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� °Î ´ M. P18-2006-44
� ¸Î¥É ¢²¨Ö´¨Ö ±μ²²¨³ Éμ·  ´  ¶·μË¨²Ó ¶·μÉμ´´μ£μ ¶ÊÎ± 

„²Ö ²¥Î¥´¨Ö μ´±μ²μ£¨Î¥¸±¨Ì ¨ ´¥±μÉμ·ÒÌ ¤·Ê£¨Ì § ¡μ²¥¢ ´¨° Ê¸¶¥Ï´μ ¨¸-
¶μ²Ó§ÊÕÉ¸Ö É¥· ¶¥¢É¨Î¥¸±¨¥ ¶·μÉμ´´Ò¥ ¶ÊÎ±¨. � · ³¥É·Ò ¶ÊÎ±μ¢ ¤²Ö É¥· ¶¥¢-
É¨Î¥¸±¨Ì Í¥²¥° ´¥μ¡Ìμ¤¨³μ ³μ¤¨Ë¨Í¨·μ¢ ÉÓ. Œμ¤¥²¨·μ¢ ÉÓ ¶·μÌμ¦¤¥´¨¥ ¶·μ-
Éμ´´μ£μ ¶ÊÎ±  Î¥·¥§ ¸¨¸É¥³Ê Ëμ·³¨·μ¢ ´¨Ö ¶μ§¢μ²Ö¥É ¸μ§¤ ´´ Ö ±μ³¶ÓÕÉ¥·´ Ö
¶·μ£· ³³  ®Track¯. � ¸¸¥Ö´¨¥ ¶·μÉμ´μ¢ ³μ¤¥²¨·μ¢ ²μ¸Ó ´  μ¸´μ¢¥ É¥μ·¨¨ Œμ-
²Ó¥· , ¶μÉ¥·¨ Ô´¥·£¨¨ Å ´  μ¸´μ¢¥ É¥μ·¨¨ ‚ ¢¨²μ¢ . Šμ²²¨³ Éμ·, Ö¢²ÖÖ¸Ó μ¤´¨³
¨§ ±μ´Í¥¢ÒÌ Ô²¥³¥´Éμ¢ ¸¨¸É¥³Ò Ëμ·³¨·μ¢ ´¨Ö ¶ÊÎ± , μ£· ´¨Î¨¢ ¥É ¶·μÉμ´´μ¥
¶μ²¥, ´¥μ¡Ìμ¤¨³μ¥ ¤²Ö μ¡²ÊÎ¥´¨Ö ¶ Í¨¥´É . �·¨ ±μ²²¨³¨·μ¢ ´¨¨ ¶·μÉμ´Ò ¸É ²-
±¨¢ ÕÉ¸Ö ¸μ ¸É¥´± ³¨ ±μ²²¨³ Éμ· , · ¸¸¥¨¢ ÕÉ¸Ö ¨ ¢Ò§Ò¢ ÕÉ ´¥μ¤´μ·μ¤´μ¸ÉÓ
¶μ²Ö ¶ÊÎ± . 	±¸¶¥·¨³¥´É ²Ó´μ ¨ ¸ ¶μ³μÐÓÕ ³μ¤¥²¨·μ¢ ´¨Ö ¡Ò²μ ¨¸¸²¥¤μ¢ ´μ
¢²¨Ö´¨¥ ±μ²²¨³ Éμ·μ¢ ¨§ ¸¶² ¢  Cerrobend, ³¥¤¨ ¨ ¦¥²¥§  ´  ¶·μÉμ´´μ¥ ¶μ²¥
¶ÊÎ± . 	±¸¶¥·¨³¥´É ²Ó´μ ¨§³¥·¥´´Ò¥ ¨ ¸³μ¤¥²¨·μ¢ ´´Ò¥ ¶·μË¨²¨ ¶ÊÎ±  Ìμ-
·μÏμ ¸μ¢¶ ¤ ÕÉ.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ. �.”²¥·μ¢  �ˆŸˆ.
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Rajcan M. P18-2006-44
Calculation of Collimator Effect on the Proton Beam Proˇle

Proton therapeutic beams are successfully used for treating cancer diseases. Beam
parameters need to be modiˇed for the purpose of proton therapy. In order to model
the proton beam transport through the beam forming system, the computer code
®Track¯ has been developed. Proton scattering has been simulated on the basis
of the Moli
ere theory and energy losses on the basis of the Vavilov theory. The
collimator, usually the last component of the beam forming system, shapes the proton
ˇeld used to irradiate the patient. While being collimated, protons hit the collimator
walls, scatter and contribute to the proton ˇeld inhomogeneity. The simulation of the
collimator in�uence on the proton ˇeld has been performed and its results have been
compared with the experimental data. Cerrobend, copper and iron collimators have
been examined. Experimental and simulated beam proˇles are in a good agreement.

The investigation has been performed at the Flerov Laboratory of Nuclear Reac-
tions, JINR.

Communication of the Joint Institute for Nuclear Research. Dubna, 2006



‚‚…„…�ˆ…

‚ ¶·μÍ¥¸¸¥ ²¥Î¥´¨Ö ´¥±μÉμ·ÒÌ ¢¨¤μ¢ μ´±μ²μ£¨Î¥¸±¨Ì § ¡μ²¥¢ ´¨° Ê¸¶¥Ï-
´μ ¨¸¶μ²Ó§ÊÕÉ É¥· ¶¥¢É¨Î¥¸±¨¥ ¶·μÉμ´´Ò¥ ¶ÊÎ±¨. Š ¢Ò¢¥¤¥´´Ò³ ¨§ Ê¸±μ-
·¨É¥²Ö ¶ÊÎ± ³ ¶·¥¤ÑÖ¢²ÖÕÉ¸Ö ¸¶¥Í¨ ²Ó´Ò¥ É·¥¡μ¢ ´¨Ö, ·¥£² ³¥´É¨·μ¢ ´´Ò¥
¨Ì ³¥¤¨Í¨´¸±¨³ ´ §´ Î¥´¨¥³. �·¨ Ëμ·³¨·μ¢ ´¨¨ É¥· ¶¥¢É¨Î¥¸±μ£μ ¶ÊÎ± 
¨¸¶μ²Ó§ÊÕÉ · ¸¸¥¨¢ ÕÐ¨¥ ³ É¥·¨ ²Ò, § ³¥¤²¨É¥²¨, ¤·¥°Ëμ¢Ò¥ ¶·μ³¥¦ÊÉ±¨,
±μ²²¨³ Éμ·Ò. ‘ Í¥²ÓÕ ³μ¤¥²¨·μ¢ ´¨Ö ÔÉ¨Ì ¸¨¸É¥³ · §· ¡μÉ ´  ±μ³¶ÓÕÉ¥·-
´ Ö ¶·μ£· ³³  ®Track¯ [1, 2]. �·μ£· ³³  ¶μ§¢μ²Ö¥É ³μ¤¥²¨·μ¢ ÉÓ ¶·μÌμ-
¦¤¥´¨¥ ¶·μÉμ´´μ£μ ¶ÊÎ±  Î¥·¥§ ¸¨¸É¥³Ê Ëμ·³¨·μ¢ ´¨Ö ¨ μ¶É¨³¨§¨·μ¢ ÉÓ ÔÉÊ
¸¨¸É¥³Ê. �·μ£· ³³  ¤μ¶μ²´¥´  ¢ÒÎ¨¸²¥´¨¥³ Ô´¥·£¥É¨Î¥¸±μ£μ ¸¶¥±É·  ¶ÊÎ± 
¢ ·¥§Ê²ÓÉ É¥ ¥£μ § ³¥¤²¥´¨Ö ¢ ¸·¥¤¥. ‚ · ¡μÉ¥ ¶·μ¢¥¤¥´  Ô±¸¶¥·¨³¥´É ²Ó´ Ö
¶·μ¢¥·±  ·¥§Ê²ÓÉ Éμ¢ ³μ¤¥²¨·μ¢ ´¨Ö. ˆ¸¸²¥¤μ¢ ²μ¸Ó ¢²¨Ö´¨¥ ±μ²²¨³ Éμ· 
´  Ëμ·³Ê ¶·μË¨²Ö ¶·μÉμ´´μ£μ ¶ÊÎ± .

