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+,-,./,.01- 231456478 93:;<8=> 7 -6932/.?-478 $3?-/- '59?7 @ 

,5397A @<-/,.@3/,5B ;5,593;511.C 6<-:?3@.? /./,5? 

 
:);0,;,(,/)(, (,/. #1)1&#1&5(. %,(*";*+< /&=()5"((7 "-"%10,>+=&5(&? ;)0)2"1-

0+/ @"1"0,@"((&? ;-)=2,/&? #&#1"2 (ABC) =)#(,/)(. () ,#"0"!("((+ 1"02,!&()2+5(&? 

;)0)2"10+/ =) )(#)2D-"2 2&11E/&? %/)=+("'10)-$(&? 5)0.(,% ;-)=2&, F, .10&2.<1$ 

2)%0,5)#1&(%&  . ;,#-+!,/(+ 2,2"(1& 5)#.. G,=2+0 5)0.(%& .=)@)-$(<E ;,(7117 !,/-

H&(& "%0)(./)((7 6"D)7 () /&;)!,% ABC + !)E 2,H-&/+#1$ ("=/,!H./)-$(. ;0,D-"2. 

!)-"%,#7H(,9 %.-,(,/,9 /=)E2,!+9  / ;+!#&#1"2+ 2)%0,5)#1&(,% ;-)=2& ;"0"/"#1& / 

0)(@ ">"%1&/(,9  ,!(,5)#1&(%,/,9  "-"%10#1)1&5(,9  =)!)5+. I) ,#(,/+ #;07H"((7 

0,=/’7=%+/ !-7 #)2,.=@,!H"(,@, "-"%10,#1)1&5(,@, ;,1"(*+)-. =,/(+- 1) /#"0"!&(+ +(-

!&/+!.)-$(&? 2)%0,5)#1&(,% (4J) ,!"0H)(, 10)(#*"(!"(1(" 0+/(7((7 !-7 0+/(,/)H-

(,@, "-"%10,?+2+5(,@, ;,1"(*+)-. ABC.  K/)(1,/+ ;,;0)/%& !-7 "-"%10,(+/ 4J /0)?,-

/)(, . 0)2%)? %/)=+%-)#&5(,@, ()D-&H"((7 L,2)#)-M"02+. N&=()5"(, 0,-$ ;,-70&=)*+'-

(&? ">"%1+/ 1) ;0,/"!"(, %,2;’<1"0(. #&2.-7*+< "-"%10,>+=&5(&? ?)0)%1"0&#1&% 

!-7 O&0,%,@, #;"%10. /&=()5)-$(&? ;)0)2"10+/ ABC = 5)#1&(%)2& 2"1)-+/ / ,D’E2+. 

 

 

# $%&'$()* +(+,-.- /' ,+$%,$.01+,2-'3&)* /+*(.4.-25* 6),.7+ 89,.8'-

:;+((5 0('<64) -+/+,.-+((2 94'0=.82 $)$/+=) (>?@) 0 8)$.7)= 9)/.=)= +(/'-

4A92<()= 8=2$/.= (B>!- /' C>! -+(+,'/.,) [1], 9.,.67.8' =+/'4%,-25 [2], 94'-

0=.8+ 0'7'438'((5 /' .1,.17' 9.8+,*.(A [3], /+*(.4.-2&(+ /' +(+,-+/)&(+ -.-

,2((5 8 :)$9+,$(.=% 8):2 [4], 7.(/,.4A.8'(' '145D25 /' 0=+(6+((5 -2:,.:)('-

=2&(.-. .9.,% 7.$=2&()* '9','/28 [5], 84'$/)8.$/2 +,.0)8(.-. E'7+4% 9,) 80'F-

=.:2G 9./%;(.-. 4'0+,(.-. 8)9,.=2(38'((5 0 ,+&.8)(.3 [6], /.H.). @3:) :.-

4%&'3/A$5 /'7.; 9,.14+=) 9,+D)02<(.-. 7.(/,.43 9,) 94'0=.8.=% ('9)4+((2 

+4+7/,.(()* $*+= [7], E%(:'=+(/'4A(2 :.$42:;+((5 8 .14'$/2 .9)$% +4+7/,.-

(()* 84'$/)8.$/+< 94'0=)  /8+,:.-. /24' 0 ='7,.$7.92&()=) 8743&+((5=) [8], 

(.82/(2 E%4+,+(-/+*(.4.-2G (9,.14+=) ./,)='((5 /' =.:)E27'D2G 84'$/)8.$/+< 

E%4+,+(28, E%4+,)/28, ('(./,%1.7 [9] 2 /.2.), .16),(+ 7.4. 9,.14+= =.:+438'(-

(5 84'$/)8.$/+< /' 9.8+:2(7) 82:7,)/)* 94'0=.8)* $)$/+= 8 %=.8'* :2G :;+,+4 

/+,=.$/'/% (E%(:'=+(/'4A(2 /' 9,)74':(2 :.$42:;+((5 “dusty plasm’)” [10]).  

I14'$/A /+=9+,'/%, 2 /)$728, % 572<, 57 92:$)$/+=) >?@, $9282$(%3/A 2.(20.8'-

()< -'0 /' 7.(:+($.8'(' :)$9+,$(' E'0', F :.1,+ :.$42:;+(.3 :45 .:(.E'0()*  

$)$/+= (74'$)&(' -'0.8' 94'0=', ,2:)(', /8+,:+ /24.), '4+ ('58(2$/A 1'-'/.-

08’50(.G 9.8+,*(2 ,.0:24% E'0 /' 7%4.(28$A7.G :'4A(.:2G % (+89.,5:7.8'(2< >?@ 
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(':08)&'<(. %$74':(33/A, ' ('<&'$/26+ %(+=.;4)8433/A 0'$/.$%8'((5 .$+,+-

:(+((5 84'$/)8.$/+< /' ./,)='((5 *','7/+,)$/)7 >?@ 0' 74'$)&()=) $*+='=). 

I$724A7), 0 .:(.-. 1.7%, 2(:)82:%'4A(2 ='7,.&'$/)(7) "!M 8)$/%9'3/A % ,.42 

$/,%7/%,()* +4+=+(/28 94'0=.8.-. $+,+:.8)H', ' 0 2(6.-. – $'=2 F ='7,.$7.92-

&()=) 92:$)$/+='=) >?@ 0 *','7/+,)$/)7'=), H. G* 8)0('&+(. 57 84'$()=), 

/'7 2  9','=+/,'=) ./.&%3&.-. 94'0=.8.-. $+,+:.8)H'. N .-45:% (' :'(% .1$/'-

8)(%, (' 9+,+:(A.=% 94'(2 9.$/'F 9,.14+=' $'=.%0-.:;+(.-. $/'/)$/)&(.-. 

