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:8A;>@>4, B0:65 <>3CB ?@82>48BL : 2KE>4C @048>=C:;84>2. 
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?@8<5=5=8O. � G0AB=>AB8, 0;N<8=0B =5>48<0 <>65B 1KBL 8A?>;L7>20= 4;O 

873>B>2;5=8O B5?;>2K45;ONI8E M;5<5=B>2, :>B>@K5 <>3CB 1KBL 
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1.1 )0@0:B5@8AB8:0 8 A>AB02 $�" 

 

$048>0:B82=K5 >BE>4K ($�") ?@54AB02;ONB A>1>9 25I5AB20, :>B>@K5 =5 

<>3CB 1KBL 40;LH5 8A?>;L7>20=K 87-70 A>45@60=8O @048>=C:;84>2, 

?@52KH0NI8E CAB0=>2;5==K5 =>@<0B82K [1]. �;0AA8D8:0F8O $�" <>65B 

?@>872>48BLAO ?> @07;8G=K< :@8B5@8O<, B0:8< :0: D878G5A:>5 A>AB>O=85, 

E8<8G5A:85 A2>9AB20 8 C@>25=L @048>0:B82=>AB8 (B01;. 1.1). 

&01;8F0 1.1 - �;0AA8D8:0F8O 684:8E $�" [2] 
 '45;L=0O 0:B82=>ABL, :�:/:3 

�0B53>@8O >BE>4>2 
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β-87;CG0NI85 
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@048>=C:;84K 

     

!87:>0:B82=K5 4> 104 <5=55 103 <5=55 102 <5=55 10 

%@54=50:B82=K5 >B 104 4> 108 >B 103 4> 107 >B 102 4> 106 >B 10 4> 105 

�KA>:>0:B82=K5 1>;55 108 1>;55 107 1>;55 106 1>;55 105 

 

�A5 $�" <>3CB 1KBL @0745;5=K =0 =5A:>;L:> :0B53>@89 2 7028A8<>AB8 

>B 8E ?@>8AE>645=8O. "=8 <>3CB 1KBL >BE>40<8, >1@07CNI8<8AO =0 2A5E 

AB048OE O45@=>3> B>?;82=>3> F8:;0, =5 A2O70==K<8 A =8< >BE>40<8, B0:8<8 

:0: <548F8=A:85, 8=AB8BCF8>=0;L=K5 8 1KB>2K5 >BE>4K, >BE>40<8, 

>1@07CNI8<8AO ?@8 A=OB88 A M:A?;C0B0F88 O45@=KE CAB0=>2>:, 0 B0:65 

>BE>40<8, >1@07CNI8<8AO ?@8 ;8:2840F88 @0480F8>==KE 020@89 8 

0=><0;89 [3]. 

!081>;LH55 :>;8G5AB2> $�" >1@07C5BAO =0 AB0488 O45@=>3> B>?;82=>3> 

F8:;0. %CI5AB2CNB 425 :>=F5?F88 O45@=>3> B>?;82=>3> F8:;0: >B:@KB0O 8 

70:@KB0O. %>3;0A=> >B:@KB>9 :>=F5?F88, >BE>4K =5 ?5@5@010BK20NBAO, 0 

E@0=OBAO 2 F5=B@0;87>20==KE E@0=8;8I0E. %>3;0A=> 70:@KB>9 :>=F5?F88, 

>BE>4K ?>4;560B ?5@5@01>B:5 A F5;LN 872;5G5=8O F5==KE :><?>=5=B>2 [4]. 

 0B@8F0, 2 :>B>@CN 2:;NG5=K $�", 83@05B 206=CN @>;L 2 A8AB5<5 

<=>3>10@L5@=>9 70I8BK 18>AD5@K. �84@><5B0;;C@38G5A:89 <5B>4 PUREX 



12 

 

(Plutonium URanium recovery by EXtraction) O2;O5BAO >A=>2=K< 8AB>G=8:>< 

684:8E ��" 2 @0<:0E 70:@KB>3> O45@=>3> B>?;82=>3> F8:;0. "1@07CNI85AO 

��" ?@54AB02;ONB =081>;LHCN >?0A=>ABL 8 B@C4=>ABL 2 40;L=59H59 

M:A?;C0B0F88. 

�><?>=5=BK, :>B>@K5 2E>4OB 2 A>AB02 ��", 2:;NG0NB 2 A51O =5 B>;L:> 

O45@=>5 B>?;82>, B0:>5 :0: C@0=, ?;CB>=89 8 B>@89, => 8 0:B828@>20==K5 

?@>4C:BK :>@@>788 <0B5@80;>2 >1>@C4>20=8O, B0:85 :0: 65;57>, =8:5;L, E@><, 

<0@30=5F, <>;8145=, F8@:>=89 8 4@C385, 0 B0:65 =5872;5G5==K5 :><?>=5=BK 

B>?;820, B0:85 :0: C@0= 8 ?;CB>=89, B@0=AC@0=>2K5 M;5<5=BK, B0:85 :0: 

=5?BC=89, 0<5@8F89 8 :N@89, 8 =5@048>0:B82=K5 25I5AB20, B0:85 :0: 

<0B5@80;K >1>;>G5:, A;54K =59B@>==KE ?>3;>B8B5;59, B5E=>;>38G5A:85 

@5035=BK 8 >@30=8G5A:85 703@O7=5=8O. ��" A>45@60B 1>;55 90 @048>=C:;84>2 

#� 8 A2KH5 120 @048>=C:;84>2 ?@>4C:B>2 @048>0:B82=>3> @0A?040 

?5@28G=KE #�, GB> A>AB02;O5B 35 @07;8G=KE E8<8G5A:8E M;5<5=B>2. 

�:B828@>20==K5 ?@>4C:BK :>@@>788, B0:85 :0: 54Mn 8 59Fe, O2;ONBAO 

:>@>B:>682CI8<8 @048>=C:;840<8, :>B>@K5 8<5NB =87:CN @0480F8>==CN 

>?0A=>ABL. "4=0:>, 4>;3>682CI85 87>B>?K 0:B8=84>2, B0:85 :0: ?;CB>=89, 

>1;040NB =5 B>;L:> 2KA>:>9 @0480F8>==>9 >?0A=>ABLN, => 8 2KA>:>9 

18>;>38G5A:>9 B>:A8G=>ABLN. "=8 <>3CB ?@825AB8 : A5@L57=K< 701>;520=8O< 

8 4065 A<5@B8 ?@8 2=CB@5==5< 2>7459AB288 =0 G5;>25G5A:89 >@30=87< (B01;. 

1.2). �@><5 B>3>, ��" 35=5@8@CNB 1>;LH>5 :>;8G5AB2> B5?;0, GB> 

?@54AB02;O5B A5@L57=CN ?@>1;5<C ?@8 8E E@0=5=88 8 >1@01>B:5. !0?@8<5@, 

AB5:;> A ��" >B ?5@5@01>B:8 ��-$-1000 <>65B A>45@60BL >:>;> 20 <0AA.% 

>:A84>2 8 8<5BL B5?;>2K45;5=85 2 @07<5@5 26 :�B/<3 [3]. 



13 

 

&01;8F0 1.2 - %>AB02 684:8E ��" (3/;) [5] 

�><?>- 
=5=B 

#" 

« 0O:» 
($>AA8O) 

Savannah 

River 
(%,�) 

Hanford 

(C,�) 
West 

Valley 
(C,�) 

Idaho 

Falls 
(C,�) 

Tokai 

(/?>=8O) 
Sallugia 

(�B0;8O) 
Sicral 1 

((@0=F8O) 
La Hague 

((@0=F8O 
) 

Magnox 

(�5;8:>- 
1@8B0=8O) 

THORP 

(�5;8:>- 
1@8B0=8O) 

H+ - - - - - 2,5* 1,3* - - - - 

Al - 7,7 1,5 3,9 4,2 - 20,4 32,5 - 26,0 - 

Na 1,4-2,0 5,9 4,1 10,3 3,1 44,5 - 20,5 - - 0,1 

K 3,1-3,9 0,3 - 0,1 0,9 - - - - - - 

Mg - 0,2 - 0,3 - - - 4,0 - 30,0 - 

Ca 0,2-0,4 - - - - - - - - - - 

Fe 0,5-1,2 29,7 6,1 20,6 - 8,4 0,6 16,0 20,0 13,0 4,0 

Ni 0,3-0,7 2,8 0,6 0,5 - 2,2 - 1,5 3,2 1,4 - 

Cr 0,04-0,1 0,3 0,1 0,3 - 2,2 - 1,5 3,4 1,6 - 

Mo 2,4-2,7 0,2 0,2 - - - - - - 10,8 18,3 

Zr 1,8-2,2 0,6 3,4 0,4 11,4 - - - - 11,8 20,1 

Hg - 1,8 -- - - - 1,0 - - - - 

Cl - 0,9 0,1 - - - - - - - - 

SO4 0,001 0,8 0,2 1,1 2,6 - 0,6 - - - - 

NO3 3,8* 4,2 2,8 20,6 12,5 - - - - 11* - 

#� 22,3-32,6 3,0 2,5 1,5 1,0 49,0 - 24,5 87,0 - - 

&'- 0,1 0,2 0,1 0,2 0,1 12,6 - 3,0 5,1 2,0 4,5 



14 
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AB0;8, A>45@60I85 @048>0:B82=K5 >BE>4K, 2 B>< G8A;5 B5, :>B>@K5 B@51CNB 
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@048>0:B82=KE >BE>4>2, G0I5 2A53> A ?><>ILN 871KB:0 NaOH. -B> ?@82>48B 

: >1@07>20=8N >BE>4>2, A>45@60I8E 2KA>:>:>=F5=B@8@>20==K5 I5;>G=K5 

@0AB2>@K, B0:85 :0: NaOH, NaNO3 8 NaNO2, 0 B0:65 2O7:89 H;0<, A>AB>OI89 

87 384@>:A84>2 @048>=C:;84>2, 65;570, 0;N<8=8O 8 4@C38E <5B0;;>2 [6, 7]. 

#5@5@01>B:0 684:8E ��" AB0=>28BAO A;>6=>9 87-70 8E A;>6=>3> 

A>AB020, ?>MB><C @5:><5=4C5BAO ?@>2>48BL D@0:F8>=8@>20=85 ��" A 

2K45;5=85< @048>=C:;84>2 2 A>>B25BAB288 A 8E E8<8G5A:8<8 A2>9AB20<8 8 

?5@8>4>< ?>;C@0A?040. %CI5AB2C5B =5A:>;L:> B5E=>;>389 D@0:F8>=8@>20=8O 

��" 2 7028A8<>AB8 >B B8?0 8A?>;L7C5<KE @5035=B>2, B0:8E :0: M:AB@0:F8O 

=59B@0;L=K<8 D>AD>@>@30=8G5A:8<8 A>548=5=8O<8 (%,�, /?>=8O, $>AA8O, 

�8B09, �5@<0=8O, �=48O), M:AB@0:F8O :8A;K<8 D>AD>@>@30=8G5A:8<8 

A>548=5=8O<8 (/?>=8O, ,25F8O, �B0;8O, %,�), M:AB@0:F8O <>=>- 8 

480<840<8 ((@0=F8O) 8 M:AB@0:F8>==K5 B5E=>;>388 =0 >A=>25 A<5A8 

@5035=B>2 ($>AA8O) [8-15]. 

� $>AA88 G0AB8G=> @50;87>20=0 :>=F5?F8O D@0:F8>=8@>20=8O ��" =0 

(�'# #" " 0O:" [9, 16]. � @0<:0E 40==>9 :>=F5?F88 1K;0 A>740=0 8 

?@>25@5=0 2 >?KB=>-?@><KH;5==>< <0AHB015 :><?;5:A=0O AE5<0 872;5G5=8O 

D@0:F88 Cs-Sr 8 3@C??K BO65;KE C@0=>2KE M;5<5=B>2 8 @54:>75<5;L=KE 

M;5<5=B>2 87 70A>;5==KE :8A;KE @0AB2>@>2, :>B>@K5 =5 <>3CB 1KBL 

>B25@645=K A ?><>ILN ACI5AB2CNI59 B5E=>;>388 >AB5:;>2K20=8O 87-70 

A;>6=>AB8 8E A>AB020. -B0 B5E=>;>38O ?>72>;O5B MDD5:B82=> 872;5:0BL 

@048>=C:;84K 2 A>>B25BAB288 A 8E E8<8G5A:8<8 A2>9AB20<8 8 ?5@8>4>< 

?>;C@0A?040, GB> 45;05B ?5@5@01>B:C 684:8E ��" 1>;55 MDD5:B82=>9 8 

M:>;>38G5A:8 157>?0A=>9. 
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"4=0:>, E>BO 40==0O :>=F5?F8O G0AB8G=> @50;87>20=0 =0 " 0O:5", 2 
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A?>A>1=>AB8 >1@07>2K20BL AB5:;0 8 8E DC=:F89 2 AB5:;>>1@07CNI8E 

A8AB5<0E. "= 2K45;8; B@8 3@C??K M;5<5=B>2: AB5:;>>1@07>20B5;8 (B, Si, P), 

?@><56CB>G=K5 M;5<5=BK (Al, Ti, Zr, Pb) 8 <>48D8:0B>@K A5B:8 (Li, Na, K, Rb, 

Cs, Mg, Ca, Sr, Ba). %B5:;>>1@07>20B5;8 <>3CB A;C68BL AB@C:BC@=>9 >A=>2>9 

AB5:;0, >1@07CO B@5E<5@=CN AB@C:BC@C A ?CAB>B0<8 4;O 2:;NG5=8O 4@C38E 

M;5<5=B>2. �;03>40@O =5AB5E8><5B@8G5A:><C A>AB02C AB5:;> <>65B A>45@60BL 

?@0:B8G5A:8 2A5 M;5<5=BK 87 B01;8FK  5=45;5520 [29, 30]. 

%B5:;>>1@07CNI85 :0B8>=K E0@0:B5@87CNBAO 2KA>:8< 70@O4><, <0;K< 

8>==K< @048CA><, 2KA>:8< 8>==K< ?>B5=F80;>< 8 1>;LH>9 M=5@3859 A2O78 A 

:8A;>@>4><. �A?>;L7>20=85 <>48D8:0B>@>2 A5B:8 ?@82>48B : =0@CH5=8N 

=5?@5@K2=>AB8 B@5E<5@=>9 AB@C:BC@K A5B:8, GB> ?@82>48B : >1@07>20=8N 

8>==KE =5<>AB8:>2KE :8A;>@>4=KE A2O759. �=B5@<5480BK =5 D>@<8@CNB 

A2>N A>1AB25==CN AB@C:BC@C, => <>3CB C:@5?;OBL 8;8 >A;01;OBL 55. 

!5A:>;L:> B5>@5B8G5A:8E 8 M:A?5@8<5=B0;L=KE 8AA;54>20=89 =5 40;8 

>?@545;5==>3> >B25B0 =0 2>?@>A > B><, =0A:>;L:> C?>@O4>G5=K CG0AB:8 AB5:;0. 

#>A;54CNI85 8AA;54>20=8O ?@825;8 : A>740=8N 381@84=KE <>45;59, 

:>B>@K5 ?@54?>;030NB =0;8G85 :0: C?>@O4>G5==KE, B0: 8 =5C?>@O4>G5==KE 

CG0AB:>2 2 AB5:;5, 345 :><?>=5=BK <>3CB 8<5BL @07=K5 AB5?5=8 

48DD5@5=F80F88 8 8=B53@0F88. 

#@>F5AA >AB5:;5=8O @048>0:B82=KE >BE>4>2 ?@54?>;0305B A>740=85 

<=>3>:><?>=5=B=KE AB5:>; =0 >A=>25 @07=KE A8AB5<, 2:;NG0O I5;>G=>-

0;N<>A8;8:0B=K5, I5;>G=>-1>@>A8;8:0B=K5, I5;>G=>-0;N<>-

1>@>A8;8:0B=K5 8 I5;>G=>-0;N<>D>AD0B=K5 A8AB5<K. �;O =5:>B>@KE B8?>2 

@048>0:B82=KE >BE>4>2, B0:8E :0: 2KA>:>65;578ABK5 >BE>4K 702>40 %020==0-

$825@ (%,�), 1K;0 @07@01>B0=0 A?5F80;L=0O A8AB5<0 =0 >A=>25 A28=F>2>-

65;57>-D>AD0B>2. � ?@>872>4AB25==>< ?@>F5AA5 8A?>;L7CNBAO A8AB5<K =0 

>A=>25 1>@>A8;8:0B0 8 0;N<>D>AD0B0 4;O >AB5:;5=8O @048>0:B82=KE 

>BE>4>2. 

"4=> 87 :;NG52KE A2>9AB2 AB5:;0, :>B>@>5 45;05B 53> 8450;L=K< 4;O 
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>AB5:;5=8O @048>0:B82=KE >BE>4>2, MB> 53> 2KA>:0O CAB>9G82>ABL : 

:@8AB0;;870F88, 384@>;87C 8 @0480F88. �@8AB0;;870F8>==K5 E0@0:B5@8AB8:8 

AB5:;0 7028AOB >B <=>38E D0:B>@>2, 2:;NG0O :0G5AB2> 20@:8, >4=>@>4=>ABL 

AB5:;><0AAK 8 55 A>AB02. "4=0:>, >?@545;5==K5 :><?>=5=BK AB5:;0 <>3CB 

8<5BL =5>4=>7=0G=K9 MDD5:B =0 :@8AB0;;870F8N, ?>A:>;L:C 8E 2>7459AB285 

7028A8B >B >A=>2=>3> A>AB020 8 :>;8G5AB20 4>102;5==KE :><?>=5=B>2. 

"1KG=> 4>102;5=85 :><?>=5=B>2 ?@82>48B : C<5=LH5=8N A?>A>1=>AB8 : 

:@8AB0;;870F88, => =5:>B>@K5 ?;>E> @0AB2>@8<K5 :><?>=5=BK <>3CB =0 

A0<>< 45;5 A?>A>1AB2>20BL :@8AB0;;870F88. &0:65 4>102;5=85 :><?>=5=B>2, 

:>B>@K5 ?>2KH0NB 2O7:>ABL AB5:;0 2 B5<?5@0BC@=>< 8=B5@20;5 

:@8AB0;;870F88, <>65B A=860BL :@8AB0;;870F8>==CN A?>A>1=>ABL. 

#@8 >1@0I5=88 A @048>0:B82=K<8 >BE>40<8 H8@>:> ?@8<5=ONBAO 

<=>3>:><?>=5=B=K5 AB5:;0, :>B>@K5 >A=>20=K =0 @07;8G=KE A8AB5<0E, 

2:;NG0O I5;>G=>-0;N<>A8;8:0B=K5, I5;>G=>-1>@>A8;8:0B=K5, I5;>G=>-

0;N<>-1>@>A8;8:0B=K5 8 I5;>G=>-0;N<>D>AD0B=K5. �;O >?@545;5==KE 

B8?>2 @048>0:B82=KE >BE>4>2 B@51CNBAO A?5F80;L=K5 A>AB02K AB5:;0. 

!0?@8<5@, 4;O >1@01>B:8 2KA>:>65;578ABKE >BE>4>2 A 702>40 %020==0-$825@ 

2 %,� 1K;0 @07@01>B0=0 A8AB5<0, 2:;NG0NI0O A28=5F, 65;57> 8 D>AD0BK. 

"AB5:;>20=85 @048>0:B82=KE >BE>4>2 =0 1075 AB5:;0 O2;O5BAO 

@0A?@>AB@0=5==>9 8 MDD5:B82=>9 B5E=>;>3859, :>B>@0O 30@0=B8@C5B 

157>?0A=>5 8 4>;3>25G=>5 E@0=5=85 @048>0:B82=KE >BE>4>2 [31]. 

"3@0=8G5=8O =0 ?@0:B8G5A:89 480?07>= B5<?5@0BC@ :@8AB0;;870F88 

AB5:>;L=KE @0A?;02>2 70:;NG0NBAO 2 B5<?5@0BC@5 AB5:;>20=8O, ?@8 :>B>@>9 

?>O2;ONBAO ?5@2K5 :@8AB0;;K, 8 2 B5<?5@0BC@5 ;8:20F88, ?@8 :>B>@>9 

:@8AB0;;K @0AB2>@ONBAO. "?0A=K9 8=B5@20; :@8AB0;;870F88 =0E>48BAO 

<564C MB8<8 ?@545;0<8, 8 :@8AB0;;870F8O ?@>8AE>48B B>;L:> 2 MB>< 

480?07>=5. �A;8 AB5:;> =0E>48BAO 2 >?0A=>< 8=B5@20;5 B5<?5@0BC@ 4>;LH5, B> 

C25;8G8205BAO 25@>OB=>ABL :@8AB0;;870F88. "4=0:> D>AD0B=K5 AB5:;0 8<5NB 

>G5=L H8@>:89 480?07>= B5<?5@0BC@ :@8AB0;;870F88, :>B>@K9 :>;51;5BAO >B 

460 4> 796°%, :0: ?>4B25@6405BAO 8AA;54>20=85< [32]. 
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#@58<CI5AB2> 8A?>;L7>20=8O >AB5:;>20==>9 D>@<K 70:;NG05BAO 2 55 

>4=>MB0?=>< ?@>872>4AB25==>< ?@>F5AA5 8 =87:>9 GC2AB28B5;L=>AB8 : 

87<5=5=8N A>AB020 ?>B>:>2 >BE>4>2. !0 40==K9 <><5=B 4;O >AB5:;5=8O 

O45@=KE >BE>4>2 2 ?>;=><0AHB01=KE CAB0=>2:0E 8A?>;L7CNBAO 420 2840 

AB5:>;: 1>@>A8;8:0B=K5 8 D>AD0B=K5 (A<. &01;8FC 1.3). �E B>G=K9 A>AB02 

<>65B @07;8G0BLAO 2 @07=KE AB@0=0E 2 7028A8<>AB8 >B A>AB020 >BE>4>2 [51]. � 

=0AB>OI55 2@5<O 4;O =03@520 @0A?;02>2 2 ?@>F5AA5 >AB5:;5=8O A ?><>ILN 

M;5:B@8G5A:>3> B>:0, ?@>?CI5==>3> G5@57 @0A?;02, 8;8 ?@8<5=5=85 

8=4C:F8>==>3> =03@520. 

#@8 8A?>;L7>20=88 1>@>A8;8:0B=>3> AB5:;0 4;O ?5@5@01>B:8 $�", 

?@>F5AA 20@:8 ?@>8AE>48B ?@8 >G5=L 2KA>:>9 B5<?5@0BC@5, :>B>@0O <>65B 

4>AB830BL 1150-1250°%. "4=0:>, ?@8 8A?>;L7>20=88 A8;8:0B=KE 

AB5:;>>1@07>20B5;59, :@><5 B5E, :>B>@K5 =5 A>45@60B :@8AB0;;8G5A:8E 

A>548=5=89, <>6=> ?>;CG8BL <0B5@80;K 4@C38E B8?>2, =0?@8<5@ 

AB5:;>:><?>78F8>==K5 8;8 ?;02;5==K5, :>B>@K5 8<5NB AB@C:BC@C, 

=0?><8=0NICN 10;L70BK - ?>;8:@8AB0;;8G5A:85 <8:@>35B5@>35==K5 B5;0 

[20]. 

&01;8F0 1.3 3 %>AB02K AB5:>; 4;O 8<<>18;870F88 ��" 

%B5:;>/AB@0=0 SiO2 P2O5 B2O3 Al2O3 CaO MgO Na2O �@C385, 
2:;NG0O 
?@>4C:BK 

45;5=8O 8 
0:B8=84K 

R7/T7, (@0=F8O 47,2 - 14,9 4,4 4,1 - 10,6 18,8 

DWPF, %,� 49,8 - 8,0 4,0 1,0 1,4 8,7 27,1 

MAGNOX, 

�5;8:>1@8B0=8O 
47,2 - 16,9 4,8 - 5,3 8,4 17,4 

PAMELA, 

�5@<0=8O 
52,7 - 13,2 2,7 4,6 2,2 5,9 18,7 

��", $>AA8O - 52,0 - 19,0 - - 21,2 7,8 

K-26, "BE>4K 

�-%, $>AA8O 
48,2 - 7,5 2,5 15,5 - 16,1 10,2 

 
#@8 8A?>;L7>20=88 8<<>18;878@CNI8E D>AD0B=KE AB5:>; 4;O 

@048>0:B82=KE >BE>4>2 ?@>F5AA 20@:8 <>65B >ACI5AB2;OBLAO ?@8 1>;55 
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=87:>9 B5<?5@0BC@5, =5 ?@52KH0NI59 900-1000°%. -B8 AB5:;0 >1;040NB 

2KA>:>9 @0AB2>@8<>ABLN >:A84>2 <5B0;;>2, 2:;NG0O MoO3, 0 B0:65 

AC;LD0B>2 8 E;>@84>2. "4=0:>, ?@8 8A?>;L7>20=88 1>@>A8;8:0B=KE AB5:>;, 

87;8H=55 A>45@60=85 AC;LD0B>2 8 E;>@84>2 2 >BE>40E <>65B ?@825AB8 : 

?>O2;5=8N E0;L<>7K, >B45;L=>9 D07K A 2KA>:>9 @50:B82=>ABLN 8 

A>45@60=85< $!. (>AD0B=K5 AB5:;0 8<5NB A2>8 =54>AB0B:8, B0:85 :0: 1>;55 

2KA>:0O A:;>==>ABL : :@8AB0;;870F88, GB> <>65B CEC4H8BL 8E 

384@>;8B8G5A:CN AB>9:>ABL 8 A?>A>1AB2>20BL C=>AC @CB5=8O 87 @0A?;020 [20]. 

� @0745;0E 1.4 8 1.5 ?@54AB02;5=> 1>;55 ?>4@>1=>5 @0AA<>B@5=85 ABё:>;, 

8A?>;L7C5<KE 4;O 8<<>18;870F88 @048>0:B82=KE >BE>4>2. 

 

1.4 %8;8:0B=O5 8 1>@>A8;8:0B=O5 AB5:;0 
 

%B5:;O==K5 <0B5@80;K ?>;CG8;8 H8@>:>5 @0A?@>AB@0=5=85 :0: 

<0B@8FK 4;O @048>0:B82=KE >BE>4>2 87-70 A2>59 A?>A>1=>AB8 

=5C?>@O4>G5==>9 AB@C:BC@K 0::C<C;8@>20BL 8>=K A @07;8G=K<8 70@O40<8 8 

@048CA0<8. � �0=045 2 A5@548=5 1950-E 3>4>2 1K;8 2?5@2K5 ?@54;>65=K 

AB5:;0 =0 >A=>25 A8;8:0B0 4;O 8<<>18;870F88 @048>0:B82=KE >BE>4>2. -B8 

AB5:;0 A>45@60;8 4>102:8 >:A84>2 8 1K;8 2K45@60=K ?@8 2KA>:>9 

B5<?5@0BC@5 >:>;> 1350°%. )>BO A8AB5<0 Na2O-(K2O)-CaO-MgO-Al2O3-SiO2 

?>72>;O5B ?>;CG8BL 384@>;8B8G5A:8-, B5@<8G5A:8- 8 @0480F8>==>- 

CAB>9G82K5 AB5:;0, 8E B5<?5@0BC@K ?;02;5=8O 4>;6=K 1KBL =5 <5=55 1350°%, 

GB> A8;L=> >3@0=8G8205B 8A?>;L7>20=85 MB>3> ?@>F5AA0 4;O AB5:;>20=8O 

@048>0:B82=KE >BE>4>2, A>45@60I8E ?;CB>=89. � E>45 40;L=59H8E 

8AA;54>20=89 1K;> ?@54;>65=> 8A?>;L7>20BL AB5:;0 =0 >A=>25 1>@>A8;8:0B0, 

:>B>@K5 ?>72>;ONB A=878BL B5<?5@0BC@C ?@>F5AA0 8 ?>2KA8BL 

384@>;8B8G5A:CN CAB>9G82>ABL. 

�20@F52>5 AB5:;> 8<55B AB@C:BC@=K9 :0@:0A 87 B5B@0M4@>2 SiO4, 

:>B>@K5 2708<>459AB2CNB :>20;5=B=>. �>102;5=85 >:A84>2 <>48D8:0B>@>2 

?@82>48B : >1@07>20=8N 8>=>2 :8A;>@>40, :>B>@K5 A2O7K20NBAO A 
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B5B@0M4@0<8 SiO4, A>74020O =5<>AB8:>2K5 A2O78. #@8 C25;8G5=88 

:>=F5=B@0F88 <>48D8:0B>@>2 ?@>8AE>48B ?>A;54>20B5;L=>5 D>@<8@>20=85 

B5B@0M4@>2 SiO4 A B@5<O, 42C<O 8 >4=>9 A2O7LN. "1KG=> =52>7<>6=> ?>;CG8BL 

AB5:;0 A =87:8< A>45@60=85< Si:O<0,3, 0 ?>;=>ABLN 87>;8@>20==K5 

B5B@0M4@K Q0 <>3CB ACI5AB2>20BL B>;L:> 2 :@8AB0;;8G5A:8E A>548=5=8OE. 

�>@>A8;8:0B=K5 AB5:;0 A>45@60B :@5<=5:8A;>@>4=K5 B5B@0M4@K, :>B>@K5 

A2O70=K <564C A>1>9 8 A B5B@0M4@0<8 BO4, >:@C65==K<8 I5;>G=K<8 

<5B0;;0<8 8;8 4@C38<8 :><?>=5=B0<8, B0:8<8 :0: Tl, Sr 8 Ba. +B>1K 4>AB8GL 

<0:A8<0;L=>9 CAB>9G82>AB8 : 384@>;87C, 1>@ 2 1>@>A8;8:0B=KE AB5:;0E 

?@54?>GB8B5;L=> A2O7K205BAO A B5B@0M4@0<8 BO4, 0 =5 A :@5<=5:8A;>@>4=K<8 

B5B@0M4@0<8. -B> A?>A>1AB2C5B ?>2KH5==>9 E8<8G5A:>9 AB018;L=>AB8 

<0B5@80;0. &0:85 AB5:;0 <>3CB >1@07>2K20BL 3@C??K :@5<=5:8A;>@>4=KE 8 

1>@0B=KE B5B@0M4@>2, :>B>@K5 ?>2B>@ONBAO 2 B@5E<5@=>9 @5H5B:5 8 >1@07CNB 

4><5==CN AB@C:BC@C. 

�;O <=>3>:><?>=5=B=KE AB5:>; 4>;6=> 2K?>;=OBLAO CA;>285: 

B = [(MeI
2O+BaO)+0,7(CaO+SrO+CdO+PbO) + 0,3(Li2O+MgO+ZnO)- 

Al2O3]/B2O3 1 (1) 

345 MeI
2O - >:A84K I5;>G=KE <5B0;;>2 (:@><5 ;8B8O) 8 B0;;8O 

� = [SiO2] >> [B2O3] (2) 

�;O A>740=8O <0;>:@5<=575<=KE AB5:>; =5>1E>48<>, GB>1K 7=0G5=85 

?>:070B5;O ?@5;><;5=8O 1K;> 7=0G8B5;L=> 1>;LH5 548=8FK. �065 5A;8 

7=0G5=85 ?>:070B5;O ?@5;><;5=8O @02=> ?@81;878B5;L=> 6, 7=0G8B5;L=0O 

G0ABL 1>@0 2A5 5I5 >AB05BAO B@5E:@0B=> :>>@48=8@>20==>9, GB> 1K;> ?>:070=> 

2 [60], 5A;8 A>45@60=85 :@5<=575<0 2 1>@>A8;8:0B=KE AB5:;0E A>AB02;O5B 45-

50%. +B>1K 30@0=B8@>20BL 2KA>:CN 384@>;8B8G5A:CN CAB>9G82>ABL AB5:;0, 

53> AB@C:BC@0 4>;6=0 1KBL <0:A8<0;L=> ?>E>659 =0 :20@F, B.5. 4>;O 

B5B@0M4@8G5A:8-:>>@48=8@>20==>3> 1>@0 4>;6=0 1KBL <0:A8<0;L=>9. 

