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Plasma equilibrium reconstruction provides essential information for tokamak operation and physical analysis. An
extensive and reliable set of magnetic diagnostics is required to obtain accurate plasma equilibrium. This study designs and
optimizes the magnetic diagnostics layout for the reconstruction of the equilibrium of the plasma according to the scientific
objectives, engineering design parameters, and limitations of the Chinese Fusion Engineering Test Reactor (CFETR). Based
on the CFETR discharge simulation, magnetic measurement data are employed to reconstruct consistent plasma equilibrium
parameters, and magnetic diagnostics’ number and position are optimized by truncated Singular value decomposition,
verifying the redundancy reliability of the magnetic diagnostics layout design. This provides a design solution for the layout
of the magnetic diagnostics system required to control the plasma equilibrium of CFETR, and the developed design and
optimization method can provide effective support to design magnetic diagnostics systems for future magnetic confinement

fusion devices.
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1. Introduction

Chinese Fusion Engineering Testing Reactor (CFETR)
is a novel generation of fusion energy utilization reactors in
China, aiming to bridge the gap between ITER and DEMO.
Based on the current tokamak research and the basis of ITER,
the primary goal of the first phase is to achieve steady-state op-
eration and tritium self-sustaining, with a modest fusion power
of up to 200 MW. Phase II mainly aims to validate DEMO with

[1.2] Magnetic fields are up to 6.5 T,

a fusion power over 1 GW.
a specified plasma shape with an elongation of 2, the plasma
current is 14 MA, and the major and minor radii are 7.2 m and
2.2 m, respectively.

The plasma shape and other parameters, such as B, and /;
are critical for the tokamak device operation. One of the ba-
sic problems of the tokamak operation is the establishment of
a plasma equilibrium configuration that can stably confine the
high-temperature plasma. Fitting external magnetic measure-
ment information based on equilibrium reconstruction such as
the EFITB4 code effectively obtains plasma discharge con-
figurations. The magnetic measurements required by recon-
struction algorithms generally involve flux loops and mag-
netic probes that measure the magnetic flux and magnetic field
locally. !

At present, the magnetic diagnostics design schemes for
plasma equilibrium control in the world’s major tokamak de-
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vices are very mature, such as JET,[6] KSTAR,["] DIIID,[S]
and EAST.®! However, design schemes for large devices such
as fusion reactors have not yet been applied in experiments.
Currently, only ITER has a relatively mature design and some
exploration of DEMO.[1%!11' A5 the next-generation fusion re-
actor of ITER, CFETR has a more complex structure and a
harsh nuclear environment, making it impossible to replicate
existing solutions directly.

At present, the most common design methods are dense
distribution, and optimization through truncated singular
value decomposition (TSVD),“Z’B] Fourier analysis,“‘” inte-
ger linear programming,[!> and data validity and sensitivity
analysis.['®! In addition, the material and processing technol-
ogy for magnetic diagnostics can be optimized to make the
plasma equilibrium reconstruction more accurate.!!”-18]

This study designs and optimizes the magnetic diagnos-
tics layout for the reconstruction of the equilibrium of the
plasma according to the scientific objectives, engineering de-
sign parameters, and limitations of the CFETR. According to
the CFETR discharge simulation,[!”! the magnetic measure-
ment data of the complete discharge was simulated by EFIT
code, and the consistent plasma equilibrium was reconstructed
accordingly, which verified the effectiveness of the magnetic
diagnostics layout design. On this basis, the TSVD method
is used to optimize the number and location of magnetic diag-
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nostics, and the redundancy reliability of the design is verified.

The structure of the current paper is as follows: Section 2
describes the preliminary design of CFETR magnetic diagnos-
tics. Section 3 illustrates the optimization approach. The re-
sults attained using the EFIT code are given in Section 4. Sec-
tion 5 concludes the paper.

2. Prellminary design of CFETR magnetic diag-
nostics

The preliminary dense distribution design of the flux
loops and magnetic probes of CFETR is performed. As is well
known, flux loops cannot be arranged in positions with win-
dows; although the closer the magnetic probe is to the plasma,
the more advantageous it is for reconstruction, the radiation in-
side the blanket is severe and installation is difficult. Given the
engineering limitations, the flux loops are densely distributed
in the position without windows on the vacuum chamber wall,
117 in total, as shown in Fig. 1(a). The magnetic probes are
placed behind the outer contour of the blanket and the divertor,
127 in total, and its direction is consistent with the local mag-
netic field direction of the standard configuration, as shown in
Fig. 1(b).

