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Silicon Epitaxial Planar Detectors of Heavy Charged Particles

A brief description of a method for manufacturing silicon epitaxial planar detec-

tors is presented. An energy resolution for the 241 Am (E
�

�5 486. MeV) �-particles

has been found to be 19.3 keV at the detector active area 2 cm 2 . An intrinsic resolution

of 10.2 keV shows that on basis of high-resistivity epitaxial Si layers one can create

heavy charged particle detectors with good spectrometric performances.

The investigation has been performed at the Flerov Laboratory of Nuclear Reac-

tions, JINR.

Communication of the Joint Institute for Nuclear Research. Dubna, 2004
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Êðåìíèåâûå ýïèòàêñèàëüíûå ïëàíàðíûå äåòåêòîðû

òÿæåëûõ çàðÿæåííûõ ÷àñòèö

Êðàòêî îïèñàíà ìåòîäèêà èçãîòîâëåíèÿ êðåìíèåâûõ ýïèòàêñèàëüíûõ ïëà-

íàðíûõ äåòåêòîðîâ. Ýíåðãåòè÷åñêîå ðàçðåøåíèå äëÿ �-÷àñòèö 241 Am

(E
�

�5 486, ÌýÂ) ñîñòàâèëî 19,3 êýÂ ïðè àêòèâíîé ïëîùàäè äåòåêòîðà 2 ñì 2 .

Ñîáñòâåííîå ðàçðåøåíèå 10,2 êýÂ ñâèäåòåëüñòâóåò, ÷òî íà îñíîâå âûñîêîîìíûõ
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�·¨³¥´¥´¨¥ Ô¶¨É ±¸¨ ²Ó´ÒÌ ¸²µ¥¢ Si ¶µ§¢µ²Ö¥É ¸µ§¤ ¢ ÉÓ ¶·¨¡µ·Ò, µ¡² -
¤ ÕÐ¨¥ ´µ¢Ò³¨ ¸¢µ°¸É¢ ³¨, ¨²¨ Ê¸µ¢¥·Ï¥´¸É¢µ¢ ÉÓ ¨Ì ¨§¢¥¸É´Ò¥ ¸¢µ°¸É¢ .
‚ ± Î¥¸É¢¥ µ¤´µ° ¨§ µÉ²¨Î¨É¥²Ó´ÒÌ µ¸µ¡¥´´µ¸É¥° Ô¶¨É ±¸¨ ²Ó´µ° ³¥Éµ¤¨±¨
¸²¥¤Ê¥É µÉ³¥É¨ÉÓ ¢µ§³µ¦´µ¸ÉÓ ¶µ²ÊÎ¥´¨Ö ±µ³¶ ±É´ÒÌ, ¨´É¥£· ²Ó´ÒÌ (³µ´µ-
²¨É´ÒÌ) ¤¥É¥±É¨·ÊÕÐ¨Ì ¸É·Ê±ÉÊ·. Œµ¤¨Ë¨± Í¨Ö ¢ Ï¨·µ±µ³ ¤¨ ¶ §µ´¥ ¶ · -
³¥É·µ¢ Ô¶¨É ±¸¨ ²Ó´ÒÌ ¸²µ¥¢ Si ¶µ§¢µ²Ö¥É ¸µ§¤ ¢ ÉÓ ³´µ£µ¸²µ°´Ò¥ ¸É·Ê±ÉÊ·Ò
¸ Ê´¨± ²Ó´Ò³¨ ¸¢µ°¸É¢ ³¨. �¤¨´ ¨§ ¶·¨³¥·µ¢ Ï¨·µÉÒ ¤¨ ¶ §µ´  ¨§³¥´¥´¨Ö
¶ · ³¥É·µ¢ Å ¢µ§³µ¦´µ¸ÉÓ ³¥´ÖÉÓ Ê¤¥²Ó´µ¥ ¸µ¶·µÉ¨¢²¥´¨¥ Ô¶¨É ±¸¨ ²Ó´ÒÌ
¸²µ¥¢ ¶· ±É¨Î¥¸±¨ ´  É·¨ ¶µ·Ö¤±  ¢¥²¨Î¨´Ò. �¸µ¡¥´´µ¸ÉÓÕ Ô¶¨É ±¸¨ ²Ó´µ°
³¥Éµ¤¨±¨ Ö¢²Ö¥É¸Ö É ±¦¥ ¢µ§³µ¦´µ¸ÉÓ ¸µ§¤ ¢ ÉÓ ¤¥É¥±Éµ·Ò ¸µ ¸É·µ£µ § ¤ ´-
´µ° Éµ²Ð¨´µ° ÎÊ¢¸É¢¨É¥²Ó´µ£µ ¸²µÖ, ÎÉµ ¶µ§¢µ²Ö¥É ¢ ´¥±µÉµ·ÒÌ Ë¨§¨Î¥¸±¨Ì
Ô±¸¶¥·¨³¥´É Ì µ¶É¨³¨§¨·µ¢ ÉÓ ·¥¦¨³ ·¥£¨¸É· Í¨¨ Î ¸É¨Í.

