) 32 2 3R Acta Phys. Sin. Vol. 73, No. 10 (2024) 103104

PE ZEERF. BTFHETFMERS
SHEBEIRETEFTIE

F D23 F 023 HEE U2 HLE 023 S[ARY
BREN ZFRTY BRI RXEY

1) (MR BB, J# 610064)

2) (F

fiE e 2 B 3 B AR SE R E AL, AT 610065)
3) (FRITBE R AR B AR S, A 610065)

4) (1 E TR B B AR B ST, 4RFH 621000)

(2024 4£ 1 A 31 BIF]; 2024 4E 3 A 13 AUEIEHHT)

RS Z D0 ER Y I RS R R R R A AR A R TR L X RS W A LA A TR RS
GUSAT AR R TIZ B OR L w RE A B AR RS A P AR RS BRI R0 A 2 e 1, LR A H R Al
R AT ZE A AR SCLL 73 S R R (Ta) S, 2 T AN 18 Dirac-Fock BEi& A i #5050 1155
THEAS Ta J5F 3 Ta™ B 176 A i A8 15 [ 1—150 keV 114 fif 15 F, 25 5 il 48 0 R 80T, O 5 0 G S0 58
AP IR AU AF 5 B0 G A 20 A T 549 Bl 5 PR 12 R0l 4 988 e TR SR v O L, 2 0 TR R O B ) O
XF W) 25 RE G AT BENLANAE | T 25 STRK/IN A S N TE , I % 31580k ) D0 A A B2 R 22 Bl PP Al B S R T AR R
28 5% WA TR RCR B m — RO 4, ASSCHT i D5 ik ml ) 2 Al b R Z SR BT

KSR AR AR, MR, LR, TR

PACS: 31.15.-p, 31.15.A—, 34.50.Fa

1 5 =

o Z TR E AR, R RIETE
WA R AR X P4 B BT O (Xoray free
electron laser, XFEL) ., 5 & {412 Wi 45 4035k 1) T
5 B SN E AN 2 N S 0L i, B
AN 55 TSN 8 AR T S Ay A, SR A T oy M 2
Hh A TS I A B R T BE AR, (ER S SRR
BRBE B, AR PR ] & (Ta) K540k
(AR T 58 TEIBAT A T S B TR b 1 IR S

t BfE1E# . E-mail: ronghaohu@scu.edu.cn
T BEE1EHE. E-mail: drollor@126.com
1 BIE/E# . E-mail: lvmengphys@scu.edu.cn

© 2024 FEYIEZS Chinese Physical Society

DOI: 10.7498/aps.73.20240213

A A F] 25—40 keV, BLHT W Hl Ta 0] GE1E A 445
HEAGEB TR, & Homm S5 % e i DT 2 e 29
FRAL K SRS, 55— i Wl Ta 21
HIFRET I AT LME D S5 B TRz T 67 Rk, Bl
% XFEL 381K, Ta%Em 2 0ENE T 58,
WRES | BT HR | i v 5 /P ke iim 4, 23 T
(L S EAIP SE

X255 oA BAE FH AR o R Y A
AR/, AELEAAN ik i (1) 25 0 T3 i S5 3 RO B MR
RN, B FE T K I I R 2 b B S
H T N 7C)2 B 1O B B R T A E )= T

http://wulixb.iphy.ac.cn

103104-1


http://doi.org/10.7498/aps.73.20240213
mailto:ronghaohu@scu.edu.cn
mailto:ronghaohu@scu.edu.cn
mailto:drollor@126.com
mailto:drollor@126.com
mailto:lvmengphys@scu.edu.cn
mailto:lvmengphys@scu.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 10 (2024) 103104

