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In 2015 campaign, deuterium atomic emission spectra (Dg) under the Zeeman effect in boundary region had been
measured by a high resolution optical spectroscopic multichannel analysis (OSMA) system based on passive spectroscopy
during the deuterium plasma discharge on EAST tokamak, and part of the works about the Zeeman effect on D spectra had
already been done. However, the asymmetric phenomena of Dy emission spectra under the Zeeman effect were observed
in process of analyzing the spectral data. To understand the asymmetric phenomena and acquire the useful local plasma
information, an algorithm was proposed and used to analyze the asymmetry of the emission spectra under the Zeeman effect
with all polarization components (7 and 0). In the algorithm, the neutral atoms were considered to follow the Maxwell
distribution on EAST, and 715 # I_s was considered and set. Because of the line-averaged spectra along the viewing
chord, the emission spectra were considered from two different regions: low-field side (LFS) and high-field side (HFS).
Each spectral line was classified into three energy categories (the cold, warm, and hot) based on different atomic production
processes in boundary recycling. The viewing angle 6 (between the magnetic field B and the viewing chord), magnetic field
B at two spectral emission positions (HFS and LFS) and the Doppler shift of all three energy categories of each spectral
line were all considered in the algorithm. The effect of instrument function was also included here. The information of
the boundary plasma were acquired, the reason for the asymmetric phenomena was discussed, and the boundary recycling
during the discharge were studied in the paper. Based on fitting a statistical data of acquired fitting results, an important
conclusion was acquired that the ratio of the spectral line intensity in HFS and LFS was proportional to the square of that

of the corresponding magnetic field.

Keywords: Zeeman effect, deuterium atom, spectral lineshape, plasma

PACS: 52.70.Kz

1. Introduction

In fusion plasma, the boundary plasma plays a very im-
portant role in plasma confinement!!=3! which influences im-
purity level and confinement of the core plasma. Beside the
scrape-off layer, the atomic and molecular processes in the
boundary were dominated in boundary recycling for rapidly
decrease in electron temperature and density.!*! Therefore, it
is important to study atomic and molecular spectra emitted by
these processes in boundary region to understand the boundary
recycling. For the strong magnetic field on different fusion de-
vices, the Zeeman effect on the observed spectra was observed
and investigated based on spectroscopic methodology,>~!°]
and the lineshape of the emission spectrum was usually used to
study and acquire the local plasma information. The emission
spectrum under Zeeman effect was introduced as a tool for
studying atomic processes in edge plasma on TEXTOR.-8
The Zeeman effect in hydrogen-like systems and its influence
on fusion plasma temperature measurement was studied in de-
tail on JET.191 On Alcator C-Mod,['=13] the neutral atomic
temperature and flow velocity measurement by Zeeman split

spectra were introduced, and only one emission region (inner

DOI: 10.1088/1674-1056/abc162

divertor region) and the viewing angle 6 were considered. The
local values of the magnetic field, population density, tempera-
ture, and flow velocity by analyzing the Zeeman splitting spec-
tra of atomic (H, He I) and molecular (H,: Fulcher-a band)
spectra were evaluated on TRIAM-1M.!!4-17] By filtering the
7 component, only the =0 components of the spectra were
observed, so the viewing angle 6 was considered to be 90°
and not mentioned in Refs. [14,15,17] In their work, the hy-
drogen emission spectra were considered from two different
emission regions (LFS and HFS) and roughly classified into
twol!'#l or three!!>!7] energy categories based on the atomic

18,191 the Zeeman splitting spectrum of

processes. On LHD,!
He I had been used to determine the local values of the mag-
netic field and the emission positions near the ergodic layer!'8]
and the theoretical works about the Zeeman effect of the spec-
tra were also introduced.!'”! Because of the asymmetry of the
Balmer-alpha line shape in the tokamak scrape-off layer, an
algorithm for recovering the effective temperature of atoms of
hydrogen (and its isotopes) was proposed?*2! in which the
non-Maxwellian distribution of the atoms was considered for
the asymmetric phenomena in boundary in SOLPS4.3 code.
For inverse problems and error estimations for the strong non-
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Maxwellian effect and intense divertor stray light on the H-
alpha diagnostic for ITER, the synthetic spectral signals with
the Zeeman splitting were studied!>?! and considered either
from LFS or from HFS, in which the non-Maxwellian effect
was also considered for the highly reflecting walls on future
ITER, the I, = I_5 was used in the algorithm and the view-
ing angle was not mentioned. Based on the asymmetric spec-
tral lineshape algorithm in Refs. [20-22], the effect of strong
divertor stray light was studied in high-resolution main cham-
ber Hy, spectroscopy, >3] and the isotope ratio in the divertor
was determined to increase the accuracy of tritium concentra-
tion measurement on JET-ILW by filtering the 7 component of
the spectra.?*! On EAST, the Zeeman effect on D, emission

