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Resumen

E            -

,  ́  ́     ́ı   

,   ́   T  C N́  B 

A (AB-BNCT). E         S-

G  T́ı  A  A   G  I́

 A (GIA)   C́ N  E́ı A́ (CNEA).

E  ,            BNCT

  A    ́  ́ ́     

 . P,   ́     

 ́    ,    ́  , -

        ́ı , 

   12C(,)13N  13C(,)14N,   ́  13C   

́ ́.

E    ̃      ́  

 ,      ,    ́ -

   ́    ,      

      ́. A,   

   ́   ,      

       150 V    ́  -

 TANDAR   CNEA,    ́  ́ 

     ́,    . L

      ,    

    ́ı     , 

  12C  13C    ́ı     ́.

I



Resumen II

A,  ́   , ́  

       ́    ,

  ́            .

E       W  M I B

L (MIBL),   U  M.

Palabras clave: B  ́  , , BNCT, ,

́, 13C(,)14N.



Abstract

Development and construction of a carbon neutron production target for

boron neutron capture therapy with accelerators

T           , -

            

  A-B B N C T (AB-BNCT).

T        N A E C-

 (CNEA),  A.

I  ,            -

  BNCT  A         

   . P,       -

      ,      ,  

        ,    

12C(,)13N  13C(,)14N,   13C       

.

T          , 

     ,       -

    ,          

 . F,        -

,        150 V     

    TANDAR,      

           . T

       ,     

        ,  12C 

III



Abstract IV

13C          .

L,          

     ,       

  . T       W  

 M I B L (MIBL),   U  M.

Keywords: N  , , BNCT, , -

, 13C(,)14N.



Agradecimientos

E             ́ı  

    ̃.

E         M  G  A́

K,     ,         

   . A M    ı́,    ́ı    

 ,              , 

            ̃ . A

A́           ,

        ́     .

A     ̃         ,

L G  M S A,      -

         ,   ̃

 ,     M,       

  . Y       ̃, P G, 

    ,        

́     .

A      S  T́ı  A  A-

,   M́ı E C    ́  

 ́    ́,   G C   

 ,     ,   ́, 

,            .

V



Agradecimientos VI

A   ,     ,   , ́  -

́     .

F R  N́ S,        

L  C́    L  B, .

H D  D G         

 ́;   B P       ́.

G L, D G́  C A,      

   C.

M́ M B,     .

S W,     ́  ́.

A Z   ́      ́.

R M  G A,       -

́.

F M  A S.A.  D S  A́ G́

R́ S.A.,   ́  .

P B, A D, A M  G Z,  

  SEM  EDS.

D L, A L L  C́ H I,    

́     XRD  WAXS.

M́ı E R,        R.

P B, F G  L V,      -

́        XRF.

A C́, J A́ D  F S G,   ́

 XPS  AES,   A F    .

J́ı S      ́,  E   F-

     PIXE.

B Q  S́ I (CAB),       

         T T LLC.



Agradecimientos VII

S́ J      CADEN.

A     A T: J C D, C P,

SM, F O, A́ F́ S,    M́ı

B, M́ı A̃  O P,       

  ,         ́   

  ́.

GW, F B  T K,   U M 

  ́     ́  . E

 O T,            

  ́ı  A A.

N      G B,     

    ́ı. S ́  ̃  ́.

A J M, G M   G   GIA,  -

   ́       ̃.

A M  E́   C. F       ́

    ́   U  M.

A I S,   U  S M́ı    C́ N 

E́ı A́,           

. Y ́         ́.

T́     ,   A, C, M́-

 M     ́   . A F, A́

 R,    ,   S     .
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Caṕıtulo 1

Introducción

1.1. La Terapia por Captura Neutrónica en Boro

L          ́ı  

 ́       ́   . L ,  -

    ́ı   ́ı,  ́ı   ́ı,  

      ́,   ́   .

L   ,    ́ı   ,    

    ́. S   ́  50%    

́ ́          -

   ́    ́ [76]. E  

 . C  ́ı       ́ 

     ,      

     ́   ́ı  ́ı  ,  -

     ́ı     

́ı        ́   ́  

  .

P           ́ı

(LET, L E T),     ́ı      

 . E          -

     ́   . L   ́ı  

        ́ı       

 G (1 G = 1 J/). L         

1
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́ı (LET, L E T)     ́ ́   

 :    ́ı,     LET ́  

̃   ́ ,      E B́ R (RBE).

E ,       ́,    -

         ́ı,        [8].

L ́     ́  

́    ́  J. C   U  C-

,  1932 [16]. L    ́    G. L 

I F  P  1936 [58]. S  ́ ́ı     

 ́ı      ,     ́

     ́ (3840 ),  ́ ́.

E     ;   ,     

     ́       ́,

 ́  10B. I,       

́ ,            

 ́. E   ,          

́ı             . D 

,     ́  10B(,)7L    ́ ,

 ́  4H  7L,   LET. E    ́ -

  ́ı (  2 MV)         ́,

      5  10   ,    ́ı ̃   ́.

P  ,  ́    ́     

 ́     ,      

       [69].

E    T  C N́  B (BNCT 

   ́, BN C T)     
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́            

. E   1.1    ́      ́.

E  94%    ́  ,  ́ 7L     

      ́ ́ı  478 V. E

             

.

F 1.1: E   ́   ́      ́.

L   ́ı     ̃ ’50 [25],   D. W. H.

S  M G H,       

  ( )      ́ 

   M I  T (MIT). L  

            

(́ ́)       ,      

́ı  ́ı      ́    ́

  [79]. E 1968,   ́ H H,  -

      J́,    

    (     BSH), ́ 

            120 

 20 ̃ [37, 70]. A,  J́     ( ́ 
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-  BPA),  D. Y. M     BNCT  -

 ́      ́    K,  

75%  ́      24  [30]. L  -

    ́ı   ́  ́  

 ́ı    (A, I, F, C  J́, 

).

E   BNCT          

    ́        -

́ı       ,     

 ,         ,  

 ,        [5, 41, 66].

1.2. Aceleradores como fuente de neutrones

U      ́        

    (   109 /)   ́ı

         . P  

   ́ (   ́     

 0.5 V  ́ı),          

 ́ (∼10 V  ́ı).

H  ,       -

       ́  ,   

 ́ı. L   ́ı    ́, 

   ́ ́        -

  ́   . P  ,     

 ́           

    ́ı,    ́  .
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C           -

       [9, 34, 40, 77]. P, ́   

  ,       ́    -

. P  ,       ,     

  . O         -

          ́ [7, 11]. C

    ́   ́  

    ́ ,    ́ ́

    ́       ́,  

       . E    

́   ́         -

   . A,     ́

         (      

     ́   ́  ́),  

    .

P  ,   BNCT       ́ -

        ́     

       . L  

       ́ı    

BNCT             ́ı 

    ́ . L   ́    

́  ,  ,      -

       , ́ı  

.

E    ́     -

  ́ı     BNCT [14, 44, 52, 61, 84, 87]. E , 

 C́ N  E́ı A́ (CNEA)  ́   
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  ́       C E-

́     ́ı (1.5 MV)    (30 A)  

  [15, 49–51]. L         -

́            BNCT 

CNEA,    L  D  A (LDA)  C

A́ C (CAC). E   1.2     ́ı  

    ́.

F 1.2: E     BNCT   ́    CAC,
CNEA.

C    ,     720 V ́ 

  [49, 50]. E    (   -

)  ́ı   720 V     10 A. E   1.3,

    ́ı        , 

 ́   ́,  ́ı, ́  .
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F 1.3: A ́  720 V  ́  .

E          . E 

,    ́       ́ 

   ́  ,       

            -

. E        ́     

  ,   ́  .
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1.2.1. Blancos de producción de neutrones para BNCT

L     ́      ,

  A,         ́

   ̃     BNCT   -

 [15, 42, 45, 50, 69, 89]. E        

́ı        ́ı    

[7, 17],          BNCT.

E            ́ı.

E        (  )   

 ́   ,   . D  

     ́  BNCT,    : 7L(,)7B,

9B(,)9B, 9B(,)10B, 12C(,)13N  13C(,)14N. E   1.4   

 ́    ́    ́   ́ı  

́ı  (́  ́),     .

F 1.4: S́    ́  ,    
    BNCT  .
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S            [12, 13, 33,

68]. C          ́  , 

   ́ ́ı   :

E     ́      BNCT   -

 (AB-BNCT),      ́   ́  

  7B    ́    ́ -

   ̃,    .

L       ́      

́   1560 K. L,     ́ 

́ı    ,   ́ı,     

       ́      

 ́ [80].

E       ,    -

  ́  ́,    ́  129

W.K−1.−1     ́  3800 K , ́,     

 ́.

E  T 1.1    ́ı ́    

     BNCT      

    ́ [7, 17].

E        ́ı,  ́ 13C(,)14N

    ́   AB-BNCT    

       ́   [7, 11]. D ,  -

́ 13C(,)14N   ́ı,    ́  ,    

             

    [1, 13, 88].
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T 1.1: C́ı       
 BNCT        .

R́

E́ı  R E́ı P  C

 ́   0◦ ́ ́

(MV) (.C−1) (MV) (◦C) (W.K−1.−1)

7L(,)7B 2.3 5,8× 1011 0.51 180.5 84.7

9B(,)9B 4.0 1,0× 1012 1.06 1287 201

9B(,)10B 1.2 1,6× 1011 2.01 1287 201

12C(,)13N 1.5 6,0× 1010 0.55 3550 129

13C(,)14N 1.5 1,8× 1011 1.08 3550 129

H  ,     13C   ́ 

 ́    , ́  ́    

R [26, 48, 75]. E  ,        ,  

̃     12C  13C   CNEA. E    

       ́ı,        ́ı,   

 ́     ́, ́ı   ̃ 

́  ́         . T

 ́ı      ́.



Caṕıtulo 2

Interacción de las part́ıculas

cargadas con la materia

E    ́ı     ́    

 ́    ́     ́ı   

,     , ,  , ̃  -

́  ̃  ́. D      ́    

              ̃ 

 .

2.1. Conceptos teóricos generales

U   ́ı      (, -

, ́ı , .)          

 . E  ,  ́      ́ı ́

        ́  

    ́,   ́ı       -

    . C    ,   

́     ́ı ́   ́ı     ́,

      [82].

C  ́ı      ,  

      ́ . L    -

   ́  ́ı   ́ı    ́  

11
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   ,  ́ ,    :

Colisión elástica

E    ,     ́ı ́   

 . E  ,  ́ı  ́ı   , 

   ́ı    ́ı ́. S ,    

   ́ ́  .

Colisión inelástica

E    ́ı     ́ ́-

    ́ı,    ́,  -

́, ́,  ́.

Colisión radiativa

Bremsstrahlung (de Bremsung = frenado y Strahlung = radiación)

C  ́ı      ́ ́   

́      ́ ́    

, ́   . C ,  ́ı 

  ́ (́)  ́ı    ́  ́ı

́.

Cherenkov

S       ́ı     , 

            , 

  ́         

́   .
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Interacción nuclear

L ́ı ́      ́ ́, -

  ,       -

   ,         ́.

S ,           ,   

́  ́ı   ,   ́ı     

 ́,  ́  ́ı  ́  ́ ́, 

B  C, ́ı   ́ ,  . P

 ,      ́ C,    

 ́    ́ı     .

E ́    C   ́ ́    ́:

F = k
ze2

r2
(2.1)

 ze      ́ı, k        

 r        .

L ́      ́ ,   ́ı  ,

      ́ı   ́ı  ́ 

 ́  . P   ́  ́    , 

     ́ı      ́  ́

 ́,        2.1.

L ́         ́ı    

́,  ́ı      ́ı    ́ -

, ́     ́    ́. E   
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F 2.1: R́ ́    ́ (A)  ́ (B).

   :  ,  ́    ;   , 

́     ́. A        ́ı  

     ,     ́   ́-́, 

   ́   ́, ́  

́   .

P  ,  ́         ́-

     ́      ́ı ́  (́

́ ),       ́. P,  ́

  ́         ́  

́ı   ́,     ́     

.

2.1.1. Poder de frenado

C  ́ı     ,    ́ı

   ,     ́  ́  
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́  . S  ́ı   ́ı      ́ı 

 ́  ́  ,   ́  ́  

́  ́  ̃   ́ı ́   ́ı,   

   ́ı . D    ́   , 

   ́   ́  ́ı. U 

   ́    ́  ́ı,    

 S(E),        ́ı    ́ı

        :

S(E) = −dE

dx
(2.2)

 dE  ́  ́ı    ́ı  ́ı E  

  dx   .

A       ́      ́ı   

 ,  ́        B. E   

́     B     ́   

 ́ı ́    ́ı.

P        ,  ́  ́  -

  1.50 MV  ́ı   30 µ   ( ́ 

: 2.26 /3),   ́ M C SRIM (S  R  I 

M) [90]. C       2.2,      

   ́,     ́   23.5 µ  -

. L,      ,    ́.
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F 2.2: P       +  1.50 MV  ́ı 
 .

2.1.2. Alcance

S      ́ı   ́    ,

  ́   ́    . E    

́ı ,         ,   ́ 

́ ́ı [46, 82]. S     ́  ́ı ,

         ́. S  -

    ́ı     (    

́ı)  ́,   ́ı ́ı   ́. S

,   ́     ,  ́  ́ı

   ́ı,   ́   ́ 

    R,            

   ́ı    ́      . D  , 

́   ́  ́ı    ́   

́ ,  ́ .

É             ́ı 

            ́ı  -



Caṕıtulo 2. Interacción de las part́ıculas cargadas con la materia 17

 . E ́       ́ı ,

   ,   ́ı .

2.1.3. Enerǵıa depositada

L  P      ́ı    i  ́ı

E,               , 

  :

P = E.i (2.3)

 P           ́ı 

  i   A  ́ı E   V. B   

,      W  J/ [82].

E  ,       ()     

 ́,    ́     A,  , 

  . E  ,  ́ 2.3,   :

 =
E.i

A
(2.4)

2.1.4. Efectos de la irradiación

E    ́   ́  ́  

 ́,          ́  

 ́ı.

C  ́ ́   ,   ́  ́-

   . L      ̃    

 (́  ́  ),  (   ),
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  (). E    ́ı   ́  -

  ,   ́  ,      

     ́.

L ́     ́ı    ̃ 

  ́    ́     [85]. U 

 +,  ,     , ́   ́  

       . L ́ ́ı

 (E(max))   ́ ́  :

E(max) =
4m1m2

(m1 +m2)2
Ep (2.5)

 m1  m2        ́  ,

 Ep   ́ı    ́ı.

T     ,  ́ı    ́ı

 E         , 

,         ́  

    [21]. U ́      ́  

́   ́         ,  

 PKA (P K- ). E      ́ 

   F,         ́ ,  

   2.3.. L  ́ ,   

 ́   ́   ,     ́-

     . L ́    PKA   SKA

(S K- A) [4]. E ́   ́  ́ 

 ́ı  PKA,       ́   ́ı   ́ı .
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L      ́      ́ 

             2.3.. S , 

  ́       ́  

       ́       

   (2.3 (1)). E   ,     ́   

  ,     ́  ,   

  2.3. (2). P  ,  ́  ́ı   

  (2.3. (3  4))        

́       ()     

2.3. (5  6). O       ́   

́ı   ́  ́ ,   ́     

(2.3. (7)) [85].

F 2.3: M  ́  ́  ,  ́ -
 [85].

P  ,  ́ı   ́  ́  ́ı ́,

́   . E  ,     ́  

         . A    ,  

       ́    (H)  

 (H2, D2),  ́  ́    ́   
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́  ̃  ́,  ̃  ́  

(). S          

    ,     ́    

  ́ [2, 36, 85].
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C    ,  ̃     ́ 

    ,      -

   ́        ́,   

     ̃   . L ́  

, ́      ́  ,  

 , ́ı    ́     ̃  ́  ́.

E  ́ı  ́  ̃      , -

    ́ı .

3.1. Acelerador electrostático de alta corriente

E             -

́    ́  [15, 49, 51]. L ́ 

́  ̃      C  L TANDAR  C

A́ C (CAC),        

    720 V      ́ ̃  1.5 MV 

     ́   ́  ( 3.2),  

21
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      L  D  A (LDA) 

CAC.

F 3.1: E     ́ ,       
  1.5 MV       ́.

S    ́         1.5 MV 

   30 A  ,       ́ 

  ́    12C(,)13N  13C(,)14N,     

        , . D

 ,     ́ı  ̃  ́    

    ́, ́ı  ́  ̃  ́.

E   ,  ̃          

́   ,   ́ı    ́  

    .
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3.1.1. Condiciones de operación tenidas en cuenta en el

diseño del blanco

Haz de deuterones

P,        (+)    -

    ,   ́   ́ ,   

      ́ı    ́  -

. L ́          3.2,    

́   ́  ́       ́ 

    ́  .

F 3.2: E        ́  ́ 
       ́  .
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C        ́  ̃  ́,  

               

        ,     

  . E      ́,   

    ,         ( ).

P    ,  ́   ı́  ́ı 

   ,              

́ 2.1.1   ́         .

E   3.3,    ́   ́ ́   

 SRIM [90],    ́    ́ı Ed = 1.50

MV       . E      

  ́ ́     25.5 µ,     (Rp)

 23.5 µ.

F 3.3: D́ ́     +  1.50 MV  ́ı  
      .
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D               

 ,        ̃  ́  

      ,        ́  

   ́         

 ́,           ̃ 

́    ̃  .

Sistema de refrigeración

P  ,  ́ı     ́    

,          ́     

́ . P        ,  -

  ́     ́  ,     

́,       ́ ́  ́     

 ́      ́. P  ,  ́

  ́   ́    

́    ́        ́.

E ́  ̃    ́     L. G

 . [31, 32]       .

