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@048>0:B82=K9 8AB>G=8: 30<<0-87;CG5=8O, A8AB5<0 4>78<5B@8G5A:>3> 
?;0=8@>20=8O. 

 

PROSPECTS OF MODERN BRACHYTHERAPY 
TECHNOLOGIES USING DOMESTIC EQUIPMENT 

DEVELOPMENT 
 

Briko A.N.12, Dykina A.V.3, Osipov A.S.1, Titova V.A.3, Fisher E.A.1,  

Kharina A.A.1, Khmelinin D.I.1 

1JSC <NIITFA=, Moscow 
2Bauman Moscow State Technical University, Moscow 

3Russian Scientific Center of Roentgenoradiology, Moscow 

 

 The article discusses the prospects for the development of equipment for 

brachytherapy in Russia on the example of the domestic gamma-therapeutic 

complex "Brachium" with radioactive sources of 60Co and 192Ir. 

 Keywords: brachytherapy, domestic equipment, radioactive source of 

gamma radiation, dosimetric planning system. 
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�0<<0-B5@0?52B8G5A:89 :><?;5:A «�@0E8C<» ?@54=07=0G5= 4;O 

@50;870F88 ?@>F54C@ 2KA>:>4>7=>9 1@0E8B5@0?88 8 O2;O5BAO A>2@5<5==K< 

8=AB@C<5=B>< >B5G5AB25==>3> ?@>872>4AB20. � 0??0@0B5 CGB5=K 

A>2@5<5==K5 B@51>20=8O =0F8>=0;L=KE 8 70@C156=KE AB0=40@B>2, 

@5:><5=40F88 <564C=0@>4=>3> <548F8=A:>3> >=:>;>38G5A:>3> 

A>>1I5AB20, 0 B0:65 >?KB @>AA89A:8E A?5F80;8AB>2, ?>;CG5==K9 70 

=5A:>;L:> 45AOB8;5B89 ?@8<5=5=8O <5B>48:8 :>=B0:B=>3> >1;CG5=8O. �> 

>A=>2=K< B5E=8G5A:8< E0@0:B5@8AB8:0< :><?;5:A =5 CABC?05B, 0 ?> @O4C 

E0@0:B5@8AB8: ?@52>AE>48B 8<?>@B=K5 0=0;>38. �><?;5:A C:><?;5:B>20= 
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:>=B0:B=>9 ;CG52>9 B5@0?88, @07@01>B0==KE 8 ?@>872>48<KE �� 

«���"$�» A ?@>H;>3> AB>;5B8O [1]. 

 �><?;5:A «�@0E8C<» ?@54=07=0G5= 4;O M:A?;C0B0F88 A >4=8< 

B@>A>2K< 70:@KBK< @048>0:B82=K< 8AB>G=8:><, >?F8>=0;L=> 2>7<>65= 

2K1>@ 8AB>G=8:0 <564C 60Co 8 192Ir, GB> ?>72>;O5B <548F8=A:>9 

>@30=870F88 @01>B0BL 2 ?@82KG=>< D>@<0B5 ?@8 8A?>;L7>20=88 B>3> 8;8 
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2=CB@8?>;>AB=CN 8 2=CB@8B:0=52CN B5@0?8N, 0 B0:65 @50;87>20=0 

2>7<>6=>ABL >1;CG0BL >?CE>;8, @0A?>;>65==K5 =0 ?>25@E=>AB8 B5;0. 

� A8AB5<C ?;0=8@>20=8O 2=5A5=0 ?>;=0O 1070 40==KE 0??;8:0B>@>2, 

8A?>;L7C5<KE A :><?;5:A>< �@0E8C<. 
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B5@0?88 38=5:>;>38G5A:8E ;>:0;870F89 =0 >A=>25 �" 8 � " 87>1@065=89. 
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8=48284C0;L=K9 20@80=B B5@0?88 ?0F85=B0, <0:A8<0;L=> ?>4E>4OI89 4;O 

40==>3> :;8=8G5A:>3> A;CG0O, ?CB5< ;CGH53> :>=B0:B0 8 ?>:@KB8O >1;0AB8 
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DC=:F8>=0;0 A8AB5<K ?;0=8@>20=8O ?>4 70?@>A ?>;L7>20B5;59. 
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45B5:B>@>< ?>B>:>2 ?@>=8:0NI53> γ-87;CG5=8O A CG5B>< 87<5=5=89 

?0@0<5B@>2 @0480F8>==KE B>;I8= =0 >A=>25 D>@<0;87>20==KE 
0=0;8B8G5A:8E 70:>=><5@=>AB59 4;O @07;8G=KE 7>= A20@=>3> ABK:0. 

�;RG52O5 A;>20: @048>3@0D8G5A:89 <5B>4; >A5A8<<5B@8G=K5 
:>;LF52K5 A20@=K5 ABK:8; ?0@>35=5@0B>@; 220@=K5 B@C1G0BK5 M;5<5=BK, 
48=0<8G5A:0O <=>3>I5;520O @048>3@0D8O. 

 

 

COMPENSATION OF IRREGULARITIES OF OPTICAL 

DENSITY OF RADIOGRAPHIC IMAGES OF AXISYMMETRIC 

CIRCULAR WELDED JOINTS OF STEAM GENERATORS BY 

PANORAMIC DYNAMIC SLOT RADIOGRAPHY 

 

 Dekopov A.S., Lobzhanidze T.K., Lukyanov A.A. , Mikhailov S.V. 

JSC <NIITFA=, Moscow 

 

In the radiography of axisymmetric annular welded joints of tubular 

elements of heat exchangers in one exposure from the axial point of the inner 

cavity of the welded tubular element, the problem arises of compensating for 

irregularities in the optical density of the image, due to differences in the 

radiation  thicknesses  of  the  profile  of  the welded joint and a narrow dynamic  
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range of film detectors. A method of dynamic fan-slit radiography is proposed, 

which allows adaptively leveling the imbalance in the levels of penetrating γ-

radiation fluxes recorded by the detector, taking into account changes in the 

parameters of radiation thicknesses based on formalized analytical patterns for 

various zones of the welded joint. 

 

�@8 =5@07@CH0NI5< :>=B@>;5 A20@=KE A>548=5=89 220@=KE 

B@C1G0BKE M;5<5=B>2 B5?;><5E0=8G5A:>3> >1>@C4>20=8O, >B=>AOI53>AO : 

8745;8O< ?5@2>3> :;0AA0 157>?0A=>AB8, 2 <8@>2>9 8 >B5G5AB25==>9 

?@0:B8:5 ?@58<CI5AB25==> 8A?>;L7CNB 2KA>:>?@>872>48B5;L=K9 

@048>3@0D8G5A:89 <5B>4, >15A?5G820NI89 @0480F8>==>5 7>=48@>20=85 

=04<>;5:C;O@=>9 AB@C:BC@K <5B0;;0 ?>B>:>< ?@>=8:0NI53> 87;CG5=8O 8 

@538AB@0F8N A:@KB>3> 87>1@065=8O ?;5=>G=K< 45B5:B>@>< 70 >4=C 

M:A?>78F8N. 

�K?>;=5==K5 2 02B><0B878@>20==>< @568<5 :>;LF52K5 A20@=K5 

ABK:8 B5?;>>1<5==KE 0??0@0B>2 >B=>AOBAO : :0B53>@88 A;>6=KE 4;O 

@048>3@0D88 8745;89. 

� >B5G5AB25==>9 ?@0:B8:5 2KA>:>?@>872>48B5;L=>3> 

=5@07@CH0NI53> :>=B@>;O <=>65AB20 845=B8G=KE :>;LF52KE A20@=KE 

H2>2 A20@=KE B@C1G0BKE M;5<5=B>2 B5?;>>1<5==KE 0??0@0B>2 H8@>:> 

@0A?@>AB@0=5= <5B>4 D@>=B0;L=>-?0=>@0<=>3> ?@>A25G820=8O 87 

M:2848AB0=B=> C3;C1;5==>9 >B 2=5H=53> :>;LF52>3> A20@=>3> ABK:0 

0:A80;L=>9 B>G:8 53> 2=CB@5==59 ?>;>AB8 70 >4=C M:A?>78F8N A 

?@8<5=5=85< >AB@>D>:CA=KE @048>=C:;84=KE 8AB>G=8:>2 

8>=878@CNI53> 87;CG5=8O =0 >A=>25 192Ir 8 169Yb [1, 2].     538AB@0F8O 

8=D>@<0F88 > <0:@>AB@C:BC@5 :064>3> A20@=>3> ABK:0 ?@8 MB>< 

>15A?5G8205BAO @5=B35=>2A:>9 ?;5=:>9 2 A25B>70I8B=>9 :0AA5B5, 

:>=B0:B=> C:@5?;5==>9 : B>@F>2>9 ?>25@E=>AB8 220@=>3> B@C1G0B>3> 

M;5<5=B0.  
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"5E=>;>38G5A:0O AE5<0 @048>3@0D8G5A:>3> :>=B@>;O (@8AC=>: 1) 

@53;0<5=B8@>20=0 C=8D8F8@>20==>9 <5B>48:>9 :>=B@>;O [3] 8 

@50;87C5BAO A 8A?>;L7>20=85< 30<<0-45D5:B>A:>?8G5A:8E CAB0=>2>: A5@88 

«�� » [1], >A=0I5==KE 48A:@5B=> ?5@5<5I05<K< 87 0:A80;L=>3> :0=0;0 

0??0@0B0 2 7>=C :>=B@>;O AB5@6=52K< 45@60B5;5< 8AB>G=8:0 2 2845 

?5=0;0, A>45@60I53> 2 A@54=59 G0AB8 >AB@>D>:CA=K9 @048>=C:;84=K9 

87;CG0B5;L. 

 

 

 8A.1. !E5<0 @048>3@0D8G5A:>3> :>=B@>;O A20@=KE A>548=5=89 «B@C10-

B@C1=0O 4>A:0»:1 387;CG0B5;L; 2 3 :>=B@>;8@C5<K9 A20@=>9 ABK:;  
3 3 45B5:B>@; 4 3 :><?5=A0B>@ 

 

�5@5<5I5=8O ?5=0;0 A 87;CG0B5;5< 2 7>=C :>=B@>;O >ACI5AB2;ONBAO 

G5@57 ?@>E>4=>5 >B25@AB85 48A:>>1@07=>9 :>@>1G0B>9 :0AA5BK 87 

?>;828=8;E;>@840, A>45@60I59 ?5@D>@8@>20==K9 A>>B25BAB2CNI8< 

0:A80;L=K< >B25@AB85< 48A:>>1@07=K9 ?;5=>G=K9 45B5:B>@. 