spectra was also studied and discussed in previous work. >

In this work, an algorithm was proposed to understand
the asymmetry of the D, emission spectra on EAST. Based on
the high resolution spectra, the spectral lineshape method was
used to analysis the emission spectra to acquire the important
and useful parameters of the local plasma to understand the
atomic processes in boundary recycling. The emission spectra
with all polarization components (7 and +0) were observed
and studied, because the effect between 7 and 0 compo-
nents was hard to be completely eliminated by using the po-
larizing filter in the experiment which might reduce the ac-
curacy of data analysis. At meanwhile, the viewing angle 6
could not be considered exactly 90° for the actual optical path
installation and the variation of the spatial magnetic configu-
ration over the time. The intensity of ¢ components with
I;s # I_& was set and discussed in the algorithm. The ef-
fect of the instrument function of optical spectrometer system
was also considered in data analysis. Based on the algorithm,
a fitting procedure using the nonlinear least squares method
was applied to fit and analyze the emission spectra to acquire
the information of the local plasma. The viewing angle, the
intensity of magnetic field at two emission positions, and the
proportion and flow velocity of different energy categories of
the emision spectra were determined by the algorithm. Dur-
ing the discharge, the atomic processes in boundary recycling
were discussed in plasma discharge. A relationship between
the intensity of the emission spectra and the magnetic field in-
tensity was also concluded in this work.

The rest of this paper is organized as follows. The algo-
rithm for asymmetry of D, emission spectra under the Zeeman
effect will be introduced in Section 2. Section 3 will introduce
the asymmetric phenomena of the emission spectra and the al-

gorithm test. Finally, summary will be given in Section 4.

2. Algorithm for asymmetry of the D, emission
spectra under the Zeeman effect

2.1. Zeeman effect on the D, spectra

According to the quantum mechanical of the interaction
between an atom and an external magnetic field B, the total
non-relativistic Hamiltonian H;y of the atom can be expressed
as

Hiot = Hele + Hyo +Hmagn~ (1

In first-order perturbation theory, the relative strength between
the spin—orbit interaction Hy, and the external magnetic field
affection Hyagn should be considered. The change in energy
due to the perturbation terms H' = H, + Hyagn could be ex-

pressed as!2>-26]

AEnlm (B) = <nlm|H'|nlm>
2L-S
= WYX XY (ndmlmmy) (mimy| =
my ms m; ml; h
L, +2S, B
“h g i) G ntm) - (2)

where L and S are the total orbital and total spin angular mo-

menta,

Wepwd— 2 By=p (L

B dmey (1/r3),,c*’ 0= 'uB47r£0c2 <r3 >nl.
The other symbols have their usual meaning. In Eq. (1), the
relative strength between the spin-orbit interaction and the ex-
ternal magnetic field affection should be considered, and a cri-
terion of comparing B and [Z*/n®1(1+1)] - 12.5 sizes can be
used for the judgment here. If B> [Z*/n?1(1+1)] - 12.5, the
external magnetic field affection is dominant which belongs
to the strong field effect, otherwise it belongs to the weak
field effect. According to the above criterion, it belongs to
the strong field effect under the current EAST operating con-
ditions. Therefore, the perturbation of the energies could be
simplified from Eq. (2) and expressed as

AEmz:lgn = “Bgija (3)
where g is Bohr magneton,

JU+ D) +s(s+1)—1(1+1)

=1+ ——
2j(j+1)

is the Landé factor. Based on Wigner—Eckart theorem, 27! the
transition intensity / between the upper and lower states can
be expressed as

o~ (11T
IZ’l’m’nlm = (_1)l> l> (

m1l —m'

) xR, “

where I =1+ 1, ¢ = m’ —m, defining /I~ = max(/’,]) and
R= [ Ry y PRy dr, Ry is the radial part of hydrogenic wave-
function. The summary of dipole selection rules for hydro-
genic states can be expressed as: Am; =0, Al =1, Am; =0,
+1.
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2.2. Algorithm for asymmetry of the D, spectra