ˆ¸¶µ²Ó§µ¢ ´¨¥ Ô¶¨É ±¸¨ ²Ó´ÒÌ ¸²µ¥¢ Si Ê¦¥ ´  ¶¥·¢µ³ ÔÉ ¶¥ ¶·¨¢¥²µ
± ¤µ¸É¨¦¥´¨Õ ·Ö¤  ¸ÊÐ¥¸É¢¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢. � ¶·¨³¥·, ´  µ¸´µ¢¥ Ô¶¨É ±-
¸¨ ²Ó´ÒÌ ¸²µ¥¢ Si ¡Ò²¨ ¸µ§¤ ´Ò µ¤´¨ ¨§ ¸ ³ÒÌ Éµ´±¨Ì ∆E-¤¥É¥±Éµ·µ¢ ¸
¢Ò¸µ±µ° µ¤´µ·µ¤´µ¸ÉÓÕ · ¡µÎ¥£µ ¸²µÖ [1],   É ±¦¥ ¨´É¥£· ²Ó´Ò¥ ∆E − E
¨ ∆E1 − ∆E2 ¤¥É¥±É¨·ÊÕÐ¨¥ ¸É·Ê±ÉÊ·Ò [2,3]. Š ± ¶µ± § ² ´ Ï ¸µ¡¸É¢¥´-
´Ò° µ¶ÒÉ [4,5], ´  µ¸´µ¢¥ ´¨§±µµ³´ÒÌ (ρ ≈30 Ä 80 �³·¸³) Ô¶¨É ±¸¨ ²Ó´ÒÌ
¸²µ¥¢ Éµ²Ð¨´µ° 20Ä50 ³±³ ³µ¦´µ ¸µ§¤ ¢ ÉÓ ¤¥É¥±Éµ·Ò µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¸
Ìµ·µÏ¨³¨ ¸¶¥±É·µ³¥É·¨Î¥¸±¨³¨ ¶ · ³¥É· ³¨. ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢ É -
±¨Ì ¤¥É¥±Éµ· Ì ¸¶¥±É·µ³¥É·¨Î¥¸±¨° ·¥¦¨³ · ¡µÉÒ ¤µ¸É¨£ ¥É¸Ö ¶·¨ ´¨§±¨Ì
§´ Î¥´¨ÖÌ ´ ¶·Ö¦¥´¨Ö ¸³¥Ð¥´¨Ö Vb , ¢ Î ¸É´µ¸É¨ ¨ ¶·¨ Vb = 0 ‚.