In the real experimental environment, all diagnostics are
affected by the measurement noise, and the noise should be
modelled. The measuring noise comprises multiplicative and
additive ones. The measurement noise of generic magnetic
diagnostic i can be modelled through the following model:

)’n,-:(lJrnr,»)yiJrna,-a (1)

where yy, describes the noisy measured value, the multiplica-
tive and additive noises, denoted by n;, and n,,, are chosen as
zero-mean Gaussian noises with standard deviations oy, and
Oy, respectively.

The standard deviation of the measuring error due to noise
depends on the selection of equilibrium, which indicated with
[(1=1,2,...,N):

oill) = \JEbm () -y = \Jo2? () + 02, @)

where [ represents the selected equilibrium, E describes the
mathematical expectation operator. o;(/) has the following
two bounds:

ol <aoi(l) <o 3)

— 1

where

f min o;(l), o= max o;(l).

I=12,...N I=12,...N

For CFETR, the measurement noise’s maximum and mini-
mum standard deviations for flux loops and magnetic probes
are chosen as 9.72 mWb and 11 mT, and 2.16 mWb and

0.96 mT, respectively. To evaluate the design’s efficiency, the
random errors of normal distribution with a confidence level
of 95% are added, where the relative error is 0.3%, and the
absolute error is added according to the maximum standard

deviation.
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Fig. 1. Preliminary design of flux loops and magnetic probes on CFETR:
(a) flux loops, (b) magnetic probes.

3. Optimizing the number of magnetic diagnos-
tics based on TSVD

The TSVD approach was utilized to optimize magnetic
diagnostics. This similar estimation is performed on ITER
obtained satisfactory results!'?! and verified in the EAST
experiment. 1!

To optimize the magnetic diagnostics through the TSVD
method, a large amount of equilibrium data is required at
first. The Tokamak Simulation Code (TSC) can be used to
simulate the time-dependent plasma performance in different
phases of the discharge, including ramp-up, flat-top, and ramp-

19201 CFETR has a variety of discharge parameters with

down.!
different power levels, and in this paper, the 200-MW operat-
ing scenario in Table 1 of Ref. [2] is selected, in a flat-top slice
(t=150s, I, =10 MA, B, = 0.081, and /; = 1.02) for valida-
tion.

In showing the effect of plasma equilibrium reconstruc-
tion more intuitively, some locations are selected to determine
the boundary errors. Three segments and one X point (pre-
sented in Fig. 2) are chosen for the computation. The bound-
ary reconstruction error is described as a distance error on the
segment, and the positive orientation is from the plasma core
to the boundary. According to ITER’s standards, the boundary
reconstruction accuracy of seg 2 should be better than 2.5 cm,
and the accuracy of other segments and Xj,; should be better
than 1 cm.

To verify the plasma equilibrium of TSC’s simulation and
the reconstruction quality of preliminary dense distribution,
the above time slices were validated using EFIT code. Based
on this time slice, add 100 sets of random errors that follow the
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normal distribution. The plasma boundary error reconstructed
by the EFIT code is shown in Fig. 3, with all position boundary
errors less than 1 cm.

seg 1

R (m)

Fig. 2. The three CFETR control segments and the X point.

Al T T T

Distance value (cm)
=

—4

seg 1 seg 2 seg 3 X

Fig. 3. Boundary errors of each control segment after adding the ran-
dom error.

In the optimization of magnetic diagnostics, 10-MA sce-
narios are selected to establish a database. A total of 943 time
slots were selected, including 431 ramp-up stages (31 are lim-
iter configurations), 312 flat-top stages, and 200 ramp-down
stages. The evolution of the plasma boundary in the ramp-
up stage is shown in Fig. 4. The main parameters such as
plasma current are shown in Table 1, plasma current ranges
from 1 MA to 10 MA, consumes 140.55-Wb flux provided by
PF coils to heat the plasma and ramp-up the plasma current,
poloidal beta 3, ranges from 0.081 to 0.59, and internal induc-
tance [; ranges from 0.75 to 1.22.

of A
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E o} ]

N
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Fig. 4. Evolution of plasma boundary in the ramp-up stage.

Table 1. Main parameters.