� · ³¥É·Ò ¢Ìμ¤ÖÐ¥£μ ¶·μÉμ´´μ£μ ¶ÊÎ±  μ¶·¥¤¥²ÖÕÉ ¤¨ £· ³³Ò Ô³¨É-
É ´¸  ¢ £μ·¨§μ´É ²Ó´μ° ¨ ¢¥·É¨± ²Ó´μ° ¶²μ¸±μ¸É¨. �ÊÎμ± ¢  ²£μ·¨É³¥ ¶·μ-
£· ³³Ò ¶·¥¤¸É ¢²¥´  ´¸ ³¡²¥³ Î ¸É¨Í, ± ¦¤ Ö ¸ ±μμ·¤¨´ É ³¨ ¶μ§¨Í¨¨ ¨
Ê£²μ¢Ò³¨ μÉ±²μ´¥´¨Ö³¨. �·μË¨²Ó ¶ÊÎ±  ¨³¥¥É Ëμ·³Ê · ¸¶·¥¤¥²¥´¨Ö ƒ Ê¸¸ .

�·μ£· ³³  ³μ¤¥²¨·Ê¥É Ê£²μ¢μ¥ · ¸¸¥Ö´¨¥ ¶·μÉμ´μ¢ ´  μ¸´μ¢¥ É¥μ·¨¨
³´μ£μ±· É´μ£μ ±Ê²μ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö Œμ²Ó¥· . ‚ ·¥§Ê²ÓÉ É¥ · ¸¸¥Ö´¨Ö Î -
¸É¨Í  μÉ±²μ´Ö¥É¸Ö μÉ´μ¸¨É¥²Ó´μ ¶·¥¤Ò¤ÊÐ¥£μ ´ ¶· ¢²¥´¨Ö ¤¢¨¦¥´¨Ö ´  Ê£μ²
θ. ‚ ¶·μ£· ³³¥ ¢ÒÎ¨¸²Ö¥É¸Ö ¨´¢¥·¸¨μ´´ Ö ±Ê³Ê²ÖÉ¨¢´ Ö ËÊ´±Í¨Ö · ¸¶·¥¤¥-
²¥´¨Ö Œμ²Ó¥· , ¨§ ±μÉμ·μ° ± ¦¤μ° Î ¸É¨Í¥ ¶·¨¸¢μ¥´ Ê£μ² μÉ±²μ´¥´¨Ö θ [1, 2].

� §¡·μ¸ ¶μÉ¥·¨ Ô´¥·£¨¨ ³μ¤¥²¨·μ¢ ²¸Ö ¢ ¶·μ£· ³³¥ ´  μ¸´μ¢¥ É¥μ·¨¨
‚ ¢¨²μ¢  [3]. ‚ · ¡μÉ¥ μ¶¨¸ ´  ²£μ·¨É³ ¢ÒÎ¨¸²¥´¨Ö ËÊ´±Í¨¨ · ¸¶·¥¤¥-
²¥´¨Ö Ô´¥·£¥É¨Î¥¸±¨Ì ¶μÉ¥·Ó. ‡ ·Ö¦¥´´ Ö Î ¸É¨Í  ¶·¨ ¶·μÌμ¦¤¥´¨¨ Î¥·¥§
¢¥Ð¥¸É¢μ ¨¸¶ÒÉÒ¢ ¥É ³´μ£μ±· É´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¸  Éμ³ ³¨ ¢¥Ð¥¸É¢ , ¢ ·¥-
§Ê²ÓÉ É¥ Î¥£μ ¢μ§´¨± ÕÉ ¸É É¨¸É¨Î¥¸±¨¥ Ë²Ê±ÉÊ Í¨¨ Ô´¥·£¥É¨Î¥¸±¨Ì ¶μÉ¥·Ó
Î ¸É¨Í. ”Ê´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö Ô´¥·£¥É¨Î¥¸±¨Ì ¶μÉ¥·Ó fv Ö¢²Ö¥É¸Ö ËÊ´±Í¨¥°
¶ · ³¥É·μ¢ β, κ ¨ ¶ · ³¥É·  ‚ ¢¨²μ¢  λv [4]:

fv(t, Δ) =
1

πEmax
exp

(
κ

(
1 + 0, 5772β2

)) ∞∫
0

exp (κ · f1(y))×

× cos (yλv + κ · f2(y)) dy, (1 )

f1(y) = β2 [ln(y) − Ci(y)] − cos(y) − y · Si(y), (1¡)

f2(y) = y [ln(y) − Ci(y)] + sin(y) + β2 · Si(y), (1¢)

1



Si(y) =

y∫
0

sin x

x
dx, Ci(y) = 0, 5772 + ln y +

y∫
0

cosx − 1
x

dx, (1£)

£¤¥ β Å μÉ´μÏ¥´¨¥ ¸±μ·μ¸É¨ § ·Ö¦¥´´μ° Î ¸É¨ÍÒ ± ¸±μ·μ¸É¨ ¸¢¥É  ¢ ¢ ±ÊÊ³¥;
Emax Å ³ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö, ¶¥·¥¤ ´´ Ö ´ ²¥É ÕÐ¥° Î ¸É¨Í¥° ¸¢μ¡μ¤´μ³Ê
Ô²¥±É·μ´Ê ¢ μ¤´μ³ ¸Éμ²±´μ¢¥´¨¨. � · ³¥É· κ μ¶·¥¤¥²Ö¥É ·¥¦¨³ ¸Éμ²±´μ¢¥-
´¨Ö:

κ =
ξ

Emax
, (2)

ξ = 0, 1534
z2Z

β2A
t [ŒÔ‚], (3)