�0 @C156>< ?>?C;O@=K AB5:;0, >A=>20==K5 =0 1>@>A8;8:0B5, :>B>@K5 

A>45@60B 2 >A=>2=>< :@5<=852K5, 1>@=K5 8 =0B@852K5 >:A84K. � A>AB02 

AB5:;0 AVM, :>B>@K9 8A?>;L7C5BAO 2> (@0=F88, 2E>4OB B>;L:> MB8 
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:><?>=5=BK [33]. % F5;LN C;CGH5=8O A2>9AB2 AB5:;0 ?@8<5=O5BAO 4>102;5=85 

@07;8G=KE M;5<5=B>2, 2:;NG0O Li2O, TiO2, CaO, MgO, �12"3, ZnO, ZrO2 8 

L02"3. "4=0:> :064K9 87 MB8E M;5<5=B>2 2=>A8B C=8:0;L=>5 2;8O=85 =0 

A2>9AB20 AB5:;0, B0:85 :0: 53> 384@>;8B8G5A:0O CAB>9G82>ABL, 2O7:>ABL, 

M;5:B@>?@>2>4=>ABL 8 4@C385 [34, 35]. !0?@8<5@, >:A84K :@5<=8O, 0;N<8=8O 

8 F8@:>=8O A?>A>1AB2CNB ?>2KH5=8N 384@>;8B8G5A:>9 CAB>9G82>AB8 AB5:;0, 

C25;8G5=8N 53> 2O7:>AB8 8 A=865=8N C@>2=O 8A?0@5=8O. % 4@C3>9 AB>@>=K, 

1>@ 8 I5;>G=K5 M;5<5=BK >:07K20NB >B@8F0B5;L=>5 2;8O=85 =0 MB8 A2>9AB20. 

":A84K :0;LF8O, <03=8O 8 F8=:0 A?>A>1AB2CNB AB018;870F88 AB@C:BC@K 

AB5:;0, CA8;5==>9 53> 384@>;8B8G5A:>9 CAB>9G82>AB8, 0 B0:65 C25;8G5=8N 

2O7:>AB8 ?@8 =87:8E B5<?5@0BC@0E 8 A=865=8N ?@8 2KA>:8E. &8B0= 

AB8<C;8@C5B :@8AB0;;870F8N AB5:;0 8 >1@07>20=85 <8=5@0;>2, :>B>@K5 

:>=F5=B@8@CNB @048>=C:;84K. "4=0:> 2;8O=85 :064>3> M;5<5=B0 =0 A2>9AB20 

AB5:;0 7028A8B >B A>45@60=8O 4@C38E M;5<5=B>2, 8 4>102;5=85 >4=>3> 

M;5<5=B0 <>65B >4=>2@5<5==> C;CGH0BL =5:>B>@K5 A2>9AB20 AB5:;0 8 

CEC4H0BL 4@C385. !0?@8<5@, ?>2KH5=85 384@>;8B8G5A:>9 CAB>9G82>AB8 A 

?><>ILN 0;N<8=8O 8 :@5<=8O <>65B A>?@>2>640BLAO C25;8G5=85< 2O7:>AB8, 

GB> 70<54;O5B ?@>F5AA >AB5:;5=8O 8 C25;8G8205B 70B@0BK =0 ?@>872>4AB2> 

[34].� AB5:;0E A 2KA>:8< A>45@60=85< A8;8:0B0 8 1>@>A8;8:0B0 8<55BAO @O4 

:><?>=5=B>2, :>B>@K5 ?;>E> @0AB2>@ONBAO, 2:;NG0O AC;LD0BK, E@><0BK, 

<>;8140BK, E;>@84K, D>AD0BK, PuO2 8 4@C385. $0AB2>@8<>ABL >:A84>2 

0:B8=84>2 8 $�- 2 1>@>A8;8:0B=KE AB5:;0E <>65B 87<5=OBLAO >B =5A:>;L:8E 

4>;59 ?@>F5=B0 4> =5A:>;L:8E 45AOB:>2 ?@>F5=B>2 2 7028A8<>AB8 >B <=>38E 

D0:B>@>2, B0:8E :0: 20;5=B=>ABL, A>AB02 8 B5<?5@0BC@0 ?@83>B>2;5=8O AB5:;0. 

'25;8G5=85 A2O7=>AB8 AB@C:BC@=>3> :0@:0A0 AB5:;0 70 AG5B ?@8ACBAB28O 

8=B5@<5480B=KE 8>=>2 (Al3+, Fe3+) ?@82>48B : C<5=LH5=8N @0AB2>@8<>AB8. 

$0AB2>@8<>ABL >:A84>2 ?;CB>=8O 2 1>@>A8;8:0B=KE AB5:;0E 7=0G8B5;L=> 

=865, G5< @0AB2>@8<>ABL >:A84>2 C@0=0, ?@8 MB>< <0:A8<0;L=0O 

@0AB2>@8<>ABL 2 A8;8:0B=KE AB5:;0E E0@0:B5@=0 4;O U"3, 0 <8=8<0;L=0O - 4;O 

PuO2, AmO2, Am2O3 8 Cm2O3. #><8<> MB>3>, A=865=85 70@O40 8 @048CA0 8>=>2 
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0:B8=84>2 B0:65 ?@82>48B : C<5=LH5=8N 8E @0AB2>@8<>AB8 2 AB5:;0E A 

2KA>:8< A>45@60=85< A8;8:0B0 8 1>@>A8;8:0B0. !5?BC=89 >1KG=> 

?@8ACBAB2C5B 2 G5BK@5E20;5=B=>9 D>@<5, 0 0<5@8F89 8 :N@89 - 2 

B@5E20;5=B=>9, ?@8 MB>< <0:A8<0;L=0O :>=F5=B@0F8O ?;CB>=8O 2 AB5:;5 

A>AB02;O5B ?@8<5@=> >B 0,2 4> 4-5 <0AA.%. 

%CI5AB2CNB A?5F80;L=> @07@01>B0==K5 AB5:;0 =0 >A=>25 ;0=B0=840, 

1>@0 8 A8;8:0B0 (LaBS), :>B>@K5 <>3CB 8A?>;L7>20BLAO 4;O 8<<>18;870F88 

?;CB>=8O. � MB8E AB5:;0E ?;CB>=89 <>65B 1KBL 2:;NG5= 4> ~10 <0AA.% Pu 

(~11% PuO2) (B01;. 1.5) [88]. -B> 2>7<>6=> 1;03>40@O :@C?=K< :0B8>=0< 

;0=B0=840, :>B>@K5 @07@KE;ONB AB@C:BC@=CN A5B:C AB5:;0, >1@07CO 

>:@C65=85 87 :8A;>@>40 8 ?>2KH0O @0AB2>@8<>ABL 48>:A840 ?;CB>=8O 2 

AB5:;5. &0:65 2 $>AA88 @07@01>B0=K AB5:;0 =0 >A=>25 0;N<8=8O, 1>@0 8 

A8;8:0B0 ("1>@>1070;LB>2K5"), :>B>@K5 <>3CB A>45@60BL 4> ~3,5-5,6% 

?;CB>=8O (B01;. 1.) [36]. 

&01;8F0 1.4 3 )8<8G5A:89 A>AB02 AB5:>; 4;O 8<<>18;870F88 ?;CB>=8O 
 

":A84K LaBS Bz-Pu(<CD5;L) Bz-Na-Pu (E>;>4=K9 

B835;L) 
SiO2 25,80 29,0 33,7 

B2O3 10,40 28,0 22,2 

Al2O3 19,04 8,1 9,6 

Fe2O3 - 5,7 5,7 

MgO - 4,7 2,9 

CaO - 16,6 14,4 

SrO 2,22 - - 

Na2O - 1,9 5,7 

K2O - 0,5 0,9 

TiO2 - 0,5 0,9 

ZrO2 1,15 - - 

La2O3 11,01 - - 

Nd2O3 11,37 - - 

Gd2O3 7,61 - - 

PuO2 11,39 5,0 4,0 

 

1.5 (>AD0B=O5 AB5:;0 
 

� 1960-E 3>40E 2>7=8:;0 845O 8A?>;L7>20BL D>AD0B=K5 AB5:;0 2 :0G5AB25 
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<0B@8F 4;O E@0=5=8O 2KA>:>0:B82=KE >BE>4>2 (��") [37, 38]. (>AD0B=K5 

AB5:;0 8<5NB AB@C:BC@C, >A=>20==CN =0 B5B@0M4@0E $"4, :>B>@K5 

A>548=ONBAO G5@57 :8A;>@>4, ?>E>65 =0 A8;8:0B=K5 AB5:;0. "4=0:> 

D>AD0B=K5 AB5:;0 A>45@60B B>;L:> >4=C 42>9=CN A2O7L $=" 8 =5 1>;55 B@5E 

<>AB8:>2KE 8>=>2 :8A;>@>40. �2545=85 I5;>G=KE 8 I5;>G=>75<5;L=KE 

>:A84>2 ?@82>48B : @07@CH5=8N AB@C:BC@=>9 A5B:8 AB5:;0 8 >1@07>20=8N 

42CE- 8 >4=>A2O7=KE B5B@0M4@>2 $"4. -B8 B8?K AB5:;0 H8@>:> ?@8<5=ONBAO 2 

$>AA88 [39], >A>15==> =0 #" " 0O:", 345 8A?>;L7C5BAO CAB0=>2:0 B8?0 -#-500 

A 8A?>;L7>20=85< M;5:B@8G5A:>9 20==K 8 ?@O<>3> =03@520 (8A?>;L7C5BAO 

:5@0<8G5A:89 ?;028B5;L �6>C;O) 4;O >1572@56820=8O 2KA>:>0:B82=KE 

>BE>4>2. � 1980-E 3>40E 1K;8 @07@01>B0=K A28=F>2>-65;57>D>AD0B=K5 AB5:;0 

A 2KA>:8< A>45@60=85< 65;570 [40], :>B>@K5 ?>765 AB0;8 8725AB=K :0: 

65;57>-D>AD0B=K5 AB5:;0 [41-48]. "4=0:> A;54C5B >B<5B8BL, GB> <=>385 87 =8E 

=0 A0<>< 45;5 O2;ONBAO 0;N<>-65;57>-D>AD0B=K<8 AB5:;0<8. !5:>B>@K5 

A>AB02K D>AD0B=KE AB5:>; 40=K 2 B01;8F5 1.5. 

(>AD0B=K5 AB5:;0 >1;040NB C=8:0;L=>9 A?>A>1=>ABLN 2:;NG0BL 2 A2>N 

AB@C:BC@C 1>;LH>5 :>;8G5AB2> @07;8G=KE >:A84>2 157 CEC4H5=8O 

384@>;8B8G5A:>9 AB>9:>AB8 8 @8A:0 ;8:20F88 @0A?;020, GB> >B;8G05B 8E >B 

A8;8:0B=KE AB5:>;.  5B0;;K, 2:;NG0O I5;>G=K5 M;5<5=BK, <>3CB 1KBL 

A2O70=K A B5B@0M4@0<8 PO4, D>@<8@CO ?@>G=K5 ?>;8<5@=K5 F5?8 2 

D>AD0B=>< :0@:0A5. �;O >15A?5G5=8O AB018;L=>AB8 <0B5@80;0 2 D>AD0B=KE 

AB5:;0E =5>1E>48<> ?>445@6820BL >1I55 A>45@60=85 <5B0;;8G5A:8E 8>=>2 =5 

<5=55 30%. !5:>B>@K5 >:A84K <5B0;;>2, B0:85 :0: MoO3, 8<5NB 1>;LHCN 

@0AB2>@8<>ABL 2 D>AD0B=KE @0A?;020E ?> A@02=5=8N A A8;8:0B=K<8. 

(>AD0B=K5 AB5:;0 <>3CB B0:65 2:;NG0BL >:A84K A 2KA>:>9 B5<?5@0BC@>9 

?;02;5=8O 8 A;01K<8 8>==K<8 A2O7O<8, B0:85 :0: Al2O3, TiO2, BaO, ZrO2 8 

ThO2, :>B>@K5 >1@07CNB B5B@0M4@K AlO4, 2708<>459AB2CO A B5B@0M4@0<8 PO4. 

� B8?8G=>< D>AD0B=>< AB5:;5 A>45@60=85 P2O5 A>AB02;O5B >B 35% 4> 60%. 

(>AD0B=K5 AB5:;0 <>3CB B0:65 8A?>;L7>20BLAO 4;O 22545=8O D;NACNI8E 

4>102>: 2 @0A?;02 157 =0@CH5=8O 53> 3><>35==>AB8, 0 B0:65 4;O B5@<8G5A:>9 
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>1@01>B:8 @0A?;02>2, ?@5420@8B5;L=> ?>43>B>2;5==KE 4> >?B8<0;L=>3> 

A>AB020. �A?>;L7>20=85 D>AD0B=KE AB5:>; 2 E@0=5=88 2KA>:>0:B82=KE 

>BE>4>2 ?@54AB02;O5B ?5@A?5:B82=>5 =0?@02;5=85 4;O 40;L=59H8E 

8AA;54>20=89. 

&01;8F0 1.5 3 (>AD0B=K5 AB5:;0 4;O 8<<>18;870F88 ��" (<0AA.%). 
 

":A84K �;N<>- 
D>AD0B=>5 
$&-1 [39] 

%28=F>2>-65;57>- 
D>AD0B=>5 [52] 

�5;57>-D>AD0B=>5 

�>5==K5 
��" 

�><<5@G5A:85 
��" 

Hanford 

AZ102 [59] 

[53-55] 

Na2O* 24-27 - - - 6-12 

CaO 1-2 - - 1-2 1-2 

ZnO - - - 3-4 - 

PbO - 37-55 32-53 - - 

Al2O3** 20-24 1-2 - 13-14 12-15 

Fe2O3 1-5 7-10 6-20 7-8 18-23 

Cr2O3 1-2 - - 2-3 0-1 

Bi2O3 - - - 1-2 - 

SiO2 1-2 - - 7-8 1-2 

P2O5 50-52 33-43 32-42 51-52 40-42 

":A84K 

��" 

�> 10 15-20 6-7 20-25 50-60 

 

*2:;NG0O =51>;LH85 :>;8G5AB20 4@C38E >:A84>2 >4=>20;5=B=KE <5B0;;>2; 

** 2:;NG0O =51>;LH85 :>;8G5AB20 >:A84>2 4@C38E ?>;820;5=B=KE <5B0;;>2. 

 

�448B82K >:A84>2 <=>3>70@O4=KE M;5<5=B>2, B0:8E :0: Al2O3, Fe2O3, 

MgO 8 PbO, <>3CB 7=0G8B5;L=> C;CGH8BL A2O7=>ABL AB5:;0, A?>A>1AB2CO 

D>@<8@>20=8N >1I53> :0@:0A0 8;8 ?>?5@5G=KE A2O759. � ?@><KH;5==>< 

?@>F5AA5 4>102;5=85 >:A840 0;N<8=8O 8A?>;L7C5BAO 4;O ?>2KH5=8O 

384@>;8B8G5A:>9 AB>9:>AB8 AB5:;><0B@8F A @07;8G=K< C@>2=5< pH. �B><K 

0;N<8=8O <>3CB <>48D8F8@>20BL AB@C:BC@=CN A5B:C AB5:;0 ?@8 =87:8E 

:>=F5=B@0F8OE, =0E>4OAL 2 >:B0M4@8G5A:>< >:@C65=88, 8 ?@8 1>;55 2KA>:8E 

:>=F5=B@0F8OE >1@07>2K20BL B5B@0M4@8G5A:85 3@C??K, GB> E0@0:B5@=> 4;O 

AB5:;>>1@07>20B5;59. �2>4 >:A840 0;N<8=8O 2 D>AD0B=>5 AB5:;> <>65B 

?@825AB8 : >1@07>20=8N A2O759 �l-O-$, C25;8G820O AB5?5=L A2O7=>AB8 :0@:0A0 
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[49, 50]. "4=0:> 2708<>459AB285 65;570 2 MB>< ?@>F5AA5 B@51C5B 

4>?>;=8B5;L=>3> 87CG5=8O, B0: :0: >=> <>65B >:07K20BL =5>4=>7=0G=>5 

2;8O=85 =0 A2>9AB20 ?>;CG05<KE !�( AB5:>; 87-70 ?5@5<5==>9 20;5=B=>AB8 

8 :>>@48=0F88, 0 B0:65 53> ?@8ACBAB285 2 684:8E $�" 2 7=0G8<>9 

:>=F5=B@0F88. 

� 8AA;54>20=88, >?8A0==>< 2 AB0BL5 [51], 1K;8 ?@8<5=5=K @57>=0=A=K5 

<5B>4K 4;O 87CG5=8O 2;8O=8O A>45@60=8O >:A840 65;570 =0 AB@C:BC@C AB5:>; 

!��(. �80?07>= :>=F5=B@0F88 >:A840 65;570 A>AB02;O; >B 0,5% 4> 6,0% ?> 

<0AA5. �AA;54>20B5;8 >1=0@C68;8, GB> C25;8G5=85 :>=F5=B@0F88 >:A840 

65;570 2545B : 87<5=5=8N 8=B5=A82=>AB8 ;8=89 Fe3+ 2 AB@C:BC@=KE ?>78F8OE 

FeO4 8 FeO6, 0 B0:65 : C<5=LH5=8N 4>;8 B5B@0M4@8G5A:>3> 65;570 ?@8 

?>2KH5=88 A>>B=>H5=8O Fe/Al. � @57C;LB0B5 C25;8G5=8O A>45@60=8O 

0;N<8=8O 2 AB5:;5 =01;N405BAO C25;8G5=85 @0AAB>O=89 <564C D>AD>@-

D>AD>@><, GB> A2845B5;LAB2C5B > =0;8G88 A<5H0==>9 AB@C:BC@K, 

2:;NG0NI59 D@03<5=BK $-"-$ 8 $-"-Na A ?>4@5H5B:>9 Al-O-Al. 

�AA;54>20=85 B0:65 2KO28;>, GB> ?@8 =87:>< A>45@60=88 65;570 8>=K Fe3+ 

70=8<0NB :0: B5B@0M4@8G5A:85, B0: 8 >:B0M4@8G5A:85 ?>78F88 2 0;N<8=852>9 

?>4@5H5B:5, D>@<8@CO A2O78 Al-O-Fe. #@8 C25;8G5=88 A>45@60=8O 65;570 

?@5>1;040NI8<8 AB0=>2OBAO >:B0M4@8G5A:85 ?>78F88 4;O 8>=>2 Fe3+, 0 

:>=F5=B@0F8O 8>=>2 Fe2+ A=8605BAO. �>=K Fe2+ 2 >A=>2=>< 70=8<0NB 

B5B@0M4@8G5A:85 ?>78F88 2 0;N<8=852>9 ?>4@5H5B:5, 8 8E :>=F5=B@0F8O ?@8 

A>45@60=88 Fe2O3 2 AB5:;5 A2KH5 1% <0AAK >:07K205BAO =865 :>=F5=B@0F88 

8>=>2 Fe3+. 

#@8 @07@01>B:5 <0B@8F 4;O 4>;3>2@5<5==>3> A>E@0=5=8O ?@8<5A59 

65;570 2 AB5:;0E !��( 206=> CG8BK20BL, GB> B5B@0M4@8G5A:85 ?>78F88 

?@54>AB02;ONB 1>;55 AB018;L=CN AB@C:BC@C 4;O 8>=>2 ?> A@02=5=8N A 

>:B0M4@8G5A:8<8 ?>78F8O<8, :>B>@K5 >:07K20NB <>48D8F8@CNI55 2;8O=85. 

%>3;0A=> ?@>2545==><C 8AA;54>20=8N [52], 40==CN B5=45=F8N <>6=> 

@0A?@>AB@0=8BL =0 8>=K @048>0:B82=KE M;5<5=B>2, :>B>@K5 ?@>O2;ONB 

0=0;>38G=>5 ?>2545=85 8>=0< 65;570. 
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�AA;54>20=85 [53] =0?@02;5=> =0 87CG5=85 AB@C:BC@K D>AD0B=KE AB5:>; 

65;570 A ?5@5<5==K< A>45@60=85< Fe(II), :>B>@>5 7028A8B >B CA;>289 

?;02;5=8O. �;O MB>3> 1K;8 8A?>;L7>20=K <5B>4K  5AA10CM@>2A:>9 

A?5:B@>A:>?88 8 @5=B35=>2A:>9 A?5:B@>A:>?88 ?>3;>I5=8O (XAFS). 

#>;CG5==K5 @57C;LB0BK ?>:070;8, GB> ?@8 >1KG=KE CA;>28OE 20@:8 (2>74CE, 

1200°C) 4> 20% 65;570 =0E>48BAO 2 42CE20;5=B=>< A>AB>O=88, >4=0:> ?@8 

2>AAB0=>28B5;L=KE CA;>28OE (A<5AL 10% !2+N2 8;8 Ar) A>45@60=85 

42CE20;5=B=>3> 65;570 C25;8G8205BAO 4> 80%, GB> ?@82>48B : >1@07>20=8N 

:@8AB0;;8G5A:8E D07. 

� 4@C3>9 @01>B5 [54] 1K;> 8AA;54>20=> ?>;CG5=85 65;57>A>45@60I8E 

AB5:>; ?@8 =0;8G88 2>AAB0=>28B5;O (<5;0AAK), 345 65;57> ?@58<CI5AB25==> 

=0E>48BAO 2 42CE20;5=B=>9 D>@<5. �2CE20;5=B=>5 65;57> <>65B CA:>@OBL 

:@8AB0;;870F8N @0A?;020 8 87<5=OBL A>>B=>H5=85 :@8AB0;;8G5A:8E D07 2 

>B;8G85 >B B@5E20;5=B=>9 D>@<K. &0:8< >1@07><, 40==K5 @01>BK 

?>4G5@:820NB 206=>ABL CG5B0 CA;>289 ?;02;5=8O 4;O ?>;CG5=8O AB5:>; A 

7040==K<8 E0@0:B5@8AB8:0<8. 

� 8AA;54>20=88 [55], ?@>2545==>< A 8A?>;L7>20=85< 

B5@<>48=0<8G5A:>3> <>45;8@>20=8O, 1K;8 87CG5=K D07>2K5 @02=>25A8O 

AB5:>;, A>45@60I8E >:A84K AB@>=F8O 8 F578O 2 A>G5B0=88 A 4@C38<8 

:><?>=5=B0<8. %B5:;> 1K;> E@0=5=> 2 35@<5B8G=>< :>=B59=5@5 87 

=5@6025NI59 AB0;8 2 <>38;L=8:5 =0 ?@>BO65=88 4;8B5;L=>3> 2@5<5=8. 

�AA;54>20B5;8 >1=0@C68;8, GB> 2 «ACE>9» A8AB5<5 AB5:;> 1C45B A>45@60BL 

A<5AL >@B>D>AD0B>2 =0B@8O, 0;N<8=8O 8 AB@>=F8O ?>A;5 ?>;=>9 

@0A:@8AB0;;870F88. �06=> >B<5B8BL, GB> @5GL 845B B>;L:> > :>=5G=>< 

D07>2>< A>AB>O=88, => A:>;L:> 2@5<5=8 ?>B@51C5BAO 4;O 53> 4>AB865=8O, 

=58725AB=>. 'G5=K5 B0:65 >B<5B8;8, GB> ?@>F5AA D07>>1@07>20=8O 2 «ACE>9» 

A8AB5<5 O2;O5BAO <54;5==K<, >4=0:> 2 ?@8ACBAB288 2>4K >= CA:>@O5BAO. -B> 

?>4G5@:8205B 206=>ABL >F5=:8 ?>2545=8O D07 ?@8 :>=B0:B5 A> 2;03>9, 

>A>15==> 2 :>=B5:AB5 70E>@>=5=8O AB5:>;. 

� 4@C3>< 8AA;54>20=88 [56], CG5=K5 >?@545;8;8 :>=F5=B@0F8>==K5 
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?@545;K =5A:>;L:8E A>548=5=89 2 <0B@8F5 =0B@89-0;N<8=852>-D>AD0B=>3> 

AB5:;0. ":070;>AL, GB> A>45@60=85 <>;8145=0 <>65B =530B82=> ?>2;8OBL =0 

:@8AB0;;870F8>==CN CAB>9G82>ABL AB5:;0. "?B8<0;L=K<8 20@80=B0<8 

O2;ONBAO A>AB02K, 2 :>B>@KE A>45@60BAO MoO3-MgO 8 CuO-MgO, ?@8 MB>< 

:>=F5=B@0F88 MoO3, CuO 8 MgO =5 4>;6=K ?@52KH0BL 2%, 3% 8 5,6% 

A>>B25BAB25==>. 

� ?@>F5AA5 ?@>872>4AB20 AB5:>; 4;O 2KA>:>0:B82=KE >BE>4>2 (��") 

7=0G8B5;L=0O G0ABL :>=5G=>3> ?@>4C:B0 A>7405BAO 87 >BE>4>2, GB> O2;O5BAO 

>A>15==>ABLN MB>3> ?@>F5AA0. �064K9 B8? 684:8E ��" B@51C5B C=8:0;L=>3> 

A>AB020, GB>1K >15A?5G8BL =C6=K5 A2>9AB20 @0A?;020 8 :>=5G=>3> ?@>4C:B0. 

-B>B A>AB02 7=0G8B5;L=> >B;8G05BAO >B A>AB020 <0B@8G=KE AB5:>;. '25;8G5=85 

A>45@60=8O ��" 2 AB5:;5 <>65B C;CGH8BL M:>=><8G5A:85 ?>:070B5;8, => ?@8 

MB>< C25;8G8205BAO C45;L=0O 0:B82=>ABL, B5?;>2K45;5=85 8 =530B82=>5 

2;8O=85 =0 384@>;8B8G5A:CN CAB>9G82>ABL 8 4>;3>2@5<5==CN AB018;L=>ABL 

AB5:;0. � =0AB>OI55 2@5<O >1I55 A>45@60=85 >:A84>2 >BE>4>2 2 AB5:;0E 

>3@0=8G5=> =0 C@>2=5 10-30% [35], GB>1K >15A?5G8BL 157>?0A=>ABL 8 

AB018;L=>ABL ?@>4C:B0. 

�>;LH8=AB2> ACI5AB2CNI8E AB5:;>>1@07=KE A8AB5< 8 AB5:>; 1K;8 

@07@01>B0=K 4;O =5D@0:F8>=8@>20==KE ��", ?>;CG5==KE 2 ?@>F5AA5 

?5@5@01>B:8 >B@01>B0==KE O45@=KE B>?;82 87 @07;8G=KE B8?>2 @50:B>@>2, 

?@58<CI5AB25==> 4> 1990 3>40. "4=0:> ?>A;54CNI85 8AA;54>20=8O ?>:070;8, 

GB> <>6=> A>74020BL AB5:;0 A C=8:0;L=K<8 A>AB020<8 4;O 8<<>18;870F88 

4>;3>682CI8E 0:B8=84=KE >BE>4>2, ?;CB>=8O, B@0=A?;CB>=852KE M;5<5=B>2, 

B0:8E :0: Am, Cm 8 D@0:F88 Cs/Sr ��". �K;8 @07@01>B0=K =>2K5 A>AB02K 

AB5:>;, 2 B>< G8A;5 D>AD0B=KE [3], A?>A>1=KE @0AB2>@OBL >:A84K 0:B8=84>2 

8 @54:>75<5;L=KE M;5<5=B>2 [56]. "4=0:> AB@C:BC@0, >:8A;8B5;L=>5 

A>AB>O=85 8 :>>@48=0F8>==>5 >:@C65=85 M;5<5=B>2 2 D>AD0B=KE AB5:;0E, 

2:;NG0O 0:B8=84K, B@51CNB 4>?>;=8B5;L=KE 8AA;54>20=89. 
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1.6 �5@0<8G5A:85 <0B@8G=O5 <0B5@80;O 

 

�5@0<8G5A:85 <0B@8G=K5 <0B5@80;K (�  ) O2;ONBAO >4=8< 87 

?5@A?5:B82=KE 20@80=B>2 4;O 8<<>18;870F88 $�". "=8 <>3CB 1KBL 

8A?>;L7>20=K 4;O A>740=8O =5 B>;L:> AB018;L=KE 8 =0456=KE 10@L5@>2 4;O 

@048>0:B82=KE <0B5@80;>2, => 8 4;O C<5=LH5=8O >1J5<0 @048>0:B82=KE 

>BE>4>2, GB> A>:@0I05B 8E 2;8O=85 =0 >:@C60NICN A@54C. 

%>3;0A=> 8AA;54>20=8O<, �   <>3CB 1KBL ?@>872545=K 87 @07;8G=KE 

:><?>=5=B>2, 2:;NG0O >:A84K, :0@184K, =8B@84K 8 A8;8:0BK. !5:>B>@K5 87 

>A=>2=KE <0B5@80;>2, 8A?>;L7C5<KE 2 ?@>872>4AB25 �   2 $>AA88, 

2:;NG0NB B5E=>35==K5 <0B5@80;K, B0:85 :0: 7>;0 8 H;0:, 0 B0:65 ?@8@>4=K5 

<0B5@80;K, B0:85 :0: 3;8=K 8 :@5<=575<K. 

"4=8< 87 =081>;55 8725AB=KE �   O2;O5BAO 7>;L-35;L <0B5@80; =0 

>A=>25 >:A840 F8@:>=8O, :>B>@K9 ?>;CG0NB ?CB5< 384@>;870 

A>>B25BAB2CNI8E :><?>=5=B>2 2 @0AB2>@0E. &0:65 8725AB=K �   =0 >A=>25 

>:A840 F8@:>=8O, A>45@60I85 =0=>G0AB8FK UO2 8 PuO2, GB> ?>72>;O5B 

A>74020BL 1>;55 AB018;L=K5 10@L5@K 4;O @048>0:B82=KE <0B5@80;>2. 

"4=8< 87 3;02=KE ?@58<CI5AB2 �   O2;O5BAO 8E AB018;L=>ABL 2 

H8@>:>< 480?07>=5 CA;>289, 2:;NG0O 2KA>:85 B5<?5@0BC@K 8 @048>0:B82=>5 

>1;CG5=85. �@><5 B>3>, �   <>3CB 1KBL ?@>872545=K 87 >BE>4>2 

?@>872>4AB20 4@C38E <0B5@80;>2, GB> A>:@0I05B 70B@0BK =0 8E ?@>872>4AB2> 8 

A=8605B >1J5< @048>0:B82=KE >BE>4>2. 

"4=0:>, =5A<>B@O =0 ?5@A?5:B82=>ABL �   4;O 8<<>18;870F88 $�", 

8E ?@>872>4AB2> B@51C5B A?5F80;L=KE B5E=>;>389 8 >1>@C4>20=8O, GB> <>65B 

?@82>48BL : 2KA>:8< 70B@0B0<. �@><5 B>3>, �   <>3CB 1KBL GC2AB28B5;L=K 

: 2>7459AB28N 2;038 8 03@5AA82=KE A@54, GB> <>65B A=860BL 8E 

MDD5:B82=>ABL 2 :@8B8G5A:8E CA;>28OE M:A?;C0B0F88, =0?@8<5@, ?@8 ?>60@5 

8;8 020@88 =0 >1J5:B0E O45@=>9 M=5@35B8:8. 

