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Ìîäåëè TFIS/TFSC (C. E. Starrett & D. Saumon)
Ýëåêòðîííûå ïîäçàäà÷è:
ïîëíàÿ (Z 6= 0, I) è ¾âíåøíÿÿ¿ (Z ≡ 0, II):

I.


ne (r) = CTF I1/2

(
β
(
µe − V eff

Ne (r)
))

, β = 1/T, CTF = const,

V eff
Ne (r) = −Z

r
+
∫

V∞

dr′ne (r′)− n0
eg(r′)

|r− r′|
+ V e,c

Ie [nI (r)] + ...

II.

n
ext
e (r) = CTF I1/2

(
β
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µe − V eff,ext

e (r)
))
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V eff,ext
e (r) =

∫
V∞

dr′n
ext
e (r′)− n0

eg(r′)
|r− r′|

+ V e,c
Ie [nI (r)] + ...

V e,c
Ie [nI(r)] = −

(
Z?

Z

)
n0

I

β

∫
V∞

dr′c̃Ie

(
|r− r′|, n0

e

)
(g(r′)− 1).

n
(0)
I (r) ≡ n0

IΘ
(
r − rI

0

)
, TFIS: nI (r) = n

(�rst it.)
I (r), TFCS: nI (r) ≡ n0

Ig(r)
Èîííàÿ ïîäçàäà÷à � óð-èÿ Îðíøòåéíà-Öåðíèêå èëè ÏÀÌÄ:

III. ÎÖ:

{
h(k) = c(k) + n0

Ic(k)h(k), E(r) � çàìûêàíèå óðàâíåíèé ÎÖ,

g(r) ≡ 1 + h(r) = exp
(
−βVII(r) + h(r)− c(r) + E(r)

)
;

C. E. Starrett, D. Saumon. Phys. Rev. E 87, 013104 (2013), Phys. Rev. E 93, 063206 (2016).3



Ýêðàíèðóþùàÿ ýëåêòðîííàÿ ïëîòíîñòü nSCRe (r)
Âçàèìîçàâèñèìîñòè ìåæäó ýëåêòðîííûìè ïëîòíîñòÿìè ne, n

ext
e , nPAe , nione è nSCRe
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↑ nione (r) � D. Ofer, E. Nardi, and Y. Rosenfeld. Phys. Rev. A 38, 5801 (1988).

Ðàñ÷¼ò ïî ìîäåëè TFSC äëÿ ïëàçìû W, ρ = 40 ã/ñì3, T = 10 ýÂ.4



Ýêðàíèðóþùàÿ ýëåêòðîííàÿ ïëîòíîñòü nSCRe (r):
çàâèñèìîñòü îò òåìïåðàòóðû è ïëîòíîñòè äëÿ ïëàçìû âîëüôðàìà
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Ýôôåêòèâíûé èîí-èîííûé ïîòåíöèàë VII(k)
äëÿ ðåøåíèÿ èîííîé ïîäçàäà÷è â TFIS/TFSC èëè ÏÀÌÄ


χ0
ee(k),
cee(k),
nSCRe (k)

⇒



Îïèñàíèå èîííûõ êîððåëÿöèé ← βVII(r);

βVII(k) =
4πβ
k2

Z
2 − cIe

(
k, n0

e

)
nSCRe (k);

cIe

(
k, n0

e

)
= −βnSCRe (k)/χe(k);

χe(k) ≡ χ0
ee(k)/

(
1 + χ0

ee(k)cee(k)/β
)
.

χ0
ee(k), cee(k)→ χe(k), nSCRe (k)→ cIe(k)→ VII(k)

cee(k) = −4πβ (1−Gee(k)) /k2 ← (¾Àòîì â æåëå¿ + ËÏÊ);

nSCRe (r) ≡ nPAe − nione , nPAe (r) ≡ ne − nexte Z =
∫
V∞

drnSCRe

ne (r) ≡
Ntot→∞∑
j=1

nPAe (|Rj − r|) � ñóïåðïîçèöèîííîå ïðèáëèæåíèå.

↑ χ0
ee(k) � ôóíêöèÿ Ëèíäõàðäà.