� <564C=0@>4=>9 ?@0:B8:5 =5@07@CH0NI53> :>=B@>;O A20@=KE 

ABK:>2 B@C1G0BKE M;5<5=B>2 ?0@>35=5@0B>@0 2 CA;>28OE 873>B>2;5=8O 8 

@5<>=B0 @50;87C5BAO 0=0;>38G=0O B5E=>;>388 ?@>A25G820=8O 70 >4=C 

M:A?>78F8N 87;CG0B5;O<8 =0 >A=>25: 192Ir; 169Yb; 170Tm [4] ?@8<5=5=85< 

A?5F80;878@>20==>9 30<<0-45D5:B>A:>?8G5A:>9 0??0@0BC@K 

«GAMMAMATR B3». 

�A;54AB285 =5@02=><5@=>AB59 @0480F8>==KE B>;I8= ?@>D8;O 

A20@=>3> ABK:0 A20@=>3> B@C1G0B>3> M;5<5=B0 8 C7:>3> 48=0<8G5A:>3> 
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480?07>=0 ?;5=>G=KE 45B5:B>@>2 >4=8< 87 >A=>2=KE =54>AB0B:>2 

8A?>;L7C5<>3> <5B>40 @048>3@0D8G5A:>3> :>=B@>;O O2;ONBAO 

7=0G8B5;L=K5 ?5@5?04K >?B8G5A:>9 ?;>B=>AB8 A=8<:>2, A=860NI85 

=0456=>ABL 2KO2;5=8O 45D5:B>2.  

!>3;0A=> 8725AB=>9 7028A8<>AB8 [5] >?B8G5A:0O ?;>B=>ABL A=8<:0 S 

=0 ;8=59=>< CG0AB:5 E0@0:B5@8AB8G5A:>9 :@82>9 ?;5=:8, 

?@>?>@F8>=0;L=0 ;>30@8D<C M:A?>78F8>==>9 4>7K 87;CG5=8O: þ = ³ lg(� ∙ �) + ÿ (1) 

8;8 þ = 0,43 ³ ln(� ∙ �) + ÿ  , (2) 

 

345 γ ý :>MDD8F85=B :>=B@0AB=>AB8 40==>3> B8?0 ?;5=:8; $ ý <>I=>ABL 

M:A?>78F8>==>9 4>7K 87;CG5=8O, �/:3; t 3 2@5<O M:A?>78F88, A; К 3

?>AB>O==0O.  

�@8 ?@>E>645=88 ?>B>:0 ?@>=8:0NI53> 87;CG5=8O G5@57 10@L5@ 

C@>25=L D0:B8G5A:>9 <>I=>AB8 M:A?>78F8>==>9 4>7K $ A>3;0A=> [5], 

87<5=O5BAO 2 A>>B25BAB288 A M:A?>=5=F80;L=K< 70:>=>< >A;01;5=8O: � = �0 e2��  , (3) 

 

345 $0 3 <>I=>ABL M:A?>78F8>==>9 4>7K (�-�) ?5@28G=>3> ?>B>:0 

?@>=8:0NI53> 87;CG5=8O 2 >BACBAB288 ?>3;>B8B5;O, �/:3; μ 3 ;8=59=K9 

:>MDD8F85=B >A;01;5=8O 87;CG5=8O, A<-1; x 3 ?0@0<5B@ @0480F8>==>9 

B>;I8=K, A<. 

� MB>9 A2O78 @0AG5B=>5 7=0G5=85 >?B8G5A:>9 ?;>B=>AB8   A=8<:0 (S) 

?@8 ?@>A25G820=88 10@L5@0 A @0480F8>==>9 B>;I8=>9 (E) A CG5B>< 

C:070==>3> 70:>=0 >A;01;5=8O �-� <>65B 1KBL ?@54AB02;5=> 2 2845: þ = ³ lg (�0 e2���)  , (4) 

 

8;8  
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þ = 0,43 ³ ln(�0 e2���)  . (5) 
 

 07=>GB5=8O >?B8G5A:>9 ?;>B=>AB8 @048>3@0D8G5A:>3> A=8<:0 (ΔS) 

@07;8G=KE CG0AB:>2 :>=B@>;8@C5<>3> A20@=>3> ABK:0, >B;8G0NI8EAO 

?0@0<5B@>< @0480F8>==>9 B>;I8=K х, ?@>?>@F8>=0;L=K 87<5=5=8N �-� 

ΔP 8 >B>1@060NBAO 2 2845: 

þ = 0,43 ³��   . (6) 

 

�@8 A>1;N45=88 @53;0<5=B8@>20==>9 B5E=>;>388 :>=B@>;O [3] 

=825;8@>20=85 =5@02=><5@=>AB59 >?B8G5A:>9 ?;>B=>AB8 ?>;O A=8<:0 

?@54AB02;O5BAO 2>7<>6=K< [6, 7] 2 @568<5 48=0<8G5A:>9 @048>3@0D88 ?> 

CG0AB:0< A CG5B>< 70:>=><5@=>AB59 7>=0;L=>3> 87<5=5=8O @0480F8>==>9 

B>;I8=K ?> ?@>D8;N A20@=>3> ABK:0 A 8A?>;L7>20=85< =5A:>;L:8E 

04@5A=> 8 :>;8G5AB25==> @0A?@545;5==KE 48A:@5B=KE =><8=0;>2 

?8@0<840;L=KE ?>B>:>2 87;CG5=8O ?>2>@>B=>9 255@=>I5;52>9 A8AB5<K 

A:0=8@>20=8O. 

"5E=>;>38G5A:8 :>=B@>;L 220@=KE B@C1G0BKE M;5<5=B>2 2 @568<5 

48=0<8G5A:>9 I5;52>9 @048>3@0D88 ?> CG0AB:0< >15A?5G8205BAO 

?>2>@>B=K< >B=>A8B5;L=> 35><5B@8G5A:>9 >A8 F8;8=4@8G5A:8< 

:0@B@8465< 87 @0480F8>==>-=5?@>7@0G=>3> <0B5@80;0, ?5@D>@8@>20==>3> 

255@=>9 A8AB5<>9 ?8@0<840;L=KE :>;;8<0F8>==KE I5;59. 

�@85=B8@>20==K5 >B=>A8B5;L=> A20@=>3> ABK:0 2 ?>;O@=>9 A8AB5<5 

:>>@48=0B A:0=8@CNI85 ?8@0<840;L=>-I5;52K5 ?CG:8 87;CG5=8O ?@8 8E 

A>>B25BAB2CNI5< :>;8G5AB25==>< @0A?@545;5=88 040?B82=> 

:><?5=A8@CNB 48A10;0=A C@>2=59 @538AB@8@C5<KE 45B5:B>@>< ?>B>:>2 

?@>=8:0NI53> γ-87;CG5=8O A CG5B>< 87<5=5=89 ?0@0<5B@>2 @0480F8>==KE 

B>;I8= =0 >A=>25 D>@<0;87>20==KE 0=0;8B8G5A:8E 70:>=><5@=>AB59 4;O 

@07;8G=KE 7>= A20@=>3> ABK:0 (@8AC=>: 2). 
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                                                    0 
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 8A. 2.  !E5<0 I5;52>3> A:0=8@CNI53> ?@>A25G820=8O A20@=>3> ABK:0 

A8AB5<>9 48A:@5B=KE ?8@0<840;L=>-:>;;8<8@>20==KE ?CG:>2 87;CG5=8O 
2 @568<5 48=0<8G5A:>9 @048>3@0D88 ?> 5 =><8=0;0< C3;>2>9 

=0?@02;5==>AB8 48A:@5B=KE ?8@0<840;L=>-:>;;8<8@>20==KE ?CG:>2 
87;CG5=8O 2 ?>;O@=>9 A8AB5<5 :>>@48=0B: 1 3 :>@?CA >1J5:B0 :>=B@>;O;  

2 3 220@=>9 B@C1G0BK9 M;5<5=B; 3 3 @048>=C:;84=K9 87;CG0B5;L;  
4 3 :0AA5B0 A ?;5=>G=K< 45B5:B>@><; 5 3 ?>2>@>B=K9 :0@B@846; 6 3 1;>: 

18>;>38G5A:>9 70I8BK; 7 3 ?>4H8?=8:8 A:>;L65=8O 
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�>;CG5=85 D>@<0;87>20==KE 0=0;8B8G5A:8E 2K@065=89 

@0480F8>==KE B>;I8= ?> ?@>D8;N A20@=>3> H20 @50;87C5BAO 02B>@0<8 A 

?@8=OB85< A;54CNI8E 4>?CI5=89:  

3 ?;5=>G=K9 45B5:B>@ CA;>2=> =0E>48BAO 2 =5?>A@54AB25==>< 

:>=B0:B5 A B>@F>2>9 ?>25@E=>ABLN 220@=>3> B@C1G0B>3> M;5<5=B0; 

3 A20@=K5 H2K 220@=KE B@C1G0BKE M;5<5=B>2 2K?>;=ONBAO 2 

02B><0B878@>20==>< @568<5 A20@:8, 845=B8G=K 2 A5G5=88 ?> 2=5H=5<C 

?@>D8;N, A>>B25BAB2CNI5<C 2 A5G5=88 @02=>154@5==><C ?@O<>C3>;L=><C 

B@5C3>;L=8:C;  

3 ?0@0<5B@ D>:CA=>3> @0AAB>O=8O F 4;O 20@80F89 ?8@0<840;L=>-

:>;;8<8@>20==KE ?>B>:>2 87;CG5=8O ?@8=8<05BAO >48=0:>2K<.  

