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Fig. 1. Optical layout of fast-time-response EUV spectrometer: (a) EUV_Short; (b) EUV_Long a, EUV_Long b, EUV_ Long c.
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Fig. 2. EAST poloidal cross section and the last closed mag-
netic surface (red line), and lines of sight of four fast-time-
response EUV spectrometers on EAST.
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Fig. 3. Typical waveform of discharge with molybdenum
impurity sputtering: (a) plasma current, I; (b) heating
power of low hybrid wave, Pjyw, ion cyclotron range of fre-
quency heating, Pjcgpp, and neutral beam injection, Pypy; (¢)
central line-averaged electron density, n,; (d) normalized in-
tensities of Mo V at 258.069 A, I, v, and Mo XXIV at
70.726 A, Ly, xx1v; (e) normalized radiation intensities ob-
served by fast AXUV system along an edge and central

chord, Edge I xyy, and Core Iyxyy, respectively.
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Fig. 4. Radiation profiles before and after the molybdenum
impurity burst in EAST #101700 discharge: (a) Time evol-
utions during 9.1-9.9 s; (b) at three timings of ¢ = 9.172 s,
9.480 s and 9.497 s.
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Fig. 5. EUV spectra observed 325 ms before (grey lines, ¢t = 9.172 s) and during (blue lines, ¢ = 9.497 s) the molybdenum burst at
the wavelength ranges of 5-485 A in EAST discharge #101700: (a) 5-45 A; (b) 45-165 A; (c) 165-285 A; (d) 285-485 A.
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Mo-UTA & #1 Mo'®+-Mo?+(Mo XVII-Mo XXX)
SR 2R 40 A 16191, 78 130165 AJByG RPN, 5
SRAFAE — SRR A 2= i 2k, R BH RS 26 1 14051
T S 4h 6595 APRELH) Mo-UTA FEiZIK
Boa B i sm B AR 55 . el Ao, AT LA
B A H % B B 32 B i Mo™-Mo'+ (Mo VIIT-Mo
XII) i) 5s—A4p, 4p—A4p BRIFZAL K, 1438 Mo VIII
133.168 A, 134.362 A, 136.782 A, Mo X 152.683 A,
157.624 A, 159.219 AR Mo XII 131.394 A.

1.0 -
—— Mo VII 235.694 A (a)

0.5¢ t=9.478

t =9.497

—— Mo XV 57.928 A (b)
—— 2nd Mo XV 115.856 A

0 —

Normalized intensity
=}
o

10— Mo xx1V 70.726 A (c)
0.5
0 . .
9.0 9.2 9.4 9.6 9.8 10.0
t/s

6 EAST #101700 Jilt L v U 2% $H 85 704 — (L i 2 2
Fifi st [A] 193848 (a) Mo VII 235.694 A; (b) Mo XV 57.928 A,
214 Mo XV 115.856 A; (c) Mo XXIV 70.726 A

Fig. 6. Time evolutions of the four molybdenum ions nor-
malized line emission intensities in EAST #101700 dis-
charge: (a) Mo VII at 235.694 A; (b) Mo XV at 57.928 A
and 224 Mo XV at 115.856 A; (c) Mo XXIV at 70.726 A.

K 5(c) & EUV_Long c W %) 165 —
285 A Bt N A #DETE. BT EUV_Long c
TEAS LI 5% 5 3 1 5 DR AR 2 i By TR 1)
HHIRHEASAY Mo B5-FiZk, Billn Mo VI(227.801 A),
Mo IX(176.682 A, 231.991 A, 237.843 A), Mo
X11(250.112 A). [ 5(d) & EUV_Long_ blLill
F1) 285—485 Al Bty Bl 63 . %k B AR
— iR FEAR SR A A 1, RIS 2o B BT ] Ak
P A7 T H B SR A B L B S S s A,
NIST #idf 22t He T LA 2 S Mo XIT1(340.909 A,
3d104s4p 'P°,—3d104s21S,)), Mo XIV(373.647 A, 3d°
4p 2Py —3d"4s 28 jp) L LA K 4p—4s BRITHY Mo
XV(347.339 A, 365.924 A), Mo XII (329.414 A,
336.639 A, 391.125 A) §i2k. 12k B[R] s 2R WL )
—EAI% Z 2% B TG 2k, 1940 He ILH C IV 4%,
ICLETELL FH T K Y R AR