�5@0<8G5A:>5 AK@L5 <>65B 1KBL @0745;5=> =0 420 B8?0: ?@8@>4=>5 8 

B5E=8G5A:>5 2 7028A8<>AB8 >B 8A?>;L7C5<KE <0B5@80;>2. �;O ?@8@>4=>9 
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:5@0<8:8 ?@8<5=ONBAO ?@8@>4=K5 <0B5@80;K =0 >A=>25 3;8=. -B0 :5@0<8:0 

?>;CG05BAO ?CB5< A?5:0=8O A<5A8 ?;0AB8G=KE 8 >B>I0NI8E <0B5@80;>2, 0 

3;8=0 8;8 :0>;8= 8A?>;L7CNBAO 2 :0G5AB25 ?;0AB8G5A:8E :><?>=5=B>2. �;8=0 

A>AB>8B 87 @07;8G=KE <8=5@0;>2, 2:;NG0O :0>;8=8B Al4[Si4"10](OH)8, 

<>=B<>@8;;>=8B, <>=>B5@<8B 8 30;;C078B (384@>A8;8:0BK A>AB020 mAl2"3 · 

nSi"2 · pH2"). � 7028A8<>AB8 >B AB5?5=8 >3=5C?>@=>AB8, 3;8=K 45;OBAO =0 

>3=5C?>@=K5, BC3>?;02:85 8 ;53:>?;02:85. � :5@0<8G5A:>9 ?@><KH;5==>AB8 

8A?>;L7CNB >B>I0NI85 <0B5@80;K, B0:85 :0: :20@F52K9 ?5A>:, H0<>B 8 

H;0:8, 0 B0:65 ?;02=8, =0?@8<5@, ?>;52K5 H?0BK 8 ?53<0B8BK. �5@0<870F8O 

$�" >1KG=> =5 B@51C5BAO, B0: :0: ;53:>?;02:85 :><?>=5=BK C65 A>45@60BAO 

2 >BE>40E. � <8@5, 2 B>< G8A;5 2 $>AA88 ($��!, $04>=), ACI5AB2C5B <=>65AB2> 

@07@01>B>: 2 >1;0AB8 :5@0<870F88 =87:>-, A@54=5- 8 2KA>:>0:B82=KE >BE>4>2 

1;03>40@O 4>ABC?=>AB8 8 45H5287=5 AK@LO. � :5@0<8:C =0 >A=>25 3;8= <>6=> 

2:;NG0BL :0: 684:85, B0: 8 B25@4K5 $�", 2:;NG0O 7>;K >B CAB0=>2>: 

A6830=8O, 703@O7=5==CN ?>G2C, A>@15=BK 8 ?@>G85 <0B5@80;K. 

&5E=8G5A:0O :5@0<8:0 873>B02;8205BAO 87 ?>@>H:>>1@07=KE >:A84>2 

8;8 :8A;>@>4=KE A>;59. �5 <>6=> @0745;8BL =0 <>=><8=5@0;L=CN 8 

?>;8<8=5@0;L=CN, ?@8G5< 2B>@0O 8A?>;L7C5BAO G0I5 ?@8 :>=48F8>=8@>20=88 

$�", ?>A:>;L:C <>=><8=5@0;L=CN :5@0<8:C A;>6=> A>740BL, 2:;NG0NICN 

2A5 :><?>=5=BK $�". !5A<>B@O =0 MB>, NZP AG8B05BAO 548=AB25==>9 

:5@0<8:>9, :>B>@0O A?>A>1=0 2:;NG8BL 2A5 A?5:B@K @048>=C:;84>2 $�". �;O 

8=:>@?>@8@>20=8O >B45;L=KE D@0:F89 ��", B0:8E :0: 4>;3>682CI0O 

(0:B8=84=0O) D@0:F8O 8 >@C659=K9 ?;CB>=89, <>6=> 8A?>;L7>20BL 

<>=><8=5@0;L=CN :5@0<8:C, B0:CN :0: F8@:>=>;8B>2CN, ?8@>E;>@>2CN 8;8 

<C@0B08B>2CN :5@0<8:C. 

�5@0<8G5A:89 <0B5@80; ?>4 =0720=85< Synroc, @07@01>B0==K9 2 

�2AB@0;88 2 1970-E 3>40E, ?@54AB02;O5B A>1>9 MDD5:B82=>5 A@54AB2> 4;O 

A2O7K20=8O =5D@0:F8>=8@>20==KE 2KA>:>0:B82=KE >BE>4>2 (��"). "= 

>1;0405B A?>A>1=>ABLN 2:;NG0BL 4>;3>682CI85 @048>=C:;84K 2 

:@8AB0;;8G5A:CN AB@C:BC@C :5@0<8:8 ?CB5< 70<5I5=8O 8>=>2 @0AB2>@8B5;O, 
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GB> 45;05B 53> AE>68< A ?@8@>4=K<8 <8=5@0;0<8. Synroc A>AB>8B 87 A<5A8 

B25@4KE @0AB2>@>2 =0 >A=>25 B8B0=0B>2 8 F8@:>=0B>2, 8 53> AB5?5=L 

CAB>9G82>AB8 : ?@>F5AA0< 2KI5;0G820=8O 7=0G8B5;L=> ?@52KH05B 

AB5:;O==K5 <0B@8FK =0 =5A:>;L:> ?>@O4:>2. �><?>78F8O Synroc <>65B 1KBL 

87<5=5=0 2 7028A8<>AB8 >B B@51C5<KE A2O7K205<KE <0B5@80;>2. 

�AE>4=>, Synroc-� 2:;NG0; =5A:>;L:> <8=5@0;>2, B0:8E :0: 

F8@:>=>;8B, ?5@>2A:8B, 3>;;0=48B, F5;L780=, ;59F8B 8 :0;LA8;8B. #CB5< 

?;02;5=8O 8 <54;5==>3> >E;0645=8O ?@8 1300°C 1K;0 4>AB83=CB0 D8:A0F8O 

1>;LH8=AB20 @048>=C:;84>2 ��" 2 @07;8G=KE :><?>=5=B0E Synroc-�. 

�?>A;54AB288 A>AB02 1K; C?@>I5= 4> B@5E F5;52KE <8=5@0;>2 - F8@:>=>;8B0, 

?5@>2A:8B0 8 3>;;0=48B0, 8 ?>;CG5==K9 <0B5@80; 1K; =0720= Synroc-�. �K; 

B0:65 @07@01>B0= Synroc-C, ?@54=07=0G5==K9 4;O 8<<>18;870F88 >BE>4>2 

:><<5@G5A:8E @50:B>@>2. Synroc-C A>45@68B F8@:>=>;8B, ?5@>2A:8B, 

3>;;0=48B, @CB8;, <5B0;;8G5A:89 A?;02, E81>=8B/;>25@8=38B 8 B8B0=0B 

:0;LF8O-0;N<8=8O (%�&-D07K). ';CGH5=85 B5E=>;>388 ?@>872>4AB20 Synroc-

C ?>72>;8;> >?B8<878@>20BL CA;>28O 3>@OG53> ?@5AA>20=8O. 

�@><5 Synroc, ACI5AB2CNB 8 4@C385 ?>;8D07=K5 :5@0<8:8, 2:;NG0O B5, 

:>B>@K5 A>AB>OB 87 =5D5;8=0, H?8=5;59, <03=5B>?;N<18B0, F8@:>=>;8B0, 

?5@>2A:8B0, 0<>@D=>9 D07K, <C@0B08B0 8 30N8=0. -B8 <0B5@80;K 8<5NB 

AE>4AB2> A Synroc-D 2 D07>2>< A>AB025. "4=0:> B>;L:> Synroc, NZP-:5@0<8:0 

8 :5@0<8:0 =0 >A=>25 F8@:>=>;8B0, ?8@>E;>@0 8;8 <C@0B08B0 8<5NB 1>;LH85 

H0=AK =0 ?@0:B8G5A:>5 8A?>;L7>20=85.  >=0F8B>20O :5@0<8:0 B0:65 

?>:07K205B ?>B5=F80; 4;O 0::C<C;8@>20=8O >?@545;5==KE @048>=C:;84>2. 

#>A;54=85 8AA;54>20=8O AD>:CA8@>20=K =0 @07@01>B:5 

AB5:;>:@8AB0;;8G5A:8E <0B5@80;>2. �K;8 A>740=K AB5:;>:5@0<8:8 =0 >A=>25 

@07;8G=KE A>548=5=89, B0:8E :0: AD5=0, 48>?A84, F5;L780= 8 D@5A=>8B, 0 

B0:65 <0B5@80;K A @07=K< D07>2K< A>AB02>< 87 ?@8@>4=>3> 8 B5E=>35==>3> 

AK@LO. -B8 <0B5@80;K >1;040NB 2KA>:>9 <5E0=8G5A:>9 ?@>G=>ABLN, 

E8<8G5A:>9 8 @0480F8>==>9 CAB>9G82>ABLN. 

� F5;><, Synroc 8 4@C385 :5@0<8G5A:85 <0B5@80;K ?@54AB02;ONB A>1>9 
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MDD5:B82=K5 8 AB018;L=K5 A@54AB20 4;O 8<<>18;870F88 @048>0:B82=KE 

>BE>4>2. "=8 >15A?5G820NB 2KA>:CN AB5?5=L C45@60=8O @048>=C:;84>2 =0 

?@>BO65=88 4;8B5;L=>3> 2@5<5=8, 0 B0:65 A=860NB >1J5< >BE>4>2 8 

?@54>B2@0I0NB 2KI5;0G820=85 @048>=C:;84>2 2 >:@C60NICN A@54C. 
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�;020 2 $0A?@545;5=85 @048>=C:;84>2 2 <0B@8G=OE <0B5@80;0E 2 

7028A8<>AB8 >B 2@5<5=8 

2.1 1;5<5=B0@=0S B5>@8S A<5I5=8S 
 

"48= 87 3;02=KE :@8B5@852 ?@8 2K1>@5 <0B@8G=>3> <0B5@80;0 4;O 

E@0=5=8O @048>0:B82=KE >BE>4>2 4 MB> 53> A?>A>1=>ABL C45@6820BL 

@048>=C:;84K 2=CB@8 <0B5@80;0 =0 ?@>BO65=88 4;8B5;L=>3> ?5@8>40 

2@5<5=8. "4=0:>, 4065 ?@8 =0;8G88 <0B5@80;0 A 2KA>:>9 A?>A>1=>ABLN 

C45@6820BL @048>=C:;84K, A B5G5=85< 2@5<5=8 ?@>8AE>48B ?@>F5AA 2KE>40 

@048>=C:;84>2 87 <0B@8G=>3> <0B5@80;0. 

� ?@>F5AA5 2KE>40 @048>=C:;84>2 87 <0B@8G=>3> <0B5@80;0 ?@>8AE>48B 

48DDC78O @048>=C:;84>2 G5@57 <0B@8G=K9 <0B5@80;, 8E 2KE>4 87 <0B5@80;0 

2 @0AB2>@ 8;8 307>2CN D07C, 0 B0:65 ?@>F5AAK, A2O70==K5 A 87<5=5=85< 

<0B5@80;0, B0:85 :0: 453@040F8O <0B5@80;0 8;8 87<5=5=85 53> A2>9AB2. 

"48= 87 >A=>2=KE D0:B>@>2, 2;8ONI8E =0 ?@>F5AA 2KE>40 

@048>=C:;84>2, MB> @0480F8>==>5 2>7459AB285. $0480F8>==>5 2>7459AB285 

<>65B 2K7K20BL 87<5=5=85 A2>9AB2 <0B5@80;0, B0:8E :0: <5E0=8G5A:0O 

?@>G=>ABL, B5?;>?@>2>4=>ABL, M;5:B@>?@>2>4=>ABL, 0 B0:65 ?@82>48BL : 

87<5=5=8N AB@C:BC@K <0B5@80;0. � @57C;LB0B5 MB8E 87<5=5=89 <>65B 

?@>8AE>48BL CA:>@5==K9 ?@>F5AA 2KE>40 @048>=C:;84>2 87 <0B5@80;0. 

�I5 >4=8< D0:B>@><, 2;8ONI8< =0 ?@>F5AA 2KE>40 @048>=C:;84>2, 

O2;O5BAO E8<8G5A:89 A>AB02 <0B5@80;0. !5:>B>@K5 E8<8G5A:85 M;5<5=BK 

<>3CB >1@07>2K20BL A;>6=K5 A>548=5=8O A @048>=C:;840<8, GB> <>65B 

70<54;8BL ?@>F5AA 2KE>40 @048>=C:;84>2 87 <0B5@80;0. "4=0:>, =5:>B>@K5 

<0B5@80;K <>3CB 1KBL 1>;55 A:;>==K : 2KE>4C @048>=C:;84>2, =0?@8<5@, 

5A;8 >=8 8<5NB 2KA>:CN ?>25@E=>AB=CN M=5@38N 8;8 A;01CN A2O7L A 

@048>=C:;840<8. 

&0:65 206=K< D0:B>@>< O2;O5BAO B5<?5@0BC@0 >:@C60NI59 A@54K. #@8 

?>2KH5==>9 B5<?5@0BC@5 <0B@8G=K9 <0B5@80; <>65B B5@OBL A2>8 A2>9AB20, 

GB> <>65B A?>A>1AB2>20BL 1>;55 8=B5=A82=><C ?@>F5AAC 2KE>40 
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@048>=C:;84>2. &0:65 2KA>:85 B5<?5@0BC@K <>3CB 2K7K20BL ?@5>1@07>20=85 

<0B5@80;0, GB> 2 A2>N >G5@54L <>65B 87<5=OBL ?@>F5AAK 2KE>40 

@048>=C:;84>2. 

"4=8< 87 ?5@A?5:B82=KE <0B@8G=KE <0B5@80;>2, 8A?>;L7>20=85 

:>B>@>3> <>65B A=878BL ?@>F5AA 2KE>40 @048>=C:;84>2, O2;O5BAO 0;N<8=0B 

=5>48<0. -B>B <0B5@80; ?@54AB02;O5B A>1>9 :@8AB0;;8G5A:89 <0B5@80;, 2 

:>B>@>< 8>=K =5>48<0 2AB@0820NBAO 2 :@8AB0;;8G5A:CN @5H5B:C 0;N<8=0B0. 

"= >1;0405B 2KA>:>9 B5@<8G5A:>9 8 E8<8G5A:>9 AB>9:>ABLN, 0 B0:65 2KA>:>9 

?;>B=>ABLN, GB> 45;05B 53> ?@82;5:0B5;L=K< <0B5@80;>< 4;O E@0=5=8O 

@048>0:B82=KE >BE>4>2. 

#@54?>;0305BAO, GB> 0;N<8=0B =5>48<0 <>65B C45@6820BL 

@048>=C:;84K 2=CB@8 A2>59 :@8AB0;;8G5A:>9 @5H5B:8 =0 ?@>BO65=88 

4;8B5;L=>3> ?5@8>40 2@5<5=8, GB> 45;05B 53> ?5@A?5:B82=K< <0B@8G=K< 

<0B5@80;>< 4;O 70E>@>=5=8O @048>0:B82=KE >BE>4>2.  

 

2.2 �8DDC78S 
 

�8DDC78O 4 MB> :;NG52>5 O2;5=85 4;O 2>7<>6=>3> ?>2B>@=>3> 

872;5G5=8O @048>=C:;84>2 87 :5@0<8G5A:8E >BE>4>2. �8DDC78O 4 MB> 

?5@5<5I5=85 0B><>2 87 >1;0AB59 A 2KA>:>9 :>=F5=B@0F859 (D>@<0 >BE>4>2) 2 

>1;0AB8 A 1>;55 =87:>9 :>=F5=B@0F859 (:>=B59=5@, ?@8@>40 8 B.4.). +0I5 2A53> 

MB> ?@>8AE>48B G5@57 45D5:BK :@8AB0;;8G5A:>9 @5H5B:8. &25@4K5 <0B5@80;K 

8<5NB >@30=87>20==CN A8AB5<C :>=D83C@0F88 0B><>2. �>340 0B>< 

>BACBAB2C5B 8;8 =5 8<55B :>=D83C@0F88, MB> =07K205BAO 45D5:B>< @5H5B:8. 

&@8 206=KE 45D5:B0 @5H5B:8 4 MB> 20:0=A88, 3@0=8FK 75@5= 8 8=B5@AB8F88. 

�0:0=A88 (:0: <>6=> ?@54?>;>68BL) 4 MB> ?CABK5 <5AB0 4;O 0B><>2. �B><, 

=0E>4OI89AO @O4>< A 20:0=A859, <>65B 42830BLAO, 5A;8 >= ?@8>1@5B05B 

4>AB0B>G=> M=5@388 (=0?@8<5@, B5?;>2>9), GB>1K ?@>B8A=CBLAO <8<> A2>8E 

A>A5459 [57]. �@0=8F0 75@=0 4 MB> 3@0=8F0, =0 :>B>@>9 AE>4OBAO 420 75@=0. 

�45AL >1KG=> ?@>8AE>48B 48DDC78O, ?>A:>;L:C 0B><K =0 MB>9 3@0=8F5 =5 B0: 
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?;>B=> C?0:>20=K, :0: 75@=0 <0B5@80;0. �=B5@AB8F88 4 MB> ?@><56CB:8 

<564C CG0AB:0<8 0B><>2. -B> <>65B ?@>87>9B8, :>340 >1;0ABL ?5@53@C65=0. 

 56AB8F80;L=0O 48DDC78O =081>;55 @0A?@>AB@0=5=0 ?@8 48DDC788 42CE (8;8 

1>;55) M;5<5=B>2, :>340 0B><K >4=>3> (8;8 1>;55) M;5<5=B0 <5=LH5 0B><>2 

4@C38E M;5<5=B>2.  5=LH85 0B><K ?>72>;ONB M;5<5=BC 1>;55 A2>1>4=> 

?5@5<5I0BLAO 2 <564>C7;8OE, G5< 1>;LH85 0B><K. �B><K ?5@5<5I0NBAO 

G5@57 MB8 45D5:BK @5H5B:8, ?>B><C GB> >=8 ?>AB>O==> :>;51;NBAO. +5< 2KH5 

G0AB>B0 :>;510=89, B5< 2KH5 25@>OB=>ABL ?5@5<5I5=8O CG0AB:>2 @5H5B:8. 

-B0 7028A8<>ABL <>65B 1KBL A<>45;8@>20=0 C@02=5=85< B8?0 �@@5=8CA0. 

0 exp( )
Q

f f
kT

−
= , (2.1) 

345  f - G8A;> A<5I5=89 2 A5:C=4C;  

f0 - :>=AB0=B0, 7028AOI0O >B G8A;0 M:2820;5=B=KE A>A54=8E CG0AB:>2 8 

>B G0AB>BK;  

Q 3 0:B820F8O; 

k - ?>AB>O==0O �>;LF<0=0. 

�A5 MB8 284K 48DDC788 >1CA;>2;5=K 3@0485=B0<8 :>=F5=B@0F88. �;O 

>?8A0=8O MB>3> <>6=> 8A?>;L7>20BL 70:>=K (8:0. #5@2K9 70:>= (8:0 3;0A8B: 

J D C= −  , (2.2) 

345  D 3 :>MDD8F85=B 48DDC788;  ∇ - >?5@0B>@ !01;0;  

% - :>=F5=B@0F8O. 

�>MDD8F85=B 48DDC788 3 MB> A@54=55 @0AAB>O=85, ?@>945==>5 0B><>< 

70 548=8FC 2@5<5=8. -B> A>>B=>H5=85 2>7<>6=> @5H8BL, 5A;8 8725AB=> 

C@02=5=85 :>MDD8F85=B0 48DDC788. 

0 exp( )
Q

D D
kT

−
= , (2.3) 

�45 284=>, GB> ?@54M:A?>=5=F80;L=K9 :>MDD8F85=B D0≈ f0, B0:65 

8725AB=> A;54CNI55 2K@065=85: 
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0
1

3
D L=  , (2.4) 

345  λ 3 A@54=OO B@05:B>@8O ?@>1530 G0AB8FK 2 <0B5@80;5;  

L - 4;8=0 <0B5@80;0. 

�;O >?@545;5=8O :>MDD8F85=B0 48DDC788 1K;0, 8A?>;L7>20=0 

?@>3@0<<0 LAMMPS. Large-scale Atomic/Molecular Massively Parallel Simulator 

- MB> ?@>3@0<<=K9 ?0:5B 4;O <>45;8@>20=8O <>;5:C;O@=>9 8 0B><=>9 

48=0<8:8 A 8A?>;L7>20=85< <5B>40 G0AB8F. "= ?@54>AB02;O5B 2>7<>6=>ABL 

8AA;54>20BL @07;8G=K5 D878G5A:85 8 E8<8G5A:85 O2;5=8O =0 0B><0@=>< 

C@>2=5 8 <>45;8@>20BL A8AB5<K A <8;;8>=0<8 0B><>2. 

% ?><>ILN :>40, >?8A0==>3> 2 @01>B5 [58], 1K;8 ?@>872545=K 

2KG8A;5=8O. �KG8A;5=8O ?@>8AE>4OB ?> A;54CNI8< H030<: 

− �=8F80;870F8O A8AB5<K 8 2K1>@ 548=8F 87<5@5=8O. 

− "?@545;5=85 0B><>2 8 ?0@0<5B@>2 A8AB5<K ?CB5< GB5=8O D09;0 

40==KE, A>45@60I53> 8=D>@<0F8N > A8AB5<5. 

− 'AB0=>2:0 2708<>459AB28O <564C 0B><0<8 <0B5@80;0 8 

@048>=C:;840. 

− "?@545;5=85 3@C??K 0B><>2, A>>B25BAB2CNI8E @048>=C:;84C. 

− �040=85 ?0@0<5B@>2 A8<C;OF88, 2:;NG0O 2@5<5==>9 H03 8 2K1>@ 

0;3>@8B<0 8=B53@8@>20=8O. 

− �K?>;=5=85 A8<C;OF88 4;O 4>AB865=8O @02=>25A8O A8AB5<K. 

− #@8<5=5=85 <5B>40 �0=6525=0 : 0B><0< @048>=C:;840 A 7040==K<8 

?0@0<5B@0<8, =0?@8<5@, B5<?5@0BC@>9 8 2@5<5==>9 :>=AB0=B>9. 

− �KG8A;5=85 :>MDD8F85=B0 48DDC788 A 8A?>;L7>20=85< D>@<C;K, 

:>B>@0O 7028A8B >B A@54=5:204@0B8G=>3> A<5I5=8O 0B><>2 @048>=C:;840 2> 

2@5<5=8. 

− �K2>4 ?>;CG5==>3> 7=0G5=8O :>MDD8F85=B0 48DDC788. 

#>A;5 2K?>;=5=8O @0AG5B>2 1K;8 ?>;CG5=K A;54CNI85 7=0G5=8O 

:>MDD8F85=B>2 48DDC788, ?@54AB02;5==K5 2 B01;8F5 2.1. 
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&01;8F0 2.1 3 �=0G5=8O :>MDD8F85=B>2 48DDC788 2 0;N<8=0B5 =5>48<0, 
@0AAG8B0==K5 2 LAMMPS 
$048>87>B>? Cs135 I129 Np237 Pu239 U235 Tc99 

�>MDD8F85=B 

48DDC788, <2/A 
1,5·10-11 7,5 ·10-12 4,0 ·10-14 3,7 ·10-14 1,5·10-14 1,2·10-13 

 

2.3  >45;P 2OE>40 @048>=C:;84>2 87 <0B@8G=>3> <0B5@80;0 
 

 >45;L 2KE>40 @048>=C:;84>2 87 <0B@8G=>3> <0B5@80;0 >?8AK205B 

?@>F5AA, ?@8 :>B>@>< @048>=C:;84K 2KA2>1>640NBAO 87 <0B@8G=>3> 

<0B5@80;0, 2 :>B>@>< >=8 1K;8 70:;NG5=K, 8 ?>?040NB 2 >:@C60NICN A@54C. 

-B0 <>45;L 8<55B 1>;LH>5 7=0G5=85 2 O45@=>9 B5E=8:5 8 O45@=>9 

157>?0A=>AB8, B0: :0: ?>72>;O5B >F5=8BL 25@>OB=>ABL 2KE>40 @048>=C:;84>2 

87 <0B5@80;0 8 ?@>3=>78@>20BL 2>7<>6=K5 ?>A;54AB28O 4;O >:@C60NI59 

A@54K 8 74>@>2LO G5;>25:0. 

 >45;L >A=>20=0 =0 @O45 ?@54?>;>65=89 8 C?@>I5=89. %G8B05BAO, GB> 

@048>=C:;84K =0E>4OBAO 2 <0B@8G=>< <0B5@80;5 2 2845 B>G5G=KE 8AB>G=8:>2 

8 8<5NB =5:>B>@CN =0G0;L=CN :>=F5=B@0F8N. �KE>4 @048>=C:;84>2 87 

<0B5@80;0 ?@>8AE>48B ?CB5< 48DDC788 8 2KI5;0G820=8O G5@57 ?>@K 8 

B@5I8=K, 0 B0:65 G5@57 ?>25@E=>ABL <0B5@80;0 ?>4 459AB285< 3@C=B>2KE 2>4. 

 >45;8@>20=85 2KE>40 @048>=C:;84>2 87 <0B@8G=>3> <0B5@80;0 

O2;O5BAO 206=K< 8=AB@C<5=B>< 4;O ?>=8<0=8O 8 ?@>3=>78@>20=8O 8E 

?>2545=8O 2 @07;8G=KE A@540E, B0:8E :0: O45@=K5 @50:B>@K 8;8 E@0=8;8I0 

@048>0:B82=KE >BE>4>2. � 40==>9 <>45;8 @0AA<>B@5= :C18G5A:89 >1@075F 

@07<5@>< 1x1x1 <5B@, 2 :>B>@>< =0E>4OBAO @048>=C:;84K: Cs135, I129, Np237, 

Pu239, U235, Tc99. #@54?>;0305BAO, GB> @048>=C:;84K @02=><5@=> @0A?@545;5=K 

2 <0B5@80;5.  >45;8@>20=85 ?@>F5AA0 2KE>40 @048>=C:;84>2 87 <0B5@80;0 

1C45B ?CB5< @5H5=8O >4=><5@=>3> C@02=5=8O <0AA>?5@5=>A0. '@02=5=85 

<0AA>?5@5=>A0 8<55B A;54CNI89 284: 
2 2 2

2 2 2
( )

C C C C
D C

t x y z

ö ö ö ö
= + + − 

ö ö ö ö
, (2.5) 
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345  % 3 :>=F5=B@0F8O @048>=C:;84>2 2 <0B@8F5; 

 D 3 :>MDD8F85=B 48DDC788; 

 λ 3 ?>AB>O==0O @0A?040; 

 t 3 2@5<O. 

�;O <>45;8@>20=8O ?@>F5AA0 2KE>40 @048>=C:;84>2 C@02=5=85 ?@8=O;> 

A;54CNI89 284: 
2

2

C C C
D C

t xx

ö ö ö
= −  −

ö öö
, (2.6) 

345  % 3 :>=F5=B@0F8O @048>=C:;84>2 2 <0B@8F5; 

 D 3 :>MDD8F85=B 48DDC788; 

 λ 3 ?>AB>O==0O @0A?040; 

 t 3 2@5<O;  � 3 A:>@>ABL 2KI5;0G820=8O. 

#5@2K9 G;5= C@02=5=8O >?8AK205B ?@>F5AA 48DDC788, :>B>@K9 

?@82>48B : ?5@5<5I5=8N 2KI5;0G8205<>3> 25I5AB20 2 ?@>AB@0=AB25. �B>@>9 

G;5= C@02=5=8O >?8AK205B A:>@>ABL 2KI5;0G820=8O, :>B>@0O 7028A8B >B 

A:>@>AB8 ?>B>:0 2KI5;0G820NI59 684:>AB8. &@5B89 G;5= C@02=5=8O 

>?8AK205B A:>@>ABL @048>0:B82=>3> @0A?040 2KI5;0G8205<>3> 25I5AB20. 

!0G0;L=K5 CA;>28O 1K;8 2K1@0=K A;54CNI85: 

2 %0 =1010 O45@/A<3; 

2 %(E;0)=1010 O45@/A<3. 

�@0=8G=K5 CA;>28O 1K;8 2K1@0=K A;54CNI85: 

2 % (0;t)=1010 O45@/A<3; 

+8A;5==>5 <>45;8@>20=85 48DDC788 @048>=C:;84>2 2 <0B@8G=>< 

<0B5@80;5 2K?>;=O;8 A ?><>ILN ?@>3@0<<=>3> :>40, =0?8A0==>3> =0 O7K:5 

?@>3@0<<8@>20=8O PYTHON, ?@54AB02;5==K9 2 ?@8;>65=88 �. �0==K9 :>4 

<>65B A;C68BL 4;O 0=0;8B8G5A:8E 8 2KG8A;8B5;L=KE 8AA;54>20=89 4;O 

<>45;8@>20=8O B5G5=8O <=>3>D07=KE ?>B>:>2 8 <0AA>?5@5=>A0 2 ?>@8ABKE 

A@540E A @07;8G=>9 AB5?5=LN =0AKI5=8O.  
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$57C;LB0B0<8 <>45;8@>20=8O O2;ONBAO :>=F5=B@0F88 @048>=C:;84>2 2> 

2A5< <0B5@80;5.  

 

2.4 �5@8D8:0F8S @07@01>B0==>9 <>45;8 

 

�;O ?>4B25@645=8O @07@01>B0==>9 <0B5<0B8G5A:>9 <>45;8 1K;0 

2K1@0=0 <>45;L 87 @01>BK <0B5<0B8G5A:>5 <>45;8@>20=85 8<<>18;870F88 

@048>=C:;84>2 Cs137 8 Co60 2 15B>=5 [59]. � @01>B5 8A?>;L7>20;>AL C@02=5=85 

<0AA>?5@5=>A0 A;54CNI53> 2840: 
2

2
( )
d

C C C C
D C

t x K nx

ö ö ö
= −  − 

ö ö  +ö
, (2.7) 

345  % 3 :>=F5=B@0F8O @048>=C:;84>2 2 <0B@8F5; 

 D 3 :>MDD8F85=B 48DDC788; 

 λ 3 ?>AB>O==0O @0A?040; 

 t 3 2@5<O;  � 3 A:>@>ABL 2KE>40 @048>=C:;84>2; ��3 :>MDD8F85=B @0A?@545;5=8O; � 3 ?;>B=>ABL <0B5@80;0; � 3 0:B82=0O ?>@8AB>ABL. 

!0G0;L=K5 CA;>28O 1K;8 2K1@0=K A;54CNI85: 

2 %0 =1010 O45@/A<3; 

2 %(E;0)=1010 O45@/A<3. 

�@0=8G=K5 CA;>28O 1K;8 2K1@0=K A;54CNI85: 

2 % (0;t)=1010 O45@/A<3; 

"A=>2K20OAL =0 40==KE 87 @01>BK 1K;8 ?@>2545=K @0AG5BK 2KE>40 Cs137 

2 B5G5=88 10 ;5B =0 ?5@8D5@88 A8;8:0B=>3> AB5:;0 R7/T7. 

!0 @8AC=:5 2.1 ?@54AB02;5=K 3@0D8:8 7028A8<>AB8 87<5=5=8O 

:>=F5=B@0F88 @048>=C:;840 Cs137 2 B5G5=88 10 ;5B. 
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$8AC=>: 2.1 �7<5=5=85 :>=F5=B@0F88 Cs137 2 15B>=5 2 B5G5=88 10 ;5B 

$0AE>645=85 <564C ?>;CG5==K<8 @57C;LB0B0<8 >B;8G05BAO 

=57=0G8B5;L=>, ?>3@5H=>ABL A>AB02;O5B =5 1>;55 8 %. 

 

2.5  >45;8@>20=85 2OE>40 @048>=C:;84>2 2 <0B@8G=>< <0B5@80;5 
NdAlO3 

 

�;O >?@545;5=8O 87<5=5=8O :>=F5=B@0F88 @048>=C:;84>2 Cs135, I129, 

Np237, Pu239, U235, Tc99 =5>1E>48<> 7=0BL: :>MDD8F85=BK 48DDC788 

(@0AAG8B0==K5 2 @0745;5 2.1), ?@54AB02;5==K5 2 B01;8F5 2.1 8 A:>@>ABL 

2KI5;0G820=8O [60], ?>AB>O==K5 @0A?040 (27OBK 87 107K 40==KE NIST) 

?@54AB02;5==K5 2 B01;8F5 2.2. 

&01;8F0 2.2 3 �=0G5=8O ?>AB>O==KE @0A?040 

#0@0<5B@ �=0G5=85 

%:>@>ABL 2KI5;0G820=8O, гEм2∗EGF 2,46·10-9 

#>AB>O==0O @0A?040 Pu239, ;5B-1 2,89·10-5 

#>AB>O==0O @0A?040 Tc99, ;5B-1 3,30·10-6 

0 1 2 3 4 5 6 7 8 9 10

N
O4
5@
/A
<3

t, ;5B
$07@01>B0==0O <>45;L

107

108

109

1010

106

�=0G5=8O 87 @01>BK [58]
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#@>4>;65=85 B01;8FK 2.2 

#>AB>O==0O @0A?040 Cs135, ;5B-1 3,30·10-7 

#0@0<5B@ �=0G5=85 

#>AB>O==0O @0A?040 Np237, ;5B-1 3,15·10-7 

#>AB>O==0O @0A?040 I129, ;5B-1 4,08·10-9 

#>AB>O==0O @0A?040 U235, ;5B-1 9,84·10-10 

 

�A?>;L7CO ?@>3@0<<=K9 :>4 8 7=0G5=8O 87 B01;8FK 2.2 ?>;CG8;8 

A;54CNI85 7=0G5=8O, ?@54AB02;5==K5 2 B01;8F5 2.3. 

