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 !"#$%& '!(# ')*+!,)-.#%!* *!%(/%-!$)%!0 (#-1/+-%!0 2)3# $ 

1")3'& 1+!(4*.&$ 35!+6%%6 '/.)"&3!$)%!5! 1)"7%!5! 

 
9):)1,5)#1&(%,/) 70,;-"2) /&8()5"((< %,-&/(&= 2,! 8)0<!>"(&= 2)%0,5)#1&(,% / 

:"1"0,:"((,2. 7-)82,/,2. #"0"!,/&?+ (@AB) 70&/"!"() !, "6"%1&/(,C ,!(,5)#1&(%,-

/,C 8)!)5+ !,#-+!>"((< %,-&/(,:, 0.=. /&!+-"(,C 2)%0,5)#1&(%& . 8;.0"(,2. #)2,.8:,-

!>"(,2. 7,-+ #1)1&#1&5(,C 5)0.(%& "-"%10,("'10)-$(,#1+ @AC. D 0)2%)= 2,!"-$(,C 

1",0+C ,!"0>)(, )()-+1&5(&' /&0)8 !-< )27-+1.!(,-5)#1,1(,C 6.(%*+C %,-&/(&= 2,! 

2)%0,/%-E5"($ / :"1"0,:"((+' 7-)82+. F,#-+!>"(, CC 1"27"0)1.0(. %,(*"(10)*+'(. 

1) +,(+8)*+'(. (/+! #1"7"(E +,(+8)*+C 7-)82&) 8)-">(,#1+. A,%)8)(,, G, 2">) %,-&/-

(&= ("#1+'%,#1"' 2)%0,5)#1&(,% / :"1"0,:"((+' 7-)82+ 70,!.%1+/ 8:,0<((< -">&1$ / 

,;-)#1+ 16-120 %@*, ?, !,;0" .8:,!>.H1$#< 8 ()</(&2& "%#7"0&2"(1)2&. 

 

 

  #$%&#'() *(#+,+-./0.1&-$1'() -.)'+2+345), -&,() 5,  '&0(2.''5 .2.,--

1+''() #)./, 6$2.1.'--.)'+2+347, ,1.&845 '&'+%&#-('+, * 02&9/+)4/4%'() 1.&,-

-+1&), -+:+ – ,+'-1+2; /4,1+649(%'() 0&1&/.-14* '.#$%+3+ &<+ 1.&,84='+3+ 3.-

-.1+3.''+3+ 02&9/+*+3+ #.1.>+*(:& '&<$*&? 0.1@+%.13+*+3+ 9'&%.''5. A1(-

%+/$ '&=<42;@ *&B2(*+C *(/+3+C, * 02&'4 6$',84+'$*&''5 -.)'+2+34%'+7 02&-

9/+*+7  $#-&'+*,(, ? $#-&2.'4#-; 2+,&2;'() -.1/+>('&/4%'() 0&1&/.-14* DA * 77 

1+<+%+/$ +<’?/4 [1]. D.-.1+3.''& 02&9/& (DA) 01+>$,-4* 93+15''5 /.-&249+*&-

'() 0&2;'() *(,+1(#-+*$?-;#5 * 15>4 -.)'+2+34= 5, 1+<+%. #.1.>+*(:. >25 

+-1(/&''5  #$</4,1+''() %&#-('+, +,#(>4* *$9;,() /+'+>(#0.1#'() 61&,84= 9& 

1&)$'+,  0&1+-3&9+*+7 ,+'>.'#&847 * 6&,.24. E$1<$2.'-'4 0$2;#&847, 4'@4 '.<&-

B&'4 *02(*( ,+'-1+2CC-;#5 01( 8;+/$ 1.-.2;'+C 04>3+-+*,+C #$/4@4 1.&3.'-

-4*, 9+,1./& 01( 3+14''4 >(#0.13+*&'() /.-&24* *(,+1(#-+*$C-; 2&/4'&1'. 0(-

2+*. 0+2$/’5,  :+ $-*+1C?-;#5 01( 3+14''4 0+0.1.>';+ 9/4@&'+7 9&*(#4 /.-&2.-

*+3+ 0+1+@,$ * '.#$%+/$ 3&94, >+ #,2&>$ ,+/0+'.'-4* 5,+3+ *)+>(-; +,(#2CC-

%(= 3&9 [2].  

F -+= B. %&#, >45 >&2.,+#5B'() ,$2+'+*() #(2 '& -24 '.,+'-1+2;+*&'() 

9+*'4@'4) 0&1&/.-14* 4 #01(%('.'() '(/( 62$,-$&84= -./0.1&-$1(, -(#,$, 9&-

15>$ /&,1+%&#-('+, 4 .2.,-1+/&3'4-'() 0+24* DA 01(9*+>5-; >+ *('(,'.''5 * 

02&9/+*+/$ +<’?/4 ,+2.,-(*'() ,+2(*'() 01+8.#4* (02&9/+*() )*(2;) 9$/+*2.-

'() *9&?/+>4?C *42;'() 9&15>4* 49 #&/+$93+>B.'(/ .2.,-1+#-&-(%'(/ 0+2./ 

#(#-./(. A1( >+#-&-';+ *.2(,() &/024-$>&) ,+2(*&'; 8. #01(%('C? 1+9*(-+, 

02&9/+*() '.#-4=,+#-.= 1+<+%+3+ #.1.>+*(:& -& 0+1$@$? #-&<42;'(= 1.B(/ 

6$',84+'$*&''5 $#-&'+*,( [3, 6-8].  

  G&1.',+* F.H., "$%.1#;,(= I.J., K2+<+>.'C, L.F.., 2008 
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9/-. 1.: )) - 2+%0,5+7; ;) –#="2) ,%0"2,:, "-"2"(1.; /),:) - "-"%10,((,2+%0,#%,7+5(+ 

6,1,:0)6+C  ()(,-"-"2"(1+/ 5+7.; !) ):-,2"0)1 5)#1&(,% %,(!"(#,/)(,C 6)8& 8 ("-

%,(!&*+'(,:, 5+7.. 