�>=AB@C:B82=K5 ?0@0<5B@K A20@=>3> ABK:0 ?@54AB02;5=K =0 

@8AC=:5 2 (0, 1, 2): 

F 3@0AAB>O=85 (D>:CA=>5) >B B>@F0 220@=>3> B@C1G0B>3> M;5<5=B0 

(?;5=>G=>3> 45B5:B>@0) 4> F5=B@0 >AB@>D>:CA=>3> @048>=C:;84=>3> 

87;CG0B5;O;  

D 3 @0AAB>O=85 >B >A8 4> >1@07CNI59 ?>25@E=>AB8 220@=>3> 

B@C1G0B>3> M;5<5=B0; 

d 3 B>;I8=0 >1>;>G:8 220@=>3> B@C1G0B>3> M;5<5=B0; 

h 3 2KA>B0 A20@=>3> H20; 

H 3 @0AAB>O=85 >B B>@F0 220@=>3> B@C1G0B>3> M;5<5=B0 (?;5=>G=>3> 

45B5:B>@0) ?>25@E=>AB8 :>@?CA=>3> M;5<5=B0 >1J5:B0 :>=B@>;O (B@C1=0O 

4>A:0);  

х 3 ?0@0<5B@ @0480F8>==>9 B>;I8=K; 

α 3 ?0@0<5B@ C3;>2>9 =0?@02;5==>AB8 48A:@5B=KE ?8@0<840;L=>-

:>;;8<8@>20==KE ?CG:>2 87;CG5=8O 2 ?>;O@=>9 A8AB5<5 :>>@48=0B; 

l 3 ?0@0<5B@ >3@0=8G5==>9 B5@<8G5A:>9 AB018;L=>AB8 

<0:@>AB@C:BC@K >A=>2=>3> <5B0;;0 220@=>3> B@C1G0B>3> M;5<5=B0; 
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L 3 ?0@0<5B@ >3@0=8G5==>9 B5@<8G5A:>9 AB018;L=>AB8 

<0:@>AB@C:BC@K >A=>2=>3> <5B0;;0 :>@?CA=>3> M;5<5=B0. 

�A:><K5 ?0@0<5B@K @0480F8>==KE B>;I8= х 48A:@5B=KE 7>= 

?@>A25G820=8O A20@=>3>   H20 220@=KE B@C1G0BKE M;5<5=B>2 >?@545;ONBAO 

02B>@0<8 4;O 5 7>= (@8AC=>: 2) A>3;0A=> B5:CI8< CA@54=5==K< 

?0@0<5B@0< C3;>2>9 =0?@02;5==>AB8 α 48A:@5B=KE ?8@0<840;L=>-

:>;;8<8@>20==KE ?CG:>2 87;CG5=8O 2 ?>;O@=>9 A8AB5<5 :>>@48=0B 

?@8<5=8B5;L=> : :064>9 :>=:@5B=>9 7>=5 ?@>D8;O A20@=>3> H20 

A;54CNI8<8 2K@065=8O<8:  

3 4;O 7>=K № 1 ?@>D8;O A20@=>3> H20 (@8AC=>: 20) B5:CI89 

?0@0<5B@ @0480F8>==KE B>;I8= х >?@545;O5BAO 2K@065=85< 

ý =  Ă ∙ tg(α) 2 Ā + Ăsin (α)  

A CG5B>< A>>B=>H5=89: tg(α1) = Ā 2 ĂĂ  

tg(α2) = ĀĂ 

tg(α) = Ā 2 Ă + þĂ  

sin(α) + þý 

3 4;O 7>=K № 2 ?@>D8;O A20@=>3> H20 (@8AC=>: 20) B5:CI89 

?0@0<5B@ @0480F8>==>9 B>;I8=K х >?@545;O5BAO 2K@065=85< 

ý = Ăsin(α) 
A CG5B>< A>>B=>H5=89: 
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tg(α2) = ĀĂ tg(α3) = ĀĂ 2 (ÿ 2 ℎ)sin(α) = Ăý ;  

3 4;O 7>=K № 3 ?@>D8;O A20@=>3> H20 (@8AC=>: 21) B5:CI89 

?0@0<5B@ @0480F8>==>9 B>;I8=K х >?@545;O5BAO 2K@065=85< 

ý = Ăsin (α) + (Ă 2 Ātg(α)) 2 (ÿ 2 ℎ)sin (180ð2 45ð2 α) ∙ sin (45ð) 
A CG5B>< A>>B=>H5=89: tg(α3) = ĀĂ 2 (ÿ 2 ℎ) tg(α4) = ĀĂ 2 ÿ 

sin(α) = Ăý1 

ý2sin (45°) = (Ă 2 Ātg(α))sin (180° 2 45° 2 α) ý = ý1 + ý2 

3 4;O 7>=K № 4 ?@>D8;O A20@=>3> H20 (@8AC=>: 21) B5:CI89 

?0@0<5B@ @0480F8>==>9 B>;I8=K х >?@545;O5BAO 2K@065=85< 

ý = Ăsin (α) + Ă 2 ÿ 2 Ātg(α)cos (α) + sin (45°) ∙ (Ā + ÿ 2 (Ă 2 ÿ) ∙ tg(α))sin (180° 2 45° 2 90° + α)  

A CG5B>< A>>B=>H5=89:  
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tg(α4) = ĀĂ 2 ÿ 

tg(α5) = Ā + ℎĂ 2 ÿ 

sin(α) = Ăý1 

cos(α) = Ă 2 ÿ 2 Ātg(α)ý2  

ý3sin (45°) = (Ā + ÿ 2 (Ă 2 ÿ) ∙ tg(α))sin (180° 2 45° 2 90° + α) ý = ý1 + ý2 + ý3; 
 

3 4;O 7>=K № 5 (@8AC=>: 22) B5:CI89 ?0@0<5B@ @0480F8>==>9 

B>;I8=K х >?@545;O5BAO 2K@065=85< 

ý = Ăsin (α) + Ă 2 ÿ 2 Ātg(α)cos (α)  

A CG5B>< A>>B=>H5=89: tg(α5) = Ā + ℎĂ 2 ÿ 

tg(α6) = Ā 2 Ă + ĀĂ  

sin(α) = Ăý1 

cos(α) = Ă 2 ÿ 2 Ātg(α)ý2  

ý = ý1 + ý2. 
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�><?5=A0F8O 48A10;0=A0 C@>2=59 @538AB@8@C5<KE 45B5:B>@>< 

?>B>:>2 ?@>=8:0NI53> γ-87;CG5=8O ?@8 ?@>E>645=88 10@L5@>2 

?5@5<5==>9 B>;I8=K, 0 B0:65 =825;8@>20=85 =5@02=><5@=>AB59 

>?B8G5A:>9 ?;>B=>AB8 A=8<:0 S ?@8<5=8B5;L=> : :>=:@5B=K< 

:>=AB@C:B82=K< 8A?>;=5=8O< 220@=KE B@C1G0BKE M;5<5=B>2 <>3CB 1KBL 

4>AB83=CBK 70 AG5B :>;8G5AB20 >B45;L=KE 48A:@5B=KE ?8@0<840;L=>-

:>;;8<8@>20==KE ?CG:>2 87;CG5=8O A CG5B>< 8725AB=>3> [5] 2K@065=8O 

(4) 8 A8AB5<K D>@<0;87>20==KE 0=0;8B8G5A:8E 70:>=><5@=>AB59 

87<5=5=8O 87<5=5=8O @0480F8>==KE B>;I8= х 2 7028A8<>AB8 >B C3;>2>9 
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  Ă ∙ �Ā(�) 2 Ā + Ăsin (�) , ÿ�ā�Ā(Ā 2 ĂĂ ) ≤ � < ÿ�ā�Ā(ĀĂ)Ăsin (�) , ÿ�ā�Ā(ĀĂ) ≤ � < ÿ�ā�Ā( ĀĂ 2 (ÿ 2 ℎ))Ăsin(�) + (Ă 2 Ā�Ā(�)) 2 (ÿ 2 ℎ)sin (180° 2 45° 2 �) ∙ sin (45°), ÿ�ā�Ā( ĀĂ 2 (ÿ 2 ℎ)) ≤ � < ÿ�ā�Ā( ĀĂ 2 ÿ)Ăsin(�) + Ă 2 ÿ 2 Ā�Ā(�)cos(�) + sin(45°) ∙ (Ā + ÿ 2 (Ă 2 ÿ) ∙ �Ā(�))sin (180° 2 45° 2 90° + �) , ÿ�ā�Ā( ĀĂ 2 ÿ) ≤ � < ÿ�ā�Ā(Ā + ℎĂ 2 ÿ)Ăsin(�) + Ă, ÿ�ā�Ā(Ā + ℎĂ 2 ÿ) ≤ �
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040?B82=> :><?5=A8@CNI59 48A10;0=A C@>2=59 @538AB@8@C5<KE 
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 �5B>4 87<5@5=8O A>45@60=8O 235U ?> A>1AB25==><C 30<<0- 8 
@5=B35=>2A:><C 87;CG5=8N 1K; ?@8<5=5= 4;O 0=0;870 :5@<5B=KE 
AB5@6=59, ?@54AB02;ONI8E A>1>9 3@0=C;K 48>:A840 C@0=0, 
@0A?@545;5==K5 2 <0B@8F5 87 A?;020 F8@:>=8O.  07@01>B0= 0;3>@8B< 8 
?@>2545=K @0AG5BK 2KE>4>2 5AB5AB25==>3> D>B>==>3> 87;CG5=8O 4;O 
:5@<5B=>3> AB5@6=O A 35B5@>35==>9 AB@C:BC@>9. �>;CG5=K >F5=:8 2;8O=8O 
@07<5@>2 3@0=C; =0 2KE>4K 30<<0-87;CG5=8O 235U A M=5@3859 185,7 :M� 8 
@5=B35=>2A:>3> 87;CG5=8O C@0=0 A M=5@3859 98,43 :M� 2 7028A8<>AB8 >B 
<0AA>2>9 4>;8 C@0=0 2 >1@07F5. �@54;>65= A?>A>1 :><?5=A0F88 
?>3@5H=>AB8 87<5@5=8O A>45@60=8O 235U 2 B>?;82=>< AB5@6=5, 2K720==>9 
87<5=5=85< B>;I8=K >1>;>G:8.  07@01>B0=0 M:A?5@8<5=B0;L=0O 
CAB0=>2:0, A>45@60I0O 420 30<<0-A?5:B@><5B@0 A 45B5:B>@0<8 NaI(Tl). 

�@>2545=K 87<5@5=8O <5B@>;>38G5A:8E E0@0:B5@8AB8: A?5:B@><5B@>2. 