£¤¥ z Å § ·Ö¤ ´ ²¥É ÕÐ¥° Î ¸É¨ÍÒ; Z Å  Éμ³´Ò° ´μ³¥· ¨ A Å  Éμ³´Ò°
¢¥¸ ¸·¥¤Ò Éμ²Ð¨´μ° t, Î¥·¥§ ±μÉμ·ÊÕ ¶·μ´¨± ¥É Î ¸É¨Í . � · ³¥É· ‚ ¢¨²μ¢ 
λv ¢±²ÕÎ ¥É ¢ ¸¥¡Ö  ±ÉÊ ²Ó´ÊÕ Δ ¨ ¸·¥¤´ÕÕ Δ ¶μÉ¥·Õ Ô´¥·£¨¨ Î ¸É¨ÍÒ ¶·¨
¶·μÌμ¦¤¥´¨¨ Î¥·¥§ ¢¥Ð¥¸É¢μ:

λv = κ

(
Δ − Δ

ξ
− 1 + 0, 5772− β2

)
. (4)

„²Ö κ � 1 · ¸¶·¥¤¥²¥´¨¥ Ô´¥·£¨¨ ¨³¥¥É ®Ì¢μ¸É¯ ¢ ´ ¶· ¢²¥´¨¨ ± ¡μ²ÓÏ¨³
¶μÉ¥·Ö³ Ô´¥·£¨¨, · ¸¶·¥¤¥²¥´¨¥ μ¶¨¸ ´μ É¥μ·¨¥° ‹ ´¤ Ê [5]. „²Ö κ > 1
· ¸¶·¥¤¥²¥´¨¥ Ô´¥·£¨¨ ¶·¨¡²¨¦ ÕÉ · ¸¶·¥¤¥²¥´¨¥³ ƒ Ê¸¸ . � ¸Ï¨·¥´´ Ö É¥-
μ·¨Ö ‚ ¢¨²μ¢  ¢±²ÕÎ ¥É ¢ ¸¥¡Ö · ¸¶·¥¤¥²¥´¨Ö ‹ ´¤ Ê ¨ ƒ Ê¸¸  ¢ ±· ¥¢ÒÌ
μ¡² ¸ÉÖÌ [6].

‚ ¤ ´´μ° · ¡μÉ¥ ¨§ÊÎ ²μ¸Ó ¢²¨Ö´¨¥ ³ É¥·¨ ²  ±μ²²¨³ Éμ·  ´  Ëμ·³Ê ¶μ-
¶¥·¥Î´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¶ÊÎ± . ‚²¨Ö´¨¥ ±μ²²¨³ Éμ·  ¶·μ³μ¤¥²¨·μ¢ ´μ ¶·¨
¶μ³μÐ¨  ±ÉÊ ²¨§¨·μ¢ ´´μ° ¢¥·¸¨¨ ¶·μ£· ³³Ò ®Track¯. ‚ · ¡μÉ¥ μ¶¨¸Ò¢ -
¥É¸Ö ³¥Éμ¤¨±  · ¸Î¥É , ¶·¨³¥´¥´´ Ö ¢ ¶·μ£· ³³¥. �¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö
¸· ¢´¥´Ò ¸ Ô±¸¶¥·¨³¥´Éμ³.

1. �‹ƒ��ˆ’Œ ‚›—ˆ‘‹…�ˆŸ ��‘��…„…‹…�ˆŸ ‚�‚ˆ‹�‚�

‚ § ¢¨¸¨³μ¸É¨ μÉ §´ Î¥´¨Ö ¢¥²¨Î¨´Ò κ μ¶·¥¤¥²¥´ ¨´É¥·¢ ² §´ Î¥´¨° ¶ -
· ³¥É·μ¢ ‚ ¢¨²μ¢  λv , ¤²Ö ±μÉμ·ÒÌ ¢ÒÎ¨¸²ÖÕÉ¸Ö Ô´¥·£¥É¨Î¥¸±¨¥ · ¸¶·¥¤¥-
²¥´¨Ö (1a). �·μ£· ³³  ¢ÒÎ¨¸²Ö¥É Ô´¥·£¥É¨Î¥¸±¨¥ · ¸¶·¥¤¥²¥´¨Ö ¤²Ö Ô´¥·£¨¨
¶·μÉμ´μ¢ μÉ 0,1 ¤μ 300 ŒÔ‚. 	±¢¨¢ ²¥´É §´ Î¥´¨Ö β μÉ 0,015 ¤μ 0,65.

1.1. ‚¥·Ì´ÖÖ £· ´¨Í  ¨´É¥£·¨·μ¢ ´¨Ö. ˆ´É¥£·¨·Ê¥³ Ö ËÊ´±Í¨Ö  ´ ²¨-
§¨·μ¢ ´  Î¨¸²¥´´Ò³¨ ³¥Éμ¤ ³¨. ˆ´É¥£· ² (1a) ¢ÒÎ¨¸²¥´ ¤μ §´ Î¥´¨Ö ¢¥·Ì-
´¥° £· ´¨ÍÒ ¨´É¥£·¨·μ¢ ´¨Ö ymax ≈ 2, 1 + 4, 4/κ, ¶·¨ ±μÉμ·μ³ §´ Î¥´¨¥
¢Ò· ¦¥´¨Ö exp (κf1(ymax)) ³¥´ÓÏ¥ Î¥³ 1/1000 μÉ ³ ±¸¨³ ²Ó´μ£μ §´ Î¥´¨Ö
exp (κf1(0)). ‚¥·Ì´ÖÖ £· ´¨Í  ¨´É¥£·¨·μ¢ ´¨Ö ymax ´¥²¨´¥°´μ ¢μ§· ¸É ¥É ¸
Ê³¥´ÓÏ¥´¨¥³ ¶ · ³¥É·  κ.
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1.2. ˜ £ ¨´É¥£·¨·μ¢ ´¨Ö. ‚ ¢ÒÎ¨¸²¥´¨¨ ¨´É¥£· ²  (1a) ¶·¨³¥´¥´ ³¥-
Éμ¤ ‘¨³¶¸μ´ . ˆ´É¥£· ² (1a) ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ ¸ ¡μ²ÓÏμ° ÉμÎ´μ¸ÉÓÕ, ¥¸²¨
§´ Î¥´¨Ö ¨´É¥£·¨·Ê¥³μ° ËÊ´±Í¨¨ ¨§¢¥¸É´Ò ¢ ¤μ¸É ÉμÎ´μ³ ±μ²¨Î¥¸É¢¥ ÉμÎ¥±.
‚ ³¥Éμ¤¥ ‘¨³¶¸μ´  ¨´É¥£·¨·Ê¥³ Ö ËÊ´±Í¨Ö ¶·¨¡²¨¦ ¥É¸Ö ¶ · ¡μ²¨Î¥¸±¨³¨
±·¨¢Ò³¨ ³¥¦¤Ê ± ¦¤Ò³¨ ¶μ μÎ¥·¥¤¨ ¨¤ÊÐ¨³¨ ¢ÒÎ¨¸²¥´´Ò³¨ É·¥³Ö ÉμÎ± ³¨
ËÊ´±Í¨¨. �¥μ¡Ìμ¤¨³μ Ê§´ ÉÓ ¶²μÉ´μ¸ÉÓ ¢ÒÎ¨¸²¥´´ÒÌ ÉμÎ¥±. ˆ´É¥£·¨·Ê¥³ÊÕ
ËÊ´±Í¨Õ ¢ ¢Ò· ¦¥´¨¨ (1a) § ¶¨Ï¥³ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

exp (κ · f1(y)) · cos (yλv + κ · f2(y)) = exp (κ · f1(y)) · cos (ω(y) · y) , (5 )

