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!"#$# 1.  !"#$#%&#  

1.1 %&'(#")*+,') - ,'./.*) 0#10#2+'#**+,'- /0+2".34  

H.'>+&$ 3&%"$3E.-*/.E. -$J$*+-4 /4/ *&*+$1( -.@",I%$''(0 4+.1.- * 

."34@.-4'&$1 /.'%$'*&3.-4''(0 -.@",I%$''(0 *.*+.>'&) "(7. -2$3-($ 

23$%7.I$'. - 80 Ð$ E.%( - 34".+40 K%,43%4 94'(/&'4 * *.4-+.341&  [1, 2], E%$ 

34**14+3&-47*> E4@ L7$/+3.'.- & &.'.- +4/.) 27.+'.*+&, /.E%4 L7$/+3.'( 

-(3.I%$'(, 4 +$12$34+,34 .<$'; "7&@/4 / ',7O. N.'%$'*&3.-4''($ 

-.@",I%$''($ *.*+.>'&> - L+&0 34".+40 23&1$'>7&*; %7> .2&*4'&> 27.+'(0 

*&*+$1 -.@",I%$''(0 8$'+3.- Ñ  4+.1.-, 1.7$/,7, 23&1$*$) - +-$3%(0 +$740 [1, 

3]. H3&1$3.1 /.'%$'*&3.-4''(0 -.@",I%$''(0 *.*+.>'&) 1.I$+ *7,I&+; 

0.3.P. &@-$*+'.$ L7$/+3.''. Ð%(3.<'.$ *.*+.>'&$, -.@'& /4OJ$$ -*7$%*+-&$ 

/.'%$'*48&& L/*&+.'.- Ñ  L7$1$'+43'(0 -.@",I%$'&) 2.7,23.-.%'&/.- [ 1]. 

H.% 3&%"$3E.-*/&1 -$J$*+-.1 &7& 3&%"$3E.-*/.) 274@1.) - %4''.)  34".+$ 

2.'&14 $+*> *&*+$14, *.*+.>J4> &@ -(*./. -.@",I%Q''(0 -.%.3.%.2.%."'(0 

4+.1.-, &.'.- & *-.".%'(0 L7$/+3.'.-.  D .+7&<&$ .+ 34".+ [1, 2], - %4''.) 

34".+$ 34**14+3&-4O+*> +4/&$ *.*+.>'&> E4@4 -(*./.-.@",I%$''(0 4+.1.-, E%$ 

*3$%'&$ 34**+.>'&> 1$I%, <4*+&841& 1'.E. ".7;P$ %$"3.)7$-*/.) %7&'(  -.7' ( 

(.+*,+*+-,$+ -(3.I%$'&$), 4 +$12$34+,34 1$'>$+*> - %&424@.'$ .+ 1 %. 1000 N. 

D 2.*7$%'$$ -3$1> 23.>-7>$+*> ".7;P.) &'+$3$* / &@,<$'&O +4/&0 *&*+$1 

(*1. E7. 2 ."@.3 7&+$34+,3(). K/*2$3&1$'+47;'($ &**7$%.-4'&> 3&%"$3E.-*/.E. 

-$J$*+-4 2./4 %.*+4+.<'. '$1'.E.<&*7$''( . M$1 '$ 1$'$$, *,J$*+-,$+ 

23$%2.7.I$'&$, <+. /.'%$'*&3.-4''.$  *.*+.>'&$ 3&%"$3E.-*/.E. -$J$*+-4 

-.@1.I'.  /4/ 23& ,*7.-&>0 ".7;P&0 +$12$34+,3 & ".7;P&0 27.+'.*+$) (/4/ 

'423&1$3 - L/*2$3&1$'+40 P-$%*/&0 &**7$%.-4+$7$) 90Ð0 E.%.- [4Ð7]), +4/ & 23& 

,7;+34'&@/&0 +$12$34+,340 - 34@3$I$''(0 *&*+$140 (-  ".7$$ 2.@%'&0 

L/*2$3&1$'+40 41$3&/4'*/&0 &**7$%.-4+$7$) [8Ð10]). 5&%"$3E.-*/.$ -$J$*+-., 
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2.7,<$''.$ - L+&0 L/*2$3&1$'+40, *,J$*+-$''. .+7&<4$+*> .+ 34**1.+3$''.E.  - 

[1, 2] +$1, <+. L7$/+3.'( & &.'( '$ >-7>O+*> -(3.I%$''(1&.  

D. -*$0  L+&0 L/*2$3&1$'+40 "(7& ."'43,I$'( '$."(<'($ *-.)*+-4 *&*+$1 

-(*./.-.@",I%$''(0  4+.1.-, +4/&$ /4/  4'.147;'. '&@/.$ .1&<$*/.$ 

*.23.+&-7$'&$  ."74/4 <4*+&8 & @41$%7$'&$ 3$/.1"&'48&&. =. *&0 2.3 '$ 

*,J$*+-,$+ '$23.+&-.3$<&-.) +$.3$+&<$*/.) 1.%$7& .2&*4'&> & ."#>*'$'&> 

-*$0 *-.)*+ - +4/&0 *&*+$1. K+. 2. Ð-&%&1.1, *->@4'. * +$1, <+. *,J$*+-,OJ&$ 

L/*2$3&1$'+47;'($ %4''($ %.*+4+.<'. .+3(-.<'( & '$2.7'( --&%, *7.I'.*+& 

2.7,<$'&> & %&4E'.*+&/& +4/&0 *&*+$1. R+. %4$+ -.@1.I'.*+; 2.Ð34@'.1, 

&'+$323$+&3.-4+; 3$@,7;+4+( L/*2$3&1$'+.- (*1. ."@.3 7&+$34+,3( - E7. 2). 

M4/I$ .+'.*&+$7;'. '.-(1 & *74". &@,<$''(1 '4234-7$'&$1 ?&@&/& 1.I'. 

*<&+4+; ?&@&/, 274@1( /4/ +4/.-,O - ."74*+& *-$30'&@/&0 +$12$34+,3 (./.7. 

4"*.7O+'.E. '.7>) & -(*./&0 @'4<$'&) 24341$+34 '$&%$47;'.*+&.  

D '4*+.>J$) 34".+$ &**7$%,O+*> /74**&<$*/&$ & /-4'+.-($ '$-(3.I%$''($  

(%7&'( -.7'( %$Ð63.)7> S = h/mv 1$';P$ *3$%'$E. 1$I<4*+&<'.E. 34**+.>'&>) 

*&7;'.  '$&%$47;'($  (*3$%'>> 2.+$'8&47;'4> L'$3E&> -@4&1.%$)*+-&> <4*+&8 

".7;P$ *3$%'$) /&'$+&<$*/.) L'$3E&&)  3&%"$3E.-*/&$ *&*+$1( 1'.E&0 <4*+&8. 

M. $. *&*+$1(, *.*+.>J&$ &@ 4+.1.-, '40.%>J&0*> - -(*./.-.@",I%$''(0  

3&%"$3E.-*/&0 (-.%.3.%.2.%."'(0) *.*+.>'&>0, *-.".%'(0 L7$/+3.'.- & &.'.-.  

54**<&+(-4O+*> 34@7&<'($ +$31.%&'41&<$*/&$ *-.)*+-4 L+&0 *&*+$1 - P&3./.1 

%&424@.'$ +$12$34+,3 & 27.+'.*+$), - +.1 <&*7$ *..+-$+*+-,OJ&0 

L/*2$3&1$'+47;'(1 - [ 4Ð11]. D 0.%$ %4''(0 &**7$%.-4'&) "(7& 34@-&+( & 

&**7$%.-4'( 2*$-%.2.+$'8&47;'4> 1.%$7; '$&%$47;'.) 274@1( & 1.%$7; 

%-,0/.12.'$'+'.) 274@1( Ç/,7.' * 2.7.</.)È.  

A.-3$1$''.$ *.*+.>'&$ /.12;O+$3'(0 +$0'.7.E&) 2.@-.7&7. -("34+; - 

/4<$*+-$ .*'.-'.E. 1$+.%4 &**7$%.-4'&) /74**&<$*/ &) 1$+.% 9.'+$ ÐN437. [12]. 

K+.+ 1$+.% 2.@-.7&7 23.-.%&+; 34*<$+( +$31.%&'41&<$*/&0 *-.)*+-  &@ 2$3-(0 

23&'8&2.- '4 .*'.-4'&& ."J&0 *..+'.P$'&) *+4+&*+ &<$*/.) ?&@&/& & 
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+$31.%&'41&/&. T*2.7;@.-4'&$ <&*7$''(0 1$+.%.- %7> 34*<$+4 *-.)*+- 

'$&%$47;'(0 *&*+$1 .",*7.-7$'. 23$I%$ -*$E.  +$1, <+. ."(<'($ 4'47&+&<$*/&$ 

2.%0.%( (34@7&<'($ 1$+.%( +$.3&& -.@1,J$'&>), &*2.7;@,OJ&$ - /4<$*+-$ 

.*'.-'.E. 23&"7&I$'&> 1.%$7; &%$47;'.E. E4@4, '$23&E.%'( &@Ð@4 .+*,+*+-&> 

147.E. 24341$+34 2. -@4&1.%$)*+-&O, 4 -.@1.I'.*+; L/*+342.7>8&& 

*,J$*+-,OJ&0 34@7.I$'&) - *&7;'.'$&%$47;',O ."74*+; -(@(-4$+ *.1'$'&$.  

1.2 5."- 0#2+'4 - *#(6*#7 *+$-1*#  

G$7;O '4*+.>J$) 34".+( >-7>$+*> 3$P$'&$ %-,0 *->@4''(0 %3,E * %3,E.1 

@4%4<: 

1. 54*<$+ +$31.%&'41&<$*/&0 *-.)*+- & /.33$7>8&.''(0 ?,'/8&) 

%-,0/.12.'$'+'.) ,7;+340.7.%'.) '$&%$47;'.) 3&%"$3E.-*/.) 274@1(  - 

P&3./.) ."74*+& 24341$+3.-.  

2. H.&*/ & %$+47;'.$ &@,<$'&$ ."74*+& ?4@.-.E. 2$3$0.%4 E4@ÐI&%/.*+;, 

.23$%$7$'&$ "&'.%47&, *2&'.%47& & /3&+&<$*/.) +.</&. 

 

=7> 3$P$'&> .".@'4<$''(0 23."7$1 -  34".+$ !"#$!%# 34@34".+4'4 

1.%&?&8&3.-4''4> 2*$-%.2.+$'8&47;'4> 1.%$7;, *7,I4J4>  %7> 34*<Q+4 

+$31.%&'41&<$*/&0 *-.)*+- 3&%"$3E.-*/.)  274@1(, '40.%>J$)*> - 2.7'.1 (/4/ 

- L/*2$3&1$'+40 [4Ð7]) & '$2.7'.1 +$31.%&'41&<$*/.1 34-'.-$*&& [ 8Ð10]. =7> 

,*7.-&) L/*2$3&1$'+.- [ 8Ð10] 23.-$%Q' 2.%3."'() 4'47&@ +4/.) *&*+$1( '4 

.*'.-$ &1$OJ&0*> L/*2$3&1$'+47;'(0 %4' '(0 , *..+-$+*+-,OJ&0 24341$+3, 

'$&%$47;'.*+& U ~ 1. D ."74*+& 24341$+3.- [8Ð10] 23.4'47&@&3.-4'4 & 

.".*'.-4'4 -.@1.I'.*+; 34*<$+4 +$31.%&'41&<$*/&0 *-.)*+- *&*+$1( 1$+.%41& 

34-'.-$*'.) +$31.%&'41&/&.   

54@34".+4''4> 1.%$7; .*'.-4'4 '4 2*$-%.2.+$'8&47;'.) 1.%$7&  

'$-(3.I%$''. ) /-4'+.-.) *&*+$1( [ 13]. !'4 - ."J$1 *7,<4$ .2&*(-4$+ 

*.-./,2'.*+; *-.".%'(0 <4*+&8 & &0 243'(0, +3.)'(0 & +.  %. *->@4''(0 
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*.*+.>'&), '40.%>J&0*> - ,*7.-&& 0&1&<$*/.E. 34-'.-$ *&>. V*7.-'. E.-.3>, 

*-.".%'($ <4*+&8( -@4&1.%$)*+-,O+ 23& 2.1.J& 243'(0 2*$-%.2.+$'8&47.-.  

H43'($ 2*$-%.2.+$'8&47( *.-24%4O+ * /74**&<$*/&1 -@4&1.%$)*+-&$1 '4 

".7;P&0 & .+7&<4O+*> .+ '$E. '4 /.3.+/&0 34**+.>'&>0.  

D4I'., <+. +4/.) 243'() 2*$-%.2.+$'8&47 не является 3$47;'(1 

2.+$'8&47.1 -@4&1.%$)*+-&> 1$I%, <4*+&841&. K+. 7&P; ,%."'() & '4E7>%'() 

*2.*." 23$%*+4-7$'&> /.'?&E,348&.''.E. &'+$E3474 - *&*+$1$, *.*+.>J$) &@ 

L7$/+3.'.-, &.'.- & -(*./.-.@",I%$''(0 4+.1.-. M4/.) *2.*." 2.@-.7>$+ 

,%."'. ,<&+(-4+; -@4&1.%$)*+-& $ - *&*+$1$ & 34**<&+(-4+; +$31.%&'41&/, 

?4/+&<$*/& /-4'+.-.) *&*+$1( /74**&<$*/&1 1$+.%.1 9.'+$ ÐN437.. A+.&+ 

.+1$+&+; +4/I$, <+. -(".3 2*$-%.2.+$'8&474  - +4/.) 1.%$7& '$ >-7>$+*> 

.%'.@'4<'(1. !' @4-&*&+ .+ -.@1.I'.*+& ."34@.-4'&> 34@7&<'(0 *->@4''(0 

*.*+. >'&) - %4''.) *&*+$1$ -@4&1.%$)*+-,OJ&0 <4*+&8, .+ @4%4''.) ."74*+& 

24341$+3.-, - /.+.3.) 23.-.%&+*> &**7$%.-4'&$ +$31.%&'41&<$*/&0 *-.)*+-.  

=7> 2.7,<$'&> 243'(0 2*$-%.2.+$'8&47.- -  34".+$ 23.-$%$' +.<'() 

<&*7$''() 34*<$+ &@ 2$3-(0 23&'8&2.- 14+3&8( 27.+'. *+& L7$/+3.'Ð&.''.E. 

-@4&1.%$)*+-&> 2. -.%.3.%'(1 -.7'.-(1 ?,'/8&>1 !"#$!%# - ."74*+& '&@/&0 

+$12$34+,3. H./4@4'. 0.3.P$$ *.E74*&$ 2*$-%.2.+$'8&47.-, 2.7,<$''(0 - 

341/40 /-4@&/74**&<$*/.E. 23&"7&I$'&> [13], * +.<'(1 <&*7$''(1 34*<$+.1 2. 

-.7'.-(1 ?,'/8&>1 L7$/+3.' Ð&.''.E. -@4&1.%$)*+-&> -.%.3.%.2.%."'(0 

4+.1.- 23& '&@/&0 +$12$34+,340. 

A 2.1.J;O 34@34".+4''.) 2*$-%.2.+$'8&47;'.) 1.%$7& & 2.7,<$''(0 

2*$-%.2.+$'8&47.- - 34".+$ !"#$!%# 34**<&+4'( 1$+.%.1 9.'+$ ÐN437. 

+$31.%&'41&<$*/&$ & /.33$7>8&.''($ *-.)*+-4 3&%"$3E.-*/.) 274@1( - 

P&3./.) ."74*+& 24341$+3.-.  

=7> 2.&*/4 & &@,<$'&> ."74*+& ?4@.-.E. 2$3$0.%4 +&24 E4@ÐI&%/.*+; - 

34".+$ 34@-&+4 & 23.4'47&@&3.-4'4 1.%$7; %-,0/.12.'$'+'.) 274@1( Ç/,7.' * 

2.7.</.)È, впервые - P&3./.) ."74*+& 24341$+3.-.  
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D 1.%$7& Ç/,7.' * 2.7.</.)È !"#$!%# ."'43,I$' ?4@.-() 2$3$0.% +&24 

E4@ÐI&%/.*+;, '4)%$'(  /3&+&<$*/4> +.</4, "&'.%47;, *2&'.%47; & 243'($ 

/.33$7>8&.''($ ?,'/8&&. A%$74'4 23$%-43&+$7;'4> .8$'/4 23&1$'&1.*+& 

3$@,7;+4+.- %7> 1.%$7& Ç/,7.' * 2.7.</.)È / 3&%"$3E.-*/.) 274@1$. 

1.3 8#(6*#7 - /0#&'-6.,&#7 1*#6-3+,') 0#2+'4  

5$@,7;+4+(, 2.7,<$''($ -  %&**$3+48&.''.) 3 4".+$ 23$%*+4-7>O+ во–первых 

?,'%41$'+47;'() '4,<'() &'+$3$*, +4/ /4/ 23$%*+4-7>O+ *.".) 

'$23.+&-.3$<&-,O +$31.%&'41&<$*/,O 1.%$7; 3&%"$3E.-*/.) 274@1( - 

P&3./.) ."74*+& 24341$+3.- & 2.@-.7>O+ +$.3$+&<$*/& .".*'.-4+; '$/.+.3($ 

&@ 2.7,<$''(0 - L/*2$3&1$'+40 2. 3&%"$3E.-*/.1, -$J$*+-, %4''(0 , 4 +4/I$ 

23$%*/4@4+; '47&<&$ %3,E&0, $J$ '$ ."'43,I$''(0 L/*2$3&1$'+47;'. *-.)*+- 

3&%"$3E.-*/.) 274@1(. B423&1$3 Ñ  2./4@4'4 -.@1.I'.*+; ."34@.-4'&>  

1$+4*+4"&7;'.) /-4@&Ð/3&*+477&<$*/.) *+3,/+,3(.   

Во–вторых, 23$%7.I$''($ & 34@34".+4''($ - %&**$3+48&& ?&@&<$*/&$ 

1.%$7& .+/3(-4O+ '.-($ *-.)*+-4 1.%$7;'(0 *&*+$1 1'.E&0 <4*+&8 & 2.1.E4O+ 

7,<P$ 2.'>+; +$31.%&'41&/, &  23&3.%, ?4@.-(0 2$3$0.%.- - %3,E&0 1.%$7>0 

%-,0/.12.'$'+'.) 274@1(  (- +.1 <&*7$ - ."74*+& '&@/&0 +$12$34+,3 & -(*./.) 

'$&%$47;'.*+&). 

T наконец, 34@34".+4''($ - %4''.) %&**$3+48&& 47E.3&+1( 34*<$+.- 

+$31.%&'41&<$*/&0 *-.)*+- & 2*$-%.2.+$'8&47.- %.*+,2'( - .+/3(+.1 -&%$  

(https://github.com/aristofun/montecarlo-plasma) & 1.E,+ 23$%*+4-7>+; 

234/+&<$*/&) &'+$3$* /4/ &'*+3,1$'+( <&*7$''.E. *<$+4 & 1.%$7&3.-4'&> 

34-'.-$*'.) +$31.%&'41&/& 274@1( 1$+.%.1 9.'+$ ÐN437. [12], 2.*+3.$''($  &@ 

2$3-(0 23&'8&2.-.  
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1.4 9+"+:.*-7, $4*+,-34. *# 1#;-'(  

1. 9 .%&?&8&3.-4''4> 2*$-%.2.+$'8&47;'4> 1.%$7; '$&%$47;'.) 3&%"$3E.-*/ . ) 

274@1(, *.*+.>J$) &@ *-.".%'(0 L7$/+3.'.-, &.'.- & -.%.3.%.2.%."'(0 

4+.1.-, , /.+.3(0 3$47&@,$+*> +.7;/. <4*+; -.@1.I'(0 -(*./.-.@",I%$''(0 

*->@4''(0 *.*+. >'&).  

2. M$31.%&'41&<$*/&$ & *+3,/+,3'($ *-.)*+-4 (@'4<$'&> -',+3$''$) L'$3E&&, 

243'($ /.33$7>8&.''($ ?,'/8&&) 1.%&?&8&3.-4''.) 2*$-%.2.+$'8&47;'.) 

1.%$7&, 2.7,<$''($ <&*7$''. - P&3./.) ."74*+& 24341$+3.-, - +.1 <&*7$, 

*..+-$+*+-,OJ&0 L/*2 $3&1$'+47;'(1 [4Ð7] & [8Ð11] (+$12$34+,34 0.1Ð1000 N, 

27.+'.*+; <4*+&8  102Ð1016 *1 Ð3, ,3.-'& -.@",I%$'&> 3&%"$3E.-*/&0  4+.1.- .+ 

36 & -(P$, .+ 10 & -(P$ 27O* *.*+.>'&> '$23$3(-'.E. *2$/+34 ).  

3. R&*7$''()  34*<$+ 2*$-%.2.+$'8&47.- L7$/+3.' Ð&.''.E. -@4&1.%$)*+-&> - 

."74*+& '&@/&0 +$12$34+,3 (< 100 K) 2. -.%.3.%'(1 -.7'.-(1 ?,'/8&>1.   

4. 54*<$+ & 3$@,7;+4+( 34*<$+4 +$31.%&'41&<$*/&0 & *+3,/+,3'(0 *-.)*+- 

1.%$7& %-,0Ð/.12.'$'+'.) 274@1( Ç/,7.' * 2.7.</.)È - P&3./.) ."74*+& 

24341$+3.-: ,34-'$'&> *.*+.>'&>, 243'($ /.33$7>8&.''($ ?,'/8&&, 

-',+3$''&$ L'$3E&& & %4-7$'&$.  

5. W4@.-() 2$3$0.% +&24 ÇE4@ÐI&%/.*+;È, ."'43,I$''() - 1.%$7& Ç/,7.' * 

2.7.</.)È, & $E. *-.)*+-4:  /3&-($ E34'&8( 1$+4*+4"&7;'(0 *.*+.>'&), 

?4@.-.E. 34-'.-$*&>, 24341$+3( /3&+&<$*/.) +.</&:  

! !"#$
! ! ! !!" ! ! !"#$

! ≈ ! !!"   !𝛾!"#$ ! ! !! ! ! ! !"#$
! ≈

!

!"
  ≈ ! !076 

 



9 

1.5 <'./.*) =+,'+$.0*+,'- 0.1(")'#'+$ - #/0+2#>-7 

0#2+'4  

=.*+.-$3'.*+; '4,<'(0 3$@,7;+4+.- .".*'.-4'4 23&1$'$'&$1 *.-3$1$''(0 

1$+.%.- *+4+&*+&<$*/.) ?&@&/&, *.E74*&$1 2.7,<$''(0 3$@,7;+4+.- * 

&@-$*+'(1& 34*<$+'(1& & 4'47&+&<$*/&1& %4''(1& %3,E&0 4-+.3.- - +$0 

."74*+>0, E%$ *,J$*+-,O+ +4/&$ %4''($.  

M4/ '423&1$3, 243'($ /.33$7>8&.''($ ?,'/8&& 1.%&?&8&3.-4''.) 

2*$-%.2.+$'8&47;'.) 1.%$7& *.-24%4O+ - ."74*+& *74".) '$&%$47;'.*+& * 

243'(1& /.33$7>8&.''(1& ?,'/8&>1& &%$47;'.) 274@1( - 23&"7&I$'&& 

=$"4>ÐXO//$7> [ 14]. : 3$@,7;+4+( <&*7$''.E. 34*<$+4 14+3&8( 27.+'.*+& 

L7$/+3.' Ð&.''.E. -@4&1.%$)*+-&> *.-247& * 3$@,7;+4+41& 4'47.E&<'.E. 34*<$+4 

[14] - 2.E34'&<'.) ."74*+& +$12$34+,3 ( !  100 K). 

5$@,7;+4+( 34".+( %.7.I$'( & ."*,I%$'( '4 *7$%,OJ&0 /.'?$3$'8&>0 & 

*$1&'4340: ÇB4,<'4> *$**&& 9TWT È (9.*/-4, 2008),  22Ð> & 30Ð> 

1$I%,'43.%'($ /.'?$3$'8&& Ç D@4&1.%$)*+-&$ &'+$'*&-'(0 2.+./.- L'$3E&& * 

-$J$*+-.1 È (K7;"3,*, 2007 & 2015), 13th International Laser Physics Workshop 

(Trieste, 2004), 21Ð) & 29Ð) 1$I%,'43.%'($ /.'?$3$'8&& Ç V34-'$'&>  *.*+.>'&>  

-$J$*+-4È (K7;"3,* , 2006 & 2014), '4,<'4> *$**&> 5:B ÇT**7$%.-4'&> 

'$&%$47;'.) 274@1( (NPP)È (9.*/-4, 2013), *$1&'43 +$.3. .+%$74 &1. Y. 9. 

6&"$314'4 !TDM 5:B.  

1.6 9(2"-&#>-- /+ '.3. =-,,.0'#>--  

D*$E. 2. 3$@,7;+4+41 %&**$3+48&.''.E. &**7$%.-4'&> .2,"7&/.-4'. 13 

2$<4+'(0 34".+ ( &@ '&0 8 Ñ  +$@&*( & 14+$3&47( '4,<'(0 /.'?$ 3$'8&)), - +.1 

<&*7$ 5 Ñ  - 3$8$'@&3,$1(0 I,3'4740, -0.%>J&0 - 2$3$<$'; D:N:  
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1. M. A. Butlitsky, V. E. Fortov, E. A. Manykin, B. B. Zelener, B. V. Zelener, 

ÒThermodynamics of nonideal rydberg plasma created with a dye LaserÓ, 

Laser Physics, vol. 15 (2), 2005, pp. 256-261 

2. 9. :. 6,+7&8/&), 6. 6. C$7$'$ 3, 6. D. C$7$'$3, K. :. 94'(/&'  

Ç=-,0<4*+&<'4> 14+3&84 27.+'.*+& & 2*$-%.2.+$'8&47 L7$/+3.'Ð

23.+.''.E. -@4&1.%$)*+-&> 23& ,7;+34'&@/&0 +$12$34+,340È, 

Жур. выч. мат. и мат. физики, +. 48, Z1, c. 154-158 (2008) 

3. 6,+7&8/&)  9.  :., C$7$'$3 6. 6., C$7$'$3 6. D., 94'(/&'  K. :., 

X&07,04 =. 5. ÇW,'/8&> 34*23$%$7$'&> & /&'$+&<$*/&$ 23.8$**( - 

,7;+340.7.%'.1 3&%"$3E.-*/.1 -$J$*+-$È, Ядерная физики и инжиниринг, 

2012, +. 3 Z2, *. 151 

4. M. A. Butlitsky, B. B. Zelener and B. V. Zelener ÒCritical point of gas-liquid 

type phase transition and phase equilibrium functions in developed two-

component plasma modelÓ, J. Chem. Phys. 141, 024511 (2014) 

5. М. А. Бутлицкий, Б. Б. Зеленер, 6. D. C$7$'$3 ÇN -.23.*, . /,7.'.-*/.1 

?4@.-.1 2$3$0.%$È, ТВТ, 2015, том 53, Z 2, с. 163–168 

1.7 <'0(&'(0# - +2?.3 =-,,.0'#>--  

=&**$3+48&> *.*+.&+ &@ 2>+& E74-, @4/7O<$'&> & *2&*/4 7&+$34+,3(. D 

"#$!&' ()*!#  (--$%$'&$) 2./4@4'4 4/+,47;'.*+; +$.3$+&<$*/.E. &**7$%.-4'&> 

3&%"$3E.-*/.) 274@1(, ?.31,7&3,O+*> @4%4<& & 8$7& %&**$3+48&&, /34+/. 

2$3$<&*7>O+*> -("34''($ 1$+.%( 3$P$'&> @4%4<, ,/4@4'( '.-&@'4 & '4,<'4> 

@'4<&1.*+; 34".+(, &@7.I$'( .*'.-'($ 2.7.I$'&>, -('.*&1($ '4 @4J&+,.  

+,&$*- ()*!*  *.%$3I&+ ."@.3 7&+$34+,3(. N34+/. 23&-.%>+*> .*'.-'( $ 

+$.3$+&<$*/&$ & L/*2$3&1$'+47;'($ 34".+(, /4*4OJ&$*> 3&%"$3E.-*/.) 274@1(. 

: &1$''.:  L/*2$3&1$'+( 23.-$%Q''($ - ."74*+& '&@/&0 & ,7;+34'&@/&0 

+$12$34+,3 [8Ð11], E%$ ."'43,I$'. 4'.147;'.$ @41$%7$'&$ 3$/.1"&'48&&  & 

L/*2$3&1$'+( - +$31.L1&**&.''(0 %&.%40  [4Ð7], - /.+.3(0 ."'43,I$'. 
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?.31&3.-4'&$ /74*+$3.- &@ +(*>< -(*./.-.@",I%$''(0 4+.1.- . 54**1.+3$'( 

+4/I$ *,J$*+-,OJ&$ +$.3$+&<$*/&$ 2.%0.%(, 23$%74E4-P&$*> %7> &@,<$'&> 

3&%"$3E.-*/.E. -$J$*+-4, - +. <. %7> ."#>*'$'&> '$."(<'(0 *-.)*+-, 

2.7,<$''(0 - L/*2$3&1$'+40. M$.3&> /.'%$'*&3.-4''.E. 3&%"$3E.-*/.E. 

-$J$*+-4 [ 1, 2] / *.-3$1$''(1 L/*2$3&1$'+41 [ 4Ð11] ./4@(-4$+*> 234/+&<$*/& 

'$ 23&1$'&14, 2.*/.7;/, '$ ,<&+(-4$+ +$12$34+,3'($ L??$/+( & 34**14+3&-4$+ 

-( 3.I%$''($ L7$/+3.'(.  H./4@4'., <+. ".7$ $ 2.@%'&$ +$.3$+&<$*/&$ 34".+( - 

2.2(+/40 ."#>*'&+; 3$@,7;+4+( L/*2$3&1$'+.- 23$%74E4O+ 23$I%$ -*$E. 

/&'$+&<$*/&$ 1.%$7& L/*2$3&1$'+.-, .+<4*+& 23.+&-.3$<4J&$ %3,E %3,E,. B$ 

&*2.7;@,> 23& L+.1 -.@1.I'.*+; 34**1.+3$+; *&*+$1, - '$2.7'.1 

+$31.%&'41&<$*/.1 34-'.-$*&&.  

D ,$#,.#'  ()*!#  *?.31,7&3.-4'4 ?&@&<$*/4> 1.%$7;, 23$%7.I$''4> %7> 

3$P$'&> @4%4<& 34*<$+4 +$31.%&'41&<$*/&0 & /.33$7>8&.''(0 *-.)*+- 

' $&%$47;'.) 3&%"$3E.-*/.) 274@1(. !".*'.-4'4  234-.1$3'.*+; 34*<Q+4 

+$31.%&'41&/& '$34-'.-$*'.) *&*+$1( , '40.%>J$)*> - '$2 .7 '.1 

+$31.%&'41&<$*/.1 34-'.-$*&&, .",*7.-7$''4> 23$I%$ -*$E. @41$%7$'&$1 

3$/.1"&'48&&.  C4%4'( E34'&8( 23&1$'&1.*+& 1.%$7& & 3$@,7;+4+.- 34*<$+.- Ñ  

.'& .",*7.-7$'( 23$I%$ -*$E. .+*,+*+-&$1 -(3.I%$'&> & 23&1$'&1.*+;O 

243'.E. 23&"7&I$'&> 23& 34*<$+$ -@4&1.%$)*+-&> (*3$%'$$ 1$I<4*+&<'.$ 

34**+.>'&$ 1'.E. 1$';P$ %$"3.)7$-*/.) %7&'( -.7'( & ".7;P$ &7& *34-'&1. * 

34@1$3.1 3&%"$3E.-*/.E. 4+.14).  

H.7,<$ ''4> - L+.) E74-$ 1.%&?&8&3.-4''4> 2*$-%.2.+$'8&47;'4> 1.%$7;  

.*'.-4'4 '4 2*$-%.2.+$'8&47;'.) 1.%$7& *&7;'.'$&%47;'.) 274@1( [ 13] & 

&*2.7;@,$+*> %47$$ - %&**$3+48&& %7> <&*7$''.E. 34*<$+4 *-.)*+- 

3&%"$3E.-*/.) 274@1(. N7O<$-(1 .+7&<&$1 1.%&?&8&3.-4''.) 