E ̃    ́        -

 ,    ́  . L   

, ́ı     ,       ,

  ́ı     . E       -

       ́         

́,            .
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3.2. El blanco de producción de neutrones

C  ̃́   ́ 1.2  ́ı ,  

    ́      BNCT  

. E        ́ı,  ́

13C(,)14N     ́   AB-BNCT   

           [7, 11].

L ́ 13C(,)14N  ́    ́  

   0.4   Ed = 1.5 MV,     Q  (Q

= 5.326 MV) [17, 18]. E   3.4      ́  

 13C(,)  12C(,) [10, 29], ́    ́ 

13C  ́     12C. P  13C     

́        ́    AB-BNCT.

F 3.4: S     13C(,)14N  12C(,)13N  ́
  ́ı  ́.
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H  ,  ́       ́ı 

   13C    ́     

  ,    ́    ́     N,

R,        [1, 26, 48, 56, 75].

A, ́   ́    ́,   

,    12C(,)13N  13C(,)14N      

1.5 MV,      C  . [17];     

          .

P  ,  ́    ́    ́  

,       ́ı  .
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El proceso de fabricación de los

blancos de carbono

E         ́    , 

   13C,          

́   ̃  ́      . C

           

     ́     ́  , 

     ́  ́, ́ı  ́  

 .

E   ́ı  ́     ́  ́

     ,   ́ı      .

4.1. El método de fabricación de blancos gruesos

de carbono

C     ,  ́  13C(,)14N   

 ́    ́  BNCT. P  ,      

     ́  ,     ́

   ́ ́     ́ 

     ́;  ́  ́    

 ́   13C     ,   

28



Caṕıtulo 4. El proceso de fabricación de los blancos de carbono 29

        C I L, I (CIL),

  CLM-402: C () 13C, 99% (97% ).

P  ,  ́   ́     13C,  

   ́ ́    [1, 56, 75, 88],  ́

 ́ ́     ́  ́   

         [3, 22, 35, 64, 73]. T

    ı́  ,   ́   

             ,  ́ı

́          ́.

P  ,  ́    ́,    ́

      ́,        

 ́ı     ́    13C   CIL,   

        ́  ,   

́    ́.

E ́    ́       

    ,     ,   

      :

Preparación del polvo

P          ́ı   ́ı  

  ́  ̃  ́ı.

Mezcla

E             ,

  ́  , ́ı  ́       ́

   .
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Conformado

C      ́       -

  ,  ́    ,      

́  . T        

     ́ı  ,     

 : ́  ́     

.

Carbonización

E          ,  

      . S ́ı  -

  ́  , ́ı  ́      

́     .

Gratización

E          ,  -

    ,       ́

    .

D             

   ,         ,  

  ́     ́ı    ́  ́ 

 .

4.1.1. Preparación del polvo

D            13C (CLM-402),  

 ́          ,  ́
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    ́ı      12C,       

      4      .

P    ́  ́ı   ́  ̃  ́ı 

 CLM-402  ́ı ́   (SEM),    

           ,   

  12C    ́ı  ̃  ́ı     13C  CIL.

4.1.2. Mezcla

S        ,      

   ́     ́. P    

   ́ı   (   ́ı, , ́ 

̃)        ()  , 

     ́   ́ı,  ́   

 ́     . P  ,      

   ,           .

S́     ́ı [3, 22],        

     25  30%     . S , 

         20%   50%. C  

            ,  ́

           , 

   ́ .

R            

́   ,     ́    

 -́ı. A    ,   

 ,   A S.A.  ́      1

   ́ı RL43003 (ATANOR - C́: 6786),     ́ı 

-  ́ .
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E     ,  ́    

    ,         ́ı

 . P         ,   

    ́ ́. L      ́ı 

 ́ ́ı      ,   

           ,   

 ́ı           ́  

. L   ,  ́        

   ́,         

70 ◦C. P  ́  ́    MSH280-P  DLAB.

P  ,           , 

         ̃  ́ı   

  ́        

  ́  /. P  ,  ́   ́

              

,     .

A,       ,      L-

  B  D A TANDAR, G  I́

 A.

4.1.3. Conformado por compactación

E ́    ́    ́ 

    ́ı  ,    ́ 

.

S ́  ́        CAC,  -

   ,          

. E L  C́   D  C-
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 N (G C  C N, CAC, CNEA),    

  ́   I S,    

́    . L     

     ,  ́    ,

    .

F 4.1: P  ́  .

E               

      ́    ́,  ́   

́   ́  ́,           4.1;  

  ́    ́     

    . E ,    ́   ,  

    ́     ́  [62].

D  ,  ́ı        -

     ́  . D  ,   

  ́  ́      ́ 

    [3].
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L  ,         ,

  ́   14 . E       ́,

 ̃     AC   ́   

,           ́,  ́ı

   ( 4.2).

F 4.2: M        ̃.

C      ́       ́ 

́       ,  ́  

              ́ 

́ .

4.1.4. Carbonización

E ́   ́ ́ı     ́     

  . E  ,       

    ́,   ́   

 ́   ́. A   ́ ́ı  

    ́,    ́     
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   [60].

E   ́         :

H 300 ◦C,       ́    .

E 300  600◦C,     ́   ́ı.

M́  600◦C,        .

P,  ́ ́ı   ,   ́

  ́  :

(C6H6O.CH2O)x → CO2 +CO+H2O+Cchar (4.1)

D         ́   

,    ́  . C   

,      ́,     -

́   ́   ,         .

C          ́,  800

 1200 ◦C,    ́      . A 

,    ́  ,     

      ,   ,   ́   ́ 

      ́    ́   [22].

E        ́ ,   

          ́,

              ̃ 

   ́      ́    .

P  ,          

     ́  ́  ́  

 . L         

    ́  ́.
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O          ́    

́    ,  ́ı   ́ı   

        ́   0,3 - 0,5

/ [19, 53].

T   ́,      ,  ́ 

   ́ı ,        

   4.3 [64]. E  ,     /  

. L       ́,    

  ́.

F 4.3: M M-G        
     ́.

Hornos para realizar la Carbonización

L    ́        D́

 D́  D  T  P,   G 
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M ( 4.4). C  ́       

    ́,  ́      

N N2000         ́   Field

Chart. P  ̃́  ,    ́  

  ,    ́     

́.

F 4.4: F         ́, -
   D́  D́.

A     ,       ́ı 

 ́           -

  ,      ́  . P   

    ́        ́ 

   . P  ,     ́ ́ı 

      ,       ́

     ́     . D  

,  ́   ́       CAC, 
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    ́       ́,

       ́     .

A,   L  D  F́ı   M C-

,    G  I́  A,  

   C TZF,   ,   

 . E     ,  ́   

 ́    ,     ́ B S MB 60 

   . E   4.5      C TZF  -

,   ́    ́  ́.

F 4.5: F   C TZF,     .

D         ,   ́-

        (Tmáx = 1200 ◦C),  ̃́

  ́     ́  ,  

    ,  2  4 ,       Tmáx. C

  ́ı        ́  

́     ̃,         
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́   ́,  ́          

 . E   4.6     ́   

  4    Tmáx. E ́    ́  ,  

   ,        12 .

F 4.6: E    ,    ́  -
́     4   Tmáx = 1200 ◦C.

4.1.5. Gratización

E ́    ́    ́   3000 ◦C, 

  ́   ́  ,        

  ́. E ́      

 2200 ◦C,   ́           

     ,        

  . E       , 

        ́.

S́  ́ı   ́ı  [24]   ́   

 ́  ́.
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Hornos para realizar la Gratización

E ́    ́       ́,

 ́    ́        

   ́,  ́   CAC,      ́ 

CNEA,     ́   ́  

.

L           C A́-

 B (CAB),   H C  A B,  ́  

́  ́      A   ́ı ́

        ́,     D-

́ N M  D (NMD), G  C  C

N  CAB,       INVAP ( 4.7). A    

 T T LLC,     ́   

 2500 ◦C  2900 ◦C, . P  ,      

      NMD,  ́    

INVAP, R C  M́ı M.

F 4.7: H T T LLC,     INVAP.
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L      . S ,  

   INVAP      ́   

M́ı M   , ́ı      ́  

,    ́  ́. E ́ı     

CAB,      ́     CAC.

L     ,  ́  ́ı    ,  

 INVAP. C   ́ı     ́  

,       ́  O I

 E́ı A́ (OIEA)       

  . S́    OIEA      

, G́ı   N TS-G-1.1. R́ 0. V. OIEA, 2010;  

         ́ 

 0,4 B/2   ,       ,  0,04

B/2      ,      

 ́  R  T. E  I T́ (D N :

0289-1ACU-EIPCN-004) Medición de contaminación supercial e interna y tasa de

dosis gamma del horno de sinterizado 0358 1000-001,    S 

S T́  INVAP,     ́ı   

 OIEA, ́     . D INVAP 

  ́ı      ,     

,       ,   ́ı  

     ,        . P

      ,    .

S́  ́ı        NMD,

        CAB. P   ́ı 

 ,       ́   ́.
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E      ́      

   ́,     ,    

          CAB.

