Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

BERFEYR DA RNEE T 000 X- SR BSHOGE T S ARm
&m KF FARE EK TRAE RER
Influence of different charge—state ion distribution on elastic X-ray scattering in warm dense matter

JinYang Zhang Ping LiYong-Jun HouYong ZengJiao-Long Yuan Jian-Min

5] Fi{# B Citation: Acta Physica Sinica, 70, 073102 (2021)  DOI: 10.7498/aps.70.20201483
TEZE [T View online: https:/doi.org/10.7498/aps.70.20201483
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

By B A5 T3 R Y BB AT T

Theoretical study of the equation of state for warm dense matter

WIFEEA. 2017, 66(3): 036401  hitps://doi.org/10.7498/aps.66.036401

TR R AT B T A 25 T R B B P AT Y
Investigation on equation of state and ionization equilibrium for aluminum in warm dense matter regime

YIFIEH. 2020, 69(9): 099101  https://doi.org/10.7498/aps.69.20191826

N (WAR 7)1 s o S el L P i )

Optical transparency radial distribution of ion thruster

YIBR2EA. 2017, 66(16): 162901  https://doi.org/10.7498/aps.66.162901

AN XSRS R AR R & S AR RS AR )
Characterization of nanoscale structural heterogeneity in an amorphous alloy by synchrotron small angle X-ray scattering

Pz, 2017, 66(17): 176109  https:/doi.org/10.7498/aps.66.176109

25 ) SRR AR AR TR EE T A4 A 5 pR K
Wave solitons of hyper—elliptic function in anisotropic Heisenberg spin chain

YrH2EA. 2018, 67(19): 197502  https://doi.org/10.7498/aps.67.20181005

e Rl Aufl = AR LR FSIE X LR A1y 53 A
Angular distribution of L characteristic X—ray emission from Au target impacted by photons

YIBR2A 4. 2020, 69(12): 123201  hitps:/doi.org/10.7498/aps.69.20191977


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.70.20201483
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.66.036401
https://doi.org/10.7498/aps.69.20191826
https://doi.org/10.7498/aps.66.162901
https://doi.org/10.7498/aps.66.176109
https://doi.org/10.7498/aps.67.20181005
https://doi.org/10.7498/aps.69.20191977

) 32 Z 3R Acta Phys. Sin. Vol. 70, No. 7 (2021) 073102

A ZEY AR GHEEFomIT X-57%
SRR eI T BRI

el KFV O FAED

(L

P

wRRVY

1) (EIBRHE RS SR BE R, KD 410073)
2) (" E TR BRI AE B, JEEC 100088)

(2020 4E 9 A 7 HILE]; 2020 4F 12 A 30 B EHEEH)

TE K A4y RIS 24 T 3R A28 BF T v v B 8 1 R R 285 ) B L 2R OT R IR G, OF BB AT R B9k
HL B N 2 RS NS, AN TR 28 5 i) B O 3 K 4 5 e TR R % 40 BT (2 W B L Bk . R, A
FEEAE T A R 5 2 W B SO I, R T T SRR B | % R UM NS S S5 A S . AR SCAAS R 2 S
TRy AL &, SRTHE IR T & 7 A0 BAE I Saha MG T A% A6 T M8+ F 5, JH IR
M4 (hypernetted-chain) ¥ RURTER | 4 DL R ti- 0T G W) 42 1) 43 A0 R A AT T 3163, 456 8 T A B F 10 %
FEAAT, B ) A4S X543 0 ah O 0 Sk O % . A X RO R A b TR EE T IR AR 5 4 5 R e A A
AN T) B8 25 I 8 F, 445 A ARV o) A1 BRI R, i B AR () 19 55 8 1A B 055 1 A ] 285 8 5 ) 428 [ A1 BRI
FE 45 0 22 5K O XHRE T O Ge T3 B A B T, LR Ao SR, B A R A5 .

KSR RS, AR oA s, BRI, SRR

PACS: 31.15.bt, 52.27.Gr, 31.15.xv, 34.80.Bm

1 5

W EILT4, i THOCEOR AR, sk
{UREAS 1E S50 2 P = A AR B o, i ELads ] LA™
e X2 R Y A AR i T P B,
T RE R LW BRI A B DU A i, X-Ghksi
PEHIUH T REAS Sz et B8 2 ) i o ) B 1454, T
BT A A BT P B TR 1 AR 1]
G BRBSCRITEEL 43 A (RIS, A% [ 437 R AL RE A8
J2 I 4 S5 5 A v 1 ] 1) SR 3 S5 R,
T B T AR BT SRR T DL B AR 20
PRSP, Y507 AR TR is v s el Brl,
BT 45 R RS B T RS R A Ay BRI A 2 o R
A W rh T K B A RS H U B IEA A E

i

DOI: 10.7498/aps.70.20201483

FHAME.

