows good agreement with the IDC
data until around ∼11 m. It is rather important to note that the position of the IDCs and the
optical fiber sensor on the VV section is such that there is a difference in the magnitude of
the magnetic field experienced by the two sensors. Therefore, this is a qualitative analysis
rather than a quantitative one. Furthermore, in general, accurate knowledge of the Verdet
constant V of the sensing fiber is important for the accurate measurement of the magnetic
field. In this study, we used a value of V calculated based on [26]. As seen in Figure 4a,
after ∼11 m, up until ∼16 m, the ν-POTDR measurement is drawn into the noise. This
region, ∼11–16 m, corresponds to the low backscatter power or photon count region in
the measured trace, where the measured power reaches the noise floor of the device; see
Figure 4a. It should be noted that the dynamic range (DR) of the device calculated from
the trace reads 3.8 dB. Nevertheless, after ∼16 m, the measurement shows the sign of slow
recovery; see Figure 4c. However, due to the limited sensing region available (less than 1 m)
after 16 m, there is only one IDC measurement (and four optical fiber sensor measurement
points) available to provide evidence of this recovery. Nevertheless, the results obtained
from the region between 5 to 11 m allow us to say that when the measurement is not
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significantly affected by the device noise floor, we can extract the measurement. A potential
solution to recover the magnetic field from the noise-prone region of the trace is discussed in
Section 4. A similar result is observed for the magnetic field measured from the average of
the traces obtained for shots 96650-51 and 96652-53, respectively, in Figure 4d,e. The spatial
resolution of the reported magnetic field measurements is ∼26 cm, as local magnetic field
measurements are made by fitting two data points; the spatial resolution of the ν-OTDR
used in the experiments is ∼13 cm.
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Figure 4. (a) Measured and filtered ν-POTDR trace for plasma shot no. 96649; (b) normalized
measurement trace of shot no. 96649 within the sensing zone and fitted with local best fit using
Equation (20); (c) comparison of the distributed poloidal magnetic field measured by the proposed
ν-POTDR sensor and the internal discrete coil data for shot no. 96649, (d) average of shot no. 96650-51
and (e) average of shot no. 96652-53.
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4. Approach for Avoiding the Issue Due to Reflectometer’s Noise Level

The discussion on the experimental results has made it clear that the magnetic field
information around the minima of the PSR trace can be corrupted when it reaches the noise
floor of the device. A solution to this issue is to shift the minima of the PSR trace above the
noise floor of the device. This task can be achieved in two ways. One way is to induce a
known SOP rotation bias, so that the minima of the trace rise above the noise level. This
solution facilities a way to use the relatively low DR PSRs, like ν-POTDRs, to determine
the magnetic field profile. However, it comes at the cost of taking two measurements, one
without the SOP rotation bias and the other with the SOP rotation bias. The schematic of
the corresponding measurement setup is shown in Figure 5a. Note that the schematic of
this alternative measurement setup is similar to the first method (see Figure 1), except for
an extra PC and a 22.5◦ Faraday rotator (FR) placed after the LP. The role of the PC after
the LP is to compensate for the effects in the lead fiber and help launch a desired SOP into
the sensing fiber [63]. The 22.5◦ FR is used to rotate the SOP by 22.5◦ in both forward and
backward propagation of the light, respectively, so that an extra 45◦ SOP rotation, compared
to that of the First setup, is induced in the backscattered light reaching the detector. The
purpose of this extra SOP rotation, as aforementioned, is to shift the minimum of the trace
obtained with the first setup above the noise level. Particularly, the 45◦ extra SOP rotation
facilitates to shift the minima of the trace to around 0.5 level of the normalized trace; this
part of the trace is generally less susceptible to noise. The second approach is to use a PSR
with a large enough DR that keeps the minima of the PSR trace well above the noise floor
of the device. In this case, the experimental process remains the same as the one shown
in Figure 1, but an optical reflectometer with a large DR, like an OFDR, has to be used in
place of the ν-OTDR. However, it should be noted that this option comes with a higher
equipment cost.

Due to the constraints of tight operating schedules and access limitations at JET, it was
not feasible to verify the proposed methods experimentally on the JET tokamak. Therefore,
the only viable option was to undertake a simulation approach to verify the proposed
methods and justify their suitability for implementation on other tokamaks. The proposed
methods can be simulated based on the sensor modeling presented in Section 2. When
generating the simulated traces of the setup in Figure 5a, the Jones matrix corresponding
to 22.5◦ FR has to be added in Equation (14) after Vin and also before MP. The Jones
matrix corresponding to the required FR can be obtained by replacing θi with 22.5◦ in
Equation (12). Using this sensor modeling, the simulated normalized PSR traces shown in
Figure 5b are generated without (first setup) and with a 22.5◦ FR, considering the magnetic
field profile obtained by interpolating (to match the spatial resolution of the considered PSR)
the magnetic field measured by the IDCs for shot no. 96649. Figure 5c shows the distributed
magnetic field measured from the simulated traces with the measurement configuration of
the first setup (Figure 1) and the one with 22.5◦ FR (Figure 5a) for a PSR with a 6 dB DR
and 13 cm spatial resolution. The figure indicates that the magnetic field measurement
drawn into the noise, when using the first measurement setup, can be recovered by taking
a second measurement by inserting an extra 22.5◦ FR after the polarizer. Note that the
mentioned configuration of the PSR corresponds to a typical ν-POTDR. The effect of the
DR on the normalized trace is considered as a Gaussian noise with zero mean and the
standard deviation σ, where σ =