E&,, $ *(0&>,$ 02&9/+*+3+ '&0(2.''5 .2.,-1+''() #)./, '&5*'4#-; ,+2(*-

'() '.#-4=,+#-.=  9&15>B.'() ,+'>.'#+*&'() /&,1+%&#-('+, (GM) $ 3&9+*4= 

6&94 02&9/( #$01+*+>B$?-;#5 7) &32+/.1&84?C (1(#. 1.&) - 1.>) ), :+ $'./+B2(*-

2C? #-*+1.''5 /4,1+%40$ [3]. 

F -.+1.-(%'+/$ 02&'4 01+<2./& *('(,'.''5 -& .*+2C847 ,+2(*&'; GM * 

DA ? #2&<,+>+#24>B.'+C -& 0+-1.<$? >.-&2;'+3+ +01&8C*&''5 :+>+ >+#24-

>B.'; /.)&'49/$ *('(,'.''5 ,+2(*&'; /&,1+%&#-('+, ,+'>.'#+*&'+7 6&9( 

("N) -& 9&2.B'+#-.= )&1&,-.1(#-(, ,+2(*'() 01+8.#4* *4> *(9'&%&2;'() -.1-

/+>('&/4%'() 0&1&/.-14* 02&9/(: -./0.1&-$1(, 924%.''() ,+'8.'-1&84= ,+/-

0+'.'-4*, >4.2.,-1(%'() -& .2.,-1+''() *2&#-(*+#-.= 1.%+*('( GM. 

O&=<42;@ &,-$&2;'(= &#0.,- 01+<2./( – 1+9<$>+*&  649(%'+7 /+>.24 ,+2(-

*'() 01+8.#4* * 04>#(#-./4 9&15>B.'() ,+'>.'#+*&'() /&,1+%&#-('+,, 5,4 1&-

9+/ 9 4+'49+*&'(/ 3&9+/ $-*+1CC-; 3.-.1+3.''. 02&9/+*. #.1.>+*(:. – *(9'&-

%&? /.-$ -& +,1.#2C? ,+2+ 9&>&%, *(14@.'() * 1+<+-4 . 

1. 8"/*.+!-.).#,%) $3)9'!(&6 &%(#$&(4)"7%#: ')*+!,)-.#%!* & '&*-

+!1!"&$ 5/./+!5/%%!0 1")3'#. A1+5*+/ >&2.,+#5B'+7 ,$2+'+*+7 *9&?/+>47 * 

#2&<,+4+'49+*&'4= DA ? *(0&>,+*4 <2$,&''5 4'>(*4>$&2;'() GM * «01+#-+14 9&-

15>4*», 5,4 934>'+ 9 $5*2.''5/( #-&-(#-(%'+7 /+>.24 ,*&94'.=-1&2;'() %&1$'+, 

02&9/( [4,6-8]  ? #015B.'(/( 49 2+,&249&84?C /&,1+%&#-(',( ,+B'+3+ /+/.'-$ 

%&#$ * 0.*'4= /(--?*4= %&1$'84 .2.,-1+'.=-1&2;'+#-4 !" . F #-&'4 14*'+*&3(, 

5,(= /( 0+,2&>&?/+ * 0+>&2;@+/$ 1.&249+*&'(/, 84 <2$,&''5 9>4=#'CC-;#5 

*(0&>,+*+ 4 /&C-; #-+)&#-(%'(= )&1&,-.1. I2. ,+B'. 62$,-$&84='. 9/4:.''5 

GM * +<2&#-4 2+,&2;'+7 -.1/+>('&/4%'+7 14*'+*&3( (PEQ) *'&#24>+, 01+-(2.B-

'+7 0+251'+#-4 .2.,-1(%'() 9&15>4* GM -& 77 .2.,-1+'-4+''+7 &-/+#6.1( * %&1$-

'84 01(9*+>(-; >+ *('(,'.''5  /(--?*+7 2+,&2;'+7 «>.6+1/&847» .2.,-1(%'+3+ 

0+25 %&1$',( 4, * ,4'8.*+/$ 04>#$/,$, 0+1+>B$? '(9,$ 1.2&,#&84='() 02&9/+-

*() 01+8.#4*, :+ *4>'+*2CC-; ,*&94'.=-1&2;'4#-; 02&9/(. A1( #-&-(#-(%'+/$ 

+#.1.>'.''4 9& &'#&/<2./ 1.&249&84= #(#-./(,  04>/'+B('& %&1$'+, 94 «9/4:.-

'(/(» *4>'+#'+ 14*'+*&B'+3+ 0+2+B.''5/( * .2.,-1+'.=-1&2;'() %&1$',&) 

GM, >&? #*4= #-&-(#-(%'(= *'.#+, $ 9&3&2;'$ ,&1-('$ 1+90+>42$ 2+,&2;'+3+ 

.2.,-1+#-&-(%'+3+ 0+25 *  .6.,-(*'4= .2.,-1+'.=-1&2;'4= %&1$'84, 5,(= ,+/-

0.'#$?-;#5 01+-(2.B'(/( *'.#,&/( («01+-(2.B'(/(», * 2&<+1&-+1'4= #(#-./4 

*4>24,$, 9/4:.''5/ GM»), :+ 9&3&2+/ * 49+-1+0'4= DA >&? #.1.>';+ #6.1(%'(= 

1+90+>42  +<’?/'+3+ 9&15>$ * +#.1.>'.'4= ,*&94'.=-1&2;'4= %&1$'84 z
!" . F -+= 
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R34>'+ 9 01+0+'+*&'+C /+>.22C, #(2&, :+ >4? * %&1$'84 .2.,-1+'.=--