2*$-%.2.+$'8&47;'.) 1.%$7& .+ .3&E&'47;'.) >-7>$+*> .+*,+*+-&$ - 

1.%&?&8&3.-4''.) <4*+& ,3.-'$) %&*/3$+'.E. *2$/+34 3&%"$3E.-*/.E. 4+.14. 

H./4@4'4 *,J$* +-$''4> @4-&*&1.*+; *-.)*+- 1.%$7& .+ ,3.-'$), &*/7O<$''(0 

&@ %&*/3$+'.E. *2$/+34. 
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M4/I$ - L+.) E74-$ .".*'.- 4'  & 23.&@-$%$' +.<'() <&*7$''() 34*<$+ 

2*$-%.2.+$'8&47.- L7$/+3.' Ð&.''.E. -@4&1.%$)*+-&>. K+& 2*$-%.2.+$'8&47( 

&*2.7;@,O+*> @4+$1 /4/ 24341$+3 1.%&?&8&3.-4''.) 2*$-%.2.+$'8&47;'.) 

1.%$7& 23& <&*7$''.1 *<$+$. !"'43,I$'., <+. +.<'.*+;  /-4@&/74**&<$*/.E. 

34*<$+4 2*$-%.2.+$'8&474 [13] +$1 7,<P$, <$1 '&I$ +$12$34+,34. 

D /#,!#$,&' ()*!#  <&*7$''(1 1$+.%.1 9.'+$ ÐN437. 34**<&+4'( 

+$31.%&'41&<$*/&$ *-.)*+-4 & *+3,/+,34 3&%"$3E.-*/.) 274@1( - P&3./.) 

."74*+& 24341$+3.-. D 341/40 1.%$7&, *?.31,7&3.-4''.) - +3$+;$) E74-$.  

!2&* 4'  47E.3&+1 34*<Q+4. !"'43,I$'4 ."74*+; ?.31&3.-4'&> 

/-4@&/3&*+477&<$*/.) *+3,/+,3( &@ @43>%.- .".&0 @'4/.-, 23&<$1 *,J$*+-,$+ 

."74*+;, E%$ ,%$7;'4> -',+3$''>> L'$3E&> '4 <4*+&8, .+3&84+$7;'4. B4 L+.1 

.*'.-4'&& *%$74'. 23$%2.7.I$'&$ . -.@1.I'.*+& *,J$*+-.-4'&> 

1$+4*+4"&7;'(0 2$3&.%&<$*/&0 *+3,/+,3 - 3&%"$3E.-*/.) 274@1$. 

H.7,<$'( 243'($ /.33$7>8&.''($ ?,'/8&&. B4 .*'.-$ 4'47&@4 

/.33$7>8&.''(0 ?,'/8&) ('47&<&$ "7&I'$E. & %47;'$E. 2.3>%/.-) 2.*+3 .$'(  

nÐT %&4E3411(. K+& %&4E3411( ."'43,I&7& ."74*+& E4@.2.%."'.), 

I&%/.2.%."'.) & /3&*+477.2.%."'.) *+3,/+,3( -. -*$1 %&424@.'$ 

&**7$%.-4''(0 +$12$34+,3 (1Ð1000 N) %7> 34@7&<'(0 2*$-%.2.+$'8&47.- (,<$+ 

,3.-'$) %&*/3$+'.E. *2$/+34 * 10 ÐE. & * 36ÐE.). A%$74'. 23$%2.7.I$'&$ . 

'47&<&$ ?4@.-.E. 2$3$0.%4 +&24 E4@ÐI&%/.*+; - L+.) 1.%$7&.  

D "-,&' ()*!#  &**7$%.-4'4 ".7$$ ."J4> 1.%$7; %-,0/.12.'$'+'.) 274@1( 

Ç/,7.' * 2.7.</.)È. K+4 1.%$7; "(74 23$%7.I$'4 -2$3-($ - [16] /4/ "4@.-4> 

1.%$7; %7> 34*<$+4 34-'.-$*'(0 *-.)*+- %-,0/.12.'$'+'.) 

'&@/.+$12$34+,3'.) 274@1(. !%'4/. 2.%3."'.$ &**7$%.-4'&$ +$31.%&'41&/& 

*41.) 1.%$7& - P&3./.1 %&424@.'$ 24341$+3.- *%$74'. -2$3-($ - %&**$3+48&&. 

9$+.%.1 9.'+$ ÐN437. 34**<&+4'( /.33$7>8&.''( $ *-.)*+-4, ,34-'$'&$ 

*.*+.>'&>.   
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! "'4 3,I$' ?4@.-() 2$3$0.% +&24 ÇE4@ÐI&%/.*+;È & 34**<&+4'( 24341$+3( 

/3&+&<$*/.) +.</&, '4)%$'( "&'.%47; & *2&'.%47;.  

D 0*1)2/#344  34".+( *%$74' ."J&) 4'47&@ -*$0 2.7,<$''(0 - 34".+$ 

3$@,7;+4+.- & 2$3$<&*7$'( .*'.-'($ -(-.%( . B4E7>%'. 2./4@4'. /4<$*+-$''.$ 

*.E74*&$ 24341$+3.- ?4@.-.E. 2$3$0.%4 - 1.%$7& Ç/,7.' * 2.7.</.)È * nÐT 

%&4E341141& 1.%&?&8&3.-4''.) 2*$-%.2.+$'8&47;'.) 1.%$7& 3&%"$3E.-*/.) 

274@1(.  A%$74'. 23$%2.7.I$'&$ . -.@1.I'.*+& ?4@.-.E. 2$3$0.%4 +&24 ÇE4@Ð

I&%/.*+;È - ,*7.-&>0 L/*2$3&1$'+.- 2. ,7;+340.7.%'.) 3&%"$3E.-*/.) 274@1$.  

 

!"#$# 2.  !"#$%  !"#$%&#'%(  

2.1 @&,/.0-3.*'4 $ '.03+A3-,,-+**4B =-+=#B  

D 90Ð$ E.%( E3,2241& P-$%*/&0 & 3.**&)*/&0 &**7$%.-4+$7$) "(7& 

23.-$%$'( L /*2$3&1$'+( * &*2.7;@.-4'&$1 +$31. ÐL1&**&.''(0 %&.%.- (MK=) . 

D [4Ð7] L/*2$3&1$'+( 23.-.%&7&*; - -(*./.-4/,,1'.) /41$3$. T*+.<'&/.1 

8$@&$-(0 4+.1.- *7,I&7 *+$/7>''() /.'+$)'$3 * 1$+477&<$*/&1 8$@&$1, 

+$12$34+,34 /.+.3.E. *.*+4-7>74 130 Ð150 ¼A. K1&++$3.1 -.@",I%$''(0 4+.1.- 

*7,I&74 E34?&+.-4> ?.7;E4, 2.%.E3$-4$14> %. +$12$34+,3( 1300 N. H3& ,%43$ 

." L1&++$3 4+.1( 8$@&> L??$/+&-'. -.@",I%4O+*>, & *+4'.-&+*> -.@1.I'(1 &0 

&.'&@48&> L7$/+3&<$*/&1& 2.7>1& -*$E. 200Ð400 D/*1. H.+./& -.@",I%$''(0 

4+.1.- 8$@&> .+ L1&++$34 1.E,+ "(+; %. 1015 *1 Ð3*Ð1. M4/4> -(*./4> 

L??$/+&-'.*+;  -.@",I%$'&> 8$@&> ."#>*'>$+*> *.-24%$'&$1 -(*.+( 

2.+$'8&47;'.E. "43;$34 %$*.3"8&& 4+.1.- * 2.-$30'.*+& E34?&+4 & L'$3E&& 

8$@&> - -(*./.-.@",I%$''.1 *.*+.>'&& [ 7]. A0$14 L/*2$3&1$'+47;'.) 

,*+4'.-/& &@ 34".+( 2./4@4'4 '4 3&*. 1. 
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Рис. 1. Схема экспериментальной установки по наблюдению кластеров конденсата. 

 

H.+./ -.@",I%$''(0 4+.1.- &**7$%.-47*> * 2.1.J;O 14** Ð*2$/+3.1$+34. 

K'$3E&> 7$+>J&0 <4*+&8 - *2$/+3.1$+3$ &@1$3>74*; '4 *$3$%&'$ 75 *1 

23.7$+'.E. 2,+&. 6(7& @43$E&*+3&3.-4'( &.'( Cs+, /.+.3($ ."34@.-(-47&*; 23& 

&.'&@48&& -(*./.-.@",I%$''(0 4+.1.- 8$@&>.  T0 -3$1> 23.7$+4 *.*+4-7>7. 

25 1/*. B&@/&$ @'4<$'&> &.'&@&3,OJ$E. 2.7> *-&%$+$7;*+-.-47& . +.1, <+. 

8$@&) -.@",I%4$+*> L1&++$3.1 %. ,3.-'$) 2.3>%/4 30. D *2$/+340 *&E'47.-, 

2.1&1. 2&/.-, *..+-$+*+-,OJ&0 4+.141 8$@&>, @43$E&*+3&3.-4'( ,P&3$''($ 

2&/&, *..+-$+*+-,OJ&$ +>I$7(1 /74*+$341 &@ 4+.1.- 8$@&>, 14**4 /.+.3(0 

23&1$3'. - *.3./ +(*>< 34@ ".7;P$ 14**( 4+.1.- 8$@&> (3&*.  2). 

 

B4234-7$'&$ 
23.7Q+4 

 

K1&++$3 

:+.1( 
8$@&> 

5 11 
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Рис. 2. Типичный сигнал. При времени полета 6 мс масса кластера с энергией 200 эВ 

соответствовала 4x104 ионов цезия. 

 

D3$1> 23.7$+4 %7> '&0 "(7. 2 Ð6 1/ *, 4 L'$3E&> 100Ð250 LD. D4I'., <+. 

/74*+$3( "(7& +4/I$ 7$E/. &.'&@&3,OJ&$*>. :-+.3( 23$%2.7.I&7&, <+. L+& 

/74*+$3( /.'%$'*4+4 *.*+.>+ &@ -.@",I%$''(0 4+.1.- 8$@&>. 

D 34".+$ [5] &**7$%.-47&*; -.7;+412$3'4> 0434/+$3&*+&/4 (D:X) .+/3(+.E. 

+$31.&.''.E. /.'-$3+.34 Ñ  27.*/.243477$7;'.E. 23.1$I,+/4 23& ,*7.-&>0, 

/.E%4 - '$1 ."34@.-(-47*> /.'%$'*4+ &@ -.@",I%$''(0 4+.1.- Cs. !+/3(+() 

+$31.&.''() /.'-$3+$3 *.*+.&+ &@ 1.7&"%$'.-.E. 27$'.<'.E. L7$/+3.%4 

(."(<'. &*2.7;@,$1.E. /4/ L1&++$3 /.'-$3+$34) & 27.*/.) 2.-$30'.*+& 

L1&++$34 8$@&> (3&*. 3). 

 

D3$1> 2.7Q+4 

T
'+

$'
*&

-'.
*+

;
 

(
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Рис. 3. Схема установки по исследованию ВАХ. 

 

54**+.>'&$ 1$I%, L7$/+3.%41& "(7. 0.3Ð1 11. H7.J4%; 2$3$/3(+&> 

L7$/+3.%.- *.*+4-7>74 4[4 11. H43( 8$@&> &@ 2.%.E3$+.E. %. +$12$34+,3( 500 N 

/.'+$)'$34 23.0.%&7& <$ 3$@ 400 .+-$3*+&) %&41$+3.1 100 1/1 - L1&++$3$ 8$@&>,  

/.+.3() "(7 2./3(+ E34?&+.1 %7> L??$/+&-'.E. -.@",I%$'&> 4+.1.-. 

M$12$34+,34 L1&++$34 "(74 800 N & '&I$, 4 +$12$34+,34 1.7&"%$'.-.E. 

L7$/+3.%4 1400 N & '&I$.  

H3& 34".+$ /.'-$3+$34 1$IL7$/+3.%'.$ 23.*+34'*+-. '42.7'>7.*; *74". 

*-$+>J$)*> 8$@&$-.) 274@1.). 6(7& 2.7,<$'( 27.+'.*+& + ./4 100Ð200 :/*1 2 - 

*+48&.'43'.1 3$I&1$ & %. 500  :/*1 2 - '$*+48&.'43'(0 ,*7.-&>0. M&2&<'4> 

D:X 2./4@4'4 '4 3&*. 4 %7> +$12$34+,3( 1.7&"%$'.-.E. L7$/+3.%4 1200 N. 

 

10Ð6 $1)#  

H7Q'.<'() L7$/+3.%  

G$@&$-() L1&++$3 

1 $$  
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Рис. 4. ВАХ с линейным омическим сопротивлением. 

 

D L/*2$3&1$'+$ "(7. ."'43,I$'. *,J$*+-.-4'&$ '&@/.E. .1&<$*/.E. 

*.23.+&-7$'&>, 23&<$1 2.7,<$'4 .8$'/4 ,%$7;'.E. *.23.+&-7$'&> /.'%$'*4+4 .+ 

10Ð3 %. 10Ð2 !1/1. H.*7$%'$$ @'4<$'&$ ,%$7;'.E. *.23.+&-7$'&> '4&".7 $$ 

+&2&<'.. :-+.3( 34".+( [ 5] &'+$323$+&3,O+ *-.& 3$@,7;+4+( '4 .*'.-$ 

E&2.+$@( ."34@.-4'&> /.'%$'*&3.-4''(0 -.@",I%$''(0 *.*+.>'&) - 

1$IL7$/+3.%'.1 23.*+34'*+-$, 2.74E4> 23& L+.1,  <+. 2.7,<$''.$ ,%$7;'.$ 

*.23.+&-7$'&$ *. .+-$+*+-,$+ /.'%$'*&3.-4''.1, -.@",I%$''.1, *.*+.>'&O.  

D 34".+$ [6] /74*+$3( /.'%$'*4+4 &@ -.@",I%$''(0 4+.1.- 8$@&>, 

*."&347&*; '4 .074I%$'',O I&%/& 1 4@.+.1 7.-,P/, (3&*. 5). 
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Рис. 5. Схема экспериментов по наблюдению световых вспышек. 

 

H3& L+.1 -&@,47;'. '4"7O%47&*; *-$+.-($ -*2(P/&, E74-'(1 ."34@.1 '4 

.074I%4$1.) 4@.+.1 2.-$30'.*+&. 6.7;P&'*+-. -*2(P$/ '4"7O%4$+*> - +$<$'&$ 

2$3-(0 15 *$/,'%  2.*7$ .+/7O<$'&> '423>I$'&> '4 L7$/+3.%(. H3& ".7;P.1 

-3$1$'& '4/.27$'&> /74*+$3.- -*2(P/& '4"7O% 47&*; - +$<$'&$ 5Ñ 10 1&'. 

=&41$+3 <4*+&<$/, .8$'&-4OJ&)*> 2. -*2(P/41, ./.7. 0.5  11.  

D 34".+$ [7] "(74 &@1$3$'4 34".+4 -(0.%4 /.'%$'*4+4 - +$31.&.''. 1 

/.'-$3+$3$. H. 7,<$'( .8$'/& 34".+( -(0.%4 0.7 Ð0.5 LD. D*$ *-.& 3$@,7;+4+( 

4-+.3( 34".+ [ 4Ð7] ."#>*'>O+ 2.7,<$'&$1 /.'%$'*&3.-4''.) ?4@( &@ 

-.@",I%$''(0 4+.1.- 8$@&>.  

K+& L/*2$3&1$'+( "(7& 2.-+.3$'( E3,22.) 3.**&)*/&0 &**7$%.-4+$7$) 

[21]. T**7$%.-4'&$ ,*7.-&) ."34@.-4'&> NDA (/.'%$'*&3.-4''.E. 

-.@",I%$''.E. *.*+.>'&>) 8$@&> 23.-.%&7.*; - 74".34+.3'.1 

+$31.L1&**&.''.1 23$."34@.-4+$7$ * L7$/+3.%41& 27.*/.) ?.31( & 

2$3$1$''(1 1$IL7$/+3.%'(1 @4@.3.1, *.%$3I4J&1  -4/,,1'. Ð8$@&$-() +34/+ 

2.%4<& 8$@&> & 2.@-.7>OJ$1 - ,*7.-&>0 .%'.E. L/*2$3&1$'+4  .*,J$*+-7>+; 

7&". 34-'.-$*',O, 7&". %&'41&<$*/,O 2.%4<, 243.- 8$@&>. D L/*2$3&1$'+40 * 

%&'41&<$*/.) 2.%4<$) 243.- 8$@&> "(7& ,*+4'.-7$'( L1&**&.''($ 

!074I%Q''4> 7.-,P/4  

83".  

!%*  

9.%$7 
:"6';  

<$'.."#  
5 $$  
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0434/+$3&*+&/& /.77$/+.34 & L'$3E$+&<$*/&$ L??$/+( - 1$IL7$/+3.%'.) *3$%$, 

/.+.3($ - 23&'8&2&47;'.1 274'$ 1.I'. .+'$*+& / '4"7O%4$1.1, P-$%*/&1& 

&**7$%.-4+$7>1& NDA. K+. 23$I%$ -*$E., ,1$';P$'&$ 34".+( - (0.%4 

/.77$/+.34 * -$7&<&'( 1.4 Ð1.5 LD 23& 34-'.-$*'.) 2.% 4<$ 243.- 8$@&> %. 

-$7&<&'( 1.0 Ð1.1 LD 23& %&'41&<$*/.) 2.%4<$ & 2.>-7$'&$ /42$7;'.) 

274@1$''.) ?34/8&&, ./34P$''.) - @$7$'($ +.'4.  

D L/*2$3&1$'+$ '4"7O%47.*; @$7$'.$ *-$<$'&$ /42$7;'.) 274@1$''.) 

?34/8&& - 1$IL7$/+3.%'.1 @4@.3$ & - 23&1(/4OJ$1 / L7$/+3.%41 23.*+34'*+-$ 

* 0434/+$3'(1 34@1$3.1 d = 1 *1 - +$<$'&$ '$*/.7;/&0 *$/,'%. K+. - 10Ð100 34@ 

".7;P$ -3$1$'& 34*24%4 "$@/74*+$3'.) 274@1(. A7$%.-4+$7;'., '4"7O%4$14> - 

L/*2$3&1$'+$ 274@1$''4> ?34/8&> *.%$3I474 /74*+$3( * 14**.), 

*..+-$+*+-,OJ$) \ 100 4+.141. H. %4''(1 P-$%* /&0 &**7$%.-4+$7$) 

."34@,OJ&$*> - 3&%"$3E.-*/.) 14+$3&& /74*+$3( 1.E,+ *.%$3I4+; '$*/.7;/. 

*.+ 4+.1.- 8$@&> (%. 1000).  

A%$74''4> .8$'/4 */.3.*+& 34*24%4 274@1(, 2. 1'$'&O 4-+.3.- , 

*-&%$+$7;*+-,$+ . '47&<&$ /42$7;'.) 274@1$''.) ?34/8&& - -&%$ /74*+$3.- * 

14**.) ~  100 4+.1.- 8$@&> - -.@",I%$''.1 &7& &.'&@&3.-4''.1 *.*+.>'&&.  

2.2 C.+0-7 0 -=2.0D+$,&+ D+ $.;.,'$# $ /"+'*4B ,-,'.3#B  

D L+.1 2434E34?$ /34+/. .2&*4' 4 1.%$7; 3&%"$3E.-*/.E. -$J$*+-4, -2$3-($ 

23$%7.I$''4>  - 34".+40 [1, 2] (+4/I$ 34@-&+4> - ".7$$ 2.@%'&0 34".+40 [22, 23] & 

%3,E&0) %7> ."#>*'$'&> %3,E.E. *.*+.>'&> 3&%"$3E.-*/&0 4+.1.-, .+7&<'.E. .+  

3&%"$3E.-*/.) 274@1(, 2.7,<$''.)  - L/*2$3&1$'+40 [4Ð7] & [8Ð11]. F74-'($ 

23&'8&2&47;'($ .+7&<&> .2&*4''.) @%$*; 1.%$7& +4/ '4@(-4$1.E. 

Ç/.'%$'*&3.-4''.E. -.@",I%$''.E. *.*+.>'&>È (%47$$ NDA) @4/7O<4O+*> -. Ð

2$3-(0 - 23$'$"3$I$'&& +$12$34+,3'(1& L??$/+41&, 4 -. Ð-+.3(0 - .<$'; 

-(*./.) 27.+'.*+& -$J$*+-4, 23& /.+.3.) *+4'.-&+*> *,J$*+-$''(1 

-(3.I%$'&$ L7$/+3.'.-.  
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5&%"$3E.-*/&1 '4@(-4$+*> 4+.1, '40.%>J&)*> - -(*./.-.@",I%Q''.1 

*.*+.>'&& (E74-'.$ /-4'+.-.$ <&*7. k >> 1). !%'.) &@ .*."$''.*+$) +4/.E. 

*.*+.>'&> >- 7>$+*> $E. -.%.3.%.2.%."'.*+;. !'4 .",*7.-7$'4 +$1, <+. 23& 

".7;P&0 @'4<$'&>0 k -'$P'&) L7$/+3.' ,%47$' .+ 2.7.I&+$7;'. @43>I$''.E. 

4+.1'.E. .*+4+/4 '4  @'4<&+$7;'($ (2. *34-'$'&O * .*'.-'(1 *.*+.>'&$1) 

34**+.>'&>, & L'$3E$+&<$*/&$ ,3.-'& +$1 1$';P$ .+7&<4O+*> .+ -.%.3.%'(0, 

<$1 ".7;P$ k. M. $*+;, 3&%"$3E.-*/.$ *.*+.>'&$ &1$$+ ,'&-$3*47;'() %7> -*$0 

4+.1.- 0434/+$3, <+. *&7;'. ,23.J4$+ @4%4<, +$.3$+&<$*/.E. &**7$%.-4'&> 

*&*+$1 +4/&0 4+.1.- [24].  

H3.*+$)P&) 23&1$3 5: Ñ  4+.1 -.%.3.%4 H,  $%&'*+-$''() L7$/+3.' 

/.+.3.E. %-&I$+*> - /,7.'.-*/.1 2.7$ *-.$E. >%34 Ñ  23.+.'4. K'$3E$+&<$*/&) 

*2$/+3 4+.14 -.%.3.%4 ! ! ! 𝑅𝑦! ! ! , E%$ Ry Ñ  2.*+.>''4> 5&%"$3E4, k  Ñ  E74-'.$ 

/-4'+.-.$  <&*7.. D .*'.-'.1 *.*+.>'&& 27.+'.*+; .+3&84+$7;'.E. @43>%4, 

*.@%4''.E. L7$/+3.'.1 -./3,E >%34, 34*23$%$7$'4 *?$3&<$*/& *&11$+3&<'. * 

14/*&1,1.1 - >%3$ & L/*2.'$'8&47;'. *24%4$+ '4 2$3&?$3&&. K+. &@-$*+'.$ SÐ

*.*+.>'&$, 0434/+$3'() 34@1$3 L7$/+3.''.E. ."74 /4 - /.+.3.1 '4@(-4$+*> 

".3.-*/&1 34%&,*.1  (a0). A ,-$7&<$'&$1 L'$3E&& -.@",I%$'&> 2. 1$3$ 2$3$0.%4 

/ 3&%"$3E.-*/&1 *.*+.>'&>1 L'$3E&+&<$*/&$ ,3.-'& *"7&I4O+*>. H3&<$1 23& 

".7;P&0 k +.I$ *,J$*+-,O+ S *.*+.>'&>, ?.314 L7$/+3.''.E. ."74/4 - '&0 

23$%*+4-7>$+ *.".) +.'/&) *?$3&<$*/& *&11$+3&<'() *7.) * 34%&,*.1 ~ k2a0 

9.%$7; NDA .2&*(-4$+ *-.)*+-4 27.+'.E. ,24/.-4''.) *+3,/+,3(, 

0434/+$3'.) %7> /3&*+477.- +-$3%(0 +$7 Ñ  /74*+$34 3&%"$3E.-*/&0 4+.1.-. 

9&'&147;'. -.@1.I'() +3$01$3'() /74*+$3 &@ *?$3&<$*/&0 3&%"$3E.-*/&0 

4+.1.- *.*+.&+ &@ 13 27.+'. ,24/.-4''(0 4+.1.-. D*$ -47$'+'($ L7$/+3.'( 23& 

L+.1 /.77$/+&-&@&3.-4'( & *.*3$%.+.<$'( - +.'/&0 *7.>0 2. E34'&841 

L7$1$'+43'(0 ><$$/ (><$$/ D&E'$34ÐC$)+84) (3&*. 6). 
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Рис. 6. Кластер из семи ридберговских атомов. Перекрытие электронных оболочек 

показано штриховкой. Электроны могут двигаться внутри оболочек всех атомов, а не 

только того, которому принадлежат. Выделенный шестиугольник вокруг центрального 

ядра — ячейка Вигнера–Зейтца. 

 

 

D L+.) 1.%$7& -1$*+. &*+&''.E. /,7.'.-*/.E. 2.+$'8&474 -@4&1.%$)*+-&> 

-.@1.I'. &*2.7;@.-4'&$ 2*$-%.2.+$'8&474 :P/3.?+4 [ 25]. K+. 2.@-.7>$+ 

&*/7O<&+; 34*0.%&1.*+; - '4<47$ /..3%&'4+ "$@ *,J$*+-$''.E. -7&>'&> '4 

+ +

+

+

+

+ +
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+.<'.*+; 34*<$+.- (+. /. 27.+'.*+; L7$/+3.''.E. ."74/4 - ',7$ <3$@-(<4)'. 

1474). D-$%$'&$ 2*$-%.2.+$'8&474 & &*2.7;@.-4'&$ 1$+.%4 ?,'/8&.'474 

27.+'.*+& 2.@-.7>$+ [26] '4)+& 34*23$%$7$'&$ L7$/+3.'.-, .+-$<4OJ$$ 

1&'&1,1, -',+3$''$) L'$3E&& 3&%"$3E.-*/.E. -$J$*+-4. K+4 +$.3&> *0.I4 * 

."J&1 1$+.%.1 34*<$+4 *..+-$+*+-,OJ&0 -$7&<&' %7> 23.*+(0 1$+477.-. 

!+7&<&$ *.*+.&+ - +.1, <+. %7> 1$+477.- '&I'&$ L'$3E$+&<$*/&$ *.*+.>'&> 

&.''.E. .*+.-4 @42.7'$'( L7$/+3.'41&, 4 %7> NDA Ñ  2,*+(. !%'4/. L+. '$ 

-7&>$+ *,J$*+-$''. '4 .*'.-'($ *-.)*+-4, /.+.3($ .23$%$7>O+*> -47$'+'(1& 

L7$/+3.'41&. 

!%'&1 &@ '4&".7$$ -4I'(0 3$@,7;+4+.-, .23$%$7>OJ&0 *-.)*+-4 L+.) 

1.%$7&, >-7>$+*> *&7;'4> '$.%'.3.%'.*+; 27.+'.*+& 34*23$%$7$'&> 

."."J$*+-7$''(0 L7$/+3.'.-. R&*7$''($ 34*<$+( 2./4@47& [ 1, 2], <+. 

34*23$%$7$'&$ @43>%4 & L7$/+3.''() 2.+$'8&47 &1$O+ '$."(<'() -&%: - +$0 

1$*+40, E%$ L7$/+3.''4> 27.+'.*+; &1$$+ 14/*&1,1, 2.+$'8&47 &1$$+ 1&'&1,1. 

K+. *->@4'. * +$1, <+. ."1$''.$ -@4&1.%$)*+-&$ -+>E&-4$+ L7$/+3.'( - ."74*+; 

&0 2.-(P$''.) 27.+'.*+&. K+4 .*."$''.*+; .",*7.-7$'4 %."4-.<'(1 -/74%.1 

(."1$''.$ -@4&1.%$)*+-&$) - 2.+$'8&47, '4@(-4$1(1 2.+$'8&47.1 A7L+$34. 

K+.+ -/74%, - .+7&<&$ .+ ."(<'(0 1$+477.-, *+4'.-&+*> 3$P4OJ&1 - 

3&%"$3E.-*/.1 -$J$*+-$.  

9. %$7; NDA 2.@-.7>$+ 34**<&+4+; &7& .8$'&+; 1'.E&$ *-.)*+-4 & 

24341$+3( 27.+'.E. 3&%"$3E.-*/.E. -$J$*+-4 (34-'.-$*',O 27.+'.*+;, L'$3E&O 

*->@&, 1.%,7& ,23,E.*+&, /.L??&8&$'+ 2.-$30'.*+'.E. '4+>I$'&>, */.3.*+; 

@-,/4, L7$/+3.23.-.%'.*+; & %3.) - @4-&*&1.*+& .+ &*0.%'.E. E74-'.E. 

/-4'+.-.E. <&*74 & - 23$'$"3$I$'&& +$12$34+,3'(1& L??$/+41&.  

B423&1$3, 4-+.3( 34".+ [ 4Ð7] ."#>*'>O+ '&@/.$ .1&<$*/.$ *.23.+&-7$'&$ 

& %3,E&$ L??$/+( 2.7,<$'&$1 /.'%$'*&3.-4''.) ?4@( &@ -.@",I%$''(0 4+.1.- 

8$@&>. !%'4/. 3&%"$3E.-*/&$ 4+.1(  - L+&0 L/*2$3&1$'+40 '$ -(3.I%$'(, 4 

+$12$34+,3( %47$/. '$ ',7$-($ . R+. %$74$+ 4/+,47;'(1 -.23.* . 2.&*/$ %3,E.) 
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?&@&<$*/.) 1.%$7&, ".7$$ 2.%0.%>J$) %7> .2&*4'&> ."'43,I$''(0 *-.)*+-, <$1 

.2&*4''4> - L+.1 2434E34?$ 1.%$7; NDA. 

=47$$ - %&**$3+48&& .2&*4'( L/*2$3&1$'+( %7> E4@4 3&%"$3E.-*/&0 4+.1.- 

[8Ð11] 23& %3,E&0 +$12$34+,340 & 27.+'.*+>0. K+.+ E4@ +4/I$ .+7&<4$+*> 

.+*,+*+-&$1 -(3.I%$'&> <4*+&8. =7> ,*7.-&) L+&0 L/*2$3&1$'+.- "(74  

&*2.7;@.-4'4 1.%$7;, ,<&+(-4OJ4> +$12$34+,3'($ L??$/+( & -@4&1.%$)*+-&$ 

3&%"$3E.-*/&0 4+.1.- 23& .+*,+*+-&& -(3.I% $'&>. K+4 1.%$7; .*'.-4'4 '4 

2*$-%.2.+$'8&47;'.) 1.%$7 & '$&%$47;'.) 274@1( [13] & %$+47;'. .2&*4'4 -. 

-+.3.) E74-$ %&**$3+48&&. 

2.3 @&,/.0-3.* '4  c ,-,'.3#3- (")'0#B+"+=*4 B 

0-=2.0D+$,&- B #'+3+$  

D /.'8$ 90 Ð0 Ñ  '4<47$ 2000Ð0 2.>-&7*> 3>% 34".+, ."'43,I&-P&0 

'$."(<'($ *-.)*+-4 *&*+$1 3&%"$3E.-*/&0 4+.1.- 23& %3,E&0 ,*7.-&>0: /34)'$ 

'&@/&0 +$12$34+,340 & '&@/&0 /.'8$'+348&>0 <4*+&8. D 34".+40 [8Ð11] 

&@,<47.*; 3&%"$3E.-*/.$ -$J$*+-. - 274@1$''.1 *.*+.>'&&. D'4<47$ 

*.@%4-474*; 2.7'.*+;O &.'&@.-4''4> 274@14, /.+.34> @4+$1 <4*+&<'. 