‘²¥¤Ê¥É §¤¥¸Ó É ±¦¥ µÉ³¥É¨ÉÓ, ÎÉµ ¢ · ¡µÉ¥ [4] ¡Ò²µ Ê± § ´µ ´  Éµ, ÎÉµ
µ¤´o ¨§ ¶µÉ¥´Í¨ ²Ó´ÒÌ ¶·¥¨³ÊÐ¥¸É¢ ¤¥É¥±Éµ·µ¢ ´  µ¸´µ¢¥ ´¨§±µµ³´ÒÌ Ô¶¨-
É ±¸¨ ²Ó´ÒÌ ¸²µ¥¢ Si Å ¨Ì ¡µ²¥¥ ¢Ò¸µ± Ö · ¤¨ Í¨µ´´ Ö ¸Éµ°±µ¸ÉÓ. ‚ · ¡µÉ¥
[6] Ô±¸¶¥·¨³¥´É ²Ó´µ ¶µ¤É¢¥·¦¤¥´µ ´ Ï¥ ¶·¥¤¶µ²µ¦¥´¨¥ µ ¢Ò¸µ±µ° · ¤¨ -
Í¨µ´´µ° ¸Éµ°±µ¸É¨ ¤¥É¥±Éµ·µ¢ ´  µ¸´µ¢¥ ´¨§±µµ³´ÒÌ Ô¶¨É ±¸¨ ²Ó´ÒÌ ¸²µ¥¢
±·¥³´¨Ö. ‚µ ¢¸¥³ ¨¸¸²¥¤µ¢ ´´µ³ ¢ ÔÉµ° · ¡µÉ¥ ¤¨ ¶ §µ´¥ Ë²ÕÔ´¸µ¢ 24 ƒÔ‚/c
¶·µÉµ´µ¢ ¢¶²µÉÓ ¤µ ” = 1, 3 · 1015 ¶·µÉµ´µ¢/¸³2 ¨´¢¥·¸¨Ö ¶·µ¢µ¤¨³µ¸É¨ ´¥
´ ¡²Õ¤ ¥É¸Ö,   ÔËË¥±É¨¢´µ¸ÉÓ ¸µ¡¨· ´¨Ö § ·Ö¤  µ¸É ¥É¸Ö ¡²¨§±µ° ± 100 %.

‘²¥¤ÊÕÐ¨³ ÔÉ ¶µ³ ¢ · §· ¡µÉ±¥ Ô¶¨É ±¸¨ ²Ó´ÒÌ ¤¥É¥±Éµ·µ¢ ¡Ò²µ ¸µ§¤ -
´¨¥ ¤¥É¥±Éµ·µ¢ ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ´  µ¸´µ¢¥ ¢Ò¸µ±µµ³´ÒÌ ¸²µ¥¢
Si [7]. „²Ö ¸µ§¤ ´¨Ö É ±¨Ì ¤¥É¥±Éµ·µ¢ ´ ³¨ ¨¸¶µ²Ó§µ¢ ²¸Ö Ô¶¨É ±¸¨ ²Ó´Ò°
¸²µ° Si ¸ Ê¤¥²Ó´Ò³ ¸µ¶·µÉ¨¢²¥´¨¥³ ≈ 1, 2 ±�³ · ¸³, Éµ²Ð¨´µ° 100 ³±³,
¢Ò· Ð¥´´Ò° ´  ´¨§±µµ³´µ° ¶µ¤²µ¦±¥ n+-Si, Éµ²Ð¨´  ±µÉµ·µ° ¸µ¸É ¢²Ö² 
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650 ³±³. �¸µ¡¥´´µ¸ÉÓÕ ³¥Éµ¤¨±¨ ¨§£µÉµ¢²¥´¨Ö ÔÉ¨Ì ¤¥É¥±Éµ·µ¢ ¡Ò²µ ¶·¨³¥-
´¥´¨¥ £¥É¥·µ¶¥·¥Ìµ¤  Pd2Si Ä (n-Si) ¤²Ö ¶µ²ÊÎ¥´¨Ö ¢Ò¶·Ö³²ÖÕÐ¥° ¸É·Ê±ÉÊ·Ò.
�  ¤¥É¥±Éµ· Ì ¸ £¥É¥·µ¶¥·¥Ìµ¤µ³ ¤²Ö α-Î ¸É¨Í 238Pu (Eα = 5, 49 ŒÔ‚) · §-
·¥Ï¥´¨¥ ¶µ Ô´¥·£¨¨ ¸µ¸É ¢¨²µ 27 ±Ô‚ ¶·¨ · ¡µÎ¥° ¶µ¢¥·Ì´µ¸É¨ ¤¥É¥±Éµ· 
1 ¸³2 ¨ 42 ±Ô‚ ¶·¨ · ¡µÎ¥° ¶µ¢¥·Ì´µ¸É¨ 5 ¸³2. �µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶µ± -
§ ²¨ ¶¥·¸¶¥±É¨¢´µ¸ÉÓ ¶·¨³¥´¥´¨Ö ¢Ò¸µ±µµ³´ÒÌ Ô¶¨É ±¸¨ ²Ó´ÒÌ ¸²µ¥¢ Si ¤²Ö
¸µ§¤ ´¨Ö ´  ¨Ì µ¸´µ¢¥ ¤¥É¥±Éµ·µ¢ ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¸ Ìµ·µÏ¨³¨
¸¶¥±É·µ³¥É·¨Î¥¸±¨³¨ ¸¢µ°¸É¢ ³¨.