.9)$% 84'$/)8.$/+< >?@ (' .$(.82 :'()* H.:. “,+&.8)(()*” 9','=+/,28 ='7-

,.8743&+(A (&'$/)(.7 "!M) /' 7.(/,.4A.8'()* 9','=+/,28 /+,=.:)('=2&(.-. 

$/'(% (/+=9+,'/%,) /' /)$7%). 

O.0,.17' 7.D+9/%'4A(.-. 92:-,%(/5 /+.,+/)&(.-. .9)$% /+,=.:)('=2&()* 

84'$/)8.$/+< >?@ 0 8)7.,)$/'((5= 9,)(D)9% 4.7'4A(.G /+,=.:)('=2&(.G ,28-

(.8'-) (PQO) /' 78'0274'$)&(.G '9,.7$)='D2G :45 :)$9+,$2<(.-. ,28(5((5  +4+7-

/,.((.-. 7.=9.(+(/% ='7,.&'$/)(.7 8)0('&'F =+/% /' .7,+$43F .$(.8()< ('-

9,5=.7 :.$42:;+(A 2 4'(D3;.7 0'8:'(A, H. $74'4) 92:-,%(/5 ('%7.8.-. :.,.1-

7% 2 0('<64) 8),26+((5 % ,.1./2:  

1) N'9,.9.(.8'(. $/'/)$/)&(+ E.,=%438'((5 9,.14+=) 78'02(+</,'4A(.$-

/2 >?@ 0'$(.8'(+ (' 9.(5//2 $/'/)$/)&()* &',%(.7 +4+7/,.(+</,'4A(.$/2 94'0-

=); 2) # ,'=7'* +,-.:)&(.G -29./+0), 645*.= .$+,+:(+((5 9','=+/,28 94'0=) 0' 

'($'=14+= &',%(.7 >?@, 8)0('&+(. E%(7D2.('4A(2 0'4+;(.$/2 GG +4+7/,.E20)&-

()* *','7/+,)$/)7 82: 8)0('&'4A()* /+,=.:)('=2&()* 9','=+/,28: /+=9+,'/%-

,), 042&+(()* 7.(D+(/,'D2< 7.=9.(+(/28 -'0.8.G- /' 7.(:+($.8'(.G E'0, +4+7/-

,.(()* /' :2+4+7/,)&()* *','7/+,)$/)7 ,+&.8)() ='7,.8743&+(A,  /.H.; 3) 

#)0('&+(. $/,%7/%,% 4.7'4A(.-. ='7$8+428$A7.-. 9.45 8 .7.42 2(:)82:%'4A()* 

='7,.&'$/)(.7 "!M, 9,.'('420.8'(. <.-. 894)8 (' +E+7/)8(% ,.1./% 8)*.:% 

+4+7/,.(28 0 9.8+,*(2 ='7,.&'$/)(.7; 4) ?,.14+=% $'=.%0-.:;+(.-. 894)8% 

+4+7/,.(()* /' :2+4+7/,)&()* *','7/+,)$/)7 ,+&.8)() ='7,.8743&+(A (' 84'-

$/)8.$/2 >?@ 8),26+(. 0 8)7.,)$/'((5= 9,)(D)9% 4.7'4A(.G /+,=.:)('=2&(.G 

,28(.8'-) (PQO) :45 9,.$/.,.8)* .14'$/+< $%=2,()* 0 ,.0=2,'=) &',%(.7; 5) # 

%0'-'4A(+(.=% 8',2'(/2 ,.01%:.8'(.-. 92:*.:% ,.0-45(%/. ,.4A 9.45,)0'D2<()* 

+E+7/28 /' G* 8(+$.7 8 +4+7/,.E20)&(2 *','7/+,)$/)7) $/'D2.(',(.G >?@ % 0.8-

(26(A.=% +4+7/,)&(.=% 9.42. 

1.#@-:715B,9-<D17/,D ;5,593;511.C 6<-:?3@.C /./,5?. 

  (+89.,5:7.8'()* $)$/+='* 0 7%4.(28$A7.3 80'F=.:2F3 78'02(+</,'4A-

(2$/A 8 .1’F=2 0%=.84+(' ('58(2$/3 7%4.(28$A7)* 7.,+45D2< % ,%$2 0',5:28.  ?,) 

9+8(2< -%$/)(2 $/,%7/%,()* +4+=+(/28, H. (+$%/A (' $.12 +4+7/,)&()< 0',5:, G* 

824A()< ,%* 8):.0=2(3F/A$5 /'7)= &)(.=, H. 8 9,.$/.,.8)* .14'$/5* 0('&(. 

=+(6)* 0'-'4A(.G 9,./5;(.$/2 $)$/+=), $9.$/+,2-'F/A$5 7.=9+($'D25 9.0)/)8-

()* /' (+-'/)8()* 0',5:28 2 0:2<$(3F/A$5 +4+7/,.$/'/)&(+ +7,'(%8'((5: 8 4'--

,'(;.8)* 7..,:)('/'* 8):24+(.-. 0',5:% ('9,%;+(2$/A +4+7/,)&(.-. 9.45 $9'-

:'F 0 82:$/'((3 0('&(. 68):6+ (2; ('9,%;+(.$/2 7%4.(28$A7.-. 9.45 $/8.,3-

8'(.-. %F:('()= 0',5:.=. # -'0.82< 94'0=2 9,.$/.,.8)= ='$6/'1.= ,.0:24+((5 

0',5:28 $4%;)/A :.8;)(' !+1'5 – 82:$/'(A (' 572< $'=.%0-.:;+()< 9./+(D2'4 

0',5:% 8 94'0=2 0=+(6%F/A$5 8 +-,'028 9.,28(5(. 0 7%4.(.8)=.   -+/+,.-+(()* 

94'0=.8)* $)$/+='* ='7,.&'$/)(7) "!M ='3/A $%//F8)< 84'$()< .1’F=, -+.-
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=+/,)&(2 ,.0=2,) 57.-. F $%=2,()=) '1. 9+,+8)H%3/A 0('&+((5 ,':2%$% !+1'5 

:45 7.=9.(+(/28 -'0.8.G 92:$)$/+=). # DA.=% 8)9':7% 8)()7'F (+.1*2:(2$/A 

%0'-'4A(+((5 9.(5//5 ='$6/'1% 9,.$/.,.8.-. ,.0:24+((5 0',5:28 8 >?@. Q'7+ 

%0'-'4A(+((5 9,),.:(2= &)(.= 0:2<$(3F/A$5 8 ,'=7'* $/'/)$/)&(.-. &',%(7.-

8.-. 92:*.:% [11] 645*.= 88+:+((5 9.(5//5 =)//F8.G &',%(7) +4+7/,.(+</,'4A-

(.$/2 :45 2(:)82:%'4A(.G ='7,.&'$/)(7) "!M. N-2:(. [11], +4+7/,.(+</,'4A(' 