3$/.1"&'&3.-474. H3& L+.1 ."34@.-(-47&*; 3&%"$3E.-*/&$ 4+.1(, /.+.3($ 

*,J$*+-.-47& %7&+$7;'.$ -3$1> - *1$*& *. *-.".%'(1& L7$/+3.'41& & &.'41&.   

D 34".+40 [8Ð10] &@,<474*; 274@14 /*$'.'4. D 34@3>%$ 2.7,<47& ./.7. 50106  

1$+4*+4"&7;'(0 4+.1.- X$ (,3.-$'; 6 S[3/2]2 Ñ  -3$1> I&@'& 43 *$/). C4+$1 &0 

.074I%47& * &*2.7;@.-4'&$1 L/*2$3&1$'+47;'(0 1$+.%.- , 23&1$'>-P&0*> - 

34".+40 2. 6.@$ÐK)'P+$)'.-*/.) /.'%$'*48&& [ 30]. :+.1( *."&347& - 

14E'&+..2+&<$*/,O 7.-,P/, & .074I%47& 74@$3.1 '4 2$3$0.%$ 6S[3/2]2 Ð 

6P[5/2]3 (%7&'4 -.7 '(  882 '1) %. +$12$34+,3( 10 1/N  (10Ð5N).  

94/*&147;'4> 27.+'.*+; 4+.1.- %.*+&E474 201010 *1 Ð3, 23& L+.1 

34*23$%$7$'&$ 2. 27.+'.*+>1 "(7. E4,**.-*/&1 *. *3$%'$/-4%34+&<'(1 

34%&,*.1 180 1/1.  



24 

=7> *.@%4'&> 274@1( ".7;P$ 25% 4+.1.- "(7. ?.+.&.'&@.-4'. - +$<$'&$ 

10 '*. A'4<474 @4*$7>7*> ,3.-$'; 6P[5/2]3, 4 @4+$1 4+.1 &.'&@.-47*> ?.+.'41& * 

%7&'.) -.7'(  514 '1. 54@'&84 L'$3E&) 1$I%, L'$3E&$) ?.+.'4 & 2.+$'8&47.1 

&.'&@48&& ! Е 34*23$%$7>74*; 1$I%, L7$/+3.'41& & &.'41&. H3&<$1 &@Ð@4 

147.) -$7&<&'( .+'.P$'&> 14**( L7$/+3.'4 / 14**$ &.'4, +.7;/. 4010 Ð6 ! Е 

2.7,<47& &.'(, 4 -*$ .*+47;'.$ Ñ  L7$/+3.'(. D [ 8Ð10] ! Е/kB (kB Ñ  2.*+.>''4> 

6.7;814'4) 1 $' >7& /.'+3.7&3,$1(1 ."34@.1 .+ 0.1  N %. 1000 N. 94/*&147;'4> 

/.'8$'+348&> @43>I$''(0 <4*+&8 *.*+4-&74 n = ne + ni = 20109 *1 Ð3.   

B4 3&*. 74 &@."34I$' L7$/+3.''() *&E'47 &@ ,7;+340.7.%'.) '$)+347;'.) 

274@1(, 2.7,<$''.) ?.+.&.'&@48&$) .+ 1.1$'+4 -3$1$'&  t = 0.  

 

 

Рис. 7. Электронный сигнал из ультрахолодной плазмы,  начиная с ее образования.  

* ) 3x104 см атомов фотоионизовано и Ee/kB = 540 K, сплошная линия при выключенном 

радиочастотном поле, пунктирная — постоянное радиочастотное поле 5 MГц.  

5) 8x104 см атомов фотоионизовано и Ee/kB = 26 K, для каждой линии показана частота 

радиочастотного поля. 
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H$3-() 2&/ - *&E'47$  *.@%4O+ L7$/+3.'(, /.+.3($ 2.24%4O+ - %$+$/+.3 

<$3$@ 1 1/*. D 3$@,7;+4+$, -.@'&/'.-$'&$ *,1143'.E. 2.7.I&+$7;'.E. @43>%4 - 

274@1$ *.@%4$+ /,7.'.-*/,O 2.+$'8&47;',O >1,, /.+.34> @40-4+(-4$+ 

.*+4-P&$*> L7$/+3.'(. !/.7. 90 Ð99% L7$/+3.'.- @40-4+(-4$+*>. H3& 

34*P&3$'&& 274@1( E7,"&'4 /,7.'.-*/.) >1( ,1$';P4$+*>. D 3$@,7;+4+$ 

2.>-7>$+*> 14/*&1,1 '4 25 1/*.  

H3& -.@%$)*+-&& 2.*+.>''.E. 34%&.<4*+.+'.E. 2.7> 2.>-7>$+*> 

%.2.7'&+$7;'() 14/*&1,1 - L7$/+3.''.1 *&E'47$. K+. ."#>*'>$+*>  +$1, <+. 

-.@%$)*+-&$ 34%&.<4*+.+'.E. 2.7> -(@(-4$+ 274@1$''($ /.7$"4'&> +.7;/. - 

*7,<4$ <4*+.+'.E. 3$@.'4'*4. :127&+,%4 /.77$/+&-'.E. L7$/+3.''.E. %-&I$'&> 

*,J$*+-$''. 1$';P$ 34@1$34 ."74/4 <4*+&8 " . H3&."3$+$''4> L'$3E&> 

2$3$34*23$%$7>$+*> 1$I%, L7$/+3.'41& @4 -3$1$'4 10Ð1000 '*, ,-$7&<&-4> &0 

+$12$34+,3,. K+. 23&-.%&+ / ,-$7&<$'&O */.3.*+& &*243$'&> L7$/+3.'.- &@ 

/,7.'.-*/.) >1(,  <+. *.@%4$+ 274@1$''($ .*8&77>8&&, /4/ -&%'. '4 

L7$/+3.''.1 *&E'47$.  5$@.'4'*'() .+/7&/ 23&0.%&+ 2.@I$ 23&  ,1$';P$'&& 

<4*+.+( 2.7> (3&*. 7 "), +. /. *3$%'>> 27.+'.*+; 24%4$+ *. -3$1$'$1. 
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Рис. 8. Зависимость средней плотности расширяющейся плазмы от времени Количество 

фотионизованных атомов N = 5x105. Кружки — Ee/kB = 3.9K, квадратики — Ee/kB = 316K. 

Сплошные линии — соотв. теоретические кривые. 

 

B4 3&*. 8 2.*+3.$'4 ?,'/8&> @4-&*&1.*+& *3$%'$) 27.+'.*+& L7$/+3.'.- .+ 

-3$1$'&.  K+& %4''($ 0.3.P. .2&*(-4O+*> .%'.3.%'. 34*P&3>OJ&1*> ."74/.1  

<4*+&8, 27.+'.*+; /.+.3.E. 1$'>$+*> 2. @4/.',  n = N / [4! (" 0
2 + v0

2t2)]3/2 , E%$ σ0 Ñ  

'4<47;'() *3$%'$/-4%34+&<'() 34%&,*, 4 v0 — *3$%'$/-4%34+&<'4> 34%&47;'4> 

*/.3.*+;. N .23$%$7>$+*> '$@4-&*&1. &@ 2.%*<$+4 '$)+347;'(0 4+.1.- %. & 

2.*7$ ?.+.&.'&@48&&. H.7,<$''($ %7> 60 @'4<$'&> *.-24%4O+ * 34@1$3.1 

'4<47;'.E. 4+.1'.E. ."74/4, *3$%'>> /&'$+&<$*/4> L'$3E&> '4 <4*+&8, 3mv0
2/2. D 

[8Ð10] +4/I$ "(7. ."'43,I$'. 4'.147;'.$ @41$%7$'&$ 3$/.1"&'48&&  - 

2.7,<$''.) 274@1$  23& 7 = 1. D3$1> 3$/.1"&'48&& *.*+4-7>7. 100 1/*. !8$'/4 

-3$1$' & 3$/.1"&'48&& 2. ?.31,7$ , *234-$%7&-.) %7> 34@3$I$''.) 274@1(, 

*.*+4-7>$+ '4'.*$/,'%(  [31]. 

D [11] "(74 2.7,<$'4 274@14, 4'47.E&<'4> [8Ð10] - J$7.<'(0 1$+47740 Rb & 

Cs, 2,+$1 -.@",I%$'&> E4@4 0.7.%'(0 4+.1.- (Ta ~ 10Ð4 K) '4 3&%"$3E.-*/&) 

,3.-$'; L'$3E&& (,3.-$'; n = 36Ð40). K/*2$3&1$'+ 23.-.%&7*> * &*2.7;@.-4'&$1 
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74@$3'.E. .074I%$'&>. =7> 2.7,<$'&> 274@1( - E4@ %."4-7>7& 1% -.@",I%$''(0 

4+.1.- 23& T ~ 300 K. A&*+$1, &**7$%.-47& 23& 2.1.J& /.3.+/&0 

L7$/+3&<$*/&0 &12,7;*.-, /.+.3($ -(3(-47& &@ 274@1( *74". *->@4''($ 

L7$/+3.'(. D L+.) 34".+$ "(7. 2./4@4'., <+. *1$*; 0.7.%'(0 -.@",I% $''(0 

4+.1.- & '$".7;P.E. <&*74 E.3><&0 4+.1.- 2$3$0.%&+ - 0.7.%',O 274@1,. K+& 

L/*2$3&1$'+( E.-.3>+ . +.1, <+. 27.+'($ *&*+$1( 3&%"$3E.-*/&0 4+.1.- 1.E,+ 

2$3$0.%&+; - *.*+.>'&> 2.%."'($ 41.3?'(1 1$+477.2.%."'(1 *+3,/+,341.  

D [31] 23$%*+4-7$' '.-() 1$+.% %7> &@,<$'&> ,7;+340.7.%'.) 274@1(. H3& 

2.1.J& 1$+.%&/& 4"*.3"8&.''.E. &@."34I$'&> &@,<474*; %&'41&/4 &.'.- - 

,7;+340.7.%'.) 274@1$. =7> *.@%4'&> 274@1( 4+.1( Sr .074I%47& %. 

+$12$34+,3( 20 1N - 14E'&+..2+&<$*/.) 7.-,P/$, 14/*&147;' 4> 27.+'.*+; 

%.*+&E474 1010 *1 Ð3, /.7&<$*+-. @40-4<$''(0 4+.1.- 10 8.  C4+$1 23& 2.1.J& 

&12,7;*'.E. 74@$34 '4 /34*&+$7>0 274@1, &.'&@.-47&. T.'( Sr+ 2.E7.J47& 

@.'%&3,OJ&) 74@$3'() 2,<./ '4 2$3$0.%$ 2S1/2 Ð 2P1/2,  (%7&'4 -.7'( 422 '1), 

@4+$1 274@14 -(*-$<&-474 & &@."34I$'&$ 2.24%47. '4 CCD /41$3,. =47$$ 

.23$%$7>74*; .2+&<$*/4> E7,"&'4, /4/ .+'.P$'&$ &'+$'*&-'.*+& @.'%&3,OJ$E. 

7,<4 / &'+$'*&-'.*+& -(*-$<&-4'&> L+.E. 7,<4 <$3$@ 274@1,. C4+$1 &@1$3>7& 

@4-&*&1.*+; .2+&<$*/.) E7,"&'( .+ &@1$'$'&> <4*+.+( 74@$34 %7> 34@7&<'(0 

-3$1$' .+ *.@%4'&> %. 34*24%4 274@1(. K+. 2.@-.7&7. 2.7,<&+; &'?.3148&O . 

%&'41&/$ 274@1(. D 2$3-($ 250 '* 2.*7$ *.@%4'&> 274@1( +$12$34+,34 &.'.- 

"(*+3. ,-$7&<&-4$+*> %. ,*+4'.-7$'&> 34-'.-$*&>.  

D [33] &@,<474*; L7$/+3.''4> +$12$34+,34 - ,7;+340.7.%'.) 274@1$. 4x106 

1$+4*+4"&7;'(0 4+.1.-  Xe 23& +$12$34+,3$ 20 1/N *."&347& - 14E'&+.Ð

.2+&<$*/.) 7.-,P/$ 4'47.E&<'. *0$1$ L/*2$3&1$'+.- [ 8Ð10]. C4+$1 ./.7. 30% 

"(7. ?.+.&.'&@.-4'. 74@$3.1 '4 /34*&+$7>0.  

 6(7 23$%7.I$' '.-() 1$+.% %7> .23$%$7$'&> +$12$34+,3( L7$/+3.'.-. 

K+.+ 1$+.% 2.@-.7>$+ .23$%$7>+; 34*23$%$7$'&$ L7$/+3.'.- 2. L'$3E&>1 23& 

2.1.J& -'$P'$E. ~  0.3Ð4 D/1 L7$/+3&<$*/.E. 2.7>. K+. 2.7$ '$1'.E. 1$';P$ 
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-$7&<&'( 2.+$'8&47; '.E. "43;$34 %7> L7$/+3.'.- - &**7$%,$1.) 274@1$. D 

3$@,7;+4+$ 3$@/.E. ,-$7&<$'&> -'$P'$E. 2.7> L7$/+3.'( * ".7;P$) 

/&'$+&<$*/.) L'$3E&$) 1.E,+ -(3-4+;*>. K+& L7$/+3.'( 2.24%4O+ - %$+$/+.3. 

H. -*27$*/41 L7$/+3.''(0 *&E'47.- 1.I'. .23$%$7&+; +$12$34+,3, L7$ /+3.'.- 

- 274@1$. 6(7& 2.7,<$'( @4-&*&1.*+& 24341$+34 -@4&1.%$)*+-&> & +$12$34+,3( 

L7$/+3.'.- .+ -3$1$'& - 34*P&3>OJ$)*> 274@1$ 23& 34@'(0 '4<47;'(0 

+$12$34+,340 Т = 10Ð300 N. 6(7. 2./4@4'., <+. - 23.8$**$ 34*P&3$'&> 274@1( 

+$12$34+,34 24%4$+, 4 24341$+3 -@4&1.%$)*+-&> *74". 34*+$+ %. -$7&<&'( 0.1Ð

0.15, +4/ <+. 2.7,<$''4> 274@14 '$ >-7>$+*> *&7;'. *->@4''.). 

2.4 C.+0.'-6.,&-.  0#2+'4 /+ (")'0#B+"+=*+E 

0-=2.0D+$,&+E /"#13.  

D(P$ "(7& .2&*4'( 34@7&<'($ L/*2$3&1$'+47;'($ 34".+(, *->@4''($ * 

&.' &@.-4''.) 3&%"$3E.-*/ .) 274@1.) & .*'.-'($ 3$@,7;+4+( L+&0 34".+. D 

%4''.1 2434E34?$ 34**1.+3$'(  *,J$*+-,OJ&$ +$.3$+&<$*/&$ 2.%0.%(, 

2(+4OJ&$*> &0 .2&*4+;.  

D [34Ð41] ."*,I%47&*; & "(7& 23$%7.I$'( 34@7&<'($ /&'$+&<$*/&$ 1.%$7& 

.2&*4'&> 2.7,<$''(0 - [ 8Ð10] 3$@,7;+4+.-. K+& 3$@,7;+4+( 1.I'. 34@%$7&+; '4 

%-$ E3,22(. H$3-4> E3,224 34".+ [34Ð39] .*'.-(-4$+*> '4 +.1, <+. 

3$/.1"&'48&>, 23.+$/4OJ4> - 274@1$ *34@, 2.*7$ $$ ."34@.-4'&>, 23&-.%&+ / 

,-$7&<$'&O /&'$+&<$*/.) L'$3E&& L7$/+3.'.-. M$1 *41(1 .'4 23&-.%&+ / 3.*+, 

Te & ,-$7&<$'&O /&'$+&<$*/.) L'$3E&& &.'.-.  

D 34".+$ [34] &**7$%.-474*; -.@1.I'.*+; ?.31&3.-4'&> *&7;'. *->@4''.) 

274@1( &.'.-. 54**14+3&-47&*; L/*2$3&1$'+47;'($ 3$@,7;+4+( [8Ð10]. H3& L+.1 

23$%2.74E47.*;, <+. - L/*2$3&1$'+$ L7$/+3.''4> & &.''4>  2.%*&*+$1( 

-@4&1.%$)*+-,O+ .<$'; *74".. B4 .*'.-$ 3$@,7;+4+.- 34*<$+4, 2.7,<$''(0 - 

[42], ,+-$3I%4$+*>, <+. */.3.*+; ."1$'4 L'$3E&) L+&0 2.%*&*+$1 *&7;'. 

@4'&I4$+*>, &@Ð@4 +.E., <+. 2.%*&*+$1( *&7;'. *->@4'(, &  *7$%.-4+$7;'.  274@14 
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>-7>$+*> %-,0 +$12$34+,3'.) . :-+.3( %47$$ -(*+34&-4O+ L-.7O8&O 274@1( - 

L/*2$3&1$'+$: ]ion ~ ] e << ]i << ]exp < ]rec, E%$ ]ion Ñ  -3$1> &.'&@48&&, ]e & ]i Ñ  

-3$1$'4  ,*+4'.-7$'&> L7$/+3.''.) & &.''.) +$12$34+,3( *..+-$+*+-$''., ] exp 

Ñ  -3$1> '4<474 34*P&3$'&> 274@1(, ]rec Ñ  -3$1> '4<474 3$/.1"&'48&&. =47$$ 

&@Ð@4 147.E. 24341$+34 -@4&1.%$)*+-&> %7> L7$/+3.'.- &*2.7;@,$+*> 1.%$7; 

7&'$)' .E. L/34'&3.-4'&> [ 43]. K+. *.E74*,$+*> * 1.%$7;O ^/4-(, - /.+.3.) 

-@4&1.%$)*+-&$ 1$I%, &.'41& 23.&*0.%&+ <$3$@ 2.+$'8&47  

uY(r) = e2exp(–r/rD)/r,  E%$ rD = Te / 4! ne2  Ñ  34%&,* =$"4>.   

9.%$7; ^/4-(  .2&*(-4$+*>  E41&7;+.'&4'.1 [ 34]: 

H =
pn

2

2mi

+
1

2!
! (k)
" (k)k" 0

# [n(
!
k)n($

!
k) $ N]

n

# + Fe $ NT%
K
2   (2.1) 

E%$ a = (3/4πn1/3) Ñ  34%&,* D&E'$34ÐC$)+84, K = a/rD, ν(k) = 4πe2/k2 Ñ  

/,7.'.-*/.$ -@4&1.%$)*+-&$ ε(k) = 1+(k2rD
2)–1 Ñ  L7$/+3.''4> %&L7$/+3&<$*/4> 

23.'&84$1.*+;, n(k) = Σmexp(–ik·rm) &.''4> 27.+'.*+; - W,3;$ 23.*+34'*+-$, 

Γ = e2/(aT) — /,7.'.-*/&) 24341$+3 *->@& (Coulomb coupling parameter), Fe Ñ  

*-.".%'4> L'$3E&> F$7;1E.7;84 .%'.3.%'.E. L7$/+3.''.E. E4@ 4, & 2.*7$%'$$ 

*74E4$1.$ Ñ  *-.".%'4> L'$3E&>, *->@4''4> * ."74/.1 L/34'&3.-4'&>.  

T@ -(34I$'&> (1.1) 4-+.3( -(-.%>+ .8$'/, %7> /.'$<'.) +$12$34+,3(  

Tf ≈ Ti −
2
3

TfΓ fUex        (2.2) 

E%$ Tf Ñ  /.'$<'4> +$12$34+,34, Ti Ñ  '4<47;'4> +$12$34+,34. 

=.2.7'&+$7;'4> L'$3E&> u/Γ = Uex – k/2 Ñ   "(74 2.7,<$'4 - [ 40] 23& 

2.1.J& 1$+.%4 1.7$/,7>3'.) %&'41&/&. R&*7$''() 34*<$+ .*'.-4' '4 

&*2.7;@.-4'&& ,34-'$'&> %-&I$'&> &.'.- - &'+$3-47$ -3$1$'& 1$I%,  ] e & ]exp: 

mi

d2!r
dt2

= e2 !
rnm

m≠n

∑ exp(−rnm / rd )

rnm
3

(1+ rnm / rd )
    

(2.3) 
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E%$ mi Ñ  14**4 &.'4 & rnm = rn Ð rm 1$I<4*+&<'.$ 34**+.>'&$. D 23.8$**$ 

<&*7$''.E. 1.%$7&3.-4'&> /&'$+&<$*/4> +$12$34+,34 .23$%$7>74*;, /4/: 

Tion (t) =
mi
2N

! n
2

n
! (t)

 
     (2.4) 

E%$ N Ñ  <&*7. <4*+&8, vn Ñ  */.3.*+; nÐ) <4*+&8(. 

D 3$@,7;+4+$ 34*<$+4 "(7. 2./4@4'., <+. 23& 2$3$0.%$ .+ '$,2.3>%.<$''.) 

*+3,/+,3( - ,2.3>%.<$'',O 23& ,*7.-&& *.034'$'&> 2.7 '.) L'$3E&& *&*+$1( 

<4*+&8 23.&*0.%&+ 2.'&I$'&$ 2.+$'8&47;'.) L'$3E&&. V-$7&<$'&$ @4 *<$+ L+.E. 

/&'$+&<$*/.) L' $3E&& +>I$7(0 1$%7$''(0 <4*+&8 @'4<&+$7;'. ".7;P$, <$1 

,-$7&<$'&$ /&'$+&<$*/.) L'$3E&& @4 *<$+ ."1$'4 L'$3E&$) * 7$E/&1& "(*+3(1& 

<4*+&841& (3&*. 9).  

 

Рис. 9. Ионная температура в зависимости от времени. Короткий пунктир 

соответствует концентрации  n = 109 см–3, длинный пунктир — n=5*108 см–3, сплошная 

линия — n = 108 см–3. Теоретически рассчитанная температура в последний момент 

времени при n = 109 см–3 — горизонтальная пунктирная прямая.  
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)
 

G0.37 ( /.0-+ =4  /"#13. &+".2#*-E ) 
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M4/I$ 4-+.3( 23$%*/4@(-4O+ ."34@.-4'&$ %47;'$E. 2.3>%/4 - *&*+$1$ 23&  

8 >> 1 (3&*. 10). 

 

 

Рис. 10. Параметр неидеальности для ионов в зависимости от времени. Короткий пунктир 

соответствует концентрации  n = 109 см–3, длинный пунктир — n = 5*108 см–3, сплошная 

линия — n = 108 см–3. Также на графике представлен теоретически предсказанный 

параметр неидеальности в последний момент времени при n=109 см–3и фазовая граница. 

 

D 34".+$ N,@;1&'4 & !ÕB&74 [35] ."*,I%4O+*> 3$@,7;+4+(, 23&-$%$''($ - 

34".+$ [34]. :-+.3( [ 35] *.E74*'( * +$1, <+. 34@.E3$- *&*+$1( 23.&*0.%&+ - 

3$@,7;+4+$ -(*-.".I%$'&> /.33$7>8&.''.) L'$3E&& <4*+&8. !%'4/. - [34] '$ 

,<&+(-4O+*> 23.8$**(, *->@4''($ * 3$/.1"&'48&$) L7$/+3.'.-. :-+.3( [ 35] 

*<&+4O+ 23.8$** +3$0<4*+&<'.) 3$/.1"&'4 8&& .<$'; "(*+3(1 & E74-'(1 - 

34@.E3$-$ *&*+$1(. B4<47;'() 34@.E3$- 23$%2.74E4$+*> @4 -3$1$'4 2.3>%/4 

."34+'.) -$7&<&'$ 274@1$''.) <4*+.+( ω p
−1 ~ a / e2 / ame . =7> <&*7$''.E. 

34*<$+4 &*2.7;@.-47*> 1$+.% /74**&<$*/.) 1.7$/,7>3'.) %&'41&/&, 

H#1+$#7 D0#*->#  

M$.3&> 

G0.37 (/.0-+=4 /"#13 . &+".2#*-E ) 
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4'47.E&<'()  +.1,, /.+.3() 23&1$'>$+*> - 4*+3.?&@&/$ 23& 4'47&+&<$*/.1 

34*<$+$ /$27$3.-*/&0 .3"&+ %-.)'(0 @-Q@%. N4/ ,+-$3I%4O+ 4-+.3(, %-.)'($ 

@-$@%( >-7>O+*> 4'47.E.1 -(*./.-.@",I%$''(0 3&%"$3E.-*/&0 *.*+.>'&). 

K'$3E&> -.@",I%$'&>, %. /.+.3.E. 4-+.3( 23.-.%>+ 34*<$+ Ebinding/(e2/a) = 25, L+4 

L'$3E&> *..+-$+*+-,$+ ,3.-'O L'$3E&& -.@",I%$'&> 4+.14 -.%.3.%4 n = 43. 

D3$1$''.) 14*P+4", - /.+.3.1 23.-.%>+ 34*<$+ , tmax wp = 70.9, <+. *..+-$+*+-,$+ 

tmax = 5x10Ð8 *$/. B4 3&*. 11 23$%*+4-7$' E34?&/ @4-&*&1.*+& ."34+'.) -$7&<&'( 

24341$+34 -@4&1.%$)*+-&> Ге = 1.67 U - @4-&*&1.*+& .+ -3$1$'&.  

 

 

Рис.11. Безразмерная температура в зависимости от безразмерного времени [35]. 

 

D'4<47$ 23.&*0.%&+ ,*+4'.-7$'&$ +$12$34+,3(, 4 @4+$1 274-'() 34@.E3$- 

@4 *<$+ +3$0<4*+&<'.) 3$/.1"&'48&&.  

D 34".+$ 5."&P.  * *.4-+.341& [ 36], +4/I$ 34**14+3&-47&*; L/*2$3&1$'+( 

[8Ð10]. :-+.3( 23.%$747& <&*7$''() 34*<$ +, &*2.7;@,OJ&) 24/$+ 23.E3411: 

23.E34114 %7> 34*<$+4 %&'41&/& L7$/+3.*+4+&<$*/&0 <4*+&8 1$+.%.1 9.'+$Ð

N437. %7> 1.%$7& /,7.'.-*/&0 *+.7/'.-$'&), 23.E34114 %7> 34*<$+4 %&'41&/& 
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&@.+$31&<$*/.) I&%/.*+&, & &+.E.-4> 23.E34114, &*2.7;@,OJ4> .8$'.<'($ 

,34-'$'&>. D. -*$0 L+&0 34*<$+40  &.'( 34**14+3&-4O+*>, /4/ I&%/.*+; 23& 

',7$-.) +$12$34+,3$, +.  /. &.''4> +$27. -4> L'$3E&> .*+4$+*> 147.) 2. *34-'$'&O 

* 34%&47;'.) /&'$+&<$*/.) L'$3E&$) .",*7.-7$''.) 34*P&3$'&$1 274@1(. 

F74-'(1 3$@,7;+4+.1 L+&0 34*<$+.- *+47. <&*7. & +$12$34+,34 +$0 L7$/+3.'.-, 

/.+.3($ .*+4O+*> 2.*7$ "(*+3.E. 34@3,P$'&> & &*243$'&> &@ 274@1(. D 

/4<$*+-$ %./4@4+$7;*+-4 &*2.7;@,O+*> 3$@,7;+4+( 34".+( [34]. 6(74 +4/ I$ 

."'43,I$'4 .<$'; "(*+34> +$3147&@48&> L7$/+3.'.-  - 14*P+4"$ -3$1$'& 

34@7$+4 &.'.-, 23& _$ < 200 K. 

D 34".+$ [37] 23& 4'47&@$ L/*2$3&1$'+4 [10] 4-+.3( &*0.%&7& &@ 

23$%2.7.I$'&>, <+. -3$1$'4 3$74/*48&& -(*./.-.@",I%$''(0 *.*+.>'&), %7> 

/.+.3(0 23.-.%&7&*; &@1$3$'&>, @'4<&+$7;'. 1$';P$ -3$1$'& 3$74/*48&& 

27.+'.*+& Ne & +$12$34+,3( Te *-.".%'(0 L7$/+3.'.-. K+. 2.@-.7>$+ '4)+& 

-3$1$''($ @4-&*&1.*+& Ne(t) & Te(t) * ,<$+.1 3$/.1"&'48&& & 

3$/.1"&'48&.''.E. '4E3$-4, &*2.7;@,> &@1$3$''($ - L/*2$3&1$'+40 */.3.*+& 

34@7$+4 274@1$''.E. *E,*+/4. H. -(<&*7$''(1 @'4<$'&>1 Ne(t) & Te(t) 4-+.3(  

[37] .23$%$7>7& 27.+'.*+; 3&%"$3E.-*/&0 4+.1.- & *34-'&-47& $$ * 

L/*2$3&1$'+47;'(1& %4''(1&. 54**1.+3$'&$ @4-&*&1.*+& 27.+'.*+& 

L7$/+3.'.- .+ -3$1$'&, /4/ &  - ".7$$ 34''&0 34".+40 [ 38], '$ 2.@-.7&7. *%$74+; 

-(-.% . +.1 , '4*/.7;/. "(74 &'+$'*&-'.) 3$/.1"&'48&>.  

A7$%,$+ .+1$+&+;, <+. &*2.7;@.-4''4> 1.%$7; '$ 2.@-.7>$+ .2&*4+; 

'$1.'.+.''() 0.% +$12$34+,3( 23& t \  10 1/*. :-+.3( [37] ,+-$3I%4O+, <+. L+. 

*->@4'. * +$1, <+. '$ ,<&+(-4$+*> >-'4> @4-&*&1.*+; L'$3E.-(%$7$'&> '4 4/+ 

3$/.1"&'48&& .+ -3$1$'&. B$1.'.+.''4> @4-&*&1.*+; +$12$34+,3( L7$/+3.'.- 

.+ -3$1$'&, *->@4''4> * '$*+48&.'43'.*+;O L'$3E.-(%$7$'&>, &@-$*+'4 %7> 

."(<'.) 274@1(. !'4 "(74 23$%*/4@4'4 - 34". +$ [44] '4 .*'.-$ 1.%$7&3.-4'&> 

2.*7$*-$<$'&> 274@1( E$7&>, 4 @4+$1 2.%+-$3I%$'4 L/*2$3&1$'+47;'. [45]. 
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D 34".+$ [39] %7> +$.3$+&<$*/.E. &**7$%.-4'&> [8Ð10] &*2.7;@.-47&*; 

<&*7$''($ 1.%$7& , 2.%."'($ +$1, <+. "(7& 23$%7.I$'( -  [36]. T0 E74-'(1  

.+7&<&$1 >-7>$+*> ,<$+ &.'Ð&.''.E. -@4&1.%$)*+-&>, 4 +4/I$ 23.8$**.- 

&.'&@48&& & 3$/.1"&'48&&. =7> 23.-$3/& L+.) 1.%$7& "(7 4 34@34".+4'4 %3,E4>, 

".7$$ +.<'4> , '. & ".7$$ *7.I'4> 1.%$7; 34*<$+4. 54*<$+( "(7& .*,J$*+-7$'( 

1$+.%.1 1.7$/,7>3'.) %&'41&/& %7> &.'.-  23& ,*7.-&&, <+. L7$/+3.'( 

23$%*+4-7>O+ *.".) I&%/.*+; - /-4@&*+4"&7;'.1 *.*+.>'&&.  

54**14+3&-474*; 274@14, *.*+.>J4> &@ Ne = 37500 L7$/+3.'.- & Ni = 40000 

&.'.- *. *3$%'$) /.'8$'+348&$) n = 109 *1 Ð3. N&'$+&<$*/4> L'$3E&> L7$/+3.'.- 

*.*+4-7>74 Ee/kB = 3Te/2 = 20 K. !*'.-'(1 3$@,7;+4+.1, / /.+.3.1, 23&-$7& 

34*<$+( %7> ."$&0 1.%$7$), *+47. 34*23$%$7$'&$ @4*$7$''.*+& 3&%"$3E.-*/&0 

4+.1.- (3&*. 12).  

 

Рис.12. График зависимости количества ридберговских атомов Na от главного квантового 

числа n. Время прошедшее с момента создания плазмы t = 40 мкс. 