&01;8F0 2.3 7=0G5=8O :>=F5=B@0F89 @048>=C:;84>2 2 <0B@8G=KE 
<0B5@80;0E ?@8 8<8B0F88 70E>@>=5=8O 

$048>=C:;84 Pu239 

$0AAB>O=85 

>B F5=B@0, 

A< 

�>=F5=B@0F8O O45@ 

%?CABO 

100 ;5B, 

O45@/A<3 

%?CABO 

500 ;5B, 

O45@/A<3 

%?CABO 

1000 ;5B, 

O45@/A<3 

%?CABO 

1500 ;5B, 

O45@/A<3 

%?CABO 

2000 ;5B, 

O45@/A<3 

10 7,48E+09 3,33E+09 5,50E+08 1,36E+08 2,47E+07 

20 5,60E+09 1,11E+09 3,03E+07 1,84E+06 6,14E+04 

30 4,19E+09 3,69E+08 1,67E+06 2,50E+04 1,52E+02 

40 3,13E+09 1,23E+08 9,17E+04 3,39E+02 5,20E-01 

50 2,85E+09 1,49E+07 6,04E+03 4,25E+00 3,70E-02 

$048>=C:;84 Tc99 

$0AAB>O=85 

>B F5=B@0, 

A< 

�>=F5=B@0F8O O45@ 

%?CABO 

100 ;5B, 

O45@/A<3 

%?CABO 

500 ;5B, 

O45@/A<3 

%?CABO 

1000 ;5B, 

O45@/A<3 

%?CABO 

1500 ;5B, 

O45@/A<3 

%?CABO 

2000 ;5B, 

O45@/A<3 

10 9,72E+09 8,95E+09 7,55E+09 6,50E+09 5,48E+09 

20 9,45E+09 8,02E+09 5,71E+09 4,23E+09 3,01E+09 

30 9,19E+09 7,18E+09 4,31E+09 2,75E+09 1,65E+09 

40 8,94E+09 6,44E+09 3,26E+09 1,79E+09 9,07E+08 
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#@>4>;65=85 B01;8FK 2.3 

50 8,69E+09 5,01E+09 2,46E+09 1,16E+09 5,07E+08 

$048>=C:;84 Cs135 

$0AAB>O=85 

>B F5=B@0, 

A< 

�>=F5=B@0F8O O45@ 

%?CABO 

100 ;5B, 

O45@/A<3 

%?CABO 

500 ;5B, 

O45@/A<3 

%?CABO 

1000 ;5B, 

O45@/A<3 

%?CABO 

1500 ;5B, 

O45@/A<3 

%?CABO 

2000 ;5B, 

O45@/A<3 

10 9,76E+09 9,09E+09 7,85E+09 6,90E+09 5,96E+09 

20 9,52E+09 8,27E+09 6,17E+09 4,77E+09 3,56E+09 

30 9,30E+09 7,52E+09 4,85E+09 3,29E+09 2,12E+09 

40 9,08E+09 6,84E+09 3,81E+09 2,27E+09 1,26E+09 

50 8,86E+09 5,73E+09 2,99E+09 1,57E+09 7,57E+08 

$048>=C:;84 Np237 

$0AAB>O=85 

>B F5=B@0, 

A< 

�>=F5=B@0F8O O45@ 

%?CABO 

100 ;5B, 

O45@/A<3 

%?CABO 

500 ;5B, 

O45@/A<3 

%?CABO 

1000 ;5B, 

O45@/A<3 

%?CABO 

1500 ;5B, 

O45@/A<3 

%?CABO 

2000 ;5B, 

O45@/A<3 

10 9,83E+09 9,38E+09 8,50E+09 7,79E+09 7,06E+09 

20 9,68E+09 8,80E+09 7,22E+09 6,07E+09 4,98E+09 

30 9,52E+09 8,25E+09 6,14E+09 4,73E+09 3,52E+09 

40 9,37E+09 7,74E+09 5,22E+09 3,68E+09 2,48E+09 

50 9,22E+09 6,86E+09 4,43E+09 2,87E+09 1,75E+09 

$048>=C:;84 I129 

$0AAB>O=85 

>B F5=B@0, 

A< 

�>=F5=B@0F8O O45@ 

%?CABO 

100 ;5B, 

O45@/A<3 

%?CABO 

500 ;5B, 

O45@/A<3 

%?CABO 

1000 ;5B, 

O45@/A<3 

%?CABO 

1500 ;5B, 

O45@/A<3 

%?CABO 

2000 ;5B, 

O45@/A<3 

10 9,92E+09 9,71E+09 9,29E+09 8,94E+09 8,55E+09 

20 9,85E+09 9,44E+09 8,64E+09 7,99E+09 7,31E+09 
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#@>4>;65=85 B01;8FK 2.3 

30 9,78E+09 9,17E+09 8,03E+09 7,15E+09 6,26E+09 

40 9,71E+09 8,91E+09 7,47E+09 6,39E+09 5,35E+09 

50 9,64E+09 8,46E+09 6,94E+09 5,71E+09 4,58E+09 

$048>=C:;84 U235 

$0AAB>O=85 

>B F5=B@0, 

A< 

�>=F5=B@0F8O O45@ 

%?CABO 

100 ;5B, 

O45@/A<3 

%?CABO 

500 ;5B, 

O45@/A<3 

%?CABO 

1000 ;5B, 

O45@/A<3 

%?CABO 

1500 ;5B, 

O45@/A<3 

%?CABO 

2000 ;5B, 

O45@/A<3 

10 9,97E+09 9,91E+09 9,77E+09 9,66E+09 9,53E+09 

20 9,95E+09 9,82E+09 9,56E+09 9,33E+09 9,08E+09 

30 9,93E+09 9,73E+09 9,35E+09 9,01E+09 8,66E+09 

40 9,91E+09 9,65E+09 9,15E+09 8,71E+09 8,25E+09 

50 9,88E+09 9,56E+09 8,94E+09 8,41E+09 7,86E+09 
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$8AC=>: 2.3 �7<5=5=85 :>=F5=B@0F88 @048>=C:;840 Tc99 

 

$8AC=>: 2.4 �7<5=5=85 :>=F5=B@0F88 @048>=C:;840 Cs135 
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$8AC=>: 2.5 �7<5=5=85 :>=F5=B@0F88 @048>=C:;840 Np237 

 

$8AC=>: 2.6 �7<5=5=85 :>=F5=B@0F88 @048>=C:;840 I129 
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L
n
N
O4
5@
/A
<3

L, <

100 ;5B 500 ;5B 1000 ;5B 1500 ;5B 2000 ;5B
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$8AC=>: 2.7 �7<5=5=85 :>=F5=B@0F88 @048>=C:;840 U235 

�AE>4O 87 ?>;CG5==KE @57C;LB0B>2 <>6=> A45;0BL A;54CNI85 2K2>4K: 

!081>;55 A8;L=><C 2KE>4C 87 <0B@8G=>3> <0B5@80;0 ?>425@65=K 

@048>=C:;84K Pu239 7=0G5=85 :>=F5=B@0F88 =0 3@0=8F5 <0B5@80;0 A?CABO 2000 

;5B A>AB028;> 2,87·107 O45@/A<3.  

�CGH5 2A53> 0;N<8=0B =5>48<0 C45@6820; @048>=C:;84K I129, U235 

7=0G5=8O :>=F5=B@0F89 A>AB028;8 4,58·109 O45@/A<3 8 8,94·109 O45@/A<3 

A>>B25BAB25==>.  

 

2.6  >45;8@>20=85 2OE>40 @048>=C:;84>2 2 A8;8:0B=>< AB5:;5, 
?@>872>48<>< =0 ?@54?@8SB88 (�'# «$04>=» 
 

%8;8:0B=>5 AB5:;> (�'# $04>= 8A?>;L7C5BAO 4;O 8<<>18;870F88 

@048>0:B82=KE >BE>4>2 ($�"). -B> A?5F80;L=K9 284 AB5:;0, A>740==K9 4;O 

70E20B0 @048>=C:;84>2 8 8E 157>?0A=>9 D8:A0F88 2 AB5:;O==>9 <0B@8F5. 

%8;8:0B=>5 AB5:;> A>45@68B >:>;> 60-70% SiO2, 0 B0:65 CaO, Na2O 8 4@C385 

4>102:8, :>B>@K5 >?@545;ONB 53> D878G5A:85 8 E8<8G5A:85 A2>9AB20. 

0 0,1 0,2 0,3 0,4 0,5

L
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7·109
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#@>F5AA 8<<>18;870F88 $�" 2 A8;8:0B=>5 AB5:;> (�'# $04>= 

?@>8AE>48B ?@8 2KA>:8E B5<?5@0BC@0E (1>;55 1000 °C). $048>0:B82=K5 

>BE>4K A<5H820NBAO A ?;02;5=K< AB5:;><, ?>A;5 G53> A<5AL >E;06405BAO 4> 

:><=0B=>9 B5<?5@0BC@K. � ?@>F5AA5 >E;0645=8O AB5:;> 70B25@45205B, 

70E20BK20O @048>0:B82=K5 M;5<5=BK 8 ?@52@0I0O 8E 2 =5@0A?040NI85AO 

A>548=5=8O, 70:;NG5==K5 2=CB@8 AB5:;0. 

�;O <>45;8@>20=8O =5>1E>48<> >?@545;8BL :>MDD8F85=B 48DDC788 4;O 

@048>=C:;84>2 Cs135, I129, Np237, Pu239, U235, Tc99. �=0G5=85 :>MDD8F85=B>2 

<>6=> =09B8 2 @01>B5 $0480F8>==K5 ?>2@5645=8O 2 A8;8:0B=KE AB5:;0E[61]. 

&01;8F0 2.4 3 �=0G5=8O :>MDD8F85=B0 48DDC788 8 ?>AB>O==>9 @0A?040 

#0@0<5B@ �=0G5=85 

%:>@>ABL 2KI5;0G820=8O, гEм2∗EGF 7,13·10-7 

�>MDD8F85=B 48DDC788 Pu239, <2/A 9,5·10-11 

�>MDD8F85=B 48DDC788 Tc99, <2/A  4,5 ·10-12 

�>MDD8F85=B 48DDC788 Cs135, <2/A  1,2 ·10-9 

�>MDD8F85=B 48DDC788 Np237, <2/A 5,0 ·10-12 

�>MDD8F85=B 48DDC788 I129, <2/A 0,85·10-10 

�>MDD8F85=B 48DDC788 U235, <2/A 0,85·10-12 

#>AB>O==0O @0A?040 Pu239, ;5B-1 2,89·10-5 

#>AB>O==0O @0A?040 Tc99, ;5B-1 3,30·10-6 

#>AB>O==0O @0A?040 Cs135, ;5B-1 3,30·10-7 

#>AB>O==0O @0A?040 Np237, ;5B-1 3,15·10-7 

#>AB>O==0O @0A?040 I129, ;5B-1 4,08·10-9 

#>AB>O==0O @0A?040 U235, ;5B-1 9,84·10-10 

�A?>;L7CO ?@>3@0<<=K9 :>4 8 7=0G5=8O 87 B01;8FK 2.4 ?>;CG8;8 

A;54CNI85 7=0G5=8O, ?@54AB02;5==K5 2 B01;8F5 2.5. 
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&01;8F0 2.5 3 7=0G5=8O :>=F5=B@0F89 @048>=C:;84>2 2 <0B@8G=KE <0B5@80;0E 
?@8 8<8B0F88 70E>@>=5=8O 

$048>=C:;84 Pu239 

$0AAB>O=85 

>B F5=B@0, 

A< 

�>=F5=B@0F8O O45@ 

%?CABO 

100 ;5B, 

O45@/A<3 

%?CABO 

500 ;5B, 

O45@/A<3 

%?CABO 

1000 ;5B, 

O45@/A<3 

%?CABO 

1500 ;5B, 

O45@/A<3 

%?CABO 

2000 ;5B, 

O45@/A<3 

10 9,41E+09 7,48E+09 5,43E+09 3,98E+09 2,89E+09 

20 8,85E+09 5,59E+09 2,95E+09 1,58E+09 8,37E+08 

30 8,32E+09 4,18E+09 1,60E+09 6,32E+08 2,42E+08 

40 7,83E+09 3,13E+09 8,71E+08 2,52E+08 7,01E+07 

50 7,37E+09 2,35E+09 4,73E+08 1,01E+08 2,02E+07 

$048>=C:;84 Tc99 

$0AAB>O=85 

>B F5=B@0, 

A< 

�>=F5=B@0F8O O45@ 

%?CABO 

100 ;5B, 

O45@/A<3 

%?CABO 

500 ;5B, 

O45@/A<3 

%?CABO 

1000 ;5B, 

O45@/A<3 

%?CABO 

1500 ;5B, 

O45@/A<3 

%?CABO 

2000 ;5B, 

O45@/A<3 

10 9,69E+09 8,65E+09 7,37E+09 6,31E+09 5,37E+09 

20 9,40E+09 7,48E+09 5,43E+09 3,98E+09 2,89E+09 

30 9,12E+09 6,47E+09 4,00E+09 2,51E+09 1,55E+09 

40 8,85E+09 5,59E+09 2,95E+09 1,58E+09 8,37E+08 

50 8,58E+09 4,84E+09 2,17E+09 1,00E+09 4,26E+08 

$048>=C:;84 Cs135 

$0AAB>O=85 

>B F5=B@0, 

A< 

�>=F5=B@0F8O O45@ 

%?CABO 

100 ;5B, 

O45@/A<3 

%?CABO 

500 ;5B, 

O45@/A<3 

%?CABO 

1000 ;5B, 

O45@/A<3 

%?CABO 

1500 ;5B, 

O45@/A<3 

%?CABO 

2000 ;5B, 

O45@/A<3 

10 9,74E+09 8,82E+09 7,69E+09 6,73E+09 5,86E+09 

20 9,48E+09 7,79E+09 5,91E+09 4,53E+09 3,44E+09 

30 9,24E+09 6,87E+09 4,55E+09 3,05E+09 2,01E+09 
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#@>4>;65=85 B01;8FK 2.5 

40 9,00E+09 6,07E+09 3,50E+09 2,05E+09 1,19E+09 

50 8,77E+09 5,36E+09 2,69E+09 1,38E+09 6,55E+08 

$048>=C:;84 Np237 

$0AAB>O=85 

>B F5=B@0, 

A< 

�>=F5=B@0F8O O45@ 

%?CABO 

100 ;5B, 

O45@/A<3 

%?CABO 

500 ;5B, 

O45@/A<3 

%?CABO 

1000 ;5B, 

O45@/A<3 

%?CABO 

1500 ;5B, 

O45@/A<3 

%?CABO 

2000 ;5B, 

O45@/A<3 

10 9,82E+09 9,19E+09 8,37E+09 7,65E+09 6,97E+09 

20 9,65E+09 8,45E+09 7,02E+09 5,86E+09 4,87E+09 

30 9,48E+09 7,77E+09 5,88E+09 4,49E+09 3,40E+09 

40 9,31E+09 7,14E+09 4,92E+09 3,43E+09 2,37E+09 

50 9,15E+09 6,56E+09 4,12E+09 2,63E+09 1,65E+09 

$048>=C:;84 I129 

$0AAB>O=85 

>B F5=B@0, 

A< 

�>=F5=B@0F8O O45@ 

%?CABO 100 

;5B, O45@/A<3 

%?CABO 

500 ;5B, 

O45@/A<3 

%?CABO 

1000 ;5B, 

O45@/A<3 

%?CABO 

1500 ;5B, 

O45@/A<3 

%?CABO 

2000 ;5B, 

O45@/A<3 

10 9,91E+09 9,60E+09 9,18E+09 8,79E+09 8,40E+09 

20 9,81E+09 9,22E+09 8,42E+09 7,72E+09 7,06E+09 

30 9,74E+09 8,85E+09 7,73E+09 6,79E+09 5,94E+09 

40 9,66E+09 8,50E+09 7,10E+09 5,97E+09 4,99E+09 

50 9,58E+09 8,16E+09 6,52E+09 5,25E+09 4,19E+09 

$048>=C:;84 U235 

$0AAB>O=85 

>B F5=B@0, 

A< 

�>=F5=B@0F8O O45@ 

%?CABO 100 

;5B, O45@/A<3 

%?CABO 

500 ;5B, 

O45@/A<3 

%?CABO 

1000 ;5B, 

O45@/A<3 

%?CABO 

1500 ;5B, 

O45@/A<3 

%?CABO 

2000 ;5B, 

O45@/A<3 

10 9,96E+09 9,85E+09 9,69E+09 9,55E+09 9,39E+09 



54 

 

#@>4>;65=85 B01;8FK 2.5 

20 9,93E+09 9,71E+09 9,40E+09 9,12E+09 8,83E+09 

30 9,90E+09 9,57E+09 9,12E+09 8,71E+09 8,30E+09 

40 9,87E+09 9,43E+09 8,85E+09 8,31E+09 7,80E+09 

50 9,84E+09 9,30E+09 8,58E+09 7,94E+09 7,33E+09 

 

 

$8AC=>: 2.8 �7<5=5=85 :>=F5=B@0F88 @048>=C:;840 Pu239 

 

$8AC=>: 2.9 �7<5=5=85 :>=F5=B@0F88 @048>=C:;840 Tc99 
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$8AC=>: 2.10 �7<5=5=85 :>=F5=B@0F88 @048>=C:;840 Cs135 

 

$8AC=>: 2.11 �7<5=5=85 :>=F5=B@0F88 @048>=C:;840 Np237 
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L, <

100 ;5B 500 ;5B 1000 ;5B 1500 ;5B 2000 ;5B

1010

4·109

4·108

109

0 0,1 0,2 0,3 0,4 0,5

L
n
N
O4
5@
/A
<3

L, <

100 ;5B 500 ;5B 1000 ;5B 1500 ;5B 2000 ;5B

109

2·109

4·109

6·109

8·109

1010



56 

 

 

$8AC=>: 2.12 �7<5=5=85 :>=F5=B@0F88 @048>=C:;840 I129 

 

$8AC=>: 2.13 �7<5=5=85 :>=F5=B@0F88 @048>=C:;840 U235 

�AE>4O 87 ?>;CG5==KE @57C;LB0B>2 <>6=> A45;0BL A;54CNI85 2K2>4K: 

!081>;55 A8;L=><C 2KE>4C 87 <0B@8G=>3> <0B5@80;0 ?>425@65=K 

@048>=C:;84K Pu239 7=0G5=85 :>=F5=B@0F88 =0 3@0=8F5 <0B5@80;0 A?CABO 2000 

;5B A>AB028;> 2,07·107 O45@/A<3.  
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�CGH5 2A53> 0;N<8=0B =5>48<0 C45@6820; @048>=C:;84K I129, U235 

7=0G5=8O :>=F5=B@0F89 A>AB028;8 4,19·109 O45@/A<3 8 7,33·109 O45@/A<3 

A>>B25BAB25==>.  

 

2.7  >45;8@>20=85 2OE>40 @048>=C:;84>2 2 A8;8:0B=>< AB5:;5 
(R7/T7), ?@>872>48<>< =0 ?@54?@8SB88 2> (@0=F88 
 

R7/T7 - MB> >48= 87 B8?>2 A8;8:0B=KE AB5:>;, :>B>@K9 ?@>872>48BAO =0 

?@54?@8OB88 Saint-Gobain 2> (@0=F88. "= 8A?>;L7C5BAO 2 @07;8G=KE 

>B@0A;OE, 2:;NG0O 8<<>18;870F8N @048>0:B82=KE >BE>4>2. 

"4=8< 87 3;02=KE ?@58<CI5AB2 A8;8:0B=KE AB5:>; O2;O5BAO 8E 2KA>:0O 

E8<8G5A:0O AB>9:>ABL, :>B>@0O ?>72>;O5B 8< CAB>9G82> 2K45@6820BL 

2>7459AB285 @07;8G=KE A@54, 2 B>< G8A;5 8 03@5AA82=KE A@54, A>45@60I8E 

@048>=C:;84K. 

%B>8B >B<5B8BL, GB> A:>@>ABL 2KI5;0G820=8O @048>=C:;84>2 87 

A8;8:0B=KE AB5:>; O2;O5BAO =52KA>:>9, GB> O2;O5BAO 206=K< D0:B>@>< ?@8 

2K1>@5 <0B5@80;0 4;O 8<<>18;870F88 @048>0:B82=KE >BE>4>2. 

"4=0:>, =54>AB0B:>< A8;8:0B=KE AB5:>; O2;O5BAO 8E 4>AB0B>G=> 

2KA>:0O B5<?5@0BC@0 ?;02;5=8O, GB> 45;05B ?@>F5AA 8E ?@>872>4AB20 

4>AB0B>G=> M=5@3>5<:8< 8 70B@0B=K<. �@><5 B>3>, A8;8:0B=K5 AB5:;0 <>3CB 

1KBL E@C?:8<8 8 =5CAB>9G82K<8 : <5E0=8G5A:8< 2>7459AB28O<, GB> <>65B 

1KBL ?@>1;5<0B8G=> ?@8 8E B@0=A?>@B8@>2:5 8 E@0=5=88. 

�;O <>45;8@>20=8O =5>1E>48<> >?@545;8BL :>MDD8F85=B 48DDC788 4;O 

@048>=C:;84>2 Co60, Cs137, Sr90, TA99, Np235. �=0G5=85 :>MDD8F85=B>2 

<>6=> =09B8 2 :=835 $0480F8>==K5 ?>2@5645=8O 2 A8;8:0B=KE AB5:;0E [61]. 
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&01;8F0 2.6 3 �=0G5=8O :>MDD8F85=B0 48DDC788 8 ?>AB>O==>9 @0A?040 

#0@0<5B@ �=0G5=85 

%:>@>ABL 2KI5;0G820=8O, гEм2∗EGF 2,57·10-7 

�>MDD8F85=B 48DDC788 Pu239, <2/A 7,6·10-7 

�>MDD8F85=B 48DDC788 Tc99, <2/A  2,2 ·10-11 

�>MDD8F85=B 48DDC788 Cs135, <2/A  3,1 ·10-12 

�>MDD8F85=B 48DDC788 Np237, <2/A 1,6 ·10-9 

�>MDD8F85=B 48DDC788 I129, <2/A 5,7 ·10-12 

�>MDD8F85=B 48DDC788 U235, <2/A 0,77·10-10 

#>AB>O==0O @0A?040 Pu239, ;5B-1 2,89·10- 

#>AB>O==0O @0A?040 Tc99, ;5B-1 3,30·10-6 

#>AB>O==0O @0A?040 Cs135, ;5B-1 3,30·10-7 

#>AB>O==0O @0A?040 Np237, ;5B-1 3,15·10-7 

#>AB>O==0O @0A?040 I129, ;5B-1 4,08·10-9 

#>AB>O==0O @0A?040 U235, ;5B-1 9,84·10-10 

�A?>;L7CO ?@>3@0<<=K9 :>4 8 7=0G5=8O 87 B01;8FK 2.6 ?>;CG8;8 

A;54CNI85 7=0G5=8O, ?@54AB02;5==K5 2 B01;8F5 2.7. 

&01;8F0 2.7 3 7=0G5=8O :>=F5=B@0F89 @048>=C:;84>2 2 <0B@8G=KE <0B5@80;0E 

?@8 8<8B0F88 70E>@>=5=8O 

$048>=C:;84 Pu239 

$0AAB>O=85 

>B F5=B@0, 

A< 

�>=F5=B@0F8O O45@ 

%?CABO 

100 ;5B, 

O45@/A<3 

%?CABO 

500 ;5B, 

O45@/A<3 

%?CABO 

1000 ;5B, 

O45@/A<3 

%?CABO 

1500 ;5B, 

O45@/A<3 

%?CABO 

2000 ;5B, 

O45@/A<3 

10 9,38E+09 7,29E+09 5,32E+09 3,88E+09 2,83E+09 

20 8,81E+09 5,31E+09 2,83E+09 1,50E+09 8,01E+08 

30 8,27E+09 3,87E+09 1,51E+09 5,85E+08 2,26E+08 

40 7,77E+09 2,82E+09 8,04E+08 2,27E+08 6,42E+07 
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#@>4>;65=85 B01;8FK 2.7 

50 7,29E+09 2,05E+09 4,28E+08 8,82E+07 1,81E+07 

$048>=C:;84 Tc99 

$0AAB>O=85 

>B F5=B@0, 

A< 

�>=F5=B@0F8O O45@ 

%?CABO 

100 ;5B, 

O45@/A<3 

%?CABO 

500 ;5B, 

O45@/A<3 

%?CABO 

1000 ;5B, 

O45@/A<3 

%?CABO 

1500 ;5B, 

O45@/A<3 

%?CABO 

2000 ;5B, 

O45@/A<3 

10 9,68E+09 8,65E+09 7,29E+09 6,23E+09 5,32E+09 

20 9,38E+09 7,48E+09 5,32E+09 3,88E+09 2,83E+09 

30 9,09E+09 6,47E+09 3,88E+09 2,41E+09 1,50E+09 

40 8,81E+09 5,59E+09 2,83E+09 1,50E+09 8,01E+08 

50 8,54E+09 4,84E+09 2,07E+09 9,39E+08 4,01E+08 

$048>=C:;84 Cs135 

$0AAB>O=85 

>B F5=B@0, 

A< 

�>=F5=B@0F8O O45@ 

%?CABO 

100 ;5B, 

O45@/A<3 

%?CABO 

500 ;5B, 

O45@/A<3 

%?CABO 

1000 ;5B, 

O45@/A<3 

%?CABO 

1500 ;5B, 

O45@/A<3 

%?CABO 

2000 ;5B, 

O45@/A<3 

10 9,73E+09 8,72E+09 7,62E+09 6,65E+09 5,81E+09 

20 9,47E+09 7,62E+09 5,81E+09 4,43E+09 3,37E+09 

30 9,21E+09 6,65E+09 4,43E+09 2,95E+09 1,96E+09 

40 8,97E+09 5,80E+09 3,38E+09 1,96E+09 1,14E+09 

50 8,73E+09 5,06E+09 2,58E+09 1,30E+09 6,13E+08 

$048>=C:;84 Np237 

$0AAB>O=85 

>B F5=B@0, 

A< 

�>=F5=B@0F8O O45@ 

%?CABO 

100 ;5B, 

O45@/A<3 

%?CABO 

500 ;5B, 

O45@/A<3 

%?CABO 

1000 ;5B, 

O45@/A<3 

%?CABO 

1500 ;5B, 

O45@/A<3 

%?CABO 

2000 ;5B, 

O45@/A<3 

10 9,81E+09 9,12E+09 8,33E+09 7,60E+09 6,93E+09 

20 9,64E+09 8,32E+09 6,93E+09 5,77E+09 4,80E+09 
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#@>4>;65=85 B01;8FK 2.7 

30 9,46E+09 7,59E+09 5,78E+09 4,39E+09 3,33E+09 

40 9,29E+09 6,93E+09 4,81E+09 3,33E+09 2,31E+09 

50 9,12E+09 6,32E+09 4,01E+09 2,56E+09 1,60E+09 

$048>=C:;84 I129 

$0AAB>O=85 

>B F5=B@0, 

A< 

�>=F5=B@0F8O O45@ 

%?CABO 100 

;5B, O45@/A<3 

%?CABO 

500 ;5B, 

O45@/A<3 

%?CABO 

1000 ;5B, 

O45@/A<3 

%?CABO 

1500 ;5B, 

O45@/A<3 

%?CABO 

2000 ;5B, 

O45@/A<3 

10 9,90E+09 9,53E+09 9,11E+09 8,73E+09 8,35E+09 

20 9,81E+09 9,09E+09 8,31E+09 7,63E+09 6,98E+09 

30 9,72E+09 8,66E+09 7,57E+09 6,66E+09 5,83E+09 

40 9,63E+09 8,26E+09 6,91E+09 5,82E+09 4,87E+09 

50 9,54E+09 7,88E+09 6,30E+09 5,08E+09 4,07E+09 

$048>=C:;84 U235 

$0AAB>O=85 

>B F5=B@0, 
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=5>1E>48<>AB8 ?;0=8@>20=8O 8 >@30=870F88 2A5E ?@>2>48<KE @01>B A B>G:8 

7@5=8O @5AC@A>MDD5:B82=>AB8 8 @5AC@A>A15@565=8O. &0:8< >1@07><, 

ACI5AB2C5B ?>B@51=>ABL 2 >?@545;5=88 70B@0B =0 ?@>2545=85 =0CG=>-

8AA;54>20B5;LA:8E @01>B 8 8E ?@>4>;68B5;L=>AB8, GB>, 2 A2>N >G5@54L, 

>?@545;O5B M:>=><8G5A:CN MDD5:B82=>ABL 8 :>=:C@5=B>A?>A>1=>ABL 

<0B@8FK 87 0;N<8=0B0 =5>48<0. 

*5;52K<8 ?>B@518B5;O<8 8AA;54>20=8O <>3CB 1KBL :0<?0=88 8;8 

>@30=870F88, 2 ?@>F5AA5 45OB5;L=>AB8 :>B>@KE 8A?>;L7CNBAO 8;8 >1@07CNBAO 

O45@=K5 <0B5@80;K, B.:. >=8 708=B5@5A>20=K 2 A=865=85 8745@65: 8 

?>;CG5=88 <0:A8<0;L=>9 @57C;LB0B>2.  

$K=>: O45@=KE M=5@35B8G5A:8E CAB0=>2>: (/-') <>6=> A53<5=B8@>20BL 

?> <=>65AB2C :@8B5@852, >4=8< 87 :>B>@KE O2;O5BAO C@>25=L 

@0A?@>AB@0=5==>AB8 <5B>40 A>740=8O <0B@8F 4;O 8<<>18;870F88 $�" 

(B01;8F0 3.1). 

&01;8F0 3.1 3 �0@B0 A53<5=B8@>20=8O @K=:0 CA;C3 ?@>872>4AB20 <0B@8F 

 

 5B>4 
%�%-

A88=B57 "AB5:;>2K20=85 *5<5=B8@>20=85 

'@>25=L 
@0A?@>AB@0=5==>AB8 

<5B>40 

�KA>:89    

%@54=89    

!87:89    
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�>AB865=85 1>;55 2KA>:>3> C@>2=O @0728B8O O45@=>9 M=5@35B8:8 (/-) 

2K=C6405B 8A:0BL @5H5=85 ?> 8<<>18;870F88 $�". �K2>4 87 M:A?;C0B0F88 

@50:B>@=KE CAB0=>2>:, >B@01>B02H8E A2>9 A@>: A;C61K ?@82>48B : 

=0:>?;5=8N 2A5 1>;LH53> 8 1>;LH53> :>;8G5AB20 >BE>4>2 @07;8G=>3> B8?0. 

�AA;54>20=85 2 MB>9 >1;0AB8 ?><>3CB =09B8 =>2K5 <0B@8G=K5 <0B5@80;K A 

;CGH8<8 D878G5A:8<8 8 E8<8G5A:8<8 A2>9AB20<8.  