1&2;'+#-4 '& «9/4:.'$» GM, *(9'&%&?-;#5 *.,-+1'+C #$/+C '.9<$1.'+3+ #&/+-

$93+>B.'+3+ .2.,-1+#-&-(%'+3+ 0+25 02&9/( 4 .2.,-1(%'+3+ 0+25 «64,-(*'+3+ 

9&15>$» GM 01+-(2.B'+7 0+251'+#-4 («64,-(*'& GM», 5,& 9&=/&? /4#8. >4=#'+7 

GM $ '.9<$1.'4= %&1$'84 .2.,-1+'.=-1&2;'+#-4, >(*. 1(#. 2). S2.,-1(%'(= 9&15> 

*(>42.'+7 GM 4 #&/+$93+>B.'. '.9<$1.'. .2.,-1+#-&-(%'. 0+2. * 77 +,+24 *(9'&-

%&C-;#5 * 1&/,&) «#-&-(#-(%'+7 /+>.24 ,*&94'.=-1&2;'() %&1$'+, DA» [5]. "+-

2(*'4 /+>( 4'>(*4>$&2;'() GM * 14*'+*&B'4= 02&9/4 9'&=>.'+ @25)+/ >+#24-

>B.''5 .*+2C847 62$,-$&84='+3+ 9/4:.''5 /&,1+9&15>$ 9 0+2+B.''5 14*'+*&3( 

* #-&-(#-(%'4= %&1$'84 .2.,-1+'.=-1&2;'+#-4 . «A+*.1-&C%& #(2&», :+ >4? 

'& 9/4:.'$ GM, * #2&<,+4+'49+*&'4= 02&9/4 *(9'&%&?-;#5 * 24'4='+/$ '&<2(-

B.''4 9& 0+-.'84&2+/ >25 «/+>.24 %&1$'+,» [5] 9 14*'5'; A$&#+'&-T+2;8/&'& 4 

A$&#+'&-N.1/4, *4>0+*4>'+ >25 1+90+>424* #&/+$93+>B.'+3+ 0+-.'84&2$ 9+*'4 - 

-& *#.1.>('4 *2&#'+3+ +<’?/$ *(>42.'+7 /&,1+%&#-(',(  

z
!"

   
#

$

2 2

3 3

2

( ) cosh[ ( )]

(1 sinh[ ( )]

C C

G G

C C

z e z e
f r

r r

% % & ' % % % &
( ) * % + % ) & % + % ) & )

, % & , % + % &

) ) + % % & % + % ) &

  
 

r

C

           (1) 

E$-: - *4>0+*4>'+ 9&15>+*. %(#2+ MM, 9&15> 01+-+'&, >4.2.,-1(-

%'& 01+'(,'4#-; <$6.1'+3+ 3&9$, +<.1'.'& >.<&?*& >+*B('& *42;'() .2.,-1+'4* 

-& 4+'4* DA, 1&>4$# %&1$',( .2.,-1+'.=-1&2;'+#-4; 

, , , ,Gz e r, +

)' 0&1&/.-1, :+ =+3+ *(-

9'&%.'+ #04**4>'+@.''5/ 924%.''() ,+'8.'-1&84= *42;'() .2.,-1+'4* -& 4+'4* 

DA '& /.B4 %&1$',( -& -./0.1&-$1+C 02&9/( 0

0 0

e i

e i

0n

n

kT n

e n

)
' (

*
% , k – ,+'#-&'-& 

T+2;8/&'&. 

Q4*'5''5 1$)$ /&,1+%&#-(',(, :+ 0+*’59$? /+>$2; 9/4:.''5 GM &
 

 4 0+*.-

1-&C%$ #(2$ f
 

, -& *1&)+*$? -42;,( >&2;'+>4C%4 .2.,-1+#-&-(%'4 #(2(, /&? *(>  

-

$

2 2

2 2

2

( ) cosh[ ( )]

(1 sinh[ ( )] 1

C C

G p

C C

z e kT
r r

m z e

r r

.& ( % % + % ) & % + % ) & )/
, & % + %0

1) ) + % % & % + % ) & )2

!!

               (2) 
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9/-. 2. I-.%1.)*+'(" 82+?"((< +(!&/+!.)-$(,C 2)%0,5)#1&(%& /+!(,#(, 0+/(,/)>(,-

:, 7,-,>"((< / #1)1&#1&5(+' 5)0.(*+ "-"%10,("'10)-$(,#1+: )) ("8;.0"() 5)0.(%) 

8 7,8&1&/(,E 4J . *"(10+; ;) 2,!"-$ 5)0.(%& 8+ 82+?"(&2 *"(10)-$(&2 2)%0,8)0<-

!,2. 

<)&)