] 6 T ok 4 2% LY () A1 P 2 25 B v
B ASIE — R R T e vt B Bk L B ) v A TR
HE 6(a) REEHE A Mo VII 235.694 ALk,
 6(b) =P B E B A Mo XV 57.928 ALK H —
i 20dMo XV 115.856 Aj%£k; & 6(c) 240 m
B Mo XXIV 70.726 Ajh£k. 450 2% ik &) 25 14
KHEVUR, IRHrH B2 Mo VII 235.694 Ajfh £k
JE RGN T FAE ¢ = 9.478 s IKFIE(H, B
JE POE T B H B LA Mo XV 57.928 ARIE By
HL S A Mo XXIV 70.726 ARSLRAE t = 9.497 s A
INBIIEAR, FEJS 2218 0 T . BT d —fkry
TR A AT S 5 F IR BE 40 A1 DA R S B - AR
LI i ia R AR G ASCRI A Bt 44 —f i)
i (B A A T R X T BT R A R e A T S IE

1 REET 5485 Al By BBl R B A0 BH %
2, MR B AR L I K 5T REAL.
Hrp g4 P A LA — 2l Ay £ AN, FIE
. XTI IR S B E VR TE IR ZE R Z M ik
LI R I [ A Le g ik A TR e, 7T AR 2
SRS, HIAFR T H T4 iz W fnfis it o
f) 12 24k,

#* 1 AEEUV RBOUIR AT
Table 1. Identified molybdenum lines in EUV range.