AOGHL BB, NoeZH T E e s H RN T2
2Rl B, O 07 fEX —Fr B, I
FROMAZ 5y Z B s . )L H2JLA
W, TR R 2l ORI B, kG
T EURER L 7. SGHL TR AR AR L AR A R e AR
Bl 9 A R P R v 5 5, E— 2R i M T
HLE AR B9 FE R 54T 2, BT E T
U N7/ D e B W (e o A= 2N
4 Ji 4 i R B T P R 4 7 S, R G BE R AN
A XA CAHEAERDS TS, SR EC R
K, 78 CRD B B Fb i G ) e [) Y S DA™ B 3R )
BT A A5, X L R A I ) RUEE (ps 3 ns)
a2, BFriE RSO0 1O JEZe Al i R
B, BN =R G R AR E T2 BT 7
L, FEAAAE KR H P =R SR s
T SR AR R A IR L S, (A
TR LT E R0, X AR 1Y —
Pl L FEA VR 208, bR XFEL 19 3h 250
Wi — M B 2R 5T ) 12,

PR, 58 X SRR kY Birf w5 45T, 2n
TR BT AR A2 A T LR A, e
TR T il X I RS ) i 2, 75 SR AR
RUFDRG B (05 0L TR P Bl 4 AR B AT, T
SR 42 T 1Y )5 B S B A L. BT
T HJ71, Parpia %1314 Jf &k T RT 243 Dirac-
Fock 777 (MCDF) W45t 1534 GRASP92
M GRASP2K; Jurek %5 B9 JF & T 3 F Hatree-
Fock-Slater 77/ % T T XFEL 5% 5AH G4
FHBLAUL A I 4540 5 i BB TR P XATOM;
Gu™ FF & T 5 T B 58 2 A FE i )i
TE SRR TR FAC. B0 TR T,
Ta, W, Au %55 Z JCRAE SRR B v iy T 45 25
FARE R, v B R A Y D RO A S
TR Wb S EAE 0O BN, Jiao 55 17 £ T
GRASP92 fl RATIP /¥t T Cd* B AY#R 7>
FL 7~ lf 43 % BT 1Y Althiyabi 45 09 6 T 2 4]
A Dirac-Hartree-Fock (MCDHF) 77 kil 8 T 2%
Be 5 HP R Ta® (1 Be AR, IF %8
T Breit AHEAEHFIEFH3) 1% (QED) RN 1Y
$U; Zhong Z¢201 fif] FAC 152 T8 Ni BT Tatt
MYREZL  BRIE | R RO BE; Motoumba 45 21
FETAINHE A S AR Z 438 Dirac-Hartree-
Fock (MCDHF-RCI) J5 ¥ IR 2 K AR IR B 1E 1

Hatree-Fock (HFR) 1 T2 Er B5F Lu®t, Hf*,
Tad+ A% 45 5 BT 3 % ; Aggarwal® {fi Ff GRASP
T T 28 Ne B 1 H?+, Ta%+ ReS* 194 H BT
WA, I FAC #E— B0 S A EAR Y52
Mi; Chen %19 i/ FAC T4 T A HES 5] Auv>+ 1y
2 Cr B 1 W REZUR 4R S BRI 3 3 ; Jonsson 55 291
il GRASP2K 158 T3¢ F B 1 Sivt-Wo i fiE
2 AR B BT O, Wang 45 PU PR IE T —Fh i 1%
Tk, BEE BUR PR BHE XFEL MR T Y
ARG N . SEH b Bl S0 A EOR Y &
J&, W E M EBITR 27 A B ikt T — &5
R EERDC T B T 5 e Z 8RR I AR S
WF 5% . Ralchenko %% % ¥£ NIST-EBIT L Wl T
WoH WOt EUV 3% ; 1970 4, Middleman 55 29
FEE s I 7 R BgH X T Cu, In, Ta %t
[ Z JUE N 72 Rl F 2T ;. Miiller 45 B0 D)
100 meV By RES /- HFRI & T WHE FHDOGH
AR ; Santoni 5% BUAF5E T Ta, Pt, Au T 4d i1
5 1 BR AT ; Singh 5§ B2l & T Ta, Au, U5
ZICEW LJZFHE X S Awm. Hd s Z oo
RO EE S — PR R AT A R E
T, Hm BT A 731955
HEJ.