1+9*’59+, (2) >25 1&>4$# %&1$',() 6&,-(%'+ ? 1+9*’59,+/ >(6.1.'-

84&2;'+3+ 14*'5''5 >25 1$)$ /&,1+9&15>$ * .6.,-(*'+/$ 0+24 %&1$',(, :+ =+3+ 

#,2&>&C-; '.9<$1.'. #&/+$93+>B.'. 0+2. #(#-./(  -& 0+2. >(0+2;'+3+ /+/.'-

-$, $-*+1.'+3+ «9/4:.'(/» -& 64,-(*'(/ 9&15>&/(. I/024-$>&/ ,+2(*&'; GM,  

:+ 0+14*'CC-;#5 &<+ 0.1.*(:$C-; 1+9/41( %&1$',( .2.,-1+'.=-1&2;'+#-4  

( ) *4>0+*4>&C-; #-&'(  02&9/+*() '.#-4=,+#-.= 9$/+*2.'4 ,+2.,-(*'+C 

*9&?/+>4?C 04>#(#-./( /&,1+9&15>4* DA 9  77 #&/+$93+>B.'(/ .2.,-1+#-&-(%-

'(/ 0+2./.  E&,(/ %('+/, #04**4>'+@.''5 /4B &/024-$>'(/( 9'&%.''5/( 9/4-

:.'; /&,1+%&#-('+, -& 1+9/41&/( +#.1.>'.'() %&1$'+, .2.,-1+'.=-1&2;'+#-4  

DA  *#-&'+*2C? +</.B.''5 '& &,-(*+*&'4  9+*'4@'4 *02(*( '& 1+<+%(= +<’?/ 

02&9/( * +<2&#-4 %&#-+-,  5,4 *4>0+*4>&C-; '.9&-$)&C%(/ /+>&/ ,+2(*'() 01+-

8.#4* 04>#(#-./( GM.  O& +#'+*4 +>.1B&'() 14*'5'; /+>.2;'+7 -.+147 #-*+1.'+ 

,+/02.,# 04>01+31&/ ,+/0’C-.1'+7 #(/$25847 ,+2(*'() 01+8.#4* * %&#-(',+*4= 

04>#(#-./4 DA “KUARYU.M”, 5,(=  /&? '&2&@-$*&''5 '& 4'-.1&,-(*'4 1.B(/( 

1+<+-( * #.1.>+*(:4 MATLAB’$. 1.9$2;-&-( ,+/0’C-.1'+3+ .,#0.1(/.'-$ 9 

*(9'&%.''5 9&2.B'+#-.= &/024-$>'+-%&#-+-'+7 )&1&,-.1(#-(,( #-+)&#-(%'() 

,+2(*&'; 04>#(#-./( #$</4,1+''() %&#-('+, +,#(>$ &2C/4'4C * 2&/4'&1'+/$ 

0+2$/’7  3&9+9&*(#4 %&#-('+, &2C/4'4C * &9+-'+-,(#'.*4= #$/4@4 '&*.>.'+ * 

1+9>424 2. Q.9$2;-&-( 0+14*'5'+ 9 >&'(/( '&-$1'+3+ .,#0.1(/.'-$ [2], :+>+ 

&'&249$ 9& >+0+/+3+C IUA %&#-+- #0+1&>(%'() ,+2(*'() /+> 6&,.2$ 01+>$,-

-4* 93+15''5 3&9+9&*(#4 * 0+24 02+#,+3+ ,+'>.'#&-+1&. 

(C Cr r& 33 )

Cr

Cr& 4

2.  !'1’;./+%) -#'4"6<&6 & 1!+&$%6"7%#= )%)"&3 3 ()%#'# /*-1/+#'/-

%.4. A1( 01+*.>.''4 1+91&)$',4* >25 02&9/( 01+>$,-4* 93+15''5 *(,+1(#-&'4 

>&'4 .,#0.1(/.'-4*, :+ 01+*+>(2(#; * 2&<+1&-+147 H'#-(-$-$ D+14''5 -& O.-1&-

>(84='() E.)'+2+34= LO , :+ 7) +0(#&'+ * #-&--4 [2]. D+2+*'(/ /+/.'-+/ 01( 

S2.,-1+'.=-1&2;'& 
%&1$',&  DA  9  "!N 

U.'-1&2;'& "G

S2.,-1+'.=-1&2;'& 

%&1$',& DA 9 "!N

"G, 5,& 9&2$%.'& >+ 

,+2(*'+3+ 01+8.#$ 

 «N4,-(*'&» "G 01+-

-(2.B'+3+ 9'&,$ $ 

8.'-14 .2.,-1+'.=-1&-

2;'+7  %&1$',( 
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01+*.>.''4 02&9/+*+3+ 1+91&)$',$ * /+>.24 %&1$'+, '& +#'+*4 01+31&/ 

“KUARYU.M” ? *(9'&%.''5 14*'5 N.1/4 .2.,-1+''+7 04>#(#-./( DA. 

!25 @(1+,+3+ >4&0&9+'$ 3.+/.-1(%'+3+ 1+9/41$ 4 ,+'8.'-1&84= %&#-('+, 

+,#(>$ &2C/4'4C -& >25 9&>&'+7 -./0.1&-$1( K = 3150 " 6&,.24 01+>$,-4* 93+-

15''5 *(9'&%.'+ 2-D 9&2.B'+#-4 >25 .2.,-1+)4/4%'+3+ 0+-.'84&2$ .2.,-1+''+3+ 

,+/0+'.'-$, 0+-.'84&2$ 0+*.1)'4 -& 9&15>+*() %(#.2 /&,1+%&#-('+,, +#.1.>'.-

'+3+ 14*'5 4+'49&847 DA * 02+:('4  *(9'&%&2;'() 0&1&/.-14* (,+'8.'-1&845 – , 

1+9/41 GM – ), :+ 9/4'CC-;#5 * 2+3&1(6/4%'+/$ /&#@-&<4 -& '&2.B&-; *4>14-

9,&/  #/ ; 

pn

pr

50 , 12[1 10 ]pn 5 3) 7[5 10 , 5 10 ]pr 5) )5 % %  #/ (1(#. 3 – 8). R'&%.''5 *4>0+-

*4>'() 0&1&/.-14* “*01+>+*B” *4#.= '.9&2.B'() 9/4''() $ >(#,1.-'() -+%,&) 

/&#@-&<'+7 #4-,( *(9'&%&C-;#5 9& 6+1/$2&/( 
1 1

1 1

exp(ln (ln ln ) / 20 ( 1));

exp(ln (ln ln ) / 20 ( 1));

, [1,21].

i N

p p p p

j N

p p p p

r r r r i

n n n n j

i j

( * ) 6 )

( * ) 6 )

5

                            (3) 

>. *.1)'4/ 4'>.,#+/ 0+9'&%.'+ 0+15>+, *$924* #4-+, '& *4#5) 