L   ̃,      D M ( 

 G  C  C N)    ́  S-

́ I,      NMD,     

 ́       ,   ́ ́ı

     ,      ́ 

CAB. L,      ,  ́   -

   ́ı  ́ı ,   ́ı  -

. N     CAC,       I

E́   ́ı ,      ,  ́

́        E U,   ́ 

. L  ́   ,      -

́ı   G    ́ı    ́ 

  . A ́ı        .

Gratización por inducción eléctrica

R       ́   -

́     PVD (P VD),   U

T́ N   R H,    .

E    ́        ́  -

 A,  ́     1895   ́  

     3000 ◦C [3, 73]. E  ,    -

  ́ı,           ,   

             

      ́ı,         4.8. D -
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 ,    ́       .

F 4.8: D ,      ́   
 PVD.

P     ́  ,       -

     ,    ́  , 

 ́  ,     ́ı ́  

       ́     . E   

      ,      

 .
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E  ́ı  ́  ́  ́     12C 

13C,   ́      .

5.1. Fabricación de blancos de 12C

5.1.1. Preparación del polvo de 12C

T   ́   ́ı ,       

    ́    ,  ́ı    

  12C,        ́ı     

 .

C     12C        ,  

         ́ı  ́  ̃ 

́ı     13C,    ́  SEM. E   

́ı     ́    Q 200

 FEI C,        5.1.,     

́ı   CLM-402       (),  

́  ̃  10  550µ .

A     ,       

   12C,       ́ı  ́ 

̃      13C,     . L ́ 

́          ́ı ́, 

44
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 N◦ 22    . C  ́   

250     12C  ,        5.1..

F 5.1: M́ı     () 13C  () 12C .

P              ,

 ́  ́   ́  ( 5.2.)   ́ 

́  ́ı (EDS)  A X,  EDAX I.,   ́ 

 SEM Q 200. T́  ́  ́ı  ́   X

(XRD),   ́ E (M P L),  ́  C

K ( 5.2.).

F 5.2: A́   ́     12C: ()  EDS,
()  XRD.
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E   5.2        ́  ́ -

,      12C ́  ́      .

5.1.2. Planicación de fabricación de blancos de 12C

E ́     ́       

       ́,       

     ́  ,  ́ 

    ,         

 ́,         : -

,   . E  T 5.1     ́

      .

T 5.1: M   12C,    ́  ́.

M  12C/ () 0,42 0,50
B (%) 0 15 30
P́ (MP) 100 150 200 100 150 200 100 150 200

T  Tmáx () - 4 - 4 - 4 2 4 2 4 2 4 2 4 2 4 2 4
C   2 2 2 2 2 2 6 6 6 6 6 6 6 6 6 6 6 6

M  12C/ () 0,84 1,00*
B (%) 0 15 30
P́ (MP) 100 150 200 25 50 75 25 50 75

T  Tmáx () - 4 - 4 - 4 2 4 2 4 2 4 2 4 2 4 2 4
C   2 2 2 2 2 2 6 6 6 6 6 6 6 6 6 6 6 6

Total de muestras 168
* E       1,00 ,  15  30 %  ,  
     ́,       

       ́ : 25, 50  75 MP.

D    ́   ,     

,         L  B

    ́    L  C́.
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P  ,  ́ ́ı        -

,          ,  ́

   ́      24 ,   ́ 

     . C       ́

  CAC,   Aristóbulo Gómez Rupérez S.A. ́  ́ 

 ,  .

C  ́            ,

    ́ı   ,        

        ,     

    . P   ́   ,

   . P      , 

   ́     ́,      

 ́ı      (),   ́ı  . C 

       ́ı,     

   . L ́       

  5.3.

F 5.3: F    ́    ,  
      .

A   ,    5.4     ́   

    ́     12C.
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F 5.4: F    ́     12C.

5.1.3. Planicación de la caracterización de los blancos de

12C

A        ́   ,  ́

 ́    ́  ́   ́ı 

   ́ı,     ́ ́ı   , 

    ́:

Mezcla: 

E         ́ı     -

   ,       ,  ́ı ́  

 ,     ́      .

Compactación:   

C      ́        
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      ,        

 ́,           -

  ́       ,     

.

Carbonización: , , SEM, EDS, XRD, XRF, XPS, AES, R,

WAXS

A            -

,     ́  ,    

          ́ ́ı

 . P,     ́  ́  -

́ ́   . P  ,  ́    

   ́  ́,     -

           ́.

5.1.4. Análisis de los parámetros del proceso de fabricación

de los blancos de 12C

A       ́     -

      ,      

 ́      ́    ́,   

   ,   ́ ́     

́. E  T 5.2     .

E        ,     

          ́.
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T 5.2: M  12C,    ́  ́  
.

M C́ C́

B M * P́ * prom T  * ** prom

(%) () (%) (MP) (%) (/3) Tmáx () (%) (%) (/3)

0

0.420 -

100 1.6 1.374
- - - -

4 1.2 -23.84 1.102

150 2.9 1.395
- - - -

4 0.8 -15.41 1.208

200 4.3 1.485
- - - -

4 1.9 -14.67 1.291

0.840 -

100 1.8 1.347
- - - -

4 1.1 -17.69 1.129

150 1.5 1.477
- - - -

4 1.1 -14.36 1.274

200 1.4 1.478
- - - -

4 0.6 -12.23 1.302

15

0.500 3.3

100 0.5 1.324
2 8.2 1.03 1.217

4 8.5 2.20 1.252

150 0.8 1.333
2 7.4 1.20 1.240

4 7.6 1.88 1.265

200 0.8 1.348
2 7.1 1.27 1.262

4 8.5 1.65 1.262

1.000 2.3

25 0.2 1.219
2 7.1 2.31 1.154

4 8.5 2.44 1.149

50 0.1 1.266
2 7.1 2.82 1.220

4 8.6 2.06 1.173

75 0.0 1.293
2 7.1 3.11 1.246

4 8.5 2.06 1.203

30

0.500 4.9

100 0.4 1.434
2 13.5 8.20 1.364

4 14.8 7.98 1.315

150 0.0 1.448
2 13.3 9.08 1.381

4 15.6 7.80 1.326

200 1.0 1.441
2 13.6 8.11 1.369

4 15.6 8.69 1.319

1.000 4.0

25 0.0 1.427
2 15.2 11.21 1.357

4 15.5 11.39 1.367

50 0.0 1.415
2 14.4 11.02 1.361

4 15.6 10.89 1.340

75 0.0 1.417
2 14.6 11.18 1.371

4 15.5 11.04 1.339

*pmp: pérdida de masa promedio. / **cvp: contracción volumétrica promedio.
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Mezcla

A        ,     ́

       . A       , 

                 

       . S ,     

  ́        5%.

Compactación

A    ́       ́,  

     ,          

,     ́     . S  

      1,00   30%  . E      

,          ́ı  ,  

   ́   ı́           

. L           (15%)

 ́     ́ ́ı  ,    

ı́     . L     

 (30%)  ́     ́ ́    .

P  ,   ́ı   ,  ́  ́  -

       . P     0%   15%

 ,      ́  ́,   

  . E      ́ı   ́

  ́  ,    ́  ́, -

        ́ı,     

    . S ,      30% 

      ́  ́      

. E           ́ 
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   ́ ́ı (T)      , 

           ́,   

  ́    ́      ,  

. A      ,    ́ı ́

     ́  ́,    ́ı  -

              ́,

   ́ı  . E       

       30%  ,   ́  

 ́ ,            ́ı  ,

   ı́       ́ . A 

   ́  ́,    ́  ,  

       . P  ́  

́      ́      .

Carbonización

P         ́,   

      ́,  ́    .

L       ́  ́ 

   ,    ́ı ́   ́. E  

 1%  ,    ́     ́. L ́ 

      ,     ́  -

́    ́ ́  ,     ́  

  . A   ́ ,      ́ 

    ́ı   (     ),   

         ́, ́ ́ ́   

 ́ı,    ́    ́  ́  

     .
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P       ,    ́    

    ́ ́ı  ,     

               

      (). E ,     

   , ́   ́     ́ ́  

    ́. E  ,     

  ́ı   ́  ́,    ́

      ́ı  ,  ,  

   ́,  ́      ́

     ́        ́ı

 ,      . E  ,    

 ́ ́,       ́   

     ́  ,   ́  

      ́   .

T́             

              . T

   ,         ( 15  30 %),

           ( 8%  18%

 )    ́ ́ı  ,    .

L         15  30 %  ,  

          , 

    ́      ́ı  ,  

   . L,   ́,   ́ 

    ́ı          

́   , ́      .

P  ,              -

 ́     ́,       
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́     ́ ́,      

 ,    .

E    ,         

         . P  ,  -

            

 ( ).

5.2. Fabricación de los blancos de 13C

A           ́   -

  12C,   ́        ́  

́    ́,      ́ 

     13C,    T 5.3,     

 ,       .

T 5.3: P́  ́    13C,    ́-
  ́.

M  13C/ () 0,500
B (%) 0 15 30
P́ (MP) 200

T  Tmáx () - 4
C   4 4 4

Total de muestras 12

A  ́    ́  ́   

    ́,    ́    ́

5.1.3     12C.