&',%(7' C!  – D+ 9,.$/.,.8' .14'$/A, D+(/, 57.G $9289':'F 0 D+(/,.= "R, ' .1-

=+;.8%3&% 9.8+,*(3 %/8.,3F =(.;)(' 72(D+8)* /.&.7 ,':2%$-8+7/.,28, 9,.-

8+:+()* 0 D+(/,% "R 8 ,20(.='(2/()* ('9,5=7'*, 9,)&.=% :.8;)() (=.:%42) 

D)* 8+7/.,28 F H.('<=+(6)=) 0 =.;4)8)* 2 /'72, H. 0('&+((5 9.*2:(.G =)//F-

8.-. $'=.%0-.:;+(.-. 9./+(D2'4% 
( )"#
"

 

 
r

r
 0' ('9,5=7.= r

 
 8 /.&7'* 9,.$/.,%, 

()=) 8)0('&+()*, $9289':'3/A 0 .$+,+:(+()=) 0' &'$.= ='7$8+428$A7)=) 0('-

&+((5=) $'=.%0-.:;+(.-. 9./+(D2'4% :45 82:9.82:()* /.&.7 9,.$/.,%, 0'<(5/.-

-. 94'0=.8.3 $)$/+=.3, 8 4'1.,'/.,(2< (+<4+,.82<) $)$/+=2 7..,:)('/. N'9)-

$%3&) :45 =)//F8.G 7.(E2-%,'D2G 0',5:28 $)$/+=) ,28(5((5  ?%'$.(' 8 7..,:)-

('/'* 8):24+(.G ='7,.&'$/)(7), /' 9,.8.:5&) <.-. $/'/)$/)&(+ .$+,+:(+((5 0' 

'($'=14+= ,+'420'D2< $)$/+=), 9,+:$/'84+()= % 8)-45:2 =(.;)() =)//F8)* &'-

,%(.7, % 572 8):24+(' "R 9.9':'F 8 9.$42:.8(2 =.=+(/) &'$% (% 94'0=2 1+0 9.45 

– ,)$.:1,'); '1. 8 >?@ 0 +4+7/,)&()= 9.4+= /' $/'D2.(',()= $/,%=.= 8 .1’F=2, 

H. 92:/,)=%3/A$5 :;+,+4'=) /+,=.$/'/% – ,)$.1,1)), (+08.:;%8'4A(% 9,.14+-

=% 80'F=.:2G =27,.9.428 2 0',5:28 >?@, /,'($E.,=%F=. 8 +E+7/)8(% +4+7/,.$/'-

/)&(% 0':'&% 9,. ,.09.:24 .$+,+:(+(.-. .1’F=(.-. +4+7/,.$/'/)&(.-. 0',5:% /' 

$'=.%0-.:;+(.-. 9./+(D2'4% 8 $/'/)$/)&(2< &',%(D2 +4+7/,.(+</,'4A(.$/2 – 

.$+,+:(+(2< 0' '($'=14+= ,+'420'D2< >?@ +4+7/,.(+</,'4A(2< .14'$/2 94'0=) 
zC! , 57' ='F E.,=% $E+,) :45 94'0=) 1+0 9.45 (,)$.1, :)), /' 8)/5-(%/.-. 89,.-

:.8; 9.45 $E+,.G:' (,)$.1,+)) :45 $/'D2.(',(.-. 94'0=.8.-. $+,+:.8)H' 8 %=.-

8'* :2G :;+,+4 /+,=.$/'/%. P'(D3;.7 9+,+/8.,+(A &',%(.7  1,8) – 1,-) – 1,:)  

:'F 572$(+ %584+((5 H.:. 9.$42:.8()* +/'928 $/'/)$/)&(.-. .$+,+:(+((5  0',5-

:% /' 9./+(D2'4% % $E+,)&(.-$)=+/,)&(.=% 8)9':7%. ?.$42:.8(2$/A .$+,+:(+(-

(5 :45  =)//F8)* &',%(.7 2(6.G -+.=+/,2G ='F  '('4.-2&()< *','7/+,, '4+ E.,=' 

,+0%4A/%3&.G .$+,+:(+(.G &',%(7) (+$+ (' $.12 82:1)/.7 $)=+/,2G % ,.09.:242 

2=9%4A$28 824A()* 0',5:28 >?@. Q'7, % (+.1=+;+(2< 94'0=2 0 .:(.,2:()= ='7$-

8+4.8)= 9.4+= 8 .1’F=2 zC!  ='F E.,=% 8)/5-(%/.-. 89,.:.8; ('9,5=7% 0.8(26-

(A.-. 9.45 0E
 

 $E+,.G:' .1+,/'((5 (,)$. 1+)). # (+.1=+;+(2< ,28(.8';(2< 94'0=2 

(' .1=+;.8%3&2< $/'/)$/)&(% &',%(7% +4+7/,.(+</,'4A(.$/2 zC!  9.8+,*(2  9.-

*2:(' 9./+(D2'4% 0' ,':2%$.= .1+,/'F/A$5 :. (%45, ' $'=' &',%(7' 8('$42:.7 20.-

/,.92G $)$/+=) 1%:+ $E+,)&(. $)=+/,)&(.3 (:)8. ,)$.18)). # 94'0=2 02 $/'D2.('-

,()= $/,%=.= 8 .1’F=2, 57)< 92:/,)=%F/A$5 :2F3 :;+,+4 /+,=.$/'/%, &',%(7' 

='F $E+,.G:'4A(% E.,=% (,)$.1-)). #('$42:.7 0('&(.G ,20()D2 ='$ +4+7/,.(28, 

2.(28 /' ='7,.&'$/)(.7 (='$' +4+7/,.('  F (' 9.,5:7) 8+4)&)( =+(6.3 ='$) 

2.(28 /' "R), 82:(.$(2 0=2H+((5 “68):7)*” &'$/)(.7 – +4+7/,.(28, /' “/5;7)*”–  
em
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3/-. 1. B,#-+!,/(+  "1);& 1) %+(*"/+  0"=.-$1)1&  #1)1&#1&5(,@, ,#"0"!("((7 2&1-

1E/&? "-"%10,("'10)-$(&? 5)0.(,% / 0+/(,/)H(+' - )) 1) #1)*+,()0(+' – ABC; - D), . 

7%+' ,#"0"!("(+ #10.2 1) 0,=;,!+-& 2+%0,;,-+/ ;+!10&2.<1$#7 =) 0)?.(,% !+9 !H"0"- 

1"02,#1)1.. /), @), !) – -)(*<H,% ,#"0"!("((7  5)0.(%& C!  !-7 #>"0&5(,9 2)%0,-

5)#1&(%& / +=,10,;(+' #&#1"2+; ") – %+(*"/) >,02) ,#"0"!("(,9 "-"%10,("'10)-$(,9 

5)0.(%&C  . ;-)=2+ =+ #10.2,2:z

! E $
 

2)%#/"-+/#$%" "-"%10&5(" ;,-" / #1)*+,()0(+' 

ABC,  – ;,-70&=)*+'(+ =)07!& () 2"H+ % zC!  ;0& ()7/(,#1+ "-"%10&5(,@, ;,-7 / ,D’E2+ 

ABC, XOYZ  –  -)@0)(H,/+ %,,0!&()1& +(!&/+!.)-$(,9 KJ , PQ – "%/)1,0+)-$() -+(+7 

5)0.(%&. 