 �;RG52O5 A;>20: :5@<5B=K9 AB5@65=L, 35B5@>35==0O AB@C:BC@0, 
48>:A84 C@0=0, AF8=B8;;OF8>==0O 30<<0-A?5:B@><5B@8O, 45B5:B>@ NaI(Tl), 

87<5@5=85 A>45@60=8O 235U.  

INVESTIGATION OF THE GAMMA-SPECTROMETRIC METHOD 

AND DEVELOPMENT OF THE EXPERIMENTAL SETUP FOR 

MEASURING THE CONTENT OF 235U IN CERMET FUEL RODS 

 

Brodsky S.M. 

JSC <NIITFA=, Moscow 

 

 The method of measuring the 235U content by its own gamma and X-ray 

radiation was used to analyze cermet rods, which are uranium dioxide granules 

distributed in a zirconium alloy matrix. An algorithm has been developed and 

calculations of the yields of natural photon radiation for a cermet rod with a 

heterogeneous structure have been carried out. Estimates are obtained of the 

influence of granules sizes on the yields of 235U gamma radiation with an energy 

of 185.7 keV and uranium X-ray radiation with an energy of 98.43 keV 
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depending on the mass fraction of uranium in the sample. A method is proposed 

for compensating the error in measuring the 235U content in a fuel rod caused by 

a change in the thickness of the cladding. An experimental setup has been 

developed containing two gamma spectrometers with NaI(Tl) detectors. The 

metrological characteristics of the spectrometers were measured. 

 Keywords: cermet rod, heterogeneous structure, uranium dioxide, 

scintillation gamma spectrometry. NaI(Tl) detector, 235U content measurement.   

 

 �2545=85 
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A:>@>AB8 AG5B0 N2 2 CG0AB:5 A?5:B@0 A 1>;55 2KA>:>9 M=5@3859, 2K1@0==>< 

4;O CG5B0 2:;040 D>=0 :><?B>=>2A:>3> @0AA5O=8O 2 A:>@>ABL AG5B0 N1, ÿ235 = ÿ�1 + Ā�2  , (1) 

345 a 8 b 3 ?>AB>O==K5 :>MDD8F85=BK, >?@545;O5<K5 ?@8 3@04C8@>2:5 
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>AB0;L=K<8 ?0@0<5B@0<8, :>B>@K5 4>;6=K 1KBL 845=B8G=K ?0@0<5B@0< 

0=0;878@C5<KE >1@07F>2. � B>< A;CG05, :>340 0=0;878@C5<K5 8 

AB0=40@B=K5 >1@07FK 8<5NB @07;8G=K9 M;5<5=B=K9 A>AB02 <0B@8FK 8;8 

@07;8G=CN B>;I8=C >1>;>G:8, ?>?@02:8 =0 >A;01;5=85 87;CG5=8O 2 
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www.niitfa.ru



24 

 

?>?@02>: <>6=> @0AG5B=K< ?CB5< [5] 8;8 A ?><>ILN 87<5@5=8O 

>B=>H5=8O 8=B5=A82=>AB59 42CE ;8=89 30<<0-87;CG5=8O >4=>3> 87 
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B>?;820 >1>30I5=85< <5=LH5 19,5% ?> 235U CAB@0=O5B >A=>2=>5 

?@5?OBAB285, >3@0=8G820NI55 ?>AB02:C �!�� 2 4@C385 AB@0=K. 
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?>:070B5;8 :064>9 �!�� ?> A@02=5=8N A 70@C156=K<8 0=0;>30<8 [7]. 

 

 (878G5A:85 >A=>2O <5B>40 
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>1@07C5BAO ?@58<CI5AB25==> 2 @57C;LB0B5 5AB5AB25==>3> 
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235U  231Th  231Pa 
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 048>0:B82=>5 @02=>25A85 2 ?@82545==KE AE5<0E @0A?040 <>6=> AG8B0BL 
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7028A8<>AB8 >B 53> ?@>8AE>645=8O <>6=> @0745;8BL =0 B@8 3@C??K. 

� ?5@2>9 3@C??5 >B=>AOBAO ;8=88 30<<0- 8 @5=B35=>2A:>3> 
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�> 2B>@>9 3@C??5 >B=>AOBAO ;8=88 30<<0- 8 @5=B35=>2A:>3> 
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"@5BLN 3@C??C >1@07CNB ;8=88 E0@0:B5@8AB8G5A:>3> 

@5=B35=>2A:>3> 87;CG5=8O C@0=0 A M=5@38O<8 93,8 :M� (Kñ3), 94,6 :M� 

(Kñ2) 8 98,4 :M� (Kñ1), :>B>@>5 >1@07C5BAO 2 @57C;LB0B5 42CE @07;8G=KE 
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"01;8F0 1. %0@0:B5@8AB8:8 D>B>==>3> 87;CG5=8O 235U 8 238U 

 

�84 87;CG5=8O -=5@38O, 
:M� 

�5@>OB=>ABL M<8AA88, % 

235U 238U $;C>@5AF5=F
8O 

 (231Th)      81,23 0,84ñ0,04   

 (231Th)      82,09 0,35ñ0,02   

 (234Th)      83,25  0,052ñ0,08  

 (231Th)      84,21 7,17ñ0,20   

 (231Th)      89,95 0,97ñ0,05   

X (Th Kñ2)      89,96 3,17ñ0,08   

X (Pa Kñ2)      92,29 0,451ñ0,036 0,0255ñ0,0030  

 (234Th)      92,37  2,52ñ0,06  

 (234Th)      92,79  2,50ñ0,06  

 (231Th)      93,05 0,050ñ0,010   

X (Th Kñ1)      93,35 5,22ñ0,14   

X (U Kñ3)      93,84  0,60ñ0,05 0,15ñ0,05* 

X (U Kñ2)      94,65  2,42ñ0,03 61,2ñ0,2* 

X (Pa Kñ1)      95,89 0,776ñ0,043 0,0433ñ0,0035  

 (235U)      96,35 0,047ñ0,014   

X (U Kñ1)      98,43  3,97ñ0.04 100* 

 (231Th)      99,35 0,14ñ0,03   

 (231Th)    102,3 0,39ñ0,02   

X (Th Kò1)    105,6 1,17ñ0,05   

 (235U)    109,2 1,80ñ0,06   

X (U Kò1,3,5)    111,0  1,61ñ0,02 39,6ñ0,6* 

 (234Th)    112,8  0,29ñ0,04  

X (U Kò2,4)    114,5  0,49ñ0,03 10,1ñ0,8* 

 (235U)    143,8 10,9ñ0,2   

 (235U)    163,3 5,09ñ0,05   

 (235U)    182,6 0,43ñ0,05   

 (235U)    185,7 57,2ñ0,2   

 (235U)    194,9 0,61ñ0,02   

 (235U)    202,1 1,06ñ0,04   

 (235U)    205,3 5,04ñ0,05   

* �=0G5=8O 40=K >B=>A8B5;L=> ;8=88 U Kñ1 (100) 

 

www.niitfa.ru



27 

 

�;O >1@07F0, 8<5NI53> «15A:>=5G=CN» B>;I8=C, ?>?@02:0 =0 

A0<>?>3;>I5=85 >1@0B=> ?@>?>@F8>=0;L=0 <0AA>2><C :>MDD8F85=BC 

>A;01;5=8O D>B>==>3> 87;CG5=8O 25I5AB2>< >1@07F0, 8 >B=>H5=85 

2KE>40 I i ?@>872>;L=>9 ;8=88 i, 8A?CA:05<>9 2 @57C;LB0B5 @0A?040 235U, 

: 2KE>4C    I 0 ;8=88 A M=5@3859 185,7 :M� @02=>  Ā�  Ā0 = þ�  �0þ0 �� , (2) 

345 8=45:A 0 C:07K205B, GB> 40==0O 25;8G8=0 >B=>A8BAO : ;8=88 A M=5@3859 

185,7 :M�. 

#G8BK20O, GB> C45;L=0O 0:B82=>ABL 87>B>?0 C@0=0 >1@0B=> 

?@>?>@F8>=0;L=0 53> ?5@8>4C ?>;C@0A?040 8 0B><=>9 <0AA5, 0=0;>38G=>5 

>B=>H5=85 4;O ?@>872>;L=>9 ;8=88 i, 8A?CA:05<>9 ?@8 @0A?045 238U, 8<55B 

284 Ā�  Ā0 = þ�  �0þ0 ��  ÿ1/2235ÿ1/2238  235238 ÿ238ÿ235, (3) 

345 m235 8 m238 3<0AAK 87>B>?>2 235U 8 238U; ÿ1/2235  8  ÿ1/2238 3 ?5@8>4K 

?>;C@0A?040 235U 8 238U @02=K5 7,038108 ;5B 8 4,47109 ;5B A>>B25BAB25==> 

[9]. 

�KE>4 D;C>@5AF5=B=>3> @5=B35=>2A:>3> 87;CG5=8O C@0=0, :>B>@>5 

>1@07C5BAO 70 AG5B 2>71C645=8O 0B><>2 C@0=0 2 >1@07F5 A>1AB25==K< 

D>B>==K< 87;CG5=85<, 2 >A=>2=><, 30<<0-87;CG5=85< 235U A M=5@3859 

2KH5 M=5@388 �-:@0O ?>3;>I5=8O C@0=0, ?@>?>@F8>=0;5= A>45@60=8N 
235U. �=0G5=85 :>MDD8F85=B0 ?@>?>@F8>=0;L=>AB8, >?@545;5==>5 

M:A?5@8<5=B0;L=> A ?><>ILN ?>;C?@>2>4=8:>2>3> CdTe 45B5:B>@0 4;O 

B01;5B>: 87 48>:A840 C@0=0 A >1>30I5=85< 17 % 8 21 %, @02=> 0,231ñ0,006 

4;O ;8=88 U Kñ1. �>MDD8F85=BK ?@>?>@F8>=0;L=>AB8 4;O 4@C38E ;8=89 

�-A5@88 D;C>@5AF5=B=>3> 87;CG5=8O C@0=0 1K;8 @0AAG8B0=K A 

8A?>;L7>20=85< 40==KE >1 >B=>A8B5;L=KE 2KE>40E, C:070==KE 2     
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B01;8F5 1, 8 <0AA>2KE :>MDD8F85=B>2 >A;01;5=8O 87;CG5=8O 2 48>:A845 

C@0=0 [10]. �>;CG5==>5 7=0G5=85 ?>;=>3> :>MDD8F85=B0 

?@>?>@F8>=0;L=>AB8 A>AB02;O5B 0,547.  