ω(y) = λv + κ · g(y), (5¡)

g(y) = ln y − Ci(y) +
sin y

y
+ β2 Si(y)

y
. (5¢)

”Ê´±Í¨Ö exp (κ · f1(y)) ´¥ ³¥´Ö¥É ·¥§±μ §´ Î¥´¨Ö. ”Ê´±Í¨Ö cos (ω(y) · y) Å
´ ¨¡μ²¥¥ ¸ÊÐ¥¸É¢¥´´μ ¨§³¥´ÖÕÐ Ö¸Ö ¶·¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ ËÊ´±Í¨¨ |ω(y)|,
±μÉμ· Ö § ¢¨¸¨É μÉ ¶ · ³¥É·  λv ¨ ¢Ò· ¦¥´¨Ö κ · g(y). ”Ê´±Í¨Ö g(y) ¢μ§-
· ¸É ÕÐ Ö, ³ ±¸¨³ ²Ó´μ£μ §´ Î¥´¨Ö ´  ¨´É¥·¢ ²¥ (0; ymax) ¤μ¸É¨£ ¥É ¶·¨
y = ymax. Œ ±¸¨³Ê³ ËÊ´±Í¨¨ |ω(y)| ´  ¨´É¥·¢ ²¥ (0; ymax), ¶·¨ ±μÉμ·μ³
¶μ¤Ò´É¥£· ²Ó´ Ö ËÊ´±Í¨Ö ´ ¨¡μ²¥¥ ±μ²¥¡²¥É¸Ö,

|ω(y)|max = λv + κ · g(ymax) ¤²Ö λv � −κ · g(0) + κ · g(ymax)
2

, (6 )

|ω(y)|max = |λv + κ · g(0)| ¤²Ö λv < −κ · g(0) + κ · g(ymax)
2

, (6¡)

£¤¥ g(0) ∼= 1 − 0,5772 + β2.
�Í¥´±  ´ ¨³¥´ÓÏ¥£μ ¶¥·¨μ¤  ±μ²¥¡ ´¨° ¶μ¤Ò´É¥£· ²Ó´μ° ËÊ´±Í¨¨

Tmin =
2π

|ω(y)|max

. (7)

�μ¤Ò´É¥£· ²Ó´ Ö ËÊ´±Í¨Ö ¢ÒÎ¨¸²¥´  ´  ¨´É¥·¢ ²¥ (0; ymax) ¢ μÉ¤¥²Ó´ÒÌ
ÉμÎ± Ì ¸ Ï £μ³ Tmin/40. ‡´ Î¥´¨Ö [ln(y) − Ci(y)] ¨ Si(y) (¸³. (1£)) ¸ Í¥²ÓÕ
Ê¸±μ·¨ÉÓ ¢ÒÎ¨¸²¥´¨¥ μ¶·¥¤¥²¥´Ò ¢ É ¡²¨Î´μ° Ëμ·³¥ ¨ ¸μÌ· ´¥´Ò ¢ Ë °² Ì.

2. ��‡„…‹…�ˆ… ��…�ƒ…’ˆ—…‘Š�ƒ� ‘�…Š’�� �“—Š�

�·μÍ¥¸¸ ¢ÒÎ¨¸²¥´¨Ö · ¸¶·¥¤¥²¥´¨Ö ¤²Ö Ô´¥·£¨¨ ± ¦¤μ£μ ¶·μÉμ´  μÎ¥´Ó
¶·μ¤μ²¦¨É¥²Ó´Ò°, ¸ Î¥³ ¸¢Ö§ ´Ò ¶μÉ¥·¨ ¶·¥¨³ÊÐ¥¸É¢ ¡Ò¸É·μ£μ ³μ¤¥²¨·μ¢ -
´¨Ö. �μÔÉμ³Ê Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ¶ÊÎ±  · §¤¥²¥´ ´  ¨´É¥·¢ ²Ò. 	´¥·-
£¥É¨Î¥¸±¨° ¸¶¥±É· ¶ÊÎ±  ¶·μÉμ´μ¢  ´ ²¨§¨·μ¢ ²¸Ö ´  ¢Ìμ¤¥ ¢ ± ¦¤Ò° Ô²¥-
³¥´É. � ¸¶·¥¤¥²¥´¨Ö Œμ²Ó¥·  (Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö) ¨ ‚ ¢¨²μ¢  (Ô´¥·-
£¥É¨Î¥¸±¨¥ · ¸¶·¥¤¥²¥´¨Ö) μ¶·¥¤¥²¥´Ò ¤²Ö ¢¸¥Ì Ô´¥·£¥É¨Î¥¸±¨Ì ¨´É¥·¢ ²μ¢
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¸¶¥±É·  ¶ÊÎ±  ¶·¨ ±μ´±·¥É´μ³ Ô²¥³¥´É¥. ‚ÒÎ¨¸²¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö ¢Ò¶μ²-
´¥´μ Éμ²Ó±μ ¤²Ö ¸·¥¤´¥° Ô´¥·£¨¨ ¨´É¥·¢ ²  ¸ Ï¨·¨´μ° 0,1 ŒÔ‚. � ¶·¨³¥·,
¶·μÉμ´ ¸ Ô´¥·£¨¥° 70,33 ŒÔ‚ ²¥¦¨É ¢ ¨´É¥·¢ ²¥ (70,3Ä70,4) ŒÔ‚, ¨ · ¸¶·¥-
¤¥²¥´¨Ö ¢ÒÎ¨¸²¥´Ò ¤²Ö Ô´¥·£¨¨ 70,35 ŒÔ‚ (¸³. ·¨¸. 1). �·¨ ¶·μÌμ¦¤¥´¨¨
Ô²¥³¥´É  ¸¨¸É¥³Ò ¶·μÉμ´ ¶·¨μ¡·¥É ¥É ´μ¢μ¥ §´ Î¥´¨¥ Ô´¥·£¨¨ ¨ Ê£²μ¢μ£μ μÉ-
±²μ´¥´¨Ö ¶μ¸·¥¤¸É¢μ³ ¨´¢¥·¸¨μ´´μ° ±Ê³Ê²ÖÉ¨¢´μ° ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö
[7] ¨ £¥´¥· Éμ·  ¸²ÊÎ °´ÒÌ Î¨¸¥² [8].