>!pi$%6%%6 3 ()%#'# %).4p%!5! /*-1/p#'/%.4. F(#'+*,( 9&01+0+'+*&-

'+7 -.+147 -& 9&2.B'+#-4 0&1&/.-14* ,+2(*'() /+>  /&,1+%&#-('+, $ 02&9/i 

0p+>$,-i* 93+p5''5 ,+'>.'#+*&'+3+ 0&2;'+3+ 0.p.*ip.'+ 9 *(,+1(#-&''5/ >&-

'() '&-$1'() .,#0.1(/.'-4*, 01+*.>.'() 04> ,.14*'(8-*+/ 01+6.#+1& R+2+-,+ 

I.O. (N2+,+ L.F., A+2?-&?* G.H. -& 4'@4) * 2&<+1&-+147 H'#-(-$-$ 3+14''5 -& '.-

-1&>(84='() 01+<2./ LO , 9&#'+*&'() '& &'&2494 ,+2(*&'; >4.2.,-1(%'+7 01+-

'(,'+#-4 6&,.2$ 01+>$,-4* 93+15''5 9&*(#4 >(#0.13+*&'+3+ &2C/4'4C * ,(#'.-

*+-&9+-'4= #$/4@4 0+0.1.>';+ 04>3+-+*&'4= -&,(/ %('+/, :+<( 77 #,2&> 9&>+*+-

2;'5* *(/+3&/  #-.)4+/.-147 >25 .,9+-.1/4%'+7 1.&,847 +,(#2.''5 &2C/4'4C >+ 

+,#(>$ . A1('8(0+*$ #)./$ .,#0.1(/.'-$ (1(#. 9) 9 *(/41$ ,+2(*&'; 

#-1$/4* *(-+,$ 9 ,+'>.'#&-+1& 9 0+#-4='+C '&01$3+C '& +<,2&>,&) -&  *(+,1.-

/2.'(/, 49+2;+*&'(/ *4> 02&#-(' 01+@&1,+/ '.=-1&2;'+3+ <$6.1'+3+ 3&9$, 6&-

,.2+/ 01+>$,-4* 93+15''5 /iB '(/(,  '&*.>.'+ * [2]. D+14''5 0+0.1.>';+ 04>3+-

-+*&'+7 #$/4@4 >(#0.#p3+*&'+3+  &2C/4'4C 9 #.1.>'4/ 1&>4$#+/ %&#-('+, 3-5 /, 

*4><$*&?-;#5 934>'+ 9 >&'(/(  [2] * 1.&,84='4= 9+'i 6&,.2$ 9 $-*+.''5/ 0&1+-

3&9+*+7 6&9(, *+<'?/i 5,+7  ,+'>.'#$?-;#5 01+>$,- 1.&,847 - +,#(>( &2C/4'4C - $ 

*(>4 #$</i,p+''() %&#-('+, #6.+7>&2;'+7 6+1/(. N+1/& -& 1+9/41( #$</4,1+'-

'() %&#-('+, &2C/i'iC 0+>i<'i >+ -(), :+ #0+#-.pi3&C-;#5 * 02&9/i 0+>$,-i* 

93+p5''5 -*.p>() 0&2;'() '& +#'+*i &2C/4'4C [3, 4], 4 9&<.90.%$?-;#5, 93i>'+ 

/ip,$*&';, '&*.>.'() * [4, 5], 0&1+-6&9'(/( $/+*&/( 9>i=#'.''5 1.&,8i7 0+<2(-

9$ 0+*.p)'i %&#-('+, /.-&2.*+3+ &2C/4'4C, 1.&,845 *4><$*&?-;#5 $ *$9;,4= 9+'i, 

i %&#-(',( ,+'>.'#&-$ )&1&,-.1(9$C-;#5 *$9;,(/( 6p&,8i5/( p+90+>i2$ 9& 3.+-

/.-p(%'(/ p+9/ip+/ 9 /&2+C >(#0.1#4?C *4>'+#'+ /+>( [2-5]. Ap( >+#53'.''i 

0.*'+7 0+#-i='+7 '&0p$3( '& 02&#-('&) 02&#-('&) ,+'>.'#&-+1&, * 2&'8CB,$ 

02&#-('&-9./25 (>(*. 1(#. 9 9 1+<+-( [2]) 9’5*25C-;#5 #0+p&>(%'i "#0&2&)(" 

#-p$/i* *(-+,$, :+  *(0&>,+*+ 0+*-+pCC-;#5 $  %&#4 4 @*(>,+ 9&-$)&C-;.  

32OAl
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9/-. 3 0+/"($ I"02+ "-"%10,(+/ 

7-)82& 70,!.%1+/ 8:,0<((<, "D . 

9/-.4. L-"%10,#1)1&5(&' 7,1"(*+)- 

7,/"0=(+ 4J,  (,02,/)(&' () kT. 

 
9/-.5. M)0<!,/+ 5&#-) 7-)82,8,-< 

5)#1&(,% ,%#&!. )-E2+(+E / 6)%"-+ 

7-)82& 70,!.%1+/ 8:,0<((<. 

9/-.6. M)-">(+#1$ "-"%10,((,C :.#-

1&(& /+! 8-+5"((,C %,(*"(10)*+C 1) 

:",2"10&5(,:, 0,82+0. 2)%0,5)#1&-

(,%. 
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9/-. 7. 4+(+2)-$() 5)#1,1) %,-&/-

(&= 2,! 2)%0,5)#1&(,% Al2O3 / -)2+-

()0(,2. 6)%"-+ 70,!.%1+/ 8:,0<((< 

!&#7"0:,/)(,:, )-E2+(+E. 

9/-. 8. 4)%#&2)-$() 5)#1,1) %,-&/-

(&= 2,! 2)%0,5)#1&(,% Al2O3 / -)2+()-

0(,2. 6)%"-+ 70,!.%1+/ 8:,0<((< !&#-

7"0:,/)(,:, )-E2+(+E . 



 
 

9/-. 9. L%#7"0&2"(1)-$() #="2) !-< #7,#1"0">"((< 1) /&8()5"((< 5)#1,1 %,-&/)($ 

8)7,0,G"(,C 7-)82& (0&#.(,% 8 0,;,1& [2]). 
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O& +#'+*4 6$p’?-&'&2i9$ #(3'&2$, 0+>&'+3+ '& IUA &*-+1&/( [2] *(9'&%.'+ 

#0.,-1&2;'(= #,2&> #(3'&2$ -& '&=<42;@ =/+*41'& ("/+>&2;'&") %&#-+-& >25 9&-

>&'() $/+* .,#0.1(/.'-$ 

0 20000 40000 60000 80000
0,0

1,0x10
-5

2,0x10
-5

3,0x10
-5

4,0x10
-5

5,0x10
-5

f(7),c

7,c
-1

9/-. 10. B7"%10 "-"%10&5(&= ,#*&-<*+' / 7,-.2’C [2]. 