Time (s) 5 8 10 20 50 60 80 100 120
I, (MA) 1 1.6 2 4 10 10 10 10 10
Flux (Wb) 14.05 22.21 29.76 56.21 112.44 140.55 140.55 140.55 140.55 140.55
By 0.14 0.115 0.128 0.14 0.093 0.081 0.375 0.466 0.57 0.59
I 1.13 1.22 1.17 0.95 0.98 1.02 0.95 0.85 0.78 0.75

According to the above equilibrium, the measurement
matrix is constructed for the flux loops and magnetic probes
respectively:

f
A
F=| |, “)

I

where F € RM*N | for flux loops and magnetic probes, M =
117, N =943 and M = 130, N = 943 are chosen, respectively.
The i-th row is the measurement of the i-th diagnostics in all
the equilibria. Notably, for reliable results, M < N. The mea-

surement matrix’s SVD can be described as follows:
F=USVT. (%)

Figure 5 presents the measurement matrix’s singular val-
ues. Matrix F is full-rank with positive singular values. Al-
though matrix F is a full-rank matrix with each singular value
greater than zero, some singular values are much smaller than
others which could be truncated, then the original matrix F
could be transformed into a low-rank matrix F.

According to truncated SVD decomposing a matrix into
its singular values and vectors and then selecting only the top

k singular values and vectors, k < rank(F'). Because a portion
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of the three matrices were truncated, UkSkaT is approximate

to matrix F', which can be expressed as
Fo=UsSVI ~F. (6)

If F; can almost describe the initial matrix, a low-rank
matrix exists that almost equals the initial matrix. In other
words, using fewer diagnostics can provide almost identical
information as using all diagnostics, the rank of the Fj is the
number of the optimized diagnostics. The metric for verifying

the approximate of the two is to meet the following inequality:

i = filmax < OF 7

where f; indicates the i-th row in F, f; describes the i-th row
in Fy, and |f; — fi|,,., indicates the maximum absolute value
of the error induced by reducing the measurement matrix’s
rank in all magnetic diagnostics o] describes each diagnos-
tic’s minimum standard deviation. An appropriate truncation
is obtained if the error induced by TSVD is smaller than the

measuring noise.

Singular values

100,‘\ [ [ (3‘)4
--s____________*-___\

0
10-10}

0 20 40 60 80 100
No. of FL

100 P (b) |
[%5)
10-10¢ i
0 20 40 60 80 100 120
No. of MP

Fig. 5. The measurement matrix’s singular values. FL: flux loop, MP: mag-
netic prob.
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Fig. 6. The maximum error is introduced on the measurement matrix by rank
reduction: (a) flux loops and (b) magnetic probes. The red dash line is the
minimum uncertainty (flux loops: 2.16 mWb, magnetic probes: 0.96 mT).
Equation (7) indicates that the minimum value o] is of
greater concern. The CFETR’s chosen standard deviation was
presented in Section 2. Firstly, gradually reducing the rank
of the matrix, that is, gradually reducing the number of mag-
netic diagnoses until equation (7) is violated. Figure 6 shows

the maximum error introduced by the rank reduction of the

flux loop (FL) and magnetic probe (MP) measurement ma-
trix, requirements (error < minimum uncertainty mentioned in
Section 2), which indicates that the number of flux loops and
magnetic probes can be reduced to 30 and 29. Secondly, the
maximum errors for each row, resulting from the comparison
of matrix F to matrix Fy, are obtained and sorted. This max-
imum error is introduced by TSVD on each magnetic diag-
nostic signal. The larger error indicates that affection by rank
reduction on the magnetic diagnostic signal is non-negligible
and the magnetic diagnostic should be retained. Figure 7 de-
scribes each magnetic diagnostic’s error sequence. Based on
the above two steps, the optimized layout of magnetic diag-
noses can be obtained (shown in Fig. 8).

1.2

0.8

Error (mWb)

Error (mT)

0 20 40 60 80 100 120
No. of MP

Fig. 7. Each magnetic diagnostic’s maximum error after reducing the mea-
surement matrix’s rank: (a) flux loops and (b) magnetic probes.
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Fig. 8. The CFETR-reduced magnetic diagnostics: (a) flux loops and (b)
magnetic probes.

4. Reliability verification by a plasma recon-
struction code

To verify the results attained in Section 3, the reconstruc-
tion of the equilibrium of the plasma using 30 flux loops and
29 magnetic probes was compared with that calculated using
fixed boundaries by the EFIT code.
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4.1. Verifying the optimization results using 10-MA sce-

narios

Firstly, five time slices are selected in the flat-top stages
(t=50s,60s,80s,100s, 120 s, and I, = 10 MA), and 100
sets of random errors are added. The reconstructed plasma
equilibrium is compared by the EFIT code with the target equi-
librium. As shown in Fig. 9, for 496 out of 500 equilibria, the
plasma current estimation error is below 1%, and the 3, and
I; estimation error is within £(0.05 + 5%), where 0.05 is the
absolute error, and 5% is the relative error. The boundary cal-
culation results are shown in Fig. 10. It can be noted that, in
the flat-top cases, the boundary estimation error is always less
than 2.5 cm in seg 2, and only 3 equilibria exceed 1 cm in other
positions. However, the maximum error is below 1.2 cm in all
the mentioned cases. Accordingly, for the flat-top stage which
is the most important for CFETR, these magnetic diagnostics

can effectively reconstruct plasma equilibrium.