 

D 3$@,7;+4+$ '4"7O%4$+*> '$".7;P.$ /.7&<$*+-. 3$/.1"&'&3.-4-P&0 

4+.1.- ~  10% .+ ."J$E. <&*74 <4*+&8, 4 +4/I$ &'-$3*'4> @4*$7$''.*+; '4 ,3.-'$ 

n \  25. 
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D [48] "(7. ,*+4'.-7$'., <+. 34*<$+ 3$/.1"&'48&& 23& T ~ 1 K - 

23$%2.7.I$'&& /-4@&Ð'$23$3(-'.E., 4 '$ %&*/3$+'.E. 34*23$%$7$'&> *->@4''(0 

*.*+.>'&) *+4'.-&+*> '$/.33$/+'(1 23& E74-'.1 /-4'+.-.1 <&*7$ k `  50. K+. 

*->@4'. * +$1, <+. %7> k `  50 ΔEk/T > 1. D$3.>+'.*+; 2$3$0.%4 L7$/+3.'4 '4 ".7$$ 

'&@/&) ,3.-$'; - L+.1 %&424@.'$ @4 *<$+ *+.7/'.-$'&) .23$%$7>$+*> exp(–ΔEk/T) 

& *+4'.-&+*> .<$'; 147.). H3.8$** 3$/.1"&'48&& 3$@/. @41$%7>$+*>. D *->@& * 

L+&1 3$@,7;+4+(, 2.7,<$''($ - [ 36Ð38] & 34**<&+4''($ %. k a 43 & 23& t `  10Ð7 

*$/ (E34'&<'.$ -3$1> .23$%$7$'. %7> ,*7.-&) [ 8Ð10]) '$7;@> L/*+342.7&3.-4+; 

%. t ~ 10Ð6 *$/.  

D+.34> E3,224 34".+ [40, 41] 23$%2.74E4$+, <+. - 274@1$ - 1.1$'+ $$ 

."34@.-4'&> /, 7.'.-*/.$ .++47/&-4'&$ 1$I%, &.'41& 23&-.%&+ / ".7;P.) 

2.7.I&+$7;'.) 2.+$'8&47;'.) L'$3E&& L7$/+3.'.-. H3& 34*P&3$'&& 274@1( 

2.+$'8&47;'4> L'$3E&> <4*+&8 23$-34J4$+*> - /&'$+&<$*/,O. D 274@1$ 

."34@,$+*> &.''4> 3$P$+/4 * 34@1$3.1 34-'(1 *3$%'$1, 34**+.>'&O. 

D(<&*7$''4> L'$3E&> '4 .%', <4*+&8, 2.7.I&+$7;'4 & /.'*+4'+4 (4'47.E 

/.'*+4'+( 94%$7,'E4) 34-'4 11±5. H3$%2.7.I$'&$ . *,J$*+-.-4'&& &.''.) 

3$P$+/& '$ *.-*$1 /.33$/+'., +./. '$2.'>+'4 3.7; L7$/+3.'.- - *+3,/+,3$ 

34**14+3&-4$1.) 274@1(. A/.3$$ *7$%,$+ .I&%4+;, <+. /3&*+477&<$*/,O 

*+3,/+,3, ."34@,O+ @43>%( .".&0 @'4/.-, & ,<$+ &0 -/74%4 - 34*<$+ L'$3E&& 

1.I$+ 23&-$*+& /4/ / 2.7.I&+$7;'(1, +4/ & .+3&84+$7;'(1 @'4<$'&>1 Е. 

 

Выводы 

T@ 23&-$%$''.E. ."@.34 1.I'. *%$74+; -(-.% . +.1, <+. , * .%'.) *+.3.'( , - 

L/*2$3&1$'+47;'(0 34".+40 2. 3&%"$3E.-*/.) 274@1$ '4"7O%4$+*> %$?&8&+ 

%4''(0, /4*4OJ&0*> 1&/3.*/.2&<$*/&0 24341$+3.- *&*+$1(, '4 23&1$3 

*+3,/+,3'(0 *-.)*+-, %&'41&/& L'$3E&& L7$/+3.''.) & &.''(0 2.%*&*+$1  & +. 2. 

K+. %4$+ 23.*+.3 %7> 34@7&<'(0 E&2.+$@, ."#>*'>OJ&0 2.7,<$''($ 
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/.77$/+&-'($ *-.)*+-4 ('423&1$3, @41$%7$'&$ 3$/.1"&'48&& & '&@/.$ 

.1&<$*/.$ *.23.+&-7$'&$).  

A %3,E.) *+.3.'(, +$.3$+&<$*/&$ 34".+( - 2.2(+/40 ."#>*'&+; 3$@,7;+4+( 

L/*2$3&1$'+.- 4/8$'+&3,O+ -'&14'&$ 23$I%$ -*$E. '4 23.8$**40 

3$/.1"&'4 8&&, 2(+4>*; *1.%$7&3.-4+; /&'$+&/, *&*+$1( - 34@7&<'(0 

23&"7&I$'&>0.  

B$ &*2.7;@,> 23& L+.1 -.@1.I'.*+; 34**1.+3$+; *&*+$1, - '$2.7' .1 

+$31.%&'41&<$*/.1 34-'.-$*&& & <&*7$''. 34**<&+4+; 34-'.-$*'($ *-.)*+-4 

274@1( &@ 2$3-(0 23&'8&2.-. 
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!"#$# 3.  !"#$%$&$'"()**)+  

!"#$%&!&'#()*+,-(+. /&%#,-  

D L+.) E74-$ .2&*(-4$+*> 34@34".+4''4> 1.%$7; -@4&1.%$)*+-&> 

3&%"$3E.-*/.) 274@1(, .*'.-4''4> '4 2*$-%.2.+$'8&47;'.) 1.%$7& 

'$&%$47;'.) 274@1( [13]. 54**<&+(-4O+*> 243'($ 2*$-%.2.+$'8&47( 

-@4&1.%$)*+-&> %7> 34@7&<'(0 24341$+3.- &@ ,*7.-&) L/*2$3&1$'+.-. 

H3.-.%&+*> *34-'$'&$ 2*$-%.2.+$'8&47.- , 34**<&+4''(0 - /-4@&/74**&<$*/.1 

23&"7&I$'&&,  * 3$@,7;+4+41& +.<'.E. 34*<Q+4 14+3&8( 27.+'.*+& & .8$'&-4$+*> 

."74*+; 23&1$'&1.*+&  23&"7&IQ''.E. 34*<Q+4 %7> ,*7.-&) [8Ð10]. 

A7$%,$+ .*.". 2.%<$3/',+;, <+. - L+.) E74-$ 3$P4$+*> 1.%$7;'4> @4%4<4 Ñ  

.2&*4+; -@4&1.%$)*+-&$ - *&*+$1$ -(*./.-.@",I%Q''(0 -.%.3.%.2.%."'(0 

3&%"$3E.-*/&0 4+.1.-, *-. ".%'(0 L7$/+3.'.- & &.'.-. A ,<$ +.1 -.@1.I'.*+& 

(&7& '$-.@1.I'.*+&) ."34@.-4'&> 3>%4 ,3.-'$) %&*/3$+'.E. *2$/+34 & - 

P&3./.1 %&424@.'$ +$12$34+,3 & /.'8$'+348&). 

5$@,7;+4+( 3$P$'&> L+.) @4%4<& 23$%*+4-7>O+ *41.*+.>+$7;',O 8$''.*+; . 

B423&1$3, .'& 1.E,+ "(+; 23&1$'$'( '$ +.7;/. %7> .8$'/&  3$@,7;+4+.- 

L/*2$3&1$'+.- , '. & %7> ."#>*'$'&> '$/.+.3(0 *-.)*+-  3$47;'(0 *&*+$1 & 

23$%2.7.I$'&)  .  '.-(0 *-.)*+-40 . H.7,<$''(1 23&  34@34".+/$ +$31.%&'41&/& 

1.%$7& 3$@,7;+4+41 2.*->J$'4  <$+-$3+4> E74-4 %&**$3+48&&. 

3.1 9,.$=+/+'.*>-#")*#7 3+=.") =$(B&+3/+*.*'*+E 

/"#134  

D /74**&<$*/.) *+4+&*+&<$*/.) 1$04'&/$ -*$ +$31.%&'41&<$*/&$ -$7&<&'( 

1.E,+ "(+; 2.7,<$'( &@ /.'?&E,348&.''.E. &'+$E3474 

QN = d (N ) !q
V
∫ e−βΦN

,       (3.1) 
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E%$ 

! 

" =1/T , 4 ФN 2.+$'8&47;'4> L'$3E&> -@4&1.%$)*+-&> N <4*+&8. 

D /-4 '+.-.) *+4+&*+&/$ -(34I$'&$ ( 2.1) @41$'>$+*> '4  

QN = d(N) !q
V

! SN (
!
q1,.....

!
qN;T)     (3.2) 

E%$ SN Ñ  +. '. c7L+$3.-*/4> *,114:  

SN ~ ! n(q1,....qN  )
n

"
2
exp[#! En(N)]    (3.3) 

Ψ(r)n, En Ñ  -.7'.-($ ?,'/8&& & *."*+-$''($ @'4<$'&> L'$3E&& %7> *&*+$1( 

<4*+&8. 

A,11&3.-4'&$ - ( 3.3) 23.-.%&+*> 2. 2.7'.) *.-./,2'.*+& 

.3+.'.31&3.-4''(0  -.7'.-(0 ?,'/8&).  

=7> *&*+$1( %-,0 <4*+&8: 

S2(r,T) ~ ! n(r )
n

"
2
exp[#! En]

,   (3.4) 

E%$ Ψn, En Ñ  -.7'.-($ ?,'/8&& & *."*+-$''($ @'4<$'&> L'$3E&& %-,0 

<4*+&8, -@4&1.%$)*+-,OJ&0 23& 2.1.J& 2.+$'8&474 Ф(r). A,11&3.-4'&$ - 

(3.4) 23.-.%&+*> 2.  -*$1  *.*+.>'&>1 %&*/3$+'.E. & '$23$3(-'.E. *2$/+34.  

_*7& 23$%*+4-&+; ?.3147;'. *7L+$3.-*/,O *,11, - -&%$ /74**&<$*/.) 

27.+'.*+& -$3.>+'.*+&, 2.7,<&1 -(34I$'&$ %7> 243'.E. 2*$-%.2.+$'8&474:  

Ф*(r,T) = ÐkTlnS2(r,T)     (3.5) 

D /74**&<$*/.1 23$%$7$ T b  c  2*$-%.2.+$'8&47 Ф*(r,T) *.-24%4$+ * 

2.+$'8&47.1 Ф(r). H3& /.'$<'(0 T Ф*(r,T) *.-24%4$+ * Ф(r) 23&

r ! ! = ! / mkT ( h Ñ  2.*+.>''4> H74'/4,  m Ñ  14**4 <4*+&8(). 

B4 34**+.>'&>0 r ≤ λ /74**&<$*/4> 27.+'.*+; -$3.>+'.*+& 
! ! " (r )

e .+7&<4$+*> 

.+ /-4'+.-. Ð*+4+&*+&<$*/.) 27.+'.*+& -$3.>+'.*+&  S2(r,T) -*7$%*+-&$ 243'(0 
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/-4'+.-(0 L??$/+.-.  K+& L??$/+( .",*7.-7$'(, -. Ð2$3-(0, -.@1.I'.*+;O 

."34@.-4'&>  *->@4' ' (0 *.*+.>'&), 4 -. Ð-+.3(0 , '$.23$%$7$''.*+;O  2.7.I$'&> 

<4*+&8( - ."74*+& 34@1$3.1 S. 

!+7&<&$ S2 .+ 
! ! " (r )

e &7& Ф*(r, T) .+ Ф(r) 1.I$+ "(+; '$ +.7;/. 

/.7&<$*+-$''(1, '. & /4<$*+-$''( 1. B423&1$3, - *7,<4$ L7$/+3.' Ð23.+.''.E.  

-@4&1.%$)*+-&> Ф*(r, T) /.'$<$' 23& r = 0 , 4 Ф(r) = c.  H. 4'47.E&& * 

/74**&<$*/&1& *+4+&*+&<$*/&1& *&*+$141& 1'.E&0 <4*+&8, $*+$*+-$''. 

34**1.+3$+;, - ',7$-.1 23&"7&I$'&&, ?&@&<$*/,O 1.%$7;, - /.+.3.)  

-@4&1.%$)*+-&$ 1$I%, <4*+&841& .2&*(-4$+*> 243'(1 2*$-%.2.+$'8&47.1 

Ф*(r, T). 

A7L+$3.-*/4> *,114 *&*+$1( <4*+&8 - L+.) 1.%$7& @42&P$+*>  *7$%,OJ&1 

."34@.1: 

SN
0 = S2

i< j

! (rij ) = exp ! " * (rij
i< j

# ;T)
$

%
&&

'

(
))

    
(3.6) 

_*7& - *&*+$1$ -.@1.I'. ."34@.-4'&$ *->@4' '(0 *.*+.>'&), +. +4/.$ 

',7$-.$ 23&"7&I$'&$ '$%.*+4+.<'.. D L+.1 *7,<4$ 1.I'. 34**1.+3$+; 

*.-./,2'.*+; *-.".%'(0 <4*+&8 & -.@1.I'(0 *->@ 4' '(0 *.*+.>'&)  1$I%, '&1& , 

/.+.3($ %4O+ -/74% - +$31.%&'41&<$*/&$ *-.)*+-4. 54@7&<'(1 *->@4' '(1 

*.*+.>'&>1  *..+-$+*+-,$+ .23$%$7$''4> *+4+&*+&<$*/4> *,114, -(".3 /.+.3.) 

.23$%$7>$+ -@4&1.%$)*+-&$ 1$I%, <4*+&841&.  

B423&1$3, $*7& 34**14+3&-4O+*> *->@4' '($ *.*+.>'&> %-,0 

-@4&1.%$)*+-,OJ&0 <4*+&8, +. &1 *..+-$+*+-,$+ *+4+&*+&<$*/4> *,114,  /.+.34> 

-("&34$+*> *7$%,OJ&1 ."34@.1. A7L+$3.-*/4> *,114 S2(r,T) 34@"&-4$+*> '4 %-$ 

<4*+&: 

S2(r,T) = S2
b(r,T)+ S2

f (r,T)
    (3.7) 
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S2
b(r,T)  Ñ  .23$%$7>$+ *+4+&*+&<$*/,O *,11, *->@4''(0 *.*+.>'&):  

€ 

Σ2 ~ S2
b(r,T)r 2dr

0

∞

∫       (3.8) 

4 S2
f (r,T)  .23$%$7>$+ 1.%&?&8&3.-4''() 2*$-%.2.+$'8&47 -@4&1.%$)*+-&> 

1$I%, *-.".%'(1& <4*+&8 41& ! * (r,T) =
1
!

lnS2
f (r,T)  N.'/3$+'($ *2.*."( 

34@"&$'&> S2(r,T) ",%,+ ."*,I%$'( '&I$.  

9$I%, *->@4' '(1& *.*+.>'&>1& (4+.141&, 1.7$/,741& & +.%.) 1.I'. ,<$*+; 

-@4&1.%$)*+-&$ - -&%$ 2*$-%.2.+$'8&47.-, 34**<&+4''(0 '4 .*'.-$ &@-$*+'(0 

2.+$'8&47.- -@4&1.%$)*+-&> ('423&1$3, 2.+$'8&47.-, 2.7,<$''(0  &@ 

L/*2$3&1$'+47;'(0 %4''(0 2. 34**$>'&O & *2$/+347;'(0 &@1$3$'&)). A->@;  

1$I%, <&*7.1 *-.".%'(0 & <&*7.1 *->@ 4' '(0 <4*+&8 ,*+4'4-7&-4$+*> 23& 

2.1.J&  ,*7.-&) 0&1&<$*/.E. 34-'.-$*&>.  

M4/&1 ."34@.1, 2*$-%.2.+$'8&47;'4> 1.%$7; '$-(3.I%$''.) '$&%$47;'.) 

/-4'+.-.) *&*+$1( .2&*(-4$+ *.-./,2'.*+; N1 Ñ  *-.".%'(0 <4*+&8, N2 Ñ  

243'(0 *->@4''(0 *.*+.>'&), N3 Ñ  +3.)'(0 *->@ 4' '(0 *.*+.>'&) & +.%. , 

'40.%>J&0*> - ,*7.-&>0 0&1&<$*/.E. 34-'.-$*&>. A-.".%'($ <4*+&8( 

-@4&1.%$)*+-,O+ 1$I%, *.".) 23& 2.1.J& 1.%&?&8&3.-4''(0 

2*$-%.2.+$'8&47.- ! * (r,T) ; *->@4' '(1 *.*+.>'&>1 ( 4+.141, 1.7$/,741, 

1.7$/,7>3'(1 &.'41 & +.%. ) *..+-$+*+-,$+ .23$%$7$''(1 ."34@.1 -("34''4> 

*+4+&*+&<$*/4> *,114 & .'& -@4&1.%$)*+-,O+ 1$I%, *.".) & *. *-.".%'(1&  

<4*+&841& 23& 2.1.J& *..+-$+*+-,OJ$E. '4".34 2*$-%.2.+$'8&47.- 

-@4&1.%$)*+-&>. 

M$31.%&'41&<$*/&$ -$7&<&'( %7> +4/.) 1.%$7& 1.E,+ "(+; 34**<&+4'( 

23& 2.1.J& <&*7$''(0 1$+.%.-. T*2.7;@.-4'&$ 3$@,7;+4+.- %7> -("34''.) 
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?&@&<$*/.) 1.%$7& -.@1.I'., $*7& &@-$*+'( E34'&8( 23&1$' &1.*+&. D L+.1 

*7,<4$ 23&0.%&+ '4 2.1.J; +$31.%&'41&<$*/4> +$.3&> -.@1,J $'&).  

N-4'+.-($ L??$/+(, 34**1.+3$''($  -(P$, 2 3.>-7>O+*> '4 34**+.>'&>0 

1$I%, <4*+&841& ~ S. M4/ /4/ - '$-(3.I%$''(0 *&*+$140 nλ3 < 1, +. -*$ 

.+7&<&$ +$31.%&'41&<$*/&0 -$7&<&', *7$%,OJ&0 &@ +.<'.E. -(34I$'&> 

(3.2), .+ +$31.%&'41&<$*/&0 -$7&<&' %7> -("34''.) ?&@&<$*/.) 1.%$7& 

.23$%$7>$+*> 34@'&8$) -. -@4&1.%$)*+-&& <4*+&8 '4 147(0 34* *+.>'&>0. H43'($ 

*7L+$3.-*/&$ *,11( - *7,<4$ L7$/+3.' Ð&.''(0, L7$/+3.' ÐL7$/+3.''(0 & &.' Ð

&.''(0 -@4&1.%$)*+-&)  1.E,+ "(+; 34**<&+4'( +.<'.. H3& L+.1 

2*$-%.2.+$'8&47 '4 ".7;P&0 34**+.>'&>0 *.-24%4$+ * @4/.'.1 N,7.'4, 4 '4 

147(0 /.'$<$' & @4-&*&+ .+ +$12$34+,3(. 

D4I'. 2.%<$3/',+;, <+. +4/ --$%$''() 2*$-%.2.+$'8&47 '$ >-7>$+*> 

&*+&''(1 2.+$'8&47.1 -@4&1.%$)*+-&> 1$I%, <4*+&841& - *&*+$1$. K+. '$ 

".7$$ <$1 '4E7>%'() *2.*." 23$%*+4-7$'&> /.'?&E,348&.''.E. &'+$E3474  - 

*&*+$1$ -@4&1.%$)*+-,OJ&0 <4*+&8. K+.+ *2.*." 2.@-.7>$+ 23& .23$%$7$''(0 

%.2,J$'&>0 34**<&+(-4+; '$/.+.3($ *-.)*+-4 /-4'+.-(0 *&*+$1 - /74**&<$*/.1 

23&"7&I$'&& ('423&1$3, 1$+.%.1 9.'+$ ÐN437.).  

H*$-%.2.+$'8&47( 243'(0 L7$/+3.' ÐL7$/+3.''(0, 23.+.' Ð23.+.''(0 & 

L7$/+3.' Ð23.+.''(0 -@4&1.%$)*+-&) ",%,+ 34**<&+4'( - ,*7.-&>0 [ 8Ð10] %47$$. 

3.2 I 2+,*+$#*-. 0#,6. '# '.03+=-*#3-6.,&-B ,$+E,'$ - 

+,+2.**+,'- 3+=."-  

H3$I%$ <$1 2$3$0.%&+; / 34*<Q+, +$31.%&'41&<$*/&0 *-.)*+- 

3&%"$3E.-*/.) 274@1(, '$."0.%&1. .".*'.-4+; 234-.1$3'.*+; 34*<Q+4 

+$31.%&'41&/& & @4%4+; E34'&8( 23&1$'&1.*+& -(P$.2&*4''.) 1.%$7&. D [8Ð

10] *&*+$14, -.."J$ E.-.3>, '$ 34-'.-$* '4, +. /. '$+ 34-'.-$*'.) @4*$7$ ''.*+& 

L7$/+3.'.- 2. ,3.-'>1 -.@", I%$''.E. 4+.14.  
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D %4''.1 2434E34?$ *?.31,7&3.-4'( & .".*'.-4'( -4I'($  .*."$''. *+& 

34@34".+4''.) 1.%$7&: .".*'.-4'4 234-.1$3'.*+; 34*<$ +4 +$31.%&'41&<$*/&0 

*-.)*+- - ,*7.-&>0 '$2.7'.E. +$31.%&'41&<$*/.E. 34-'.-$*&>, 2./4@4'4 

234-.1$3'.*+; &*/7O<$'&> 3>%4 -.%.3.%.2.%."'(0 ,3.-' $) %&*/3$+'.E. 

*2$/+34 23& 34*<$+$ -@4&1.%$)*+-&> & %4'( -3$1$''($ 341/& 23&1$'&1.*+& 

3$@,7;+4+.- / ."#>*'$'&O *-.)*+- L/*2$3&1$'+47;'(0 *&*+$1 [ 8Ð10]. 

D 34".+40 [8Ð10], E%$ &@,<474*; 274@14 X$, ."34@.-4''4> 23& 

1'.E.?.+.''.) &.'&@48&& 4+.1.-, "(7. ."'43,I$'. 4'.147;'.$ @41$%7$'&$ 

3$/.1"&'48&& . D3$1> 3$/.1"&'48&& *.*+4-7>7. >  100 1/* . D 34".+$ [11] 

&@,<474*; 274@14 Cs & Rb.  

D L+&0 L/*2$3&1$'+40 %.*+&E47&*; +4/I$ 24341$+3( ne & Te, 23& /.+.3(0 

274@14 >-7>$+*> *&7;'.'$&%$47;'.). D +4/.) 274@1$ .+'.P$'&$ *3$%'$) 

2.+$'8&47;'.) L'$3E&& <4*+&8 / /&'$+&<$*/.) L'$3E&& (24341$+3 

-@4&1.%$)*+-&>):  

# = $e2n1/3 ,  

E%$ $ = 1/(kBTe) Ñ  ."34+'4> +$12$34+,34, $ Ñ  @43>% L7$/+3.'4 *,J$*+-$''. 

".7;P$ 1 (23& Тe = 0.1 N & ne = 2*109 *1 Ð3 2.7,<4$1  # =  21).  

D +. I$ -3$1> L7$/+3.'( - L+.) 274@1$ '$ -(3.I%$'(. !+'.P$'&$ %7&'( 

-.7'( %$ 63.)7> L7$/+3.'4 / *3$%'$1, 34**+.>'&O 1$I%, <4*+&841& (24341$+3 

-(3.I%$'&>) *,J$*+-$''. 1$';P$ $%&'&8(, 23& Тe = 0.1 N & ne = 2*109 *1 Ð3: 

ne
1/3! e =

ne
1/3"

2mekBTe

= 0.2*10! 2

 

D *&7;'.'$&%$47;'.) 274@1$ 23& +4/&0 24341$+340 !  '$23&1$'&1( -*$ 

&1$OJ&$*> .8$'/& /4/&0 Ð7&". 23.8$**.-, .*'.-4''($ '4 ?.31,740, 

2.7,<$''(0 - 23&"7&I$'&& !  << 1. 
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N3.1$ +.E., 274@14, 2.7,<$''4> - [8Ð10], *&7;'. '$34-'.-$*'4 /4/ 2. 

+$12$34+,3$, +4/ & 2. @4*$7$''.*+>1. K+. *->@4'. * +$1, <+. L7$/+3.'( - 

3$@,7;+4+$ &.'&@48&& 4+.1.- 2.7,<4O+ %.2.7'&+$7;'. /&'$+&<$*/,O L'$3E&O 

.+ 1 %. 1000 N, 4 &.'( .*+4O+*> 23& +$12$34+,3$ 4+.1.- 10Ð5Ð10Ð4 N. D *.@%4''.) 

274@1$ [8Ð10] - '4<47;'() 1.1$'+ -3$1$'& -*$ L7$/+3.'( '40.%>+*> - 

'$23$3(-'.1 *2$/+3$, & .+*,+*+-,$+ Te.  

D [11] 2.7,<$''4> 274@14 +4/I$ '$34-'.-$*'4. C4 *<$+ -@4&1.%$)*+-&> 

0.7.%'.E. E4@4 -.@",I%$''(0 4+.1.- * 1  % -.@",I%$''(0 4+.1.- 23& 

/.1'4+'.) +$12$34+,3$ 23.&*0.%&+ &@1$'$'&$ @4*$7$''.*+$) L'$3E$+&<$*/&0 

,3.-'$) -.@",I%$''(0 4+.1.-, 4 +4/I$ &0 &.' &@48&>. 

D.."J$  E.-.3> , ,*+4'.-7$'&$ 2.7'.E. +$31.%&'41&<$*/.E. 34-'.-$*&> 

+3$",$+ '$/.+.3.E. -3$1$'&, 14*P+4".1 /.+.3.E. *7,I&+ -3$1> 3$74/*48&&. 

D3$1$'4 3$74/*48&& %7> -.@",I%$'&> 34@7&<'(0 *+$2$'$) *-.".%(, 4 +4/I$ 

&.'&@48&&, 3$/.1"&'48&&, %&**.8&48&& <4*+. .<$'; *&7;'. .+7&<4O+*>. 

H.L+.1, -.@1.I'( +4/&$ ,*7.-&>, /.E%4 +$31.%&'41&<$*/.$ 34-'.-$*&$ 

,*+4'4-7&-4$+*> '$ -. -*$0, 4 +.7;/. - <4*+& 23.+$/4OJ&0 23.8$**.-. 6(*+3$$ 

-*$E. 34-'.-$*&$ ,*+4'4-7&-4$+*> - 2.*+,24+$7;'(0 *+$2$'>0 *-.".%( <4*+&8. 

_*7& 23& %4''(0 +$12$34+,3$ & 27.+'.*+& 2$3$0.%&+; .+ "(*+3(0 / ".7$$ 

1$%7$''(1 3$74/*48&.''(1 23.8$**41, +. ."(<'. 1.I'. ,*+4'.-&+; +4/,O 

2.*7$%.-4+$7;'.*+;: 2.*+,24+$7;'($ *+$2$'& *-.".%(, -34J$'&> 1.7$/,7, 

%&**.8&48&> & 0&1&<$*/&$ 3$4/8&&, &.'&@48&> & L7$/+3.''.$ -.@",I%$'&$. D 

'$/.+.3(0 *7,<4>0 -3$1$'4 3$74/*48&& "(-4O+ '4*+.7;/. ".7;P&1&, <+. 

'$34-'.-$*'.$ *.*+.>'&$ *&*+$1( ./4@(-4$+*> -$*;14 ,*+.)<&-(1  [46]. 

B4&".7$$ "(* +3(1 23.8$**.1 23& ,*+4'.-7$'&& 34-'.-$*&> - 274@1$ 

>-7>$+*> 23.8$** ,*+4'.-7$'&> L7$/+3.''.) +$12$34+,3(. =7> 

*74".'$&%$47;'.) 274@1(  (U << 1) -3$1> ,*+4'.-7$'&> M$ .23$%$7>$+*> 

*7$%,OJ&1 -(34I$'&$1 [ 47]: 
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! 

" ee #
(Te)

3/ 2m
e

1/ 2

8nee
4Le

,       (3.9) 

E%$ Le Ñ  /,7.'.-*/&) 7.E43&?1, %7> /.+.3.E. - L+&0 ,*7.-&>0 *234-$%7&-. 

*7$%,OJ$$ -(34I$'&$:  

€ 

Le = ln
1

2 πγe

3/2 ,       (3.10)  

& γe = e2ne
1/3/kTe. H3& γe3 ≥ 1/4π -(34I$'&> (3.9) & (3 .10) +$3>O+ *1(*7, +4/ 

/4/ Le = 0 23& γe
3 = 1/4π, 4 23& ".7;P&0 γe Ñ  Le *+4'.-&+*> .+3&84+$7;'(1.  

A,J$*+-,$+ 1'.E. 34".+, 2.*->J$''(0 34*<$+, ] ee - -&%$ (3.9), '. * 

1.%&?&8&3.-4''(1 /,7.'.-*/&1 7.E43&?1.1, /.+.3() '$ +$3>$+ *1(*74 23&  γe 

a 1. D [48] "(7 +4/I$ 23$%7.I$' *2.*." 34*<$+4 L??$/+&-'.E. Le. D*$ L+& .8$'/& 

2.@-.7>+ *<&+4+;, <+. - ,*7.-&>0 [8Ð11] τee = 10Ð11Ð10Ð10 *$/. D [35] - 

/74**&<$*/.) 2.*+4'.-/$ @4%4<& %7> ,*7.-&) [8Ð11] 3$P47&*; 1$+.%.1 

1.7$/,7>3'.) %&'41&/& ,34-'$'&> %-&I$'&> %7> <4*+&8 * /,7.'.-*/&1 

-@4&1.%$)*+-&$1. 54*<$+( 2./4@(-4O+, <+. ]ee *..+-$+*+-,O+ -(P$ 

23&-$%$''(1 @'4<$'&>1. H.*7$ ,*+4'.-7$'&> +$12$34+,3( Te '4<&'4$+ &%+& 

23.8$** ,*+4'.-7$'&> +$31&<$*/.E. 34-'.-$*&> 1$I%, L7$/+3.'41& & &.'41& & 

.%'.-3$1$''. * '&1& 23.8$** 3$/.1"&'48&&. =7> .8$'/& -3$1$'& ,*+4'.-7$'&> 

+$31&<$*/.E. 34-'.-$*&> -.*2.7;@,$1*>  ?.31,7.) %7> ] ei - *7,<4$ 

*74".'$&%$47;'.) 274@1( [ 47]: 

€ 

τ ei =
(Te )

3 / 2Mi

8niz
2e4Le (2πme )

1/ 2 ,      (3.11) 

E%$ ni, Mi, z Ñ  /.'8$'+348&>, 14**4 & @43>% &.'.- *..+-$+*+-$''..  

!8$'/4 ] ei 23.-$%$''4> - [ 48] %7> ,7;+340.7.%'.) '$ &%$47;'.) 274@1( [8Ð

11] %4$+ @'4<$'&$ '$*/.7;/. 1&/3.*$/,'%. K+. .@'4<4$+, <+. @4 t ~ 10Ð6 *$/ - 

3&%"$3E.-*/.) ,7;+340.7.%'.) 274@1$ +$12$34+,34 &.'.- *+4'.-&+;*> 34-'.) 

+$12$34+,3$ L7$/+3.'.-. K+& .8$'/& '40.%>+*> - *.E74*&& * 3$@,7;+4+41& [34]. D 
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[34] 34**<&+(-47.*; 1$+.%.1 1.7$/,7>3'.) %&'41&/& &@1$'$'&$ *3$%'$) 

/&'$+&<$*/.) L'$3E&& &.'.- , -@4&1.%$)*+-,OJ&0 23& 2.1.J& 2.+$'8&474 +&24 

2.+$'8&474 ^/4-(. H3& L+.1 L7$/+3.'( &E34O+ 3.7; L/34'&3,OJ$E. 

.%'.3.%'.E. ?.'4.  

H3.8$**( 3$/.1"&'48&& -7&>O+ '4 23.8$** ,*+4'.-7$'&> +$12$34+,3( & 

'4.".3.+. D [ 48] ,%47.*; 2./4@4+;, <+. 23.8$** 3$/.1"&'48&& - ,*7.-&>0 [ 8Ð11] 

&%$+ @'4<&+$7;'. 1$%7$''$$ (~ 10Ð4 *), <$1 23.8$** ,*+4'.-7$'&> +$12$34+,3(. 