�87:>5 M=5@35B8G5A:>5 @07@5H5=85 AF8=B8;;OF8>==>3> 45B5:B>@0 =5 

?>72>;O5B @0745;8BL ;8=88 D>B>==>3> 87;CG5=8O 2 480?07>=5 M=5@389 >B 

80 4> 115 :M�, 8 >=8 >1@07CNB 2 A?5:B@5 >48= ?8: ?>;=>3> ?>3;>I5=8O 

M=5@388. !C<<0@=K9 >B=>A8B5;L=K9 2KE>4 D>B>==>3> 87;CG5=8O 4;O MB8E 

;8=89 <>65B 1KBL @0AAG8B0= A ?><>ILN D>@<C; (2) 8 (3) 8 

M:A?5@8<5=B0;L=KE 40==KE 4;O D;C>@5AF5=B=>3> 87;CG5=8O. �0 @8AC=:5 1 

?>AB@>5=0 7028A8<>ABL >B=>A8B5;L=>3> 2KE>40 D>B>==>3> 87;CG5=8O 2 

>1;0AB8 M=5@389 80ý115 :M� >B <0AA>2>9 4>;8 235U 2 A<5A8 87>B>?>2 C@0=0, 

:>B>@0O E>@>H> 0??@>:A8<8@C5BAO ?>;8=><>< 2B>@>9 AB5?5=8. �0 @8AC=:5 

?>:070=K 0??@>:A8<8@CNI0O DC=:F8O 8 :>MDD8F85=B 45B5@<8=0F88, 

E0@0:B5@87CNI89 :0G5AB2> 0??@>:A8<0F88. #<5=LH5=85 2KE>40 A 

2>7@0AB0=85< >1>30I5=8O >1JOA=O5BAO A=865=85< 2:;040 >B ;8=89 30<<0- 

8 @5=B35=>2A:>3> 87;CG5=8O 238U 8 53> 4>G5@=8E =C:;84>2. 

 

 8A. 1. �028A8<>ABL >B=>A8B5;L=>3> 2KE>40 D>B>==>3> 87;CG5=8O 2 
480?07>=5 M=5@389 80ý115 :M� >B A>45@60=8O 235U 

 

y = 0,0007x2 - 0,0341x + 1,3635

R² = 1
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 В;8я=89 79B9@>79==>9 AB@C:BC@O 8 B>;щ8=O >5>;>G:8 >5@47F4 

=4 6OE>8O D>B>==>7> 87;CG9=8я 

 07@01>B0==K9 2 ��� ��� «�CG» :5@<5B=K9 B2M; [7] >B;8G05BAO 

>B 8725AB=KE B2M;>2 48A?5@A8>==>3> B8?0 B5<, GB>  

ý B5?;>2K45;ONI89 A5@45G=8:, =018@05<K9 87 :5@<5B=KE 

AB5@6=59 2KA>B>9 50 <<, 8<55B <0B@8G=CN AB@C:BC@C, 8A:;NG0NICN 

:>=B0:BK <564C ?>@8ABK<8 B>?;82=K<8 G0AB8F0<8 @07<5@><  500 

<:<, ?@8 >1J5<=>9 4>;5 O45@=>3> B>?;820 2 :><?>78F88  75 %; 

ý 2 :0G5AB25 <0B@8FK 8A?>;L7C5BAO <0B5@80; =0 >A=>25 ZrNb 

A?;020; 

ý <564C >1>;>G:>9 8 A5@45G=8:>< @0A?>;0305BAO ?>4A;>9 87 

<0B5@80;0 B8?0 A8;C<8=. 

�5@<5B=K9 AB5@65=L 8<55B 35B5@>35==CN AB@C:BC@C 8 

?@54AB02;O5B A>1>9 3@0=C;K 48>:A840 C@0=0 480<5B@>< >B 400 4> 550 

<:<, @0A?@545;5==K5 2 <0B@8F5 87 A?;020 F8@:>=8O (<0AA>20O 4>;O 

=8>18O 2 A?;025 >B 1 4> 2,5 %), A >1>;>G:>9 87 A?;020 F8@:>=8O -110 

(<0AA>20O 4>;O =8>18O 2 A?;025 >B 0,9 4> 1,1 %) B>;I8=>9 100 3 200 

<:<. !>45@60=85 C@0=0 2 AB5@6=5 >B 4 4> 8 3, <0AA>20O 4>;O 235U 2 A<5A8 

87>B>?>2 C@0=0 >B 15 4> 19,7 %. !B5@65=L 8<55B 480<5B@ 5,65 <<. 

'B>1K >F5=8BL 2;8O=85 35B5@>35==>9 AB@C:BC@K B>?;82=>3> 

AB5@6=O =0 2KE>4K D>B>==>3> 87;CG5=8O 87>B>?>2 C@0=0, 1C45< 

AG8B0BL, GB> 2A5 3@0=C;K 48>:A840 C@0=0 >1;040NB >48=0:>2K<8 

@07<5@0<8 8 D>@<>9 8 @0A?@545;5=K 2 <0B@8F5 87 F8@:>=8O 2 2845 

A;>52, A;54CNI8E 4@C3 70 4@C3>< 24>;L ?;>A:>9 ?>25@E=>AB8 >1@07F0. 

�@54?>;>68<, GB> 3@0=C;K 8<5NB ?@>ABCN D>@<C (AD5@0 8;8 :C1) 8 

@0A?@545;5=K A;CG09=K< >1@07>< 2 A;>OE A B>;I8=>9 @02=>9 8E 

E0@0:B5@=><C ;8=59=><C @07<5@C. �KE>4 D>B>==>3> 87;CG5=8O A 

M=5@3859 E 4;O B0:>3> 35B5@>35==>3> >1@07F0 <>65B 1KBL ?@54AB02;5= 2 

2845 
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Āгет =∑Ā�(ā) ∙ ÿ ∙ ÿ� ,�
�=0  (4) 

345 )(d EI 3 2KE>4 87;CG5=8O A M=5@3859 Е 4;O 3><>35==>3> A;>O 48>:A840 

C@0=0 B>;I8=>9 d;  f 3 4>;O ?;>I048, 70=8<05<>9 G0AB8F0<8 2 :064>< 

A;>5; ai 3 >A;01;5=85 87;CG5=8O >B A;>O i 2 A;>OE <564C A;>5< i 8 

?>25@E=>ABLN >1@07F0; m + 1 3 G8A;> A;>52 2 >1@07F5. 

 �KE>4 )(d EI  D>B>==>3> 87;CG5=8O  A M=5@3859 Е 4;O 3><>35==>3> 

A;>O 48>:A840 C@0=0 B>;I8=>9 d @025= Ā�(ā) = ý ��  þμгÃг  [1 2 exp (2μг�г Ă)], (5) 

345 k 3 ?>AB>O==K9 :>MDD8F85=B, >?@545;O5<K9 35><5B@859 87<5@5=89;  

AV 3 >1J5<=0O 0:B82=>ABL 48>:A840 C@0=0 2 A-1A<-3; S 3 ?;>I04L 

?>25@E=>AB8 >1@07F0 2 A<2; 3 8 ò3 3 <0AA>2K9 :>MDD8F85=B >A;01;5=8O 

87;CG5=8O A M=5@3859 Е 2 <0B5@80;5 3@0=C; (48>:A84 C@0=0) 2 A<23-1 8 53> 

?;>B=>ABL 2 3A<3. 

�A;01;5=85 87;CG5=8O >B A;>O i @0A?>;>65==K<8 2KH5 A;>O<8 

@02=> ÿ� = [ÿ ∙ exp(2μгÃг Ă) + (1 2 ÿ) ∙ exp (2μмÃм Ă]�21, (6) 

345 < 8 ò< 3 <0AA>2K9 :>MDD8F85=B >A;01;5=8O 87;CG5=8O A M=5@3859 Е 2 

<0B5@80;5 <0B@8FK (F8@:>=89) 2 A<23-1 8 53> ?;>B=>ABL 2 3A<3. 

�KE>4 I35B D>B>==>3> 87;CG5=8O C4>1=> ?@54AB028BL 2 2845 

>B=>A8B5;L=>9 25;8G8=K, =>@<8@>20==>9 =0 2KE>4 I∞ 87;CG5=8O A 

M=5@3859 E 4;O >1@07F0 «15A:>=5G=>9» B>;I8=K A >4=>@>4=K< 

@0A?@545;5=85< 48>:A840 C@0=0 2 <0B@8F5 87 F8@:>=8O A B0:>9 65 

<0AA>2>9 4>;59 48>:A840 C@0=0, :0: 8 2 35B5@>35==>< >1@07F5,  Ā∞ = ý ��  þ�г�гÿг + μ�Ã�(1 2 ÿг) , (7) 

345 %3 3 <0AA>20O 4>;O 48>:A840 C@0=0 2 >1@07F5. 
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 �@8 ?@>2545=88 @0AG5B>2 2KE>4>2 D>B>==>3> 87;CG5=8O G8A;> A;>52 

m+1 2K18@0;8 B0:, GB>1K 8E AC<<0@=0O B>;I8=0 1K;0 1;87:0 : 480<5B@C 

B>?;82=>3> AB5@6=O. �0 @8AC=:5 2 ?>:070=0 7028A8<>ABL >B=>A8B5;L=>3> 

2KE>40 I35B/I∞ 30<<0-87;CG5=8O A M=5@3859 185,7 :M� >B A>45@60=8O C@0=0 2 

AB5@6=5. �@8 ?>AB>O==>< 7=0G5=88 >1>30I5=8O C@0=0 >B=>A8B5;L=K9 

2KE>4 ?@O<> ?@>?>@F8>=0;5= A>45@60=8N 235U. �@8 87<5=5=88 <0AAK 

C@0=0 >B 4 4> 8 3 @0AG5B=K5 7=0G5=8O I35B/I∞ 4;O ;8=88 U Kñ1 ?@8<5@=> =0      

4 % 2KH5 2 =0G0;5 8 ?@0:B8G5A:8 A>2?040NB 2 :>=F5 480?07>=0 ?> 

A@02=5=8N A ;8=859 185,7 :M�. 

