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Abstract

In this work, a comprehensive and detailed spectroscopic investigation and analysis of the atomic
parameters of Mg IX were carried out using the GRASP92 package based on fully relativistic multi-
configurational Dirac-Fock wave functions. The energy levels, radiative transition data of Mg IX and
the effects of quantum electrodynamics are presented herein, and the obtained results are in good
agreement with other theoretical results. In addition, the characterization method of hot dense
plasma is illustrated, with its key parameters including temperature, electron density, skin depth
and plasma frequency provided. It is believed that the obtained data can serve as an important ref-
erence for the subsequent comparison and identification of spectral lines, plasma modeling, as well
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as research on fusion and astrophysical plasma.
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1. 5|8

RSN TS BACEAMCIR TN T —ROGROCZIBR M EZ R e 7 1m), MOGIRRE KRR E . D&k
DL T RSSO TR bR, B UOE TOCKIRE LS A PR 1] SRR = A A e K S 1 B
WIERALS, ICRDCIR R B R A — (2] IR IR UL b B A S 1 RE R A A N BRI
P, ATRUAYGZIDGIR ER  BORMLE BB i 52 oG BE SCRe[3]. SRR TE RIS B 11k, Rk
YIRS Ee Z O h BF EE N FANME, JUH R Be FHTFFAIE (0 Mg IX), H BB FERIT
R BRARE LT OCTRAANE RS AR 2 A6 B 2L DL S m i i R B AT S i Y [4].

ST, FE R Trabert G AEAKAEH &M S0 F BT 7 Mg IX BIAHOCRHE[S]. BR T, A
] I AIE FE T DR FHAS [ B 732506 Mg IX JEAT 17 IR A, £ 28H Wang 6 AR H £ 413 Dirac-Hartree-
Fock (MCDHF)/77%[6], Li % NKHZHSEF] - B2E48 5057, ORI Z ARG 7415 .
R TCA M E TSR TR IR, AR E TR, FEARR AR Mg IX ARG, JUH
F& 5 7 W5 7% (Quantum Electrodynamics, QED) 521 .

(7] B v A 2 45 B AR S 0 i IR 5 9 0 R RN SIZIG 43 B IR B T 1, i AR SO A ) B A EE A
PEL R RARH TR, 0 R RHE AR il S5 B TR AR S B o o T v 5 P88 55 8 1k vy iR A 2
EETRRFHEN: VITREA T keV B4, HIENFEREE8]. ZSEGEE W MY RAEM BR: . 17
BV RS2 AP BA DT FOME9]. PIE, AR SCIE X vy il AR 4 55 1 R 1) &5 18 1 A0
. BEIRIR RIS & SECRIEAT TR .

2. BRERHE

AT TR P I T ARG R 8 () 22 4145 Dirac-Fock (MCDF)J5 5 BL M 36 1% J5 i A2 7 0. GRASP92,
TEAR 2 SCRR A VRN 41, 1% BN SRS 7 VR A% 0 IN 25 10]. MCDF J574 M Dirac-Coulomb Hamiltonian
W, R TR BRI A RSB R B R A

\P(rJMj)zicyicD(yiJM,) (D

Hrb o (y,PIM ) RAZSWREL, T Dirac PUBEIEAEMR, o NASRES RE Wi it 5 s

FE1S 3.
& ZZ B RS Dirac-Coulomb Al Breit A1 H/EH :
H=H pc T H Breit (2)
H,=ca-p,+(B-1)*+7,,(r] 3)
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_ v ! (“i"’zj)(“i"’zf)
HBreit = ;2_’;/[“1 "a; +T] (4)
Breit W & 1 #GAH EAE FHFAZEIR RN, X TS S S TR M b 2 e E
QED 1&1E F E A5 5 A8 (Self-Energy, SE)A1 H 2 i 4L.(Vacuum Polarization, VP) BT, KFIATISE55 77
AL
EQED =Eg+E, (5)

KB IEX T Z 81 10 R B B SN AT Bk
FERRAHIR T AP BONBES G, FRABERT R T 0mE f MIBRITMER 4 7] 1 F k5

2AE 2
Ju = e <‘Pi D], >| (6)
4 (AE)3 2
=285 ol e
HAE ARITRER, g, g AV REMSGTHE, D RAHEMEHRER. SRTHKH A =he/AE %
Ho
R FTE T HELRAKENE, 58T HESMEAERSREHRRE GRS, iR 7 ERE B
CIERER