5.24.erexp 87  ,D8 ( 1(#. 10). 

A+pi*'5''5 '.9&2.B'() p+9p&)$',i* &/024-$>'+-%&#-+-'+7 6$',847 ,+2(*&'; 

“%&#-(',+*+7” ,+/0+'.'-( 6&,.2$, *(,+'&'()  '& +#'+*4 01+0+'$?/+7 /+>.24 * 

,+/0’C-.1'+/$ .,#0.1(/.'-4 <.9 *(,+1(#-&''5  04>3+'+%'() 0&1&/.-14*, & 

-42;,( 31$'-$C%(#; '& *(9'&%&2;'() 0&1&/.-1&)  01+>$,-4* 93+15''5, 9 >&'(/( 

*(/414* [2] * $/+*&) '&-$1'+3+ .,#0.1(/.'-$,  #*4>%(-; 01+ &>.,*&-'. 5,4#'. -& 



,42;,4#'. *4>-*+1.''5 /+>.2;'+C -.+14?C  1.&2;'() >('&/4%'() 01+8.#4*, :+ 

#01(%('CC-; ,+2.,-(*'4 ,+2(*'4 9<$>B.''5 *  3.-.1+3.''4= 02&9/4. F -&<2(84 1 

'&*.>.'+ >&'4 9 /&#(*4* ,+/0’C-.1'+7 #(/$25847  ,+2(*&'; /&,1+%&#-('+, * 0+-

2$/’7 01+>$,-4* 93+15''5 0+0.1.>';+ 9/4@&'+7  #$/4@4 +,(#2CC%+3+ 3&9$ -& 

0+1+@,$ &2C/4'4C * 2&/4'&1'+/$ 1.B(/4 3+14''5 9  -./0.1&-$1+C * +<2&#-4 

01+>$,-4* 93+15''5 E=3150 ". F 0.p@+/$ p5>,$ -&<2(8i ('.'$/.1+*&'+/$) 

01.>#-&*2.'+ *(9'&%&2;'4 0&1&/.-1( 02&9/(: 924%.''$ ,+'8.'-1&84C – , -& 

1&>4$# –  %&#-('+, +,#(>$ &2C/4'4C; * >1$3+/$ (V1) – 1+91&)+*&'4 '& +#'+*4 

01+0+'$?/+7 649(%'+7 /+>.24 9'&%.''5 14*'5 N.1/4 .2.,-1+''+3+ ,+/0+'.'-$ 

DA ; * -1.--;+/$ -& %.-*.1-+/$ (VV 2-3) 0+>&'4 – ,+'8.'-1&845 .2.,-1+'4* * 

3&9+*4= 6&94 –  -& 9&15>+*4 %(#2& GM – , +, , * 0’5-+/$ (V4) – >+*B('& !.<&5 

.2.,-1+''+3+ ,+/0+'.'-$; * +#-&''4= #-1+%84 (V5) >25 *()4>'+3+ '&<+1$ *(-

9'&%&2;'() 0&1&/.-4* '&*.>.'4 9'&%.''5 '&=<42;@ =/+*41'+7 %&#-+-( ,+2(*'() 

/+> GM * &'#&/<24 "!N * +9'&%.'() 02&9/+*() $/+*&). F(>'+, :+ '&=<42;@ 

=/+*41'& %&#-+-& ,+2(*&'; GM 

pn

pr

0en z

9%
:

:!54/;< 1 

4,!"-$(+ 0,80)=.(%& "-"%10,6+8&5(&= 1) %,-&/(&= =)0)%1"0&#1&% 7-)82& 

70,!.%1+/ 8:,0<((< 8)/&#+ !&#7"0:,/)(,:, )-E2+(+E / ,%&#-EE5,2. :)8+, 

?, C= 70,/"!"(, !-< .2,/ "%#7"0&2"(1. [2] 

(7mod

2
=2.2054 ,D8  (+#-&''5 5%4=,& 0.1-

@+3+ #-+*<85 -&<2(84) , :+ 77 *(9'&%.'+ * 1&/,&) 01+0+'$?/+7 /+>.24 >+<1. &0-

1+,#(/$? .,#0.1(/.'-&2;'. 9'&%.''5 [2], *(9'&%.'. 9 .,#0.1(/.'-$ 

24.5 ,D8.  (7 .erexp

!.:+ 9/.'@.'. 0+14*'5'+ 9 .,#0.1(/.'-&2;'(/ 9'&%.''5 /+>&2;'+7 %&#-

-+-( ,+2(*'() /+> "M 0+5#'C?-;#5 *4>#$-'4#-C * /+>.2;'4= -.+147 *1&)$*&''5 

0+'>.1+/+-+1'() #(2, :+ >4C-; '& ,+B'$ 49 9/4:.'() GM $ 02&9/4 4 9&*B>( 

'&01&*2.'4 * #-+1+'$ 91+#-&''5 =+3+ '.+>'+14>'+#-4, -+<-+ >+ 8.'-1$ %&1$'+, $ 

14*'+*&B'4= DA. E&,(/ %('+/, 01( 7) *1&)$*&''4 /+>$2; "0+*.1-&C%+7 #(2(" 

<$>. 91+#-&-(, :+ 01(9*.>. -&,+B 4 >+ 91+#-&''5 %&#-+- ,+2(*&'; GM. F02(* 

E./0.1&-$1& GM  ;K3150T ( 1+<+-& *()+>$ 1.%+*('(  GM 

. .F7.4(FW 00 )(

 