 

3.2 �=0;87 :>=:C@5=B=OE B5E=8G5A:8E @5H5=89 A ?>78F88 
@5AC@A>QDD5:B82=>AB8 8 @5AC@A>A15@565=8S 

 

� 40==>< @0745;5 =5>1E>48<> >F5=8BL M:>=><8G5A:CN MDD5:B82=>ABL 

<5B>40 70E>@>=5=8O $�" A 8A?>;L7>20=85< 8AA;54C5<>9 <0B@8FK. +B>1K 

2KO28BL F5;5A>>1@07=>ABL 22545=8O 8<5==> 40==>3> <5B>40 =5>1E>48<> 

>F5=8BL 53> :>=:C@5=B>A?>A>1=>ABL =0 @K=:5 4@C38E A?>A>1>2 70E>@>=5=8O 

@048>0:B82=KE >BE>4>2. � :0G5AB25 :>=:C@5=B>2 1K;8 2K1@0=K A;54CNI85 

<5B>4K 70E>@>=5=8O: F5<5=BK, A8;8:0B=K5 8 D>AD0B=K5 AB5:;0. #> :064><C 

87 <5B>4>2 ?@8 8A?>;L7>20=88 A>2@5<5==KE 8AB>G=8:>2 ;8B5@0BC@K, 0 B0:65 

=0CG=KE @01>B, 1K;0 87CG5=0 8=D>@<0F8O. �<<>18;870F8O $�" A 

8A?>;L7>20=85< F5<5=B>2 ?@54AB02;O5B A>1>9 :>=48F8>=8@>20=85 684:8E 

8;8 B25@4KE @048>0:B82=KE >BE>4>2 ?CB5< A<5H5=8O 8E A F5<5=B>< 8;8 

F5<5=B=K< @0AB2>@>< 8 ?>A;54CNI8< 70B25@4520=85< ?>;CG5==>9 <0AAK. 

�0E>@>=5=85 $�" A 2:;NG5=85< D>AD0B=KE 8;8 A8;8:0B=KE AB5:;, 

?@54AB02;O5B A>1>9 @048>0:B82=K5 >BE>4K 2 >:8A=>9 D>@<5, 2:;NG5==K5 2 

AB5:;>.  !0 >A=>25 MB>9 8=D>@<0F88 1K;8 2KO2;5=K >A=>2=K5 D0:B>@K. 

"?8@0OAL =0 =8E 1K;0 ?@>2545=0 >F5=:0 :>=:C@5=B>A?>A>1=>AB8.  

"A=>2=K<8 D0:B>@0<8, 2;8ONI8<8 =0 :>=:C@5=B>A?>A>1=>ABL 

2KH5?5@5G8A;5==KE <5B>4>2 70E>@>=5=8O $�", 1K;8 2K1@0=K: 

4>;3>A@>G=>ABL (B.5. =0 :0:>9 A@>: <>6=> 70E>@>=8BL $�"), E8<8G5A:0O 

AB>9:>ABL (A?>A>1=>ABL ?@>B82>AB>OBL 2>7459AB28N 03@5AA82=KE E8<8G5A:8E 
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25I5AB2), :>@@>78>==0O A?>A>1=>ABL, 0 B0:65 >B@01>B0==>ABL B5E=>;>388. 

�80?07>= >F5=>: >B 1 4> 10, 345: 

3 �>;3>A@>G=>ABL: 1 3 :>@>B:89 A@>: M:A?;C0B0F88, 10 3 4>;389 A@>: 

M:A?;C0B0F88. 

3 "B@01>B0==>ABL B5E=>;>388: 1 3 A;01> @0728B0O B5E=>;>38O. 10 3 

H8@>:> @0A?@>AB@0=5==0O B5E=>;>38O, 8A?>;L7CNI0OAO 2 ?>402;ONI5< 

:>;8G5AB25 O45@=KE >1J5:B>2.  

3 )8<8G5A:0O AB>9:>ABL: 1 3 =87:0O E8<8G5A:0O AB>9:>ABL. 10 3 

2KA>:0O E8<8G5A:0O AB>9:>ABL.  

3 �>@@>789=0O AB>9:>ABL: 1 3 A8;L=0O ?>425@65==>ABL :>@@>788. 10 3 

A;010O ?>425@65==>ABL :>@@>788. 

�=0;87 :>=:C@5=B=KE B5E=8G5A:8E @5H5=89 >?@545;O5BAO ?> D>@<C;5: 

 � � � ,i i=    

345  � 3 :>=:C@5=B>A?>A>1=>ABL =0CG=>9 @07@01>B:8 8;8 :>=:C@5=B0;  

 Bi 3 25A ?>:070B5;O (2 4>;OE 548=8FK); 

 �i 3 10;; i-3> ?>:070B5;O.  

�5A0 ?>:070B5;59 2 AC<<5 4>;6=K A>AB02;OBL 1. � B01;8F5 3.2 

?@54AB02;5=0 >F5=>G=0O :0@B0 :>=:C@5=B>A?>A>1=>AB8 @07;8G=KE 

E0@0:B5@8AB8:, C?><O=CBKE <5B>4>2, 345 �1 3 F5<5=B8@>20=85, �2 3 

>AB5:;>2K20=85, �3 3 70E>@>=5=85 A 8A?>;L7>20=85< :5@0<8G5A:8E <0B@8F. 

&01;8F0 3.2 3 "F5=>G=0O :0@B0 4;O A@02=5=8O :>=:C@5=B=KE B5E=8G5A:8E 

@5H5=89 

�@8B5@88 >F5=:8 
�5A 

:@8B5@8O 
�0;;K �>=:C@5=B>A?>A>1=>ABL 

�1 �2 �3 �1 �2 �3 

&5E=8G5A:85 :@8B5@88 >F5=:8 @5AC@A>MDD5:B82=>AB8 

1. �>;3>A@>G=>ABL 0,2 4 6 9 0,8 1,2 1,8 

2. "B@01>B0==>ABL 
B5E=>;>388 0,05 8 6 5 0,4 0,3 0,25 

3. )8<8G5A:0O 
AB>9:>ABL 0,15 4 7 8 0,6 1,05 1,2 

4. �>@@>789=0O 
AB>9:>ABL 0,15 6 7 7 0,9 1,05 1,05 
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#@>4>;65=85 B01;8FK 3.2 

 

#@54>AB02;5==K5 2KH5 40==K5 ?>72>;ONB ?@>25AB8 0=0;87 

:>=:C@5=B>A?>A>1=>AB8 <5B>40 8<<>18;870F88, ?@54AB02;5==>3> 2 40==>9 

@01>B5. !0 >A=>25 40==KE, ?>;CG5==KE 2 B01;8F5 3.2, <>6=> A45;0BL 2K2>4, 

GB> %�%-A8=B57 O2;O5BAO :>=:C@5=B>A?>A>1=K< <5B>4><. 

 

3.3 SWOT-0=0;87 
 

SWOT 3 0=0;87 ?@54AB02;O5B 87 A51O <5B>4 AB@0B538G5A:>3> 

?;0=8@>20=8O, 70:;NG0NI89AO 2 2KO2;5=88 D0:B>@>2 2=CB@5==59 8 2=5H=59 

A@54K >@30=870F88 8 @0745;5=88 8E =0 G5BK@5 :0B53>@88: 

− Strengths (A8;L=K5 AB>@>=K); 

− Weaknesses (A;01K5 AB>@>=K); 

− Opportunities (2>7<>6=>AB8); 

3 Threats (C3@>7K). 

� >1;0AB8 0B><=>9 M=5@35B8:5 ACI5AB2C5B <=>65AB2> D0:B>@>2, 

:>B>@K5 <>3CB 2 B>9 8;8 8=>9 AB5?5=8 2;8OBL =0 ?>;8B8:C @0728B8O >B@0A;8 8 

=5?>A@54AB25==> =0 ?@>F5AA O45@=>3> B>?;82=>3> F8:;0. �;O @50;870F88 

?@>5:B0 =5>1E>48<> B0: 65 CG8BK20BL 2=5H=85 D0:B>@K, :>B>@K5 <>3CB 

?>2;8OBL =0 :C@A ?>;8B8:8 0B><=>9 >B@0A;8.  !0?@8<5@, 2 A2O78 A 8=B5@5A>< 

CGё=KE : 70:@KB><C B>?;82=><C F8:;C <>65B 8AG57=CBL 2>AB@51>20==>ABL 2 

<0B@8G=KE <0B5@80;0E 2 F5;><. 

�0;55 @0AA<>B@8< A8;L=K5 8 A;01K5 AB>@>=K 40==>3> 

8AA;54>20B5;LA:>3> ?@>5:B0, 0 B0:65 C3@>7K, :>B>@K5 <>3CB ?>2;8OBL =0 

-:>=><8G5A:85 :@8B5@88 >F5=:8 MDD5:B82=>AB8 

1. %B>8<>ABL 
<0B5@80;0 0,2 9 6 4 1,8 1,2 0,8 

2. "1A;C6820=85 ?>A;5 
8A?>;L7>20=8O 0,15 5 7 8 0,75 1,05 1,2 

3. '@>25=L 
?@>=8:=>25=8O =0 
@K=>: 

0,1 8 5 4 0,8 0,5 0,4 

�B>3>: 1 44 44 45 6,05 5,9 6,7 
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@0728B85 B5E=>;>388 70E>@>=5=8O. %8;L=K<8 AB>@>=0<8 ?@>5:B0 <>6=> 

=0720BL A;54CNI85 A2>9AB20 8 >A>15==>AB8:  

− C;CGH5==K5 D878G5A:85 A2>9AB20, :>B>@K5 =0 ?>@O4>: 

C25;8G820NB =04ё6=>ABL; 

− <0B@8F0 <>65B 2:;NG0BL 2 A51O 2 =5A:>;L:> @07 1>;LH55 :>;8G5AB2> 

@048>0:B82=KE >BE>4>2, G5< :>=:C@5=BK; 

− =87:0O A:>@>ABL 2KI5;0G820=8O 87 :5@0<8G5A:8E <0B@8F ?>72>;O5B 

8<<>18;878@>20BL $�" =0 1>;55 4>;385 A@>:8. 

%;01K<8 AB>@>=0<8 AG8B0NBAO B5 >A>15==>AB8 @0AA<0B@8205<>3> 

>1J5:B0, :>B>@K5 <>3CB ?@5?OBAB2>20BL 53> =081>;55 2K3>4=><C 8 

15A?@5?OBAB25==><C 8A?>;L7>20=8N. 

%;01K<8 AB>@>=0<8 @0AA<0B@8205<>3> ?@>5:B0 <>45@=870F88 <>6=> 

=0720BL A;54CNI85 A2>9AB20 8 >A>15==>AB8:  

‒ =5:>B>@K5 D07K >BE>4>2 =5 ?@83>4=K 4;O 70E>@>=5=8O 40==K< 

A?>A>1>< (<>=0F8B, ?5@>2A:8B, 0?0B8B, ?8@>E;>@, >@B>D>AD0B 8 B.4.); 

‒ B5E=>;>38O ?>;CG5=8O :5@0<8G5A:8E <0B@8F 8 8E 0??0@0BC@=>5 

>D>@<;5=85 ?@>F5AA>2 @0728BK 7=0G8B5;L=> A;0155, G5< 4;O >AB0;L=KE 

:>=:C@5=B>2; 

‒ 2KA>:0O AB>8<>ABL B5E=>;>388. 

�>7<>6=>AB8 2:;NG0NB 2 A51O ;N1CN ?@54?>GB8B5;L=CN A8BC0F8N 2 

=0AB>OI5< 8;8 1C4CI5<, 2>7=8:0NICN 2 CA;>28OE >:@C60NI59 A@54K 

?@>5:B0. 

� 2>7<>6=>ABO< ?@>5:B0 <>6=> >B=5AB8: 

‒ CEC4H5=85 M:>;>38G5A:>9 A8BC0F88 2 <8@5; 

‒ 2K2>4 87 M:A?;C0B0F88 1>;LH>3> :>;8G5AB20 O45@=KE @50:B>@>2; 

‒ ?>?C;O@870F8O G8ABKE B5E=>;>389 70E>@>=5=8O $�"; 

‒ ?>;8B8:0 3>AC40@AB20 2 ?>;L7C 8AA;54C5<>3> <5B>40. 

'3@>70 ?@54AB02;O5B A>1>9 ;N1CN =565;0B5;L=CN A8BC0F8N, 

B5=45=F8N 8;8 87<5=5=85 2 CA;>28OE >:@C60NI59 A@54K >1J5:B0, GB> <>65B 

8<5BL @07@CH8B5;L=K9 8;8 C3@>60NI89 E0@0:B5@ 4;O 53> 
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:>=:C@5=B>A?>A>1=>AB8 2 =0AB>OI5< 8;8 1C4CI5<. 

� C3@>70< ?> >B=>H5=8N : @0AA<0B@8205<><C @50:B>@C <>6=> >B=5AB8: 

‒ >BACBAB285 708=B5@5A>20==>AB8 AC1J5:B>2 0B><=>9 >B@0A;8; 

‒ =54>AB0B>G=>5 D8=0=A8@>20=85 2 @0728B85 B5E=>;>389 ?> 

?@>872>4AB2C :5@0<8G5A:8E <0B@8F; 

‒ C25@5==>5 ?>;>65=85 :>=:C@5=B>2 =0 @K=:5; 

‒ ?5@5E>4 : 70:@KB><C O45@=><C B>?;82=><C F8:;C. 

$0AA<0B@8205<K9 ?@>5:B ?@54?>;0305B =>2K9 <5B>4 ?>;CG5=8O 

<0B@8G=>3> <0B5@80;0. !> ACI5AB2CNI89 @K=>: =5 ?>72>;8B A ;53:>ABLN 

?@>428=CBL B5E=>;>38N. &0:8< >1@07><, 2KE>4 87 40==>3> ?>;>65=8O <>65B 

?><>GL =09B8 AB@0B538O A>2<5AB=>9 ?@54?@8=8<0B5;LA:>9 45OB5;L=>AB8. � 

B01;8F5 3.3 ?@54AB02;5= SWOT-0=0;87. 

&01;8F0 3.3 3 SWOT-0=0;87 

�=
5H
=8
5 
D0
:B
>@
K 

 �=CB@5==85 D0:B>@K 

 %8;L=K5 AB>@>=K 
?@>5:B0: 
1. ';CGH5==K5 
D878G5A:85 A2>9AB20, 
:>B>@K5 =0 ?>@O4>: 
C25;8G820NB =04ё6=>ABL 
:5@0<8G5A:8E <0B@8F; 

2. �5@0<8G5A:0O 
<0B@8F0 <>65B 2:;NG0BL 
2 A51O 2 =5A:>;L:> @07 
1>;LH55 :>;8G5AB2> 
@048>0:B82=KE >BE>4>2, 
G5< :>=:C@5=BK; 

3. !87:0O A:>@>ABL 
2KI5;0G820=8O 87 
:5@0<8G5A:8E <0B@8F 
?>72>;O5B 
8<<>18;878@>20BL $�" 
=0 1>;55 4>;385 A@>:8; 

4. -B0 B5E=>;>38O 
M:>;>38G=55 
:>=:C@5=B>2, 
#>72>;O5B 
8<<>18;878@>20BL 
684:85 8 
2KA>:>0:B82=K5 
@048>0:B82=K5 >BE>4K. 

%;01K5 AB>@>=K 
?@>5:B0: 

1. �KA>:0O AB>8<>ABL 
B5E=>;>388; 

2. !5:>B>@K5 D07K 
>BE>4>2 =5 ?@83>4=K 
4;O 70E>@>=5=8O 
40==K< A?>A>1>< 
(<>=0F8B, ?5@>2A:8B, 
0?0B8B, ?8@>E;>@, 
>@B>D>AD0B 8 B.4.); 
3. &5E=>;>38O 
?>;CG5=8O 
:5@0<8G5A:8E <0B@8F 8 
8E 0??0@0BC@=>5 
>D>@<;5=85 ?@>F5AA>2 
@0728BK 7=0G8B5;L=> 
A;0155, G5< 4;O 
>AB0;L=KE 
:>=:C@5=B>2. 
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#@>4>;65=85 B01;8FK 3.3 

 �>7<>6=>AB8: 
1. 'EC4H5=85 
M:>;>38G5A:>9 A8BC0F88 2 
<8@5; 

2. �K2>4 87 M:A?;C0B0F88 
1>;LH>3> :>;8G5AB20 
O45@=KE @50:B>@>2; 

3. #>?C;O@870F8O G8ABKE 
B5E=>;>389 70E>@>=5=8O 
$�"; 
4. #>;8B8:0 3>AC40@AB20 2 
?>;L7C 8AA;54C5<>3> 
<5B>40. 

 

 

&0: :0: 8AA;54C5<K9 
<5B>4 70E>@>=5=8O =0 
?>@O4>: M:>;>38G=55 
:>=:C@5=B>2, B> 53> 
8A?>;L7>20=85 AB0=5B 
?@8>@8B5B=K< ?@8 
CEC4H5=88 
M:>;>38G5A:>9 A8BC0F88 
2 <8@5; 
#@8 2K2>45 @50:B>@>2 

87 M:A?;C0B0F88 
2>7=8:=5B ?>B@51=>ABL 2 
70E>@>=5=88 
>B@01>B0==>3> O45@=>3> 
B>?;820 ("/&), 0 B0: :0: 
<5B>4 70E>@>=5=8O A 
?><>ILN :5@0<8G5A:8E 
<0B@8F ?>72>;O5B 
8<<>18;878@>20BL 
1>;LH55 :>;8G5AB2> 
>BE>4>2, B> 8AA;54C5<K9 
<5B>4 AB0=5B 1>;55 
2>AB@51>20==K<; 
�AA;54C5<K9 <5B>4 

O2;O5BAO 1>;55 
M:>;>38G=K< ?> 
A@02=5=8N A 
:>=:C@5=B0<8, 
A;54>20B5;L=>, ?@8 
C25;8G5=88 
?>?C;O@=>AB8 G8ABKE 
<5B>4>2 70E>@>=5=8O 
A?@>A =0 40==K9 <5B>4 
2>7@0AB5B. 

�KA>:0O AB>8<>ABL 8 
B5E=>;>38G5A:0O 
A;>6=>ABL >1>@C4>20=8O 
2 <5B>45 70E>@>=5=8O A 
?><>ILN :5@0<8G5A:8E 
<0B@8F <>65B 1KBL 
A:><?5=A8@>20=0 
?@8>@8B5B=>9 ?>;8B8:>9 
?@028B5;LAB20 2 >1;0AB8 
40==>3> <5B>40; 
�A;8 2>7@0AB5B 

8=B5@5A : 8AA;54C5<>9 
B5E=>;>388, B> 2>7=8:=5B 
=5>1E>48<>ABL 2 
@07@01>B:5 ?@85<;5<>9 
B5E=>;>388 ?@>872>4AB20 
:5@0<8G5A:8E <0B@8F; 
� =5:>B>@KE A;CG0OE 

A;54C5B ?@8153=CBL : 
=K=5 8A?>;L7CNI8<AO 
<5B>40< 70E>@>=5=8O 2 
A2O78 A B5<, GB> 
=5F5;5A>>1@07=> 
70:;NG0BL 2 
:5@0<8G5A:85 <0B@8FK 
=5:>B>@K5 
@048>0:B82=K5 >BE>4K, 0 
8<5==> =87:> 0:B82=K5 
$�". 

 '3@>7K: 
1. "BACBAB285 
708=B5@5A>20==>AB8 
AC1J5:B>2 0B><=>9 
>B@0A;8; 

2. !54>AB0B>G=>5 
D8=0=A8@>20=85 2 @0728B85 
B5E=>;>389 ?> 
?@>872>4AB2C 
:5@0<8G5A:8E <0B@8F; 

3. '25@5==>5 ?>;>65=85 
:>=:C@5=B>2 =0 @K=:5; 

!0 C@>25=L 
708=B5@5A>20==>AB8 2 
40==>9 B5E=>;>388 
8<<>18;870F88 $�" 
<>3CB ?>2;8OBL B0:85 
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& @0AE
1

(1 ) ,
m

 �& i i
i

% k Ц N
=

= +    (3.6.1) 

0345 m 3 :>;8G5AB2> 284>2 <0B5@80;L=KE @5AC@A>2, ?>B@51;O5<KE 

?@8 2K?>;=5=88 =0CG=>3> 8AA;54>20=8O; 

N@0AEi 3 :>;8G5AB2> <0B5@80;L=KE @5AC@A>2 i-3> 2840, ?;0=8@C5<KE : 

8A?>;L7>20=8N ?@8 2K?>;=5=88 =0CG=>3> 8AA;54>20=8O (HB., :3, <, <2 8 B.4.); 

Цi 3 F5=0 ?@8>1@5B5=8O 548=8FK i-3> 2840 ?>B@51;O5<KE <0B5@80;L=KE 

@5AC@A>2 (@C1./HB., @C1./:3, @C1./<, @C1./<2 8 B.4.); 

k& 3 :>MDD8F85=B, CG8BK20NI89 B@0=A?>@B=>-703>B>28B5;L=K5 

@0AE>4K, ?@8=8<0NBAO 2 ?@545;0E 15 3 25 % >B AB>8<>AB8 <0B5@80;>2 [61]. 

"A=>2=K<8 70B@0B0<8 2 40==>9 8AA;54>20B5;LA:>9 @01>B5 O2;ONBAO 

70B@0BK =0 M;5:B@>M=5@38N 4;O @01>BK #-�  8 ?@8>1@5B5=85 :0=F5;O@A:8E 

B>20@>2. $57C;LB0BK @0AGёB>2 ?> 70B@0B0< =0 <0B5@80;K ?@82545=K 2 B01;8F5 

3.10.  
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�0B@0BK =0 M;5:B@>M=5@38N 4;O @01>BK #-�  @0AAG8BK20NBAO ?> 

D>@<C;5 3.6.2: 
%Э� =ЦM; ∙ $ ∙ F>1 = 4,39 ∙ 0,5 ∙ 720 = 1580,4 (3.6.2) 

345 ЦM; 3 B0@8D =0 M;5:B@>M=5@38N (4,39 @C1. 70 1 :�B·G); 

$ 3 <>I=>ABL >1>@C4>20=8O, :�B; 

F>1 3 2@5<O 8A?>;L7>20=8O >1>@C4>20=8O, G. 

�0B@0BK =0 M;5:B@>M=5@38N A>AB028;8 1580,4 @C1;O. 

 

&01;8F0 3.10 3 <0B5@80;L=K5 70B@0BK 

!08<5=>20=85  0@:0, @07<5@ �>;8G5AB2> *5=0 70 548=8FC, 
@C1 

%C<<0, @C1 

-;5:B@>M=5@38O - 360 :�B∙G 4,39 1580,4 

�C<030 %=53C@>G:0 150 1,42 214,3 

#5G0BL =0 ;8AB5 
A4 

- 100 4,5 450,0 

$CG:0 Pilot BPS-GP 1 80 80,0 

�>ABC? 2 
8=B5@=5B 

- 3 <5AOF0 350 1050,0 

�A53> 70 <0B5@80;K 3374,7 

&@0=A?>@B=>-703>B>28B5;L=K5 @0AE>4K 0 

�B>3> ?> AB0BL5 % �& 3374,7 

 

3.6.2 $0AG5B 0<>@B870F8>==OE >BG8A;5=89 

 

!0?8A0=85 2K?CA:=>9 :20;8D8:0F8>==>9 @01>BK ?> ?;0=C 70=8<05B 4 

<5AOF52. �;O <>45;8@>20=8O 8 ?@>2545=8O @0AGёB>2 8A?>;L7C5BAO 

?5@A>=0;L=K9 :><?LNB5@ ?5@2>=0G0;L=>9 AB>8<>ABLN 40000 @C1;59. %@>: 

?>;57=>3> 8A?>;L7>20=8O 4;O >D8A=>9 B5E=8:8 A>AB02;O5B >B 2 4> 3 ;5B. 

!>@<0 0<>@B870F88 �!  @0AAG8BK205BAO :0:: 

1
100%�!

T
=  , (3.6.3) 

345  T 3 A@>: ?>;57=>3> 8A?>;L7>20=8O, ;5B. 

�A;8 ?@8=OBL A@>: ?>;57=>3> 8A?>;L7>20=8O @02=K< 3 3>40<, B>340 

=>@<0 0<>@B870F88 �! : 
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1
100% 33,3%

3
�! =  = , (3.6.4) 

�>4>2K5 0<>@B870F8>==K5 >BG8A;5=8O: 

40000 0,33 133207B8� =  =  @C1, (3.6.5) 

�65<5AOG=K5 0<>@B870F8>==K5 >BG8A;5=8O: 

13320
1110

12
@9E� = =  @C1. (3.6.6) 

 

�B>3>20O AC<<0 0<>@B870F88 >A=>2=KE A@54AB2: 

1110 4 4440� % =  =  @C1. (3.5.7) 

 

3.6.2 "A=>2=0S 70@01>B=0S ?;0B0 8A?>;=8B5;59 B5<O 

 

%B0BLO 2:;NG05B >A=>2=CN 70@01>B=CN ?;0BC @01>B=8:>2, 

=5?>A@54AB25==> 70=OBKE 2K?>;=5=85< ?@>5:B0, (2:;NG0O ?@5<88, 4>?;0BK) 8 

4>?>;=8B5;L=CN 70@01>B=CN ?;0BC. 

� � ��# BEA 8BC= + , (3.6.8) 

345      �BEA 3 >A=>2=0O 70@01>B=0O ?;0B0;  

�8BC3 4>?>;=8B5;L=0O 70@01>B=0O ?;0B0.  

"A=>2=0O 70@01>B=0O ?;0B0 (�BEA ) @C:>2>48B5;O @0AAG8BK205BAO ?> 

A;54CNI59 D>@<C;5 3.6.9: 

BEA �! $�� � T=  , (3.6.9) 

345   �BEA  3 >A=>2=0O 70@01>B=0O ?;0B0 >4=>3> @01>B=8:0; 

$�T  3 ?@>4>;68B5;L=>ABL @01>B, 2K?>;=O5<KE =0CG=>-B5E=8G5A:8< 

@01>B=8:><, @01.4=.;  

��!  3 A@54=54=52=0O 70@01>B=0O ?;0B0 @01>B=8:0, @C1. 

%@54=54=52=0O 70@01>B=0O ?;0B0 @0AAG8BK205BAO ?> D>@<C;5 3.6.10: 



88 

 

 
�!

�

�  �
F


= , (3.6.10) 

345  � 3 <5AOG=K9 4>;6=>AB=>9 >:;04 @01>B=8:0, @C1.; 

  3 :>;8G5AB2> <5AOF52 @01>BK 157 >B?CA:0 2 B5G5=85 3>40:  

3 ?@8 >B?CA:5 2 24 @01. 4=O   = 11,2 <5AOF0, 5-4=52=0O =545;O;  

3 ?@8 >B?CA:5 2 48 @01. 4=59   = 10,4 <5AOF0, 6-4=52=0O =545;O; 

�F  3 459AB28B5;L=K9 3>4>2>9 D>=4 @01>G53> 2@5<5=8 =0CG=>-

B5E=8G5A:>3> ?5@A>=0;0, @01. 4=. (B01;8F0 3.11). 

&01;8F0 3.11 3 �0;0=A @01>G53> 2@5<5=8  

#>:070B5;8 @01>G53> 2@5<5=8 
!0CG=K9 
@C:>2>48B5;L �A?>;=8B5;L 

�0;5=40@=>5 G8A;> 4=59 365 365 

�>;8G5AB2> =5@01>G8E 4=59 (2KE>4=K5 
4=8/?@074=8G=K5 4=8) 

 

67 

 

67 

#>B5@8 @01>G53> 2@5<5=8: 
3 >B?CA:; 
3 =52KE>4K ?> 1>;57=8 

 

56 

2 

 

48 

2 

�59AB28B5;L=K9 3>4>2>9 D>=4 @01>G53> 
2@5<5=8 242 250 

 

"A=>2=0O 70@01>B=0O ?;0B0 =0CG=>3> @C:>2>48B5;O @0AAG8BK205BAO =0 

>A=>20=88 >B@0A;52>9 >?;0BK B@C40. "B@0A;520O A8AB5<0 >?;0BK B@C40 2 &#' 

?@54?>;0305B A;54CNI89 A>AB02 70@01>B=>9 ?;0BK: 

3 >:;04 3 >?@545;O5BAO ?@54?@8OB85<. � &#' >:;04K @0A?@545;5=K 2 

A>>B25BAB288 A 70=8<05<K<8 4>;6=>ABO<8, =0?@8<5@, 0AA8AB5=B, AB. 

?@5?>4020B5;L, 4>F5=B, ?@>D5AA>@. 

3 AB8<C;8@CNI85 2K?;0BK 3 CAB0=02;820NBAO @C:>2>48B5;5< 

?>4@0745;5=89 70 MDD5:B82=K9 B@C4, 2K?>;=5=85 4>?>;=8B5;L=KE 

>1O70==>AB59 8 B.4. 

3 8=K5 2K?;0BK: @09>==K9 :>MDD8F85=B. 

$C:>2>48B5;5< 40==>9 =0CG=>-8AA;54>20B5;LA:>9 @01>BK O2;O5BAO 

A>B@C4=8: A 4>;6=>ABLN 4>F5=B 8 AB5?5=LN :0=4840B =0C:. ":;04 A>AB02;O5B  

39300 @C1;59 (157 CG5B0 $�).  
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":;04 8=65=5@0-;01>@0=B0 2 &#' A>AB02;O5B 11300 @C1;59, 157 

@09>==>3> :>MDD8F85=B0.  

�;O @0AG5B0 <5AOG=>3> 4>;6=>AB=>3> >:;040 @01>B=8:0 ?@8<5=O5BAO 

D>@<C;0: 

( )M � #$ � $� � k k k=  +  , (3.6.11) 

345    �� 3 70@01>B=0O ?;0B0 >:;04C, @C1.; 

#$k 3 ?@5<80;L=K9 :>MDD8F85=B, @02=K9 0,3;  

�k 3 :>MDDD8F85=B 4>?;0B 8 =>4102>:, A>AB02;O5B ?@8<5@=> 0,2-0,5 (2 

!�� 8 =0 ?@><KH;5==KE ?@54?@8OB8OE 3 70 @0AH8@5=85 AD5@ >1A;C6820=8O, 

70 ?@>D5AA8>=0;L=>5 <0AB5@AB2>);  

$k    3 @09>==K9 :>MDD8F85=B, @02=K9 1,3 (4;O &><A:0). 

&01;8F0 3.12 3 �0@01>B=0O ?;0B0 8A?>;=8B5;59 8AA;54>20B5;LA:>9 @01>BK 

�A?>;=8B5;8 ��, @C1. k#$ k� Dk
 

� , 

@C1. 
��!, 

@C1. 
T$� �BEA, 

@C1. 
!0CG=K9 

@C:>2>48B5;L 
39300 0,3 0,2 1,3 76635,0 3293,4 8 36347,2 

�A?>;=8B5;L 11300 0,3 - 1,3 19097,0 794,4 60 47666,1 

�B>3> �BEA, @C1. : 74013,4 

 

�0B@0BK ?> 4>?>;=8B5;L=>9 70@01>B=>9 ?;0B5 8A?>;=8B5;59 B5<K 

CG8BK20NB 25;8G8=C ?@54CA<>B@5==KE &@C4>2K< :>45:A>< $( 4>?;0B 70 

>B:;>=5=85 >B =>@<0;L=KE CA;>289 B@C40, 0 B0:65 2K?;0B, A2O70==KE A 

>15A?5G5=85< 30@0=B89 8 :><?5=A0F89 (?@8 8A?>;=5=88 3>AC40@AB25==KE 8 

>1I5AB25==KE >1O70==>AB59, ?@8 A>2<5I5=88 @01>BK A >1CG5=85<, ?@8 

?@54>AB02;5=88 5653>4=>3> >?;0G8205<>3> >B?CA:0 8 B.4.).  

8BC 8BC BEA� k �=  , (3.6.12) 

345 8BCk  3 :>MDD8F85=B 4>?>;=8B5;L=>9 70@?;0BK (k8BC = 0,14). 

0,14 26347, 3688,628BC� ==  @C1. 

�B>3> ?> AB0BLO< >A=>2=>9 8 4>?>;=8B5;L=>9 70@01>B=>9 ?;0BK (3.6.8): 
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� � � 26347,2 3688,6 30035,9�# BEA 8BC= + = + =  @C1. 

� B01;8F5 3.13 ?@82545= @0AG5B >A=>2=>9 8 4>?>;=8B5;L=>9 70@01>B=>9 

?;0BK.  