3. ZER5iHR
3.1. RERSERE

T AT 1s2282p. 1sR2p?. 12s2p? [REZME, 7 Breit M EAEARILE R, LK H E(Self-Energy,
SE)yFIE AT, ME—FLAEH, X T2t EE RS, Breit 41 EAEH P20 R A 0.003%,
B A 0.003%, HAEE 0.057%, HAET3) 7223008 (& B2 HE8) b 0.060%. Breit /EH7E
AN BE I ZE BRAOR, 940 1s22s2p HH 1) 3Py, Breit A EAEH &7 LLIAE] T 0.245%, WRAFEIZm, Xt
SRS RS R B K

Table 1. Breit, VP, SE and total energy of Mg IX (eV)

HE EAT] Breit RN VP SE
1s22s2p 3Po 4.348E(-2) 1.771E(1) 1.412E(-3) —2.511E(-2)
3p 1.922E(-2) 1.785E(1) 1.413E(-3) —2.475E(-2)
3p, ~1.113E(-2) 1.816E(1) 1.414E(-3) —2.399E(-2)
1Py 7.302E(-3) 3.566E(1) 1.415E(-3) —2.438E(-2)
1s22p? 3Py 5.995E(-2) 4.646E(1) 3.014E(-3) —5.277E(-2)
3Py 4.671E(-2) 4.662E(1) 3.015E(-3) ~5.236E(-2)
3p, —1.415E(-3) 4.689E(1) 3.016E(-3) —5.166E(-2)
1D, 1.419E(-2) 5.255E(1) 3.016E(-3) —5.195E(-2)
1S 5.2663E(-2) 6.513E(1) 2.826E(-3) —4.867E(-2)
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1s2s2p? 3Py ~4.725E(-1) 1.313E(3) 1.670E(-2) ~2.725E(-1)
3Py ~5.754E(-1) 1.313E(3) 1.670E(-2) ~2.722E(-1)
3P, ~6.164E(~1) 1.313E(3) 1.670E(-2) ~2.715E(-1)
Py —6.375E(-1) 1.321E(3) 1.670E(-2) ~2.718E(-1)
58 ~5.417E(-1) 1.346E(3) 1.972E(-2) ~3.240E(-1)
3Dy —6.577E(-1) 1.358E(3) 1.973E(-2) ~3.239E(-1)
Dy ~5.115B(~1) 1.358E(3) 1.972E(-2) ~3.240E(-1)
D,y ~5.012E(-1) 1.358E(3) 1.972E(-2) ~3.240E(-1)
381 ~6.530E(-1) 1.361E(3) 1.972E(-2) ~3.240E(-1)
D, ~6.260E(~1) 1.366E(3) 1.971E(-2) ~3.240E(-1)
3P, —6.397E(-1) 1.367E(3) 1.954E(-2) ~3.208E(-1)
3Py ~4.628E(-1) 1.367E(3) 1.955E(-2) ~3.206E(-1)
3Py ~4.709E(-1) 1.367E(3) 1.954E(-2) ~3.209E(-1)
Py —6.075E(-1) 1.375E(3) 1.954E(-2) ~3.207E(-1)

Table 2. Experimental and theoretical results of Mg IX (eV)
%= 2. Mg IX MISCIREFNIEIR{E(eV)

HE P10 AL NIST Bhatia Hu
152252p 3P 17.71 17.42 17.53 17.34
3p 17.85 17.56 17.67 17.57
3p, 18.16 17.87 18.00 17.87
1P, 35.66 33.68 34.63 33.64
1s22p? 3P 46.46 45.36 45.89 45.34
3p 46.62 45.52 46.06 45.50
3p, 46.89 45.79 46.34 45.76
D, 52.55 50.23 51.35 50.29
1So 65.13 61.95 63.74 63.09

2450 T 1s22s2p AT 1s2p? I SLIRAE AN E i H . 9238 {E K H National Institute of Standards and Tech-
nology (NIST)Z5 H FIEU{E [ 1] HAt P& Bhatia 5 A K #3777 121 BA K Hu %58 AR H £ 4145 Dirac-
Hartree-Fock iZE[13)45 HIIGE R . MR EAE 5L A MR ZTE 1.59%~5.55%, =T Bhatia % A1)
0.62%~2.81%A1 Hu %5 A 0%~1.81%, FAMERE =, —&4iREHE TEERINHES, ®A
Bhatia %5 AF1 Hu S AFTHE AR EH £ A Z B AUES Y ai v =% Hu AR
THE SRR LI EAT T IR, FETEIEXN T 1s2p?1Se, 41T =MHEIRE 5 LI E M Z BN,
ZEAE 1.81%~4.88%, Ut B RE 1) L0 E L 75 Bt — PN o