E   ́   ́     ,  

́ı      13C,    ́ı     12C 
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́  . A           

,              

        12C. A́,       

 5.5,       ,    13C   

      .

F 5.5: F            (0.50 ) 
  13C ()   12C ().

P  ́    ́    13C  . A

  ,    ́      ,   

   ́         ́  ( 5.6 

 ). P  ,     ,    ́    

́      ( 5.6.). T     

   ́   ́ı  .
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S  ́     30%  ,   

       , ́  ́    ́

       ́ . A        

    ,      ́   ́ 

   .

F 5.6: F   ́       13C  .

E     ,  ́     ́ ́ ́ -

    13C,   ́ı        

     ,        -

.

5.2.1. Análisis del polvo de 13C

E   ́ ́       -

 ́    13C,   ́ . A

 ́     ,   ́ı 0.500   ,    

 ́ı    ́.

P  ́  ́  ́   ́ V,   

Q D,   D  F́ı   M C. T 
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      5.7,   ́ ()   ́  ́

  ́,           ́ 

 . P  ,   ́ ()    ́ 

́        :    

      (   FC)   

 ́  50K,    ́  50K,  ́ 

         (    ZFC).

E  ,        

́. L  ZFC   ́ ́    

     ,      ́ (H

= 1000 O)        ́     FC. E

           ZFC  FC,

 ́ı    ́ı.

F 5.7: A́   ́    13C: ) M́
 C ́  ) M́  T.

P    ́     ́   X (XRD),

  ́ E (M P L),  ́  C K. E

  5.8         ́ı  ,
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           12C 

 ( 5.2.).

F 5.8: D XRD    13C.

L  R  ́    

́ı,      . E  R  

    ,   1580 −1   

G,   ́     C-C      

sp2,      1360 −1    D,  

  ́ı  ́  ́,   ́       

  ́ı [71]. E  R     

  1530-1550 −1  G   1350 −1  D [28, 39]. E   

́  ́ı R       LRAM HR

R  (H J Y),     ́  

́  A       514,5  (). E  R 

   13C      5.9. L        

  (D  G),  ́      , -
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       D  G  1362  1538 −1 .

E         ,     

   .

F 5.9: E R    13C.

P ́  ́      13C   ́  ́ -

 PIXE (P I X- E),    T. M

 ́          F  C,  

    ,        5.10,   

    ́ı     ́    

́  () F  () C. E   ́  ́    N.

F 5.10: A́  PIXE    13C.
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E    ́     13C,     

  ́,        

́ ;         ́ 

  ́ı           .

C          13C,    -

      ,      

    ́.

5.2.2. Separación de impurezas del polvo de 13C

E ́     ́    ,  

 ́,  ́ı   ́ı.

Lixiviación

P    ́  ́    13C,   G Q́ı

 CAC. P    0,1411   13C   ́  3   ́

́ı   ́  10%,     F  15 . L 

́   ,      ́ı    ̃

    . P  ́  1      

  ́ı S 3-16P S,     ́    17 

(5 , 5   7 )  3500 . F     ́  

,          ,    

    5.11.. N        ,   

́ ́,       ( 5.11.). P  

 ́  3   HC ́ı  35%,    ́    

́    (),     ́  44 . F 

,  ́   7,5        ́  ́ı   ́ 

 ́ı,     5   7  (35   )  4000



Caṕıtulo 5. Fabricación de blancos de carbono 61

. L   4   7    -,  

    ́ı 5   4000     ,   ́ı

       P. L   ,  ́

    ́ 20    ́ı  4000 . E  

5.11.        ,      

   ́   ,  ́   ́ ́   

     ;      5.11.    

   ,   ́ı    ́.

F 5.11: I́    ́    13C.

P    ́ı       ,  

5         ,      

́            

(XRF). E         F, C  N,  

          ,      

C. P       ́    C,   
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      ,        ́ı,

    ́ . E   ́ 15 ,   ́

 30    ́ı  4000 . D  ,  ́   

XRF  ́ı   ́   ,        

     C ́ı   ,    

  F, C  N       ́ ́ı   ,   

       ,     ́   

́  ́ı  ́ı     .

P ́      13C    F,   ́ 

      ́      . A  

   ́  0,1236   ,      ́ 

0,0175  (12,40%).

A      XRF      ́ı  

   ́    13C,   ́  

  PIXE,   ́      F, C  N. P

 ,    ́  ́     .

Tratamiento térmico

P  ,   ́     ́,  ́ 

́ı    STA 449 F1 J, NETZSCH, 

  D́ NMD  CAB. E    ́  25 , 

     ́ ́  ́    W. E  ́

 ́       20 ◦C/   

2350 ◦C,     30 ,     

     20 ◦C,        5.12. D

            ́ı ́

   ,  ́     ́  
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  ,         ́  .

P  ,  ́      W     3 , ́ 

́ı  10     13C   .

F 5.12: C ́    ,    
́    13C.

E    ́  PIXE,     ́ 

́    ́    ́  F, C  N, 

  ́     W   ,   -

  ́   ́   ́  W       

  . D   ́ ́    

 W  ,  ́   ́   ́   -

  ́. P      ́ı ,  

   ́,         .

D             ,

               ́

   PIXE,      ́   ̃

          ́.
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A    ́     13C,      

 ́, ́          -

    . Y    ,  13C    

   ,     1
2
,  ́    ̃ 

  (RF). L ́  ́   ̃ RF   ́ ́-

      ́ı   ́

 (NMR). A   ́      13C 

 ́     ́́     ́-

       .

P  ́,  ́    ́     13C, -

        ,   ́ 

́ı,  ́.

5.2.3. Nueva planicación de fabricación de blancos de 13C

E ́  ́     13C,     

 ́     12C,  ́   ́ 

  ́   ,       

           ́ı  , 

         ́

 ́. A   ́  ́   

     ́     12C.

E   ́       0.50    ,

̃       : 45%, 50%, 55%, 60%  65%.

P  ́      . D  

,     45  50%      -

   ,         5.13     ́ı

50%  .
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F 5.13: I́      50%  .

L   55  60%         -

́,        5.14,       

      65%  , ́    ,  

  ́ı    ́ ,  ́ı ́   

    .

F 5.14: I́      55  60%  .
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A    ́  ,     

  ́     13C,    T 5.4.

T 5.4: N ́  ́    13C,   
́  ́.

M  13C/ () 0,500
B (%) 55 60 65
P́ (MP) 200

T  Tmáx () 4
C   4 4 1

Total de muestras 9

5.2.4. Análisis del proceso de fabricación de los blancos de

13C

E        ,   

    ́         ́,

      ,   ́ ́ 

    ́;       T 5.5.

T 5.5: M  13C,    ́  ́  
.

M C́ C́

M B * P́ * prom T  * ** prom

() (%) (%) (MP) (%) (/3) Tmáx () (%) (%) (/3)

0.500

55 8.2 200 0.0 0.722 4 33.4 12.2 0.547

60 9.1 200 0.0 0.857 4 35.1 17.0 0.670

65 9.3 200 0.5 1.054 4 35.8 22.2 0.870

*pmp: pérdida de masa promedio. / **cvp: contracción volumétrica promedio.
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Mezcla

T   ́ ,       13C 

́        ,     

. A   ,       ,    

                

     . P  ,     ,  

  ́       .

Compactación

D             -

 ,        ,    

́ı      ́         

 ,         65%  ,     

  ́    ,       ́ 

́      ́      ,  

̃ ́  .

Carbonización

C    ́        ́

́ı  ,          , -

 ́  ́     ́ ́      

́.

T    ,         ́

           . A   -

    ,     ́    

       13C (  32  42%  ).
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A   ́      12C,      -

        ́. E     

     ́     ́ ́,  

 ́     ́   .
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E  ́ı  ́       -

́     ,       ́ 

    ́ı         

 ́  ,          

       ́.

6.1. Irradiación con protones

S ́    ́       12C  13C,    

            ́.

L             

TANDAR,    G  I́  A (GIA)  

CNEA. L ́  ́       +47   

T,             

   . E   6.1     ́  ́, ́ı 

́    ́    .

L   12C  13C   ,    

,       150 V      5  15

µA,      ́     . L  

12C       2,0× 1018 /2,     
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13C      3,7× 1018 /2  1,2× 1019 /2.

F 6.1: I́   ́  ́,    ́   -
 .

E           ́  

  ́ SRIM, ́       .

L  6.2         6.3  ́  ,

       150 V       12C  13C

.

F 6.2: S́ SRIM          
  150 V    () 12C  () 13C .
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F 6.3: S́ SRIM   ́  ,     
   150 V    () 12C  () 13C .

A             12C  -

  ́      2, 00µ,    (Rp)  

1, 72 ± 0, 10µ,   ́ ́      1, 38µ. E

,     13C,    ́     

3, 90µ,  Rp   3, 34± 0, 20µ,   ́ ́    -

  3, 30µ.