↑ nione (r) � D. Ofer, E. Nardi, and Y. Rosenfeld. Phys. Rev. A 38, 5801 (1988).
↑ Gee(k), ËÏÊ � S. Ichimary and K. Utsumi. Phys. Rev. B 24, 7385 (1981).6



Ýôôåêòèâíûé èîí-èîííûé ïîòåíöèàë rVII (rij)
è ïîëå ñèë ïàðíîãî âçàèìîäåéñòâèÿ F (rij) ìåæäó ïñåâäîàòîìàìè
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Ðàñ÷¼òû ïî ìîäåëè TFIS äëÿ ïëàçìû W, T = 10 ýÂ, ρ ∈ [0,5; 5; 50] ã/ñì3.

7



Çàâèñèìîñòü èîííûõ ÐÔÐ g(r) îò ïîòåíöèàëà VII(r)
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Ðàñ÷¼òû ïî ìîäåëè TFSC äëÿ ïëàçìû W, T = 10 ýÂ, ρ ∈ [0,5; 5; 50] ã/ñì3.
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Ïñåâäîàòîìíàÿ ìîëåêóëÿðíàÿ äèíàìèêà
ÏÀÌÄ � êëàññè÷åñêàÿ ÌÄ + ïîòåíöèàëüíàÿ ýíåðãèÿ VII èç TFIS/TFSC

I Äëÿ ìîäåëèðîâàíèÿ íåîáõîäèìî çíàòü VII(r), T, ρ, A, Z;

I ∀i 6 Ntot ⇒ mi
d2ri
dt2

= −1
2

∑
i,j

F (|ri − rj |)−γ
dr
dt

+ Li(t),

I èíòåãðèðîâàíèå óðàâíåíèé äâèæåíèÿ:
ñõåìà ñ ¾äðîáíûìè øàãàìè¿ (1-îãî ïîðÿäêà òî÷íîñòè);

I Ntot: ∼ 103 � ðàñ÷¼ò ñòðóêòóð è êîýôôèöèåíòà ñàìîäèô-
ôóçèè, ∼ 104 � ðàñ÷¼ò òåðìîäèíàìèêè è âÿçêîñòè;

I ÿ÷åéêà ñ ïåðèîäè÷åñêèìè ãðàíè÷íûìè óñëîâèÿìè;

I ïàðàëëåëüíûé ïðîãðàììíûé êîä ELEGIA-PALMA;

I mi ≡ 1, γ = const � ýôôåêòèâíàÿ ñèëà òðåíèÿ;

I Li � ñëó÷àéíûå ñèëû Ëàíæåâåíà (¾òåïëîâîé øóì¿),
〈L(t)i〉 = 0; 〈Li(t)Li(t+ τ)〉 ∼ δ (τ) .

D. C. Rapaport. The Art of Molecular Dynamic Simulation. � Cambridge Univ. Press, 2-nd
ed., 2004.
C. E. Starrett and D. Saumon. Phys. Rev. E 93, 063206 (2016).
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Ïðèìåðû òðàåêòîðèé ïñåâäîàòîìîâ
Ñèñòåìà â íà÷àëå ðàñ÷¼òà. Ïëàâëåíèå ÎÖÊ-ðåø¼òêè
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Ïðèìåðû òðàåêòîðèé ïñåâäîàòîìîâ
Ñèñòåìà â ðàñïëàâëåííîì ñîñòîÿíèè. Èçîòðîïíàÿ æèäêàÿ ôàçà
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Èîííûé êîýôôèöèåíò ñàìîäèôôóçèè DR,V

∂ρ

∂t
= D∇2ρ, ρU = −D∇ρ,

Ôîðìóëà Ýéíøòåéíà-Ñìîëóõîâñêîãî:

DR = lim
t→∞

1
6Nmt

〈
Nm∑
j

[rj(t)− rj(0)]2
〉
,

Ôîðìóëà Êóáî-Ãðèíà1):

DV =
1

3Nm

+∞∫
0

dt

〈
Nm∑
j=1

(vj(t),vj(0))

〉
.