�¨¸. 1. ˆ´É¥·¢ ²Ò Ô´¥·£¥É¨Î¥¸±μ£μ ¸¶¥±É·  ¶·μÉμ´´μ£μ ¶ÊÎ±  ¸ Ï¨·¨´μ° 0,1 ŒÔ‚ ¨
¸μ¶·Ö¦¥´¨¥ Ô´¥·£¥É¨Î¥¸±¨Ì ¨ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ± ¶·μÉμ´Ê ¢ § ¢¨¸¨³μ¸É¨ μÉ ¥£μ
±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨

�μ¸·¥¤¸É¢μ³ ¶·μ£· ³³Ò ®Track¯ ³μ¤¥²¨·μ¢ ²¨¸Ó Ô´¥·£¥É¨Î¥¸±¨¥ ¸¶¥±-
É·Ò ¶·μÉμ´´μ£μ ¶ÊÎ± . Œμ´μÔ´¥·£¥É¨Î¥¸±¨° ¶ÊÎμ± ¶·μÉμ´μ¢ ¸ Ô´¥·£¨¥°
175 ŒÔ‚ ¶·μÌμ¤¨É Î¥·¥§ ¸²μ° ¶²¥±¸¨£² ¸  · §´μ° Éμ²Ð¨´Ò. �·μ ´ ²¨§¨·μ-
¢ ´´Ò¥ Ô´¥·£¨¨ 200 000 ¶·μÉμ´μ¢ μ¡· §ÊÕÉ Ô´¥·£¥É¨Î¥¸±¨¥ ¸¶¥±É·Ò, ±μÉμ·Ò¥
¶μ± § ´Ò ´  ·¨¸. 2.

�¨¸. 2. �¥§Ê²ÓÉ É ³μ¤¥²¨·μ¢ ´¨Ö ¶μ ¶·μ£· ³³¥ ®Track¯ Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É·μ¢ ³μ-
´μÔ´¥·£¥É¨Î¥¸±μ£μ ¶ÊÎ±  ¶·μÉμ´μ¢ ¸ Ô´¥·£¨¥° 175 ŒÔ‚ ¶μ¸²¥ ¶·μÌμ¦¤¥´¨Ö Î¥·¥§ ¸²μ°
¶²¥±¸¨£² ¸  Éμ²Ð¨´μ° 5, 10, 20, 30 ³³
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3. ��ˆŒ…�…�ˆ… ���ƒ��ŒŒ› ��ˆ Œ�„…‹ˆ��‚��ˆˆ �””…Š’�
Š�‹‹ˆŒ�’���

�·μ£· ³³  ®Track¯ ³μ¤¥²¨·Ê¥É ¶·μÌμ¦¤¥´¨¥ ¶·μÉμ´´μ£μ É¥· ¶¥¢É¨Î¥-
¸±μ£μ ¶ÊÎ±  Î¥·¥§ ¸¨¸É¥³Ê Ëμ·³¨·μ¢ ´¨Ö. ”μ·³¨·μ¢ ´¨¥³ ¤μ¸É¨£ ¥É¸Ö ´¥-
μ¡Ìμ¤¨³μ¥ ¶·μ¸É· ´¸É¢¥´´μ¥ ¤μ§´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶ÊÎ±  ¢ É¥²¥ ¶ Í¨¥´É .
�  ¶ÊÉ¨ ¶ÊÎ±  ´ Ìμ¤ÖÉ¸Ö · §´Ò¥ ³ É¥·¨ ²Ò, ¢Ò§Ò¢ ÕÐ¨¥ ¢ μ¸´μ¢´μ³ ÔË-
Ë¥±É Ê£²μ¢μ£μ · ¸¸¥Ö´¨Ö ¨ Ô´¥·£¥É¨Î¥¸±¨Ì ¶μÉ¥·Ó ¶·μÉμ´μ¢, ³μ¤¥²¨·μ¢ ´¨¥
±μÉμ·ÒÌ ¢±²ÕÎ¥´μ ¢ ¶·μ£· ³³Ê ®Track¯.

Šμ²²¨³ Éμ·Ò ´  ¶ÊÉ¨ ¶ÊÎ±  ¢Ò¶μ²´ÖÕÉ ´¥¸±μ²Ó±μ ËÊ´±Í¨°. �μ£²μÐ ÕÉ
Î ¸ÉÓ ¶ÊÎ± , ´¥ ¶μ¶ ¤ ÕÐÊÕ ¢  ¶¥·ÉÊ·Ê ±μ²²¨³ Éμ· , ±μÉμ· Ö ´¥ ¢´μ¸¨É
¢±² ¤ ¢ É¥· ¶¥¢É¨Î¥¸±μ¥ ¶μ²¥ ¢ ¨§μÍ¥´É·¥, ´  · ¸¸ÉμÖ´¨¨ μÉ ¶ Í¨¥´É . �μ-
£²μÐ¥´´Ò¥ Î ¸É¨ÍÒ  ±É¨¢¨·ÊÕÉ ³ É¥·¨ ² ±μ²²¨³ Éμ· , ¶μÔÉμ³Ê ±μ²¨Î¥¸É¢μ
Î ¸É¨Í, § Ì¢ Î¥´´ÒÌ ±μ²²¨³ Éμ·μ³ ¢ ¡²¨§μ¸É¨ μÉ ¶ Í¨¥´É , ¤μ²¦´μ ¡ÒÉÓ
³¨´¨³ ²Ó´Ò³. �μ¸²¥¤´¨° ±μ²²¨³ Éμ· ´  ¶ÊÉ¨ ¶ÊÎ±  ´ §Ò¢ ÕÉ Ëμ·³¨·ÊÕ-
Ð¨³. �´ μ¶·¥¤¥²Ö¥É · §³¥· ¨ Ëμ·³Ê ¶·μÉμ´´μ£μ ¶ÊÎ±  ´  μ¡²ÊÎ ¥³μ° ³¨-
Ï¥´¨. ’μ²Ð¨´  ±μ²²¨³ Éμ·  ¤μ²¦´  ¡ÒÉÓ ¤μ¸É ÉμÎ´μ° ¤²Ö ¶μ²´μ£μ § ³¥¤²¥-
´¨Ö ¶ÊÎ±  [9]. ‚ ± Î¥¸É¢¥ ³ É¥·¨ ²  ¤²Ö ±μ²²¨³ Éμ·  μ¡ÒÎ´μ ¨¸¶μ²Ó§ÊÕÉ¸Ö
³¥¤Ó, ¦¥²¥§μ ¨ ²¥£±μ¶² ¢±¨° ¸¶² ¢ Cerrobend, ±μÉμ·Ò° ¸μ¸Éμ¨É ¨§ 50% Bi,
26,7 % Pb, 13,3% Sn, 10 % Cd.

‚²¨Ö´¨¥ Ê§±μ£μ ±μ²²¨³ Éμ·  ´  ¶·μË¨²Ó ¶·μÉμ´´μ£μ ¶ÊÎ±  ¸ Ô´¥·£¨¥°
150 ŒÔ‚ ¡Ò²μ ¨§³¥·¥´μ ´  Ë §μÉ·μ´¥ ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³
¨³. ‚.�. „¦¥²¥¶μ¢  �ˆŸˆ. ‘Ì¥³  Ô±¸¶¥·¨³¥´É ²Ó´μ° Ê¸É ´μ¢±¨ ¶μ± § ´ 
´  ·¨¸. 3. �·μÉμ´´Ò° ¶ÊÎμ± ¶·μÌμ¤¨² Î¥·¥§ ¢ ±ÊÊ³´μ¥ μ±´μ, ¤¢  ³μ´¨Éμ· 

�¨¸. 3. 	±¸¶¥·¨³¥´É ²Ó´μ¥ ¨§³¥·¥´¨¥ ¢²¨Ö´¨Ö ±μ²²¨³ Éμ·  ´  ¶·μÌμ¤ÖÐ¨° ¶·μÉμ´-
´Ò° ¶ÊÎμ±