Although the particular data processing method was in-
troduced and done on other fusion devices, an algorithm was
proposed to solve the asymmetry of the emission spectra on
EAST. The neutral atoms in the boundary are considered to
follow the Maxwell distribution under the current plasma con-
ditions on EAST, because the non-Maxwellian distribution
should be considered under the highly reflecting walls (wall
reflection coefficient Rw > 0.5) and high-power operation.
In the experiment, all polarization components (7 and +0)
of the spectra were observed and studied at the same time.
So, the viewing angle 0 needed to be considered here. By
studying the polarization of D, emission spectra under the
Zeeman effect, the ©# component parallels to the magnetic
field (B) and the +£0 components perpendicular to the B,
of which the ratio is governed by the viewing angle 6 be-
tween the magnetic field and the viewing chord. At any given
viewing angle 6, and in the absence of additional polariza-
tion effect, the intensity ratio of the 7 and =0 components
could be acquired from Eq. (4) and approximately equal to
Iy lg = sin?0 : %(1 +cos?> ). However, it can no longer
be assumed that I, 5 = I_ in plasma spectrum,[lz] because it
is only valid for the individual Zeeman components. Through
the integral of the Eq. (4), the +0 and —c components were
considered as a whole in the algorithm, so the intensity ratio
of the 7 and two 6 components was approximately expressed
as Iy (I_g+1,5) = sin®>0: (1+cos?>6). At meanwhile, the
emission spectra in the boundary were considered as separated
spectra from two different emission positions (LFS and HFS)

i=cold,warm,hot

F()y) :yo-l-Gim[@

i=cold,warm;hot

Here, F(A) is the final equation of Gaussian lineshape con-
volution, yg is the measured spectra background level, i repre-
sents three energy categories (the cold, warm and hot), A is the
measured spectral line wavelength, A ,jph, is the central wave-
length of Dy emission spectra (656.1 nm), AAzeem|LES HES
is the Dy spectral line splitting by different magnetic field
B|rrs s> OAishift|Lrs,uFs and T;|Lrs Hrs are the wavelength
shift and spectral line broadening temperature of three energy
categories of each spectral line from two separate regions (LFS
and HFS). The wavelength shift of the Zeeman components

AAZeem|LFs HES 1S approximately equal to AAzeem|LFs HES =

for the line-averaged emission spectra, and roughly classified
into three energy categories for each separated spectrum based
on different atomic production processes in boundary recy-
cling: the cold (0 eV-1 eV, recombination and dissociation),
warm (1 eV-10 eV, dissociation), and hot (> 10 eV, charge
exchange and surface reflection).!'4-17:28:291 The effect of the
instrument function of the measurement system to the emis-
sion spectra was also considered in the algorithm.

In the present work, the measured D, emission spectra
are considered to be mainly broadened by following essential
elements: the first is the Doppler broadening of the spectra,
the second is caused by the instrument function of the spectral
measurement system (OSMA), and the last is the Zeeman split
by the magnetic field B. Compared with these broadening
factors, the natural broadening, the stark broadening, and the
Dick effect are too small to be ignored here. As far as the al-
gorithm without these factors it could fit the spectral lines very
well. If the additional sought-for parameters for these factors
are added, it will complicate the algorithm and make the fit-
ting worse. In the algorithm, the neutral atoms are considered
to follow the Maxwell distribution at the present plasma con-
ditions on EAST. The final spectral lineshape can be obtained
by convolving the spectral lineshape with the instrument func-
tion of OSMA system. In general, both of the broadening of
the emission spectra and the instrument function are Gaussian
lineshape, so the convolution result of the two Gaussian line-
shapes is still Gaussian lineshape which could be expressed

as

£ (A = atpha — AR, — OA 0 TH) T
HfFA — Aupha — SA 0, T)
+£;7 (A — Autpha + AA’ZI;I:: -6 lilfsl}:gftv TS | LES
n ) 5
fiJrG(;L - Aalpha - A)Lz}:f,f - 6;Lil.:lljisﬁv TiHFS) 1
FFA — Aapha — SAL 3 TS)
17—+ RS SR T |

\
lﬁphathFs,HFs, where k = 0.46686 cm ™ Y/T. Gy is the in-
strument function of OSMA system which was measured
by He-Ne laser lamp in our laboratory and [ GipgdA = 1.