D. C. Rapaport. The Art of Molecular Dynamic Simulation. � Cambridge Univ. Press, 2-nd
ed., 2004.

1)Èíòåãðèðîâàíèå àâòîêîððåëÿöèîííîé ôóíêöèè ñêîðîñòè.12



Èîííàÿ ñäâèãîâàÿ âÿçêîñòü η

ρ

(
∂

∂t
+ U∇

)
U− η∇2U−

(η
3

+ ηv

)
∇ (∇U) = −∇p,

η = lim
t→∞

1
6TV t

〈∑
x<y

∑
j

mjrjx(t)vjy(t)−
∑
j

mjrjx(0)vjy(0)

〉 ,
Ðàñ÷¼ò η îñíîâàí íà èíòåãðèðîâàíèè àâòîêîððåëÿöèîííîé
ôóíêöèè òåíçîðà äàâëåíèÿ (ôîðìóëà Êóáî-Ãðèíà):

η =
V

3T

+∞∫
0

dt

〈∑
x<y

Pxy(t)Pxy(0)

〉
,

Pxy ≡
1
V

∑
j

mjvjxvjy +
∑
i 6=j

rijxFijy + (rjFj)

 , Fijα = (F (rij))α .

D. C. Rapaport. The Art of Molecular Dynamic Simulation. � Cambridge Univ. Press,
2-nd ed., 2004.
C. A. Croxton. Liquid State Physics � A Statistical Mechanical Introduction. � Cambridge
Univ. Press, 1974.13



Ñõåìà îðãàíèçàöèè ñ÷¼òà
â ïðîãðàììíîì êîìïëåêñå ELEGIA-PALMA
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ELEGIA PALMA

N < 41

Ñ öåëüþ óëó÷øåíèÿ ñòàòèñòèêè äëÿ êàæäîé òî÷êè (T, ρ)
ïðîèçâîäèòñÿ 5÷ 50 íåçàâèñèìûõ ðàñ÷¼òîâ.14



Êîýôôèöèåíò ñäâèãîâîé âÿçêîñòè η
äëÿ ðàñïëàâîâ ÷èñòûõ ìåòàëëîâ ïðè T = Tïë. + 50 Ê
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Experimental data (1977)
PAMD,  Ntot = 1000 (2019)
PAMD,  Ntot = 125 (2019)

PAMD,  Ntot = 1000* (2019)

Ýêñïåðèìåíò: Ï. Ï. Àðñåíòüåâ, Ë. À. Êîëåäîâ. Ìåòàëëè÷åñêèå ðàñïëàâû è èõ ñâîéñòâà. �
Ì.: ¾Ìåòàëëóðãèÿ¿, 1976. � 376 ñ.
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Êîýôôèöèåíò ñäâèãîâîé âÿçêîñòè η
äëÿ ðàñïëàâîâ ÷èñòûõ ìåòàëëîâ ïðè T = Tïë. + 50 Ê

Ýëåìåíò η(ýêñï.), ñÏ η(ÏÀÌÄ), ñÏ δ, % T, ◦C ρ, ã/ñì3

Li3 0,55 0,49±0,15 -11 504 0,512

Fe26 5,40 4,74±0,12 -12 1585 6,999

Co27 4,80 5,58±0,58 +16 1545 7,764

Ni28 5,00 5,79±0,71 +16 1503 7,830

Cu29 4,10 4,69±0,40 +14 1134 7,870

Zn30 2,82 2,24±0,44 -21 470 6,430

Ag47 3,62 3,86±0,29 +7 1012 9,242

Pb82 1,09 1,25±0,19 +15 378 10,605

Ýêñïåðèìåíò è ôîðìóëû äëÿ îïðåäåëåíèÿ ïëîòíîñòè ìåòàëëè÷åñêîãî ðàñïëàâà:
Ï. Ï. Àðñåíòüåâ, Ë. À. Êîëåäîâ. Ìåòàëëè÷åñêèå ðàñïëàâû è èõ ñâîéñòâà. �
Ì.: ¾Ìåòàëëóðãèÿ¿, 1976. � 376 ñ.