6.2. Técnicas de caracterización

L      ́,   ́ 

 ́. L ́ı         

́    (ESEM) Q 200 (FEI C),   

   ́ı   X  ́ı  (EDS)   

A X (EDAX I.)   ́ . L ́ ́ı ́

 ́     X (XRF)    S8 T (B-

). L ́ ́    ́   X (XRD)

  ́ E (M P L),   ́  
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X  ́  (WAXS)    X 2.0 (XENOCS). L 

́    ́ı   A (AES)  ́ı

 ́   X (XPS)    FM (SPECS GH). P 

,  ́ı R         L-

RAM HR R  (H J Y),     ́

  ́  A       514,5  ().

6.2.1. Microscoṕıa electrónica de barrido (SEM)

L ́   ́ı        ́ 

  ́ SEM,         6.4   

 12C (, )     13C (, ),  ()    ().

F 6.4: M́ı SEM     12C ()  , () ,
  13C ()  , () .
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T        ,   -

́ı ́ı      ,    

́ı:  , ́    ́ı  . P 

,        ́ı    

   ́.

6.2.2. Espectroscoṕıa de rayos X de enerǵıa dispersiva (EDS)

E ́   ́    ,   ́   -

́,  ́  EDS. L ́      

      T 6.1. E        

  13C    ́     13C, 

     ́ı   PIXE   ́ 5.2.1  ́ı

. L      1%  F, C  N,  -

        Z  . [88].

T 6.1: C́  (. %)     ,  -
 EDS.

M C C C F N O

12C   95.66 0.26 − − − 4.07

12C  95.61 0.32 − − − 4.07

13C   94.65 − 0.05 0.38 0.12 4.80

13C  94.94 − 0.14 0.52 0.18 4.23

6.2.3. Fluorescencia de rayos X (XRF)

L             ́

́    XRF. S      
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,  ́          

      . P   ,  ́  

       ́. E  T 6.2   

        .

T 6.2: A́ XRF         .

M C C F K N

12C NI (0% ) <500  − <500  <500  −
12C NI (30% ) <500  − <200  <500  −
12C I (30% ) <500  − <500  <200  −
13C NI (55% ) <500  0.24 ± 0.04 % 0.61 ± 0.09 % <500  894 ± 134 

13C NI (60% ) <500  0.22 ± 0.03 % 0.55 ± 0.08 % <100  811 ± 122 

13C I (60% ) <500  0.21 ± 0.03 % 0.55 ± 0.08 % <500  770 ± 115 

E     ,         ́

      ́ ́ı     ́, 

        12C  ,     

      12C  30% ,     

(   ́)     ,   ,   

 . P  ,       

 13C,     ı́       

     60%        

   ́   ,        

13C,         ́  

  .

P ́,       ,   ́  

   ́,            EDS.
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6.2.4. Difracción de rayos X (XRD)

L       12C  13C    XRD. E

  6.5         () 12C  () 13C. E

           -

  ́: (002), (100), (101), (004)  (110). E       13C

     ́ ́ı,   

             

     (3.354 Å). E   ́  

  ́   (     

́) [57].

F 6.5: D     () 12C  () 13C.

L      13C      

       13C,   ́    -

  (F3O4)   , ́       

(−F). E        EDS  XRF,   
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         ́    ,  

      ́ ́    C   N. E  

        XRD     

13C ( 5.8),            

    ́ı  ́   ́  ́.

L            

́    ́ (002),     B:

d002 =
λ(Cukα)

2  θ002
(6.1)

 d002          (Å), λ(CuKα)   -

      X (1.5406 Å),  θ  ́  ́ ().

E ̃     Lc  La    ́ c 

a,      ,      ́

   (002)  (110), ́    D-S:

Lc =
0,9λ(Cukα)

 1
2
 θ002

(6.2)

La =
1,84λ(Cukα)

 1
2
 θ110

(6.3)

 Lc  La       (), λ(CuKα)   -

      X (0.15406 ),       (FWHM)  

́   θ  ́  ́ ().

A́, ́      M  M [59],    
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 ́ g  ́      ́:

g =
3,440− d002
3,440− 3,354

(6.4)

 3.440 Å         , 3.354 Å  

        d002     

     ́. L       T 6.3.

T 6.3: A́         12C  13C, 
 XRD.

M 2θ002(
◦) 2θ110(

◦) d002 (Å) Lc () La () g

B 12C 26,203 77,239 3,398 31,99 48,96 0,49

B 13C 26,074 78,147 3,415 4,33 8,55 0,29

E     ,       12C   

 ́    13C,          12C  

   ,      13C    -

 .

L           ́ -

      ́       ́,

       . E 

     ́    X      ́ -

   ́  . E  ́  ́,   ́ı

  ́  -X    (GIXRD),   ́

            ́. P

 ,      WAXS.
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6.2.5. Dispersión de rayos X a ángulo amplio (WAXS)

D  ,   ̃ WAXS   ́

  ,  ̃  ́   . E  ́, 

́    ́ı  ́,     -

X   . P    ́     ̃

          ,   ́ı

́      . T     

 6.6,       ́      

3.6   ́    1   ,    

   K. P  ́, ́  ́  ́   ̃

   K,          

 .

E  ̃      WAXS,  

 ́    ́      XRD,  

́   ́  ,        ,

 ̃      ́       

,    ́ .

F 6.6: M     ́  WAXS.
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E   6.7      ́    q, 

́     I(q),    ́ (002); 

    () 12C  () 13C,   ́   ́. E  

      ́       

   ,        .

P  ,    13C     ,   

           , 

      ,     ;

   ́   XRD.

F 6.7: R  WAXS         () 12C
 () 13C.

L     ́    q,   -

 d   ̃    Lc,     T 6.4.

E ́    ,    ́   ́ 

   ,    ́  ̃   -

 Lc,   ́ı    ́  ,   

. P  ,        Lc  

      . E        12C 

         13C,       12C
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     ,      13C   

 .

T 6.4: A́         12C  13C, 
 WAXS.

M q(Å−1) d002 (Å) Lc ()

12C  NI 1.875 3,351 24.14

12C  I 1.879 3,343 20.24

13C  NI 1.827 3,440 4.40

13C  I 1.835 3,423 3.64

6.2.6. Espectroscoṕıa Raman

L       ́,     -

    ́, ́    ́ı

R. E   6.8         -

     () 12C  () 13C,   ́   ́.

E       ́    ́,  

,      D     G ,  ́ 

       ;   ́   

́           sp2 .

E        G     13C, 

     ,      ́ 13C [47, 74].

T  ́  ,      D   

  ,        ,   

  . E      12C ,   D  ́

    ́,  ́ı ́  ́   G. E -

         G ́    ́
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   ́ sp2  sp3,        ́ı-

,     ́      .

E ,       13C ,  ́     -

 D  G  ́   ́ ,  ́    

. E    ́ı    ́   

   C=C            .

F 6.8: E R          
  () 12C  () 13C.

P  ,          R  -

   ( )      ̃    
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 ́    (La). L ́      

D  G (ID/IG),       ́     

́ [91]. A  ́  ID/IG,      ́  

  . A́,  ́    ID/IG   ̃

     ́    La,    

́  T  K [83]:

ID
IG

=
C(λ)

La
(6.5)

 C(λ)           ́ λ  Å,

       R, ́    ́  M

 P [65]:

C(λ) = −126 + 0, 033λ (6.6)

L    ́         D  G  

           (D  G),  ́

     6.8;        T 6.5.

C      ID/IG     12C  -

         13C,     

  ́     12C,      

  XRD  WAXS. P  ,  ̃    La

    ́      

XRD. S ,          ́,

́ı       ́  XRD  ́   ́

,    ́  T  K   ̃ La 

      ̃ [27].
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T 6.5: P́       ́ı R,
́ ID/IG  ̃       La.

M B D (−1) B G (−1) ID/IG La ()

12C  1360 1582 0.59 7.4

12C  NI 1365 1582 0.14 31.6

12C  I 1366 1564 0.86 5.1

13C  1363 1538 1.34 3.3

13C  NI 1343 1553 1.05 4.2

13C  I 1364 1576 1.19 3.7

E    ,     ́   ́ 

   ,      ́   

   ́ (ID/IG)   ́  ̃    La,

  ́ı    ́     ,   

,  ́   ́  ́ sp2.

6.2.7. Espectroscoṕıa de fotoemisión de rayos X (XPS)

XPS        ́ı   

   [23]. L      X   ,

 ́   ́ ́ı. C     

 6.9,       ́ı   ;

́,    12C   ́ ̃      

12C ( 6.9.),         EDS  XRF.

T́  ́         13C ( 6.9.)  

    ́ı ́   ́ [63].
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F 6.9: E XPS          
 () 12C  () 13C.

L  6.10   ́       XPS 

  ́ C1,   ́   ́. E    

  ,     C1   ́   ́ı 

  ,        ́  .

F 6.10: E XPS C1      
() 12C  () 13C.

E          ́,     ̃
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   [86]. E         

  ́ı      ́.

T́       ̃   π-π*,  

́       ́,     ́  

sp2         [43].

L ́             T

6.6,   ́     . E ́  

          

  ́,      sp2    sp3   

   ́ı [54, 86];       -

 ́ı R.

T 6.6: A́    ́ ́ı   .