ARWFFE R TF AT S Dirac-Fock P8 AL
U (distorted wave, DW) BRI 15 T I Ta
F) Ta™ AL TRERE ) 1—150 keV Ay filf 48
HL B 5 AR O AT, T4 R S ARG S A A
BE AT LU TR A S LA, FRAT14R
T s T B B ok B AR it
XTEHE R AR Y (detailed level accounting, DLA)
M IR TS R BEA TR RN, ARAS T A B SR
(detailed configuration accounting, DCA) [/ [l
Bds. W RAPIEX SRR IR, SR T R
R Y SR — 2 X W) A Be R A T Bl ML A
FE, RS ER TTRRIS N SONIE . X I SE SR AR T
SR TT T R RCR ST T IPAG, JF4E X 07k
BT E e R IR e I B ).

2 ITHEHER

21 JRFEH

T8 0 pR BSOS H BT 4 A R T
HREY FAC A5 3, Hor s -3 R T Fm

103104-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 10 (2024) 103104

A Dirac JigH:

_ 1 ( PHH(T)XKWL(97 ¢7U> > (1)
Prrm r 1Qni(T)X=rm (0,0, 0) 7

KA, X N ATEEKIERELG n R FETEG < WA
XHE s T, SHEM SR S fAE
BIRFRN k= (1—7)25+1); m KM ENE
Ay JRT AU R B I pREIT) Slater 1T
G AR ZEVE B IR 3, B i 28 BN i v 2 0 ) %o
AL E , PR B KNG B P BN Qe 38 33 2K
fif Dirac Jy B4R, XTFRR P H A E 7,
(1) A n Be i N BE R < 15 2 2L A Uk R %L, T
H—fb 25k

/0 [P-(r)Por () + Qe(r)Qer(r)] dr = md(e — ). (2)

2.2 FfiiEEAEE
A ZS po B by B RlE 48 385 & #0E AT LA P Al
PRI 01 FoR:
oo = T
01 = kggo
b go MRS BGITAE, ko MASTHFRI30E,
TERF AT, 5 ASBEFRGER o RN

QOI? (3)

k% = 2¢p (1 + C;2€0> s (4)
X o KGNSS . fiEE SR ] i T AR
Q01=2Y Y [K]
Kokl Jr

2

) (5)

1
x | (oro, JrMr| > — |1k, JrMr)

i<j Y
Fer wo F wy 0 3 R A L HTEL SR LT A AR R
AR TR, o B 5 T A
MAREMmE, My haMfsiEiisy, [J]) =27+
1. Dirac J5FERSR A AR RE T T3 LSRR [15).

2.3 WHERSBHEMm

AAXTYEFH BH AR AR v e F 2 4 mT DAAE A
P mlf i g A R PR S TP R — AN RS T
HEEYON HHSHEFHE (AR SEFRPEE) 5
. B:

Forp go WIS IIGETTAUE, ko WAL T RIS,

e MHEH TRIREE, RS 3) AWERKAT

WA SRS I — A 22 5. Bl B Y 3R
Q=2 > [H

Kok1k Jr

2
(Yoko, JT M| Z ri [Y161, ek, JTMT) |, (7)
i<j Y
Hdr kBB IAAXS A sE R L (6) X
JIAS R 2 A ST FREE N e, LB FREE
A & BITIOT AR, BRAS 2 [ A ST HL e 5 A0 B

[P S R AT

X

(e0—1)/2
o@@:A o (c0,€)de, (8)

Hr T HHEERE, [=c0— (e1+¢), A T2
WIS ESREMWRER 2.

3 FHMELE RAFITE
3.1 AXRFEHH@

T, XA FAC 15 2 /9 Jel 4 B 647 T4 i
FHLA A Tl Ab 38, UL AR FE A BE A FLRN 24 K B
(online). Z8 FALFR A I A% 2 DLA BB 2 [H]
AR AT, A8 T 0oy FH SRS A, i 7 0
RN AFH145 5] DCA 2125 22 1) f ki m B . R
X} DLA #IZ5 R AR DLA K25 REG A R Y SR
TESRAN, F3XF DLA W14 AR (1) 2R A8 =R A -F
Y. % DLA Wi K i — j, T& DCA W 1B
RO — O W Edd R R

Z 9i0i—j

ieC, jel’

0C—C = ———=
E 9i

ieC

9)