FEPE R -BAM BT, & F 7 F3h 1%
(quantum molecular dynamics, QMD)6—8 J27E &
TR Iz RO HESE ST HAA L 4540, i e el
SRR R 32 7, s R A B iz sh A
51 7 AT AR A s AR AR 25 ) o A - L B
ShR, T RENE AR 25 B 2O BRI T (AR
WEE B ERAT, TR RS T S Re
PR T 2T e RE IR X, MR R
KA, BRE T EIERRES TER RGN RS E L
THIRTRENE. A T PR A RAHR I AR S T 2%
JE Wy 23 8 404, A8 ] Thomas-Fermi(TF) it
U B A JE e 2 B A, KR T e
B8 71% (orbital free molecular dynamics,

OFMD) M S5 el B8 2 4 I O PR I, {ELR T3

* RREEPRRH (HEHES: TZ2018005) FIEIZK HARRRA LA (HEHES: 11974424, 11774322) BEBIIY IR

t BIE1E#E. E-mail: yonghou@nudt.edu.cn
©2021 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

073102-1


http://doi.org/10.7498/aps.70.20201483
mailto:yonghou@nudt.edu.cn
mailto:yonghou@nudt.edu.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

) 32 Z 3R Acta Phys. Sin. Vol. 70, No. 7 (2021) 073102

ZHUE TR R BOR R TR 22 7RI AR RS
T, TR RN BE RSN, W SR S B A
RN S 8§, QMD F1 OFMD #ARg A &k 1 42
WOARR S F A i fs B W TGRS S B T
PR B A5 R T, T R 2 B ) A AR
., R A H T EADR TR S 1 450 BXTT
TR, B 1Rl RS 5 B0, Z e 8 5 BR A AL
DR 23 %08 B -SSRSO M. AR
LRIE T ZBE T T8 e s M) 2 i T
IR B T (A EAE FX B 1 R, SR o)
TN AU s R . (B R
T, TR T REES AR, 2 R A E 2 /Y
BT EUCE B T A I ) A B 48 A B A A
W, KOG TR R AR R B AR ATE
GUT, SR T RESE PR UME R 1) AR A5 1 1 1A) 1 448 1)
15 pRAY, il 1L A Ornstein-Zernike J7 72, # M4
(hypernetted-chain, HNC) bl 1= AJ DL25 H &
PEAYHIA.

AR SO B S IR R T S5 M AR e R
FAC(flexible atomic code)l k15 A [F 41 2% & 1
LT 450 SR SR 25 08 T B TR ELAE T Y
Saha J7 P25 1 85§ O 2 43 Ai D410 i F i 0 B
IR TP RN B 7 (6] (AR ) 3 A1 5 e 458 AN )
P BSR4 ) o3 A1 R R LA R S JR B H 0 A
25 XS v B B AR B AR AL O R TR
ilt -, 30 5 T A T 2 DX BN [ A0 28 1 (R A2 [ 43 AT
PRISUFI X520 (0 s A B S, ASSCHe 1 Rl 45
BRI R B R AR A, B R BRI 3 A1 RR A
S, 5B R IR R AT X, A
[ G0 12 RN B A5 Ha DA R, X5 4 s 8o i 1)

M.

2 HEibFE
2.1 REDWMEE

T2 0) 4340 PRBCRE I 2 AR L 25 3 TR LIRS
Zhi T RGO TR TR, T
VN N W R [ B s ak AR IRV ED O R VA Retay f ol
TESR AR B P 438 ) 43 A R BRIt %) S 1C R
BRI A XT L B (r = | — ra]), X
T ZFkL 4 ) 2R B0 AR 22 8] A AR 9] 43
A5 PRECT] DL 7R A

N, Ny

nalnb <;]Z d(ry —7i)o(re — Tj)> ;

J )
Hor, oy, ry BB ROALE, ()RR IE R EE -
¥J. ne, ne M Ny, Nyl 3Rn a, b2k THUE
FURLF K. oI R ERT DA AR W) 43 A BR AR
hap = gap — 1. 38 3R G0 IR pR A5 04 o7 HEL 78 4
AT LIRS Z 4 MRS W R RS S5 R