¶ÊÎ± , ¢μ§¤ÊÌ, ¶¥·¢Ò° § ³¥¤²¨É¥²Ó ¨§ ¶²¥±¸¨£² ¸  Éμ²Ð¨´μ° 40 ³³. Šμ²-
²¨³ Í¨Õ ¶ÊÎ±  μ¡¥¸¶¥Î¨¢ ÕÉ ±μ²²¨³ Éμ·Ò Š1, Š2 · §³¥· ³¨ 95 × 95 ³³
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¨ ¶μ¸²¥¤´¨° ±μ²²¨³ Éμ·, Ëμ·³¨·ÊÕÐ¨° ¶μ²¥ ¤¨ ³¥É·μ³ 30 ³³, ±μÉμ·Ò°
¨§£μÉμ¢²¥´ ¨§ ¸¶² ¢  Cerrobend. ˆ§³¥·¥´¨Ö ¶μ¶¥·¥Î´ÒÌ ¤μ§´ÒÌ · ¸¶·¥¤¥²¥-
´¨° ¶ÊÎ±  ¶·μ¢μ¤¨²¨¸Ó ·¥´É£¥´μ¢¸±¨³¨ ËμÉμ¶²¥´± ³¨ ®KODAK X-Omat V¯
[10]. Œ¥¦¤Ê μ¡²ÊÎ ¥³Ò³¨ ¶²¥´± ³¨ ¨ Ëμ·³¨·ÊÕÐ¨³ ±μ²²¨³ Éμ·μ³ Ê¸É ´ -
¢²¨¢ ²¸Ö § ³¥¤²¨É¥²Ó ¨§ ¶²¥±¸¨£² ¸  Éμ²Ð¨´μ° 0, 2, 14, 54 ³³. ‚¥²¨Î¨´Ò
¶μ£²μÐ¥´´ÒÌ ¤μ§ ´  ¢Ìμ¤¥ ¶ÊÎ±  ¢ ±μ²²¨³ Éμ· ¢μ ¢¸¥Ì ¨§³¥·¥´¨ÖÌ ¡Ò²¨
20 ¸ƒ·. ‚ ·¥§Ê²ÓÉ É¥ μ¡· ¡μÉ±¨ ¶μ²ÊÎ¥´Ò Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö ¢¥·É¨± ²Ó´ÒÌ
¨ £μ·¨§μ´É ²Ó´ÒÌ ¶·μË¨²¥° ¶ÊÎ± .

	ÉμÉ ¦¥ Ô±¸¶¥·¨³¥´É ¢²¨Ö´¨Ö ±μ²²¨³ Éμ·  ´  ¶·μË¨²Ó ¶ÊÎ±  ¡Ò² ¶·μ³μ-
¤¥²¨·μ¢ ´ ¶·μ£· ³³μ° ®Track¯. Œμ¤¥²¨·μ¢ ´¨¥ ´ Î Éμ ¢ ³¥¸É¥, £¤¥ ¨§¢¥¸É´Ò
Ë §μ¢Ò¥ ¤¨ £· ³³Ò Ô³¨ÉÉ ´¸  ¶ÊÎ± . ”μ·³¨·ÊÕÐ¨° ±μ²²¨³ Éμ· ¶·¥¤¸É ¢²¥´
¢ ³μ¤¥²¨ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓÕ · ¸¸¥¨¢ ÕÐ¨Ì Ô²¥³¥´Éμ¢ ¸ ±·Ê£²μ°  ¶¥·ÉÊ·μ°
¤¨ ³¥É·μ³ 30 ³³ ¨ Éμ²Ð¨´μ° 1 ³³, ± ± ¶μ± § ´μ ´  ·¨¸. 4.

�¨¸. 4. Šμ²²¨³ Éμ· ¸³μ¤¥²¨·μ¢ ´ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓÕ ¸²μ¥¢ μ¤¨´ ±μ¢μ° Éμ²Ð¨´Ò.
�·μÉμ´Ò ¢ ¸É¥´± Ì ±μ²²¨³ Éμ·  ¶μ¤Éμ·³ ¦¨¢ ÕÉ¸Ö ¨ · ¸¸¥¨¢ ÕÉ¸Ö μ¡· É´μ ¢ Í¥´-
É· ²Ó´ÊÕ μ¡² ¸ÉÓ ¶ÊÎ±  (1 , 1¡), ¶·μÌμ¤ÖÉ Î¥·¥§  ¶¥·ÉÊ·Ê ±μ²²¨³ Éμ·  (2) ¨ μ¸É ´ -
¢²¨¢ ÕÉ¸Ö ¢ ¸É¥´± Ì ±μ²²¨³ Éμ·  (3)

ˆ´É¥´¸¨¢´μ¸ÉÓ ¶·μÉμ´´μ£μ ¶μ²Ö ¢ ±· ¥¢μ° μ¡² ¸É¨ ¶μ¢ÒÏ ÕÉ ¶·μÉμ´Ò,
· ¸¸¥Ö´´Ò¥ ¨ ¶μ¤Éμ·³μ¦¥´´Ò¥ ¢ ¸É¥´± Ì ±μ²²¨³ Éμ·  (·¨¸. 5). 	É¨ ¶·μÉμ´Ò
´ ¶· ¢²¥´Ò ¢ ¸Éμ·μ´Ê Í¥´É· ²Ó´μ° μ¡² ¸É¨ ¶μ²Ö.

�·μË¨²¨ ¶ÊÎ± , ¶μ²ÊÎ¥´´Ò¥ ¢ ·¥§Ê²ÓÉ É¥ ¸¨³Ê²ÖÍ¨¨ ¶μ ¶·μ£· ³³¥
®Track¯, ¸· ¢´¨¢ ²¨¸Ó ¸ ¨§³¥·¥´´Ò³¨ ¶·μË¨²Ö³¨ (·¨¸. 6). ‘ Ê¢¥²¨Î¥´¨¥³
· ¸¸ÉμÖ´¨Ö μÉ ¢ÒÌμ¤  Ëμ·³¨·ÊÕÐ¥£μ ±μ²²¨³ Éμ·  ´¥μ¤´μ·μ¤´μ¸ÉÓ ¶ÊÎ± 
Ê³¥´ÓÏ ¥É¸Ö ¨§-§  ¤¢ÊÌ ÔËË¥±Éμ¢:

• · ¸¸¥Ö´´Ò¥ ¢ ¸É¥´± Ì ±μ²²¨³ Éμ·  ¶·μÉμ´Ò ¨³¥ÕÉ ³¥´ÓÏÊÕ Ô´¥·£¨Õ
¶μ ¸· ¢´¥´¨Õ ¸ ¶·μÉμ´ ³¨ ¢ Í¥´É· ²Ó´μ° μ¡² ¸É¨ ¶μ²Ö ¶ÊÎ±  ¨ ¡Ò¸É·¥¥
§ ³¥¤²ÖÕÉ¸Ö ¢ ¶²¥±¸¨£² ¸¥;