Hor g, HEEGL i MBITAE, g, =20+ 1, J; N
i iR B

2o A, T Ta B0 HETE B R
DLA 2 i 18 294 2.60x107 4>, i it Ta 4%l
T I % A W M i) DLA KW iE 4078 4.21x108—
1.32x10° 4>, BRI A HEATAE LAk, Ta Bl &
PR3 B Sy il R PR B AR Y 20—60 A%, HL Al fE
AN NN AR Y T DN

103104-3


https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240213
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 73, No. 10 (2024)

103104

3.2 HESRERBEYIHEE

A (9) 2, AT LA 1 DCA F) 18 # iRk H
TAREREHA RIS REHAIF K DLA S i A I
ARSI, B 2 A S AR T 2 1 A T A0 S RE AN [R] )
W SRR 1F R . BERIASREL N @, XN AY Hh E]
SN o Zjec, 05 A 1K LG B ST 5t
CLZARBIT, WHAP- R 55 5 b ] A s A
SAAARKRZERE, T DU 3k 350 g v )R
AR TR AR Y v (LSRR, Rl R T 4G
S5 v [ AR AT )1 R4 ) i 2 7 BEAY T
BN, s 5. B T4 (F—1
B 2NN TR A A Sl e AN T LTI
JZ) ATREA R BT DA R AR A R, T i
Rl D2 UL

TSRS P IA] A AR T AP (E B i 2.
N TR G A, IR SRR S
() DCA 4125, LR A B L B X R B 14 1o B
WS, FFICYI B L R, FESEPR IO S S
ROBAU A2 DR A4 LUt B, R ix 2820 25

@ ‘
o
&
&
1t ']
e
. e
é . ‘a'.‘:“‘?’
g ° P gl
ol
—1f
d
—2F
0 25 50 75 100 125 150 175
Incident level index
0.8
()
0.6

RD/%

—0.6

—0.8

100 150 200

Incident level index

0 50

P v ST AR T A (B 0 22

RD/%

RD/%

Hig R TSR 2P S Red. 45 R aE 1 PR,
B RS T i Eo = 75 keV .

K1, B I WIS RES S~ , 1t FAC #%
MR AE it b AR 2 25 10 DBl O AR i 22 (relative
difference), it A RD = (0; — 5)/5, o ¥ (9) =
WA, o0 HRIARES i« 1y P ]S ; 141 1(a)—(c)
14 P 511 s il P, B rh L B A 2, &) 1(d)
14 P51 s i AR R K P R R R TR e
W, ASCP R B R AR AR AR e TR )R,
R4 R = 0 AN fA B R0 X R
ERA=S

I 1 AT BITER R TS OL T, BIZSRESHY
H ] Sl A TR - A 2 18 R4 AT AR X i 22 7 +5% LA
W, E 7T P )RR e 22 [ A Ko 2 R
FZe5t. —J7 I, NIRRT RES Y v B] S8 T 5 B
H—E oA i 1(a) KEE—RIZ, XTr
PR XSFR; (& 1(b) WS BEH B RRAR, LA b
A EIEE R B B S HER L — Ak ith £, 2 7Eth
LW —E RIBEL A 181 1(c) W [] e E

b oo
)
2+
RN R e
0 j e - ‘*"
. Faad
-2 'Mw'.v'-‘-".-.'v.-'-'.
« 5d
. 4f
—4} « 6s
. . . . . . *5p
0 25 50 75 100 125 150 4d
Incident level index ° 58
4p
2.0 - 3d
(d) «4s
1.5F - 3p
«3s
1.0F «2p
*2s
0.5F . ls
0 baotaid
—0.5 Fss
10 :...." -
be o *
—1.5F-
_920 . . . . . . .
0 25 50 75 100 125 150 175

Incident level index

(a) Ta'*[Xe]6s'45d"° fif {8 FE B AT ; (b) Ta+ [Kr]5s?4d'95p*6s04£! filf 18 L 25 #K Ifil; (c) Talo*

[Kr]5514d105p06s04f10 filf 13 FL B # 1 ; (d) Tatt[Xe]6s04£55d10 filf 15 38 & # i, 3 & 2 6p W2
Fig. 1. Deviation between pre-averaging total cross-section and averaged total cross-section: (a) Electron-impact ionization (EII)
cross-section of Ta*[Xe]6s"4f°5d'%; (b) EII cross-section of Ta’*[Kr|5s?4d'%5p*6s’4f'?; (c) EII cross-section of Talt*[Kr]5s'4d!%5p%6s'4{;