Pk /A

sk BT HLEfiE eV Sl P BRITHES
258.09 + 0.03 258.069 4p*4d® ; — 4p®4d? 'D,
MoV Mo 54.42 324.98 + 0.02 324.979 4p®4d5sf 3H®y — 4pf4d? °F,
327.13 4 0.01 327.167 4p*4d? 5 — 4p®dd? P,
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F1(8) 78 EUV JEBARAIAARIEL
Table 1 (continued). Identified molybdenum lines in EUV range.
; . Bk /A e
T " HLEIRE /eV Sl P BRI B
Mo VI MoP 68,83 227.75 4 0.04 227.801 p5(2P°)fld§3F)55 2F°; /2‘—>4p64d Dy,
229.20 + 0.04 229.262 4p%6f F°; ;s —4p®4d Dy
Mo VII Mob+ 125.64 15185+ 0.04 11T 45241}5(2})0? Pl L2 H Lt S
235.66 + 0.05 235.694 48%4p>(°P°3/9)58 2[3/2]) — 4s%4p>(°P°) 9)4d 2[3/2]°,
133.18 + 0.03 133.168 4s°4p*(*P)5d P y—4s4p° 2P
Mo VIII Mo™ 143.6 134.34 & 0.03 134.362 4s%4p*(°P)5d F5 jy—45%4p° 7P 5
136.83 + 0.03 136.782 4s*4p'(*P)5d ?Dj5—4s%4p® 2P°
132.03 & 0.03 132.077 4s?4p?(?P°)5d “P°—4s*4p* 1S
158.53 + 0.03 158.641 4s*4p(°P° j9)5s (1/2, 1/2)°—4s%4p* *P,
Mo IX Mob+ 164.12 176.67 4 0.04 176.682 4s?4p3(*D% 2)5s (3/2, 1/2)°%5—4s*4p* 1Dy
231.90 4 0.05 231.991 4524p3(*D°)4d 'F°;—>4s%4p* 1D,
237.76 £ 0.05 237.843 4524p3(2D°)4d 1D°y—4s%4pt 1D,
152.54 + 0.04 152.683 4s%4p?(*P)5s Py —4s%4p® 15°%
157.65 & 0.04 157.624 4s24p?(*P)5s 2Py, —4s%4p® 2D
159.07 & 0.04 159.049 45%4p?(*P)5s 1Py —4s24p® 2D%
Mo X Mo+ 186.3 159.42 4+ 0.04 159.219 4s?4p*(°P)5s *Pyjy —4s%4p® 2D°% )y
231.07 £ 0.04 231.110 4s?4p*('D)4d *F;j, —4s4p® 2D
239.03 £ 0.06 239.017 4s%4p*('S)4d *Dyjp —4s%4p® 2P%
243.05 + 0.06 243.071 4s°4p*('D)4d 2Dy —4s%4p® 2D
Mo XI Moo+ 209.3 146.65 % 0.04 146.641 4s%4p (*P° )58 (1/2, 1/2)°1—ds*4p® °P,
322.12 £ 0.04 322.158 4sdp? 'P°; — 4s5%4p? 1D,
131.37 + 0.03 131.394 255 28, jy—4s?4p 2P°) 1y
250.09 4 0.06 250.112 4s?4d *Dj;—>4s%4p P,
Mo XII Mo+ 230.28 329.53 £ 0.01 329.414 4s4p? 2Py 5—45%p 2P
336.51 + 0.01 336.639 4s4p? 2Py jy—4s%4p Py
381.13 £ 0.06 381.125 4s4p? 2Dy jy—>4sAp 2Py
53.56 + 0.02 53.551 3d%4s24p 3D°—3d1%4s? 'S,
54.12 & 0.02 54.101 3d%s24p 1P°,—3d104s2 1S,
Mo XIII Mo!2+ 279.1
340.88 4 0.01 340.909 3d!%4s4p 'P°—3d1%4s? 1S,
352.87 £ 0.03 352.994 3d104p? 3P, —3d04sdp 3P°,
51.98 + 0.02 52.000 3d°(2D)4p*(*P) 2P j5—>3d4p 2P%
52.77 + 0.02 52.753 3d°(*D)4sdp (*P°) P, —>3d'04s %S, 5y
Mo XIV Mol 202.6 121.68 & 0.02 121.647 3d1%5s 28, 5—3d!%4p 2P°y
241.78 + 0.06 241.609 3d1%4d 2Dy /5—3d'%4p 2P°) 1
373.55 4+ 0.05 373.647 3d%4p 2P°% ;—3d"s S, 1,
423.57 4 0.07 423.576 3d'°4p ?P°, ;,—3d"4s %S,
29.48 -+ 0.01 29.458 3d°5f 1P°,—3d10 IS,
Mo XV Mol4+ 544 29.81 4 0.01 29.774 3d95f 3D°—3d10 1S,
35.39 4 0.01 35.368 3d%f 'P°,—3d™ 'S,
50.43 + 0.02 50.448 3d°(Ds2)4p (5/2, 3/2)°—3d10 1S,
58.04 4 0.04 57.927 3d°(*D;5)4s (3/2, 1/2) ;—3d1 1S,
58.86 4 0.04 58.832 3d°(*D;5)4s (5/2, 1/2) ;—3d" 1S,
347.47 + 0.05 347.339 3d°(?D59)4p (5/2, 3/2)°%53d°(Ds2)4s (5/2, 1/2)3
365.77 + 0.04 365.924 3d°(*Ds2)4p (5/2, 3/2)—3d%(*D55)4s (5/2, 1/2),
32.92 4 0.05 32.916 3p63d3('G.)4f 2[1]°,—3p"3d’ ?Dy
Mo XVI Mols+ 591 34.03 4 0.01 33.992 3p°3dS(3Fy)4f 2[1]°353p%3d° 2Dy s
54.46 + 0.03 54.348 3pP3d3(°F,)ds (4, 1/2) o/5—3p%3d? 2Dy s
Mo XVIII Mol™+ 702 38.81 + 0.01 38.700° 3dt4p—3d7

BRI T SCHR (18], HAER R IR T NISTHR ), LR F IRl T 2 Bris i k.
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4 RAELS5RD