R24%.''& ,+'8.'-1&845  -& 1+9/41 /&,1+%&#-('+, "!N * 0+2$/’7 

V 

0 

/ 

0 
9

p 10n )%
5

p 10r )%

,  

,  

;)3#/

;#/

8.809 

0.800  

8.809 

1.000  

10.00  

0.800  

10.00   

1.000  

 A&1&/.-1( DA, +>.1B&'4 * 1&/,&) ,+/0’C-.1'+7 #(/$25847 
.F,F  1. –5.716 –5.661 –5.225 –5.178 

2. 6.107 7.463 37.296 44.331 311
e0 #/,10n ))%  

3. z 71.901 88.563 38.944 46.637 

4. 4.953 4.480 2.004 1.838 #/,10 31 *) %+  

5. 2.205 1.913 3.172 2.641 14mod #,10 ))%7  
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924%.''+7 ,+'8.'-1&847 GM -& 7) 1&>4$#$ 0+5#'C?-;#5 5, 9/4'+C .2.,-1+649(%-

'() 0&1&/.-14* DA (91+#-&C-; &<+ 9/.'@$C-;#5 9&15>( GM -& 2+,&2;'. .2.,--

1+#-&-(%'. 0+2. * 7) +,+24), -&, i 9/i'+C i'.8i='() *2&#-(*+#-.= /&,p+%&#-('+, 

– 0p( +>'&,+*+/$ $-1(/&''4 0&2;'+3+ -& 0+>$,-4* 1.&,847 * 6&,.24, * 9&2.B'+#-4 

*i> p&>i$#$ %&#-('+, ,+'>.'#&-$ 9/4'C?-;#5 '. -42;,( 1+9/41 4'>(*4>$&-

2;'() GM, &2. 4 7)  ,+'8.'-p&8i5 * +<'?/4. E+/$ #$/&1'(= *02(* ,+/02.,#$ *(-

9'&%&2;'() 0&p&/.-pi* 6&,.2$ '& &/02i-$>'+-%&#-+-'$ 6$',84C ,+2(*'() /+> 

DA '+#(-; #,2&>'(= <&3&-+0&1&/.-p(%'(= )&p&,-.p, i 9&3&2+/ * ,++1>('&-&) 

( ) 0p+#-+p$ *(9'&%&2;'() 0&p&/.-pi* /&? *(>, :+ =+3+ >./+'#-1$? 1(#.11. 

  *(0&>,$ «0+2i>(#0.1#'+ï» i+'i9&8iï /&,1+%&#-('+,, 6$',8i+'&2;'i 9&2.B'+#-i 

)&1&,-.1(#-(, ,+2(*'() /+> GM /+B$-; <$-( +-1(/&'W @25)+/ $9&3&2;'.''5 

+>.1B&'() /+>.2;'() #0i**i>'+@.'; '& *(0&>+, 0+2i>(#0.1#'+3+ #0.,-1$ 

1+9/i1i* "!N 9 *(,+1(#-&''5/ -.+1iï i+'i9&8i='() 01+8.#i* 3.-.1+3.''+ï 02&9-

/( [7-8]. 

32OAl

pp n,r

 

 

9/-. 11.  M)-">(+#1$ ()';+-$G +2,/+0(,C 5)#1,1& %,-&/)($ 2)%0,5)#1&(,% 

 / 7-)82+ 70,!.%1+/ 8:,0<((< !&#7"0:,/)(,:, )-E2+(+E / ,%&#-EE5,2. 

:)8+ n  #2

32OAl

5 12[10 , 10 ]p 5
3)

; r 7 5[5 10 , 5 10 ]p

) )5 % %  #2. 

 

F(#'+*,(: 

1. T&3&-+%&#-(',+*$ 01+<2./$, :+>+ *(9'&%.''5 ,+2(*'() /+> 9&15>B.'() 

/&,1+%&#-('+, * DA 9*.>.'+ >+ .6.,-(*'+7 +>'+%&#-(',+*+7 9&>&%4 – >+-

#24>B.''5 ,+2(*'+3+ 1$)$ *(>42.'+7 /&,1+%&#-(',( $ 9<$1.'+/$ #&/+$9-
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3+>B.'+/$ 0+24 #-&-(#-(%'+7 %&1$',( .2.,-1+'.=-1&2;'+#-4. F 9&2.B'+#-4 

*4> *(9'&%&2;'() 0&1&/.-14*, +-1(/&'+ #0.,-1 14*'+*&B'() ,+2(*'() /+> 

9&15>B.'() %&#-('+, ,+'>.'#+*&'+7 >(#0.1#'+7 6&9( * #2&<,+4+'49+*&'4= 

3.-.1+3.''4= 02&9/4.  

2. F 01+#-+14 -.1/+>('&/4%'() 0&1&/.-14* >+#24>B.'+ +<2&#-; *('(,'.''5  

'.#-4=,+#-.= DA, 9$/+*2.'() %&#-(,+*+C ,+/0+'.'-+C. A+,&9&'+, :+ 4#-

'$? +<2&#-; %&#-+-, $ 5,4= *('(,'.''5 02&9/+*() ,+2(*'() 01+8.#4* #$-

01+*+>B$?-;#5 '.,+'-1+2;+*&'(/( 2+,&2;'(/( 9/4'&/( 3$#-('( %&#-('+, 

"N, :+ #01(%('C? 7) &32+/.1&84C.  

3. F +<%(#2C*&2;'+/$ .,#0.1(/.'-4 +-1(/&'+ 9'&%.''5 /+>&2;'() %&#-+- 

&/024-$>'+-%&#-+-'+7  -& 9&2.B'+#-4 31&'(%'() 0&1&/.-14* ,+2(*'() /+> , 

5,4  +)+02CC-; /'+B('$ &,-$&2;'() >25 *01+*&>B.'; 0&1&/.-14* 02&9/( 4 

*(+,1./2CC-; +<2&#-; *('(,'.''5 ,+2(*'() '.#-4=,+#-.=  * 77 +<’?/4.  