PBmax
10DR/5 and PBmax is the maximum power in the linear

scale, which for a normalized trace is 1 [64]. More details on the noise floor analysis of PSR
traces can be found elsewhere [65]. It is worth stressing that the distributed magnetic field
measurement results presented in Figure 5c are obtained after noise filtering the simulation
traces generated for the mentioned PSR with the repeated SG filtering approach [60]. The
desired number of SG filtering repeats is obtained from the number of filterings that have
the LMSE [53] with the noise-free simulation trace, shown in Figure 5b. In this regard, the
results in Figure 5c are a qualitative representation of the experimental results. It is worth
emphasizing here that Figure 4b,c indeed provide evidence for the practical feasibility of
this approach: On the one hand, the experimental results showed that the magnetic field
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was properly determined in the region around 8 m in Figure 4c, where the normalized
backscattered power level was distributed around the 0.5 level; see Figure 4b. On the other
hand, the inclusion of the 22.5° FR induces a shift in polarization rotation, causing the
region of the trace that originally reached the low power level without the FR to move to
the 0.5 level when the FR is employed. Therefore, it can be concluded that the 22.5◦ FR
facilitated the retrieval of the magnetic field in the zone where the power level was initially
too low.
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Figure 5. (a) Alternative ν-POTDR setup to recover the magnetic field measurement lost due to
the reflectometer’s noise level; (b) simulated PSR trace without and with FR for interpolated IDC
measured magnetic field from shot no. 96649; (c) comparison of the interpolated magnetic field used
for the simulations with the magnetic field measured without and with FR for a PSR with 6 dB DR
and 13 cm SR, (d) 10 dB DR and 1 cm SR and (e) 15 dB and 1 cm SR; DR: dynamic range, SR: sampling
resolution, IDC: internal discrete coil.

In the other approach that can be used to avoid a part of the PSR trace being drawn
into the noise floor, an optical reflectometer with a large dynamic range, like an OFDR,
can be used in place of the ν-OTDR in Figure 1. In general, a typical OFDR has a DR of
10–15 dB and a sub-cm-range spatial resolution. Figure 5d shows the effectiveness of a
PSR with 10 dB DR and a spatial resolution of 1 cm in determining the magnetic field
profile. It can be clearly seen that the magnetic field profile is better determined in this
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case compared to that in Figure 5c. Nevertheless, by adding the 22.5◦ FR, even in this
case, the magnetic field can be determined more accurately around the minima of the trace.
However, this improvement is not significant compared to that seen in the 6 dB case in
Figure 5c because, in Figure 5d, the magnetic field distribution is traced well along most of
the fiber length even without 22.5◦ FR. Figure 5e shows the impact of high DR (15 dB) of
the PSR in effectively determining the magnetic field profile. It should be noted that the
spatial resolution of the magnetic field measurement in Figure 5c–e is maintained the same,
i.e., 26 cm, to enable a fair comparison between the cases.

5. Conclusions

A novel method for measuring the distributed poloidal magnetic field in tokamaks
using a polarization-sensitive reflectometric technique is proposed. The method was
studied theoretically, and its feasibility was experimentally demonstrated using the ν-
POTDR at JET tokamak. The experimental results show good qualitative agreement with
the IDC data for the region of the PSR trace that is not corrupted by noise (high-SNR
areas). Although the spatial resolution of the magnetic field measurement reported in this
paper is ∼26 cm, the proposed technique when using an optical reflectometer such as an
OFDR, with mm or sub-mm range spatial resolution, is capable of measuring the magnetic
field with a cm or even sub-cm-range spatial resolution. An alternative measurement
approach is proposed to address the issue of low SNR regions where significant differences
between the optical fiber-based measurement and JET IDC measurement are observed.
This approach is demonstrated through simulations considering the magnetic field profile
measured by the JET IDCs for shot no. 96649. The simulation results indicate that to better
determine the magnetic field profile, in general, a PSR with a large DR, more than 15 dB in
the sensing region, is required. Nevertheless, if the DR of the PSR being used for magnetic
field measurement is less than 15 dB, the magnetic field profile can still be determined by
taking a second measurement with 22.5◦ FR inserted in the setup just before the lead fiber.
This second measurement complements the first measurement taken without the FR in
determining the magnetic field profile.
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