Ðàñ÷¼ò: ìåòîäèêà ÏÀÌÄ, ïðîãðàììíûé êîìïëåêñ ELEGIA-PALMA; 1,3 · 104 òî÷åê íà

ÿ÷åéêó � ñåòêà â ýëåêòðîííîé ïîäçàäà÷å; Rend = 50 rI
0 ; ôóðüå-ïðåîáðàçîâàíèå ïî ìåòîäó

Ôèëîíà, 4096 òî÷åê � ñåòêà â èîííîé ïîäçàäà÷å; Ntot = 103 � ïîëíîå ÷èñëî ÏÀ;
Rcut = 14 aB � ¾ðàäèóñ îáðåçàíèÿ¿ âçàèìîäåéñòâèé ìåæäó ÏÀ; Nm = 1,5 · 105 �

êîëè÷åñòâî øàãîâ ïî âðåìåíè, 4t = 5 · 10−3 i.u. � øàã ïî âðåìåíè â èîííûõ åäèíèöàõ;
40 ñëî¼â ïî âðåìåíè; α = 0, 95 � äîâåðèòåëüíàÿ âåðîÿòíîñòü (ñòàòèñòè÷åñêàÿ îáðàáîòêà
äàííûõ ïî ìåòîäó Ñòüþäåíòà).
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Êîýôôèöèåíò èîííîé ñàìîäèôôóçèè DR,V

â ñâåðõïëîòíîé ïëàçìå æåëåçà ïðè ρ = 45 ã/ñì3
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DV, Dai et al. (2013)
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DAAMD, Dai et al. (2013)

DV
PAMD (2018, 2019)

DR
PAMD (2018, 2019)

ΓII = 230÷ 460, ELEGIA-PALMA: Nm = 125.

DV , DR, DAAMD � J. Dai, Y. Hou, D. Kang et al. arXiv:1303.3361v1 [astro-ph.EP],
pp. 1�15 (2013).17



Âûâîäû

1. Ïîêàçàíî õîðîøåå ñîãëàñèå ðàñ÷¼òíîãî êîýôôèöèåíòà ñäâè-
ãîâîé âÿçêîñòè ηÏÀÌÄ ñ ýêñïåðèìåíòàëüíûìè ðåçóëüòàòà-
ìè äëÿ ìåòàëëè÷åñêèõ ðàñïëàâîâ ïðè íîðìàëüíîì äàâëå-
íèè è T = Tïë. + 50◦C.

2. Îòìå÷åí áûñòðûé (íà ïîðÿäîê) ðîñò êîýôôèöèåíòîâ ñà-
ìîäèôôóçèè DR,V ïðè íåçíà÷èòåëüíîì óâåëè÷åíèè òåì-
ïåðàòóðû ïëàçìû. Äëÿ æèäêîé ôàçû ïîëó÷åíî ñîãëàñèå ñ
ðåçóëüòàòàìè ðàñ÷¼òîâ ïî ìîëåêóëÿðíîäèíàìè÷åñêèì ìå-
òîäèêàì AAMD (ñ êâàçèêëàññè÷åñêèì îïèñàíèåì ýëåê-
òðîííîé ïîäñèñòåìû ïëàçìû) è QLMD (êâàíòîâàÿ ìîëå-
êóëÿðíàÿ äèíàìèêà).

3. Â ïðîãðàììå ELEGIA-PALMA ðåàëèçîâàí ñïîñîá ñíèæå-
íèÿ äèñïåðñèè ðàñ÷¼òíûõ ðåçóëüòàòîâ äëÿ êîýôôèöèåí-
òîâ DR,V è ηÏÀÌÄ. Äëÿ êîýôôèöèåíòà ηÏÀÌÄ îòìå÷åíà
ñóùåñòâåííî áîëåå ìåäëåííàÿ ñõîäèìîñòü ñ ðîñòîì Nm,
÷åì äëÿ DR,V .
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¾Èîííàÿ¿ ñèñòåìà åäèíèö èçìåðåíèÿ (LMT)
Åäèíèöà äëèíû L:

L [ñì] ≡ aB[ñì].

Åäèíèöà ìàññû M :

M [ã] ≡ A[à.å.ì.] · 1 à.å.ì./ã.

Åäèíèöà òåìïåðàòóðû T :

T [ýðã] = Ha · 1ýÂ/Ha · 1ýðã/ýÂ.

Êîýôôèöèåíò èîííîé ñàìîäèôôóçèè D:

Di.u. = aB[ñì]
(

3
2β

Ha [ýðã]
M [ã]

)1/2

, [Di.u.] =
ñì2

ñ
.

Êîýôôèöèåíò èîííîé ñäâèãîâîé âÿçêîñòè η:

η i.u. =
102

(aB[ñì])2

(
3

2β
·Ha[ýðã] ·M [ã]

)1/2

, [η i.u.] = ìÏà·ñ ≡ ñÏ.
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