     L-1(/&'4 1.9$2;-&-( ? &,-$&2;'(/( >25 ,+'-1+2C, &'&249$ -& >4&3'+#-(,( 

,+2(*'() 01+8.#4* * 3.-.1+3.''() 02&9/+*() #(#-./&), 5,4 *(,+1(#-+*$C-;#5 $ 

#$%&#'() -.)'+2+345) * 5,+#-4 1+<+%+3+ #.1.>+*(:&.    

 

?&./+).4+): 

1. Yaroshenko V.V., Vladimirov S.V., Morfill
. 
 G.E. Vibrations of a pair micropar-

ticles suspended in a plasma sheath // New J. Phys. – 2006. – V. 8. – P. 201.  

2. Poletaev N.I., Florko A.V., Doroshenko Yu. A., Polishchuk D.D. On  a  Possi-

bility of  the Existence of  Dusty Plasma Oscillations in the Front on an Alu-

minium Particle Flame //  ,1&7'#;,(= 649(%'(= B$1'&2. – 2008. – E.53, V 

11. – K. 1066–1073.  

3. 4)0"(%,/ D.3., N.5"0#$%&' O.P. Q+9/41'4 -& 0+251(9&84='4 .6.,-( 4 #&/+-

+13&'49&845 '&'+%&#-('+, * 01+8.#&) 02&9/+*+3+ '&0(2.''5 /4,1+#)./. // 

OIOKXK 2007,  "(7* 21–23 2(#-+0&>& 2007 // E.9( >+0+*4>.=. – K. 61. 

4.  4)0"(%,/ D.Q., J"#(,%,/ 4.R. N(9(%.#,(. /+>.2( 02&9/W # ,+'>.'#(1+-

*&''+=  >(#0.1#'+= 6&9+=. – "(.*:  G" FL. –1989. – 188 #.  

5. R+2+-,+ I.O., F+*%$, Y.X. A+2.-&.* O.X., N2+1,+ I.F., I2;-/&' X.K. 

K('-.9 '&'++,#(>+* * >*$)6&9'W) 2&/('&1'W) 02&/.'&)//N(9(,& 3+1.-

'(5 ( *91W*&. – 1996. – E.32. – V3. – K. 24-33. 

6. Marenkov V.I. Physical modelling of ionization processes in dense high–

temperature plasmasol // Journal of Molecular Liquids. –2003. –V. 105, V 2. – 

P. 299-305.  

7. 4)0"(%,/ D.3. A+24>(#0.1#'&» 4+'49&845 /&,1+%&#-('+, * 3.-.1+3.''() 

02&9/+*()    #(#-./&) // N(9(,& &Z1+>(#0.1#'W) #(#-./. – 2002. – V. 39. 

– K. 270–280.  

8. Marenkov V.I. Conceptual aspects of the electrophysical heterogeneous plasma 

properties theory // icpp2006.kiev.ua/CD/E/E038p.pdf.   

  

 

 

 

 

 125



 !"#$%&' (.=., *+,#"-%/0 1.2., 34&5&6#$7% 1.(. 

 !"/@)./"7%A/  !"#  $%&!'$()*+ %!,"-,(*&!.$,,!/ "*(0-&(,!/ 1$2#  

. 03$2 - 0&!"4%)!. (5!&$,*6  -)$33*2*&!.$,,!5! )!03*.$ 
 

7889:7;<= 

 !"#"$%&'($!%) *+",-./% "*+.0.-.!() 1"-.,%'.-2!34 /"0 5%+)6.!!34 /%1+"$%&-

'(7 8 #.'.+"#.!!"9 *-%5/.!!"9 &+.0. (:;<) *+(8.0.!% 1 =>>.1'(8!"9 "0!"$%&'($!"9 

5%0%$. (&&-.0"8%!() 1"-.,%'.-2!"#" 08(6.!() 830.-.!!"9 /%1+"$%&'(73 8 8"5/?-

@.!!"/ &%/"&"#-%&"8%!!"/ *"-. &'%'(&'($.&1"9 )$.91( =-.1'+"!.9'+%-2!"&'( 

:;<. A +%/1%4 /"0.-2!"9 '."+(( *"-?$.!" %!%-('($.&1". 83+%6.!(. 0-) %/*-('?0-

!"-$%&'"'!"9 >?!17(( 1"-.,%'.-2!34 /"0 /%1+"81-B$.!(9 8 #.'.+"#.!!"9 *-%5/.. 

C&&-.0"8%!3 .. './*.+%'?+!%), 1"!7.!'+%7("!!%) ( ("!(5%7("!!%) ("' &'.*.!( ("-

!(5%7(( *-%5/3) 5%8(&(/"&'(. ;"1%5%!", $'" #+%!(7% +%58('() 1"-.,%'.-2!34 !.?&-

'"9$(8"&'.9 /%1+"$%&'(7 8 #.'.+"#.!!"9 *-%5/. *+"0?1'"8 &#"+%!() -.6(' 8 ",-

-%&'( 16-120 1:7, $'" 4"+"D" &"#-%&?.'&) & (/.B@(/(&) =1&*.+(/.!'%/(. 
 

 

Marenkov V.I., Kuchersky A.Y., Slobodenuk  .V. 

Vibration modes of condensed dispersed phase macroparticles in  

metallized fuels combustion products plasma 

 
SUMMARY 

Multiparticle problem of determining the vibrational modes of charged particles in a het-

ero-geneous plasma media (HPM) is reduced to an effective single particle problem of inves-

tigating the vibrational motion of the selected particulate matter in the perturbed self-

consistent field of statistical cell electroneutrality. In model theory, an analytical expression 

for the amplitude-frequency vibrational modes macroinclusions function in a heterogeneous 

plasma. Investigate its temperature, concentration and ionization (the degree of ionization of 

the plasma) dependence. It is shown that the boundary of oscillatory instability of heteroge-

neous plasma particles in the combustion products lies in the 16-120 kHz, which agrees well 

with the available experiments. 
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