T ’ic(l, T)|vrs,urs are the spectral lineshape functions of all

polarization components (7 and £=0) of Dy, spectra from LFS
and HFS. Since /. s = I_¢ is only valid for the individual Zee-
man components, ['?! according to Eq. (4), I ( ff" +f79)=
sin®@: (14 cos®0) is used in the algorithm for each energy
category. According to the three energy categories for one
spectral line, three Gaussian functions are used in the algo-

rithm for each spectral line, so 18 Gaussian functions ( fl-”‘ic)
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are used for all polarization components of the emission spec-
tra and convoluted with Gj,s. In the algorithm, a nonlinear
least squares method is used to fit the Dy spectra and many
parameters in Eq. (5) are sought and then used to acquire the
useful information in the boundary, eg: the viewing angle 6,
the magnetic field By s urs, wavelength shift S, shire|1rs HFs
and line broadening temperature T;|Lrs grs of the three energy
categories. From the acquired 6, the intensity ratio of the &
and all o components could be calculated. Two different spec-
tral emission positions in LFS and HFS could be known from
the B|ips urs at the emission positions of which the spatial
distribution could be calculated by the EFIT code. The ve-
locity and proportion of each energy category of the spectra
could be acquired from the 0A; snif|LFs urs and T;|1rs Hrs, re-
spectively.

3. Test of the algorithm for the asymmetry of the
D, spectra

3.1. Asymmetry of the D, spectra

In the experiment, the Dy, emission spectra (22P, /23/2~
32Ds3) 52, 2281/2-3%Pi 232 2P j23/2-3S1 20 656.1 nm)
were observed in lower divertor region by OSMA system on
EAST. The details of the experiment setup and the diagnos-
tic performance can be found in previous work.!>! In order to
obtain higher spectral and temporal resolution, the 750 mm
focal length of the spectrograph and 2400-g/m grating was
used to observe the emission spectra to increase the resolu-
tion. The exposure time was set at 10 ms and the width of
slit was adjusted to 10 pm to ensure sufficient light inten-
sity and reduce the instrument broadening effect. The recip-
rocal linear dispersion was 0.286 nm/mm at 656 nm, and the
wavelength resolution was 0.013 nm at full width at half max-
imum (FWHM). Base on these setting of the OSMA system,
the asymmetry of D, spectra under the Zeeman effect were
measured and three kinds of the asymmetric phenomena of the
spectra were summed and shown in Fig. 1. The first kind was
that the left part (+0) was sightly higher than the right part
(—o)in Fig. 1(a), the second was the opposite in Fig. 1(b) and
the last was that the middle part () was lower than the left
(—o) and right parts (+0) in Fig. 1(c). Figures 1(a) and 1(b)
were observed in poloidal section and figure 1(c) was observed
in mid-plane tangential angle observation.

Compared with other spectral broadening factors, the in-
strument function of the OSMA (Gjys) should be firstly con-
sidered before analyzing the spectral data. In the present work,
the instrument function was acquired by using the He—Ne laser
lamp in the lab, and a Gaussian lineshape function was used to
fit the measured spectra. Here, the measured instrument func-
tion was normalized ([ GjpsedA = 1) before the experimental
data fitting. The fitting of the instrument function (channel 8)

was shown in Fig. 2(a) and the fitting residual was also given
in Fig. 2(b). In the figure, it could be found that the fit was
good enough, so the acquired fitting parameters were credible
and could be used in next D, emission spectral data analysis.

2571 I I I I I I I (a)]
207 1

1.57T
1.0
0.51

0

0.81
0.6
0.4r1
0.21

0

Count (10* arb. units) Count (10* arb. units)

0.201
0.151
0.101
0.051

Count (10* arb. units)

0 "
655.7

656.3

655.9 656.1
Wavelength (nm)

Fig. 1. Three kinds of the asymmetry of D, emission spectra.

0 (a)
£ sor 1
= o experiment
. 60 — fitting
o
-
& 40t
=]
= 20
3
0
== . . r : :
gs_lgt VN UDE
él% —0.10 —0.05 O 0.05 0.10

Fig. 2. The fitting of the instrument function of the OSMA (channel 8) and
the fitting residual are shown in panels (a) and (b), respectively.