 

 8A.2. �028A8<>ABL >B=>A8B5;L=>3> 2KE>40 30<<0-87;CG5=8O A M=5@3859  
185,7 8 93,48 :M� >B A>45@60=8O C@0=0, @0AAG8B0==0O 4;O 35B5@>35==>3> 

>1@07F0 A 3@0=C;0<8 480<5B@>< 0,5 << 

 

 �KE>4K D>B>==>3> 87;CG5=8O 7028AOB B0:65 >B 87<5=5=8O @07<5@>2 

3@0=C; 2 ?@545;0E B>?;82=>3> AB5@6=O. �>;8G5AB25==0O >F5=:0 MB>9 

7028A8<>AB8 <>65B 1KBL ?>;CG5=0 A ?><>ILN ?0@0<5B@0 ´d = 2 Āгет(Ămin) 2 Āгет(Ămax)Āгет(Ămin) + Āгет(Ămax) , (8) 
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E0@0:B5@87CNI53> >B=>A8B5;L=CN @07=>ABL 2KE>4>2 I35B(dmin) 8 I35B(dmax), 

@0AAG8B0==KE 4;O <8=8<0;L=>3> dmin 8 <0:A8<0;L=>3> dmax 480<5B@>2 

3@0=C;.  57C;LB0BK @0AG5B>2 ?@54AB02;5=K 2 2845 3@0D8:>2 =0 @8AC=:5 3. 

�A;01;5=85 D>B>==>3> 87;CG5=8O A M=5@3859 Е >1>;>G:>9 

B>?;82=>3> AB5@6=O <>65B 1KBL @0AAG8B0=> ?> D>@<C;5 ÿ� = exp (2μ� Ã�) , (9) 

345 E 3 <0AA>2K9 :>MDD8F85=B >A;01;5=8O 87;CG5=8O A M=5@3859 Е 

<0B5@80;>< >1>;>G:8 AB5@6=O; ò 8 t 3 ?;>B=>ABL 8 B>;I8=0 >1>;>G:8. 

 

 8A. 3. �B=>A8B5;L=0O @07=>ABL 2KE>4>2 D>B>==>3> 87;CG5=8O, 
@0AAG8B0==KE 4;O <8=8<0;L=>3> 8 <0:A8<0;L=>3> 480<5B@>2 3@0=C; 

@02=KE 0,4 8 0,55 <<, :0: DC=:F8O A>45@60=8O C@0=0 

  

  0AG5BK ?>:07K20NB, GB> ?@8 87<5=5=88 B>;I8=K >1>;>G:8 >B 100 

4> 200 <:< >B=>A8B5;L=>5 87<5=5=85 2KE>40 30<<0-87;CG5=8O A M=5@3859 

185,7 :M� A>AB02;O5B 1,5 %.  

�>?@02:0 =0 87<5=5=85 B>;I8=K >1>;>G:8 <>65B 1KBL 22545=0 

?CB5< 87<5@5=8O >B=>H5=8O I1/I2 2KE>4>2 42CE ;8=89 D>B>==>3> 

87;CG5=8O A M=5@38O<8 Е1 8 Е2, ?@>H54H53> G5@57 >1>;>G:C, B>;I8=0 

0,0

0,5

1,0

1,5

2,0

2,5

3,0

4,0 5,0 6,0 7,0 8,0

d,
 %

МаEEа уDа=а, 7

98,43кQВ

185,7кQВ
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:>B>@>9 =58725AB=0. �B=>H5=85 I1/I2, 87<5@5==>5 4;O >1>;>G:8 B>;I8=>9 

t, 45;5==>5 =0 >B=>H5=85 I1/I2 , 87<5@5==>5 ?@8 >BACBAB288 >1>;>G:8 (t=0), 

>1>7=0G8< Rt, B>340 ý� = exp (μ2 Ã� 2 μ1 Ã�) , (10) 

345 1 8 2 3 <0AA>2K5 :>MDD8F85=BK >A;01;5=8O 4;O A>>B25BAB2CNI8E 

;8=89 D>B>==>3> 87;CG5=8O. 

 �>4AB02;OO B>;I8=C t, =0945==CN 87 2K@065=8O (10), 2 D>@<C;C (9), 

?>;CG8< ÿ� = ý� μ�μ12μ2 , (11) 

 �7 A>>B=>H5=8O (11) A;54C5B, GB> 4;O <8=8<870F88 ?>3@5H=>AB8 

87<5@5=8O TE =5>1E>48<>, GB>1K 7=0G5=85 ?>:070B5;O AB5?5=8 1K;> :0: 

<>6=> <5=LH5. �;O MB>3> M=5@388 ;8=89 D>B>==>3> 87;CG5=8O 4>;6=K 

ACI5AB25==> >B;8G0BLAO. �0?@8<5@, ?@8 Е=Е2=185,7 :M� 8 Е1=98,43 :M� 

7=0G5=85 ?>:070B5;O AB5?5=8 A>AB02;O5B 0,328. �0 @8AC=:5 4 ?>:070=0 

7028A8<>ABL >A;01;5=8O ;8=88 30<<0-87;CG5=8O A M=5@3859 185,7 :M� >B 

?0@0<5B@0 Rt, @0AAG8B0==>3> ?> D>@<C;5 (10) 4;O C:070==KE 2KH5 

7=0G5=89 Е18 Е2 ?@8 87<5=5=88 B>;I8=K F8@:>=852>9 >1>;>G:8 2 

?@545;0E 100ý200 <:<. �>;CG5==0O 7028A8<>ABL 0??@>:A8<8@C5BAO 

;8=59=>9 DC=:F859, :>MDD8F85=BK :>B>@>9 <>3CB 1KBL ;53:> >?@545;5=K 

A ?><>ILN >1@07F>2 AB5@6=59 A 7040==>9 B>;I8=>9 >1>;>G:8. 

  07@01>B0==K9 A?>A>1 CG5B0 87<5=5=8O B>;I8=K >1>;>G:8 

@50;87>20= 2 A>AB025 ?@>3@0<<K >1@01>B:8 A?5:B@><5B@8G5A:>9 

8=D>@<0F88 ?@8 A>740=88 ?@>3@0<<=>3> >15A?5G5=8O 4;O 

M:A?5@8<5=B0;L=>9 CAB0=>2:8 ?0AA82=>3> :>=B@>;O A>45@60=8O 235U. 
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 8A. 4. �A;01;5=85 30<<0-87;CG5=8O A M=5@3859 185,7 :M� F8@:>=852>9 
>1>;>G:>9 B>;I8=>9 100-200 <:< :0: DC=:F8O ?0@0<5B@0 Rt  

 

  

 1:A?5@8<5=B0;P=O5 8AA;54>20=8S 

 СF8=B8;;яF8>==O9 A?9:B@><9B@ D>B>==>7> 87;CG9=8я 

 �@8 :>=B@>;5 A>45@60=8O 235U 2 B>?;82=KE AB5@6=OE 8 B2M;0E 

@538AB@0F8O D>B>==>3> 87;CG5=8O 87>B>?>2 C@0=0 8 8E 4>G5@=8E 

@048>=C:;84>2, A>45@60I8EAO 2 O45@=>< B>?;825, 4>;6=0 >ACI5AB2;OBLAO 

A ?><>ILN 45B5:B>@>2, 8<5NI8E 4>AB0B>G=> 1>;LH85 @07<5@K, GB>1K 

>15A?5G820BL 35><5B@8N 87<5@5=89, 1;87:CN : 4, 2KA>:CN 

MDD5:B82=>ABL @538AB@0F88 8, ?> 2>7<>6=>AB8, E>@>H55 M=5@35B8G5A:>5 

@07@5H5=85. "0:8< B@51>20=8O< 2 =081>;LH59 AB5?5=8 C4>2;5B2>@ONB 

AF8=B8;;OF8>==K5 45B5:B>@K 87 9>4840 =0B@8O, 0:B828@>20==>3> B0;;85<, 

NaI(Tl). �>;LH>9 0B><=K9 =><5@ 9>40 2 :@8AB0;;5 NaI(Tl) >15A?5G8205B 

2KA>:CN MDD5:B82=>ABL @538AB@0F88 30<<0-87;CG5=8O. -=5@35B8G5A:>5 

@07@5H5=85 4;O :@8AB0;;0 480<5B@>< 76 << 8 4;8=>9 76 << A>AB02;O5B 

>1KG=> >:>;> 7 % =0 ;8=88 30<<0-87;CG5=8O 137Cs A M=5@3859 662 :M� 8 

=5A:>;L:> EC65 ?@8 4@C38E @07<5@0E :@8AB0;;0. �@5<O 2KA25G820=8O 

AF8=B8;;OB>@0 NaI(Tl) ?@81;865==> @02=> 0,23 <:A. "8?8G=K5 

y = 0,3429x + 0,6575

R² = 1

0,965

0,970

0,975

0,980

0,985

0,990

0,91 0,92 0,93 0,94 0,95 0,96

T

Rt
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70@O4>GC2AB28B5;L=K5 ?@54CA8;8B5;8 ?@5>1@07CNB B0:85 A25B>2K5 

2A?KH:8 2 M;5:B@8G5A:85 8<?C;LAK A 2@5<5=5< =0@0AB0=8O >:>;> 0,5 <:A.  

 �;O ?@>B>B8?0 CAB0=>2:8 ?0AA82=>3> :>=B@>;O 2K1@0= 45B5:B>@ 

NaI(Tl) A :@8AB0;;>< 480<5B@>< 51 << 8 4;8=>9 51 <<, CAB0=>2;5==K< 

2<5AB5 A $-# 2 548=>< F8;8=4@8G5A:>< :>@?CA5, A=0165==><                         

14-HBK@L:>2K< @07J5<>< 4;O ?>4:;NG5=8O : M;5:B@>==><C 1;>:C 

>1@01>B:8 M;5:B@8G5A:8E A83=0;>2 (A<. @8AC=>: 5). �K?CA:05<K9 D8@<>9 

Saint-Gobain Crystals (!(�) 40==K9 B8? 45B5:B>@0 8<55B >4=8 87 A0<KE 

;CGH8E B5E=8G5A:8E E0@0:B5@8AB8: ?> A@02=5=8N A 0=0;>30<8. � 

G0AB=>AB8, 87<5@5==>5 M=5@35B8G5A:>5 @07@5H5=85 =0 ;8=88 662 :M� 4;O 

42CE 45B5:B>@>2, ?@54=07=0G5==KE 4;O CAB0=>2:8 ?0AA82=>3> :>=B@>;O, 

A>AB02;O5B 6,0 % 8 6,3 %. 