(d) EIE cross-section of Ta*"[Xe]6s'4f°5d!", excited to 6p subshell.
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(a) Tal®*[Kr]5s?4d'%5p%6s4f'12, 5p W2 ; (b) Tal**[Xe]6s'417,

Af WP JZ; (c) Ta® [Kr]5s%4d05p06s4fS, 4f 37 )22 ; (d) Ta?'*[Kr]5s°4d'05p 6s04f7, 4f I J2
Fig. 2. Evaluation of optimal number of sample points via Monte-Carlo experiment (EII): (a) Tal®*[Kr]5s?4d%5p36s°4f'2, on 5p;
(b) Ta!*f[Xe]6s"417, on 4f; (c) Ta!>[Kr]5s%4d'95p56s°41%, on 4f; (d) Tat[Kr]5s%4d!%5p 6s%4f7, on 4f.
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Fig. 3. Collisional ionization cross-section of Ta atom: (a) Our calculation; (b) BEB model estimation.
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Fig. 4. Accumulated ratio of EII cross-section of Ta atom: (a) Our calculation; (b) BEB model estimation.
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Abstract

The atomic data of medium- and high-Z elements, such as electron-impact ionization and excitation cross-
sections, possess extensive applications in fields such as fusion science and X-ray interactions with matter. There
are atoms and ions in high energy density plasma, with different charge states and energy states ranging from
ground states to highly excited states, and the cross-sections of each charge state and energy state need to be
calculated. The bottlenecks limiting computational performance are the inevitable relativistic effects of medium-
and high-Z elements and the extremely complex electronic configurations. Taking tantalum (Ta) for example,
by using the relativistic Dirac-Fock theory and distorted wave model, we compute the electron-impact
ionization and excitation cross-sections of Ta from the ground state atom up to Ta’™* with the incident electron
energy range of 1-150 keV. The detailed configuration accounting (DCA) reaction channel cross-sections are
derived by summing and weighting the original detailed level accounting (DLA) cross-sections. After examining
the data, two regularities are found. In terms of DLA, the pre-averaging DCA cross-sections have varying initial
DLA energy levels but are typically close to each other. There is not a straightforward function that can explain
the discrepancies between them. In terms of DCA, inner subshells typically contribute very little to the total
cross-section as their ionization and excitation cross-sections are orders of magnitude smaller than those of outer
subshells. We provide two techniques to reduce the computational costs based on the regularities. To minimize
the total number of DLA reaction channels used in the computation, the initial DLA energy levels can be
randomly sampled. Through a Monte Carlo numerical experiment, we determine the appropriate number of
sampling points that can reduce the total number of DLA channels by an order of magnitude while maintaining
a 5% error margin. In terms of impact ionization, since small cross-section DCA channels are insignificant, only
a tiny portion of the DCA channels are required to preserve a 95% accuracy of the entire cross-section. It is
possible to use the analytical Binary Encounter Bethe (BEB) formula to determine which DCA channels should
be neglected before the computation to reduce computational costs. In terms of electron-impact excitation, just
the cross-sections of the same excited subshells as the preserved ionized subshells, which are determined in the

previous electron-impact ionization (EII) calculations, are needed. Finally, we compare our EII results with
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theoretical and experimental results. In the low incident electron energy range of below 2 keV, our results
accord with the theoretical result of the 6s EII cross-section of the Ta atom and the experimental result of the
total EII cross-section of the Ta!* ion. In the high energy range of below 150 keV, our results are also consistent
with the theoretical result of the 1s EII cross-section of the Ta atom and the experimental result of the 1s EII
cross-section of the Cu atom. Our results reasonably match the previous experimental and theoretical results in
low-energy range and high-energy range, inner subshell and outer subshell, indicating the accuracy of our
calculation. The proposed optimizing strategy can be applied to various medium- to high-Z elements and is

compatible to most computation codes.
Keywords: electron-impact ionization, electron-impact excitation, distorted wave model, atomic data
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