A,J$*+-$'' .E. 2.-(P$'&> +$12$34+,3( L7$/+3.'.- @4 *<$+ 3$/.1"&'48&& '$ 

23.&*0.%&+. C4 ~10Ð6 *$/,'% 274@14 *+4'.-&+*> +$31&<$*/& 34-'.-$*'.) &, - +.  

I$ -3$1>, .+*,+*+-,$+ 34-'.-$*'4> @4*$7$''.*+; L7$/+3.'.- 2. L'$3E$+&<$*/&1 

,3.-'>1. B4%. %."4-&+;, <+. - L/*2$3&1$'+$  [8Ð10] +4/I$ 2.7,<4$+*> @41$%7$'&$ 

3$/.1"& '48&&, 4 34@7$+ 274@1( '4<&'4$+*> 23& t > 10Ð5 *.  

D [36] *,J$*+-,$+ +.</4 @3$'&>, <+. 3$/.1"&'48&> .<$'; *,J$*+-$''4 & 

23&-.%&+ / *&7;'.1, 34@.E3$-, L7$/+3.'.-, 4 @'4<&+ & 274@1(. D /4<$*+-$ 

%./4@4+$7;*+-4 &*2.7;@.-47&*; 3$@,7;+4+( 34".+( [35]. D [48] "(7. ,*+4'.-7$'., 

<+. 34*<$+ 3$/.1"&'48&& 23& T ~ 1 K - 23$%2.7.I$'&& /-4@&'$23$3(-'.E., 4 '$ 

%&*/3$+'.E. 34*23$%$7$'&> *->@4''(0 *.*+.>'&) *+4'.-&+*> '$-$3'(1 23& 

'.1$3$ 3&%"$3E.-*/.E. ,3.-'> k ` 50. K+. *->@4'. * +$1, <+. %7> k ` 50 ΔEk/T > 1. 

D$3.>+'.*+; 2$3$0.%4 L7$/+3.'4 '4 ".7$$ '&@/&) ,3.-$'; - L+.1 %&424@.'$ @4 

*<$+ *+.7/'.-$'&) .23$%$7>$+*> exp(–ΔEk/T) & *+4'.-&+*> .<$'; 147.). H3.8$** 

3$/.1"&'48&& 3$@/. @41$%7>$+*>. D *->@& * L+&1 3$@,7;+4+(, 2.7,<$''($ - [35] & 

34**<&+4''($ %. k a 43 & 23& t `  10Ð7 *$/ (E34'&<'.$ -3$1> .23$%$7$'. %7> 

,*7.-&) [ 8Ð10]) '$7;@> L/*+342.7&3.-4+; %. t ~ 10Ð6 *$/.  

V<&+(-4> -*$ -(P$ */4@4''.$ , 1.I'. 23$%2.7.I&+;, <+. 2.*7$ 

,*+4'.-7$'&> +$31&<$*/.E. 34-'.-$*&> - ,7;+340.7.%'.) 274@1$ 23& '47&<&& 

'$@'4<&+$7;'.E. /.7&<$*+-4 3$/.1"&'&3.-4-P&0 L7$/+3.'.- (+. $. 3$/.1"&' 48&> 

23.+$/4$+ 1$%7$''.) 1.I'. 34**<&+(-4+; 1$+.%41& 34-'.-$*'.) 

+$31.%&'41&/& +$31.%&'41&<$*/&$ & /.33$7>8&.''($ ?,'/8&& +4/.) *&*+$1(. 
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=3,E&1& *7.-41&, +$12$34+,34 L7$/+3.'.- & &.'.- %7> ,*7.-&) [ 8Ð10] 

-(34-'&-4$+*> @4 -3$1$'4 2.3>%/4 1 1/ *, 4 34@7Q+ *&*+$1( '4<&'4$+*> <$3$@ 

-3$1$'4 2.3>%/4 100 1/* Ñ  '4 L+.1 &'+$3-47$ -3$1$' - *&*+$1$ ,*+4'4-7&-4$+*> 

+$31&<$*/.$ 34-'.-$*&$. H3& L+.1 .+*,+*+-,$+ 0&1&<$*/.$ 34-'.-$* &$, +. $. '$+ 

34-'.-$*'.) @4*$7$ ''.*+& 3&%"$3E.-*/&0 *.*+.>'&), 2.*/.7;/, -3$1> 

3$/.1"&'48 && - L/*2$3&1$'+$ 23$-(P4$+ 100 1/*.  

D %&**$3+48&& 34@34".+4'4 2*$-%.2.+$'8&47;'4> 1.%$7;, E%$ L7$/+3.'Ð

&.''() 2*$-%.2.+$'8&47 34**<&+(-4$+*> * ,<$+.1 +.7;/. +$0 L'$3E$+&<$*/&0 

,3.-'$), /.+.3($ *,J$*+-,O+ - '$3$/.1"&'&3.-4-P$) 274@1$. B423&1$3, - 

,*7.-&>0 [ 8Ð10] *,J$*+-,$+ +.7;/. '$23$3(-'() *2$/+3, 4 - ,*7.-&>0 [ 11] Ñ  

'$23$3(-'() * 2$/+3 & %&*/3$+'() .+ k = 36 &7& k = 39. M4/I$ 34**1.+3$' 

*7,<4) , *..+-$+*+-,OJ&) k = 10. 

K7$/+3.' Ð&.''()  2*$-%.2.+$'8&47 *,J$*+-$''. .+7&<4$+*> .+ @4/.'4 

N,7.'4. H3&<$1, 23& ,<$+$ +.7;/. '$23$3(-'.E. *2$/+34 2*$-%.2.+$'8&47 

2$3$0.%&+ - @4/.' N,7.'4 '4 106 a0 (a0 Ñ  34%&,* 6.34) [31]. V<$+ ,3.-'$) 

%&*/3$+'.E. *2$/+34 * 36 ,3.-'> *,J$*+-$''. 2.'&I4$+ &.' ÐL7$/+3.''() 

2*$-%.2.+$'8&47, 4 2$3$0.% - /,7.'.-*/ &) 23.&*0.%&+ '4 +(*><40 a0. A+.&+ 

.+1$+&+;, <+. - %4''.) 1.%$7& '$ ,<&+(-4$+*> -@4&1.%$)*+-&$ * '$)+347;'(1& 

4+.141& --&%, 147.) 27.+'.*+& *&*+$1(. : L7$/+3.' Ð&.''() 2*$-%.2.+$'8&47 

34**<&+(-4$+*> ?4/+&<$*/& %7> 4+.14 -.%.3.%4.  

 K7$/+3.' ÐL7$/+3.''() & &. ' Ð&.''() 2*$-%.2.+$'8&47( *.-24%4O+ * 

@4/.'.1 N,7.'4. D *7,<4$ L7$/+3.' ÐL7$/+3.''.E. -@4&1.%$)*+-&> .+7&<&$ 

-.@'&/4$+ '4 .<$'; 147(0 34**+.>'&>0 & 2*$-%.2.+$'8&47 .2&*(-4$+*> 

4223./*&148&.''(1 -(34I$'&$1, 2.7,<$''(1 - 34".+40 [ 14]. D *7,<4$ &.' Ð

&.''.E. & &.' ÐL7$/+3.''.E. 2*$-%.2.+$'8&474 '$."0.%&1. ,<$*+; 34@1$3 &.'4.  

H3& /-4@&/74**&<$*/.1 2.%0.%$ /-4'+.-4> *+4+&*+&<$*/4> *,114 

23&-.%&+*> / -(34I$'&O, 2 . ?.31$ >-7>OJ$1,*> /74**&<$*/&1. H.L+.1, %7> 

.23$%$7$'&> *..+-$+*+-,OJ&0 +$31.%&'41&<$*/&0 -$7&<&' 1.I'. 23&1$'&+; 
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-*$ 1$+.%(, 34@34".+4''($ - *+4+&*+&<$*/.) +$31.%&'41&/$ /74**&<$*/&0 

*&*+$1, /4/ 4'47&+&<$*/&$, +4/ & <&*7$''($. =7> 34*<$+4 +$31.%&'41&<$*/&0 

*-.)*+- & /.33$7>8&.''(0 ?,'/8&) 3&%"$3E.-*/.) ,7;+340.7.%'.) 274 @1( "(7 

&*2.7;@.-4' 1$+.% 9.'+$ ÐN437. %7> 1'.E./.12.'$'+'.) 274@1( - 

/4'.'&<$*/.1 4'*41"7$. !23$%$7$'&$ 34@7&<'(0 +$31.%&'41&<$*/&0 -$7&<&' 

23& L+.1 *-.%&+*> / -(<&*7$'&O *3$%'&0 @'4<$'&) .+ &@-$*+'(0 ?,'/8&)  

/..3%&'4+. F34'&8( 23&1$'&1.*+& 2*$-%.2.+$'8&47;'.) 1.%$7& 2.%3."'. 

34**1.+3$'( - [ 13]. D '4P$1 *7,<4$ 1.%$7; *234-$%7&-4 - ."74*+& @'4<$'&) U .+ 

',7> (E%$ "(7. 2.7,<$'. 0.3.P$$ *.E74*&$ 3$@,7;+4+.- c 23&"7&I$'&$1 %7> 

&%$47;'.) %$"4$-*/.) 274@1() %. '$*/.7;/&0 %$*>+/.- (E%$ '4<&'4$+*> 

-(3.I%$'&$ 274@1().  

674E.%43> '&@/.) 27.+'.*+& 34**14+3&-4$1.) *&*+$1( 1( 1.I$1 

.E34'&<&+;*> 23&"7&I$'&$1 243'.E. -@4&1.%$)*+-&> *7L+$3.-*/.) *,11( ('$ 

,<&+(-4+; +3$0Ð & ".7$$ <4*+&<'($ *->@4''($ *.*+.>'&>).  

3.3 F$#1-&"#,,-6.,&-E 0#,6.' /,.$=+/+'.*>-#" +$ 

$1#-3+=.E,'$-7  

3.3.1 !"#$%&'( Ð)"#$%&'( * *'( Ð*'(  

A7L+$3.-*/4> *,114 %7> -@4&1.%$)*+-&> %-,0 L7$/+3.'.- @42&*(-4$+*> - 

-&%$ [13]:  

  (3.12) 

D.7'.-($ ? ,'/8&&, -0.%>J&$ - -(34I$'&$ ( 3.12) @4-&*>+ .+ *2&'.- 

L7$/+3.'.- d 1, d2 & %.7I'( "(+; 4'+&*&11$+3&<'(. H3&<$1 ( 3.12) 1.I'. 

@42&*4+; /4/ *,11, -/74%.- .+ -.7'.-(0 ?,'/8&) * *&11$+3&<'(1& & 

'$*&11$+3&<'(1& <4*+>1&:   

)),(exp()exp(),,(16),(
2

21
32/3 TrErTrS eeeeee !"#"$= % &&''() *

*
*
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 (3.13) 

R&*7$''($ 34*<$+( Φeе(r,T) "(7& 23.-$%$'( - [ 15] - P&3./.1 %&424@.'$ 

+$12$34+,3 102 N Ð 105 N & +41 I$ "(7. 23$%7.I$'. *7$%,OJ$$ 

4223./*&148&.''.$  -(34I$'&$ %7> Φeе & %7> Φeе(0,Т): 

 

,      (3.14) 

E%$ r -(34I$'. - 34%&,*40 6.34, Т - /$7;-&'40 , 4 Φее Ñ  - 3&%"$3E40 

(Ry = 13.6 LD). 

B4 ".7;P&0 34**+.>'&>0 (3 .14) *.-24%4$+ * /,7.'.-*/.) @4-&*&1.*+;O.  

H3& -(34I$'&$ (3 .2) 23& r = 0 1.I'. @42&*4+; [ 49]: 

  (3.15) 

T@ (2.15) *7$%,$+, <+. 23& 1.I'.  2.7;@.-4+;*> 4223./*&148&$) (3.14) 

%. M = 0.1 N. 

B4 3&*.13 23&-$%$'( L7$/+3.' ÐL7$/+3.''($ 2*$-%.2.+$'8&47( 23& 

M = 0.1 N, 0.5 N, 1 N & %7> *34-'$'&> /,7.'.-*/4> @4-&*&1.*+;.  
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Рис. 13. Электрон–электронные псевдопотенциалы при температурах: "931,4$  — Т = 

1 К, ,&/1* Ð"931,4$  — Т = 0.5 К, :!# ,&/14 Ð"931,4$  — Т = 0.1 К в сравнении с 

кулоновскими потенциалами (сплошные линии). 

 

T.' Ð&.'' ($ 2*$-%.2.+$'8&47( *.E74*'. [ 13] *.-24%4O+ * @4/.'.1 N,7.'4. 

B$."0.%&1. +.7;/. ,<$*+; /.'$<'.*+; 34@1$3.- &.'4 ('423&1$3, 

/3&*+477.E34?&<$*/&) 34%&,*). 

 

3.3.2 ! "#$%&'( Ð*'(  

D *7,<4$ -@4&1.%$)*+-&> L7$/+3.'4 * &.'.1 2*$-%.2.+$'8&47 .23$%$7>$+*> 

*7$%,OJ&1 ."34@.1: 

  (3.16) 

E%$ Sei Ñ  %-,0<4*+&<'4> *,114 A7L+$34, Eα(r) & Ψα(r) Ñ  L'$3E&> & -.7'.-4> 

?,'/8&> L7$/+3.'4 - 2.7$ &.'4 - *.*+.>'&& e, . 

r, a0
0.2 0.30.10

1x107

5x107

βΦee

)exp()(8)),(exp(
0

232/3
!! "#$"

!

ErSTr
EE

eieiei %&=='% (
)

=

2
e

ei

!
! =
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 A,11&3.-4'&$ 23.-.%&+*> 2. -*$1 -.@1.I'(1 *.*+.>'&>1 Eα. K+.+ 

2*$-%.2.+$'8&47 &1$$+ /.'$<'.$ @'4<$'&$ 23& r = 0, 4 '4 ".7;P&0 34**+.>' &>0 

*.-24%4$+ * @4/.'.1 N,7.'4.  

=7> +4/&0 *&*+$1 /4/ 3&%"$3E.-*/4> 274@14, '4 +$31.%&'41&<$*/&$ 

*-.)*+-4 *&7;'. -7&>O+ *->@4''($ *.*+.>'&>. V%."'. -(%$7>+; *74E4$1($ 

*7$+$3.-*/.) *,11( %7> %&*/3$+'.E. & '$23$3(-'.E. *2$/+3.-.  

=7> 274@1(, /.E%4 .+*,+*+-,O+ *->@4''($ *.*+.>'&> %. n = n0, 

Sei(r,T) 1.I'. @42&*4+ ; - *7$%,OJ$1 -&%$ [13]: 

,       (3.17) 

E%$ 

    (3.18) 

-/74% <4*+& %&*/3$+'.E. *2$/+34 .+ Е0 %. Е', /.+.3() 1.I'. -(<&*7&+; 2. 

&@-$*+'(1 Ψα(r) %7> 4+.14 -.%.3.%4, 4 -/74% .*+47;'.) <4*+& *2$/+34: 

Sc (r,T) =
! ! e2

re , 23& eiei

erE
λ
β

λ
β 2'

≥      (3.19) 

Sc (r,T ) = (1− y( βE '+ βe2

r ))e
−βe

2

r + 2π −1/2 (βE '+ βe2

r )
1
2
, 

23& 
βE 'r
λei

<
βe2

λei
, E%$ ! ""=

z
t dtezy

0

2
2
1

2)( #  

Sc(r,T) 2.7,<$'4 - /-4@&/74**&<$*/.1 23&"7&I$'&& %7> *->@4''(0 

*.*+.>'&) 23& Еα > E' & *.*+.>'&) '$23$3(-'.E. *2$/+34.  

D(34I$'&> (2 .18) & (2.19) - *7,<4$  23& r = 0 &1$O+ -&%: 

cdei SSTrS +=),(

)exp()(8
'

232/3

0

αα βψλπ
α

ErS
E

EE
eid −= ∑

=

1
2

>
ei

e
!
"
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     (3.20) 

 

=7> &.'4 X$ ',I'. +4/I$ ,<$*+; /.'$<'.*+; $E. 34@1$34 

(/3&*+477.E34?&<$*/&) 34%&,* \ 2•) 23& .23$%$7$'&& Φei(r,T). 

D 2*$-%.2.+$'8&47;'.) 1.%$7&, /.+.34> 34**14+3&-4$+*> - '4*+.>J$) 

34".+$, L7$/+3.' Ð&.''() 2*$-%.2.+$'8& 47 34**<&+(-4$+*> 2. ?.31,7$ (3.16) * 

,<$+.1 +.7;/. +$0 L'$3E$+&<$*/&0 ,3.-'$), /.+.3($ *,J$*+-,O+ - 

'$3$/.1"&'&3.-4-P$) 274@1$. B423&1$3, - ,*7.-&>0 [ 8Ð10] *,J$*+-,$+ +.7;/. 

'$2 3$3(-'() *2$/+3, 4 - ,*7.-&>0 [ 11] Ñ  '$23$3(-'() *2$/+3 & %&*/3$+'() .+ 

k a 36 &7& k a 39. 9( +4/I$ 34**14+3&-4$1 *7,<4) , *..+-$+*+-,OJ&) k a 10. 

K7$/+3.' Ð&.''() 2*$-%.2.+$'8&47 *,J$*+-$'' . .+7&<4$+*> .+ @4/.'4 

N,7.'4 [ 13]. H3&<$1, 23& ,<$+$ +.7;/. '$23$3(-'.E. *2$/+34 2*$-%.2.+$'8&47 

2$3$0.%&+ - @4/.' N,7.'4 '4 106a0 (a0 Ñ  34%&,* 6.34) [50, 31]. V<$+ ,3.-'$) 

%&*/3$+'.E. *2$/+34 * 36 ,3.-'> *,J$*+-$''. 2.'&I4$+ &.' ÐL7$/+3.''() 

2*$-%.2.+$'8&47, 4 2$3$0.% - @4/.' N,7.'4 23.&*0.%&+ '4 +(*><40 a0.  

B4 3&*. 14 23&-$%$'( L7$/+3.' Ð&.''($ 2.+$'8&47( 23& ,<$+$ +.7;/. 

'$23$3(-'.E. *2$/+34 23& M=0.1  N, 0.5 N, 1 N, 4 +4/I$ 2.+$'8&47 N,7.'4.  

 

)exp()(),0( 3
0

2
3

0
3

2
2/1

2

n

e
n

ee
S

eiei
d

!
"
!

#
"
! $%

eiei
c

ee
S

!
"

#
!
" 2

2/1
2

2),0( $
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Рис. 14. Ион–электронные псевдопотенциалы при различных температурах:  "931,4$  — Т 

= 1 К, ,&/1* Ð"931,4$  — Т = 0.5 К, :!# ,&/14 Ð"931,4$ — Т = 0.1 К в сравнении с 

кулоновскими потенциалами (сплошные линии). 

 

B4 3&*. 15 2./4@4'. .+7&<&$ 2*$-%.2.+$'8&474 23& ,<$+$ ,3.-'$) L'$3E&& 

'4<&'4> * 36 & 10 ,3.-'$) 23& 34@'(0 +$12$34+,340 .+ 2.+$'8&474 N,7.'4.  

 

r, a0
1065x105

0

–10

–5

βΦee
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Рис. 15. Ион–электронные псевдопотенциалы, рассчитанные по ф–лам (2.19), (2.20), 

начиная ; 10 9$&!3- возбуждения: :)433%' "931,4$  — температура 1000 К, <,$4= Ð

"931,4$  — температура 100 К; начиная ; 36 9$&!3- возбуждения: 1&$&,14'  "931,4$  — 

температура 10 К, 2 ,&/14 Ð"931,4$  — температура 5 К в сравнении с кулоновскими 

потенциалами — сплошные линии при соответствующих температурах. 

 

3.4 ÇC+6*4EÈ 0#,6. ' A".&'0+* Ð/0+'+**+D+ 

/,.$=+ /+'.*>-#"#  

D %4''.1 2434E34?$ 23&-.%&+*> 34@34".+4''() <&*7$''() 34*<$+ 

L7$/+3.' Ð23.+.''.E. -@4&1.%$)*+-&>, &*2.7;@,OJ&) %-,0<4*+&<',O 14+3&8, 

27.+'.*+& -@4&1.%$)*+-&>. !' Ç+.<'()È - +.1 *1(*7$, <+. &*2.7;@,$+ - 

/4<$*+-$ &*0.%'(0 %4''(0 &@-$*+'($ -.7'.-($ -.%.3.%'($ ?,'/8&& & 2.L+.1, 

$E. +.<'.*+; .E34'&<$'4 7&P; +.<'.*+;O 14P&''.E. *<$+4. K+.+ *2.*." 

2.@-.7&+ '41 .8$'&+; 2 .E3$P'.*+; /-4@&/74**&<$*/.E. 34*<$+4 

1000

0

-10

-20

-30

2000 3000
r, a0

!" ee
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2*$-%.2.+$'8&474, .2&*4''.E. -(P$. 5$@,7;+4+( 34*<$+.-  %-,0<4*+&<'.) 

14+3&8( 27.+'.*+& -@4&1.%$)*+-&> L7$/+3.'4 * 23.+.'.1 &@-$*+'( - 7&+$34+,3$ 

('423&1$3 [14, 51, 52]), - %4''.1 2434E34?$ 23.%$74' 34*<$+, 4'47.E&<'() [14], 

'. -2$3-($ - ."74*+& '&@/&0 +$1$34+,3 & 23& .+*,+*+-&& '$/.+.3(0 -. %.3.%'(0 

,3.-'$) - *&*+$1$ (<+. 23$%2.74E4$+*> - L/*2$3&1$'+40, /.+.3($ 1( 

1.%$7&3,$1). D L+&0 ,*7.-&>0 2./4@4'4 -.@1.I'.*+; .2+&1&@48&& 47E.3&+14 

34*<$+4. 

=-,0<4*+&<'4> 14+3&84 27.+'.*+& .23$%$7>$+*> 2. ?.31,7$ 

ρn1n2 =ψn1
exp(−β Ĥ )ψn2

*
      (3.21) 

E%$ n1, n2 Ñ  *.*+.>'&> *&*+$1( , ĤÑ  E41&7;+.'&4' *&*+$1( , β = 1/(kT), k Ñ  

2.*+.>''4> 6.7;814'4.  

A,114 %&4E.'47;'(0 L7$1$'+.- L+.) 14+3&8( Ñ  *7L+$3.-*/4> *,114:  

∑ −=
n

nn ES )exp(8
23

2
2

3

βψλπ ,     (3.22)  

E%$ Ψn & En Ñ  -.7'.-($ ?,'/8&& & ,3. -'& L'$3E&& *&*+$1( - *.*+.>'&&  n,

! =
!

2µkT  
Ñ  +$27.-4> %7&'4 -.7'( %$ 63.)7>, ћ Ñ  2.*+.>''4> H74'/4.  

=7> *&*+$1( L7$/+3.' Ð23.+.' &1$$1  

Sep = 2! " ! 2

µ( )
3/2

! n

2
exp(! " En)

n

" , E%$ µ =
memp

mp +me

,   (3.23) 

me  & mp— 14**4 L7$/+3.'4 & 23.+.'4 *..+-$+*+-$''..  

A7L+$3.-*/,O *,11, 1.I'. 34@7.I&+; '4 %-4 *74E4$1(0:  

 Sep(r,T) = Sd + Sc ,       (3. 24) 

E%$ Sd Ñ  *,114 *.*+.>'&) %&*/3$+'.E. *2$/+34, Sc Ñ  *,114 *.*+.>'&) 

'$23$3(-'.E. *2$/+34.  
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H.*/.7;/, -.7'.-($ ?,'/8&& *&*+$1( L7$/+3.' Ð23.+.' &@-$*+'( (*1. [53]), 

+. *7L+$3.-*/,O *,11, 1.I'. 34**<&+4+; +.<'. , 23& L+.1 &1$$1 

[ ]212
1

0
})!{(
)!1)(12(

1

)exp(32/3 )(8 3

2

4 !"# !!$ +
+

%

=
+

+++
&

=

%% ''= l
ln

n

l
ln
lnl

n
n
E

epd LS
l

n
,  (3.25)  

E%$ n Ñ  E74-'.$ /-4'+.-.$ <&*7., l Ñ  .3"&+47;'.$ /-4'+.-.$ <&*7., 

Ln+l 
2l+1(ρ) — ."."J$ ''() 2.7&'.1 Y4E$334, ρ = 2r / (na0), a0 — " .3.-*/&) 34%&,*, 

r — 34**+.>'&$ 1$I%, L7$/+3.'.1 & 23.+.'.1;  

Sc =8! 3/2" ep
3 (2! 2r 2)! 1 exp(! #k2! 2 / 2µ)

0

"

# (2l +1)[Fl (! ,kr )]2dk
l=0

"

$
  

(3.26) 

E%$ α = µ e2 / (!2k), Fl (α,kr)  Ñ  %$)*+-&+$7;'4> <4*+; /,7.'.-*/.) -.7'.-.) 

?,'/8&& '$23$3(-'.E. *2$/+34, k — -.7'.-.) -$/+.3.  

6.7$$ +.E., 23& r = 0 L+4 ?,'/8&> 1.I$+ "(+; -(<&*7$'4 4'47&+&<$*/&. K+. 

"(7. *%$74'., '423&1$3, -  [13]: 

H3& ξep >1  &1$$1 

Sd (0,! ep) ! " "
1

2! ep
3 e#I

,  Sc(0,! ep) ! " 2"
1
2! , 

E%$ 
epξ = ! βe2 / λep

,  I = Ry. 

H3&"7&I$''() *2.*." 34*<$+4 *7L +$3.-*/.) *,11( "(7 23$%7.I$' - [13]. 

A,+; $E. @4/7O<4$+*> - +.1, <+. '$*/.7;/. 2$3-(0 *74E4$1(0 - *7L +$3.-*/.) 

*,11$ -(<&*7>$+*> +.<'. 2. &@-$*+'(1 -.7'.-(1 ?,'/8&>1, 4 .*+47;'($ 

*74E4$1($ ,<&+(-4O+*> - /-4@&/74**&<$*/.1 23&"7&I$'&&:  

Sd =8! 3/2" ei
3 # $ (r )

2

E$ =E0

E'

! exp(" %E$ )
 

$*+; -/74% %&*/3$+'.) <4*+& *2$/+34 * L'$3E&$) .+ E0 %. E’, 
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Sc(r,T) = exp(!
! e2

r
)   23&  

! E'r
" ei

!
! e2

" ei

,  

)'(2)exp('1),(
2

2/1
22

r
eE

r
e

r
eEyTrSc

β
βπ

ββ
β ++−

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
+−= −

 23& βE 'r
λei

<
βe2

λei
 

E%$ dttzy
z

! "= "

0

22/1 )exp(2)( # . 

C'4<$'&> %-,0<4*+&<'.) 14+3&8( 27.+'.*+& 1.I'. -( 34@&+; - -&%$ 

2*$-%.2.+$'8&474 !
~

= " ln(S)
! , /.+.3() - *7,<4$ -@4&1.%$)*+-&> L7$/+3.'4 * 

23.+.'.1 .23$%$7>$+*> -(34I$'&$1  

 
!! ep(r,! ) = " ! " 1 ln 2" ! ! 2

µ( )
3/2

Sd+Sc

8! 3/2" ep
3( )#

$%
&

'(    
(3.27) 

& '4 ".7;P&0 34**+.>'&>0 *.-24%4$+ * @4/.'.1 N,7.'4.  

M.<'() 34*< $+ 23.-.%&7*> - [14] %7> %&424@.'4 +$12$34+,3 .+ 102 %. 107 N. 

=7> L7$/+3.' Ð23.+.''.E. 2*$-%.2.+$'8&474 23& '&@/&0 +$12$34+,340 "(7. 

2.7,< $'. 4223./*&148&.''.$ -(34I$'&$  

!! ep = (T " 10#5 /1.5788)(2r + 3
2
lnT # 20.606) #1  

(Т - E34%,*40 N, r Ñ  - ".3.-*/&0 34%&,*40, !! ep Ñ  - 3&%"$3E40). 

D L+.1 2434E34?$ 23&-$%$'( +.<'($ <&*7$''($ 34*<$+( 2*$-%.2.+$'8&474 

4'47.E&<'. [ 14], '.  %7> +$12$34+,3 Т .+ 3 %. 100 N & .2&*4' ,23.J$''()  

47E.3&+1 +4/.E. 34*<$+4, *234-$%7&-() - %4''.) ."74*+& +$12$34+,3. 
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3.4.1 +#%', &-./#%- 0'"('012 34($5*6  

Дискретные волновые функции 

C'4<$'&> ."."J$ ''.E. 2.7&'.14 Y 4E$334 34**<&+(-47&*;, *.E74*'. [54], 2. 

3$/,33$'+'(1 ?.31,741:  

L0
! (x) =1

L1
! (x) =! +1! x

Ln
! (x) = Ln

! ! 1(x)+ Ln! 1
! (x)

(n+1)Ln+1
! (x) ! (2n+! +1! x)Ln

! (x)+(n+! )Ln! 1
! (x) = 0, n =1, 2, ...

 (3.28) 

A,11&3.-4'&$ 2. n ."3(-47.*; '4 '$*/.7;/&0 %$*>+/40, 2.*/.7;/, 23& 

+$12$34+,340 .+ 3 %. 100 N -/74% -(*./&0 ,3.-'$) 2. *34-'$'&O * ' &I'&1& 

*.*+.>'&>1& '$*,J$*+-$' . N4/ 2./4@4'.  - [ 14], %7> '&@/&0 +$12$34+,3 - 

2*$-%.2.+$'8&47 -'.*&+ -/74% +.7;/. 2$3-() ,3.-$';. M4/&1 ."34@.1, - .+7&<&$ 

.+ [14], '$ "(7. '$."0.%&1.*+& 4'47&+&<$*/& 23.%.7I4+; *,11, 2. n %. 

"$*/.'$<'.*+&.  

Непрерывные волновые функции 

=$)*+-&+$7;'($ /,7.'.-*/&$ -.7'.-($ ?,'/8&& '$23$3(-'.E. *2$/+34 

',7$ -.E. 2.3>%/4 "(7& 2.7,<$ '( 23& 2.1.J& 1$+.%.-, .2&*4''(0 - [ 55]. C4%4<4 

*.*+.>74 - '40.I%$'&& @'4<$'&) ?,'/8&& -&%4 Fl (! ," ) , E%$ 24341$+3(

+!<<!" # , ! > 0, l Ñ  2.3>%./ ?,'/8&&  (.+ 0 %. "$*/.'$<'.*+&). D %4''.1 

34*<$+$ η > 0 & 2. L+&1 24341$+341 &%$+ &'+$E3&3.-4'&$, 23&<$1 -/74% ?,'/8&& 

- &'+$E347 "(*+3. ,"(-4$+ * 3.*+.1 l, 4 +4/I$ * ,-$7&<$'&$1 24341$+3.- η & ρ. 

A.E74*'. [ 55], %7> ."74*+& ! < 2"  "(7 &*2 .7;@.-4' 1$+.% Риккати I: 

F0(! ," ) = 1
2
e# (t ,! )

F0
' (! ," ) = (2! )! 1F0d# / dt

t = "
2!

# (t,! ) = 2! g0 + g1 +(2! )! 1g2 +(2! )! 2 g3 +...;

     (3.29) 
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%7> ! = 2"  Ñ  ?.31,7(  

F0 = 0.7063326373! ! 1/6 1" 0.04959570165! ! " 4/3 " 0.0088888889! ! " 2Ð0.002455199181! ! " 10/3

" 0.0009108958061! ! " 4 " 0.0002514684115! ! " 16/3 " ...

#

$
%%

&

'
(( ,

F0
' = 0.4086957323! ! " 1/6 1+0.1728260369! ! " 2/3 +0.00031746032! ! " 2 +0.00358121485! ! " 8/3

+0.000311782468! ! " 4 +0.0009073966427! ! " 14/3 +...