 

 8A. 5. �=5H=89 284 AF8=B8;;OF8>==>3> 45B5:B>@0 NaI(Tl) A $-# 

 

 

 �5B5:B>@ ?>4:;NG05BAO : M;5:B@>==><C 1;>:C digiBASE D8@<K 

ORTEC (!(�). �;>: digiBASE 2:;NG05B <8=80BN@=K9 ?@54CA8;8B5;L A 

F8D@>2>9 >1@01>B:>9 M;5:B@8G5A:8E A83=0;>2, ?>ABC?0NI8E >B $-#, 

8AB>G=8: 2KA>:>3> =0?@O65=8O 4;O ?8B0=8O $-#, 8 <=>3>:0=0;L=K9 

0=0;870B>@. �A5 :><?>=5=BK @07<5I5=K 2 ;53:>< <0;>3010@8B=>< 

:>@?CA5, 87>1@065==>< =0 @8AC=:5 6. !?5:B@><5B@ 8<55B <0;>5 

M=5@3>?>B@51;5=85, =5 B@51C5B A?5F80;L=>3> 8AB>G=8:0 ?8B0=8O 8 

?>4:;NG05BAO : ?5@A>=0;L=><C :><?LNB5@C G5@57 ?>@B USB. 
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 8A. 6. -;5:B@>==K9 1;>: digiBASE 

 

 

�0:5B ?@8:;04=KE ?@>3@0<< >15A?5G8205B 3@0D8G5A:89 8=B5@D59A 

?>;L7>20B5;O 4;O 2K?>;=5=8O 2A5E >?5@0F89, =5>1E>48<KE 4;O =0AB@>9:8 

?0@0<5B@>2 =0:>?;5=8O 8=D>@<0F88, =0:>?;5=8O 40==KE 8 A>E@0=5=8O 

A?5:B@>2. 

�5B5:B>@K NaI(Tl) 8<5NB :>MDD8F85=B ?@5>1@07>20=8O M=5@388 

D>B>=>2 2 0<?;8BC4C M;5:B@8G5A:>3> A83=0;0, GC2AB28B5;L=K9 : 

87<5=5=8O< B5<?5@0BC@K >:@C60NI59 A@54K 8 <03=8B=KE ?>;59. �;>: 

digiBASE A=0165= AB018;870B>@>< :>MDD8F85=B0 CA8;5=8O, ?>72>;ONI8< 

2 7=0G8B5;L=>9 AB5?5=8 :><?5=A8@>20BL C:070==CN 7028A8<>ABL >B 

B5<?5@0BC@K. �5?@5@K2=0O @53C;8@>2:0 :>MDD8F85=B0 CA8;5=8O 2 

02B><0B8G5A:>< @568<5 ?>445@68205B ?>;>65=85 F5=B@0 ?8:0 2 A?5:B@5 

D>B>==>3> 87;CG5=8O 2 7040==>9 ?>78F88, >15A?5G820O >G5=L 2KA>:CN 

AB018;L=>ABL A?5:B@><5B@0. 

�<55BAO 2AB@>5==0O M;5:B@>==0O AE5<0 AB018;870F88 :>MDD8F85=B0 

CA8;5=8O 8 A<5I5=8O. !B018;870F8O >ACI5AB2;O5BAO ?> 7040==><C 

@5?5@=><C ?8:C 2 A?5:B@5, ?>;>65=85< :>B>@>3> <=>3>:0=0;L=K9 

0=0;870B>@ <>65B C?@02;OBL B0:8< >1@07><, GB> 5A;8 4@59D 1C45B 

>1=0@C65=, B> :>MDD8F85=B CA8;5=8O 8 A<5I5=85 A8AB5<K 02B><0B8G5A:8 

?>4AB@0820NBAO 4;O :><?5=A0F88 4@59D0. !B018;870B>@ <>65B 

:>@@5:B8@>20BL A<5I5=85 2 ?@545;0E >B 0 4> 10 % >B ?>;=>3> 480?07>=0 8 
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8A?>;L7C5B ?>;=K9 480?07>= @53C;8@>2:8 ?;02=>3> :>MDD8F85=B0 

CA8;5=8O 4;O :>@@5:F88 ?>3@5H=>AB8 :>MDD8F85=B0 CA8;5=8O. 

!?5F80;L=>5 ?@>3@0<<=>5 >15A?5G5=85 3 M<C;OB>@ <=>3>:0=0;L=>3> 

0=0;870B>@0 MAESTRO-32 2K?>;=O5B 2A5 DC=:F88 C?@02;5=8O 1;>:>< 

digiBASE 8 2K2>40 8=D>@<0F88. �@54CA<>B@5=0 2>7<>6=>ABL 

8A?>;L7>20=8O M<C;OB>@0 MAESTRO-32 A>2<5AB=> A ?@>3@0<<0<8, 

@07@010BK205<K<8 ?>;L7>20B5;O<8 digiBASE 4;O A>1AB25==KE =C64. 

 

 К>=AB@C:F8я Q:A?9@8<9=B4;P=>9 CAB4=>6:8  

 � A>AB02 @07@01>B0==>9 2 ���"$� M:A?5@8<5=B0;L=>9 CAB0=>2:8 

4;O 87<5@5=8O A>45@60=8O 235U 2 :5@<5B=KE AB5@6=OE 2E>4OB: 

ý 87<5@8B5;L=>5 CAB@>9AB2>; 

ý CAB@>9AB2> ?5@5<5I5=8O :>=B@>;8@C5<>3> 8745;8O 2 

87<5@8B5;L=CN ?>78F8N; 

ý C?@02;ONI89 :><?LNB5@; 

ý :>=B@>;;5@ C?@02;5=8O 8A?>;=8B5;L=K<8 <5E0=87<0<8. 

!B@C:BC@=0O AE5<0 CAB0=>2:8 ?>:070=0 =0 @8AC=:5 7. 
 

 

 8A. 7. !B@C:BC@=0O AE5<0 M:A?5@8<5=B0;L=>9 CAB0=>2:8 

 

И7<еD8телP=ое уEтDо9Eт6о 

 

 

СпектDо<етD 1      СпектDо<етD 2 

УпDа6лONщ89 
ко<пPNтеD 

УEтDо9Eт6о пеDе<еще=8O 
ко=тDол8Dуе<о7о 87дел8O 6 

87<еD8телP=уN по78F8N 

 

Ко=тDоллеD упDа6ле=8O 
8Eпол=8телP=O<8 

<еEа=87<а<8 
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�7<5@8B5;L=>5 CAB@>9AB2> ?@54=07=0G5=> 4;O @538AB@0F88 

5AB5AB25==>3> D>B>==>3> 87;CG5=8O @048>=C:;84>2, A>45@60I8EAO 2 

B>?;82=KE AB5@6=OE, =01>@0 A?5:B@>2 D>B>==>3> 87;CG5=8O 8 ?5@540G8 

8=D>@<0F88 2 C?@02;ONI89 :><?LNB5@. �7<5@8B5;L=>5 CAB@>9AB2> 

A>45@68B 420 A?5:B@><5B@0, :064K9 87 :>B>@KE A>AB>8B 87 45B5:B>@0 

NaI(Tl) 8 M;5:B@>==>3> 1;>:0 digiBASE. #AB@>9AB2> ?5@5<5I5=8O 

?@54=07=0G5=> 4;O ?>40G8 :>=B@>;8@C5<KE :5@<5B=KE AB5@6=59 2 

87<5@8B5;L=CN ?>78F8N 2 ?@>F5AA5 8E A:0=8@>20=8O. #?@02;ONI89 

:><?LNB5@ ?@>872>48B >1@01>B:C 8=D>@<0F88, ?>ABC?0NI59 >B 

A?5:B@><5B@>2, 8 =0 >A=>25 55 0=0;870 ?5@5405B A83=0;K =0 :>=B@>;;5@, 

C?@02;ONI89 8A?>;=8B5;L=K<8 <5E0=87<0<8 CAB@>9AB20 ?5@5<5I5=8O.  

�0 @8AC=:5 8 ?@82545=0 D>B>3@0D8O 87<5@8B5;L=>3> CAB@>9AB20, 

@07@01>B0==>3> 4;O ?@>2545=8O ?@5420@8B5;L=KE 8A?KB0=89 CAB0=>2:8 8 

CB>G=5=8O >B45;L=KE :>=AB@C:B82=KE @5H5=89.  

 

 8A. 8. �7<5@8B5;L=>5 CAB@>9AB2> M:A?5@8<5=B0;L=>9 CAB0=>2:8 

 

�20 A?5:B@><5B@0 CAB0=>2;5=K A>>A=> B0:8< >1@07><, GB> 

GC2AB28B5;L=K5 ?>25@E=>AB8 45B5:B>@>2 >1@0I5=K 4@C3 : 4@C3C 8 
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@0AAB>O=85 <564C =8<8 A>AB02;O5B 8 <<. �5B5:B>@K @07<5I5=K 2=CB@8 

70I8BK, 2K?>;=5==>9 87 2>;LD@0<0 2 D>@<5 F8;8=4@8G5A:>9 B@C1K A 

B>;I8=>9 AB5=:8 @02=>9 12 <<. � AB5=:5 70I8BK 8<5NBAO 420 >B25@AB8O, 

G5@57 >4=> 87 :>B>@KE ?><5I5==K9 2 A?5F80;L=K9 :0=0; :5@<5B=K9 

AB5@65=L A ?><>ILN B>;:0B5;O 22>48BAO 2 87<5@8B5;L=CN ?>78F8N 

2=CB@8 B>=:>9 0;N<8=852>9 B@C1:8, @0A?>;>65==>9 A>>A=> >B25@AB8N 2 

70I8B5. �>A;5 7025@H5=8O 87<5@5=8O A ?><>ILN 2KB0;:820B5;O, 

?@>E>4OI53> G5@57 4@C3>5 >B25@AB85 2 70I8B5, AB5@65=L 2K2>48BAO 87 

87<5@8B5;L=>9 ?>78F88.  