&01;8F0 3.13 3 �0@01>B=0O ?;0B0 8A?>;=8B5;59 @01>BK 

�0@01>B=0O ?;0B0 
!0CG=K9 

@C:>2>48B5;L 
�A?>;=8B5;L 

�>?>;=8B5;L=0O 70@?;0B0 �8BC, 

@C1. 
3688,6 6673,3 

�B>3> ?> AB0BL5 ��#, @C1. 30035,9 54339,4 

�B>3> 84375,2 

 

3.6.3 $0AG5B 70B@0B =0 A>F80;P=O9 =0;>3 
 

�0B@0BK =0 548=K9 A>F80;L=K9 =0;>3 (�%!), 2:;NG0NI89 2 A51O 

>BG8A;5=8O 2 ?5=A8>==K9 D>=4, =0 A>F80;L=>5 8 <548F8=A:>5 AB@0E>20=85, 

A>AB02;ONB 30 % >B ?>;=>9 70@01>B=>9 ?;0BK ?> ?@>5:BC: 

%"* �# 0,3C �=  , (3.6.13) 

%"* 84375,2 0,3 25312,6C =  =  @C1. 

 

3.6.4  $0AG5B =0:;04=OE @0AE>4>2 
 

� MBC AB0BLN 2:;NG0NBAO 70B@0BK =0 C?@02;5=85 8 E>7O9AB25==>5 

>1A;C6820=85, :>B>@K5 <>3CB 1KBL >B=5A5=K =5?>A@54AB25==> =0 :>=:@5B=CN 

B5<C. �@><5 B>3>, AN40 >B=>AOBAO @0AE>4K ?> A>45@60=8N, M:A?;C0B0F88 8 

@5<>=BC >1>@C4>20=8O, ?@>872>4AB25==>3> 8=AB@C<5=B0 8 8=25=B0@O, 740=89, 

A>>@C65=89 8 4@.  

$0AG5B =0:;04=KE @0AE>4>2 2545BAO ?> A;54CNI59 D>@<C;5 (3.6.14): 

�#!��� A4>?C k �=  , (3.6.14) 
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345 A4>?k  3 :>MDD8F85=B =0:;04=KE @0AE>4>2 (?@8=OBK9 4;O &#' 12- 16 

% >B AC<<K >A=>2=>9 8 4>?>;=8B5;L=>9 70@?;0BK @01>B=8:>2, CG0AB2CNI8E 

2 2K?>;=5=88 B5<K.) 

0,14 84375,2 11812,5!���C =  =  

3.6.5  (>@<8@>20=85 1R465B0 70B@0B 8AA;54>20B5;PA:>3> ?@>5:B0 
 

#@>254O @0AG5B ?> 2A5< AB0BLO< A<5BK 70B@0B =0 @07@01>B:C, <>6=> 

>?@545;8BL >1ICN A515AB>8<>ABL 8AA;54>20=8O. $57C;LB0BK ?@54AB02;5=K 2 

B01;8F5 3.14. 

&01;8F0 3.14 3 %<5B0 70B@0B =0 @07@01>B:C ?@>5:B0 

%B0BLO 70B@0B 'A;>2=>5 
>1>7=0G5=85 %C<<0, @C1. 

 0B5@80;K 8 ?>:C?=K5 8745;8O C �& 3373,4 

"A=>2=0O 70@01>B=0O ?;0B0 C�# 84375,2 

"BG8A;5=8O 2 A>F80;L=K5 D>=4K C%"* 25312,6 

�<>@B870F8>==K5 >BG8A;5=8O C�  4440,0 

#@>G85 @0AE>4K C!��� 11812,5 

�B>3>: 129313,7 

 

&0:8< >1@07><, 70B@0BK =0 @07@01>B:C A>AB028;8 C = 129314 @C1, 0 

2@5<O, =5>1E>48<>5 4;O 55 2K?>;=5=8O 74 :0;5=40@=KE 4=O. 

 

3.7  "?@545;5=85 @5AC@A=>9, D8=0=A>2>9, 1R465B=>9, A>F80;P=>9 8 
Q:>=><8G5A:>9 QDD5:B82=>AB8 ?@>5:B0 

 

"?@545;5=85 MDD5:B82=>AB8 ?@>8AE>48B =0 >A=>25 @0AG5B0 

8=B53@0;L=>3> ?>:070B5;O MDD5:B82=>AB8 =0CG=>3> 8AA;54>20=8O. �3> 

=0E>645=85 A2O70=> A >?@545;5=85< 42CE A@54=52725H5==KE 25;8G8=: 

D8=0=A>2>9 MDD5:B82=>AB8 8 @5AC@A>MDD5:B82=>AB8. 

�=B53@0;L=K9 ?>:070B5;L D8=0=A>2>9 MDD5:B82=>AB8 =0CG=>3> 

8AA;54>20=8O ?>;CG0NB 2 E>45 >F5=:8 1N465B0 70B@0B B@5E (8;8 1>;55) 

20@80=B>2 8A?>;=5=8O =0CG=>3> 8AA;54>20=8O. �;O MB>3> =081>;LH89 
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8=B53@0;L=K9 ?>:070B5;L @50;870F88 B5E=8G5A:>9 7040G8 ?@8=8<05BAO 70 107C 

@0AG5B0 (:0: 7=0<5=0B5;L), A :>B>@K< A>>B=>A8BAO D8=0=A>2K5 7=0G5=8O ?> 

2A5< 20@80=B0< 8A?>;=5=8O. 

�=B53@0;L=K9 D8=0=A>2K9 ?>:070B5;L @07@01>B:8 >?@545;O5BAO (3.7.1): 

.

max

pi<EC i
H<Ai

(
I

(
= , (3.7.1) 

345 .<EC i
H<ADI  3 8=B53@0;L=K9 D8=0=A>2K9 ?>:070B5;L @07@01>B:8; 

pi(  3 AB>8<>ABL i-3> 20@80=B0 8A?>;=5=8O; 

max(  3 <0:A8<0;L=0O AB>8<>ABL 8A?>;=5=8O =0CG=>-8AA;54>20B5;LA:>3> 

?@>5:B0 (2 B.G. 0=0;>38). 

#>;CG5==0O 25;8G8=0 8=B53@0;L=>3> D8=0=A>2>3> ?>:070B5;O 

@07@01>B:8 >B@0605B A>>B25BAB2CNI55 G8A;5==>5 C25;8G5=85 1N465B0 70B@0B 

@07@01>B:8 2 @070E (7=0G5=85 1>;LH5 548=8FK), ;81> A>>B25BAB2CNI55 

G8A;5==>5 C45H52;5=85 AB>8<>AB8 @07@01>B:8 2 @070E (7=0G5=85 <5=LH5 

548=8FK, => 1>;LH5 =C;O).  

&0: :0: @07@01>B:0 8<55B >4=> 8A?>;=5=85, B> 

max

129314
1

129314

DD
H<AD

(
I

(
= = =  

�;O 0=0;>3>2 (A 8A?>;L7>20=85< #", :>B>@>5 AB>8B 5000 @C1 8 10000 

@C1) A>>B25BAB25==>: 

1 1
1

max

134314
1,04

129314

� �
H<AA

(
I

(
= = = ;

2 1
2

max

139314
1,08

129314

� �
H<AA

(
I

(
= = = . 

�=B53@0;L=K9 ?>:070B5;L @5AC@A>MDD5:B82=>AB8 20@80=B>2 8A?>;=5=8O 

>1J5:B0 8AA;54>20=8O <>6=> >?@545;8BL A;54CNI8< 2K@065=85 3.7.2: 

1

n
p p

m i i

i

I a b
=

=  , (3.7.2) 
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345 p

mI  3 8=B53@0;L=K9 ?>:070B5;L @5AC@A>MDD5:B82=>AB8 4;O i-3> 20@80=B0 

8A?>;=5=8O @07@01>B:8; 

3 25A>2>9 :>MDD8F85=B i-3> 20@80=B0 8A?>;=5=8O @07@01>B:8;  

 3 10;L=0O >F5=:0 i-3> 20@80=B0 8A?>;=5=8O @07@01>B:8, 

CAB0=02;8205BAO M:A?5@B=K< ?CB5< ?> 2K1@0==>9 H:0;5 >F5=820=8O;  

n 3 G8A;> ?0@0<5B@>2 A@02=5=8O.  

%@02=8B5;L=0O >F5=:0 E0@0:B5@8AB8: 20@80=B>2 8AA;54>20=8O 

?@54AB02;5=0 2 B01;8F5 3.15, 345 0=0;>3 1 @0AG5B <=>3>3@C??>2K< <5B>4><, 0 

0=0;>3 2 3 B5>@5B8G5A:89 @0AGёB. 

&01;8F0 3.15 3 %@02=8B5;L=0O >F5=:0 E0@0:B5@8AB8: 20@80=B>2 8AA;54>20=8O 

�@8B5@88 

�5A>2>9 
:>MDD8F85=B 
?0@0<5B@0 

&5:CI0O 
@01>B0 

�=0;>3 
1 

�=0;>3 2 

1.%?>A>1AB2C5B @>ABC 
?@>872>48B5;L=>AB8 
B@C40 ?@8 8A?>;L7>20=88 
<5B>40  

0,25 5 4 3 

2. '4>1AB2> 2 
M:A?;C0B0F88  0,2 5 4 3 

3. &>G=>ABL <5B>48:8 0,05 5 4 3 

4. -=5@3>A15@565=85 0,2 4 5 4 

5. #>B@51=>ABL 2 
@5AC@A0E ?0<OB8 

0,15 5 2 1 

6. (C=:F8>=0;L=0O 
<>I=>ABL 0,15 5 3 2 

�&"�" 1 4,80 3,75 2,75 

 

0,25 5 0,2 5 0,05 5 0,2 4 0,15 5 0,15 5 4,8pI =  +  +  +  +  +  =  

1 0,25 4 0,2 4 0,05 4 0,2 5 0,15 2 0,15 3 3,75�I =  +  +  +  +  +  =  

2 0,25 3 0,2 3 0,05 3 0,2 4 0,15 1 0,15 2 2,75�I =  +  +  +  +  +  =  

�=B53@0;L=K5 ?>:070B5;8 MDD5:B82=>AB8 20@80=B>2 8A?>;=5=8O 

@07@01>B:8 8 0=0;>3>2 >?@545;ONBAO =0 >A=>20=88 8=B53@0;L=>3> ?>:070B5;O 

ia

p

i
b
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@5AC@A>MDD5:B82=>AB8 8 8=B53@0;L=>3> D8=0=A>2>3> ?>:070B5;O ?> 

D>@<C;5 (3.7.3):  

p
p

H<AD p

H<AD

I
I

I
= , (3.7.3) 

  

 

� @57C;LB0B5: 
1 2

1 1

1 2

4,80 3,75 2,75
4,8; 3,6; 2,6

1 1,04 1,08

p A A
p A A

H<AD H<AD H<ADp � �
H<AD H<AD H<AD

I I I
I I

I I I
= = = = = = = = =  

%@02=5=85 8=B53@0;L=>3> ?>:070B5;O MDD5:B82=>AB8 B5:CI53> ?@>5:B0 

8 0=0;>3>2 ?>72>;8B >?@545;8BL A@02=8B5;L=CN MDD5:B82=>ABL ?@>5:B0 3.7.4: 

p

H<AD
ED ai

H<Aai

I
Э

I
= , (3.7.4) 

$57C;LB0B 2KG8A;5=8O A@02=8B5;L=>9 MDD5:B82=>AB8 ?@>5:B0 8 

A@02=8B5;L=0O MDD5:B82=>ABL 0=0;870 ?@54AB02;5=K 2 B01;8F5 3.16.  

&01;8F0 3.16 3 %@02=8B5;L=0O MDD5:B82=>ABL @07@01>B:8 

№ #>:070B5;8 
&5:CI0O 
@01>B0 

�=0;>3 
1 

�=0;>3 
2 

1 
�=B53@0;L=K9 D8=0=A>2K9 ?>:070B5;L 

@07@01>B:8 1 1,04 1,08 

2 
�=B53@0;L=K9 ?>:070B5;L 

@5AC@A>MDD5:B82=>AB8 @07@01>B:8 
4,8 3,6 2,75 

3 �=B53@0;L=K9 ?>:070B5;L MDD5:B82=>AB8 4,8 3,61 2,55 

4 

%@02=8B5;L=0O MDD5:B82=>ABL 20@80=B>2 
8A?>;=5=8O 

 

1,33 1,85 1 

 

#>;CG5==K5 @57C;LB0BK ?>4B25@640NB ?@58<CI5AB20 2K1@0==>3> 

20@80=B0 <5B>48:8 =0CG=>3> 8AA;54>20=8O 8 4>:07K205B 53> =081>;LHCN 

MDD5:B82=>ABL. 
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3.8 �O2>4O ?> @0745;C 

 

� 40==>< @0745;5 >F5=5=K M:>=><8G5A:85 0A?5:BK 8 

@5AC@A>MDD5:B82=>ABL 40==>3> 8AA;54>20=8O, ?>;CG5=K A;54CNI85 

@57C;LB0BK: 

3 ?>B5=F80;L=K<8 ?>B@518B5;O<8 @57C;LB0B>2 40==>3> 8AA;54>20=8O 

O2;ONBAO "�� 8 0B><=0O ?@><KH;5==>ABL; 

3 ?@>2545= 0=0;87 :>=:C@5=B=KE B5E=8G5A:8E @5H5=89 =0CG=>3> 

8AA;54>20=8O, 2 :>B>@>< 2KOA=5=>, GB> 2K1@0==0O 2 8AA;54>20=88 <5B>48:0 

O2;O5BAO =081>;55 ?@54?>GB8B5;L=>9 1;03>40@O =08;CGH59 B>G=>AB8 8 

DC=:F8>=0;L=>9 <>I=>AB8, GB> 45;05B 5ё =081>;55 :>=:C@5=B>A?>A>1=>9. 

#@>2545==K9 SWOT-0=0;87 ?>:070;, GB> ?@58<CI5AB20 @07@01>B0==>9 

<5B>48:8 ?@5>1;040NB =04 5ё =54>AB0B:0<8, 0 2KO2;5==K5 C3@>7K O2;ONBAO 

CAB@0=8<K<8. � E>45 2K?>;=5=8O @01>BK: 

3 ?>AB@>5=0 4803@0<<0 �0=B0, :>B>@0O =03;O4=> 8;;NAB@8@C5B 

70B@0G8205<>5 2@5<O 4;O >ACI5AB2;5=8O =0CG=>3> 8AA;54>20=8O. "1I55 

:>;8G5AB2> :0;5=40@=KE 4=59, 2 B5G5=85 :>B>@KE @01>B0; 8A?>;=8B5;L 

A>AB028;> 74, 0 >1I55 :>;8G5AB2> :0;5=40@=KE 4=59, 2 B5G5=85 :>B>@KE 

@01>B0; !0CG=K9 @C:>2>48B5;L 3 10;  

3 >?@545;5=0 A<5B0 =0CG=>3> 8AA;54>20=8O, 2KO2;5=K >A=>2=K5 

AB0BL8 @0AE>4>2. �N465B 70B@0B 40==>9 =0CG=>-8AA;54>20B5;LA:>9 @01>BK 

A>AB028; 129314 @C1;59; >A=>2=>9 AB0BLё9 @0AE>4>2 O2;ONBAO 70@?;0BK 4;O 

=0CG=>3> @C:>2>48B5;O 8 8=65=5@0 (84375 @C1;59). 

3 7=0G5=85 8=B53@0;L=>3> ?>:070B5;O @5AC@A>MDD5:B82=>AB8 

A>AB028;> 4,80, 2 B> 2@5<O :0: C 0=0;>3>2 40==K5 ?>:070B5;8 A>AB028;8 3,75 8 

2,75 A>>B25BAB25==>, GB> 3>2>@8B > =081>;LH59 MDD5:B82=>AB8 2K1@0==>9 

<5B>48:8 8AA;54>20=8O. 
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����!�� ��/ $������  
«%"*���0!�/ "&��&%&��!!"%&0» 

 

%BC45=BC: 
�@C??0 (�" 

0� 12 �5@0A8<GC:C �;5:A0=4@C  8E09;>28GC 
 
,:>;0 �/&, "B45;5=85 H:>;O (!"*) "/&* 

'@>25=P >1@07>20=8S 
 038AB@0BC@0 

!0?@02;5=85/A?5F80;P=>ABP 14.04.02 «/45@=K5 
D878:0 8 B5E=>;>388» 

  

�AE>4=O5 40==O5 : @0745;C «%>F80;P=0S >B25BAB25==>ABP»: 

1. "C<E4A<9 D45BK97B @9EF4 (D45BK9= ;BAO) A4 CD98@9F 
6B;A<>AB69A<S: 

‒ �@54=KE D0:B>@>2 ?@>872>4AB25==>9 A@54K: 
?>2KH5==K9 C@>25=L M;5:B@><03=8B=KE 
?>;59, >B:;>=5=85 ?>:070B5;59 <8:@>:;8<0B0 
>B >?B8<0;L=KE, HC<, 281@0F8O >B #-� ; 
‒ >?0A=KE D0:B>@>2 ?@>872>4AB25==>9 A@54K: 
25@>OB=>ABL 2>7=8:=>25=8O ?>60@0, 
25@>OB=>ABL ?>@065=8O M;5:B@8G5A:8< B>:><. 

2. #9D9K9AP ;4>BAB84F9?PAOI < ABD@4F<6AOI 8B>G@9AFB6 CB 
F9@9  

‒ &@51>20=85 >E@0=K B@C40 ?@8 @01>B5 A 
#-� ; 
‒ M;5:B@>157>?0A=>ABL; 
‒ ?>60@=0O 157>?0A=>ABL. 

#5@5G5=P 2>?@>A>2, ?>4;560I8E 8AA;54>20=8R, ?@>5:B8@>20=8R 8 @07@01>B:5: 

1. �A4?<; 6OS6?9AAOI 6D98AOI H4>FBDB6 CDB9>F<DG9@B= 
CDB<;6B8EF69AAB= ED98O 6 E?98GRM9= 
CBE?98B64F9?PABEF<: 

‒ �59AB285 D0:B>@0 =0 >@30=87< G5;>25:0; 
‒ ?@82545=85 4>?CAB8<KE =>@< A 
=5>1E>48<>9 @07<5@=>ABLN; 
‒ ?@54;0305<K5 A@54AB20 70I8BK. 

2. �A4?<; 6OS6?9AAOI BC4EAOI H4>FBDB6 CDB9>F<DG9@B= 
CDB<;698ёAAB= ED98O 6 E?98GRM9= CBE?98B64F9?PABEF< 

‒ -;5:B@>157>?0A=>ABL (2 B.G. 8AB>G=8:8, 
A@54AB20 70I8BK); 
‒ ?>60@>27@K2>157>?0A=>ABL (?@8G8=K, 
?@>D8;0:B8G5A:85 <5@>?@8OB8O, ?5@28G=K5 
A@54AB20 ?>60@>BCH5=8O). 

 

�0B0 2O40G8 7040=8S 4;S @0745;0 ?> ;8=59=><C 3@0D8:C 13.03.2023 

 

�040=85 2O40; :>=AC;PB0=B: 
�>;6=>ABP (�" 'G5=0S AB5?5=P, 

720=85 
#>4?8AP �0B0 

�AA8AB5=B "/&* #5@545@8= ..�. :.B.=.   

 

�040=85 ?@8=S; : 8A?>;=5=8R ABC45=B: 
�@C??0 (�" #>4?8AP �0B0 
0� 12 �5@0A8<GC: �;5:A0=4@  8E09;>28G   
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4 %>F80;P=0S >B25BAB25==>ABP 

 

� A>2@5<5==KE CA;>28OE >4=8< 87 >A=>2=KE =0?@02;5=89 :>@5==>3> 

C;CGH5=8O 2A59 ?@>D8;0:B8G5A:>9 @01>BK ?> A=865=8N ?@>872>4AB25==>3> 

B@02<0B87<0 8 ?@>D5AA8>=0;L=>9 701>;5205<>AB8 O2;O5BAO ?>2A5<5AB=>5 

2=54@5=85 :><?;5:A=>9 A8AB5<K C?@02;5=8O >E@0=>9 B@C40, B> 5ABL ?CB5< 

>1J548=5=8O @07@>7=5==KE <5@>?@8OB89 2 548=CN A8AB5<C 

F5;5=0?@02;5==KE 459AB289 =0 2A5E C@>2=OE 8 AB048OE ?@>872>4AB25==>3> 

?@>F5AA0. 

"?0A=K< ?@>872>4AB25==K< D0:B>@>< =07K205BAO B0:>9 

?@>872>4AB25==K9 D0:B>@, 2>7459AB285 :>B>@>3> 2 >?@545;5==KE CA;>28OE 

?@82>4OB : B@02<5 8;8 4@C3><C 2=570?=><C, @57:><C CEC4H5=8N 74>@>2LO. 

�@54=K< ?@>872>4AB25==K< D0:B>@>< =07K205BAO B0:>9 

?@>872>4AB25==K9 D0:B>@, 2>7459AB285 :>B>@>3> =0 @01>B0NI53> 2 

>?@545;5==KE CA;>28OE ?@82>48B : 701>;520=8N 8;8 A=865=8N 

B@C4>A?>A>1=>AB8. 

&0: :0: 8AA;54>20=85 ?@>872>48;>AL A ?><>ILN -� , B> F5;LN 

40==>3> @0745;0 O2;O5BAO 0=0;87 A>1;N45=8O A0=8B0@=KE =>@< 8 ?@028; 2 

?@>F5AA5 @01>BK =04 ?@>5:B>< A ?@8<5=5=85< :><?LNB5@0. $0AA<0B@820NBAO 

<5@K =5>1E>48<K5 4;O 70I8BK A>B@C4=8:0 >B =530B82=>3> 2>7459AB28O A@54K. 

�AA;54CNBAO 2@54=K5 8 >?0A=K5 D0:B>@K, :>B>@K5 =530B82=> 2;8ONB =0 

74>@>2L5 G5;>25:0 ?@8 @01>B5 A A>>B25BAB2CNI8<8 M;5<5=B0<8. �7CG0NBAO 

A?>A>1K A=865=8O 2>7459AB28O MB8E D0:B>@>2 4> 4>?CAB8<KE ?@545;>2. 

�@><5 B>3>, @0AA<0B@820NBAO 2>7<>6=K5 G@572KG09=K5 A8BC0F88 8 459AB28O, 

2K?>;=O5<K5 ?@8 8E 2>7=8:=>25=88. 

$01>B0 ?@>2>48;0AL 2 0C48B>@88 № 317 CG51=>3> :>@?CA0 №10. 
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4.1 #@>872>4AB25==0S 157>?0A=>ABP 

#@>872>4AB25==K5 CA;>28O =0 @01>G5< <5AB5 E0@0:B5@87CNBAO 

=0;8G85< >?0A=KE 8 2@54=KE D0:B>@>2, :>B>@K5 >B>1@065=K 2 B01;8F5 4.1.  

 

&01;8F0 4.1 3 "?0A=K5 8 2@54=K5 D0:B>@K  

(0:B>@K 

(�"%& 12.0.003-2015 [63]) 

!>@<0B82=K5 
4>:C<5=BK 

1.  8:@>:;8<0B �"%& 30494-96. �40=8O 68;K5 8 >1I5AB25==K5. 
#0@0<5B@K <8:@>:;8<0B0 2 ?><5I5=8OE [64] 

2. ,C< 

�"%& 12.1.003-83. %8AB5<0 AB0=40@B>2 157>?0A=>AB8 
B@C40 (%%�&). ,C<. "1I85 B@51>20=8O 157>?0A=>AB8 (A 

�7<5=5=85< N 1) [65] 

3. "A25I5==>ABL @01>G59 
7>=K 

%!8# 23-05-95*. �AB5AB25==>5 8 8A:CAAB25==>5 
>A25I5=85 (A �7<5=5=85< N 1) [66] 

4. #>60@>27@K2>157>?0A=>ABL 

%# 12.13130.2009. "?@545;5=85 :0B53>@89 ?><5I5=89, 
740=89 8 =0@C6=KE CAB0=>2>: ?> 27@K2>?>60@=>9 8 
?>60@=>9 >?0A=>AB8 (2 @54. 87<. № 1, CB2. ?@8:07>< 

 +% $>AA88 >B 09.12.2010 № 643) [67]; 

�"%& 12.1.004-91 %8AB5<0 AB0=40@B>2 157>?0A=>AB8 
B@C40. #>60@=0O 157>?0A=>ABL. "1I85 B@51>20=8O [68]. 

5. -;5:B@>157>?0A=>ABL 

�"%& 12.1.009-76 %8AB5<0 AB0=40@B>2 157>?0A=>AB8 
B@C40 (%%�&) [69] 

�"%& $12.1.019-2017 %%�& -;5:B@>157>?0A=>ABL [70] 

�"%& $  -� 61140-2000 �0I8B0 >B ?>@065=8O 
M;5:B@8G5A:8< B>:><. "1I85 ?>;>65=8O ?> 

157>?0A=>AB8, >15A?5G8205<>9 M;5:B@>>1>@C4>20=85< 8 
M;5:B@>CAB0=>2:0<8 2 8E 2708<>A2O78 [71] 

6 -;5:B@><03=8B=K9 ?>;O 
�"%& 12.1.006-84. -;5:B@><03=8B=K5 ?>;O @048>G0AB>B. 
�>?CAB8<K5 C@>2=8 =0 @01>G8E <5AB0E 8 B@51>20=8O : 

?@>2545=8N :>=B@>;O [72]. 

 

4.2  8:@>:;8<0B 
 

#>:070B5;O<8, E0@0:B5@87CNI8<8 <8:@>:;8<0B, O2;ONBAO [73]: 

‒ B5<?5@0BC@0 2>74CE0; 

‒ >B=>A8B5;L=0O 2;06=>ABL 2>74CE0; 

‒ A:>@>ABL 42865=8O 2>74CE0; 

‒ 8=B5=A82=>ABL B5?;>2>3> 87;CG5=8O. 

�AB>G=8:>< 2>7=8:=>25=8O >B:;>=5=89 2KH5?5@5G8A;5==KE 

?0@0<5B@>2 O2;O5BAO: =03@52 ?>25@E=>AB59 B5E=>;>38G5A:>3> >1>@C4>20=8O, 
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2;8O=85 >:@C60NI59 A@54K =0 @01>G55 ?><5I5=85, =5?@028;L=0O 

?@>5:B8@>2:0 8/8;8 2K1>@ <0B5@80;>2 @01>G53> ?><5I5=8O, =525@=K9 @568< 

@01>BK 25=B8;OF88. 

� F5;>< >B:;>=5=85 ?>:070B5;59 <8:@>:;8<0B0 ?@82>48B : A=865=8N 

@01>B>A?>A>1=>AB8 G5;>25:0, ?5@5CB><;O5<>AB8 8 @8A:C 2>7=8:=>25=8O 

701>;520=89. �064K9 87 ?0@0<5B@>2 <8:@>:;8<0B0 >:07K205B 2;8O=85 =0 

G5;>25:0, 0 2 A>2>:C?=>AB8 >=8 <>3CB CA8;820BL =530B82=>5 2;8O=85 =0 

>@30=87<. 

&0:, ?>=865=85 B5<?5@0BC@K 2>74CE0 254ёB : ?5@5>E;0645=8N 

>@30=87<0, ?>2KH5=85 A:>@>AB8 42865=8O 2>74CE0 ;8HL CA8;8205B MB>B 

MDD5:B. #>2KH5=85 B5<?5@0BC@K 2>74CE0 ?@82>48B : ?5@53@52C >@30=87<0, 

5A;8 ?@8 MB>< 2;06=>ABL 2>74CE0 2KA>:0O, B> <5=55 8=B5=A82=> 8A?0@O5BAO 

?>B 8 B5< 1KAB@55 =0ABC?05B ?5@53@52 >@30=87<0, ?@82>4OI89 : A=865=8N 

@01>B>A?>A>1=>AB8. �=B5=A82=>5 B5?;>2>5 87;CG5=85 ?@82>48B : 

G@57<5@=><C =03@52C 2>74CE0 2 ?><5I5=88 A> 2A5<8 2KB5:0NI8<8 

?>A;54AB28O<8. 

�064>9 :0B53>@88 @01>B ?@8A20820NBAO >?@545;ё==K5 >?B8<0;L=K5 8 

4>?CAB8<K5 ?0@0<5B@K <8:@>:;8<0B0. $01>B0 ?5@A>=0;0 :0B53>@8@C5BAO :0: 

;ё3:0O D878G5A:0O @01>B0 (:0B53>@8O 11). #>:070B5;8 4;O B5<?5@0BC@K, 

2;06=>AB8 8 A:>@>AB8 2>74CE0 ?@54AB02;5=K 2 ?@8;>65=88 � B01;8F5 �.1.  

�;O C4>1AB20 @01>BK 2 ?><5I5=88 =5>1E>48<> =>@<8@>20=85 

?0@0<5B@>2 <8:@>:;8<0B0, B> 5ABL =5>1E>48<> ?@>2545=85 <5@>?@8OB89 ?> 

:>=B@>;N A?>A>1>2 8 A@54AB2 70I8BK >B 2KA>:8E 8 =87:8E B5<?5@0BC@, 

A8AB5<K >B>?;5=8O, 25=B8;OF88 8 :>=48F8>=8@>20=88 2>74CE0, 

8A:CAAB25==>5 >A25I5=85 8 B.?. 

�;O ?>445@60=8O 40==KE A0=8B0@=KE =>@< 4>AB0B>G=> 8<5BL 

5AB5AB25==CN =5>@30=87>20==CN 25=B8;OF8N ?><5I5=8O 8 <5AB=K9 

:>=48F8>=5@ ?>;=>3> :>=48F8>=8@>20=8O 2>74CE0, >15A?5G820NI89 

?>AB>O=AB2> B5<?5@0BC@K, >B=>A8B5;L=>9 2;06=>AB8, A:>@>AB8 42865=8O 8 

G8AB>BK 2>74CE0.  
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�;O @0AGёB0 :@0B=>AB8 2>74CE>>1<5=0 25=B8;OB>@0 2 ;01>@0B>@88 

>1Jё<>< V = 140 <3 (S = 40 <2, h = 3,5 <), :>B>@K9 1C45B >15A?5G820BL 

F8@:C;OF8N 2>74CH=KE <0AA 2 ?><5I5=88, 2>A?>;L7C5<AO D>@<C;>9 [74]: 

,W V k=                                                      (4.1) 

345 k 3 =>@<8@>20==0O :@0B=>ABL 2>74CE>>1<5=0 (4;O ;01>@0B>@89 k = 3) [74]. 

#>4AB02;OO 40==K5 2 D>@<C;C (4.1), ?>;CG8< E0@0:B5@8AB8:C :@0B=>AB8 

2>74CE>>1<5=0 25=B8;OB>@0: 
3

140 3 420 .
@

W
K

=  =  

&0:8< >1@07><, 2 0C48B>@8N =5>1E>48<> ?>AB028BL 25=B8;OB>@ VARP 

Alpha 420×170 A ?@>872>48B5;L=>ABLN 420 <3/G [75]. 

&0:65 =5>1E>48<0 A8AB5<0 F5=B@0;L=>3> >B>?;5=8O, >15A?5G820NI0O 

7040==K9 C@>25=L B5<?5@0BC@K 2 78<=89 ?5@8>4 [76]. � 78<=89 ?5@8>4 2 

0C48B>@88 4;O ?>445@60=8O =5>1E>48<>9 B5<?5@0BC@K 8A?>;L7C5BAO A8AB5<0 

2>4O=>3> >B>?;5=8O. -B0 A8AB5<0 =0456=0 2 M:A?;C0B0F88 8 >15A?5G8205B 

2>7<>6=>ABL @53C;8@>20=8O B5<?5@0BC@K 2 H8@>:8E ?@545;0E. #@8 

CAB@>9AB25 A8AB5<K 25=B8;OF88 8 :>=48F8>=8@>20=8O 2>74CE0 2 ?><5I5=88 

0C48B>@88 =5>1E>48<> A>1;N40BL >?@545;5==K5 B@51>20=8O ?>60@=>9 

157>?0A=>AB8 [68]. � 78<=55 2@5<O 2 ?><5I5=88 =5>1E>48<> ?@54CA<>B@5BL 

A8AB5<C >B>?;5=8O. "=0 4>;6=0 >15A?5G820BL 4>AB0B>G=>5, ?>AB>O==>5 8 

@02=><5@=>5 =03@520=85 2>74CE0. � ?><5I5=8OE A ?>2KH5==K<8 

B@51>20=8O<8 : G8AB>B5 2>74CE0 4>;6=> 8A?>;L7>20BLAO 2>4O=>5 >B>?;5=85. 