3.2. Fitting of the asymmetric D, spectra

In Fig. 1(a), the plasma was operated in lower sin-
gle null (LSN) divertor configuration with ion gradient drift
B x VB |. The 4.6-GH low hybrid current drive (LHCD,
2.3 MW) heating system was used as auxiliary heating, the
toroidal magnetic field strength By was —2.48 T at the major
radius of Ry = 1.85 m (magnetic axis), plasma current [, was
450 kA, the core electron temperature 7 was 1.2 keV and the
line-averaged electron density 7. was 3.8x10'> m~3. The in-
strument broadening was about 0.0106 nm for the 8th viewing
chord. The Dy spectra was fitted and the results were also
shown in Fig. 3. According to the fitting results, the viewing
angle 6 was 74.4°. The intensity of magnetic filed at two spec-
tral emission positions (HFS and LFS) were Byps = 3.44 T
and Byps = 1.95 T, respectively. It could be used to acquire
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the emission position by using the EFIT code to calculate the
spatial magnetic field intensity distribution in poloidal section,
which was done in our previous work and not discussed in
this paper. The experimental data and the fitting curve of the
Dy spectra were shown in Fig. 3(a), and the recovery spectra
from HFS and LFS were also shown here. According to fitting
calculations, the spectra from the HFS region accounted for
90.5% of the total spectra, and that from the LFS accounted
for 9.5%.
Fig. 3(b). The three energy categories (the cold, warm and

The fitting residual of the spectra was given in

hot) of the emission spectra from two separate regions (HFS
and LFS) were shown in Figs. 3(c) and 3(d), respectively. The
proportion of the cold, warm and hot energy categories of the

spectra from HFS were 0.89 eV (35.7%), 3.72 eV (44.5%)
and 84.63 eV (10.3%), respectively. For the spectra from LFS,
they were 1 eV (3.7%), 2.57 eV (4.7%), and 10.14 eV (1.1%),
respectively. In the experiment, the wavelength of observed
spectra was lack of an absolute wavelength reference and the
values of the wavelength were calculated by the program of
OSMA system. Therefore, the flow velocity of each energy
category was the relative flow velocity which was calculated
by the Doppler shift of the spectra from HFS and LFS in this
paper. The relative flow velocity of three energy categories
were estimated at about 2.3 km/s (cold), 4.4 km/s (warm),
19.2 km/s (hot).

T T T T T T T (a) = 2.5F ( ) T T T T —DI T T ]
_ o 1 C aHF
o5l 0="T4.4 . E’;Eii“néiﬁf]e | £ - cold: 0.8 eV 35.7 %
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N == - Dayps 90.5% ” : -=--hot: 84.63 eV 10.3 %
’E Jol - =Dy 9-5% | 5 15 1
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- 2 10 1
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0.5F 1 B 025} Bips=195T warm: 2.57 eV 4.7 %1
=] = =hot: 10.14 eV 1.1 %
5 020} ]
0 : . ! £ o015} .
. 655.7 655.9 656.1 656.3 656.5 S
2 Wavelength (nm) g 0.10F ]
— = = e e
El= 0.02F . . — —— . . - = 0.05¢} A ]
':5 Z 6 'M\-W""':.' ... _..-._‘ < ~' ‘,.-."'W.WL_b_L 8 1 1\= ',‘_\: _\“~
£ = —0.02f . . AR . . 1 0 e
o4 f 655.7 655.9 656.1 656.3 656.5
\2_/ Wavelength (nm)

Fig. 3. Beat fit of the D, emission spectra by the algorithm. (a) The grey dots correspond to the measured Dy, spectral line subtracting at r = 4 s of shot
#55940, the red line represents the fitting curve, and the carmine and blue dotted lines are the recovery spectra from HFS and LFS; (b) the fitting data residual
is given; each recovery lines and proportion of three energy categories (the cold, warm, and hot) in HFS and LFS are given in panels (c) and (d), respectively.
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Fig. 4. Beat fit of the D, emission spectra. (a) The grey dots correspond to the measured D, spectral line at = 4 s of shot #55930, the red line represents
the fitting curve, and the carmine and blue dotted lines are the recovery spectra from HFS and LFS; (b) the fitting data residual is given; each recovery lines
and proportion of three energy categories (the cold, warm, and hot) in HES and LFS are given in panels (c) and (d), respectively.
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Fig. 5. Beat fit of the D, emission spectra. (a) The grey dots correspond to the measured D, spectral line at # = 4 s of shot #55930, the red line represents the
fitting curve, and the carmine and blue dotted lines are the recovery spectra from HFS and LFS; (b) the fitting data residual is given; each recovery lines and
proportion of three energy categories (the cold, warm, and hot) in HES and LFS are given in panels (c) and (d), respectively.