2.(28 /' ='7,.&'$/)(.7 "!M, 8)58453/A$5 8 /im me  ,'028 124A6)=), 2, 57 ,+-

0%4A/'/, +7$D+(/,)$)/+/ &',%(7) 1%:+ 0(+*/4)8. ='4)=, /.1/. GG E.,=' 9,'7/)-

&(. 0'4)6)/A$5 $E+,)&(.3. ?.5$(3F/A$5 D+ /)=, H. % 89,.8':;+((5* 94'0=.-

8)* $)$/+= % $%&'$(2 8)$.7./+=9+,'/%,(2 /+*(.4.-2G ,+-%45,(' $74':.8' .$+,+-

:(+(.G 68):7.$/2 0',5:28 94'0=) 8 4'1.,'/.,(2< $)$/+=2 7..,:)('/ (G* 

:,+<E.8' 68):72$/A, H. (+3 8)0('&+(.  8(+$7) 0',5:;+()* 7.=9.(+(/28 >?@ 8 

-%$/)(% $/,%=%) F, 0'08)&'<, ('1'-'/. =+(6.3 /+94.8.G 68):7.$/2 +4+7/,.(28 

/' 2.(28, 2 (+0('&(2  0=2H+((5  D+(/,'4A(.G ='7,.&'$/)(7) 8 &',%(D2 % ('9,5=7% 

0.8(26(A.-. 9.45  0'8;:) 0 :.$/'/(A.3 /.&(2$/3 «82:$/+;%3/A$5»  4+-7)=) 
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7.=9.(+(/'=) GG +4+7/,.(-2.((.G '/=.$E+,). I/;+, 0' ,'*%(.7 0('&(.G ,.012;-

(.$/2 8 &'$'* ,+4'7$'D2G +4+7/,.(-2.((.-. 7.=9.(+(/% >?@ /' 92:$)$/+=) ='7-

,.&'$/)(.7 "!M, 7.;(' 0 2(:)82:%'4A()* "R  (9,) %=.82 ='4.$/2 0=2( % E%(7-

D25* ,.09.:24% +4+7/,.(28 /' 2.(28 0' 2=9%4A$'=)) 8 :,+<E%3&2< 4'-,'(;.82< 

$)$/+=2 7..,:)('/, 9.8’50'(2< 0 .7,+=.3 "R, +7,'(%F/A$5 /'7)= ;+ &)(.=, 57 2 

8 94'0=2 1+0 9.45, /.1/. 7.4) :,+<E.8' $74':.8'  =.:%45 G* .$+,+:(+(.G 68):-

7.$/2 (57.3 84'$(+ 2 8)0('&'F/A$5 $/,%= 9,.82:(.$/2) F (+0('&(.3 9.,28(5(. 0 

/+94.8.3. # DA.=% 8)9':7%, -,%(/%3&)$A (' 9,)(D)92 4.7'4A(.G /+,=.:)('=2-

&(.G ,28(.8'-) (PQO) [12] 894)8 0.8(26(A.-. +4+7/,)&(.-. 9.45 (' +4+7/,.(-

2.((2 9,.D+$) 8 >?@ 8,'*.8%F/A$5 &+,+0 9+,+(.,=%8'((5 %=.8 S+<='('-!2,2*4+ 

(' 0.8(26(2< =+;2 $E+,)&(.G &',%(7) /' (' 9.8+,*(2 D+(/,'4A(.G ='7,.&'$/)(-

7), H. :'F =.;4)82$/A, % ,'=7'* %0'-'4A(+(.G /+.,2G, '('420%8'/) 9.45,)0'D2<(2 

+E+7/) /' (+,28(.8';(% 2.(20'D23 8  $/'D2.(',(2< >?@ 0 +4+7/,)&()= $/,%=.= 

8 .1’F=2. #2:9.82:(2 ,28(5((5 ('8+:+(. % ,.0:242 3. I7,+=)= 9%(7/.= % ,.01%-

:.8'(.=% 92:*.:2 $/.G/A 8)0('&+((5 ,.0=2,% +4+7/,.(+</,'4A()* &',%(.7 94'0-

=.8.G $)$/+=), /.1/., E'7/)&(., 9,.14+=' 8)0('&+((5 ='$6/'1% 9,.$/.,.8)* 

7%4.(28$A7)* =27,.(+.:(.,2:(.$/+< >?@.   ,28(.8';(2< 94'0=2 0 '($'=14+= 

2:+(/)&()* ='7,.&'$/)(.7, 57 D+ 8)94)8'F 0 9,)(D)9% $)=+/,2G, .1’F= &',%(7) 
zC!  $9289':'F 0 9)/.=)= .1’F=.= , H. 9,)9':'F 8 $)$/+=2 (' .:(% "R. # 124A6 

$74':()* 8)9':7'* (9.42:)$9+,$(' "!M, :25 0.8(26(2* :;+,+4, /.H.) – 8)0('-

&'F/A$5 645*.= =2(2=20'D2G E%(7D2.('4% 824A(.G +(+,-2G >+4A=-.4AD5 $)$/+=) 0' 

,.0=2,.= &',%(.7 [12].  

N'-'4.=, 0'$/.$%8'((5 $/'/)$/)&(.G 7.(D+9D2G H.:. .9)$% 2.(20'D2G /' =27-

,.$/,%7/%,) >?@ 9.45-'F 8 ('$/%9(.=%: a) 0' ,'*%(.7 2$(%8'((5 8 94'0=.82< 

$)$/+=2 92:$)$/+= 02 0('&()= ,.0*.:;+((5= &'$28 ,+4'7$'D2G, /' ='3&) (' %8'02 

7%4.(.8% :'4A(.:23 2 7.,+45D2G 0',5:28 8 .1’F=2, 8):24)/) 8 .14'$/5* 4.7'4A(.G 

/+,=.:)('=2&(.G ,28(.8'-) :45 2(:)82:%'4A()* "R =)//F82 +4+7/,.(+</,'4A(2 

&',%(7) H.('<=+(6.-., 0 =.;4)8)*, ,.0=2,%, /' 82:$/+;%8'/) % &'$2 +8.43D23 

9','=+/,28 "R 2 GG ('<14);&.-. ./.&+((5 (9,./)2.(28) 8 .7,+=2< &',%(D2 +4+7/-

,.(+</,'4A(.$/2; 1) 92$45 .$+,+:(+((5 0' &'$.=, /.1/. 0' '($'=14+=  =)//F8)* 

&',%(.7, % 572 2(:)82:%'4A(' "R 9.9':'F 8 9.$42:.8(2 =.=+(/) &'$%, 9+,+</) :. 