#> 70I8B5 8AA;54>20B5;O >B 459AB28O 2@54=>3> D0:B>@0 2 ?><5I5=88 № 

317 >B:;>=5=8O ?>:070B5;59 <8:@>:;8<0B0 A>740NBAO <8:@>:;8<0B8G5A:85 

CA;>28O >B>?;5=85<, >1<5==>9 25=B8;OF859 8 :>=48F8>=8@>20=85< 2>74CE0 

A>3;0A=> [74, 76, 77]. 
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4.3 ,C< 

 

#@52KH5=85 C@>2=O HC<0. 2>7=8:05B ?@8 @01>B5 <5E0=8G5A:8E 8 

M;5:B@><5E0=8G5A:8E 8745;89. 

�;O >F5=820=8O HC<>2>9 >1AB0=>2:8 4>?CA:05BAO 8A?>;L7>20BL 

G8A;>2CN E0@0:B5@8AB8:C, =07K205<CN C@>2=5< 72C:0 (87<5@O5BAO 2 4�). � 

A>>B25BAB288 A [78] 4>?CAB8<K9 C@>25=L HC<0 ?@8 @01>B5, B@51CNI59 

A>A@54>B>G5==>AB8, @01>B5 A ?>2KH5==K<8 B@51>20=8O<8 : ?@>F5AA0< 

=01;N45=8O 8 48AB0=F8>==>3> C?@02;5=8O ?@>872>4AB25==K<8 F8:;0<8 =0 

@01>G8E <5AB0E 2 ?><5I5=8OE A HC<=K< >1>@C4>20=85<, A>AB02;O5B 75 4�. 

�>=K A C@>2=5< 72C:0 80 4� 4>;6=K 1KBL >1>7=0G5=K 7=0:0<8 157>?0A=>AB8 

A>3;0A=> [79]. 

� 0C48B>@88, 2 :>B>@>9 ?@>872>48;8AL @0AAG5BK, >A=>2=K<8 

8AB>G=8:0<8 HC<0 O2;ONBAO :>=48F8>=5@, :><?LNB5@K (>E;0645=85 2=CB@8 

A8AB5<=>3> 1;>:0).  

� A>>B25BAB288 A> A?5F8D8:0F859 =0 :><?LNB5@ DNS Office XL, C@>25=L 

HC<0 1;>:0 ?8B0=8O :><?LNB5@0 A>AB02;O5B 5-10 4�, C@>25=L HC<0 

>E;0640NI53> CAB@>9AB20 ?@>F5AA>@0 15-20 4�, >AB0;L=K5 M;5<5=BK 

>E;0645=8O O2;ONBAO ?0AA82=K<8 8 8E C@>25=L HC<0 =5 CG8BK205BAO. ,C<, 

2K7K205<K9 @01>B>9 >?B8G5A:8E ?@82>4>2, B0:65 =5 CG8BK205BAO, B0: :0: >=8 

8A?>;L7CNBAO 2 @01>B5 =57=0G8B5;L=> <0;>5 2@5<O. 

� A>>B25BAB288 A> A?5F8D8:0F859 =0 :>=48F8>=5@ Haier HSU-

12HTM103/R3, <0:A8<0;L=K9 C@>25=L HC<0, ?@>872>48<>3> 2=CB@5==8< 53> 

1;>:><, A>AB02;O5B 37 4�. 

� @0AA<0B@8205<K9 0C48B>@88 4>?>;=8B5;L=0O 72C:>87>;OF8O =5 

B@51C5BAO, B0: :0: ?@545;L=>5 7=0G5=85 C@>2=O HC<0 =5 4>AB8305BAO. 

�;O 4>2545=8O C@>2=O HC<0 4> A0=8B0@=KE =>@< A;54C5B 

?@845@6820BLAO A;54CNI8E ?@028; ?@8 >@30=870F88 B@C40 2 ?><5I5=88: 
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‒ 2=CB@5==89 1;>: :>=48F8>=5@0 A;54C5B @0A?>;030BL 240;8 >B 

;N459, 70=8<0NI8EAO B2>@G5A:>9 45OB5;L=>ABLN (?@>3@0<<8ABK), 8 =5 

8A?>;L7>20BL =0 ?>;=CN <>I=>ABL, 5A;8 ?>72>;ONB :;8<0B8G5A:85 CA;>28O; 

‒ A2>52@5<5==> >ACI5AB2;OBL ?@>D8;0:B8:C A8AB5<=KE 1;>:>2 

:><?LNB5@>2 (>G8AB:0 >B ?K;8 8 A<07K20=85 4286CI8EAO G0AB59 

>E;0640NI8E CAB0=>2>:, 70<5=0 87;8H=5 HC<=KE :><?;5:BCNI8E). 

�0I8B0 >B ?>2KH5==KE C@>2=59 HC<0 2 ?><5I5=88 № 317 

>ACI5AB2;O5BAO <5B>40<8 53> A=865=8O 2 8AB>G=8:5 >1@07>20=8O 8 =0 ?CB8 

@0A?@>AB@0=5=8O, CAB@>9AB2>< M:@0=>2 8 72C:>?>3;>I0NI8E >1;8F>2>:, 

A@54AB20<8 8=48284C0;L=>9 70I8BK A>3;0A=> [78, 79]. 

 

4.4 "A25I5=85 
 

!54>AB0B>G=0O >A25I5==>ABL @01>G59 7>=K B0:65 AG8B05BAO >4=8< 87 

D0:B>@>2, 2;8ONI8E =0 @01>B>A?>A>1=>ABL G5;>25:0. �;O ?@><KH;5==KE 

?@54?@8OB89 >?B8<0;L=0O >A25I5==>ABL B5@@8B>@88 8 ?><5I5=89 O2;O5BAO 

206=>9 8 =5?@>AB>9 B5E=8G5A:>9 7040G59, @5H5=85 :>B>@>9 >15A?5G8205B 

=>@<0;L=K5 38385=8G5A:85 CA;>28O 4;O @01>B0NI53> ?5@A>=0;0. #@028;L=> 

?>4>1@0==K5 8AB>G=8:8 A25B0 8 8E ?@>5:B8@>20=85 A>740NB CA;>28O 4;O 

?@>872>4AB25==>3> B@C40, :>@@5:B=>AB8 2K?>;=5=8O B5E=>;>38G5A:8E 

>?5@0F89, A>1;N45=8O ?@028; 8 B5E=8:8 157>?0A=>AB8. 

�;02=>9 7040G59 A25B>B5E=8G5A:8E @0AGёB>2 4;O 8A:CAAB25==>3> 

>A25I5=8O O2;O5BAO >?@545;5=85 B@51C5<>9 <>I=>AB8 M;5:B@8G5A:>9 

>A25B8B5;L=>9 CAB0=>2:8 4;O A>740=8O 7040==>9 >A25Iё==>AB8.  

�=CB@8 ?><5I5=89 ?> A?>A>1C @07<5I5=8O A25B8;L=8:>2 8 

@0A?@545;5=8N >A25I5==>AB8 @07;8G0NB A;54CNI85 A8AB5<K 8A:CAAB25==>3> 

>A25I5=8O: >1I55 8 :><18=8@>20==>5. 

"1I8< =07K205BAO >A25I5=85, A25B8;L=8:8 :>B>@>3> >A25I0NB 2AN 

?;>I04L ?><5I5=8O, :0: 70=OBCN >1>@C4>20=85< 8;8 @01>G8<8 <5AB0<8, B0: 

8 2A?><>30B5;L=CN. � 7028A8<>AB8 >B @0A?>;>65=8O A25B8;L=8:>2 @07;8G0NB 
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@02=><5@=>5 8 ;>:0;87>20==>5 >1I55 >A25I5=85. #@8 >1I5< @02=><5@=>< 

>A25I5=88 A25B8;L=8:8 @0A?>;030NBAO 2 25@E=59 7>=5 ?><5I5=8O 

@02=><5@=>, >15A?5G820O B5< A0<K< >48=0:>2CN >A25I5==>ABL 2A53> 

?><5I5=8O. "=> ?@8<5=O5BAO, :0: ?@028;>, :>340 @0A?>;>65=85 @01>G8E 7>= 

?@8 ?@>5:B8@>20=88 =58725AB=> ;81> ?@8 381:>9 ?;0=8@>2:5. #@8 >1I5< 

;>:0;87>20==>< >A25I5=88 A25B8;L=8:8 @07<5I0NB A CG5B>< @0A?>;>65=8O 

B5E=>;>38G5A:>3> >1>@C4>20=8O, A>74020O =0 >B45;L=KE ?>25@E=>ABOE 

B@51C5<K9 C@>25=L >A25I5=8O. 

�><18=8@>20==0O A8AB5<0 >A25I5=8O A>AB>8B 87 >1I53> 8 <5AB=>3> 

>A25I5=8O. "1I55 >A25I5=85 ?@54=07=0G5=> 4;O >A25I5=8O ?@>E>4>2 8 

CG0AB:>2, 345 @01>BK =5 ?@>872>4OBAO, 0 B0:65 4;O 2K@02=820=8O O@:>AB8 2 

?>;5 7@5=8O @01>B0NI8E.  5AB=>5 >A25I5=85 >15A?5G8205BAO A25B8;L=8:0<8, 

@0A?>;0305<K<8 =5?>A@54AB25==> =0 @01>G8E <5AB0E. �<C A;54C5B >B4020BL 

?@54?>GB5=85, 5A;8 2 =5A:>;L:8E @01>G8E 7>=0E ?><5I5=8O 4>;6=K @5H0BLAO 

@07;8G=K5 7@8B5;L=K5 7040G8 8 ?>MB><C 4;O =8E B@51CNBAO @07;8G=K5 C@>2=8 

>A25I5==>AB8. "=> B0:65 =5>1E>48<>, :>340 @01>G85 <5AB0 B5@@8B>@80;L=> 

>B40;5=K 4@C3 >B 4@C30. #@8 MB>< A;54C5B 8<5BL 2 284C, GB> CAB@>9AB2> B>;L:> 

<5AB=>3> >A25I5=8O =54>?CAB8<>, B0: :0: >=> A>7405B 1>;LHCN @07=>ABL 

>A25I5==>AB8 @01>G8E ?>25@E=>AB59 8 >:@C60NI53> ?@>AB@0=AB20, GB> 

=51;03>?@8OB=> A:07K205BAO =0 7@5=88 [66]. 

#@8 CG5B5 >A>15==>AB59 ?@>F5AA0 @01>B =0 :><?LNB5@5 4>?CA:05BAO 

?@8<5=5=85 A8AB5<K >1I53> @02=><5@=> >A25I5=8O.  

�;O >1I53> >A25I5=85 ?@8<5=ONBAO 307>@07@O4=K5 ;0<?K: 4=52=>9 

(��), E>;>4=>-15;>9 (�)�), B5?;>-15;>9 (�&�) 8 15;>9 F25B=>AB8 (��).  

#><5I5=8O A :><?LNB5@>< 8<55B A;54CNI85 ?0@0<5B@K: 

3 �KA>B0 ?><5I5=8O: H = 350 A<; 

3 $0AAB>O=85 A25B8;L=8:>2 >B ?5@5:@KB8O: hc = 35 A<. 

$0AAG8B05< 2KA>BC A25B8;L=8:0 =04 ?>;><, 2KA>BC ?>425A0: 

350 35 315n ch H h E@= − = − = .    (4.2) 
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�KA>B0 @01>G59 ?>25@E=>AB8 =04 ?>;><: h@? = 75 A<. 

$0AAG8B05< 2KA>BC A25B8;L=8:0 =04 @01>G59 ?>25@E=>ABLN: 

315 75 260n DCh h h E@= − = − = .    (4.3) 

#@8 >A25I5=88 @01>G53> ?><5I5=8O 42CE;0<?>2K<8 A25B8;L=8:0<8 "� 

?@8 >48=>G=>9 CAB0=>2:5 8;8 ?@8 =5?@5@K2=KE @O40E 87 >48=>G=KE 

A25B8;L=8:>2 2 A>>B25BAB288 A B@51>20=8O<8 =08<5=LH0O 4>?CAB8<0O 2KA>B0 

?>425A0 =04 ?>;>< A>AB02;O5B 3,5 <. $0AAG8B0==0O 25;8G8=0 h = 2,6 < =5 

A>>B25BAB2C5B B@51>20=8O<.  

$0AAB>O=85 <564C A>A54=8<8 A25B8;L=8:0<8: L = 3,75 A<. 

$0AAB>O=85 >B :@09=8E A25B8;L=8:>2 4> AB5=K: l = 0,9 A<. 

�0==>5 @0AAB>O=85 >B :@09=8E A25B8;L=8:>2 4> AB5=K O2;O5BAO 

?>4E>4OI8<, B0: :0: =5>1E>48<0O 25;8G8=0 @02=0: 

3,75
1,25

3 3

L E@= = .        (4.4) 

�=B53@0;L=K< :@8B5@85< >?B8<0;L=>AB8 @0A?>;>65=8O A25B8;L=8:>2 

O2;O5BAO 25;8G8=0, @02=0O: 

/L h = .      (4.5) 

�0==0O 25;8G8=0 4>;6=0 A>AB02;OBL 1,4 ?@8 ;CGH5< 8 :0G5AB25==>< 

@0A?>;>65=88 A25B8;L=8:>2. $0AAG8B05< >?B8<0;L=>5 @0AAB>O=85 <564C 

A25B8;L=8:0<8: 

1,4 2,6 3,64L h @=  =  = .    (4.6) 

�0==0O 25;8G8=0 ?>;=>ABLN A>>B25BAB2C5B =0AB>OI5<C @0A?>;>65=8N 

A25B8;L=8:>2. 

$0AG5B >1I53> @02=><5@=>3> 8A:CAAB25==>3> >A25I5=8O 3>@87>=B0;L=>9 

@01>G59 ?>25@E=>AB8 2K?>;=O5BAO <5B>4>< :>MDD8F85=B0 A25B>2>3> 

?>B>:0 -  : 

 
200 40 1,5 1,1

5387,8 ,
5 0,49

k SE S K Z �@
N n

      
= = =

 
 (4.7) 
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345  E> 3 =>@<8@C5<0O <8=8<0;L=0O >A25I5==>ABL, A>3;0A=> [66]: 

E> = 200 �< (@07@O4 7@8B5;L=>9 @01>BK VI: >G5=L <0;>9 B>G=>AB8); 

S 3 ?;>I04L >A25I05<>3> ?><5I5=8O: S = 40 <2; 

�; 3 :>MDD8F85=B 70?0A0, CG8BK20NI89 703@O7=5=85 A25B8;L=8:0, 

=0;8G85 2 0B<>AD5@5 4K<0, ?K;8: �7 = 1,5 (?><5I5=85 A <0;K< 2K45;5=85< 

?K;8); 

Z 3 :>MDD8F85=B =5@02=><5@=>AB8 >A25I5=8O: Z = 1,1 (4;O 

;N<8=5AF5=B=KE ;0<?); 

N 3 G8A;> ;0<? 2 ?><5I5=88: N = 5;  

n 3 :>MDD8F85=B 8A?>;L7>20=8O A25B>2>3> ?>B>:0: n = 0,49. 

� A>>B25BAB288 A> 7=0G5=85< @0AAG8B0==>3> A25B>2>3> ?>B>:0 � = 5387,8 �:, 1;8609H59 A25B>2>9 ;N<8=5AF5=B=>9 ;0<?>9 O2;O5BAO ;0<?0 

B8?0 �)� A M;5:B@8G5A:>9 <>I=>ABLN >A25B8B5;L=>9 A8AB5<K 65 �B. 

�;O 70I8BK >B =54>AB0B>G=>9 >A25I5==>AB8 @01>G59 7>=K 2 ?><5I5=88 

№ 317 5AB5AB25==>5 >A25I5=85 ?> A2>5<C A?5:B@C O2;O5BAO =081>;55 

?@85<;5<K<, => =5 2A5340 53> >:07K205BAO 4>AB0B>G=>. -B> A2O70=> 2> <=>3>< 

A @568<>< @01>BK. "1KG=> @5:><5=4C5BAO ?@8<5=OBL >1I55 8 

:><18=8@>20==>5 >A25I5=85. !>@<K >A25I5==>AB8 @01>G53> <5AB0 

A>>B25BAB2CNB [66]. 

 

4.5 1;5:B@><03=8B=O5 ?>;S 
 

"A=>2=K< 2@54=K< D0:B>@>< ?@8 8A?>;L7>20=88 -�  O2;O5BAO 

M;5:B@><03=8B=>5 87;CG5=85 >B A>AB02;ONI8E G0AB59 :><?LNB5@0. !>@<K 

2@54=KE 4>?CAB8<KE C@>2=59 (��') M;5:B@><03=8B=>3> 87;CG5=8O -� , 

CAB0=>2;5==K5 2 [72], ?>:070=K 2 B01;8F5 �.2 ?@8;>65=8O �. 

$0A?@>AB@0=5=85 M;5:B@><03=8B=>3> ?>;O (- #) ?@>8AE>48B A 

?><>ILN M;5:B@><03=8B=KE 2>;=, :>B>@K5 2 A2>N >G5@54L 87;CG0NB 

70@O65==K5 G0AB8FK, <>;5:C;K 8 0B><K. �@54 M;5:B@><03=8B=>3> 87;CG5=8O 

>D8F80;L=> 4>:070= 8 ?>4B25@645= A>>B25BAB2CNI8<8 8AA;54>20=8O<8 
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CG5=KE, ?>MB><C ?> <5@5 2>7<>6=>AB8 =C6=> >3@0=8G820BL 53> 2;8O=85 =0 

>@30=87< G5;>25:0. 

-:@0= 8 A8AB5<=K5 1;>:8 -�  B0:65 ?@>872>4OB M;5:B@><03=8B=>5 

87;CG5=85. "A=>2=0O 53> G0ABL ?@>8AE>48B >B A8AB5<=>3> 1;>:0 8 2845>:015;O. 

!0?@O65==>ABL M;5:B@><03=8B=>3> ?>;O =0 @0AAB>O=88 50 A< 2>:@C3 M:@0=0 ?> 

M;5:B@8G5A:>9 A>AB02;ONI59 4>;6=0 A>>B25BAB2>20BL [72]. 

#>2KH5==K9 C@>25=L M;5:B@><03=8B=>3> 87;CG5=8O <>65B =530B82=> 

2;8OBL =0 >@30=87< G5;>25:0, 0 8<5==> ?@82>48BL : =5@2=K< @0AAB@>9AB20<, 

=0@CH5=8N A=0, 7=0G8B5;L=><C CEC4H5=8N 7@8B5;L=>9 0:B82=>AB8, 

>A;01;5=8N 8<<C==>9 A8AB5<K, @0AAB@>9AB20< A5@45G=>-A>AC48AB>9 

A8AB5<K. �;O 70I8BK >B - # ?>;L7CNBAO C25;8G5=85< @0AAB>O=8O >B 

8AB>G=8:0 (M:@0= 4>;65= =0E>48BLAO =0 @0AAB>O=88 =5 <5=55 50 A< >B 

?>;L7>20B5;O). 

� 0C48B>@88 № 317 87;CG5=85 A>>B25BAB2CNB =>@<0< [72]. 

 

4.6 #>60@>27@O2>157>?0A=>ABP 
 

� 7028A8<>AB8 >B E0@0:B5@8AB8:8 8A?>;L7C5<KE 2 ?@>872>4AB25 25I5AB2 

8 8E :>;8G5AB20, ?> ?>60@=>9 8 27@K2=>9 >?0A=>AB8 ?><5I5=8O 

?>4@0745;ONBAO =0 :0B53>@88 �, �, �, �, � 2 A>>B25BAB288 A [67, 80]. &0: :0: 

?><5I5=85, 2 :>B>@>< ?@>872>48BAO 8AA;54>20=85 ?> AB5?5=8 

?>60@>27@K2>>?0A=>AB8 >B=>A8BAO : :0B53>@88 �, B> 5ABL, : ?><5I5=8O< A 

B25@4K<8 A3>@0NI8<8 25I5AB20<8, =5>1E>48<> ?@54CA<>B@5BL @O4 

?@>D8;0:B8G5A:8E <5@>?@8OB89. 

�>7<>6=K5 ?@8G8=K 703>@0=8O:  

3 !58A?@02=>ABL B>:>254CI8E G0AB59 CAB0=>2>:;  

3 $01>B0 A >B:@KB>9 M;5:B@>0??0@0BC@>9;  

3 �>@>B:85 70<K:0=8O 2 1;>:5 ?8B0=8O;  

3 !5A>1;N45=85 ?@028; ?>60@=>9 157>?0A=>AB8;   
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3 !0;8G85 3>@NG8E :><?>=5=B>2: 4>:C<5=BK, 425@8, AB>;K, 87>;OF8O 

:015;59 8 B.?.  

 5@>?@8OB8O ?> ?>60@=>9 ?@>D8;0:B8:5 @0745;ONBAO =0 

>@30=870F8>==K5, B5E=8G5A:85, M:A?;C0B0F8>==K5 8 @568<=K5.  

�;O ?@54C?@5645=8O 2>7=8:=>25=8O ?>60@0 >B :>@>B:8E 70<K:0=89, 

?5@53@C7>: 8 B. 4. =5>1E>48<> A>1;N45=85 A;54CNI8E ?@028; ?>60@=>9 

157>?0A=>AB8 [67]:  

3 �A:;NG5=85 >1@07>20=8O 3>@NG59 A@54K (35@<5B870F8O 

>1>@C4>20=8O, :>=B@>;L 2>74CH=>9 A@54K, @01>G0O 8 020@89=0O 25=B8;OF8O);  

3 #@8<5=5=85 ?@8 AB@>8B5;LAB25 8 >B45;:5 740=89 =5A3>@05<KE 8;8 

B@C4=> A3>@05<KE <0B5@80;>2; 

3 #@028;L=0O M:A?;C0B0F8O >1>@C4>20=8O (?@028;L=>5 2:;NG5=85 

>1>@C4>20=8O 2 A5BL M;5:B@8G5A:>3> ?8B0=8O, :>=B@>;L =03@520 

>1>@C4>20=8O);  

3 #@028;L=>5 A>45@60=85 740=89 8 B5@@8B>@89 (8A:;NG5=85 

>1@07>20=8O 8AB>G=8:0 2>A?;0<5=5=8O);  

3 "1CG5=85 ?@>872>4AB25==>3> ?5@A>=0;0 ?@028;0< 

?@>B82>?>60@=>9 157>?0A=>AB8;  

3 !0;8G85 ?;0=0 M20:C0F88;  

3 %>1;N45=85 ?@>B82>?>60@=KE ?@028;, =>@< ?@8 ?@>5:B8@>20=88 

740=89, ?@8 CAB@>9AB25 M;5:B@>?@>2>4>2 8 >1>@C4>20=8O, >B>?;5=8O, 

25=B8;OF88, >A25I5=8O;   

3 #@028;L=>5 @07<5I5=85 >1>@C4>20=8O; 

3 %2>52@5<5==K9 ?@>D8;0:B8G5A:89 >A<>B@, @5<>=B 8 8A?KB0=85 
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1.1 Characteristics and composition of RAW 

 

Radioactive waste (RW) is a substance that cannot be further utilized due to 

its radionuclide content exceeding the established standards [1]. RW can be 

classified according to different criteria, such as physical state, chemical properties 

and level of radioactivity (Table 1.1). 

Table 1.1 - Classification of Liquid RAW [2] 

 

Waste category 

Specific activity, kBq/kg 

Tritium 

β-emitting 

radionuclides 

(excluding tritium) 

α-emitting 

radionuclides 

(excluding transuranic) 

Transoura- new 

radionuclides 

Low-active up to 104 less than 103 less than 102 less than 10 

Medium active 104 to 108 103 to 107 102 to 106 10 to 105 

Highly active over 108 over 107 over 106 over 105 

 

All RW can be divided into several categories depending on their origin. They 

may be waste arising from all stages of the nuclear fuel cycle, unrelated waste such 

as medical, institutional and domestic waste, waste arising from the 

decommissioning of nuclear installations, and waste arising from the cleanup of 

radiation accidents and anomalies [3]. 

The largest amounts of RAW are generated during the nuclear fuel cycle stage. 

There are two concepts of the nuclear fuel cycle: open and closed. According to the 

open concept, waste is not reprocessed but stored in centralised storage facilities. 

Under the closed concept, the waste is reprocessed to extract valuable components 

[4]. 

The matrix in which RAW is incorporated plays an important role in the multi- 

barrier protection system of the biosphere. Hydrometallurgical PUREX (Plutonium 

URanium recovery by EXtraction) is the main source of liquid HLW within the 

closed nuclear fuel cycle. The generated HLW is the most hazardous and difficult to 
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exploit in the future.The components that comprise HLW include not only nuclear 

fuel such as uranium, plutonium and thorium, but also activated corrosion products 

of equipment materials such as iron, nickel, chromium, manganese, molybdenum, 

zirconium and others, as well as unexploded fuel components such as uranium and 

plutonium, transuranic elements such as neptunium, americium and curium, and 

non-radioactive substances such as cladding materials, traces of neutron absorbers, 

process reagents and organic contamination. VLLW contain over 90 radionuclides 

of APs and over 120 radionuclides of the radioactive decay products of primary APs, 

amounting to 35 different chemical elements. 

Activated corrosion products, such as54 Mn and59 Fe, are short-lived 

radionuclides that have a low radiation hazard. However, long-lived actinide 

isotopes, such as plutonium, have not only a high radiation hazard but also a high 

biological toxicity. They can cause serious illness and even death when exposed 

internally to the human body (Table 1.2). In addition, HLW generates large amounts 

of heat, which poses serious problems in storage and handling. For example, glass 

with HLW from VVER-1000 processing can contain about 20 wt.% oxides and have 

a heat release of 26 kW/m3 [3]. 
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Table 1.2 - Composition of liquid HLW (g/l) [5] 

Compo 

- nent 

SOFTW 
ARE 

"Mayak 

(Russia) 

Savannah 
River 

(USA) 

Hanford 

(USA) 

West 
Valley 

(USA) 

Idaho 
Falls 

(USA) 

Tokai 

(Japan) 

Sallugia 

(Italy) 

Sicral 1 

(France) 

La Hague 

(France 
) 

Magnox 
(Great - 

Britain) 

THORP 

(Great 

Britain) 

H+ - - - - - 2,5* 1,3* - - - - 

Al - 7,7 1,5 3,9 4,2 - 20,4 32,5 - 26,0 - 
Na 1,4-2,0 5,9 4,1 10,3 3,1 44,5 - 20,5 - - 0,1 

K 3,1-3,9 0,3 - 0,1 0,9 - - - - - - 

Mg - 0,2 - 0,3 - - - 4,0 - 30,0 - 

Ca 0,2-0,4 - - - - - - - - - - 
Fe 0,5-1,2 29,7 6,1 20,6 - 8,4 0,6 16,0 20,0 13,0 4,0 

Ni 0,3-0,7 2,8 0,6 0,5 - 2,2 - 1,5 3,2 1,4 - 
Cr 0,04-0,1 0,3 0,1 0,3 - 2,2 - 1,5 3,4 1,6 - 

Mo 2,4-2,7 0,2 0,2 - - - - - - 10,8 18,3 
Zr 1,8-2,2 0,6 3,4 0,4 11,4 - - - - 11,8 20,1 

Hg - 1,8 -- - - - 1,0 - - - - 

Cl - 0,9 0,1 - - - - - - - - 

SO4 0,001 0,8 0,2 1,1 2,6 - 0,6 - - - - 
NO3 3,8* 4,2 2,8 20,6 12,5 - - - - 11* - 

AP 22,3-32,6 3,0 2,5 1,5 1,0 49,0 - 24,5 87,0 - - 

TUE 0,1 0,2 0,1 0,2 0,1 12,6 - 3,0 5,1 2,0 4,5 
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In addition, in addition to waste from defence-related uranium and plutonium 

production, there are stainless steel tanks containing radioactive waste, including 

those that require reprocessing because they have reached the end of their useful 

lives. The radiochemical reprocessing of "weapons-grade" plutonium generates 

waste of different compositions, due to different technologies and methods used to 

neutralize liquid radioactive waste, most often with excess NaOH. This results in 

waste containing highly concentrated alkaline solutions such as NaOH, NaNO3 and 

NaNO2 , as well as viscous sludge consisting of hydroxides of radionuclides, iron, 

aluminium and other metals [6, 7]. 

The processing of liquid HLW becomes complicated due to its complex 

composition, so it is recommended to fractionate HLW with separation of 

radionuclides according to their chemical properties and half-lives. There are several 

technologies for fractionation of HLW depending on the type of reagents used, such 

as extraction with neutral organophosphorus compounds (USA, Japan, Russia, 

China, Germany, India), extraction with acidic organophosphorus compounds 

(Japan, Sweden, Italy, USA), mono- and diamide extraction (France) and extraction 

technologies based on mixed reagents (Russia) [8-15]. 

In Russia, the HLW fractionation concept has been partially implemented at 

FSUE PA Mayak [9, 16]. As part of this concept, a complex scheme for the recovery 

of Cs-Sr fractions and groups of heavy uranium elements and rare earth elements 

from saline acid solutions, which cannot be solidified using the existing vitrification 

technology due to the complexity of their composition, has been created and tested 

on a pilot scale. This technology allows efficient recovery of radionuclides 

according to their chemical properties and half-lives, which makes the processing of 

liquid HLW more efficient and environmentally friendly. 

However, although this concept has been partly implemented at Mayak, the 

problems of processing all types of HLW, including waste from defence activities, 

have not yet been fully solved in Russia. Therefore, the search for effective 

technologies for fractionation and processing of HLW with a variety of compositions 

continues. Various technologies are used around the world, such as neutral and 
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acidic organophosphorus compound extraction, mono- and diamide extraction, and 

mixed reagent extraction technologies. 

Scientists from GEOCHI RAS have developed a new method of dissolving 

oxide spent nuclear fuel (SNF) using weakly acidic solutions of iron(III) nitrate. This 

method results in the formation of waste with a different composition, where the 

main components are iron nitrate salts and diphosphorus pentoxide. This waste 

composition can be readily immobilised in ferric phosphate glass. A distinctive 

feature of this method is the possibility of avoiding the use of concentrated nitric 

acid solutions, which can only be processed through extraction processes. In this 

way, the use of toxic organic solvents can be limited and the amount of waste and 

its negative impact on the environment can be reduced. 

 

1.2 Main types of matrices for RAW immobilisation 

 

There are various matrix materials for fixing radioactive waste (RW). They 

can be inorganic, such as glass, glass ceramics, ceramics and cement, metallic or 

composite, incorporating several materials. RAW reprocessing products can be 

homogeneous or heterogeneous, depending on how evenly the radioactive elements 

are distributed in the matrix. Heterogeneous products may include materials such as 

glass granules in a metal matrix, sulphate dispersion in a glass matrix or the 

incorporation of salts in low temperature ceramics [18]. Quasi-homogeneous 

products such as glass, glass ceramics and high temperature ceramics contain 

radioactive elements in the material structure. 

Another proposal is to create artificial analogues of minerals containing 

radioactive elements or their chemical counterparts, as well as other elements present 

in RAW [19]. However, obtaining pure artificial minerals is difficult, so they are 

usually obtained in the form of ceramics, glass ceramics or materials resembling 

minerals and obtained by spontaneous crystallisation of mineral melts. 

The use of ceramics as a material for the treatment of radioactive waste has 

its advantages, such as thermodynamic stability and high radiation resistance, 
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especially for actinides. However, the use of ceramics as a waste treatment material 

is limited by the difficulty of selecting its composition for each type of waste, as well 

as by difficulties in obtaining the final product due to dusting of fine, highly reactive 

charge, which can pose a hazard to personnel. In addition, the high energy 

consumption and the complexity of the production process make ceramics 

expensive. In this case, the use of vitrified clay may be a more promising method of 

waste treatment allowing lower curing temperatures while maintaining high 

durability [20]. 