M
C-C (2) C-C (3) C-O C-OO

(% ́) (% ́) (% ́) (% ́)

12C   65.22 25.07 9.70 −
12C  52.33 37.38 10.29 −
13C   65.20 21.28 9.52 3.99

13C  55.39 27.43 12.77 4.41

6.2.8. Espectroscoṕıa de electrones Auger (AES)

U ́        ́   

́ı     ,  ́      -

 A   ́ C KLL. L   ́ı     

́  ı́        C KLL   

́ D,             -
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  . E  ́    ́ D   ́

sp2/sp3 [38, 55, 67]. L  6.11       C KLL,

         () 12C  () 13C.

F 6.11: D    A   ́ CKLL A   ́
D      () 12C  () 13C.

P  ,      ́ D    T 6.7.

T 6.7: V  ́ D     .

M P́ D

12C   22,1

12C  21,8

13C   22,7

13C  22,0

D        ́    ́ 

    ́   ı́     (́ D). S 

   ́        ́  -

 sp2      [55]. L ́    ́

D     ́,       XPS.
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T       ́ı ,  ́ 13C(,)14N 

         ́ı ́  

AB-BNCT. E ,  ́  ́    ́     -

  1.5 MV       . E ́ı  C 

. [17],   ́         ́ 

  ́      12C(,)13N  13C(,)14N, -

          1.5 MV. E   ́

    ́ı   ́    ́ı

   100 V, ́    ́   

  ́ı     ́   ́ . E

             .

7.1. Irradiaciones con deuterones

7.1.1. Haz de deuterones

A     ́    CNEA    AB-

BNCT,  ́     A  ́   -

       1,5 MV,  ́ 

  A R N (ARN)    ́  .

G         M  E́  

N́   C́ F      ́  

87
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   E U ( 2018-2019),     

    L  H  I  M (MIBL),   

  D  E́ı N  C R́   F 

I́ı,      C N   U  M

(UM). E       ́ı  ́,  -

 ́        ́ [81],

       7.1.

F 7.1: E 3D        MIBL.

P,  W    P  3 MV ( 7.1), 

       ́      

́ı. E            ,

  ́ı   3 MV. E W      

        ́   ́.

A  MIBL         

 ́: ́ı  ́,       ́ 

  .
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F 7.2: V    W.
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7.1.2. Detector de neutrones

P     ́     :

Deuterated scintillation detector (DSD)

D  F́ı - UM

R: P E́ D. F B

S     ́  ́ı

N        ́   ́ı

L  ́       ́   

    ,        , 

  ́  (∼MV  ́ı)     (∼V).

E ́      ́    

́ı    ́ı  . E   

    ́   ́ı  ́ ,

      ,   ́   ́  

 -   .

E     ,    ́   2  2

 (EJ301DB),      ́   

  (PSD)        [6].

A    ́   ́  BNCT       

    1,5 MV,        ́

        ́ı (3 MV)    ́ ,

         ́ı. P  , 

       B    ́ı   
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    12C  13C,       6 MV, 

   CD2 
13CH2 [6], ́       

   ́ı  6 MV,        

  .

G    ́     MIBL,   

      ́    T 7.1.

T 7.1: I       12C  13C,   
́  ́ı    .

Blanco de C 13 12

Reacción nuclear 13C(,)14N 12C(,)13N

ID Muestra S3 S6 S9 P1 M59 M129

Espesor (cm) 0.348 0.299 0.239 0.199 0.206 0.192

Densidad (g/cm3) 0.576 0.675 0.870 1.527 1.293 1.337

Pureza (%) 67.0 62.0 54.0 99.9 92.0 83.0

Detector

D : 6 MV

 : 3 MV

: 1.5 MV

7.1.3. Desarrollo experimental de las irradiaciones

Preparación de los ensayos

L      ́   ́ı 1   W,

        7.3. P        ́

̃          ,   

    ,  ́ı ́   ́  ́.
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F 7.3: F́ı   ́   ́ı 1 (   )  
W, MIBL.

E ,    O T,      MIBL,

 ́  ̃   ,  ́  ́     -

      ́.

D     ,   ́ı    -

            MIBL  

       ,      

          . P  ,

́       6061,    ́

     ́,     ́ı  

          ́ı   -

̃. E   7.4      ,  

     .

C             

  ,          ,  ́

  ́  ́ (A2O3)     ,    

  ́   . L     ́,
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   ,        

     .

F 7.4: () P ́  , ()   
()  ́.

E   7.5       12C  13C     -

,       A2O3;      

́  ,          ́, 

  ́      ́  ́.

F 7.5: I́        : () M   
, ()  ,   ́   () 
      ́.
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Ensayos de generación de neutrones

T   ́ ,         -

, M510-20X20-9/301DB,       ́   ́-

   ́ı,         

́     : 1.5 MV, 3 MV  6 MV. E  -

 CAEN,  DT5790N,   ́   ̃  .

P      ,    ̃    

,      (MV),   ́ 

C,    ́ı        ́

 22N. P  ,   ́ı  ́,  ́  ̃  

  ,         7.6..

F 7.6: I́       DSD.

P  ,           -

       ,      

  ,     ́      

 ( )  9.4   ́  61    ( 7.6.).
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P ́,     ́   ,  

        252C    DD 

  2.45 MV,        7.7,     

  ́      ,   

  ́     .

F 7.7: I́      ()    252C  () 
 DD.

7.2. Espectros obtenidos de la generación de

neutrones

7.2.1. Deconvolución de los espectros

L        ́  ,  

  ́       ,    -

    ()  ́     , 

́ ́   PSD     ́ (- -

). P        MV,    

       ,     

 .
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L ́           ́ ́

-́,   ́   C,      

     ́ı   ́ ,   ,    

     ́  ́ı      . L ́ı 

́     ́ -́      ́:

Ee = Ei −
mec

2

(1− cos(θ)) + mec2

Ei

(7.1)

 Ee   ́ı    ́, Ei   ́ı    

,  mc2       ́ (511 V).

L     ́        ́

́   ,       ́ı ́ı-

                ́

  ́ı . E   ́     

C       ́,      -

  ́ı ́    ́       ́

C    MV.

E     ́ı      ̈,    

́   C   ́       -

   . P   ,     ́ -

  D  K [20],       ́    

  ́   . E         

 ́   C     ́,    

   7.8. E  ́,          

  .

D  ,   ́ ́,     

́ı  MV,   ́  ́.



Caṕıtulo 7. Generación de neutrones 97

F 7.8: E   22N,   ́    C-
     ́   .

E   ́        

    ,    ́ ́ n+d.

E           ,

́    ,       ́ PSD

      ́ ,      

          

              -

́. A   ́      22N, 

      MV       , 

 ,        MV    ́

 MV. T  ́     ́ .
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7.2.2. Código CADEN para la obtención de los espectros

E ́  ́   ́ (CADEN)   P

G,   O,      ́    

          ,  

   ́  .

E́ı  ́    :

L      ,   ́ PSD.

R      ,   

.

A          .

L          .

A  ́   ́ C.

C    ́ı V,    ́ D-K.

O  ́  ́.

G  ́     ( ).

A  ́       ,    -

      DD  252C,     ́

 .

P ́           , 

         ́

    .

E            DSD  

    U  M,  ́  ́ı  5.7

MV,  ́  ́ ́ı     ,   
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    7.9.

F 7.9: M     DSD.

7.2.3. Resultados de los espectros obtenidos

E ́ CADEN,     ́  ́,     -

      ́  ( MV),    

             -

   . P  ,  ́      

( V)   ́      ́   

1.5 MV, 3 MV  6 MV     12C  13C,   DSD.

Grácos PSD, recorte y resta

E   7.10             

   DSD   ́     13C      
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6 MV,   ́ PSD,           -

   ,    . E   7.10. 

   PSD   ,    ́    

. E   7.10.        .

F 7.10: G́ PSD  ()    13C  ()  ,    
  6 MV. E  ́ ()       .

Espectros del luz (light output)

L         ,  ́  -

́    ́   ́ C,   
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 ́ı  V    ́ D-K,     

       ́       

.

L  7.11          12C (

 ),    ́ 12C(,)13N       1.5, 3

 6 MV. E            ́

       1.5 MV,     , 

   ́   ́      1.5 MV.

F 7.11: E       12C    ́   
   1.5 MV (), 3 MV ()  6 MV ().

E   7.12           

       6 MV,     12C  

 ( )    30%   ( ). E    

            ,  

             ́

   ́  .
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F 7.12: E       12C,    ()  
 30%   (),        6 MV.

L  7.13          13C (

  60%  ),    ́ 13C(,)14N     

 1.5, 3  6 MV. E  ,         ́ı 

,  ́   ́ ́ı        12C.

F 7.13: E       13C    ́   
   1.5 MV (), 3 MV ()  6 MV ().
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P  ,           12C  13C -

       6 MV,       ́ı

       B  . [6].

E   7.14          

       3 MV,     13C 

    : 55% ( ), 60% ( )  65%

( ). E         

  ,    . P,     

    ,  ́ı      , 

     ,        

            13C   .

F 7.14: E       13C,   55 (), 60 ()
 65% ()  ,        3 MV.