И7<9@9=8я A?9:B@><9B@8G9A:8E ?4@4<9B@>6 

�7<5@5=8O ?0@0<5B@>2 M:A?5@8<5=B0;L=>9 CAB0=>2:8 ?@>2>48;8 A 

8A?>;L7>20=85< 8<8B0B>@0 :5@<5B=>3> AB5@6=O, ?@54AB02;ONI53> A>1>9 

B01;5B:C 87 48>:A840 C@0=0, 2K?>;=5==CN 2 D>@<5 F8;8=4@0 480<5B@><    

5,9 << 8 2KA>B>9 12 <<. �0AA>20O 4>;O 87>B>?0 235U A>AB02;O;0 17 %, GB> 

?@81;865==> A>>B25BAB2C5B A5@548=5 480?07>=0 A>45@60=8O 87>B>?0 2 

:5@<5B=>< AB5@6=5. �0 @8AC=:5 9 87>1@065= A?5:B@ D>B>==>3> 87;CG5=8O 

2 >1;0AB8 M=5@389 >B 5 4> 250 :M�, 87<5@5==K9 A 8<8B0B>@>< :5@<5B=>3> 

AB5@6=O. 

 

 8A. 9. !?5:B@ D>B>==>3> 87;CG5=8O >B 8<8B0B>@0 :5@<5B=>3> AB5@6=O 

0
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10000

15000

20000

0 50 100 150 200 250

Ч8
Eл

о 
от

Eч
ет

о6

Э=еD78O, кQВ

185,7 кQВ
98,4 кQВ
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� A?5:B@5 8<5NBAO 420 >A=>2=KE ?8:0 ?>;=>3> ?>3;>I5=8O A 

M=5@38O<8 98,4 :M� (;8=8O @5=B35=>2A:>3> 87;CG5=8O U Kñ1) 8 185,7 :M� 

(;8=8O 30<<0-87;CG5=8O U). -=5@388 2A5E ;8=89 D>B>==>3> 87;CG5=8O, 

?@8ACBAB2CNI8E 2 A?5:B@5, ?@82545=K 2 B01;8F5 1.  

�;O ?@>25@:8 AB018;L=>AB8 @01>BK A?5:B@><5B@0 ?@>2>48;8 

=5?@5@K2=K5 87<5@5=8O A?5:B@0 ?> 682><C 2@5<5=8 2 B5G5=85 8 G0A>2. � 

:064>< A?5:B@5 >?@545;O;8 ?>;>65=85 F5=B@0 ?8:0 A M=5@3859 185,7 :M� 

0??@>:A8<0F859 DC=:F859 �0CAA0 CG0AB:0 A?5:B@0 2 >1;0AB8 53> F5=B@0. 

�0 @8AC=:5 10 ?>:070=K 87<5=5=8O ?>;>65=8O F5=B@0 ?8:0 ?@8 

>B:;NG5==>9 8 2:;NG5==>9 A8AB5<>9 AB018;870F88 :>MDD8F85=B0 

CA8;5=8O 8 A<5I5=8O A?5:B@><5B@8G5A:>3> B@0:B0 ?> ?8:C A M=5@3859 

185,7 :M�. �>MDD8F85=B 20@80F88 ?>;>65=8O MB>3> ?8:0 A>AB02;O5B 

0,017 %. 

  
 8A. 10. !<5I5=85 F5=B@0 ?8:0 A M=5@3859 185,7 :M� 70 8 G0A>2 

=5?@5@K2=>9 @01>BK 157 AB018;870F88 (A;520) 8 A> AB018;870F859 (A?@020)  
 

 �0 @8AC=:0E 11 8 12 4;O :064>3> 45B5:B>@0 ?>:070=K 87<5=5=8O 

?;>I048 ?8:0 (G8A;0 >BAG5B>2 2 ?8:5) A M=5@3859 185,7 :M� ?@8 

?5@8>48G5A:8E 87<5@5=8OE A?5:B@>2 ?> 682><C 2@5<5=8 300 A A 

2:;NG5==>9 A8AB5<>9 F8D@>2>9 AB018;870F88, 0 B0:65 ?@82545=K A@54=85 

7=0G5=8O 8 A@54=5:204@0B8G5A:85 >B:;>=5=8O G8A;0 >BAG5B>2. 

0

1

2
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4

0 1 2 3 4 5 6 7 8
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  #G8BK20O, GB> G8A;> >BAG5B>2 N 2 ?8:5 ?>4G8=O5BAO =>@<0;L=><C 

70:>=C @0A?@545;5=8O A> AB0=40@B=K< >B:;>=5=85< Ã = √�, A@02=5=85 A 
?>;CG5==K<8 7=0G5=8O<8 A@54=5:204@0B8G5A:8E >B:;>=5=89 ?>:07K205B, 

GB> =5AB018;L=>ABL A:>@>AB8 AG5B0 A?5:B@><5B@>2 ?@5=51@568<> <0;0. 

 �0:;RG5=85 
 �@>2545=K B5>@5B8G5A:85 8AA;54>20=8O ?> ?@8<5=5=8N ?0AA82=>3> 

<5B>40 87<5@5=8O A>45@60=8O 235U 2 B>?;82=KE AB5@6=OE =0 >A=>25 

:5@<5B=>3>  B>?;820.    07@01>B0=  <5B>4  @0AG5B0  2KE>4>2  5AB5AB25==>3> 

 

 8A. 11. �7<5=5=85 ?;>I048 ?8:0 A M=5@3859 185,7 :M� 70 8 G0A>2 
=5?@5@K2=>9 @01>BK 4;O 45B5:B>@0 1 

 

 
 8A. 12. �7<5=5=85 ?;>I048 ?8:0 A M=5@3859 185,7 :M� 70 8 G0A>2 

=5?@5@K2=>9 @01>BK 4;O 45B5:B>@0 2 

240000

241000

242000

243000

244000

245000

0 1 2 3 4 5 6 7 8

Ч8
Eл

о 
от

Eч
ет

о6

ВDе<O, ч

ДетектоD 1

СDед=ее 7=аче=8е 242349
СDед=ек6адDат8чеEкое откло=е=8е 454

2s

-2s

244000

245000

246000

247000

248000

249000

0 1 2 3 4 5 6 7 8

Ч8
Eл

о 
от

Eч
ет

о6

ВDе<O, ч

2s

-2s

ДетектоD 2

СDед=ее 7=аче=8е 246646
СDед=ек6адDат8чеEкое откло=е=8е 488
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D>B>==>3> 87;CG5=8O 4;O 35B5@>35==>3> >1@07F0, A>45@60I53> G0AB8FK 

48>:A840 C@0=0, @0A?@545;5==K5 2 <5B0;;8G5A:>9 <0B@8F5. �>;CG5=K 

>F5=:8 2;8O=8O @07<5@>2 G0AB8F =0 87<5=5=85 2KE>4>2 30<<0-87;CG5=8O 
235U A M=5@3859 185,7 :M� 8 @5=B35=>2A:>3> 87;CG5=8O C@0=0 A M=5@3859 

98,43 :M� 2 7028A8<>AB8 >B <0AA>2>9 4>;8 C@0=0 2 >1@07F5. �@54;>65= 

A?>A>1 :><?5=A0F88 ?>3@5H=>AB8 87<5@5=8O A>45@60=8O 235U 2 B>?;82=>< 

AB5@6=5, 2K720==>9 87<5=5=85< B>;I8=K >1>;>G:8.  

 �@>2545= 0=0;87 M:A?5@8<5=B0;L=KE 40==KE 8 B5E=8G5A:8E 

E0@0:B5@8AB8: AF8=B8;;OF8>==KE A?5:B@><5B@>2 D>B>==>3> 87;CG5=8O, 

=0?@02;5==K9 =0 >15A?5G5=85 <8=8<0;L=>9 ?>3@5H=>AB8 87<5@5=89 8 

?>2KH5=85 ?@>872>48B5;L=>AB8 0=0;870.  

  07@01>B0=K ?@8=F8?K ?>AB@>5=8O 8 AB@C:BC@=0O AE5<0 CAB0=>2:8 

?0AA82=>3> :>=B@>;O A>45@60=8O 235U. �73>B>2;5=0 M:A?5@8<5=B0;L=0O 

CAB0=>2:0, A>45@60I0O 420 A?5:B@><5B@0 A 45B5:B>@0<8 NaI(Tl), 

?>4:;NG5==KE : ?5@A>=0;L=><C :><?LNB5@C. 

 �@>2545=K 87<5@5=8O A?5:B@><5B@8G5A:8E E0@0:B5@8AB8: 

M:A?5@8<5=B0;L=>9 CAB0=>2:8, :>B>@K5 ?>:070;8 2KA>:CN 01A>;NB=CN 

MDD5:B82=>ABL @538AB@0F88 D>B>==>3> 87;CG5=8O 70 AG5B >15A?5G5=8O 

35><5B@88 87<5@5=89 1;87:>9 : 4, 8 =87:CN =5AB018;L=>ABL 0<?;8BC4K 

A83=0;0 2> 2@5<5=8 @02=CN 0,017 % 70 8 G0A>2 =5?@5@K2=>9 @01>BK. 

 #AB0=>2:0 8A?>;L7>20=0 2 ��� ��� «�CG» 4;O >B@01>B:8 <5B>4>2 

:>=B@>;O B5E=>;>38G5A:8E ?0@0<5B@>2 :5@<5B=KE AB5@6=59 ?@8 3>@OG5< 

87>AB0B8G5A:>< ?@5AA>20=88 [10].  
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 1. Reilly D., Ensslin N., Smith Jr., H. Passive nondestructive assay of 
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�5@<5B=K9 "�-� 4;O �!�� A ?>2KH5==K<8 E0@0:B5@8AB8:0<8 8 

157>?0A=>ABLN. �>:;04 =0 7 �564C=0@>4=>< D>@C<5 «">?;82=>-
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www.niitfa.ru



44 

 

:5@<5B=KE AB5@6=59 ?@8 3>@OG5< 87>AB0B8G5A:>< ?@5AA>20=88 // �B><=0O 
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�K?CA: 97 

 

 
�B25BAB25==K9 70 2K?CA:  
"C<0=>2 �.�. 

 
�0CG=>5 @540:B8@>20=85 

�@>4A:89 !.�. 
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