In Fig. 1(b), The plasma was operated in lower sin-
gle null (LSN) divertor configuration and heated by LHCD
(4.6 GH, 2.2 MW). The toroidal magnetic field strength By
was —2.45 T at the major radius of Ry = 1.84 m (magnetic
axis), plasma current /, was 400 kA, the core electron tem-
perature T, was 2 keV and the line-averaged electron density
ne was 3.0x10'” m—3. The instrument broadening was about
0.0104 nm for the 7th viewing chord. The Dy, spectra was fit-
ted and the results were shown in Fig. 4. According to the
fitting results, the viewing angle 6 was 75.42°. Bpyrs and
By rs were about 3.25 T and 1.88 T, respectively. The spectra
from the HFS and LFS regions accounted for 90 % and 10% of
the total spectra. The proportion of three energy categories of
the spectra from HFS were 0.98 eV (39%), 3.67 eV (37.1%),
and 103.45 eV (13.9%), respectively. For the spectra from
LFS, they were 0.58 eV (4.3%), 1.86 eV (4.1%), and 35.53 eV
(1.6%), respectively. The relative flow velocity of three en-
ergy categories were estimated at about 2.4 km/s (cold), 4 km/s
(warm), 11.1 km/s (hot).

In Fig. 1(c), The plasma operated conditions were the
same as in Fig. 1(b). The instrument broadening was about
0.0139 nm for the 14th viewing chord. The Dy spectra was
fitted and the results were shown in Fig. 5. This fitting re-
sults were totally different from the fitting in Ref. [23] and
the reason would be discussed below. According to the fit-
ting results, the viewing angle 6 was 42.92°. Byrs and By s
were about 2.89 T and 2.05 T, respectively. The spectra from
the HFS and LFS regions accounted for 78.8% and 21.2%, re-
spectively. The proportion of three energy categories of the
spectra from HFS were 0.96 eV (30.9%), 9.96 eV (27.3%)
and 124.83 eV (20.6%), respectively. For the spectra from
LFS, they were 0.29 eV (8.3%), 1.25 eV (7.3%) and 95.57 eV
(5.6%), respectively. The relative flow velocity of three energy

categories were estimated at about 0.2 km/s (cold), 2.6 km/s
(warm), 5.4 km/s (hot).

According to the fitting results, the viewing angle 6 did
not equal 90 degrees which proved that the angle needed to
be considered in the algorithm. From the figure, the asym-
metry of the spectral lines were characterized by the asymme-
try of two o components. Compared the lineshape and the
proportion of three energy categories of the emission spectra,
the observed spectra in poloidal section (Figs. 1(a) and 1(b))
were quite different from that in toroidal section (Fig. 1(c)).
In Figs. 3 and 4, the lineshape of observed spectra in poloidal
section was T component greater than two ¢ components and
the asymmetry of the spectral line was +¢ component greater
than —o component (Fig. 3) or in turn (Fig. 4). According to
the fitting results, the emission spectra were dominated by the
cold and warm energy categories and the contribution of the
hot energy category to the emission spectra was smaller than
the other two energy categories, which meant that the recom-
bination and dissociation processes were dominated in bound-
ary recycling. In Fig. 5, the lineshape of observed spectra in
toroidal section was 7 component less than two o components
which could be explained by the effect of the viewing angle 6
in this work. It was totally different from the data analysis in
Ref. [23], in which the viewing angle was not mentioned and
the non-Maxwellian distribution of the atoms was accounted
for the spectral lineshape. Compared with the fitting results
of Figs. 3 and 4, the contribution of hot energy category to
the whole spectra increased significantly and the proportion of
three energy categories was the same, which meant the bound-
ary recycling in this observed region was completely different
from that in Figs. 3 and 4. It well illustrated that the boundary
recycling was localized. In the algorithm, the neutral atoms
were followed the Maxwell distribution and /45 # I_5 was
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assumed in plasma spectra, so the asymmetry of the emission
spectra was mainly caused by the viewing angle 0, the mag-
netic field B, and Doppler shift of wavelength of each energy
category, which were considered in the algorithm could well
satisfy the fitting and analysis of spectral data in the present
work.