+E+7/)8(.G +4+7/,.$/'/)&(.G 0':'&2 8)0('&+((5 0',5:.8.G ,28(.8'-) "R /' .$+-

,+:(+()* 9','=+/,28 >?@ 8 $/'/)$/)&(2< +4+7/,.(+</,'4A(2< &',%(D2 zC! ; 8) 

8)7.,)$/.8%3&) 0'7.() 01+,+;+((5 /' 72(+/)7), 0'9)$'/) :45 PQO-&',%(.7 

>?@ 0'=7(+(% $)$/+=%  ,28(5(A, H. 9.8’50%3/A 8)0('&'4A(2 9','=+/,) 94'0=.-

8.G $)$/+=) (/+=9+,'/%,%, 042&+((2 7.(D+(/,'D2G &'$/)(.7  7.=9.(+(/28 -'0.8.G- 

/' 7.(:+($.8'(.G E'0, 9','=+/,) .7,+=)* $/,%7/%,()* +4+=+(/28 2 /.+.) 0 GG +4+7-

/,.E20)&()=) *','7/+,)$/)7'=) 8 ,28(.8'02 '1. 8 $/'D2.(',()* $/'('*, % 57)* 

%$/'4+(2 0('&+((5 /+,=.:)('=2&()* 9','=+/,28 92:/,)=%3/A$5 :2F3 :;+,+4 

/+,=.$/'/%; -) :45 .$+,+:(+(.G &',%(7) 9+8(.-. ,.0=2,%, H. %/,)=%F 2(:)82:%-

'4A(% "R, 9.8’50'/) +4+7/,.((2 /' :2+4+7/,)&(2 9','=+/,) ,+&.8)() ='7,.&'$-

/)(7) 0 .$+,+:(+()= ,28(+= +4+7/,.*2=2&(.-. 9./+(D2'4% (,28(+= M+,=2) +4+7-

/,.(28 94'0=); :)  ./,)='/) %0'-'4A(+(+ '('42/)&(+ ,28(5((5 2.(20'D2G >?@, H. 
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9.8’50%F GG 8)0('&'4A(2 /+,=.:)('=2&(2 9','=+/,) 0 ,28(+= M+,=2 +4+7/,.((.-. 

7.=9.(+(/% /' 9,.$/.,.8)= ='$6/'1.= 7%4.(28$A7)* (+.:(.,2:(.$/+< 8 .1’F=2. 

2. #,'*%8'((5 0=2() ,.1./) 8)*.:% +4+7/,.(28 0 9.8+,*(2 ='7,.&'$/)(.7 % 

94'0=% %  ('14);+((2 Q.='$'-M+,=2 :45 +4+7/,.(28 9,.82:(.$/2. 

N'08)&'< 0=2() +(+,-2G M+,=2 0 0 0

F cE F E& $

z

 :45 8(%/,26(2* +4+7/,.(28 &'$-

/)(.7 "!M, H. 7.(/'7/%3/A 0 94'0=.8)= $+,+:.8)H+= 2 8 ,+0%4A/'/2 ('1%8'-

3/A 9+8(.-. 0',5:%  (  - 0',5: 9,./.(', - 0',5:.8+ &)$4.), (+ 8,'*.8%3/A-

$5, .$724A7) 8/,'/' '1. (':4)6.7 $%=',(.-. &)$4' +4+7/,.(28 "R 0' ,'*%(.7 

9,.D+$28 9,)4)9'((5 &) (+</,'420'D2G 2.(28 (' '1. /+,=.+=2$2G 0 9.8+,*(2 ='7-

,.&'$/)(7) F 0(+*/4)8. ='4)=), 9.,28(5(. 0 G* $+,+:(A.3  724A72$/3 8 0.(2 

9,.82:(.$/2 =+/'4+8.G "R [13]. # 78'0274'$)&(.=% ('14);+((2 Q.='$'-M+,=2 

-%$/)(' +4+7/,.(28 9,.82:(.$/2 1%:+ [14] 
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('(.,.0=2,28 "!M D5 (+,28(2$/A 0('&(. 9.$4'143F/A$5, .$724A7) &)$4. 8/,'&+-
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=.-. ,28(5 +4+7/,.*2=2&(.-. 9./+(D2'4%  94'0=.8.G $)$/+=) F. ?,) DA.=% 0'-

0('&)=., H. .1+0,.0=2,+()< 9./+(D2'4 i9  (/.1/., E'7/)&(. +4+7/,.$/'/)&(' 

+(+,-25 +4+7/,.(28 % $'=.%0-.:;+(.=% +4+7/,.$/'/)&(.=% 9.42 0',5:28 >?@ % 

=+;'* 84'$(.-. .1’F=% 2(:)82:%'4A(.G "R) 82:,'*.8%F/A$5 82: 0('&+(A ,28(28 

+(+,-2G +4+7/,.(28 % (+01%,+(2< ,+&.8)(2 "R. Q'7, 8 D+(/,2 ='7,.&'$/)(7) ,2-

8+(A :(' 0.() 9,.82:(.$/2, 57 2 8$2 2(62, 0=2H%F/A$5 8 +(+,-+/)&(.=% 9,.$/.,2 

82:(.$(. (+01%,+(.-. ,28(5 ,28(5 :(' 0.() 9,.82:(.$/2 0

cE  (' 0('&)/A 2 82:(.$(. 
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0(0)i

Fe E
$

3 4'# ' B96 7
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82:9.82:(.: 1+0,.0=2,(2 ,':2%$) &',%(7) /' ='7,.&'$/)(7), 2 9./+(D2'4 9.8+,*(2 

"R, (.,=.8'()< (' +(+,-23 M+,=2 ,+&.8)() "!M. Q'7)< ='$6/'1 +(+,-+/)&(.G 

67'4)  .1,'(. :45  %0-.:;+((5 :'()* .1&)$438'4A(.-. +7$9+,)=+(/% 8 ,'=7'* 

“8(%/,26(A.G” /' “0.8(26(A.G” +4+7/,.$/'/)&()* 0':'& H.:. 8)0('&+((5 ,.0-

9.:2428 $'=.%0-.:;+(.-. 9./+(D2'4% 94'0=) 645*.= ,.08’507% 82:9.82:()* ,28-

(5(A ?%'$$.(' (,28(5((5 (2) /' (5)).  