AT AEEEH 2021 4F EAST FIHRE U4
P BEUV GO AR FIRE (T = 1.5 keV)
B TR 5485 AU B Il PN Fh IS 4H 2%
SRS T T REMEM . 78 1530 A
M 65—95 AU B Bl 43 00 ) i 252 Moo+
Mo+ (Mo XX-MoXXV) 5 Mo!6*-Mo?*(Mo X VII-
Mo XXX) 4 Mo-UTA. [RIFHRAPEMT T 27—
60 A 120485 ANk BLIL N Mo*t-Mo'™ & 1
K24 Mo V-Mo XVIII %4k, 4% EAST |
UL B 5 B A5 HL 43 57 1 AR R 4R S L R 26
(Mo XV 50.448 A, 57.927 A, 58.832 A, Mo XIV
373.647A,423.576 A, Mo XII1340.909 A ,352.994 A);
1M FLAE 27—32 AU B Bl & S0 B B0 11 6 2% %H
AT TR, AR BN 3 20 A LAt 4R 335 2 0 25 4
& Mo XV-Mo XVIII . B4k, #iE T 12 &M T
Y BRRI 5 50 P 5 ) A ST R . AR SCRIR ABEGE A
N BT Z A s T hBE T A T
— A RIR) 3 2 2 1RO A T 4% S as A 1)
TELTE EAST F615 B v e iz A7 1 1] S ek 1y 0 25
BRI RAT R W, RS [ EUV
T A (28290 300 5 HP X 7 H, R A e B i 4k 1Y) 3 (R O
A1, I3 R I Y S, B JE A L 2 IR B s
O30 S5 AR T ELARYE O RS 0 4% 0k B 1 B 25
WA A AT LA 4R ok s REL, iRk S
)R A DT 3 2 TS S 2 o SRS | BRI 2 o 7%
B, b, Ik B2 i UL AT PR A T Lk
T ARy BN - B AU R T R AR RN B L
Z LR R TR S it 2%

S7% 30k
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Abstract

The presence of high-Z impurities in magnetically confined fusion devices has different influences on the
confinement property of the plasma due to the high cooling rate of high-Z impurities. The first wall of EAST is
equipped with molybdenum tiles, molybdenum particles sputtered from inevitable plasma-wall interaction enter
into the plasma and become high-Z impurity. In this paper, four fast-time-response extreme ultraviolet (EUV)
spectrometers, a system which is upgraded in the EAST 2021 campaign, are used to monitor the line emission
from impurity ions in the 5500 A wavelength range simultaneously. The in-situ wavelength calibration is
carried out accurately using several well-known emission lines of low- and medium-Z impurity ions. The
observed spectral lines are carefully identified based on the National Institute of Standards Technology (NIST)
database, previously published experimental data and the time evolution of the normalized line intensity of
o = 1.5 keV), the EUV spectra emitted

from molybdenum ions in the range of 5-485 A are systematically identified in EAST discharges accompanied

emission lines from impurity ions. At the lower electron temperature (7,
with spontaneous sputtering events. As a result, two unresolved transition arrays of molybdenum spectra
composed of Mo -Mo?'* (Mo XX-Mo XXV) and Mo!*-Mo®* (Mo XVII-Mo XXX) are observed in the ranges
of 15-30 A and 65-95 A. In addition, several spectral lines of lower molybdenum ions of Mo**-Mo!'"* (Mo V-Mo
XVII) in the ranges of 27-60 A and 120-485 A are observed and identified on EAST for the first time,
including a few strong and isolated forbidden and resonant lines, e.g. Mo XII at 329.414 A, 336.639 A and
381.125 A, Mo XIIT at 340.909 A and 352.994 A, Mo XIV at 373.647 A and 423.576 A, Mo XV at 50.448 A,
57.927 A and 58.832 A. Six spectral lines are newly observed in the range of 27-32 A, i.e. (27.21 + 0.01) A,
(27.37 £ 0.01) A, (28.99 + 0.01) A, (30.81 &+ 0.01) A, (31.54 & 0.01) A and (31.83 £ 0.01) A, which may be Mo
XV-Mo XVII spectral lines. As a result, twelve strong and isolated spectral lines are chosen in routine
observation for impurity transport physical study. The identification of these spectral lines not only enriches the
molybdenum atom database, but also provides a solid experimental data base for magnetically confined devices

to study the behavior and transport in core and edge plasmas of high-Z impurity.

Keywords: EAST tokamak, extreme ultraviolet spectra, molybdenum impurity, line identification
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