The time dependence of the Dy emission spectra (chan-
nel 8, #55937) were fitted by the algorithm from r = 2.35 s
to 8.45 s in which the plasma was in flattop and the emission
spectra had a good signal-to-noise to reduce the fitting error.
Based on the algorithm, the time dependence of the viewing
angle 6, the proportion of the Dy, spectra with the correspond-
ing magnetic filed B (HFS and LFS) and the proportion of
three energy categories of the emission spectra (HFS and LES)
in plasma discharge were acquired and shown in Figs. 6(a),
6(b), and 6(c), respectively. From the figure, it could be found
that these parameters did not change significantly over the
time when ¢ < 4.5 s that meant the boundary recycling was
remained stable and the plasma was under good control. After
that (r > 4.5 s), the parameters started to fluctuate slightly that
meant the boundary recycling started to change, the plasma
control become unstable and then the plasma was disrupted in
the end. In Fig. 6(c), it could be found that the proportion of
three energy categories of the emission spectra in LFS did not
change too much, and the main change came from the spec-
tra in HES. For the spectra in HFS, the proportion of the warm
category fluctuated greatly compared with that of the other two
energy categories and the change of the warm category was
contrary to that of the cold and hot categories, which meant
dissociation process was dominated in boundary recycling in
HFS and might be the main reason for the plasma instability
after r > 4.5 s. According to the above analyses, it could be
found that the line-averaged D, emission spectra were domi-
nated by the spectra in HFS and the boundary recycling in HFS
was more active than that in LFS. At meanwhile, the left and
right far wings of the spectral line were only from HFS and this
conclusion was similar with the hypothesis in Ref. [13]. Based
on the spectroscopic methodology, the proposed algorithm in
this work could be used as a tool to analyze the spectra under
the Zeeman effect to study the boundary recycling on EAST.

In the process of spectral data fitting analysis, we also
found that the ratio of the spectral line intensity in HFS and
LFS (Iyrs/ILgs) had a relationship with the ratio of the cor-
responding magnetic field the intensity (Bygs/BLps). So, a
simple statistics of the fitting results was done in this work
which was fitted by a polynomial fitting and shown in Fig. 7.
In the figure, the fitting result was good and the error bars for
x and y axes were also given. A conclusion could be acquired
from the fit that the (Iyps/ILrs) was roughly proportional to
(Byrs/BLrs)* which would be useful for us to deal with the
line-averaged emission spectra under the effect of an external

magnetic field because of the increasing intensity of magnetic
field on EAST, even for the CFETR in the future.
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Fig. 6. The time dependence of the viewing angle 0, the proportion of the
D¢ spectra with the corresponding magnetic field B (HFS and LFS), and
the proportion of three energy categories in shot #55937 (channel 8) were
shown in panels (a), (b), and (c).
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Fig. 7. The relationship between the ratio of the Dy emission spectra inten-
sity and the ratio of the magnetic field intensity at two emission positions.

4. Conclusion

The asymmetry of Dy emission spectra under the Zee-
man effect with all polarization components (7 and +0) were
observed in diverted configuration on EAST tokamak. To un-
derstand the asymmetric phenomena of the emission spectra
and acquire the local plasma information, an algorithm was
proposed and used to fit the spectra. In the algorithm, the neu-
tral atoms were considered to follow the Maxwell distribution,
and /.5 # I_s was assured and used. Based on the built al-
gorithm, the viewing angle 8, the intensity magnetic field at
two different emission positions, the proportion and the rela-
tive flow velocity of each energy category of the D, spectra in
HFS and LFS were acquired in boundary region. According
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to the algorithm, the reason of the asymmetry of the emis-
sion spectra was caused by the viewing angle, the magnetic
field and Doppler shift of the spectral lines. A simple statistics
of the fitting results was also done and a conclusion was ob-
tained that the ratio of the Dy, emission spectra intensity (I) in
HFES and LFS has a relationship with that of the corresponding
magnetic filed intensity (B) at two emission positions, which
was useful for us to deal with the emission spectra under the
Zeeman effect on EAST. In the future, this technique would be
extend to the hydrogen-like plasma discharge (i.e., He plasma)
with the increasing intensity of magnetic field on EAST.
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