• · ¸¸¥Ö´´Ò¥ ¢ ¸É¥´± Ì ¶·μÉμ´Ò ´ ¶· ¢²¥´Ò ¢ ¸Éμ·μ´Ê Í¥´É· ²Ó´μ° μ¡² -
¸É¨ ¶ÊÎ± , ÎÉμ ¸´¨¦ ¥É ±· ¥¢ÊÕ ¨´É¥´¸¨¢´μ¸ÉÓ ¶ÊÎ± .
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�¨¸. 5. ˆ´É¥´¸¨¢´μ¸ÉÓ ¶·μÉμ´´μ£μ ¶ÊÎ±  ¶μ¸²¥ ±μ²²¨³ Í¨¨ ´¥¶μ¸·¥¤¸É¢¥´´μ §  ±μ²-
²¨³ Éμ·μ³. �¥§Ê²ÓÉ É ³μ¤¥²¨·μ¢ ´¨Ö ¶μ ¶·μ£· ³³¥ ®Track¯

�¨¸. 6. ‘· ¢´¥´¨¥ ¶·μË¨²¥° ¶·μÉμ´´μ£μ ¶ÊÎ± , ¶·μÌμ¤ÖÐ¥£μ Î¥·¥§ ±μ²²¨³ Éμ· ¨§
¸¶² ¢  Cerrobend, ¶μ²ÊÎ¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´μ ¨ ³μ¤¥²¨·μ¢ ´¨¥³ ¢ ¶·μ£· ³³¥
®Track¯. ‡  Ëμ·³¨·ÊÕÐ¨³ ±μ²²¨³ Éμ·μ³ Ê¸É ´ ¢²¨¢ ²¸Ö § ³¥¤²¨É¥²Ó ¨§ ¶²¥±¸¨£² ¸ 
Éμ²Ð¨´μ° 0, 2, 14, 54 ³³
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�  ¢¸¥Ì £· Ë¨± Ì ¸¨³Ê²¨·μ¢ ´´Ò¥ ¨ ¨§³¥·¥´´Ò¥ ¶·μË¨²¨ ¶ÊÎ±  ´μ·³¨·μ-
¢ ´Ò ¢ ÉμÎ±¥ ´  μ¸¨ ¶ÊÎ± .

ˆ§ ·¨¸. 6 ¢¨¤´μ Ìμ·μÏ¥¥ ¸μ¢¶ ¤¥´¨¥ ¨§³¥·¥´´ÒÌ ¨ · ¸¸Î¨É ´´ÒÌ ¶μ ¶·μ-
£· ³³¥ ®Track¯ ¶·μË¨²¥° ¶ÊÎ± . ‘ Ê¢¥²¨Î¥´¨¥³ · ¸¸ÉμÖ´¨Ö μÉ ¸É¥´±¨ ±μ²²¨-
³ Éμ·  Ê²ÊÎÏ ¥É¸Ö μ¤´μ·μ¤´μ¸ÉÓ ¶ÊÎ± . �É´μÏ¥´¨¥ ³ ±¸¨³ ²Ó´μ° ¨´É¥´¸¨¢-
´μ¸É¨ ´  ±· ÖÌ ¶·μË¨²Ö ¶ÊÎ±  ± Í¥´É· ²Ó´μ° ¨´É¥´¸¨¢´μ¸É¨ ¸ Ê¢¥²¨Î¥´¨¥³
· ¸¸ÉμÖ´¨Ö μÉ ±μ²²¨³ Éμ·  ¶ ¤ ¥É (¸³. É ¡²¨ÍÊ).

‘· ¢´¥´¨¥ ³μ¤¥²¨·μ¢ ´´ÒÌ ¨ Ô±¸¶¥·¨³¥´É ²Ó´μ ¨§³¥·¥´´ÒÌ ¶·μË¨²¥°
¶·μÉμ´´μ£μ ¶ÊÎ±  ¶μ¸²¥ ±μ²²¨³ Í¨¨ §  § ³¥¤²¨É¥²Ö³¨ · §´μ° Éμ²Ð¨´Ò.

�μ± § ´μ μÉ´μÏ¥´¨¥ ¸·¥¤´¥£μ §´ Î¥´¨Ö ¤¢ÊÌ ³ ±¸¨³ ²Ó´ÒÌ ¨´É¥´¸¨¢´μ¸É¥° ´ 
±· ÖÌ ¶·μË¨²Ö ± Í¥´É· ²Ó´μ° ¨´É¥´¸¨¢´μ¸É¨

t, ³³ �É´μÏ¥´¨¥ ³ ±¸¨³ ²Ó´μ° ¨´É¥´¸¨¢´μ¸É¨ ±
Í¥´É· ²Ó´μ°
®Track¯ 	±¸¶¥·¨³¥´É

0 1,26 1,29
2 1,24 1,22
14 1,11 1,11
54 Å Å

Œ¥´ÓÏÊÕ ´¥μ¤´μ·μ¤´μ¸ÉÓ ¶·μË¨²Ö ¶ÊÎ±  ¶μ²ÊÎ ¥³ ¸ ±μ²²¨³ Éμ· ³¨ ¨§
³¥¤¨ ¨²¨ ¦¥²¥§ . �·¨ Ê¸²μ¢¨ÖÌ, É ±¨Ì ¦¥, ± ± ¢ ¢ÒÏ¥μ¶¨¸ ´´μ³ Ô±¸¶¥-
·¨³¥´É¥, ¡Ò²¨ ¸¨³Ê²¨·μ¢ ´Ò ¶·μË¨²¨ ¶ÊÎ± , ¶·μÌμ¤ÖÐ¥£μ Î¥·¥§ ³¥¤´Ò° ¨
¦¥²¥§´Ò° ±μ²²¨³ Éμ· (·¨¸. 7, 8). †¥²¥§μ ¨ ³¥¤Ó ¨³¥ÕÉ ¶μÌμ¦¥¥ ¢²¨Ö´¨¥ ´ 

�¨¸. 7. �·μË¨²¨ ¶·μÉμ´´μ£μ ¶ÊÎ±  ¶μ¸²¥ ±μ²²¨³ Í¨¨, ¶μ²ÊÎ¥´´Ò¥ ³μ¤¥²¨·μ¢ ´¨¥³
¶μ ¶·μ£· ³³¥ ®Track¯. ‡  Ëμ·³¨·ÊÕÐ¨³ ±μ²²¨³ Éμ·μ³ ¨§ ³¥¤¨ Ê¸É ´ ¢²¨¢ ²¸Ö § -
³¥¤²¨É¥²Ó ¨§ ¶²¥±¸¨£² ¸  Éμ²Ð¨´μ° 0, 14, 54 ³³
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¶·μÌμ¤ÖÐ¨° ¶ÊÎμ±. �É´μÏ¥´¨¥ ³ ±¸¨³ ²Ó´μ° ¨´É¥´¸¨¢´μ¸É¨ ± Í¥´É· ²Ó´μ°
¸· §Ê ´  ¢ÒÌμ¤¥ ±μ²²¨³ Éμ·  ¸μ¸É ¢²Ö¥É 1,16 ¤²Ö ³¥¤¨, 1,19 Å ¤²Ö ¦¥²¥§  ¨
1,26 Å ¤²Ö ¸¶² ¢  Cerrobend.