I/,)='(+ ,28(5((5 9.8’50%F 8)0('&'4A(2 /+,=.:)('=2&(2 9','=+/,) 94'0-

=.0.43: /+=9+,'/%,%, 042&+((% 7.(D+(/,'D23 &'$/)(.7 "!M, G* ,.0=2,, +4+7/-

,.((2 /' :2+4+7/,)&(2 7.($/'(/) ,+&.8)() ='7,.&'$/)(.7 0 <.-. +4+7/,.E20)&-

()=) *','7/+,)$/)7'=) % $/'('* /+,=.2.(20'D2<(.G ,28(.8'-):$+,+:(2= 0' '($'-

=14+= ,+'420'D2< $)$/+=) 0',5:.= .7,+=)* "R, 0'-'4A()= ,28(+= 2.(20'D2G -'-
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0.8.G E'0), ,.09.:24'=) 4.7'4A(.-. +4+7/,.$/'/)&(.-. 9.45 8 .7.42 2(:)82:%'-

4A()* ='7,.&'$/)(.7. Q'7)= &)(.= 8.(. E'7/)&(. F ,28(5((5= $/'(% 94'0=.-

0.45, 9,+:$/'84+()= 8 /+,=2('* +4+7/,.E20)&()* 9','=+/,28. C4+7/,.E20)&(2 

9','=+/,) 94'0=.0.428 /' G* 0'4+;(.$/2 =.;%/A 1%/) 1+09.$+,+:(A. ,.0,'*.8'-

(2 (' .$(.82 ,.08’507% ,28(5((5 (8) :45 +4+7/,.*2=2&(.-. 9./+(D2'4% +4+7/,.-

((.-. 7.=9.(+(/% 94'0=) F. 

 
4!56/78 1 

P%#;"0&2"(1)-$(+ =()5"((7 ;)0)2"10+/ 2"1)-"/&? 

2)%0,5)#1&(,% = )(#)2D-< K6M 

;-T %&;T
0W 33 /10, %@ 2

U2=2&(. 

$)=8.4 
, 

+# 

$K'  0 ,F "NE, K , K A ;  V B+/'4 

Ti22
1881 3659  3.95 47.8800;       4.505 5.3831      1 Q)/'( 

V23
2190 3665  4.12 50.9415;          5.960 6.2247      2 #'(':2< 

Cr24
2150 2945  4.58 51.9961;    7.18-7.20 6.9519      3 U,.= 

Fe26
1811 3145  4.31 55.8470;          7.874 7.0491      4 N'420. 

Zr40
2124 4613  3.90 91.2240;          6.450 4.4494      5 W),7.(2< 

Nb41
2742 5073  3.99 92.9064;            8.570 5.3124      6 S2.12< 

Mo42
2993 4973  4.30 95.9400;        10.220 5.8475      7 B.421:+( 

Pd46
1827 3273  4.80 106.4200;       12.020 6.0803  8 ?'4':2< 

Hf72
2503 5173  3.53 178.4900;        13.310 4.6101      9 >'E(2< 

Ta73
3269 5623  4.12 180.9479;        16.654 5.3045      10 Q'(/'4 

W74
3693 5953  4.54 183.8500;       19.350 5.8007     

#)0('&'4A(2 9','=+/,) (+01%,+(.G ,+&.8)() "!M :45 0'8:'(A 

7.=9’3/+,(.G $)=%45D2G  *','7/+,)$/)7 94'0=.0.428, %/8.,+()* =+/'4+8)= 

7.(:+($'/.= 2:+(/)&()* $E+,)&()* "R, .1),'4)$A 20 /'14)D2 1, 9.1%:.8'(.G (' 

.$(.82 +7$9+,)=+(/'4A()* :'()* ('8+:+()* % :.82:()7% [17]. 

# /'14)D2 2 9,+:$/'84+(. 3D--,'E27) 9','=+/,)&()* 0'4+;(.$/+< ,28(5 

M+,=2, 0',5:.8.-. &)$4'  /' +4+7/,.((.G 7.(D+(/,'D2G 8 94'0=.0.45* %/8.,+()* 

&'$/)(7'=) /%-.94'87)* =+/'428: 94'/)(), 8.4AE,'=%, D),7.(23, ,+(23, /'(/'-

4%, .$=23, /.H. 8 8)$.7./+=9+,'/%,(.=% 1%E+,(.=% -'02 (',-.(2). # 

7.=9’3/+,(.=% +7$9+,)=+(/2 /+=9+,'/%,()< 2(/+,8'4 0'8)$2 =+/'4+8.-. 7.(-

:+($'/% 8 8)$.7./+=9+,'/%,(.=% 1%E+,(.=% -'02 42=2/%8'8$5 /+=9+,'/%,.3 

$9282$(%8'((5 -'0.8.G /' 7.(:+($.8'(.G E'0 (  '1. ) :45 82:9.82:(.G ,+&.-

8)() "!M, :)8. /'14.1). #)*2:(2 /+,=.:)('=2&(2 9','=+/,) 94'0=.0.428  /' =+-

;2 G* 0=2() ('8+:+(. % 8+,*(A.=% ,5:7% /'14)D2 2, 9,)&.=% =.;4)82 0('&+((5 

;-T %&;L

11 #.4AE,'=  

Re75
3553 5900  5.00 186.2070;      21.020 6.0780     12 O+(2<  

Os76
3318 5300  4.70 190.2000;      22.570 6.2837     13 I$=2<  

Ir77
2720 4653  5.27 192.2200;       22.420 6.2120      14 J,):2< 

Pt78
2045 4100  5.32 195.0800;       21.450 5.9724  15 ?4'/)(' 
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+4+7/,.(()* /' :2+4+7/,)&()* 9','=+/,28 ,+&.8)() "!M 8 ,'=7'* 

7.=9’3/+,(.G $)=%45D2G 2 9,.8+:+(.-. .1&)$438'4A(.-. +7$9+,)=+(/% .*.9-

433/A 8+$A =.;4)8)< 2(/+,8'4 0('&+(A :45 =+/'4+8)* ='7,.&'$/)(.7 [20]. 

I:)()D2 8)=2,% 8)*2:()* /+,=.:)('=2&()* 9','=+/,28 94'0=.0.428 % 94.H)('* 

G* .0('&+((5 (-.,)0.(/'4A(2 94.H)() (' 3D- -,'E27'*) 82:(.$(2, 2, 8 0'4+;(.$/2 

82: .1,'(.-. 2(/+,8'4% 0=2(), 7..,:)('/(' $2/7' 89,.:.8; 82:9.82:(.G 82$2, 

.1),'F/A$5 8 08)&'<(.=%, '1. 4.-',)E=2&(.=% ='$6/'12. !45 8$2* -,'E2728 8 

/'14)D2 2 7,.7 % 82:(.$(.=% ='$6/'12 $74':'F 0.02, /.1/. 0('&+((5 7..,:)('/)  

8%04' “j” 8)0('&'F/A$5 0' E.,=%4.3: L Mmin max min0.02 ( ) ( 1)jx x x x j& 5 ' $ ' $ ,  

1,2,3,...51j & . 