„ ²Ó´¥°Ï¥¥ Ê¸µ¢¥·Ï¥´¸É¢µ¢ ´¨¥ ¸¶¥±É·µ³¥É·¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± ¤¥-
É¥±Éµ·µ¢ ¡Ò²µ ¤µ¸É¨£´ÊÉµ ¡² £µ¤ ·Ö ¶·¨³¥´¥´¨Õ ¶² ´ ·´µ£µ ¶·µÍ¥¸¸  ¶·¨
¨§£µÉµ¢²¥´¨¨ ¤¥É¥±Éµ·µ¢. �·¨³¥´¥´¨¥ ¶² ´ ·´µ° ³¥Éµ¤¨±¨ ¶µ¢ÒÏ ¥É ¸É -
¡¨²Ó´µ¸ÉÓ ¶ · ³¥É·µ¢ ¤¥É¥±Éµ·µ¢ ¨ ¸ÊÐ¥¸É¢¥´´µ ¸´¨¦ ¥É Éµ±¨ ÊÉ¥Î±¨ ¤¥É¥±-
Éµ·µ¢. ‚ ´ ¸ÉµÖÐ¥° · ¡µÉ¥ µ¶¨¸ ´  ³¥Éµ¤¨±  ¨§£µÉµ¢²¥´¨Ö Ô¶¨É ±¸¨ ²Ó´ÒÌ
¤¥É¥±Éµ·µ¢ ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¨ ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤µ¢ -
´¨Ö ¨Ì Ì · ±É¥·¨¸É¨±.

1. Œ…’�„ˆŠ� ˆ‡ƒ�’�‚‹…�ˆŸ „…’…Š’���‚

Š·¥³´¨¥¢Ò¥ Ô¶¨É ±¸¨ ²Ó´Ò¥ (n-n+)-¸É·Ê±ÉÊ·Ò ¨§£µÉµ¢²¥´Ò ¢ ˆ´¸É¨ÉÊÉ¥
É¥Ì´µ²µ£¨¨ Ô²¥±É·µ´´ÒÌ ³ É¥·¨ ²µ¢ (ITME, ‚ ·Ï ¢ ) ¸ ¶µ³µÐÓÕ ³¥Éµ¤ 
¶ ·µË §´µ° Ô¶¨É ±¸¨¨. ‚Ò¸µ±µµ³´Ò¥ Ô¶¨É ±¸¨ ²Ó´Ò¥ ¸²µ¨ n-Si ¢Ò· Ð¨¢ -
²¨¸Ó ´  ´¨§±µµ³´ÒÌ, ²¥£¨·µ¢ ´´ÒÌ ¸Ê·Ó³µ° ³µ´µ±·¨¸É ²²¨Î¥¸±¨Ì ±·¥³´¨¥-
¢ÒÌ ¶µ¤²µ¦± Ì. „²Ö ¨§£µÉµ¢²¥´¨Ö ¤¥É¥±Éµ·µ¢ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¶² ¸É¨´Ò Si ¸µ
¸²¥¤ÊÕÐ¨³¨ ¶ · ³¥É· ³¨:

• µ·¨¥´É Í¨Ö ¶² ¸É¨´Ò <111>, ±·¨¸É ²²¨Î¥¸± Ö ¶²µ¸±µ¸ÉÓ ¤¥§µ·¨¥´É¨-
·µ¢ ´  ´  3◦;