N T AR ST SRR A, TR 1 ORI T SR A E S SRR AR E N E R . RARA
Boiko %5 N FISEIGAE[ 14]/E 3 HE, R LA ESE K B Hu S8 A1 TAE[13], FHEERERE, Hus
NG T RIETFEEMMEIEE . et EE S LA P 2 7 R A 0.028%, 1 Hu % ARG T EAE
AUEIEEZ T2 0.056%F1 0.151%. 75 ZERMZ, SLIRAE M A D il KAE A A FMZEEAT X 20 1,
A 75 B At S 06 RN R R SR UG IE 24 AT IX S .
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Figure 1. Comparison of current partial transition wavelengths with exper-
imental values and other theoretical values. Hu-FIT, the calculated cor-
rected value, Hu, the calculated original value, TW, this work

E 1. HarEokiEE K St EME MRt EELE . Hu-FIT Ait
HiZIE{E, Hu ATHEEIBE, TW AHEILTE

32. FETHEY

BNSHIRITR K IR S NS FBEEE T RSB AL . K48 TR R s 1 1
TRDEAEER TR, RERIL RR AN S S8 TR RIE S A R . el B 3 S5 1 A AR R A £
(10 9 58 P 5 55 B T AATRLEE R I 1 5% 2R FT 2 B A 5 SR (8]

MR SCHR[8145 i A5, B

R:A:ﬁAl gl exp(_El_EZJ (8)
I, 44, ¢ kT
RONEGRIELL, A NP, 4 NPREILR, K NBURZEZFR, ENETRANRER, ¢ N g KT
BT IR A S TR R TR A ME R R G

1

n, >1.6x10°T2 (AE)’ ©9)
Hep, n HHFHEE, TRESTHRIREGAL: JFRX K), AE B FRABHMELECRAL: BrR
., eV)o
n, =0.124x10” @ (10)
n, =28.1961x10"57 (11)
1
[=0.225593x1072 xn3T"" (12)

FRALH, o, 5. BT 5RNEE AR, BIKREMEEG S5
AR 152251S0-152252p°Py Al 1522521S0-152252p'Py 26 1E2E, A 73514 7.0606 nm 1 3.6807 nm,
3 A AN B B AR B AT T R T IR B LG S A S S A S 4
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Table 3. Plasma temperature (7 in K), Line intensity ratio (R), electron density (n in cm™3), Plasma frequency (@) in Hz and
skin depth (J) in cm for optically thin plasma for spectral lines of Mg IX
3. AFEFEBTAD Mg IX BEMNMEFSFHRRET, Bi: K). iE&KEELR) BFHEE (e, B4I: cm™).
EEFHINE (0, BA: Hz)REKREG, BA: cm)

T (K) R ne (em™) o, (Hz) d (cm)
2 x 109 8.333E-06 9.486E+18 2.766E+14 1.724E-04
4 % 10° 8.732E-06 1.341E+19 3.289E+14 1.450E—-04
6 x 10° 8.869E-06 1.643E+19 3.640E+14 1.310E-04
8 x 100 8.939E-06 1.897E+19 3911E+14 1.219E-04
10 x 10° 8.981E-06 2.121E+19 4.136E+14 1.153E-04
2 %107 9.133E-06 6.708E+19 7.355E+14 6.483E—05
2x 108 9.148E—06 2.121E+20 1.307E+15 3.646E—05
2x10° 9.150E—06 6.708E+20 2.325E+15 2.050E-05
0.00340 a 21.0 - b
| | n =
0.00335 e
/ 20.5 4
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J T
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Figure 2. (a) Line intensity ratio; (b) Electron density; (c) Plasma frequency; (d) Skin depth as a function of plasma temperature

for hot dense plasma of Mg IX for spectral lines
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ME R T, LR LR 2R TX TR AEE MeV BRI Rl 5 4 28 14k, 2Rt
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Prgzl, GEREIRPIE RS IR IR T R A AR B A B R SR e B A i
BB, TR m R RO, IR UL E 2 Ay, SECRTE . & 2(c) MK
2(d) 73 e i) 1 A5 B A R A KR P B A B 7RI R AR (R, —H AR e i . IX— kb
RAEEA WL FETEIE 0, = |ne [(qm, ) T35 R, KR 6 = /o,
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