#

$
%%

&

'
((;

  

(3.30) 

%7> ! > 2"  Ñ  1$+.% Риккати II: 

! 

F0 = M sin" ,G0 = M cos" ,

F0
' = #x2(BF0 # AG0),

M = 1 (1# x){ }1/ 4
e$(%,x), x = 2% &.

      (3.31) 

 

M4/&1 ."34@.1 -*> ."74*+; @'4<$'&) 

! 

"  & 

! 

"  "(74 Ç2./3(+4È %-,1> 

1$+.%41& Риккати I & II. 6(7. ."'43,I$'., <+., '$*1.+3> '4 1'.I$*+-. %3,E&0  

1$+.%.- 34*<$+4, 23$%7.I$''(0 - [55], & ".7$$ 2.%0.%>J&0 %7> 34@'(0 ."74*+$)  

@'4<$'&) 24341$+3.- 

! 

"  & 

! 

" , 1$+.%(, &*2.7;@.-4''($ - %4''.) 34".+$, %4O+ 

%.*+4+.<',O %7> @4%4<& 34@34".+/& 1.%$7& +.<'.*+; . =7> '4E7>%'.*+& - +4"7&8$ 

1 23&-$%$' 14**&- @'4<$'&) F[l][η][ρ]. D("34'( +.</&, 0 434/+$3'($ (2. 1'$'&O 

4-+.34 [55]) %7> 34@7&<'(0 ."74*+$) @'4<$'&) 

! 

"  & 

! 

" , & 23&-$%$'( 3$@,7;+4+( 

34*<$+.- 2. ?.31,741 ( 3.9)Ð(3.11) & ".7$$ +.<'(1 1$+.%41 %7> /4I%.) +.</& &@ 

[55] %7> %$)*+-&+$7;'(0 -. 7'.-(0 ?,'/8&) ',7$-.E. 2.3>%/4.  
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M4"7&84 1. A34-'$'&$ 3$@,7;+4+.- <&*7$''.E. 34*<$+4 @'4<$'&) -.7'.-(0 ?,'/8&), 

2.7,<$''(0 34@7&<'(1& 1$+.%41&.  

K7$1$'+ 14**&-4 C'4<$'&$ 2. (2.18)Ð(2.20) C'4<$'&$ 2. [55] H.E3$P'.*+;, %  

F[0][50][120]      0.200245 0.20025 0.0025 

F[0][50][80] 0.00120298 0.0012037 0.06 

F[0][9][50] 0.935709 0.9357 0.00096 

F[0][5][20]     Ð0.229377 Ð0.22935 0.01 

F[0][3][10]     0.663431 0.6601 0.5 

F[0][5][10]     0.917945 0.917945 0 

F[0][10][10]    0.00162592 0.001626 0.005 

 

D.7'.-($ ?,'/8&& -(*P&0 2.3>%/.- "(7& 2.7,<$'( 2. 3$/,33$'+'(1 

*..+'.P$'&>1  &@ [56]: 

η2 + L2( )
1/2

FL−1 L = η L+ L ρ( )FL + FL
'

! 2 + (L+1)2( )
1/2

FL+1 (L+1)+ ! 2 + L2( )
1/2

FL! 1 L = 2L+1( ) ! L(L+1)+1 !!" #$FL.
 

A.E74*'. [55], %4''($ *..+'.P$'&> 1.E,+ 23&1$'>+;*> - ".7;P.1  

%&424@.'$ @'4<$'&) L "$@ *$3;$@'.E. '4/.27$'&> .P&"/&.  

 

3.4.2 7#84"9%-%1 &-./ : %'0  

6(7& 34**<&+4'( *7L+$3.-*/&$ *,11( %7> 34@7&<'(0 +$12$34+,3 - 

%&424@.'$ .+ 3 %. 100 N & * ,<$+.1 -/74%.- 34@7&<'.E. <&*74 ,3.-'$) 

%&*/3$+'.E. *2$/+34. !+ *,11( -.7'.-(0 ?,'/8&) * -$*.1 <&*7$''. -(<&*7>7*> 

&'+$E347 * /.'$<'.) +.<'.*+;O.  
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N4/ ,I$ "(7. */4@4'., 23& '&@/&0 +$12$34+,340 -/74% .*'.-'.E.  *.*+.>'&> 

>-7>$+*> 23$."74%4OJ&1. H.L+.1, '$ */.7;/. 2$3-(0 ,3.-'$) 23& 34*<Q +40 

&*/7O<47&*;, <+."( ."'43,I&+; .*."$''.*+& 2.-$%$'&> 2.+ $'8&474 - ."74*+& 

$E. -(0.%4 '4 /,7.'.-*/&) 2.+$'8&47  (3&*. 16). 

  

 

Рис. 16. T = 100 K; "931,4$  — псевдопотенциал, где вклад дискретного спектра учтен с 5–

го уровня, ;")&<3*- )434- — кулоновский потенциал, <,$4= Ð"931,4$  — 

псевдопотенциал, где вклад дискретного спектра учтен с 1–го уровня. 

 

H34-&7;'.*+; 34*<$+4 - ."74*+& '&@/&0 +$12$34+,3 "(74 23.-$3$'4 '4 

E34'&8$ %7> M = 100 N 2,+$1 *34-'$'&> * 3$@,7;+4+41& &@ [14]. H.7,<&7.*;, <+. 

2*$-%.2.+$'8&47, 34**<&+4''() 2. ?.31,741 ( 3.28)Ð(3.31), & 34**<&+4''() - 

[14] *.-24%4O+ * 2.E3$P'.*+;O, '$ 23$-(P4OJ$) 1%.  

A34-'&+$7;' () 4'47&@ 3$@,7;+4+.- &@ [13, 31] & %4''(0 34*<$+.-  2./4@47, 

<+. /-4@&/74**&<$*/&) 2.%0.% %4$+ +$1 ".7$$ +.<'.$ @'4<$'&$ %-,0<4*+&<'.) 

14+3&8( 27.+'.*+&, <$1 '&I$ +$12$34+,34, <+. -&%'. '4  3&*. 17 & 18. 
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Рис. 17. > = 50 ?, вклад дискретного спектра учтен с 17 уровня:кружочки — 

псевдопотенциал, сплошная линия— кулоновский потенциал, треугольники — 

псевдопотенциал, рассчитанный в квазиклассическом приближении. 

 

 

Рис. 18. > = 3 ?, вклад дискретного спектра учтен с 10 уровня: кружочки — 

псевдопотенциал, сплошная линия — кулоновский потенциал, треугольники — 

псевдопотенциал, рассчитанный в квазиклассическом приближении. В районе 500 a0 и далее 

он практически совпадает с точным расчетом. 
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=7> *34-'$'&> '4 3&*. 19 23&-$%$'( E34?&/& 2*$-%.2.+$'8&47.- 23& 

34@7&<'(0 +$12$34+,340, -(<&*7$''($ * ,<$+.1 -/74%4 ,3.-'$) %&*/3$+'.E. 

*2$/+34, '4<&'4> * *$%;1.E.. 

 

 

Рис. 19. Псевдопотенциалы с учетом вклада дискретного спектра с 7 уровня: кружочки — 

для 20 K, треугольники— для 10 К, квадратики— для 3 К, сплошная линия — кулоновский 

потенциал при 20 К. 

 

5$@,7;+4+( 34*<$+4 2./4@(-4O+, <+. +.<'.*+; /-4@&/74**&<$*/.E. 2.%0.%4 

-.@34*+4$+ * 2.'&I$'&$1 +$12$34+,3(. H3&<$1 %7> '40.I%$'&> /,7.'.-*/&0 

-.7'.-(0 ?,'/8&) - %4''.) @4%4<$ %.*+4+.<'. &*2.7;@.-4+; 1$+.%( Риккати I и 

Риккати II [55], *,J$*+-$''. ,23.J4> -(<&*7$'&>, --&%, .+*,+*+-&> 

'$."0.%&1.*+& - &@"(+.<'.) +.<'.*+&.  
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3.5 G4$+=4  

D L+.) E74-$ *?.31,7&3.-4'4 1.%&?&8&3.-4''4> 1.%$7; 3&%"$3E.-*/.) 

274@1(, - /.+.3.) *,J$*+-,O+ *-.".%'($ L7$/+3.'(, &.'( & 

-(*./.-.@",I%$''($ 3&%"$3E.-*/&$ 4+.1(. H3&<$1 - 3&%"$3E.-*/&0 4+.140 

3$47&@.-4'( +.7;/. '$/.+.3($ *.*+.>'&> %&*/3$+'.E. *2$/+34. B423&1$3, 

,3.-'& %&*/3$+'.E. *2$/+34 * 10 ÐE. & -(P$.  

D(".3 3$47&@,$1(0 ,3.-'$) .23$%$7>$+ -@4&1.%$)*+-&$ - *&*+$1$ & /4/ 

*7$%*+-&$ Ñ  -&% 2*$-%.2.+$'8&474. D L+.) E74-$ .".*'.-4'4 234-.1$3'.*+; 

34*<$+4 +$31.%&'41&/& 2,+$1 .8$'/& -3$1$' 3$74/*48&& 34@7&<'(0 *+$2$'$) 

*-.".%( *&*+$1(.  ÇB$3$47&@.-4''.*+;È <4*+& %&*/3$+'.E. *2$/+34 *&*+$1( 

.",*7.- 7$'4 - <4*+'.*+& @41$%7$'&$1 3$/.1"&'48&&, 2.7,<$''.) - 

L/*2$3&1$'+40. 

C4%4'( E34'&8( 23&1$'&1.*+& 1.%$7& & 3$@,7;+4+.- 34*<$+.- Ñ  .'& 

.",*7.-7$'( 23$I%$ -*$E. .+*,+*+-&$1 -(3.I%$'&> & 23&1$'&1.*+;O 243'.E. 

23&"7&I$'&> 23& 34*<$+$ -@4&1.%$)*+-&> (*3$%'$$ 1$I<4*+&<'.$ 34**+.>'&$ 

1'.E. 1$';P$ %$"3.)7$-*/.) %7&'( -.7'( & ".7;P$ &7& *34-'&1. * 34@1$3.1 

3&%"$3E.-*/.E. 4+.14). 

M4/I$ - L+.) E74-$ .".*'.-4' & 23.&@-$%$' +.<'() <&*7$''() 34*<$+ 

2*$-%.2.+$'8&47.- L7$/+3.' Ð&.''.E. -@4&1.%$)*+-&>. !"'43,I$'., <+. 

+.<'. *+; 23&"7&I$''.E. /-4@&/74**&<$*/.E. 34*<$+4 2*$-%.2.+$'8&474 [13] +$1 

7,<P$, <$1 '&I$ +$12$34+,34 *&*+$1(. 
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!"#$# 4.  !"#$%&'()$'*"+,'"  !"#$!%" !  

!"#$%!&'()*'+ ,-./01  

D L+.) E74-$ 23$%*+4-7$' 1$+.% & 3$@,7;+4+( 34*<$+4 +$31.%&'41&<$*/&0 & 

/.33$7>8&.''(0 *-.)*+-  2*$-%.2.+$'8&47;'.) 1.%$7& 3&%"$3E.-*/.)  274@1(, 

34@34".+4''.) - E74-$ 2. H3&-$%$'( 3$@,7;+4+( 34*<$+.- - P&3./.) ."74*+& 

24341$+3.-, - +.1 <&*7$ - ."74*+>0, "7&@/&0 / L/*2$3&1$'+41 [3Ð7] & [8Ð11]. 

4.1 J.'+= 0#,6. '#  '.03+=-*#3-6.,&-B - &+00."7>-+**4B 

,$+E,'$  

=7> 34*<$+4 +$31.%&'41&<$*/&0 *-.)*+- & /.33$7>8&.''(0 ?,'/8&) 

3&%"$3E.-*/.) ,7;+340.7.%'.) 274@1( "(7 &*2.7;@.-4' 1$+.% 9.'+$ ÐN437. 

%7> 1'.E./.12.'$'+'.) 274@1( - /4'.'&<$*/.1 4'*41"7$, 34@-&+() - [ 12, 49]. 

!23$%$7$'&$ 34@7&<'(0 +$31.%&'41&<$*/&0 -$7&<&' 23& L+.1 *-.%&+*> / 

-(<&*7$'&O *3$%'&0 @'4<$'&) F  .+ &@-$*+'(0 ?,'/8&)  /..3%&'4+ ( q). 

B423&1$3, %7> L'$3E&&: 

E =Q! 1(N ,V ,T ) ..."
V

EN (q)SN (a,T )d
Nq" ,    (4.1) 

E%$ Q(N,V,T) Ñ  /.'?&E,348&.''() &'+$E347.  

9$+.% 9.'+$ ÐN437. L+. <&*7$''() 1$+.%, &*2.7;@,OJ&) 8$2& 943/.-4 

[12]. !' 2.@-.7>$+ -("&34+; 7&P; .*'.-'($, '4&".7$$ +&2&<'($ *74E4$1($, 

.23$%$7>OJ&$ @'4<$'&> &'+$E347;'.) *,11(. H.L+.1,, &'4<$, .' '4@(-4$+*> 

1$+.%.1 *,J$*+-$''.) -(".3/&. =3,E.) .*."$''.*+;O 1$+. %4 >-7>$+*> 

&*2.7;@.-4'&$ 2$3&.%&<$*/&0 E34'&<'(0 ,*7.-&). D*$ +3$01$3'.$ 23.*+34'*+-. 

34@"&-4$+*> '4 34-'($ ><$)/& ."#$14 V * N <4*+&841& - /4I%.). _*7& .%'4 &@ 

<4*+&8 ><$)/& -*7$%*+-&$ &@1$'$'&> *-.&0 /..3%&'4+ -(0.%&+ &@ L+.) ><$)/&, 
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+. .%'.-3$1$''. $$ ."34@ &@ *.*$%'$) ><$)/& -0.%&+ <$3$@ 23.+&-.2.7.I',O 

E34'; & <&*7. <4*+&8 - ><$)/$ *.034'>$+*>. 

54*<$+( 23.-.%&7&*; - NVT 4'*41"7$ %7> .%&'4/.-.E. /.7&<$*+-4 

L7$/+3.'.- & &.'.- * 2$3&.%&<$*/&1& E34'&<'(1& ,*7.-&>1&. X434/+$3'($ 

%7&'( 8$2$) 943/.-4,  &*2.7;@.-4''($ - 34*<$+40 , *.*+4-7>7& '$*/.7;/. 

1&77&.'.- P4E.-. H3& <&*7$ <4*+&8 - >J&/$ .+ 200 %. '$*/.7;/&0 +(*><. 

D@4&1.%$)*+-&$ - *&*+$1$ @4%4-47.*; 2*$-%.2.+$'8&4741&, 23&<$1 %7> 

-@4&1.%$)*+-&> .%'.&1$''. @43>I$''(0 <4*+&8 &*2.7;@.-47*> /,7.'.-*/&) 

2.+$'8&47: --&%, ".7;P&0 @'4<$'&) *3$%'&0 34**+.>'&) 2.234-/& / 

/,7.'.-*/.1, 2.+$'8&47, '$ -'.*&7& '&/4/.E. -/74%4 - 3$@,7;+4+(.  

H.E3$P'.*+& 3$@,7;+4+.-, 2.7,<$''(0 1$+.%.1 9.'+$ ÐN437. [12], *->@4'( 

* -(".3.1 <&*74 <4*+&8 - ><$)/$ & /.'$<'.*+;O %7&'( 8$2& 943/.-4. =7> 

.8$'/& 2.E3$P'.*+& -(".34 <&*74 <4*+&8 "(7& 23.%$74'( 34*<$+( %7> 

34@7&<'(0 N Ñ  32, 64, 128, 256 & 2./4@4'4 *0.%&1.*+; 2.3>%/4 &7& 7,<P$ ~ N–

1\2. 6.7$$ +.E., '$*1.+3> '4 +., <+. - @4%4<$ &*2.7;@,$+*> %47;'.%$)*+-,OJ&) 

/,7.'.-*/&) 2.+$'8&47 & "74E.%43> *&11$+3&<'.*+& 2.+$'8&47.- .%'.&1$''. & 

34@'.&1$''. @43>I$''(0 <4*+&8,  ./4@47.*; -.@1.I'(1 &@"$I4+; ,<$+4 

%47;'.%$)*+-&> - *&*+$1$ & 23&1$'$'&> 1$+.%.- -3.%$ *,11&3.-4'&> K-47;%4 & 

+. 2. B4 234/+&/$ 23& <&*7$ <4*+&8 - >J&/$ ".7;P$ ~ 400, '$@4-&*&1. .+ 

-("34''(0 +$12$34+,3(, 27.+'.*+& &7& 2*$-%.2.+$'8&47.- Ñ  '$ '4"7O%4$+*> 

34*0.%&1.*+& 3$@,7;+4+.-. !8$'/4 *+4+&*+&<$*/.) 2.E3$P'.*+&, *->@4''.) * 

/.'$<'.*+;O %7&'( 8$2& 943/.-4 [ 12], 2.@-.7&74 -("&34+; 8$2& 943/.-4 

'$."0.%&1.) %7&'(. N3.1$ +.E., -("34*(-4$+*> '$34-'.-$*'() ,<4*+./  8$2&.  

H3.-.%&7&*; 34*<$+( ,%$7;'.) -',+3$''$) L'$3E&& *&*+$1(, L7$/+3.' Ð

L7$/+3.''(0 gee(r), &.' Ð&.''(0 gii(r) & L7$/+3.'Ð&.''(0 gei(r) 34%&47;'(0 

243'(0 /.33$7>8&.''(0 ?,'/8&), *+3.&7&*; +4/I$ +3$01$3'($ &@."34I$'&> 

2.7,<$''(0 /.'?&E ,348&).  
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4.2 K.1(")'#'4 0#,6.'+$  

D 34".+$ [31] 23&-$%$'( 3$@,7;+4+( 34*<$+.- +$31.%&'41&<$*/&0 & 

/.33$7>8&.''(0 ?,' /8&) 23& &*2.7;@.-4'&& L7$/+3.' Ð&.''.E.  2.+$'8&474, 

34**<&+4''.E. * ,<$+.1 +.7;/. '$23$3(-'.E. *2$/+34. D '4*+.>J$) 34".+$ "(7& 

23.-$%$'( 34*< $+( %7> +$12$34+,3 Т = 1Ð100 N & ."74*+& /.'8$'+348&) 

ni = ne = 105Ð1015 23& ,<$+$ - 2*$-%.2.+$'8&47$ Sei ,3.-'$) L'$3E&& 4+.14 * 36 & 

10 ,3.-'$) . D *7,<4$ U << 1, +4/ I$, /4/ & - [ 31] '4"7O%4$+*> 0.3.P$$ *.E74*&$ 

/.33$7>8&.'' (0 ?,'/8&) * 23&"7&I$'&$1 =$"4> ÐXO//$7>. H3& U a 1 

/.33$7>8&.''($ ?, '/8&& ,/4@(-4O+ '4 ."34@.-4'&$ "7&I'$E. 2.3>%/4 *3$%& 

<4*+&8, /4/ .%'.E.,  +4/ & 34@'(0 @'4/.-. H3& 3.*+$ U L+.+ 2.3>%./ ,*&7&-4$+*>. 

94/*&1,1( /.33$7>8&.''(0 ?,'/8&) 34*+,+, 4 1&'&1,1( ."34J4O+*> - 0.  

B4 3&*. 20 23&-$%$'( /. 33$7>8&.''($ ?,'/8&& gee(r), gii(r), gei(r) %7> 

34@7&<'(0 27.+'.*+$) 23& +$12$34+,3$ 0.1 K. 
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Рис. 20. Графики корреляционных функций при различных плотностях и температуре 

Т=0.1К: 1 — gei(r), 2 — gee(r), 3 — gii(r), в электрон–ионном псевдопотенциале учтен вклад 

только непрерывного спектра. 
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B4 3&*. 21 23&-$%$'4 nÐT %&4E34114. B4 L+.) %&4E3411$ -&%'( ."74*+& 

"7&I'$E. & %47;'$E. 2.3>%/4 - @4-&*&1.*+& .+ +$12$34+,3( & /.'8$'+348&&. 

H3& 2.-(P$'&& T %. 100 N ."74*+; %47;'$E. 2.3>%/4 *1$J4$+*> - *+.3.', 

".7;P&0 n. 

 

 

Рис.21. Диаграмма n–T с учетом дискретного спектра с 36 уровня. Крестики 

соответствуют газоподобному состоянию плазмы, кружки — «жидкому», квадраты — 

кристаллическому. @")&<3*-  линия — γ = 1. A931,4$3*-  линия — nλ3 = 1. 
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B4 3&*. 22 23&-$%$'( /.33$7>8&.''($ ?,'/8&& %7> *7,<4>, /.E%4 

'4"7O%4$+*> %47;'&) 2.3>%./ - 274@1$ 23& .+3&84+$7;'.) L'$3E&& '4 .%', 

<4*+&8,, <+. - *-.O .<$3$%; E.-.3&+ . 1$+4*+4"&7;'.*+& +4/.) *+3,/+,3(.  

 

 

Рис.22. Корреляционные функции с учетом дискретного спектра с 36 уровня при Т =10 К, 

n = 1014 см–3, параметр взаимодействия γ = 7.75, энергия на одну частицу  

E = –11.5 kT.  

A931,4$3*-  линия — электрон–ионная парная корреляционная функция, < ,$4= Ð

"931,4$3*-  — ион–ионная и электрон–электронная корреляционные функции 

(совпадают). @")&<3%B4 линиями показаны дебаевские корреляционные функции согласно 

формуле: 

! (! ! = ! ±
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B4 3&*. 23 23&-$%$'( /.33$7>8&.''($ ?,'/8&& %7> *7,<4>, /.E%4 - 274@1$ 

23& .+3&84+$7;'.) L'$3E&& '4 .%', <4*+&8, '4"7O%4$+*> "7&I'&)  2.3>%./. 

M3$01$3'4> -&@,47&@48&> L+.) +.</& 2./4@474, <+. *&*+$14 *."&34$+*> - Ç/427&È 

(/74*+$3( &@ %$*>+/.- L7$/+3.'.- & &.'.-).  

 

 

Рис.23. Корреляционные функции с учетом дискретного спектра с 10 уровня при 

температуре 100 К, концентрация 1016 см–3, параметр взаимодействия γ = 3.6, энергия на 

одну частицу E = –9.82 kT.  

A931,4$3*-  линия — электрон–ионная парная корреляционная функция. C,$4= Ð

"931,4$3*-  линия — ион–ионная и электрон–электронная корреляционные функции 

(совпадают). @")&<3%B4 линиями показаны дебаевские корреляционные функции согласно 

формуле: 

! (! ) ! 1 !
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B4 3&*. 24 23&-$%$'( @'4<$'&> -',+3$''$) L'$3E&& E/NkT '4 .%', <4*+&8, - 

@4-&*&1.*+& .+ U 23& ,<$+$ ,3.-'$) L'$3E&& 4+.14 * 36 ,3.-'> %7> T = 1Ð10 K. D 

.+7&<&$ .+ [31], E%$ E/NkT @4-&*$74 +.7;/. .+ U, - %4''.1 *7,<4$ &1$$+ 1$*+. 

34**7.$'&$ 3$@,7;+4+.- 34*<$+4 2. +$12$34+,3$.  

 

 

Рис. 24. График зависимости внутренней энергии на одну частицу E/NkT от параметра 

неидеальности γ с учетом дискретного спектра с 36 уровня. A931,4$3*-  линия — 

температура Т = 10 К, <,$4= Ð"931,4$3*-  линия — температура Т = 5 К, ;")&<3*-  

линия — температура Т = 1 К. 
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@'4<$'&). H3&<$1, <$1 '&I$ +$12$34+,34, +$1 '&I$ L+& @'4<$'&>. D 23$%$7$ 

147(0 U %7> -*$0 +$12$34+,3 '4"7O%4$+*> 0.3.P$$ *.E74*&$ * 23&"7&I$'&$1 

=$"4>ÐXO//$7>. !"74*+; 2.7.I&+$7;'(0 @'4<$'&) L'$3E&& %7> /4I%.) 

0

20
γ

80

200

400

600

40 60 100

βE/N



72 

+$12$34+,3( 0.3.P. 4223./*&1&3,$+*> 23>1.) 7&'&$) .%&'4/.-.E. '4/7.'4, 

23&<$1 2$3$0.% E/NkT <$3$@ '.7; *74". @4-&*&+ .+ +$12$34+,3( & *..+-$+*+-,$+ 

n = 1015 *1 Ð3.  

M4/I$ "(7& 23.%$74'( 34*<$+( %7> *7,<4>, /.E%4 - Sei ,<&+(-4O+*> ,3.-'&, 

'4<&'4> * k = 10. K+& 34*<$+( 23.%$74'( %7> T = 100Ð1000 K. B4 3&*. 25 

23&-$%$'4 nÐT %&4E34114 %7> L+.E. *7,<4>. C%$*; +.I$ ."'43,I$'( ."74*+& 

."34@.-4'&> "7&I'$E. & %47;'$E. 2.3>%/4.  

 

 

Рис. 25. n–T диаграмма 10–го уровня: ;")&<3*-  линия — (γ = 1), "931,4$3*-  — 

вырождение (nγ3 = 1). Крестики соответствуют газоподобному состоянию (Дебай), 

окружности — жидкости (ближний порядок), квадраты — решётке (дальнему порядку). 

 

B4 3&*. 26 23&-$%$'( @'4<$'&> E/NkT %7> 100 K, 300 K & 1000 K 23& ,<$+$ 

,3.-'$) * k = 10. C'4<$'&$ E/NkT = 0 +4/I$ *74". @4-&*&+ .+ T & *..+-$+*+-,$+ n 

= 1018 *1 Ð3. 
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Рис. 26. График зависимости внутренней энергии на одну частицу E/NkT от параметра 

неидеальности γ с учетом дискретного спектра с 10 уровня. A931,4$3*-  линия — 

температура Т = 1000 К, <,$4= Ð"931,4$3*-  линия — температура Т = 300 К, 

;")&<3*-  линия — температура Т = 100 К.  

 

=7> *34-'$'&> E/NkT - @4-&*&1.*+& .+ /.7&<$*+-4 %&*/3$+'(0 

3&%"$3E.-*/&0 ,3.-'$) - 2*$-%.2.+$'8&47$ Sei '4 3&*. 27 23&-$%$'( @'4<$'&> 

E/NkT 23& T = 100 K 23& ,<$+$ ,3.-'$) * k = 10 & k = 36.  
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Рис. 27. Сравнительный график зависимости внутренней энергии на одну частицу  E/NkT 

от параметра неидеальности γ с учетом дискретного спектра с 36 и 10 уровня для Т = 

100 К. C,$4= Ð"931,4$3*-  линия — 10 уровень, ;")&<3*-  линия — 36 уровень. 

 

9.I'. *<&+4+; * 0.3.P$) *+$2$';O +.<'.*+&, <+. 23>1($ 2.7.I&+$7;'(0 

@'4<$'&) &1$O+ .%&'4/.-() '4/7.'.  

D *->@& * 3$@,7;+4+41&, 2.7,<$''(1& - L+.1 34*<$+$ & 34".+$ [31],  

0.+$7.*; "( .+1$+&+; 34".+, [ 41]. D '$) "(7. 23$%2.7.I$'., <+. - 274@1$ 

."34@,$+*> &.''4> 3$P$+/4 * 34@1$3.1 34-'(1 *3$%'$1, 34**+.>'&O. 

D(<&*7$''4> L'$3E&> '4 .%', <4*+&8, +4/  I$ , /4/ & - %4''.) 34".+$ - *7,<4$ 

'$23$3(-'.E. *2$/+34 [ 31] 2.7.I&+$7;'4 , & /.'*+4'+4 (4'47.E /.'*+4'+( 

94%$7,'E4) 34-'4 11 ± 5. !%'4/. 3$@,7;+4+( 23&-$%$''(0 - %&**$3+48&& 

34*<$+.- 2./4@(- 4O+, <+. 23$%2.7.I$'&$ . *,J$*+-.-4'&& &.''.) 3$P$+/& '$ 

*.-*$1 /.33$/+'. , & */.3$$ *7$%,$+ .I&%4+;, <+. *+3,/+,3, ."34@,O+ @43>%( 
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.".&0 @'4/.- . : ,<$+ &0 -/74%4 - 34*<$+ L'$3E&& 1.I$+ 23&-$*+& /4/ / 

2.7.I&+$7;'(1, +4/ & .+3&84+$7;'(1 @'4<$'&>1 Е. 

4.3 G4$+=4  

=&'41&/4 &@1$'$'&> 243'(0 /.33$7>8&.''(0 ?,'/8&) *&*+$1( , 

23$%*+4-7$''4> '4 3&*. 20 /4<$*+-$''. 2.-+.3>$+*> & %7> %3,E&0 

2*$-%.2.+$'8&47.-, %3,E&0 ."74*+$) +$12$34+,3. H3& @'4<$'&>0 24341$+34 

'$&%$47;'.*+& 𝛾!≪ !1 /.33. ?,'/8&& *.-24%4O+ * &%$47;'.) 274@1.) - 

23&"7&I$'&& =$"4>ÐXO/$7> [14], <+. 1.I'. ."#>*'&+; ".7;P&1 *3$%'&1 

1$I<4*+&<'(1 34**+.>'&$1 23& '&@/&0 27.+'.*+>0. R4*+&8( '40.%>+*> %3,E .+ 

%3,E4 '4 34**+.>'&>0 1'.E. ".7;P$ 34@1$34 2.7.</& & -@4&1.%$)*+-,O+ 2. 

/74**&<$*/.1, /,7.'.-*/.1, @4/.',.  

H3& ,-$7&<$'&& 24341$+34 '$&%$47;'.*+& !  %. @'4<$'&) 2.3>%/4 $%&'&8( & 

".7;P$ $%&'&8( - /.33. ?,'/8&>0 '4<&'4$+ 2.>-7>+ ; *> 14/*&1,1 '4 34**+.>'&& 

".7;P$ 34@1$34 2.7.</&, '. 1$';P$ &7& 2.3>%/4 *3$%'$E. 34**+.>'&>. 

!"34@,$+*> "7&I'&) 2.3>%./, /.+.3() ,*&7&-4$+*> (+. $. 14/*&1,1 34*+$+, 4 

1&'&1,1( ."34J4O+*> - '.7;) * 3.*+.1 24341$+34 '$&%$47;'.*+& %. '$*/.7;/&0 

%$*>+/.-. K+. *-&%$+$7;*+-,$+ . ?.31&3.-4'&& /74*+$3.- &7& Ç/42$7;È 

L7$/+3.'.- & &.'.-. M3$01$3'.$ -&@,47;'.$ 1.%$7&3.-4' &$ 3$@,7;+4+.- 

34*<$+.- 9.'+$ ÐN437. 2.%+-$3I%4$+ L+.. M4/,O *+3,/+,3, - %4''.) 34". +$ 1( 

'4@(-4$1 ÇI&%/.2.%."'.)È. H3& %47;'$)P$1 3.*+$ 𝛾 %.*+4+.<'. 3$@/. 

?.31&3,O+*> %.2.7'&+$7;'($ 14/*&1,1( - /.33. ?,/'8&>0 <4*+&8 .%'.E. & 

34@'(0 @'4/.-, '4 ".7;P&0 34** +.>'&>0 /.33. ?,'/8&> ."34J4$+*> - '.7;, +. '. 

%47;'&) 2.3>%./. M3$01$3'.$ 1.%$7&3.-4'&$ 2.%+-$3I%4$+ ?.31&3.-4'&$ 

2$3&.%&<$*/.) *+3,/+,3( '42.%."&$ /3&*+4774. D %4''.) 34".+$ 1( '4@(-4$1 

+4/,O *+3,/+,3, Ç/3&*+477.2.%."'.)È. H3&<$1 /3&*+477.2.%."'4> *+3,/+ ,34 

'4<&'4$+ ?.31&3.-4+;*> $J$ - ."74*+& .+3&84+$7;'(0 @'4<$'&) ,%$7;'.) 