Sab(k) = 6ab + Ve / hab eXp(ik??”)dT, (2)

dab 7E a, b NFIZEEGTIF N dap = 1, a, b AAIF Rl
KBTI K 0wy =0.
TESEPRPEE T, AR 8] A A BAE

iF, A DL A Ta] B 07 R AR R B 42 1] 43 A R
B, e srrsh 15 00 SR RIE R T LU HNC
PR 021 Sy T R R AR A B AR B T
) 428 1] 53 A PRER, AR SCRH HNC SRR TR A
Y B B IR SCHR R AR, T =

hap(r) = exp[—=BVap(r) + hav(r) = can(r)] = 1, (3)
P hap, can 73 5I1R B SCIRE PRIESORN BLHE IR PR,
Voo N a KL FF1 bR 52 [H] A GHE. 76 SCHK pREL Y
AT, % % Ornstein-Zernike J7 2 1 i
MG K F&, I iEAT A ¥ 2% AORK . Ornstein-
Zernike HFEF/NUNT:

hab = Cap + Z nc/ drege(r)hep(r —r),  (4)

Gab(r1,72) =

a=b

Hohn 2R ¢ JERLT B TRUF L.

R HNC I AROR 598 ] Y42 19 53417 R
B, BT ERARL TR A AR AR B CRITR
KL 18] Y AH LA 3V SR 2 AR R, AR TR
SERY. A8 ST A [F] A0TSR A i 5 1 )
FIAHEAER, HeAn Yukawa #8578 | Deutsch A7 18]
Klimontovich F1 Kraeft(KK) # % 9 ] } Kelbg
FRE Y 201 A6 SR RUHR SR B XA ) 2 R 4R I
AR A B RO RL, 30— 1Y 3 S L
el Y B, FIERFEA R B T A A
T, DL T BT 0] B PEAC B SOV, AT RS
F ] AR 5] 0 A PR R Yukawa SR 114 2
T A AR EAE

2
Vo (r) = 22225 exp(—kpr), (5)

o ke N BRICREL, RO MBI 5 IR 1E

073102-2


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

) 32 Z 3R Acta Phys. Sin. Vol. 70, No. 7 (2021) 073102

S 2 A TR PR 1
F e, LN, 2631 o 2 SR FL % 1 oty
FE R TR, st

o 4dem. [

K = A dpf.(p). (6)

wh3

S SO ) = oo

HL T 1 BOK- K 58 20 A R

2.2 X-SHERMERGTRIEHE

TEUL A5 W Y X-S 2R b, R —R e A
DTSR Y XSk B AR R AR 4 M L, AR AN
S BE BRI BRI 14 XS5 '3 agf T AR S i A
WYL | R DL G B AR R B
X-SHER B R sl MO T B A

k= 2k sin g (7)

o,k FORIEAR RIS A IR B X230 i A
VIR B Ky 922 . B A0 I e 0 R 1 B 25 4%
WIS (k,w) ELHEAIG, Horhw F0R XS5
| F - AORERE. AR Chihara 2330 21, T LK 5
A8 A TR A0 3 S SR AT A e B 4
el BB ST LATRT 043 A ke Bl f S
B RESCHLAY 1 A1 PR TS B B A B G
SR FL TR, BV A R IR T A LA
TS B L TR X B, s A
HCETT L ZZ W X- STk O R B S T L
2 IV T IZERMS A i TR S YR b e R IR
WA BT, BT AR T3 X5 2k #3438 o 75
LB EF BTN AT, ShASLEH T B
SRR 43 T LSRR IR R 15 5 A PR i
B2 AR Rayleigh i, HiAE 5 i s [a] W] L)
KikH

Wr(k) =

> Vs i) + aiB) i () + ;() S5 (k). (8)

H

HAP S SN T h 24U i M BE T RS T2
ARIA Ty BEAN 8 7 R Bl A 9 el LT AR AT
ToTHk, 7E0E RS a] ORI AR 52

4

0 +ar ) = [+ 50 sinGerar, (9)

FErr oy (r) JsRAT LT 2, ARG AS A9 o 48 BT
B R BT R A 2]

1
4qr2

Hrp P, Q.7 K% Dirac 7 F215 2% sR B K .
IR w, TR RERIE RSB TRH. Al
HL % i Thomas-Fermi TS 2] 40T 2 HrR:

1 o0
mm:—/ ap
TCZ Po(r)

po(r)=7—5 > wa |P(r) + Qa(r)],  (10)

p2

. exp{ [v/p?2+ct — 2 —V(r) — u}/k:BT}+17

(11)

Horbipo(r) = [2V(r)e? + VE(r)l /e, n 5%,
RSS2, ¢ Altis

3 #X5it#m

TEWRA 2 Wy o rh BT 2 R0 A B [ S AR 7E,
It HA— N 8B+ B BN 9 AN ], AT
L B B HAW RS 103 A, A2l o3 A pRACA] Lokt
BB A A 4 ARG B IA. | SRTERE Y 101 K
BFEEEE R n =10 ecm ™ B&MAF, @ HNC
A T &0 R MM Al — Wk FEOR &1 00
BN R s i P O A ES I N N i K A ]
B A HAE HAER R Yukawa X #2715

1.5

1.0

HNC-g1;
+ -+ HNC-g2»
+ - HNC-average
» « HNC-OCP
— Present-g11
— Present-gs
Present-average

gii(T)

0.5

0 / — Present-OCP
0 05 1.0 15 20 25 3.0 35 4.0

r (uints of a;)

K1 FElR B 100 K. B 7T 80U% 2 10 cm i), Ault
A ACHE G B T 0 & 0948 0 3 7 AL Present 7R 48 3
TAERY B 45 (524R); HNC R 3CHk [2] 2R HNC i
PUFE MR L + L =/); OCP Fm - —Fi i
BT IOAR 0] 2 A PR average 2N & B F AR 7] 43 A1
PR Y SR 1

Fig. 1. The radial distribution function of Au'*, Au?* in
gold plasma with ion number density of 10** cm® and tem-
perature of 10* K. Present represents the result of the
present paper (solid line); HNC represents the result of
HNC approximation in the Ref. [2] (dotted line + upper tri-
angle); OCP is the radial distribution function of mean
charge-state ion; average labels the average results of the
radial distribution function of different charge-state ions.
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Fig. 2. The radial distribution function of C** and H* in
the CH mixture plasma at number density, ngy = ng =
2.5 x 10% ¢m™, and the temperature, 7= 2 x 10* K. And
solid lines label the present results; and dashed lines with

upper triangles are the results of Ref. [2].
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Table 1.

Charge-state fractions of Al at density, 8.1 g/cm?, A is average charge state.

100 eVIrA A =T7196FFE || 40 eVIRE A =428 || 20V A =327FFE || 10eVHIE A = 3.007FEE
4 0.016 2 0.001 2 0.003 2 0.001
5 0.081 3 0.175 3 0.735 3 0.991
6 0.212 4 0.438 4 0.251 4 0.008
7 0.247 5 0.315 5 0.011
8 0.290 6 0.067
9 0.132 7 0.004
10 0.021
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Fig. 3. Different ion species pair distribution functions (dashed lines) of Al at density, 8.1 g/cm?, and different temperatures calcu-

lated by HNC approximation, comparing with that of AAHNC model (orange solid lines).
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Abstract

The study of warm dense matter is very important for the evolution of celestial bodies and inertial
confinement fusion, which often contains a mixture of multiple elements and different charge-state ions. The
ionic structure and distribution of different charge-states directly affect the diagnosis and physical properties of
warm dense matter. At the same time, the influence of high-temperature dense plasma on the ionic structure
should be considered when we study the physical properties from the first-principle calculation of electron
structure. In the present work, the radial distribution functions of multiple charge-state ions (gold, carbon-
hydrogen mixture, and aluminum) are developed in the hypernetted-chain approximation, and elastic x-ray
scattering of different charge-state ions are calculated in the warm dense matter regime. Firstly, the electron
structure of different charge-state ions is self-consistently computed in the ionic sphere, in which the ion-sphere
radii are determined by the plasma density and their charges. And then the ionic fraction is obtained by solving
the modified Saha equation, with the interactions among different charge-state ions taken into account, and ion-
ion pair potentials are obtained by Yukawa model. Finally, the ion features of x-ray elastic scattering for Al are
calculated on the basis of electronic distribution around the nuclei and ionic radial distribution function. By
comparing the results of different charge-sate ions with the result of mean charge-sate ion, it is shown that
different statistical methods can affect the physical properties which are dependent on the electronic and ionic

structure.

Keywords: warm dense matter, radial distribution function, hypernetted-chain approximation, elastic

scattering
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