N -,'E2728 8):(., H. 2.(20'D25 ('(.,.0=2,()* 94'0=.0.428 F $%//F8. 0'4+;-

(.3 82: /+=9+,'/%,) >?@, 7.(D+(/,'D2G "R % 94'0=.0.42, 84'$(.-. -+.=+/,)&-

(.-. ,.0=2,% ='7,.&'$/)(.7, ,28(5 M+,=2 (,.1./) 8)*.:%) /' +(+,-2G M+,=2 ,+-

&.8)() "R (H. (+3, 8 ,'=7'* '9,.7$)='D2G Q.='$'-M+,=2, 8)0('&+(. 7.(D+(/-

,'D23 (.$2G8 % 0.(2 9,.82:(.$/2 =+/'4+8)* "R, 2 57' %0-.:;+(. 0=2(3F/A$5 02 

0=2(.3 %=.8 8 ./.&%3&2< &'$/)(7% 94'0=2). N('&+((5 E27$.8'()* /+,=.:)('=2-

&()* 9','=+/,28 % 9+,6.=%, :,%-.=% /' /,+/A.=% $/.81D5* /'14. 2, .1,'(. 14)-

0A7)=) :. 82:9.82:()* 0('&+(A =+/'428: 94'/)(), 8.4AE,'=% /' D),7.(23 0 =+-

/.3 9,.8+:+((5 &)$4.8)* .D2(.7 ,28(5 2.(20'D2G /' 0',5:.8)* &)$+4 % 94'0=.45* 

%/8.,+()* 0'8)$5=) "!M 0 :'()* ='/+,2'428 % 8)$.7./+=9+,'/%,(.=% 1%E+,-

(.=% -'02. X7 9.7'0%F '('420 :'()* 7.=9’3/+,(.-. +7$9+,)=+(/%, 9.:21()< *'-

,'7/+, 0'4+;(.$/+< ,28(5 M+,=2 +4+7/,.(28 /' G* 042&+((.G 7.(D+(/,'D2G 8 -'0.-

82< E'02 94'0=.0.43 9,.5845F/A$5 8 .16),(2< .14'$/2 8)0('&'4A()* 9','=+/,28 

94'0=). N8+,/'F (' $+1+ %8'-% ('58(2$/A 8),';+(.-. =2(2=%=% 0' /+=9+,'/%,.3  

:45 0',5:.8)* &)$+4 "R /' 042&+((.G 7.(D+(/,'D2G +4+7/,.(28 % -'0.82< E'02 94'-

0=.0.43 (:,%-)< /' /,+/2< $/.81D2 8 /'14)D2 2). M20)&(., 0=+(6+((5 2.(20'D2G 

"!M 2 -'0% 9,) 0,.$/'((2 /+=9+,'/%,) 94'0=) 0%=.843F/A$5 (' 9.8+,*(2 2(:)-

82:%'4A()* "R 7.(7%,+(D2F3 9./.728 +4+7/,.(28 +=2$2G /' 9,)4)9'((5 , H. 9+-

,+*.:5/A % -'0.8% E'0%, '1. :.4%&'3/A$5 :. '($'=143  7.4+7/)820.8'()* +4+7/-

,.(28 "R. 

3. E5,593;511- 6<-:?- @ 5<52,9.013?> 63<7 :-98=7@ ,59?3/,-,>: 93<D 

63<89.:-47B1.C 5F52,7@. 

# $/'D2.(',()* ,+;)='* E%(7D2.(%8'((5 94'0=.8)* %$/'(.8.7 0' ,'*%(.7 

:2G 0.8(26(2* (9. 82:(.6+((3 :. 94'0=.8.-. .1’F=%) :;+,+4: +(+,-2G,  2=9%4A$%, 

='$) /' +4+7/,)&(.-. 0',5:%, 8 9,.$/.,.82< .14'$/2, 0'<(5/2< 94'0=.8)= ,.1.-

&)= /24.=, 8$/'(.8433/A$5 $/'D2.(',(2 ,.09.:24) 4.7'4A()* /+,=.:)('=2&()* 

9','=+/,28 /' G* -,':2F(/28. S+*/%3&) 0=2('=) .$/'((2* % ='4)* 0' -+.=+/,)&-

()=) ,.0=2,'=) .14'$/5*, 572, Y,%(/%3&)$A (' 9,)(D)92 4.7'4A(.G /+,=.:)('-

=2&(.G ,28(.8'-) (PQO) "%1. [18], 0 :.$/'/(2= $/+9+(+= /.&(.$/2 =.;(' 88';'-

/) 4.7'4A(.-,28(.8';()=), 9,.14+=% 8)0('&+((5  +4+7/,.E20)&()* 84'$/)8.$-

/+< >?@ % =+;'* .1,'(.-. 2(/+,8'4%  82:(.$(.G /.&(.$/2 '9,.7$)='D2G =.;(' 

8),26%8'/) (' .$(.82 ,28(5((5 $/'(% :45 7.;(.G 0 .14'$/+< PQO .7,+=., 0 8)-

7.,)$/'((5= :'()* H.:. 9,.E243 -,':2F(/28 .$+,+:(+()* 9','=+/,28 94'0=), 

572 :+E2(%3/A$5 :;+,+4'=) /+,=.$/'/% (0.8(26(2=) :;+,+4'=)). !45 7+,%8'(-
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(5, .9/)=20'D2G /' :2'-(.$/)7) +4+7/,.(-2.(()* 9,.D+$28 % 9,.=)$4.8)* /' 4'-

1.,'/.,()* %$/'(.87'* 0'08)&'< 8)7.,)$/.8%3/A “('74':+((5”(' 94'0=.8)< 

.1’F=  +4+7/,.='-(2/()* 9.428, $/8.,38'()* 0.8(26(2=) :;+,+4'=) [19]. S'58-

(2$/A $/'D2.(',()* 9.428 -,':2F(/28 /+,=.:)('=2&()* 9','=+/,28, 0.7,+=' ='7-

$8+428$A7.-. +4+7/,.$/'/)&(.-. 9.45 8 >?@ 02 $/,%=.=, $%9,.8.:;%F/A$5 :)-

$)9'D2F3 +(+,-2G /' -+(+,'D2F3 +(/,.92G 8 .1’F=2 >?@, 4.7'4A(2 $/'D2.(',(2 0('-

4!56/78 2 

P-"%10,>+=&5(+ ;)0)2"10& ;-)=2,=,-+/, .1/,0"(&? ()(,5)#1&(%)2& 

1.@,;-)/%&? 2"1)-+/ . /&#,%,1"2;"0)1.0(,2. @)=,/,2. #"0"!,/&F+ 

 

#)0('&'4A(2 /+,=.:)('=2&(2 9','=+/,) 94'0=.0.428 [20, C.99-569] 
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<-%%: +03%: :/(7 3 (D!"8#:B >E2, :/, 3!"8%-, 0 0%F$B #-+,(;$%",0<%$B 5(#-%?0-