Caṕıtulo 8

Unión al sistema de refrigeración

E   ́ı  ́    ́  ́  

   ́  ,     ́  ́

  . T́  ́    ́     

 .

8.1. Sistema de refrigeración

C  ́ ,   ́      

    1 W/2. E        

     ́          ́, 

          . P 

 ́, L. G    ́  ̃    ́

       [31, 32]. E ̃      

   0.5     1   ,    ́

 ,   ́          ́ 

́    ,       ́  

        . L    ,

́ı     ,       ,   ́ı

    .

P  ,            A  

C,    ́ı   ́. S    

́        ,       

 ́  ́,  ́      ́   . L
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́  A       1050,     ́

 231 W/◦C,   ́    ́   

    . E ́ ́    99,5 %  A

      ,   ,   ́,  

   ,       (M,

2016). P     ́  ́ 6063. S   ́ 

        , 201 W/◦C,   

 ́             ́ 

  ́      .

E        ́      ́ı

  , L. G ́  ̃     ́   -

  ́. E ,          ́

               

 ,    . E   8.1    ()  

 ()          ,     

 .

F 8.1: F́ı   ()    ()       
  .
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A   ,           

      ,          

  . C     ̃,    ́    

               ́,

    ́   ̃     ,   

́     ́,           

 ́ı.

8.1.1. Prototipo de pruebas

E     L. G      -

 -́    ́     ́  

 :     (COMSOL)    ́ 

M     ́ı   R. J. P [72]. A

   .

D           ́,  ́ı

        ́     ́ı   

 ,     ́     

   ̃   ́      

              

́  ́    ́  .

E ́           -

,  ́      21     ́

 2  2 . C      ́     ́-

,       0.5     1    

   1050        ́ 6063. L 

    ,           

    8.2.
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F 8.2: P   . E       
            ́    
     .

E   ̃ ,        ̃ , -

       ,     ́

     ,   ́     

. E  ,      ́,    

      ́    ́.

8.2. Soldadura por difusión en estado sólido

L   ́        ́  

         ́  ́  ,

            . E   

  ́          ́ 

     . P  ́ı   ,   

 ́ı   ́  ,      
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     ́  . E    

  ,    ́,       ,  

          .

E ,       ́ı,    ́ 

 ,      ́ (A2O3). E   

       ́   . P 

,     ́ı  ́       ́ 

     . U ́     

        ́ ́ , -

       . E    ́  

́        ,    

  ́ı  ́,       ́ 

 ́       . E   8.3    

    ́ı  ́         

 ́ [78].

F 8.3: D ́   ́  ́   ́  -
    ́ ,        
    ́    ́   ́ ́.
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8.2.1. Optimización del proceso de soldadura

P        ,  ́    

      ,   ́ ́  

́   ́    ́.

P   ́        

      12.5   ́ , 5   ́-

   6   ,         

,         8.4.

F 8.4: I         .

L            ́

  ́   ́. P ,    ́ı   

   ́,     ́   ́  

  ́            . E

     ,          ́

́,    ́ ,  ́ı    .

P   ́        .

L       ,   ,  

        250        175    ́,

      ́ ́     . P

   ,      220, 320, 400, 600  1200  

  ̃  6µ. L     ́ı ́

 SEM ( 8.5).
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F 8.5: M́ı ́  SEM       -
  .

L       /1200 ( 8.5.) 

220/600 ( 8.5.)    . D    

           ,  ́  -

     ́    220/600. U   

,       ( 8.6.), -

    ,     . D    

        ,    .

T          ́ı   

     ,    ́ı    ́  

,       (́ 1050)   ́   

 ́     220,       (́ 6063)  ́

 600.
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F 8.6: I       .
() P   . () P    
  ,        . () M́ı SEM 
      .

P  ,  ́    ́     ı́

   ( 8.6.). E  ́ı   ̃ ,

       ́      

 . L     ̃́   ,    ́

     ́ı  ́ı    ́   

     .

E   ́  ́       ́

         ,    ́  ́

    ́,        ́ -

 ́ı. E           ́ı 

 ́ ̃,   ,   ̃   ,   -

      ́,  ́ ́ ́ı   

   ́  .

A      ,     ,

 ,       SEM. T    

  ́ 8.6.,  ́       ,   

́  ,     .

D       ́ ́   -
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 (220/600),      ́ (25   580 ◦C,

 ́ı),     ́    ́   

   ́   ́.

8.2.2. Soldadura del prototipo de pruebas

U    ́    ,  ́   

  ,    . E   8.7   

́    ,            

  ,            .

F 8.7: P      ́    ́
  ́.

P       ,     

́,     ,  ́  ́   

,   ́  ́  . E   

    ́  ́ı  ́ı  CAB,     -

́ RA-6. E     ́        

  ́    (8.8). E  ,   20 ́  

  ́  60   . E    ́  

2,0 × 106 /.2       500 W,   ́ 

   150 µ.
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F 8.8: I   ́  ́ı    
  .
() I      .() D     .
() I      . () D    
.

E   8.8       ()     (),   

      ( ),     

    ()  ();         -

,    ́      ́,  ́ 

 ,          

.

P  ́    ́     

      ,     ́   

    ́         ́ı

 ́ ,         

         ,   

  ́. E    ́        L.

G [31].
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8.3. Acople del blanco de carbono al sistema de

refrigeración

C         ́     

   ́,   ́      

  ,  ́          

. C  ́    ́    ́   

        ́,  ́   ,

  ́     ́   ́   A-C,

  ́    ́    .

P    ,   ́  ́  

(99,999 %)  ́ ́     . E -

  ́    LEYBOLD,  UNIVEX 300,  

L F  D E́ı S, G  I́ 

A, CAC. E   8.9     ́  .

F 8.9: I    ́  ,    ́
    .

L ́ ́ (́  )   ́  

      ́ ́ı  , PVD (P V

D). E    ,  ́  ,   
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    1.5   ́. E     

    ,       

́     ,    ́  ́ı, 

    . E         

 ,    . E   8.9.     

  ́ . T   ,  ́   

          ́,   

   ,     ́  .

E   ,  ́    ́   

,             ,

       ́ 8.9.. P     ́ 

,   2 µ   (8.9.),     

     ,        ́ 

   ,  ̃́         . P 

,      ̃́  ́     

     ,   ,    .

U    ́       ,  -

   18  18   3   ,   ́   1050,

         ́,     

.

E      ̃́     ́  

  ́,       ́    

  ́   1050. P         

́  ,          

  220. E        8.10.. D   ́ 

  ́   ́  ́,    C TZF 

L  D  F́ı   M C,   -
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 ́            

   .

F 8.10: I   ́          
1050.

T       ́ ()  ()    8.10,  ́ 

          ,    

    . V      ́ 

   .

P     ́       -

     ́. L ́ ́    

́   ́  ́,   ́    ́   ́ı

    ,   LFA-1000    L, 

  G  C N   CNEA,   ́  

.
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futuro

9.1. Conclusiones

C            

 ́ı         A,   

      , ́  ́   

,    ́  ,   ́  -

.

L  ́  ́     12C(,)13N  13C(,)14N,

  ́  AB-BNCT. P ,     -

   ́  ,       

 . C  ́,  ̃     

12C  13C   ́  ,     -

   ́ ,     

́ı       ́  .

E  ,          

        ́   

 ́  ,  ́  ́    ́  ́,

     ı́  ,  ́ı ́  
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       ́,   ́ 

     ́. P ,     -

     ́,        

́    ,       .

A,            -

  150 V      TANDAR,      

́   . P    ́    

 ́,     ́    ́  

 . E    ,      

          ́ı  

,    12C  13C     ́  -

́ı      .

P  ,           

́     ,   ́     

      . E      

W  M I B L (MIBL),   U  M.

L        ́ CA-

DEN,     ́     ,

        ́      

.

T́  ́    ́  ́     

́  ,     ́     -

  ,       ́ . P ́

 ́    ,   ́      ́ 
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 ́   ́        ́, 

       .

R,      ́ı      ́ı

̃          ́  ,

        ́   ̃ 

́  ́           ,

       ́. E ́  

́ı        ́ı,        ́ı,

     ,      :

E, ̃,   ́     .

A́  ́        ́.

C́        ́.

A ́      .

I́       .

A́  ́    ,    ̃ 

́  ́.

I́       ,   ́  -

.

A́  ́       ́  -

.

E, , ́  ́      

́  .

E,   ́      ́  

       ́.
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9.2. Trabajo a futuro

A            ́  ́ 

 ́    ,   ́     

AB-BNCT.

E  ,           -

 ́    13C,      ́   

. P ,         ́   -

  ,          

  ́ı        ́. S    , 

́ı    ́          

    ,      .

O            ́ 

́ ́ /        

      CAB,       ́ı 

   ,         -

,     ́  .

P  ,            

     ́     S-G  T́ı 

A  A   CNEA,        ̃ 

́,        ́   . E ́  ,

́    ́    ́    ,

             ́ 

    ;    ,  ́ ́   -
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   ,      .

P ́,  ́   ́    ́   -

  ,       ́  ́ CADEN,

              

 ,      ́   -

 ́  MV.
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