8 Plasma current fitting
% 300 T T r r
o
5 200
g
g 100
= 0
Z —20 -—10 0 10 20
Errors (kA)
8 By
2 400 r
o
3
5 200
sy
g
5 ol— . . :
Z —0.04 —0.02 0 0.02 0.04
Errors
& l;
= 400 r
o
rS
= 200
[
2
g
5 0 . . L
Z. —0.04 —0.02 0 0.02 0.04
Errors

Fig. 9. Macroscopic parameters calculation quality.
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;g 1.0t i : .
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A Oor_—+ -+ . -
seg 1 seg 2 seg 3 X

Fig. 10. Plasma boundary absolute errors reconstruction (red line de-
scribes the median, blue box indicates the first and third quartiles and
red crosses describe the outliers).

4.2. Verifying the optimization results using 14-MA sce-
narios

Apart from the 10-MA scenarios, CFETR has higher pa-

rameter designs.!?! The case of selecting a plasma current of

14 MA further verifies the design of the magnetic diagnostics.
Similarly, 100 sets of random errors were added to the mag-
netic measurement data, their macroscopic parameters calcu-
lation quality is shown in Fig. 11, and their boundary fitting

errors are shown in Fig. 12, all of which meet the accuracy

standards.
g Plasma current fitting
s 40 — 77— T T—T T
o
. 20t .
[
Q
E 0
= —-20 —-10 0 10 20
Errors (kA)
8
3 . .
o 40 L
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5 20¢F
Q
g ; ;
= —0.04 —0.02 0 0.02 0.04
Errors
g L
< T T T T T
o 50r .
o
5}
Q
E ol ; ; ;
2’ —0.04 —0.02 0 0.02 0.04
Errors
Fig. 11. Macroscopic parameters calculation quality (7, = 14 MA).
g 2.0f ’
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== = =
& ot = - = =
seg 1 seg 2 seg 3 X

Fig. 12. Boundary errors of each control segment (/, = 14 MA).

4.3. Verifying the optimization results with the ramp-up

phase

Within the ramp-up stage, when the plasma current is
higher than 4 MA, the reconstruction results meet the accuracy
requirements, their macroscopic parameters calculation qual-
ity is shown in Fig. 13, and the boundary error is presented in
Fig. 14. When the plasma current is lower than 4 MA, the re-
constructed boundary error on seg 2 exceeds 2.5 cm, while the
error on other segments is still below 1 cm as shown in Fig. 15.

In the ramp-up phase, because of the small plasma cur-
rent and eddy currents, the magnetic diagnostic signals have
relatively smaller contributions from plasma. It is well known
that this situation is the main cause of the low quality of the
reconstruction. Moreover, accurate results cannot be obtained
even when employing all magnetic diagnostics as shown in
Fig. 15. At this stage, the accuracy requirements of equilib-

rium parameters for plasma control are not very high. The
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optimized magnetic diagnostics can meet the CFETR plasma

operation and control requirements.
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Fig. 13. Macroscopic parameters calculation quality (/, = 4 MA).
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Fig. 14. Boundary errors of each control segment (/, = 4 MA).
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Fig. 15. The boundary reconstruction result of CFETR 3-MA scenarios (The

distance between the reduced and dense magnetic diagnostics reconstruction

boundaries and the reference boundary are 4.89 cm and 3.60 cm, respec-

tively, on seg 2).

R (m)

5. Discussion and conclusion

This paper designs and optimizes the magnetic diag-

nostics layout for CFETR plasma equilibrium reconstruction.

With the synthetic magnetic measurement data, EFIT code is

utilized to obtain plasma equilibrium which is consistent with
the TSC code simulation. On this basis, add the random er-
ror, and simulate the real experimental environment to verify
the effectiveness of the design. The TSVD method is used
to optimize the number and location of magnetic diagnostics,
reducing them to 30 flux loops and 29 magnetic probes, and
reconstructing the plasma equilibrium that meets the accuracy
requirements, further verifying the redundancy reliability of
the magnetic diagnostics layout design. This work provides a
design approach for the magnetic diagnostics layout system re-
quired for the equilibrium control of CFETR. The developed
design and optimization method can effectively support de-
signing magnetic diagnostics systems in future magnetic con-

finement fusion devices.
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