�¨¸. 8. ‘· ¢´¥´¨¥ ¶·μË¨²¥° ¶·μÉμ´´μ£μ ¶ÊÎ±  ´¥¶μ¸·¥¤¸É¢¥´´μ §  ±μ²²¨³ Éμ·μ³ ¨§
³¥¤¨, ¦¥²¥§  ¨ ¸¶² ¢  Cerrobend. �·μË¨²¨ ¶μ²ÊÎ¥´Ò ³μ¤¥²¨·μ¢ ´¨¥³ ¶μ ¶·μ£· ³³¥
®Track¯

‡�Š‹	—…�ˆ…

�·μ£· ³³  ®Track¯, ³μ¤¥²¨·ÊÕÐ Ö É· ´¸¶μ·É¨·μ¢±Ê (Ëμ·³¨·μ¢ ´¨¥) É¥-
· ¶¥¢É¨Î¥¸±μ£μ ¶·μÉμ´´μ£μ ¶ÊÎ± , ¤μ¶μ²´¥´   ²£μ·¨É³μ³, ¢ÒÎ¨¸²ÖÕÐ¨³ · ¸-
¶·¥¤¥²¥´¨Ö Ô´¥·£¥É¨Î¥¸±¨Ì ¶μÉ¥·Ó. � ¸Î¥É μ¸´μ¢ ´ ´  É¥μ·¨¨ ‚ ¢¨²μ¢ .
	´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ¶ÊÎ±  ¢¤μ²Ó ¸¨¸É¥³Ò ¸´ Î ²  ¶·μ ´ ²¨§¨·μ¢ ´ ¨ · §-
¤¥²¥´ ´  ¨´É¥·¢ ²Ò Ï¨·¨´μ° 0,1 ŒÔ‚. „²Ö ± ¦¤μ£μ ¨´É¥·¢ ²  ¢ÒÎ¨¸²¥´Ò
· ¸¶·¥¤¥²¥´¨Ö Ô´¥·£¥É¨Î¥¸±¨Ì ¶μÉ¥·Ó ¨ Ê£²μ¢ÒÌ μÉ±²μ´¥´¨° ¶·μÉμ´μ¢. “£²μ-
¢Ò¥ μÉ±²μ´¥´¨Ö ¢ÒÎ¨¸²¥´Ò ´  μ¸´μ¢¥ É¥μ·¨¨ ³´μ£μ±· É´μ£μ ±Ê²μ´μ¢¸±μ£μ
· ¸¸¥Ö´¨Ö Œμ²Ó¥· . �·¨ · ¸Î¥É¥ ³¥Éμ¤μ³ Œμ´É¥-Š ·²μ ± ¦¤Ò° ¶·μÉμ´ ¶·¨
¶·μÌμ¦¤¥´¨¨ Î¥·¥§ ¢¥Ð¥¸É¢μ § ³¥¤²Ö¥É¸Ö ¨ ¶·¨μ¡·¥É ¥É ´μ¢μ¥ Ê£²μ¢μ¥ μÉ-
±²μ´¥´¨¥.

�¤´¨³ ¨§ ¶·¨³¥´¥´¨° ¶·μ£· ³³Ò ®Track¯ Ö¢²Ö¥É¸Ö ³μ¤¥²¨·μ¢ ´¨¥ ¶·μ-
Ë¨²¥° ¶ÊÎ± . ‚Ò¡· ´ Ô±¸¶¥·¨³¥´É ¢²¨Ö´¨Ö ±μ²²¨³ Éμ·  ´  ¶·μË¨²Ó ¶·μÌμ-
¤ÖÐ¥£μ ¶ÊÎ± . 	ËË¥±É ±μ²²¨³ Éμ· , μÉ· ¦¥´¨¥ ¶·μÉμ´μ¢ μÉ ¸É¥´μ± ±μ²²¨-
³ Éμ·  ¢ ¶μ²¥ ¶ÊÎ± , ¶·¨¢μ¤¨É ± ¶μÖ¢²¥´¨Õ ´¥μ¤´μ·μ¤´μ¸É¨ ¶·μË¨²Ö ¶ÊÎ± .
Œμ¤¥²¨·μ¢ ´´Ò¥ ¶·μË¨²¨ Ìμ·μÏμ ¸μ¢¶ ¤ ÕÉ ¸ Ô±¸¶¥·¨³¥´É ²Ó´μ ¨§³¥·¥´-
´Ò³¨ ¶·μË¨²Ö³¨. ‚ ¸¨³Ê²ÖÍ¨¨ ¸· ¢´¥´Ò ±μ²²¨³ Éμ·Ò ¨§ ³¥¤¨, ¦¥²¥§  ¨
¸¶² ¢  Cerrobend. � ¨¡μ²ÓÏ Ö ´¥μ¤´μ·μ¤´μ¸ÉÓ ¶·μË¨²Ö ¶ÊÎ±  §  ±μ²²¨³ -
Éμ·μ³ ¨§ ¸¶² ¢  Cerrobend. �¥μ¤´μ·μ¤´μ¸ÉÓ ¶·μË¨²Ö ¶ÊÎ±  Ê¢¥²¨Î¨¢ ¥É¸Ö
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¸ ·μ¸Éμ³ § ·Ö¤  Z ³ É¥·¨ ²  ±μ²²¨³ Éμ· . ‚μ§· ¸É ´¨¥ ¤μ§Ò ´  £· ´¨Í¥
 ¶¥·ÉÊ·Ò ±μ²²¨³ Éμ·  μ¡Ê¸²μ¢²¥´μ Î ¸É¨Í ³¨, · ¸¸¥Ö´´Ò³¨ ¢ ¸É¥´± Ì ±μ²-
²¨³ Éμ·  ¨ ¨³¥ÕÐ¨³¨ Ô´¥·£¨Õ ´¨¦¥, Î¥³ ¢ μ¸´μ¢´μ³ ¶ÊÎ±¥. Š· ¥¢ Ö ¤μ§ 
¡Ò¸É·μ Ê³¥´ÓÏ ¥É¸Ö ¸ £²Ê¡¨´μ° ¢¥Ð¥¸É¢ .


² £μ¤ ·´μ¸É¨. �μ¤¤¥·¦±  ¢ ¨´¨Í¨ ²¨§ Í¨¨ ÔÉμ° · ¡μÉÒ ¡Ò²  μ± § ´ 
�ˆŸˆ ¨ ‘²μ¢ Í±¨³ ³¨´¨¸É¥·¸É¢μ³ μ¡· §μ¢ ´¨Ö. �¸μ¡¥´´μ ÌμÉ¥²μ¸Ó ¡Ò
¢Ò· §¨ÉÓ ¡² £μ¤ ·´μ¸ÉÓ �. ƒ. Œμ²μ± ´μ¢Ê ¨ ˆ.‚.Œ¨·μÌ¨´Ê §  ¶μ³μÐÓ  ¢Éμ·Ê
¶·¨ ¶·μ¢¥¤¥´¨¨ ÔÉμ° · ¡μÉÒ.
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