"!03, 50;#+$,C=#)8: 6" +"BC%(/ #-5!(30;3(;C /+06) 5(3-+B%=, G( %-= 3$;0!-%( 

5!"6,(3C 8$8#-,C. H8/0!)/$ +-!"/8"?01%0 5+(?-8$ #" @+"%$<%0 -*-/#$ !-A"#) 

5(6" (D!"8#= %"F(@( +(6@!:;C, 3 5(;"!)F(,C 5(/!";"I,( J K %-(D,-A-%(= 

8$8#-,(=, C :/01 6" +"BC%(/ ;07 6(3%0F%0B ;A-+-! +-"!06CI#)8: >E2 #" 08%C=#) 

(3 !"D(+"#(+%01 8$8#-,0 30;!0/C) 8#"?0(%"+%0 5(!: #-+,(;$%",0<%$B 5"+",-#+03 

#" 7B @+";0I%#03, #"/0, G( ;!: 5+(8#(+(3$B ,"8F#"D03 8C,0+%$B 6 +(6,0+",$ (D-

!"8#-1 >E2 6 ;(8#"#%0, 6"5"8(, #(<%(8#0 ,(AC#) +(6@!:;"#$8) :/ (;%(+0;%0 6" 

5+(8#(+(3$,$ /((+;$%"#",$. ' #"/(,C %"D!$A-%%0, /(A%" 6 (8-+-;%-%$B 6" "%-

8",D!-, +-"!06"?01 8$8#-,$ -!-/#+(%-1#+"!)%$B <"+C%(/ (;$3. +$8. 1, -)), ?-%#+ 

:/(7 8C,0G-%( 6 ?-%#+(, !"@+"%A-3$B /((+;$%"# ,"/+(<"8#$%/$, DC;- 6%"B(;$-

#$8) 50; ;0I= ,"/83-!038)/(@( -!-/#+(8#"#$<%(@( 5(!: 5!"6,$, 5+$<(,C 1(@( 

6%"<-%%: %" @+"%$?0 zC$ , C 30;5(30;%(8#0 6 (6%"<-%%:, <"+C%(/, DC;C#) 85035"-

;"#$ 6 (8-+-;%-%$, 6" (D’I,(, 6%"<-%%:, E
 

 3 !"D(+"#(+%01 8$8#-,0 30;!0/C. 

E"/$, <$%(,,  0%#-@+"!)%0 B"+"/#-+$8#$/$ J K, 6(/+-," ,"/83-!(30 6%"<-%%: 

-!-/#+(*06$<%$B 5"+",-#+03 5(!:+$6(3"%(7 6(3%0F%0, 5(!-, J K, C +",/"B 6"-

5+(5(%(3"%(@( 50;B(;C 5+$+(;%( (<-+-6 @+"%$<%0 C,(3$ -*-/#$3%(7 -!-/#+(-

8#"#$<%(7 6";"<0) 5(3’:6C=#)8: 6 !(/"!)%$,$ +(65(;0!",$ 6%"<-%) #-+,(;$%"-

,0<%$B 5"+",-#+03 5!"6,(3(7 8$8#-,$ C ,-A"B (D’I,%$B /C!(%(3$B ,0/+(%-(;-

%(+0;%(8#-1 - -!-/#+(%-1#+"!)%$B <"+C%/"B zC$ . 
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 !"#$%&' (.)., *+,#"-%./ 0.1. 

 

'"%"!("!)#(*%+ *,-.#/.!+ $%((0,"$#-!+ ! %/$,*(!0%.!+ 1,0%(% 

2#$0! 3 "#,$!! (3,4("3 5#"#$,5#--!6 /7%80#--96 (!("#0 
 

QOOHEQ.VY 

B'#C"*D#(& (*+&E 1F&F31F30#1)&E )*(G#!G3E *!'#C#"#(3E H"#)F'*I3J30#1)3A !&-

'& #F'*+ >#F#'*>#((KA !"&J #((KA 131F#  (=B<), *1(*+&((&E (& /1'#C(#(33 F#' *-

C3(& 30#1)3A !&'& #F'*+ !* &(1& :"L,  >(*+#((KA )+&J3(#4F'&"2(KA E0##) !"&J K, 

1*C#'D&M3A  &)'*0&1F3GK + !*1"#C*+&F#"2(K#  * #(FK +'# #(3. ;&J #' E0#4)3 

*:*:M&#F !*(EF3# C"3(K H)'&(3'*+&(3E N#:&E (& 1"/0&4 =B< 3 C&#F +*J *D(*1F2 

(#!'3+*C3 /L !'*:"# / )/"*(*+1)*>* C&"2(*C#41F+3E + !*C131F# #  &)'*0&1F3G 

!"&J K !#'#+#1F3 + '&(> HII#)F3+(*4 *C(*0&1F30(*4 H"#)F'*1F&F30#1)*4 J&C&03. 

O& *1(*+# 1*!'ED#(3E '#P#(34 C"E 1& *1*>"&1*+&((*>* H"#)F'*1F&F30#1)*>* !*F#(-

G3&"& +(#- 3 +(/F'3 3(C3+3C/&"2(KA  &)'*0&1F3G (%7) !*"/0#(* F'&(1G#(C#(F(*# 

/'&+(#(3# C"E '&+(*+#1(*>* H"#)F'*A3 30#1)*>* !*F#(G3&"& =B<. .+&(F*+K# !*!'&+-

)3 H"#)F'*(*+ %7 /0F#(K + '& )&A )+&J3)"&1130#1)*>* !'3:"3D#(3E Q* &1&-R#' 3. 

9!'#C#"#(& '*"2 !*"E'3J&G3*((KA HII#)F*+ 3 !'*+#C#(& )* !SLF#'(&E 13 /"EG3E 

H"#)F'*I3J30#1)3A A&'&)F#'31F3) C"E P3'*)*>* 1!#)F'& *!'#C#"ELM3A !&'& #F'*+ 

=B< 1 0&1F3G& 3  #F&""*+ + *:S# #. 

 

   

 

Marenkov V.I., Kuchersky A.Y. 
 

Statistical concept review and the Thomas Fermi approximation  

in the theory of plasma properties of heterogeneous systems 
 

SUMMARY 

The new statistical theory for the determination of electro-physical parameters in heteroge-

neous plasma (HGP) is proposed. It is based on the averaging of the thermodynamic parame-

ters on the  ensemble of momentary quasi - neutral cells, containing macro- particles(MP) in 

sequential time moments. The size of a cell generalizes the Debye screening  length for HGP. 

Due to this the many-partile problem is reduced to the effective single-particle one. The join 

of solutions inside and outside a macro-particle (MP) leads to the transcendent equation for 

the equilibrium electrochemical potential.  The quantum corrections for the dispersion equa-

tion for electrons of MP are taken into account with the help of the  Thomas-Fermi approxi-

mation. The role of polarization effects is clarified. The computer simulation of electro-

physical characteristics for a wide set of control parameters of HGP is carried out.                  
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