-',+3$''$) L'$3E&& ( !    ! !20). 
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M4/.$ &@1$'$'&$ *+3,/+,3( ,'&-$3*47;'. %7> 34@'(0 2*$- %.2.+$'8&47.-,  

<+. %4$+ .*'.-4'&$ 23$%2.74E4+; '47&<&$ ?4@.-(0 2$3$0.%.- 2$3-.E. 3.%4 - 

1.%&?&8&3.-4''.) 2*$-%.2.+$'8&47;'.) 1.%$7&  & .8$'&+; ."74*+; ?4@.-.E. 

2$3$0.%4 (*1. 3&*. 21 & 26). 
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!"#$# 5.   Базовая модель !"#$%&'(&)*)+)&, 

плазмы Çкулон с полочкойÈ 

D E74-40 3 & 4 %&**$3+48&& 3$P474*; @4%4<4 34@34".+/& &@ 2$3-(0 

23&'8&2.- 1.%$7& 3&%"$3E.-*/.) 274@1( & .23$%$7$'&> $$ +$31.%&'41&/&. 

9.%$7&, "7&@/.) 2. *-.&1 *-.)*+-41 / +$1 *&*+$141, /.+.3($ '4"7O%47&*; - 

L/*2$3&1$'+40 [3Ð7] & [8Ð11], 4 &1$''.: '$&%$47;'4> 274@14 23& '&@/&0 

+$12$34+,340, *.*+.>J4> &@ *-.".%'(0 &.' .-, L7$/+3.'.- & 

-(*./.-.@",I%$''(0 3&%"$3E.-*/&0 4+.1.-. D&% /.'/3$+'.E. L7$/+3.' Ð

&.''.E. 2*$-%.2.+$'8&474 (+. $. *7L+$3.-*/.) *,11( - 243'.1 23&"7&I$'&&) 

./4@(-4$+*> @4-&*>J&1 .+ +$12$34+,3( & .+ +.E., /4/&$ ,3.-'& -.@",I%$'&> 

,<&+(-4O+*> - 3&%"$3E.-*/&0 *.*+.>'&>0. H3& L+.1 <4*+. +4/.) 

2*$-%.2.+$'8&47 ./4@(-4$+*> 2.0.I&1 '4 /,7.'.-*/&), Ç."3$@4''()È '4 

.23$%$7$''.1 34**+.>'&& - -&%$ 2.7.</&.  

H.7,<$'&$ /4I%.E. +4/.E. /.'/3$+'.E. 2*$-%.2.+$'8&474 +3$",$+ 

%.*+4+.<'. *7.I'.E. 34*<$+4 , & $E. -&%, &*2.7;@,$1() '$2.*3$%*+- $''. - 

34*<$+40 9.'+$ÐN437., @4-&*&+ .+ 1'.I$*+-4 24341$+3.- (+$12$34+,34, ,3.-'& 

-.@",I%$'&>, *2.*." &'+$32.7>8&& %4''(0 & +. 2.). R+. ,*7.I'>$+ @4%4<, 

&**7$%.-4'&> ."J&0 *-.)*+- +4/.) *&*+$1(. M4/&0, '423&1$3, /4/ ?4@.-($ 

2$3$0.%(. H.L+.1, 2 3$%*+4-7>$+*> ,1$*+'(1 34**1.+3$+; ".7$$ ,'&-$3*47;',O 

1.%$7; %-,0/.12.'$'+'.) 274@1(, +. '. Ç/,7.' * 2.7.</.)È. D. Ð2$3-(0, L+4 

1.%$7; & $$ *-.)*+-4 1.E,+ 23$%*+4-7>+; *41.*+.>+$7;'() &'+$3$* * +.</& 

@3$'&> *+4+&*+&<$*/.) ?&@&/& 274@1(, -. Ð-+.3(0 L+. 2.@-.7 &+ 7,<P$ 2.'>+; 

3$@,7;+4+( <&*7$''(0 L/*2$3&1$'+.- (E74-4 4 ) & .*."$' '.*+& 1.%$7& 

3&%"$3E.-*/.) 274@1( (E74-4 3). D %4''.) E74-$ &**7$%,$+*> 1.%$7; Ç/,7.' * 

2.7.</.)È:  34**<&+(-4O+*> +$31.%&'41&<$*/&$ *-.)*+-4 & *-.)*+-4 ?4@.-.E.  

2$3$0.%4 +&24 ÇE4@ÐI&%/.*+ ;È.  
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C4"$E4> -2$3$%, *+.&+ .+1$+&+;, <+. Ç2.7.</,È  (+. $*+; ."74*+;  ."3$@/& 

/,7.'.-*/.E. 2.+$'8&474 ) 1.I'. --$*+& %-,1> *2.*."41&: /4/ 34@1$3',O 

-$7&<&', Ñ  14/*&147;',O E7,"&', /,7.'.-*/.E. L7$/+3.' Ð&.''.E. 2.+$'8&474 

- 4"*.7O+'(0 $%&'&840 L'$3E&&, 4 1.I'. - -&%$ "$@34@1$3'.) -$7&<&'( Ñ  - 

$%&'&840 +$12$34+,3(. N4/ *+4'$+ >*'. &@ %47;'$)P$E. &@7.I$'&>, %7> @4%4<& 

&**7$%.-4'&> ?4@.-.E. 2$3$0.%4 L+& *2.*."( 234/+&<$*/& 34-'.8$''(. 6(7 

-("34' -+.3.), +4/ /4/ .' /4I$+*> ".7$$ '4E7>%'(1 * +.</& @3$'&> ."J$E. 

.2&*4'&> 1.%$7&, 4 +4/I$ *..+-$+*+-,$+ 23&'>+.1, - E74-40 3 & 4 *2.*.", 

-(34I4+; 2*$-%.2.+$'8&47( - $%&' &840 +$12$34+,3(. D @4/7O<$'&& 

%&**$3+48&& L+.+ -.23.* .2&*4' 2.%3."'$$ & *%$74'4 23&->@/4 3$@,7;+4+.- 

1.%$7& Ç/,7.' * 2.7.</.)È / 3$@,7;+4+41 1.%&?&8&3.-4''.) 

2*$-%.2.+$'8&47;'.) 1.%$7&.  

5.1 %&'(#")*+,') - B#0#&'.0*4. +,+2.**+,'- 3+=."-  

Ç&("+* , /+"+6&+EÈ  

D 7&+$34+,3$ %7> .2&*4'&> /,7.'.-*/&0 *&*+$1 <4*+&8 '4&".7$$ <4*+. 

34**14+3&-4O+*> *7$%,OJ&$ ?&@&<$*/&$ 1.%$7&: 

1. 9.%$7; @43>%.- .%'.E. @'4/4 '4 /.12$'*&3,OJ $1 ?.'$ @43>%.- 

%3,E.E. @'4/4 [57Ð59] (1.%$7; /74**&<$*/.) .%'./.12.'$'+'.) 

274@1(, N!H). K+4 1.%$7; ."(<'. &*2.7;@,$+*> %7> .2&*4'&> 

+$31.%&'41&<$*/&0 *-.)*+- I&%/&0 1$+477.- & 27.+'.) 

-(3.I%$''.) 274@1(.  

2. K7$/+3.'$)+347;'4> 1.%$7; 34@'.&1$''. @43>I$ ''(0 /,7.'.-*/&0 

+-$3%(0 *?$3 [60Ð62] (NMA), /.+.34> 23&1$'>$+*> %7> &@,<$'&> 

*-.)*+- L7$/+3.7&+.-.  

K+& 1.%$7& &*2.7;@,O+*>, * .%'.) *+.3.'( , %7> .2&*4'&> *-.)*+- 3$47;'(0 

-$J$*+-. A %3,E.) *+.3.'(, .'& 23$%*+4-7>O+ *41.*+.>+$7;'() &'+$3$* /4/ 



79 

1.%$7& *&*+$1 1'.E&0 <4*+&8, - /.+.3(0 -.@1.I'( 34@7&<'($ 4E3$E4+'($ 

(E4@.."34@'.$, I&%/.$, +-$3%.$) *.*+.>'&>. 

M4/ '423&1$3, - 1.%$7& N!H "(7 ."'43,I$' ?4@.-() 2$3$0.% +&24 

ÇI&%/.*+; Ð/3&*+477È, -(@-4''() ?.31&3.-4'&$1 ,2.3>%.<$''.) *+3,/+,3( 

@43>%.-. D*$ 34-'.-$*'($ *-.)*+-4 - L+.) 1.%$7& @4-&*>+ .+ $%&'*+-$''.E.  

"$@34@1$3'.E. 24341$+34 ! ! ! ! !" ! ! ! ! 𝜋𝑛! 3!!! !, E%$ ! ! 1! 𝑘! ! , n Ñ  27.+'.*+; 

<4*+&8, kB Ñ  2.*+.>''4> 6.7;814'4 , T Ñ  +$12$34+,34, e Ñ  @43>% L7$/+3.'4, Z Ñ  

4+.1'() '.1$3 [57Ð59]. W4@.-() 2$3$0.% '4"7O%4$+*> - ."74*+& !  ~ 250 [59]. 

H3& L+.1 ."34@,$+*> ."#$1'.Ð8$'+3&3.-4''4> 3$P$+/4. W4@.-() 2$3$0.% +&24 

ÇE4@ÐI&%/.*+;È '$ ."'43,I$' - L+.) 1.%$7&.  

D 1.%$7& /,7.'.-*/&0 +-$3%(0 *?$3 ."'43,I$'( ?4 @.-($ 2$3$0.%( +&24 

ÇE4@ÐI &%/.*+;È & ÇI&%/.*+;Ð/3&*+477È. D .+7&<&$ .+ N!H, *-.)*+-4 L+.) 

1.%$7& .23$%$7>O+*> %-,1> 24341$+341&: "$@34@1$3'.) 27.+'.*+;O 𝜌! = ! 𝜎 ! , 

@4-&*>J$) .+ 34@1$34 *?$3( σ, & 24341$+3.1 -@4&1.%$)*+-&>, 4'47.E&<'(1 !  Ñ  

𝜒 ! 𝑒! /! 𝑘! !   !   ! /! ∗. 9.%$7; Ç/,7.' * 2. 7.</.)È "7&@/4 / 1.%$7& +-$3%(0 *?$3 

- +.1 *1(*7$, <+. $$ *-.)*+-4 +4/I$ .23$%$7>O+*> %-,1> 24341$+341& 2.0.I$) 

23&3.%( & 23$%2.74E4$+*>, <+. - 1.%$7& Ç/,7.' * 2.7.</.)È +.I$ *,J$*+-,O+ 

?4@.-($ 2$3$0.%( +&24 ÇE4@ÐI&%/.*+;È & ÇI&%/.*+; Ð/3&*+477È. X.+> - %4''.) 

34".+$ 0.3.P. &@,<$' +.7;/. ?4@.-() 2$3$0.% ÇE4@ÐI&%/.*+;È . 

K+& %-$ 1.%$7& (N!H & NMA) .+7&<4O+*> %3,E .+ %3,E4 $J$ - .%'.1 

'$147.-4I'.1 *-.)*+-$ Ñ  +$.3$14 -&3&474 -(2.7'>$+*> - N!H, '. '$ - NMA  

[63]: 

 ! ! 𝑛! !! = ! + ! /! 𝑁𝑘! 𝑇       (5.1) 

E%$ n Ñ  27.+'.*+; <4*+&8 (*1 Ð3), E, P, N Ñ  -',+3$''>> L'$3E&>, %4-7$'&$ & <&*7. 

<4*+&8 - *&*+$1$. 

9.%$7; Ç/,7.' * 2.7.</.)È "(74 -2$3-($ 23$%7.I$'4 - [64] & 

&*2.7;@.-4'4 - [13, 64] - /4<$*+-$ "4@.-.) 1.%$7& %7> 34*<$+4 1$+.%.1 9.'+$Ð

N437. +$31.%&'41&<$*/&0 *-.)*+- %-,0/.12.'$'+'.) '$-(3.I%$''.) 
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'&@/.+$12$34+,3'.) 274@1(.  M4/ I$ , /4/ & - *7,<4$ * 1.%&?&8&3.-4''.) 

2*$-%.2.+$'8&47;'.) 1.%$7;O, 34@34".+4''.) - E74-$ 2, ?.31,7&3.-/4 L+.) 

1.%$7& .*'.-4'4 '4 23$%*+4-7$'&& *+4+&*+&<$*/.) *,11( '$-(3.I%$''.) 

*&*+$1( Ne L7$/+3.'.- & Ni &.'.- - *7$%,OJ$1 -&%$ : 

! 𝑁!𝑉! ! !! ! ! ! !! ! ! !! ! ! ! ! !
! ! ! ! !

!

!

! ! ! ! ! !
! ! !  

E%$!! ! ! ! ! !
! ! ! ! ! ! ! ! ! ! !

! ! !  Ñ  /-4'+.-.*+4+&*+&<$*/4> 27.+'.*+; -$3.>+'.*+&  2. 

*.*+.>'&>1 *&*+$1( Ne + Ni <4*+&8, /.+.3,O '4@(-4O+ *7L+$3.-*/.) *,11.) : 

! ! ! ! ! !
! ! ! ! ! ! ! ! ! !

! ! !! ! ! ! ! ! ! ! ! ! ! ! !
! !! ! ! ! ! !

!

! ! !
 

E%$ ! !  Ñ  /..3%&'4+4 iÐ.) <4*+&8(, ! ! ! ! ! ! ! ! ! ! ! !
! ! !  �> -.7'.-($ ?,'/8&& & 

*."*+-$''($ @'4<$'&> L'$3E&& *&*+$1( Ne + Ni <4*+&8, ! ! ! ! ! ! ! . 

D 2$3-.1 23&"7&I$'&& * ,<$+.1 +.7;/. 243'(0 /-4'+.-(0  L??$/+.- 

*7L+$3.-*/,O *,11,  1.I'. 23$%*+4-&+; - -&%$ 23.&@-$%$'&> 243'(0 

*7L+$3.-*/&0 *,11 : 

! ! ! ! ! !
! ! !

!! ! !! ! !
! ! !

! !
!! ! ! ! !!

! ! !

! !
!" ! ! ! ! !

! ! !

 

H43'($ *7L+$3.-*/&$ *,11( L7$/+3.' Ð&.' & &.' Ð&.' 34@7&<'( %7> 

34@7&<'(0 0&1&<$*/&0 L7$1$'+.-. _*7& - /4<$*+-$ &.'.- 34**14+3&-4+; 

23.+.'(, +. 243'($ *7L+$3.-*/&$ *,11(, - +.1 <&*7$ & %7> -@4&1.%$)*+-&> 

L7$/+3.'.- 34**<&+(-4O+*> +.<'.  (*1. E74-, 2). !%'4/. , -*$0 243'(0 

*7L+$3.-*/&0 *,11 &1$O+*> ."J&$ *-.)*+-4 Ñ  7.E43&?1 243'.) *7L+$3.-*/.) 

*,11( ' 4 ".7;P&0 34**+.>'&>0 *.-24%4$+ * @4/.'.1 N,7.'4, 4 '4 147(0 /.'$<$'  

@4 *<$+ 243'(0 /-4'+.-(0 L??$/+.- & @4-&*&+ .+ +$12$34+,3(. A.-24%$'&$ 

243'(0 *7L+$3.-*/&0 *,11 * @4/.'.1 N,7.'4 2.@-.7>$+ --$*+& 

2*$-%.2.+$'8&47(.  
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H3&"7&I$'&$, 23& /.+.3.1 /-4'+.-. Ð*+4+&*+&<$*/4> 27.+'.*+; 

-$3.>+'.*+& *&*+$1( N <4*+&8 23$%*+4-7>$+*> - -&%$ 23.&@-$%$'&> 243'(0, 

&1$$+ P&3./&$ E34'&8( 23&1$'&1.*+& ( *1. [13, 64]), 4 23$%*+4-7$'&$ Sij - -&%$ 

2*$-%.2.+$'8&474 ! ! !" ! ! !" ! !"  2.@-.7>$+ &*2.7;@.-4+; /74**&<$*/&) 1$+.% 

9.'+$ ÐN437. %7> 34*<$+4 +$31.%&'41&<$*/&0 *-.)*+-.  

T+4/, .23$%$7&1 1.%$7; Ç/,7.' * 2.7.</.)È [64] +4/, <+. 

2*$-%.2.+$'8&47( 1$I%, @43>%41& .%'.E. & 34@'(0 @'4/.- @4%4O+*> 

*7$%,OJ&1 ."34@.1: 

 𝛽! !! ! ! ! ! !! ! ! ! ! !  

 ! ! !" ! ! ! !
! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! ! !  

E%$ ! ! ! ! ! ! , 4 r Ñ  34**+.>'&$ 1$I%, <4*+&841&, ! ! ! ! ! ! !  Ñ  ."34+'4> 

+$12$34+,34, kB Ñ  2.*+.>''4> 6.7;814'4 , e — @43>% L7$/+3.'4, Т Ñ  +$12$34+,34 

- E34%,*40 N$7;-&'4. 

=3,E&1& *7.-41&, - /4<$*+-$ 2.+$'8&474 -@4&1.%$)*+-&> 1$I%, <4*+&841& 

.%'.E. @'4/4 &*2.7;@,$+*> /,7.'.-*/&)  2.+$'8&47, 4 1$I%, 34@'.&1$''. 

@43>I$''(1& <4*+&841& Ñ  /,7.'.-*/&) 2.+$'8&47, Ç."3$@4''()È '4 

34**+.>'&&, .23$%$7>$1.1 " (3&*. 28).  
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Рис. 28. Графическое представление электрон–ионных псевдопотенциалов для ε = 4 и 10. 

 

D 34".+$ [65] "(7. 2./4@4'., <+. +4/4> 1.%$7; 0.3.P. .2&*(-4$+ 

L/*2$3&1$'+47;'($ 3$@,7;+4+( %7> %-,0/.12.'$'+'.) 274@1( , / 4/ - ."74*+& 

*74".) , +4/ & *&7;'.) '$&%$47;'.*+&. K+. 2.@-.7>$+ '4%$>+;*>, <+. &**7$%.-4'&$ 

+$31.%&'41&<$*/&0 & /.33$7>8&.''(0 ?,'/8&) - L+.) 1.%$7& 1.I$+ %4+; 

,/4@4'&$ . -.@1.I'.*+& *,J$*+-.-4'&> ?4@.-.E. 2$3$0.%4 - 3$47;'.) 274@1$ - 

."74*+& 23&1$'&1.*+& 1.%$7&. 

M$31.%&'41&<$*/&$ *-.)*+-4 L+.) "4@.-.) 1.%$7& Ç/,7.' * 2.7.</.)È 

@4-&*>+ .+ %-,0 "$@34@1$3'(0 24341$+3.-: E7,"&'( Ç2.7.</&È " & 24341$+34 

'$&%$47;'.*+& ! = ! ! ! ! ! ! !  (n — /.'8$'+348&> <4*+&8 .".&0 @'4/.-) .  

H3& L+.1 1.I'. 2./4@4+; [13], <+. 2.*/.7;/, ! !"  .23$%$7$' - L+.) 1.%$7& 

@4-&*>J&1 .+ +$12$34+,3(, +. 2.7'4> -',+3$''>> L'$3E&> *&*+$1(, /4/ 
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23.&@-.%'4> .+ *+4+. *,11( 2. ! , ",%$+ @4-&*$+;  .+ *+4+&*+&<$*/.E. *3$%'$E. 

-$7&<&'(:  

! !! ! !! !" ! ! !" ! !! !!" ! !" ! ! !" ! ! !" !

!

! !!

! !"# !!" !! !!" ! !! ! !! ! 

: %7> ! !" ! ! ! ! ! ! !  (<4*+&8( Ç'4 2.7.</$È) ! !" ! ! !" ! !! !!" ! !" ! ! !" ! ! !" ! ! ! .  

K+. @'4<&+, <+. L7$/+3.' Ð&.''($ -@4&1.%$)*+-&> '4 34**+.>'&>0 ! !"  

1$';P$, <$1  ! ! ! ! ! ! !! ! ! ! ! ! ! !  '$ -'.*>+ -/74%4 -. -',+3$''OO L'$3E&O 

*&*+$1( . A %3,E.) *+.3.'(, L+& -@4&1.%$)*+-&> '$ -'.*>+ -/74%4 & - -$7&<&', 

!" ! !" ! !" , .23$%$7>OJ,O %4-7$'&$. M4/&1 ."34@.1, %7> 1.%$7& Ç/,7.' * 

2.7.</.)È ./4@(-4$+*> *234-$%7&-(1 *..+'.P$'&$ +$.3$1( -&3&474 (5.1) %7> 

/4I%.E. /.'/3$+'.E. @'4<$'&> ". 

N3.1$ +.E., +4/ /4/ %7> %4''.E. " -*$ +$31.%&'41&<$*/&$ ?,'/8&& @4-&*>+ 

+.7;/. .+ ! , %7> 34*<$+4 ,%."'. --$*+& "$@34@1$3'($ -$7&<&'(: L'$3E&O 

! ! ! !" ! ! , %4-7$'&$ ! ! ! !" ! ! ! ! ! ! , ,%$7;'() ."#$1 ! ! ! ! ! ! ! , +$12$34+,3, 

! ! ! ! ! ! . 

M$.3$14 -&3&474 (4.1) - '.-(0 "$@34@1$3'(0 2$3$1$''(0 1.I$+ "(+; 

@42&*4'4 +4/: 

! ! ! ! ! !! ! ! ! ! !           (5.2) 

_J$ .%'.) .*."$''.*+;O 1.%$7& Ç/,7.' * 2.7.</.)È 2. *34-'$'&O * NMA & 

* 1.%$7;O D4'Ð%$3ÐD447;*4 >-7>$+*> .+*,+*+-&$ >-'. -(34I$''.E. @'4<$'&> 

*-.".%'.E. ."#$14. B47&<&$ 2.%."&> & *234-$%7&-.*+; +$.3$1( -&3&474 

2.@-.7&7. 23.-.%&+; 34*<$+( +.7;/. -',+3$''$) & 2.+$'8&47;'.) L'$3E&& 

*&*+$1( <4*+&8. 

!
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5.2 K#,6.' '.03+=-*#3-6.,&-B ,$+E,'$ 3+=."-  3.'+=+3 

J+*'. ÐF#0"+  

54*<$+( +$31.%&'41&<$*/&0 & /.33$7>8&.''(0 ?,'/8&) 23.-.%&7&*; 

/74**&<$*/&1 1$+.%.1 9.'+$ ÐN437. (* &*2.7;@.-4'&$1 47E.3&+14 

9$+3.2.7&*4) -  NVT 4'*41"7$ %7> *&*+$1(, *.*+.>J$)  &@ 34-'.E. <&*74 

23.+.'.- & L7$/+3.'.-, c 2$3&.%&<$*/&1& E34'&<'(1& ,*7.-&>1&. 6(74 

&**7$%.-4'4 ."74*+; /.'8$'+348&) ! < !" ! !" !" ! ! !& T < 100 K. H3& L+.1 

24341$+3 '$&%$47;'.*+& !  1$'>7*> .+ 0.01 %. 100, 4 " .+ 2 %. 1000. D(".3 +4/&0 n 

& T .",*7.-7$' '$."0.%&1.*+;O ,*+.)<&-.*+& 34*<$+.- 23& ".7;P.1 &@1$'$'&& 

!  & ". =7> ,<$+4 %47;'.%$)*+-&> &*2.7;@.-47*> P&3./. 23&1$'>$1() 1$+.% 

"7&I4)P$E. ."34@4. C4-&*&1.*+; 3$@,7;+4+.- 34*<$+.- .+ <&*74 <4*+&8 - >J&/$ 

9.'+$ ÐN437. "(74 23.-$3$'4 - %&424@.'$ 100 Ñ  4000 <4*+&8. K+4 @4-&*&1.*+; 

"(74 ,<+$'4 23& .8$'/$ 2.E3$P'.*+&, ,/4@4''.) '4 3&*,'/40.  

 

Рис. 29. Удельная внутренняя энергия и удельная потенциальная энергия взаимодействия 

для D = 13.5 

 



85 

 

Рис. 30. Удельная внутренняя энергия в зависимости от параметра неидеальности для 

разных %. Здесь и далее квадратными и круглыми маркерами ограничена область 

термодинамической неустойчивости со стороны газообразной и жидкой фазы. 

 

B4 3&*. 29 & 30 23$%*+4-7$'( 3$@,7;+4+( 34*<$+.- ,%$7;'.) 2.+$'8&47;'.) 

L'$3E&& -@4&1.%$)*+-&> ! ! ! !" ! !  & -',+3$''$) L'$3E&& E* - @4-&*&1.*+& .+ !  

& ". N4/ */4@4'. -(P$, - .+7&<&$ .+ L'$3E&& -@4&1.%$)*+-&>, -',+3$''>> L'$3E&> 

'$ *.%$3I&+ -/74%4 .+ -@4&1.%$)*+-&> L7$/+3.'Ð&.' '4 34**+.>'&>0 - 34).'$ 

2.7.</&. H.L+.1, U* E7,"I$ <$1 E*. D ."74*+& !  ~ 1.5Ð2.8 L'$3E&> '4 .%', 

<4*+&8, %7> -*$0 " 23.0.%&+ <$3$@ 1&'&1,1, 4 @4+$1 '4<&'4$+ -.@34*+4+; & %7> 

".7;P&0 !  *+4'.-&+*> 2.7.I&+$7;'.) & 23.2.38&.'47;'.)  ! , <+. *->@4'. * 

23$."74%4'&$1 - *&*+$1$ .++47/&-4'&> 23& %.*+&I$'&& .23$%$7$''.) 

27.+'.*+&.  

D*$ 3$@,7;+4+( <&*7$''(0 34*<$+.- -',+3$''$) L'$3E&& E 

4223./*&1&3.-47 &*; 2.7&'.141& 2. *+$2$'>1 ! . K+& 4223./*&148&.''($ 

-(34I$'&> &*2.7;@.-47&*; -. -*$0 %47;'$)P&0 34*<$+40. H.L+.1, '4 -*$0 



86 

3&*,'/40 3$@,7;+4+( 23$%*+4-7$'( - -&%$ E74%/&0 /3&-(0. 6(74 *%$74'4 .8$'/4 

.P&"/& +4/.) 4223./*&148&& & ,<+$'4 23& 2.7,<$'&& /.'$<'(0  3$@,7;+4+.-. D 

+4"7&8$ 2 23&-$%$'( +&2&<'($ 3$@,7;+4+( 34*<$+4 2.+$'8&47.- %7> '$*/.7;/&0 

0434/+$3'(0 +.<$/.  

H.*/.7;/, %7> 1.%$7& Ç/,7.' * 2.7.</.)È 23& @4%4''.1 " *234-$%7&-4 

+$.3$14 -&3&474 (5.2), +. @'4> E*, 1.I'. .23$%$7&+; %4-7$'&$ P*. B4 3&*. 31 

23$%*+4-7$'( @'4<$'&> P* %7> 34@7&<'(0 !  & ". N3&-($ ! ! ! !  &1$O+ -&%, 

0434/+$3'() %7> *&*+$1, .2&*(-4$1(0 ,34-'$'&$1 D4' Ð%$3ÐD447;*4. H3& 

,1$';P$'&& Т* ("Ð1) '4 /3&-(0 2.>-7>O+*> %-4 L/*+3$1,14 & ."74*+; 

.+3&84+$7;'(0 @'4<$'&) P*. K+. ,/4@(-4$+ '4 +., <+. - 1.%$7& *,J$*+-,$+ 

?4@.-() 2$3$0.% +&24 E4@ÐI&%/.*+;.  

 

 

Рис. 31. Графики давления для различных % (Т*). 
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M4"7&84 2. T*0.%'($ 3$@,7;+4+( 34*<$+.- ,%$7;'.) -',+3$''$) L'$3E&& *&*+$1( <4*+&8 

1$+.%.1 9.'+$ ÐN437.. X434/+$3'($ f  Ñ  -(P$ /3&+. +.</& ( f  = 6), -"7&@& /3&+. +.</& (f  = 12) 

& '&I$ /3&+. +.</& ( f  = 15) 

U f = 6 f = 12 f = 15 

0.10 Ð0.09 Ð0.09 Ð0.09 
0.15 Ð0.18 Ð0.17 Ð0.20 
0.21 Ð0.28 Ð0.30 Ð0.31 
0.27 Ð0.40 Ð0.49 Ð0.45 
0.33 Ð0.52 Ð0.73 Ð0.77 
0.38 Ð0.64 Ð0.88 Ð1.02 
0.42 Ð0.72 Ð1.02 Ð1.07 
0.45 Ð0.73 Ð1.09 Ð1.23 
0.57 Ð0.86 Ð1.44 Ð1.61 
0.72 Ð0.93 Ð1.88 Ð2.14 
0.82 Ð1.10 Ð2.08 Ð2.47 
0.91 Ð1.17 Ð2.19 Ð2.55 
0.98 Ð1.13 Ð2.29 Ð2.65 
1.55 Ð1.25 Ð2.58 Ð3.42 
1.77 Ð1.26 Ð2.49 Ð3.44 
1.95 Ð1.26 Ð2.77 Ð3.35 
2.41 Ð1.19 Ð2.46 Ð3.34 
2.85 Ð0.93 Ð2.51 Ð3.25 
3.19 Ð0.66 Ð2.37 Ð3.17 
3.60 0.00 Ð2.60 Ð3.18 
3.71 0.18 Ð2.44 Ð3.06 
4.12 1.16 Ð2.30 Ð3.11 
4.46 2.25 Ð2.35 Ð2.85 
4.82 3.76 Ð2.76 Ð3.35 
5.30 6.31 Ð1.86 Ð3.00 
5.71 9.02 Ð2.23 Ð2.47 
6.39 14.65 Ð1.39 Ð2.86 
6.88 19.87 Ð0.70 Ð2.73 
7.19 23.18 Ð0.29 Ð2.28 
7.48 26.61 0.07 Ð2.03 
8.00 34.49 1.25 Ð1.89 
8.46 41.72 2.60 Ð1.21 
8.87 49.62 4.02 Ð0.68 
9.06 53.55 4.57 Ð0.22 
9.25 57.25 5.73 0.13 
9.76 69.05 7.92 0.86 
12.30 146.23 24.70 10.25 
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5.3 K.1(")'#'4 0#,6.'+$: (0#$*.*-. ,+,'+7*-7 - 

L #1+$4E /.0.B+=  

5.3.1 ;<*(',-"9  

A2&'.%47;, /4/ &@-$*+'. Ñ  E34'&84 1$+4*+4"&7;'(0 *.*+.>'&) - ."74*+& 

?4@.-.E. 2$3$0.%4 E4@ÐI&%/.*+;. _$ 14/*&147;'.$ @'4<$'&$ - /..3%&'4+40 

(! ! ! ! ! !  *.-24%4$+ *. @'4<$'&$1 /3&+&<$*/.) +.</&. F34'&84 1$+4*+4"&7;'(0 

*.*+.>'&) *. *+.3.'( E4@4 & I&%/.*+& .23$%$7>$+*> ,*7.-&$1 ! ! ! ! ! ! ! ! ! ! ! ! !  

[66]. B4 .*'.-$ 4223./*&148&&  ! ! ! ! ! !  2.7&'.141& - @4-&*&1.*+& .+ !  "(7& 

'4)%$'( @'4<$'&> P* 23&  

! ! ! ! ! ! ! ! ! ! ! ! !  /4/ *. *+.3.'( E4@.-.), +4/ & I&%/.) ?4@(.  B4 3&*. 32 

23$%*+4-7$'( 3$@,7;+4+( 34*<$+.- *2&'.%47& * ,/4@4'&$1 .P&"/& , /.+.34> @%$*; 

& '4 *7$%,OJ&0 3&*,'/40 - .*'.-'.1 .23$%$7>74*;  .P&"/.) 4223./*&148&& 

34*<$+'(0 %4''(0 2.7&'.141& 2. !  & - 1$';P$) *+$2$'& @4 *<$+ /.'$<'.E. 

<&*74 <4*+&8 N - ><$)/$ 9.'+$ ÐN437., 23.2.38&.'47;'.)  ! ! ! . 