At present, most countries use vitrification to treat low-, medium- and high- 

level waste. Different types of glass such as sodium aluminophosphate, borosilicate, 

basalt-like, fluorine phosphate and ferrosilicate are used to create the matrix. The 

leaching rate of vitrified NSAOs (containing137 Cs,134 Cs,90 Sr,60 Co) in water at 

20 is: for borosilicate glasses - 10-5 - 10-6 g/(m2ACB); for basalt-like glasses - 10-7 

-10-8 g/(<2 ACB); for ferrosilicate glasses - 6-10-7 g/(m2 ACB); for sodium-silicate 

glasses - 10-6 g/(m2 ACB) [21]. 

However, despite the advantages of vitrification, this process also has its 

limitations and disadvantages. For example, vitrified waste may be susceptible to 

prolonged corrosion and degradation, which can lead to the escape of radionuclides 

into the environment. In addition, the vitrification process requires high 

temperatures, resulting in high energy consumption and difficulty in handling waste 

containing high boiling liquids and gases. 

Other methods of treating radioactive waste include incorporation into 

polymeric materials, decontamination by encapsulating it in concrete, and the use of 

deep geological seams decontamination techniques. However, each of these methods 

has advantages and disadvantages, and the choice of method depends on many 

factors, including the type of waste, its chemical composition, the amount and degree 

of radioactivity, and the capabilities and availability of technology and materials. 

Glass, due to its amorphous state, can be used to incorporate various types of 

radioactive waste. This material is highly resistant to leaching, chemical and 

radiation resistance and mechanical strength, making glazing one of the most 
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effective methods of immobilization. The properties of glass can vary considerably 

depending on its composition, allowing it to be used in a wide range of applications 

[21]. For example, borosilicate glasses are widely used for immobilization of 

radioactive waste, but their capabilities are limited by low thermal stability, which 

does not allow more than 20 wt.% inclusion of active waste [22]. 

Although glass is not an ideal material for fixing radioactive waste as its 

properties depend on technological conditions and some radioactive elements can 

emit heat, water vapour and radiation which can lead to changes in glass volume, 

glass and ceramics are still considered to be the most reliable materials for RAW 

immobilisation. Ceramics have great potential in practical applications due to their 

high chemical stability and thermal stability. Unlike glass, ceramic matrices have 

high mechanical strength and radiation resistance, which allows them to be used to 

immobilise larger volumes of radioactive waste. Ceramics can be created by mixing 

radioactive waste with raw components to make a ceramic matrix, and also by 

obtaining ceramics with high porosity and its subsequent impregnation with RAW 

solution. 

Scientists from the Kola Scientific Centre of the Russian Academy of Sciences 

and St Petersburg State University have made considerable progress in developing 

methods for cleaning liquid radioactive waste. They have used various ceramic 

materials, such as LHT-9 layered hydrazine titanate, synthetic ivanyukite and their 

compositions, and ultraporous quartz ceramics. 

In the first study, the scientists developed a strong titanate ceramic that 

remains resistant to concentrated acids and alkalis. They achieved loss ratios of 

sorbed cations of less than 8.5% for the composition ivanyukite : LHT-9 : CsSr and 

5.1% for ivanyukite : CsSr. It means that these materials can successfully treat liquid 

radioactive waste and keep their efficiency for a long period of time [23]. 

In another study [24] In another study, scientists proposed a method of 

creating ultraporous quartz ceramics followed by immobilization of radioactive 

element fractions of REE+TUE and Zr from liquid radioactive waste. Their method 

of immersing ceramic samples in saturated solution followed by drying and 
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calcination enabled them to achieve very low rates of radionuclide leaching from 

ceramics (not more than 7.8-10-7 g/cm2-d) and a degree of inclusion of REE, REE 

and Zr up to 87.2 mass percent. 

Highly porous cellular ceramic materials, such as those used in these studies, 

may have great potential for trapping various gaseous radioactive wastes. These 

materials can play an important role in creating safer methods of disposing of 

radioactive waste and protecting the environment [25]. 

Inductive cold crucible melting (ICCM) is an advanced method of creating 

ceramic matrices for the safe immobilisation of radioactive waste. Today, more and 

more countries are using inductive melting technology to process materials in hot 

(IPHT) and cold (IPCT) crucibles. This is due to many advantages, such as high 

productivity, easy maintenance and process control, intensive electrodynamic melt 

circulation, possibility of creating any kind of atmosphere and high purity of the 

melting process. Such advantages make this technology popular in the production of 

ceramic matrices for radioactive waste immobilisation all over the world. 

 

1.3 Glazed forms of the TAO 

 

Glass, on the other hand, is an amorphous material that is obtained by cooling 

the melt and is independent of the chemical composition or solidification 

temperature. However, glasses can vary and are divided into elemental (such as 

glassy sulphur, selenium, arsenic, phosphorus, carbon) and complex (such as oxide, 

halide, metal and chalcogenide) [26]. In the process of immobilization of radioactive 

waste oxide glasses are used, which are the most stable, resistant to hydrolysis and 

have an affordable price. Such glasses can be single-component, such as glassy 

SiO2, B O23 , P O25 , GeO2 , or multicomponent. The main characteristics of glass 

include isotropy, gradual softening when heated and reversibility of the process. 

Two main theories can be distinguished in the existing science of glass which 

explain the structure of this material: the crystal theory proposed by Lebedev in 1921 

and the disorderly grid theory proposed by Zachariassen in 1932 [27, 28]. According 
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to the first theory, glass consists of microcrystals whose size is approximately the 

wavelength of X-rays (10-9 - 10-11 m) or less. According to the crystalline theory, 

glass consists of microcrystals whose size is no greater than the X-ray wavelength 

and has a tendency to crystallise. This is due thermodynamically, as the amorphous 

state is metastable. The crystallisation process involves nucleation of crystallisation 

centres and crystal growth, which may be homogeneous or heterogeneous. However, 

heterogeneous crystallisation may be undesirable for glasses with a high radioactive 

isotope content. 

On the other hand, according to the disordered mesh theory, glass is formed 

by a completely disordered mesh of coordination polyhedrons, in which the modifier 

ions are statically distributed. This hypothesis, also known as the disordered lattice 

hypothesis, has gained much support among contemporary glass researchers. Both 

theories have their advantages and disadvantages, and so far it has not been 

established which one is more correct. It is important to note that understanding the 

structure of glass is important for creating new materials with desirable properties. 

 

Figure 1.1 - Schematic representation of two-dimensional structures 

a) crystalline and b) glassy silicon oxide according to Zachariasen [28] 

Zachariasen made a classification of oxides based on their ability to form glass 

and their function in glass-forming systems. He distinguished three groups of 

elements: glass formers (B, Si, P), intermediate elements (Al, Ti, Zr, Pb) and mesh 

4) 5) 
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modifiers (Li, Na, K, Rb, Cs, Mg, Ca, Sr, Ba). Glass formers may serve as a 

structural basis for glass, forming a three-dimensional structure with voids for 

inclusion of other elements. Due to its non-stoichiometric composition, glass can 

contain practically all elements from the Mendeleev Table [29, 30]. Glass-forming 

cations are characterised by high charge, small ionic radius, high ionic potential and 

high binding energy with oxygen. The use of mesh modifiers results in the disruption 

of the continuity of the three-dimensional mesh structure, which leads to the 

formation of non-bridging oxygen ionic bonds. Intermediates do not form their own 

structure, but can strengthen or weaken it. 

Several theoretical and experimental studies have not definitively answered 

the question of how ordered the glass areas are. Subsequent research has led to 

hybrid models that assume the presence of both ordered and disordered areas in 

glass, where components can have different degrees of differentiation and 

integration. 

The process of glazing radioactive waste involves the creation of multi- 

component glasses based on different systems, including alkali aluminosilicate, 

alkali aluminoborosilicate, alkali aluminoborosilicate and alkali aluminophosphate 

systems. For some types of radioactive waste, such as high-iron waste from the 

Savannah River plant (USA), a special lead-iron-phosphate-based system has been 

developed. The production process uses borosilicate and aluminophosphate-based 

systems for glazing radioactive waste. 

One of the key properties of glass that makes it ideal for glazing radioactive 

waste is its high resistance to crystallisation, hydrolysis and radiation. The 

crystallisation characteristics of glass depend on many factors, including the quality 

of the cooking, the homogeneity of the glass mass and its composition. However, 

certain glass components can have an ambiguous effect on crystallisation as their 

effect depends on the basic composition and the amount of added components. 

Usually the addition of components leads to a reduction in the ability to crystallise, 
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but some poorly soluble components may actually promote crystallisation. 

Also the addition of components that increase the viscosity of the glass in the 

crystallisation temperature range can reduce the crystallisation capacity. 

In the vitrification of radioactive waste, multicomponent glasses based on 

different systems, such as alkali aluminosilicate, alkali aluminoborosilicate, alkali 

aluminoborosilicate and alkali aluminophosphate, are often used. Some types of 

radioactive waste require special systems, for example, a lead-iron-phosphate 

system has been developed for high-iron waste from the Savannah River plant 

(USA). Glass based glazing of radioactive waste is a common and effective 

technology that guarantees safe and durable storage of radioactive waste [31]. 

Limitations on the practical crystallisation temperature range of glass melts 

are the glass transition temperature, at which the first crystals appear, and the 

liquation temperature, at which the crystals dissolve. The dangerous crystallisation 

interval is between these limits and crystallisation occurs only in this range. If the 

glass stays in the dangerous temperature range longer, the probability of 

crystallisation increases. However, phosphate glasses have a very wide range of 

crystallisation temperatures, which ranges from 460 to 796°C, as confirmed by a 

study [32]. 

The advantage of using a vitrified form is its one-step production process and 

low sensitivity to changes in waste streams. Two types of glass are currently used 

for glazing nuclear waste in full-scale facilities: borosilicate and phosphate (see 

Table 1.3). Their exact composition may vary from country to country, depending 

on the composition of the waste [51]. Currently, alternating electric current through 

the melt or induction heating at medium frequencies is used to heat the melts in the 

glazing process. 

When borosilicate glass is used for RAW processing, the melting process 

takes place at very high temperatures, which can reach 1150-1250°C. However, 

when using silicate glass formers, other types of materials, such as glass composites 

or fused materials, which have a structure resembling balsates - polycrystalline 

microheterogeneous bodies - can be obtained in addition to those which do not 
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contain crystalline compounds [20]. 

Table 1.3 Glass compositions for HVA immobilisation 

Glass/country SiO2 P O25 B O23 Al O23 CaO MgO Na O2 

Others, 

including 

fission 

products and 

actinides 

R7/T7, France 47,2 - 14,9 4,4 4,1 - 10,6 18,8 

DWPF, USA 49,8 - 8,0 4,0 1,0 1,4 8,7 27,1 

MAGNOX, 

UK 
47,2 - 16,9 4,8 - 5,3 8,4 17,4 

PAMELA, 

Germany 
52,7 - 13,2 2,7 4,6 2,2 5,9 18,7 

VAO, Russia - 52,0 - 19,0 - - 21,2 7,8 

K-26, Waste 

NPP, Russia 
48,2 - 7,5 2,5 15,5 - 16,1 10,2 

 

When phosphate glasses are used to immobilise radioactive waste, the 

cooking process can be carried out at lower temperatures, not exceeding 900- 

1000°C. These glasses have a high solubility of metal oxides, including MoO3, as 

well as sulphates and chlorides. However, with borosilicate glasses, excessive 

sulphate and chloride content in the waste can lead to chalmosis, a separate phase 

with high reactivity and PH content. Phosphate glasses have disadvantages such as 

a higher tendency to crystallise which may impair their hydrolytic stability and 

contribute to the entrainment of ruthenium from the melt [20]. Sections 1.4 and 1.5 

provide a more detailed discussion of glasses used for the immobilization of 

radioactive waste. 

 

1.4 Silicate and borosilicate glasses 

 

Glass materials have become widespread as matrices for radioactive waste 
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because of their ability to accumulate ions with different charges and radii due to 

their disordered structure. In Canada, silicate-based glasses for the immobilization 

of radioactive waste were first proposed in the mid-1950s. These glasses contained 

oxide additives and were incubated at a high temperature of about 1350°C. Although 

the Na2 O-(K2 O)-CaO-MgO-Al O -SiO232 system allows to obtain hydrolytically, 

thermally and radiation stable glasses, their melting temperatures must be at least 

1350°C, which strongly limits the use of this process for glassing radioactive waste 

containing plutonium. Further research has proposed the use of borosilicate-based 

glasses, which reduce the process temperature and increase the hydrolytic stability. 

Quartz glass has a structural framework of SiO4 tetrahedrons which interact 

covalently. The addition of oxide modifiers leads to the formation of oxygen ions, 

which bind to the SiO4 tetrahedrons, creating non-bridging bonds. Increasing the 

concentration of modifiers leads to the successive formation of three-, two- and one- 

bonded SiO4 tetrahedrons. Under ordinary conditions, it is impossible to obtain 

glasses with Si:O<0.3 and completely isolated Q0 tetrahedrons can exist only in 

crystalline compounds. In borosilicate glasses silica tetrahedrons are bonded to each 

other and to BO4 tetrahedrons near which there are alkali metals or other 

components such as Tl, Sr and Ba. The borosilicate glasses achieve maximum 

hydrolytic stability when boron is bonded preferentially to BO4 tetrahedrons but not 

to silica-oxygen tetrahedrons. Such glasses can form groups of silica and boron 

tetrahedrons, which are repeated in three-dimensional lattice and form a domain 

structure. 

For multiple glass components, the condition must be fulfilled: 

B = [(MeI
2O+BaO)+0,7(CaO+SrO+CdO+PbO) + 0,3(Li2O+MgO+ZnO)- 

Al2O3]/B2O3 1 (1) 

were MeI
2O - oxides of alkali metals (except lithium) and thallium 

� = [SiO2] >> [B2O3] (2) 

In order to create low silica glasses, the value of the refractive index must be 

significantly greater than unity. Even if the refractive index value is approximately 

6, a large proportion of the boron still remains triply coordinated, as was shown in 
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[60] when the silica content in borosilicate glasses is 45-50%. In order to guarantee 

high hydrolytic stability of the glass, its structure should be as similar as possible to 

quartz, i.e. the proportion of tetrahedrally co-ordinated boron should be maximum. 

Glasses based on borosilicate, which contain mainly silicon, boron and sodium 

oxides, are popular abroad. The AVM glass used in France contains only these 

components [33]. Many glasses are supplemented with Li2 O, TiO2 , CaO, MgO, 

A12 O3 , ZnO, ZrO2 and La2 O3 to improve the properties. However, each element 

affects glass differently, affecting its hydrolytic stability, viscosity, electrical 

conductivity and other properties [34, 35]. Silicon, aluminium and zirconium oxides 

improve the hydrolytic stability of glass, increase its viscosity and reduce its 

volatility. Conversely, boron and alkali degrade these properties. Oxides of calcium, 

magnesium and zinc help to stabilize the glass structure, increase its hydrolytic 

stability, and increase viscosity at low temperatures and decrease at high ones. 

Titanium stimulates glass crystallisation and creates radionuclide concentrating 

minerals. But the effect of each element on the properties of glass depends on the 

content of the other elements, and the addition of one element can improve some 

properties of glass and at the same time worsen others. For example, aluminium and 

silicon increase the hydrolytic stability but increase the viscosity, which slows down 

the glazing process and increases production costs [34]. 

High silicate and borosilicate glasses contain a number of components which 

are poorly soluble, including sulphates, chromates, molybdates, chlorides, 

phosphates, PuO2 and others. The solubility of actinide and REE oxides in 

borosilicate glasses can vary from a few fractions of a percent to several tens of 

percent, depending on many factors, such as valence, composition and glass 

preparation temperature. Increasing the cohesion of the structural framework of 

glass due to the presence of intermediate ions (Al3+ , Fe3+ ) leads to a decrease in 

solubility. The solubility of plutonium oxides in borosilicate glasses is much lower 

than that of uranium oxides, with maximum solubility in silicate glasses 

characteristic of UO3 , and minimum - for PuO2 , AmO2 , Am O23 and Cm O23 . In 

addition, a decrease in the charge and radius of actinide ions also leads to a decrease 
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in their solubility in glasses with high silicate and borosilicate content. Neptunium 

is usually present in tetravalent form and americium and curium in trivalent form, 

with a maximum concentration of plutonium in glass of about 0.2 to 4-5 wt%. There 

are specially developed glasses based on lanthanide, boron and silicate (LaBS) which 

can be used for plutonium immobilization. In these glasses plutonium can be included 

up to ~10 wt.% Pu (~11% PuO2) (Table 1.5) [88]. It is possible thanks to large 

lanthanide cations, which loosen the structural mesh of glass, forming an environment 

of oxygen and increasing the solubility of plutonium dioxide in glass. Also in Russia 

glasses on the basis of aluminium, boron and silicate ("borobasalt") which can 

contain to ~3,5-5,6 % of plutonium are developed (tab. 1.) [36]. 

Table 1.4 - Chemical composition of plutonium immobilisation glasses 

Oxides LaBS Bz-Pu(muffle) 
Bz-Na-Pu (cold 

crucible) 

SiO2 25,80 29,0 33,7 

B O23 10,40 28,0 22,2 

Al O23 19,04 8,1 9,6 

Fe O23 - 5,7 5,7 

MgO - 4,7 2,9 

CaO - 16,6 14,4 

SrO 2,22 - - 

Na O2 - 1,9 5,7 

K O2 - 0,5 0,9 

TiO2 - 0,5 0,9 

ZrO2 1,15 - - 

La O23 11,01 - - 

Nd O23 11,37 - - 

Gd O23 7,61 - - 

PuO2 11,39 5,0 4,0 
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1.5 Ceramic matrix materials  

 

Ceramic matrix materials (CMMs) are one of the promising options for RAW 

immobilisation. They can be used to create not only stable and reliable barriers for 

radioactive materials, but also to reduce the volume of radioactive waste, thus 

reducing their impact on the environment. 

According to research, CMM can be produced from a variety of components, 

including oxides, carbides, nitrides and silicates. Some of the main materials used in 

the production of CMM in Russia include man-made materials such as ash and slag, 

as well as natural materials such as clays and silica. 

One of the best known CMM is zirconium oxide-based sol-gel material, which 

is produced by hydrolysis of relevant components in solutions. Zirconium oxide- 

based CMMs containing UO2 and PuO2 nanoparticles are also known to create more 

stable barriers for radioactive materials. 

One of the main advantages of LMPs is their stability under a wide range of 

conditions, including high temperatures and radioactive irradiation. In addition, 

LMPs can be produced from waste from other materials, which reduces the cost of 

production and reduces the amount of radioactive waste. 

However, despite the potential of CMM for RAW immobilisation, their 

production requires special technologies and equipment, which may lead to high 

costs. In addition, LMPs may be sensitive to moisture and aggressive environments, 

which may reduce their effectiveness under critical operating conditions, such as fire 

or accident at nuclear power facilities. 

Ceramic raw materials can be divided into two types: natural and technical, 

depending on the materials used. For natural ceramics, natural clay-based materials 

are used. These ceramics are produced by sintering a mixture of plastic and lean 

materials, and clay or kaolin are used as plastic components. The clay consists of 

various minerals, including kaolinite Al4 [Si4 O10 ](OH)8 , montmorillonite, 

monothermite and halloysite (hydrosilicates of the composition mAl2 O3 - pSiO2 - 

pH2 O). Depending on the degree of refractoriness, clays are divided into refractory, 
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refractory and fusible. The ceramic industry uses calcareous materials such as quartz 

sand, fireclay and slag, as well as feldspars and pegmatites. Ceramization of RW is 

usually not required, as the fusible components are already contained in the waste. 

There are many developments worldwide, including in Russia (RIAN, Radon), in 

the ceramization of low-, medium- and high-level waste due to the availability and 

cheapness of raw materials. Clay-based ceramics can include both liquid and solid 

RAW, including ash from incinerators, contaminated soil, sorbents and other 

materials. 

Industrial ceramics are made from powdered oxides or oxygen salts. It can be 

divided into monomineral and polymineral ceramics, the latter being used more 

often in RAW conditioning because monomineral ceramics are difficult to create 

that include all RAW components. Despite this, NZP is considered to be the only 

ceramic capable of incorporating all the radionuclide spectra of RAW. Monomineral 

ceramics such as zirconolite, pyrochlore or murataite ceramics can be used to 

incorporate particular HLW fractions, such as the long-lived (actinide) fraction and 

weapons-grade plutonium. 

Synrock, a polyphase ceramic developed in Australia in the second half of the 

1970s, is most suitable for binding unfractionated HLW. It allows the incorporation 

of long-lived radionuclide cations into the crystal lattice of ceramic phases by 

substitution of solvent ions, making it similar to natural minerals. Synrock ceramics 

consist of a mixture of minerals - solid solutions based on titanates and zirconates, 

and are much more resistant to leaching processes than glass matrices by 2-4 orders 

of magnitude. The composition of the synrock can vary depending on the types of 

materials to be bonded [57]. 

The first Synroc-A composition contained several minerals such as zirconolite 

CaZrTi O27 , perovskite CaTiO3 , BaAl2 Ti O616 , barium feldspar (celsian) BaAlSi 

O28 , leucite KAlSi O26 and calcilite KAlSiO4 , which were melted at 1300°C and 

slowly cooled. This allowed the fixation of most HLW radionuclides in various 

Synroc-A components such as zirconolite and perovskite for REE and actinide 

radionuclides, 'hollandite' for transition elements and celsian and leucite for 
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strontium and cesium, respectively. In later years the Synroc-A component was 

simplified to three target minerals - zirconolite, perovskite and "hollandite", and the 

new composition was named Synroc-B. There was a method of producing Synroc- 

B by hot pressing powders at 1200-1400 C and a pressure of 100-300 MPa. In the 

1980s, Synroc-C was developed as an immobilisation material formulation for 

commercial reactor waste based on Synroc-B, which contained 20% HAO oxides 

and was also produced by hot pressing or from melt. Synroc-C contains zirconolite, 

perovskite, "hollandite", rutile, metal alloy, chibonite/loveringite and calcium- 

aluminium titanate (CAT-phase). Improvements in charge technology for Synroc-C, 

including the use of sol-gel technology, have resulted in optimised hot pressing 

conditions at temperatures of 1150-1200°C and pressures of 14-21 MPa. In addition, 

various modifications of Synroc were developed for different purposes, including 

Synroc-D for immobilisation of military HLW of the Savannah River plant, Synroc- 

E using a rutile matrix to reduce radionuclide leachability and Synroc-F for spent 

nuclear fuel storage. A "Synroc-glass" composition has been proposed for the 

rejection of radioactive waste which is a thin film of glass enriched with zirconolite, 

perovskite and "hollandite". This material can be produced by melting a mixture of 

powders at high temperature and rapid cooling. 

Synroc is one of the most effective materials for immobilising radioactive 

waste as it is highly stable and resistant to corrosion, allowing it to retain 

radionuclides for thousands of years. In addition, Synroc has a high density and low 

porosity, which helps to reduce the volume of waste and also provides protection 

against leaching of radionuclides into the environment. 

Another form of polyphase ceramic has been developed in the USA which 

consists of nepheline, spinel, magnetoplumbite, zirconolite, perovskite, amorphous 

phase and murataite, hauyne and metal alloy as impurity phases. This material has 

similarities in phase composition with Synroc-D. There are many ceramic material 

compositions that can be used to bind radionuclides, but only Synroc, NZP ceramics 

(for unfractionated waste) and ceramics based on zirconolite, pyrochlore or 

murataite have a high chance of practical use. Monazite ceramics also have the 
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potential to accumulate trivalent lanthanides and actinides in large quantities. 

Recently, due to the development of various melting technologies, glass-

crystalline materials have received considerable attention. Glass ceramics based on 

sphene, diopside and other pyroxenes, celsian, fresnoite and also materials obtained 

from natural and man-made raw materials with different phase composition have 

been developed. The properties of ceramic materials, including high mechanical 

strength, depend on the crystal size and can reach more than 90% of the theoretical 

one, as well as high chemical and radiation resistance [58]. 
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#@8;>65=85 � 

(>1O70B5;L=>5) 
import numpy as np 

import matplotlib.pyplot as plt 

 

# "?@545;O5< ?0@0<5B@K C@02=5=8O 
D = # �>MDD8F85=B 48DDC788 

K = # �>MDD8F85=B @048>0:B82=>3> @0A?040 
L = # �;8=0 A@54K 

R = # %:>@>ABL 2KI5;0G820=8O 
n = # �>;8G5AB2> B>G5: A5B:8 

t_max = #  0:A8<0;L=>5 2@5<O 
C0=  # !0G0;L=0O :>=F5=B@0F8O @048>=C:;84>2 
 

# "?@545;O5< H038 A5B:8 ?> 2@5<5=8 8 ?@>AB@0=AB2C 
dt = t_max / n 

dx = L / (n) 

 

# %>7405< <0AA82K 4;O E@0=5=8O 7=0G5=89 :>=F5=B@0F88 

C = np.zeros((n+1, n+1)) 

 

# �0405< =0G0;L=K5 CA;>28O 
t = np.linspace(0, t_max, n+1) 

C[:, 0] = C0  

C[0, :] = C0  

 

# %>7405< <0AA82 4;O E@0=5=8O 7=0G5=89 :>=F5=B@0F88 =0 3@0=8F5 
C_border = np.zeros(n+1) 

 

# $5H05< C@02=5=85 <5B>4>< :>=5G=KE @07=>AB59 

for i in range(1, n+1): 

    for j in range(1, n): 

        C[i, j] = C[i-1, j] - (D*dt/dx)*(C[i-1, j] - C[i-1, j-1]) + (D*dt/(dx*dx))*(C[i-1, 

j+1] - 2*C[i-1, j] + C[i-1, j-1]) -K*R*C[i-1, j]*dt 

     # 'A;>285 =0 3@0=8F5 
    C[i, 0] = C0 

# �K2>48< 40==K5 
positions = [0.1, 0.2, 0.3, 0.4, 0.5] 

for pos in positions: 

    index = int(pos / dx) 

    print(f"�>=F5=B@0F8O =0 CG0AB:5 {pos:.1f} 2 :>=F5 2@5<5=8: {C0[index, -

1]:.2f} ") 
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#@8;>65=85 � - &@C4>70B@0BO =0 2O?>;=5=85 ?@>5:B0 
(>1O70B5;L=>5) 

&01;8F0 �.1 3 &@C4>70B@0BK =0 2K?>;=5=85 ?@>5:B0 

№ -B0? �A?>;=8B5;8 
#@>4>;68B5;L=>ABL 

@01>B, 4=8 

&@C4>5<:>ABL @01>B ?> 
8A?>;=8B5;O< G5;.- 4=. 
T$� T�� 

tmin tmax t>6 !$ % !$ % 

 1 2 3 4 5 6 7 8 9 

1 $07@01>B:0 B5E=8G5A:>3> 7040=8O !0CG=K9 @C:>2>48B5;L 1 2 1,4 1,54 - 1,89 - 

2 
%>AB02;5=85 8 CB25@645=85 
B5E=8G5A:>3> 7040=8O 

!0CG=K9 @C:>2>48B5;L 1 2 1,4 1,54 - 1,89 - 

3 �K1>@ =0?@02;5=8O 8AA;54>20=8O !0CG=K9 @C:>2>48B5;L, 
�A?>;=8B5;L 

1 5 2,6 2,29 0,57 2,80 0,70 

4 #>41>@ 8 87CG5=85 ;8B5@0BC@K �A?>;=8B5;L 1 2 1,4 - 1,54 - 1,89 

5 �0;5=40@=>5 ?;0=8@>20=85 @01>B !0CG=K9 @C:>2>48B5;L, 
�A?>;=8B5;L 

1 1 1 1,10 - 1,35  

6 �K1>@ <5B>48:8 @0AG5B0 �A?>;=8B5;L 1 2 1,4 - 1,54 - 1,89 

7 #>43>B>2:0 40==KE �A?>;=8B5;L 2 2 2 - 2,20 - 2,69 

8 
�K?>;=5=85 @0AG5B>2 8 0=0;87 
?>;CG5==KE 40==KE 

�A?>;=8B5;L 14 42 25,2 - 27,72 - 33,95 

9 "1>1I5=85 8 >F5=:0 @57C;LB0B>2 !0CG=K9 @C:>2>48B5;L, 
�A?>;=8B5;L 

7 14 9,8 1,08 10,78 1,32 13,20 

10 %>AB02;5=85 ?>OA=8B5;L=>9 70?8A:8 �A?>;=8B5;L 5 7 5,8 - 6,38 - 7,81 

11 
#@>25@:0 ?@028;L=>AB8 2K?>;=5=8O 
�"%&0 ?>OA=8B5;L=>9 70?8A:8 

!0CG=K9 @C:>2>48B5;L, 
�A?>;=8B5;L 

1 3 1,8 0,40 1,98 0,49 2,43 

12 #>43>B>2:0 : 70I8B5 �A?>;=8B5;L 5 10 7 - 7,70 - 9,43 

�B>3>: 60,8 7,9 60,4 9,7 74,0 
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#@8;>65=85 � - �803@0<<0 �0=B0 
(>1O70B5;L=>5) 

&01;8F0 �.1 3 �803@0<<0 �0=B0 
№ 

-B0? 
 (52@0;L  0@B �?@5;L  09 �N=L 

!$ � 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 

1 $07@01>B:0 B5E=8G5A:>3> 7040=8O 1,89 -                

2 %>AB02;5=85 8 CB25@645=85 B5E=8G5A:>3> 7040=8O 1,89 -                

3 �K1>@ =0?@02;5=8O 8AA;54>20=8O 2,80 0,70                

4 #>41>@ 8 87CG5=85 ;8B5@0BC@K - 1,89                

5 �0;5=40@=>5 ?;0=8@>20=85 @01>B 1,35                 

6 �K1>@ <5B>48:8 @0AG5B0 - 1,89                

7 #>43>B>2:0 40==KE - 2,69                

8 �K?>;=5=85 @0AG5B>2 8 0=0;87 ?>;CG5==KE 40==KE - 33,95                

9 "1>1I5=85 8 >F5=:0 @57C;LB0B>2 1,32 13,20                

10 %>AB02;5=85 ?>OA=8B5;L=>9 70?8A:8 - 7,81                

11 
#@>25@:0 ?@028;L=>AB8 2K?>;=5=8O �"%&0 ?>OA=8B5;L=>9 
70?8A:8 

0,49 2,43 
         

 
    

 

12 #>43>B>2:0 : 70I8B5 - 9,43                

  

                                 2 !0CG=K9 @C:>2>48B5;L              2 �A?>;=8B5;L  
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#@8;>65=85 � 

(>1O70B5;L=>5) 
&01;8F0 �.1 3 "?B8<0;L=K5 =>@<K <8:@>:;8<0B8G5A:8E ?0@0<5B@>2 2 @01>G59 7>=5  

#5@8>4 
3>40 

�0B53>@8S 
@01>B 

&5<?5@0BC@0, °% 
"B=>A8B5;P=0S 2;06=>ABP, 

% 
%:>@>ABP 42865=8S, <\A 

�>74CE0 #>25@E=>AB59 

)>;>4=K9 
�ё3:0O - 11 

21-23 20-24 40-60 !5 1>;55 0,1 
&ё?;K9 22-24 21-25 40-60 !5 1>;55 0,1 

 

&01;8F0 �.2 3 �@5<5==K5 4>?CAB8<K5 C@>2=8 - #, A>740205<KE #-�  

!08<5=>20=85 ?0@0<5B@>2 �5;8G8=0 4>?CAB8<>3> 
C@>2=S 

!0?@O6ё==>ABL M;5:B@8G5A:>3> ?>;O � 480?07>=5 G0AB>B 5 �F - 2 :�F 25 �/< 

� 480?07>=5 G0AB>B 2 :�F - 400 :�F 2,5 �/< 

#;>B=>ABL <03=8B=>3> ?>B>:0 � 480?07>=5 G0AB>B 5 �F - 2 :�F 250 =&; 
� 480?07>=5 G0AB>B 2 :�F - 400 :�F 25 =&; 

-;5:B@>AB0B8G5A:89 ?>B5=F80; M:@0=0 2845><>=8B>@0 500 � 
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