 

Рис. 32. График спинодали. Ошибка определяется в первую очередь ошибкой 

аппроксимации расчетных данных, во вторую — зависимостью результатов расчета 

методом Монте–Карло от числа частиц. 
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N4/ -&%'. '4 E34?&/$, -*$ +.</& *2&'. %47& 1.E,+ "(+; .2&*4'( 

/,2.7.."34@'.) /3&-.) * -$3P&'.). K+4 -$3P&'4 .23$%$7>$+ /3&+&<$*/,O 

+.</,. 6(7& .23$%$7$'( 24341$+3( L+.) +.</&:  

! !"#$
! ! ! !!" ! ! !"#$

! ! ! !!" ! ! !"#$
! !

!

!"
!

 

=7> L+.) +.</& +4/I$ "(7& 23.-$3$'( &@-$*+'($ ,*7.-&> *,J$*+-.- 4'&> 

[66]: 

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  

 

 

Рис. 33. Графики вторых и третьих производных давления по объему для двух расчетных 

значений T*, ограничивающих область критической точки. 
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5.3.2 =*(',-"9  

:223./*&148&.''($ -(34I$'&> %7> ! ∗! ! ! !  +4/I$ 1.I'. &*2.7;@.-4+; %7> 

34*<$+4 "&'.%47& Ñ  /3&-.), .E34'&<&-4OJ$) %-,0?4@',O ."74*+;. =7> L+.E. 

[66] ',I'., <+."( 23&  ! ! ! !"#$% ,%.-7$+-.3>7&*; *7$%,OJ&$ 34-$'*+-4: 

! ! ! !
! ! ! ! ! !

! !!!!! ! ! !
! ! ! ! ! ! !

! !       (5.3) 

E%$ µ Ñ  0&1&<$*/&) 2.+$'8&47, 4 &'%$/*( 1 & 2 *..+-$+*+-,O+ +.</41 

2$3$*$<$'&> &@.+$31( & /3&-.) ?4@.-.E. 34-'.-$*&>. 

 

Рис. 34. Графики бинодали и спинодали. Пунктиром отмечен объем, определяемый 

геометрическим размером полочки, ! !"#"$%&
! ! ! ! ! ! . 

 

B4 3&*. 34 23$%*+4-7$'( 3$@,7;+4+( 34*<$+.- +.<$/ "&'.%47&. D$3P&'4 "&'.%47&, 

/4/ & *2&'.%47& '40.%&+*> - /3&+&<$*/.) +.</$. B. ',I'. ,<$*+;, <+. ,*7.-&> ( 5.3), 

/.+.3($ "(7& &*2.7;@.-4'( %7> 34*<$+4 "&'.%47&, *..+-$+*+-,O+ 234-&7, 
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94/*-$774 [67]. M. $*+; .*,J$*+-7>$+*> &'+$E3&3.-4'&$ /3&-.) ! ! ! ! ! !  (*1. 3&*. 31) 

2. ! ! , /.+.3.$ -/7O<4$+ '$?&@&<$*/,O ."74*+; +$31.%&'41&<$*/.) 

'$,*+.)<&-.*+&, E%$  

! !" ! ! !" ! ! ! ! ! ! . D *->@& * L+&1 '$+ ,-$3$''.*+&, <+. 3$@,7;+4+( 23.%$74''(0 

34*<$+.- %$)*+-&+$7;'. >-7>O+*> +.</41& "&'.%47&. !%'4/. L+. 1.I'. 23.-$3&+;. 

=7> L+.E. '4%. 23.-$*+& 34*<$+ +.<$/ "&'.%47&, 3$47&@,> 2$3$0.% &@ +.</& 1 - +.</, 

2 23& 2.1.J& /-4@&*+4+&<$*/.E. 23.8$**4 <$3$@ ?&@&<$*/&$ ."74*+& ?4@.-.) 

%&4E3411(, /4/ 2./4@4'. '4 3&*.  35. D [67] "(7. 2./4@4'., <+. - <4*+'.1 *7,<4$ 

1.%$7& D4'Ð%$3ÐD447;*4 34*<$+ "&'.%47& 2. 234-&7, 94/*-$774 & 23& 2.1.J& 

/-4@&*+4+&<$*/.E. 23.8$**4 *.-24%4O+. 

 

 

Рис. 35. Пример произвольного квазистатического процесса в равновесной области, где 

имеет смысл полученная функция ! ! ! ! ! !  
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H3&1$'&1 1$+.%, 34@34".+4''() - [67], %7> 1.%$7& Ç/,7.' * 2.7.</.)È. 

54**1.+3&1 34@'.*+; +$31.%&'41&<$*/&0 2.+$'8&47.- F&""*4 %7> +.<$/ 1 & 2 Ñ  

'4 &@.+$31$ .'4 %.7I'4 34-'>+;*> ',7O. D 23&-$%$''(0 2$3$1$''(0 '4P$) 

1.%$7& .'4 &1$$+ -&%: 

! !
! ! ! !

! ! ! ! ! !
! ! ! !

! ! ! ! ! !
! ! ! !

! ! !      (5.4) 

E%$ ! ! ! ! ! !  Ñ  23&-$%$''4> L'+3.2&>. 

V<&+(-4> +$.3$1, -&3&474 (5.2), 23$."34@,$1 (5.4) / -&%, 

! ! ! !
! ! ! !

! ! ! ! ! ! !
! ! ! !

!        (5.5) 

A7$%,> [67], @42&P$1 -(34I$'&$ %7> L'+3.2&& 

! !
! ! ! !

! !
! ! !

! ! !
! !

!
!

! ! ! !
!

! ! ! ! ! ! ! ! !
!

!
! ! !     (5.6) 

E%$ ! ! ! ! ! ! !  Ñ  23&-$%$''4> +$27.$1/.*+; '4 .%', <4*+&8,.  

K+. -(34I$'&$ *234-$%7&-. , $*7& 
! ! !

! ! !
! !

! !"#$% [67]. H3&<$1 2.*7$%'$$ 

*74E4$1.$ &*<$@4$+, +. /. +$12$34+,3( - +.</$ 1 & 2 .%&'4/.-(. R&*7$''. 

34**<&+4''($ - 1.%$7& Ç/,7.' * 2.7.</.)È @4-&*&1.*+& %4-7$'&> .+ 

+$12$34+,3( 2./4@(-4O+, <+. %7> ! !! !" ! ! ! ! !"  23& ! !!" ! ! ! ! ! !!"  1.I'. 

2.74E4+; 
! ! !

! ! !
! !

! !"#$%. _*7& '4)%$''($ 2. 234 -&7, 9 4/*-$774 +.</& 

! !
! !!! !! !

! !-$3'(, +. ."$  <4*+& 34-$'*+-4 (5.5) %.7I'( *.-24*+;.  
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Рис. 36. Сравнение результатов «некорректного» (по правилу Максвелла) и корректного 

способов нахождения точек бинодали. Точка 1: ! ! !" !! ! ! ! ! ! !!"" ! ! !
! ! ! !!"! ! ! !

! !

! !!"# . Точка 2: ! ! !" ! ! ! ! ! !!"# !! !
! ! ! !!" ! ! !

! ! ! !!"" . Точка 3: ! ! !" ! ! ! ! ! !!"# !! !
! !

! !!" ! ! !
! ! ! !!""  

 

B4 3&*. 36 23$%*+4-7$'( 3$@,7;+4+( 34*<$+4 2. ?.31,741 (5.3) & (5.6) %7> 

34@7&<'(0 T*. D&%'., <+. 34-$'*+-. ( 5.3) -(2.7'>$+*> * +.<'.*+;O 10 Ð20% 

-27.+; %. T* = 1/15. H.L+.1, 1.I'. ,+-$3I%4+;, <+. - 1.%$7& Ç/,7.' * 

2.7.</.)È - %&424@.'$ +$12$34+,3 1/15 < T* < 1/13 34*<$+ 2. 234-&7, 94/*-$774 

23&-.%&+ / /4<$*+-$''. -$3'(1 3$@,7;+4+41. !+7&<&$ @'4<$'&) ! ! ! ! !
! ! ! !

! !  .+ 

! ! ! ! ! !
! !! !! !

! !  23& T* < 1/15 ",%$+ ,-$7&<&-4+;*> &@Ð@4 +.E., <+. %7> ! ! ! ! !!"#  

2$3$*+4'$+ -(2.7'> +;*> 34-$'*+-. 
! ! !

! ! !
! !

! !"#$%. A+.&+ .+1$+&+;, <+. .P&"/4 

.23$%$7$'&> "&'.%47&, *->@4''4> * '$/.33$/+'.*+;O 23&1$'$'&> 234-&74 

94/*-$774, '40.%&+*> - 23$%$740 .P&"/& 34*<$+4 1$+.%.1 9.'+$ÐN437., 
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*->@4''.) * /.' $<'.*+;O <&*74 <4*+&8 - ><$)/$ & - 23$%$740 2.E3$P'.*+& 

4223./*&148&& 3$@,7;+4+.- 34*<$+4 2.7&'.141&. 

5.3.3 >'&&#"?5*'((1# 34($5**  

=7> 2.'&14'&> 0434/+$34 ?4@.-.E. 2$3$0.%4 ".7;P.$ @'4<$'&$ &1$$+ +4/I$ 

*34-'$'&$ -&%4 243'(0 /.33$7>8&.''(0 ?,'/8&) %7> <4*+&8 .%'.E. & 34@'(0 

@'4/.- @43>%4 - E4@.-.) & I&%/.) ."74*+& ?4@.-.) %&4E3411( -"7&@& /3&-.) 

34@%$74 ?4@. B4 3&*. 38 & 39 23&-$%$'( 243'($ /.33$7>8&.''($ ?,'/8&& %7> 

34@7&<'(0 &@.+$31 -"7&@& E4@.-.) & I&%/.) -$+-& /3&-.) 34-'.-$*&>. B4 

3&*,'/40 23&-$%$'( +4/I$ @'4<$'&> *3$%'$E. 34**+.>'&> !!" ! ! ! !!  & 34@1$34 

Ç2.7.</&È 34-'.E. "Ð1. A+.&+ .+1$+&+;, <+. 14/*&1,1 /.33$7>8&.''.) ?,'/8&& 

L7$/+3.' Ð&.' '40.%&+*> -'$ 23$%$7.- 2.7.</& /4/ - E4@.-.), +4/ & - I&%/.) 

?4@$. K+. 1.I$+ .@'4<4+;, <+. - ."34@.-4'&& I&%/.) ?4@( &E34$+ 3.7; '$ 

*+.7;/. '47&<&$ 2.7.</& -  2.+$'8&47$ -@4&1.%$)*+-&> L7$/+3.'Ð&.', */.7;/. 

243&+$+ 1$I%, /,7.'.-*/&1 .++47/&-4'&$1 & 23&+>I$'&$1 - %-,0/.12.'$'+'.) 

*&*+$1$ <4*+&8. 

 

Рис. 37. Парные корреляционные функции для T* = 1/13.5 в приведенных координатах 

(расстояние нормировано на длину Ландау ! ! ! ). Отмечена доля e–i пар, находящихся на 

расстоянии меньше размера полочки. 
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Рис. 38. Парные корреляционные функции для T* = 1/15 в приведенных координатах 

(расстояние нормировано на длину Ландау ! ! ! ). Отмечена доля e–i пар, находящихся на 

расстоянии меньше размера полочки. 

 

H3& L+.1 /.33$7>8&.''($ ?,'/8&& L7$/+3.' Ð&.' 2. ."$ *+.3.'( /3&-.) 

34@%$74 ?4@ /4<$*+-$''. %3,E .+ %3,E4 '$ .+7&<4O+*>. R+. /4*4$+*> 

/.33$7>8&.''(0 ?,'/8&) @43>%.- .%'.E. @'4/4, +. -&%'. 0434/+$3'.$ %7> 

I&%/.*+& ?.31&3.-4'&$ "7&I'$E. 2.3>%/4. N3.1$ +.E., 23& %47;'$)P$1 

,-$7&<$'&& '$&%$47;'.*+& *&*+$1(, %7> '&0 0434/+$3'. 2.>-7$'&$ - I&%/.) 

?4@$ %.2.7'&+$7;'(0 14/*&1,1.- @4 23$%$741& 2.7.</&. K+. E.-.3&+ . 

?.31&3.-4'&& %.2.7'&+$7;'.E. 2.3>%/4 - *&*+$1$ <4*+&8, -&%&1. - /4/.) Ð+. 

1$3$ .+-$<4OJ$E. @4 ?4@.-() 2$3$0.%. 

T+4/, .*'.-'(1 3$@,7;+4+.1 %4''.)  E74-( >-7>$+*> 34@-&+4> 1.%$7; Ç/,7.' 

* 2.7.</.)È. D2$3-($  <&*7$''(1& 1$+.%41& &**7$%.-4'( +$31.%&'41&<$*/&$ 

*-.)*+-4 L+.) 1.%$7&: 2.7,<$'( ,34-'$'&> *.*+.>'&>, /.33$7>8&.''($ 

?,'/8&&, /3&-4> E34'&8( 1$+4*+4"&7;'(0 *.*+.>'&), /3&-4> ?4@.-.E. 

34-'.-$*&> & 24341$+3( /3&+&<$*/.) +.</& ?4@.-.E. 2$3$0.%4 +&24 E4@Ð

I&%/.*+;:  

! !"#$
! ! ! !!" ! ! !"#$

! ! ! !!" !! ! !"#$ ! ! !! ! ! ! !"#$
! !

!

!"
!! ! !!"#  
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5.4 G4$+=4  

!*'.-'(1& 3$@,7;+4+41& %4''.) E74-( 1.I'. *<&+4+; 3$@,7;+4+( 34*<$+.- 

+$31.%&'41&/& 1.%$7& Ç/,7.' * 2.7.</.)È - P&3./.1 %&424@.'$ 24341$+3.- 

(,34-'$'&> *.*+.>'&>, /. 33$748&.''($ ?,'/8&& & %3.) & ."'43,I$''() ?4@.-() 

2$3$0.% +&24 ÇE4@ÐI&%/.*+;È. : +4/I$ 34**<&+4''($ @'4<$'&> /3&+&<$*/.) 

+.</&, 7&'&) "&'.%47& & *2&'.%47&. 
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!"#$%&'()'  

C4/7O<&+$7;'4> E74-4 %&**$3+48&& *.*+.&+ &@ %-,0 <4*+$): - 2$3-.)  

23&-.%>+*> '$/.+.3($ ."J&$ -(-.%( & 23$%2.7.I$'&> .+'.*&+$7;'. 

2.7,<$''(0 3$@,7;+4+.- %7> 3&%"$3E.-*/.) 274@1(, -. -+.3.) /34+/. 

2$3$<&*7$'( .*'.-'($ 3$@,7;+4+( 34".+( .  

 

@10',1  

H3& 34**1.+3$'&& 1.%$7& Ç/,7.' * 2.7.</.)È 23$%2.74E47.*;, <+. 2.7.</4 

@4-&*&+ .+ +$12$34+,3( +4/&1 ."34@.1, <+. 2*$-%.2.+$'8&47 -@4&1.%$)*+-&> 

L7$/+3.' Ð&.' '4 147(0 34**+.>'&>0 ! !" ! ! ! ! !"# . 9.I'. 34**1.+3$+; %3,E.) 

-43&4'+, /.E%4 

! !" ! ! ! ! ! ! !! E%$ ! ! ! !"#$% 

H3&<$1 L+. @'4<$'&$ ! !  '$ @4-&*&+ .+ +$12$34+,3( ('423&1$3, @'4<$'&$ 

2.+$'8&474 &.'&@48&& 4+.14). =7> +4/.) 1.%$7& +$31.%&'41&<$*/&$ ?,'/8&& 

+4/I$ ",%,+ @4-&*$+; .+ "$@34@1$3'(0 24341$+3.- ! ! !  & ! , '. '$ ",%$+ 

-(2.7'>+;*> *..+'.P$'&$ +$.3$1( -&3&474  (5.1). H3& L+.1 -',+3$''>> L'$3E&> 

",%$+ -/7O<4+; - *$"> -/74% .+ -@4&1.%$)*+-&> L7$/+3.'Ð&.', *..+-$+*+-,OJ&) 

! ! ! !"#$%, 4 - %4-7$'&$, /4/ & - 23$%(%,J$1 -43&4'+$ 1.%$7&, L+4 <4*+; 

-@4&1.%$)*+-&> -/74%4 %4-4+; '$ ",%$+. H.L+.1, ?4@.-4> %&4E34114 - 

/..3%&'4+40 ! ! ! ! !  ",%$+ +4/.) I$, /4/ '4 3&*. 32 . 5.7; 23&-$%$''.) 

+$12$34+,3( - L+.1 *7,<4$ ",%$+ &E34+; @'4<$'&$ ! !" ! ! ! ! . =7> L+.E. -43&4'+4 

1.%$7& 2.7.I$'&$ /3&+&<$*/.) +.</& %7> @4%4''.E. ! !  ",%$+ @4-&*$+; .+ 

+$12$34+,3( T & '4.".3.+.  

9.%$7; Ç/,7.' * 2.7.</.)È 1.I$+ "(+; &*2.7;@.-4'4 /4/ "4@.-4> 1.%$7; 

%7> 34*<$+4 2. +$.3&& -.@1,J$'&) *-.)*+- &@,<4$1.) - 34".+$ 3&%"$3E.-*/.) 

274@1( (4'47.E&<'. [13]). D L+.1 .%'4/. '$+ '$."0.%&1.*+&, 2.*/.7;/, 
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*,J$*+-,$+ ".7$$ +.<'() <&*7$''() 1$+.% .23$%$7$'&> /.'?&E,348&.''.E. 

&'+$E3474 *&*+$1( (E74-4 3). B. -4I'. /4<$*+-$''. 2./4@4+; *..+-$+*+-&$ 

1.%$7& Ç/,7.' * 2.7.</.)È & 1.%&?&8&3.-4''.) 2*$-%.2.+$'8&47;'.) 1.%$7& 

3&%"$3E.-*/.) 274@1(. K+. 1.I'. *%$74+; , *34-'&- , '423&1$3, 34*<$+'($ +.</& 

nÐT %&4E3411 & "&'.%47& *..+-$+*+-,OJ&0 2.+$'8&47.- Ç/,7.'4 * 2.7.</.)È . 

B423&1$3, 2*$-%.2.+$'8&47 * ,<$+.1 -/74%4 ,3.-'$) %&*/3$+'.E. *2$/+34 > 

36 (*1. 3&*. 15) 23& +$12$34+,3$ 10 N 1.I'. *<&+4+; 2.7.</.) c ! ! !" , 4 23& 

+$12$34+,3$ 5 N 2.7.</.) * ! ! !" . =7> ,3.-'$) > 10 & +$12$34+,3( 1000 N Ñ  

,*7.-'. 2.7.</.)  ! ! ! , 100 N Ñ  ! ! !" . 

 

Рис. 15 ("&!,&$ ). Ион–электронные псевдопотенциалы, рассчитанные по ф–лам (2.9), 

(2.10), начиная ; 10 9$&!3- возбуждения: :)433%' "931,4$  — температура 1000 К, 

<,$4= Ð"931,4$  — температура 100 К; начиная ; 36 9$&!3- возбуждения: 1&$&,14' 

"931,4$  — температура 10 К, 2 ,&/14 Ð"931,4$ — температура 5 К в сравнении с 

кулоновскими потенциалами — сплошные линии при соответствующих температурах. 
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!+1$+&- '4 E34?&/$ "&'.%47& (3&*. 34) L+& +.</& (3&*. 21 & 25), 2.7,<&1 

*.-24%$'&$ ."74*+$) ÇE4@.-.E.È & ÇI&%/.E.È *.*+.>'&) 3&%"$3E.-*/.) 274@1( * 

?4@.-.) %&4E3411.) Ç/,7.'4 * 2.7.</.)È ( 3&*. 39). 

 

Рис. 39. Точки фазовых диаграмм рис. 21 и 25 модифицированной псевдопотенциальной 

модели в координатах бинодали модели “кулон с полочкой”. 

1 — псевдопотенциал с учетом уровней, начиная с 10–го при 1000 К,  

2 — псевдопотенциал с учетом уровней, начиная с 36–го при 10 К, 

3 — псевдопотенциал с учетом уровней, начиная с10–го при 100 К, 

4 — псевдопотенциал с учетом уровней, начиная с 36–го при 5 К. 

 

54".+4 '4% 1.%$7;O Ç/,7.' * 2.7.</.)È, '$*1.+3> '4 1'.I$*+-. ,I$ 

2.7,<$''(0 %4''(0, %47$/4 .+ @4-$3P$'&>. A7$%,OJ&) &'+$3$*'() 

+$.3$+&<$*/&) -.23.*, /.+.3() +.7;/. 23$%*+.&+ &**7$%.-4+; - L+.) 1.%$7& Ñ  

?4@.-() 2$3$0.% +&24 ÇI&%/.*+;Ð/3&*+477È.  
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M4/I$ .*+4$+*> .+/3(+(1 -.23.* *..+-$+*+-&> .2&*4''.E. @%$*; 

Ç3&%"$3E.-*/.E.È ?4@.-.E. 2$3$0.%4 Ñ  +. '. /,7.'.-*/.1, ?4@.-.1, 2$3$0.%,, 

L/*2$3&1$'+47;'.$ ."'43,I$'&$ /.+.3.E. 2./4 .*+4$+*> 2.% -.23.*.1 . D L+.1, 

0.<$+*> '4%$>+;*>, 1.%$7& Ç/,7.' * 2.7.</.)È $J$ 23$%*+.&+ *(E34+; *-.O 

3.7;. D 1967 E.%, - [68] '4 .*'.-$ 4'47&@4 L/*+342.7>8&& ,34-'$'&> 2.7'.*+;O 

&.'&@.-4''.) *74".'$&%$47;'.) 274@1( - ."74*+; *&7;'.) '$&%$47;'.*+& "(7. 

-(*/4@4'. 23$%2.7.I$'&$ . -.@1.I'.*+& *,J$*+-.- 4'&> ?4@.-.E. 2$3$0.%4, 

.",*7.-7$''.E. /,7.'.-*/&1 -@4&1.%$)*+-&$1. B4 23.+>I$'&& 23.P$%P&0 * 

+.E. -3$1$'& 7$+ L/*2$3&1$'+47;'. ."'43,I&+; L+.+ 2$3$ 0.% '$ ,%47.*;, 0.+> 

$E. -.@1.I'.*+; &'+$'*&-'. ."*,I%474*; & '$ &*/7O<4$+*> [63, 69].  

T*0.%> &@ 2.7,<$''(0 - 34".+$ /3&+&<$*/&0 24341$+3.- 

(! !"#$
! ! ! !!" ! ! !"#$

! ! ! !!" !! ! !"#$ ! ! !! ! ! ! !"#$
! !

!

!"
! ! ! !!"# ), 1.I'. .8$'&+; 

-.@1.I'.*+; '4"7O%$'&> Ç3&%"$3E.-*/.E.È ?4@.-.E. 2$3$0.%4 - 3$47;'.) 

+$31.%&'41&<$*/& 34-'.-$* '.) 274@1$. B$."0.%&1. ,<$*+; +.+ ?4/+, <+. %7> 

274@1( /.'/3$+'.E. 0&1&<$*/.E. L7$1$'+4, '423&1$3 -.%.3.%4 &7& 8$@&>, 

'4&1$';P$$ -.@1.I'.$ @'4<$'&$ L7$/+3.' Ð&.''.E. 2*$-%.2.+$'8&474 

*..+-$+*+-,$+ Ð$I, E%$ I Ñ  2.+$'8&47 &.'&@48&& 4+.14. M4/.) -(".3 E7,"&'( 

2*$-%.2.+$'8&474 .23$%$7>$+ 14/*&147;'. -.@1.I',O +$12$34+,3, 274@1(, 

*..+-$+*+-,OJ,O 2$3$0.%, - %-,0?4@',O ."74*+;. =7> -.%.3.%4 & 8$@&> .'4 

",%$+ 34-'4 *..+-$+*+-$''. 12000  N & 3500 N. M. $*+; /,7.'.-*/&) ?4@.-() 

2$3$0.% %7> 274@1( L+&0 L7$1$'+.- -.@1.I$', /.E%4 +$12$34+,34 274@1( '&I$ 

L+&0 @'4<$'&). B.  %4I$ 23& L+&0 +$12$34+,340 *+$2$'; &.'&@48&& *+.7; 1474, 

<+. ,*7.-&$ %7> /3&+&<$*/.) +.</& ! !"#$
! ! ! ! ! ! ! ! !!"  23&-.%&+ / .<$'; 

".7;P.) /.'8$'+348&& '$)+347;'(0 <4*+&8. D 3$@,7;+4+$ '43,P4O+*> ,*7.-&> 

23&1$'&1.*+& 1.%$7&, - /.+.3.) 23$'$"3$E4$+*> -@4&1.%$)*+-&$1 '$)+347;'(0 

<4*+&8 1$I%, *.".) & * @43>%41&. =3,E&1& *7.-41&, 2.7,<$''($ 3$@,7;+4+( %7> 

1.%$7& Ç/,7.' * 2.7.</.)È 2.@-.7>O+ 23$%2.7.I&+;, <+. 23&<&'.) .+*,+*+-&>  

L/*2$3&1$'+47;'.E. 2.%+-$3I%$'&> 1.I$+ "(+; *7.I'.*+;  2.7,<$'&> 274@1( 

2.%0.%>J&0 24341$+3.- & +3,%'.*+&, *->@4''($ * $$ %&4E'.*+&/.). 
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A.('0(1# &#84"9%-%1 ,*..#&%-5**  

1. 9 .%&?&8&3.-4''4> 2*$-%.2.+$'8&47;'4> 1.%$7; '$&%$47;'.) 3&%"$3E.-*/ . ) 

274@1(, *.*+.>J$)  &@ *-.".%'(0 L7$/+3.'.- , &.'.- & -.%.3.%.2.%."'(0 

4+.1.-, , /.+.3(0 3$47&@,$+*> +.7;/. <4*+; -.@1.I'(0 -(*./.-.@",I%$''(0 

*.*+.>'&). D L+.) 1.%$7& & **7$%.-4'4 ."74*+; +$12$34+,3 1Ð1000 N, & 

/.'8$'+348&) 10 2Ð1016 *1 Ð3.  

2. H*$-%.2.+$'8&47( L7$/+3.' Ð&.''.E. -@ 4&1.%$)*+-&>, 34**<&+4''($  2. 

-.%.3.%'(1 -.7'.-(1 ?,'/8&>1 - ."74*+& '&@/&0 +$12$34+,3 (< 100 K).  

3. H./4@4'. ('4 .*'.-$ *34-'$'&> 3$@,7;+4+.- 34*<$+4 14+3&8( 27.+'.*+& [ 17] c 

3$@,7;+4+41& /-4@&/74**&<$*/.E. 23&"7&I$'&> [13]), <+. +.<'.*+; 

/-4@&/74**&<$*/.E. 2.%0.%4 / 34*<$+, -@4&1.%$)*+-&> - 3&%"$3E.-*/.) 

274@1$ 34*+$+ * 2.'&I$'&$1 +$12$34+,3(.  

4. D',+3$''&$  L'$3E&& & 243'($ /.33$7>8&.''($ ?,'/8&& , 34**<&+4''($ 

1$+.%.1 9.'+$ ÐN437. -  1.%&?&8&3.-4''.) 2*$-%.2.+$'8&47;'.) 1.%$7& - 

P&3./.) ."74*+& 24341$+3.-. D +.1 <&*7$, *..+-$+*+-,OJ&0 

L/*2$3&1$'+47;'(1 ([ 3Ð7] & [8Ð11]).  

5. ! "'43,I$'. ?.31&3.-4'&$ *+3,/+,3( 23& @'4<$'&>0 24341$+34 

'$&%$47;'.*+& U a 1. W.31&3.-4'&$ *+3,/+,3( 23.&*0.%&+ - ."74*+&, /.E%4 

E4@ L7$/+3.'.- %47$/ .+ -(3.I%$'&> (nλ3  << 1), 4 *414 *+3,/+,34 1$'>$+*> .+ 

"7&I'$E. 2.3>%/4 (4'47.E&<'. *+3,/+,3$ - I&%/.*+&) %. %47;'$E. 2.3>%/4 

(4'47.E&<'. 3$P$+/$ - +-$3%(0 +$740). V<$+ 34@7&<'(0 *.*+.>'&) 

%&*/3$+'.E. *2$/+34, 23&-.%&+ / &@1$'$'&O *-.)*+- 3&%"$3E.-*/.) 274@1(. 

D '4*+.>J$) 34".+$ 23.-$%$' +$.3$+&<$*/&) 34*<$+ +$31.%&'41&<$*/.) 

1.%$7& ,7;+340.7.%'.) '$&%$47;'.) 3&%"$3E.-*/.) 274@1( %7> *7,<4$-, 

/.E%4: 27.+'() &.'&@.-4 ''() E4@ *?.31&3.-4' &@ 3&%"$3E.-*/&0 4+.1.- * 

,3.-'$1 -.@",I%$'&> k = 36 & -(P$ 27O* *.*+.>'&> '$23$3(-'.E. *2$/+34 
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[11], & 27.+'() &.'&@.-4''() E4@  *?.31&3.-4' &@ 3&%"$3E.-*/&0 4+.1.- * 

,3.-'$1 -.@",I%$'&> k = 10 & -(P$ 27O* *.*+.>'&> '$23$3(-'.E. *2$/+34. T 

- +.1 & - %3,E.1 *7,<4$ 34*<$+( E.-.3>+ . ?.31&3.-4'&& *+3,/+,3( 23& 

U a 1.V<$+ *.*+.>'&) * 1$';P&1& k 23&-.%&+ / &@1$'$'&O *-.)*+- L+.E. E4@4. 

H3& L+.1 %7> /.'/3$+'(0 /.'8$'+348&) & +$12$34+,3 L'$3E&> ,1$';P4$+*>, & 

L+. 23&-.%&+ / 2$3$0.%, +4/.) 274@1( &@ '$,*+.)<&-.E. - 1$+4*+4"&7;'.$ 

*.*+.>'&$.  

6. M$31.%&'41&<$*/&$ *-.)*+-4  1.%$7& Ç/,7.' * 2.7.</.)È [64], 

&**7$%.-4''($ -2$3-($ <&*7$''(1& 1$+.%41& - P&3./.) ."74*+& 

24341$+3.-. H.7,<$'(  ,34-'$'&> *.*+.>'&>, 243'($ /.33$7>8&.''($ 

?,'/8&& , -',+3$''&$ L'$3E&& & %4-7$'&$.  

7. W4@.-() 2$3$0.% +&24 ÇE4@ÐI&%/.*+;È, ."'43,I$''() -  1.%$7& Ç/,7.' * 

2.7.</.)È. B4)%$'( /3&-($ E34'&8( 1$+4*+4"&7;'(0 *.*+.>'&), ?4@.-.E. 

34-'.-$*&>, & 34**<&+4'( 24341$+3( /3&+&<$*/.) +.</&: 

! !"#$
! ! ! !!" ! ! !"#$

! ! ! !!" !! ! !"#$ ! ! !! ! ! ! !"#$
! !

!

!"
!! ! !!"#  

 

D @4/7O<$'&$ 0.<$+*> -(34@&+; .E3.1',O "74E.%43'.*+; 1.$1, '4,<'.1, 

3,/.-.%&+$7O 6.3&*, D&E%.3.-&<, C$7$'$3, @4 '4*+4-'&<$*+-., 2.1.J; - 

2.*+4'.-/$ @4%4<& & 23.-$%$'&& L+.) 34".+(. D(34I4O 23&@'4+$7;'.*+; 

K%,43%, :'4+.7;$-&<, 94'(/&', & 6.3&*, 6.3&*.-&<, C$7$'$3, @4 +$*'.$ 

*.+3,%'&<$*+-. & 2.%%$3I/,. 674E.%43$' +4/I$ D74%&1&3, A$3E$$-&<, 

W&7&'.-, & :7$/*4'%3, Y;-.-&<, X.1/&',, <;> 2.1.J; & /3&+&/4 ./4@47& 

'$.8$'&1() -/74% - 3$@,7;+4+( %4''.) 34".+(.  
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