• ¤¨ ³¥É· ¶² ¸É¨´Ò Å 100 ³³;

• Éµ²Ð¨´  Ô¶¨É ±¸¨ ²Ó´µ£µ ¸²µÖ Å 100 ³±³;

• Ê¤¥²Ó´µ¥ ¸µ¶·µÉ¨¢²¥´¨¥ Ô¶¨É ±¸¨ ²Ó´µ£µ ¸²µÖ Å 3 ±�³·¸³;

• Éµ²Ð¨´  ¶µ¤²µ¦±¨ Å 400 ³±³;

• Ê¤¥²Ó´µ¥ ¸µ¶·µÉ¨¢²¥´¨¥ ¶µ¤²µ¦±¨ Å 0,05 �³·¸³.

‚Ò¶·Ö³²ÖÕÐ¨¥ (p+-n-n+)-¸É·Ê±ÉÊ·Ò ¡Ò²¨ ¨§£µÉµ¢²¥´Ò ¢ ˆ´¸É¨ÉÊÉ¥ Ô²¥±-
É·µ´´µ° É¥Ì´µ²µ£¨¨ (ITE, ‚ ·Ï ¢ ). ‚ µÉ²¨Î¨¥ µÉ ¸É ´¤ ·É´µ° ¶² ´ ·´µ°
É¥Ì´µ²µ£¨¨, ¢ ±µÉµ·µ° ¨¸¶µ²Ó§Ê¥É¸Ö ¨µ´´µ¥ ²¥£¨·µ¢ ´¨¥, ¢ ³¥Éµ¤¨±¥, · §-
· ¡µÉ ´´µ° ¢ ITE, ¤²Ö ¸µ§¤ ´¨Ö (p-n)-¶¥·¥Ìµ¤  ¶·¨³¥´Ö¥É¸Ö ¤¨ËËÊ§¨Ö ¡µ· .
„¨ËËÊ§¨Ö ¡µ·  µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¨§ Éµ´±µ£µ  ³µ·Ë´µ£µ ¸²µÖ ±·¥³´¨Ö, ²¥£¨·µ-
¢ ´´µ£µ ¡µ·µ³.
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2. ˆ‘‘‹…„�‚��ˆ… •���Š’…�ˆ‘’ˆŠ „…’…Š’���‚

ˆ¸¸²¥¤µ¢ ´´Ò¥ ¤¥É¥±Éµ·Ò ¨³¥²¨ ¸²¥¤ÊÕÐ¨¥ ¶ · ³¥É·Ò:

•  ±É¨¢´ Ö ¶µ¢¥·Ì´µ¸ÉÓ ¤¥É¥±Éµ·  Å 2 ¸³2;

• Éµ²Ð¨´   ±É¨¢´µ° µ¡² ¸É¨ Å 100 ³±³;

• ´ ¶·Ö¦¥´¨¥ ¶µ²´µ£µ µ¡¥¤´¥´¨Ö Å 12 ‚;

• Éµ± ÊÉ¥Î±¨ ¤¥É¥±Éµ·  ¶·¨ Vb = 10 B Å 12 ´�.

�  ·¨¸. 1 ¶µ± § ´µ · ¸¶·¥¤¥²¥´¨¥  ³¶²¨ÉÊ¤ ¸¨£´ ²µ¢, ¶µ²ÊÎ¥´´µ¥ ¶·¨ µ¡-
²ÊÎ¥´¨¨ ¤¥É¥±Éµ·  α-Î ¸É¨Í ³¨ 241Am ¶·¨ ´ ¶·Ö¦¥´¨¨ ¸³¥Ð¥´¨Ö Vb = 20 ‚.
‘¶¥±É· ´ ¡· ´ ¶·¨ É ±µ³ ·¥¦¨³¥ · ¡µÉÒ, ±µ£¤  Vb ¡µ²ÓÏ¥ ´ ¶·Ö¦¥´¨Ö ¶µ²-
´µ£µ ¨¸ÉµÐ¥´¨Ö Vfd= 12 ‚. ˆ§ ·¨¸. 1 ¢¨¤´µ, ÎÉµ Ô´¥·£¥É¨Î¥¸±µ¥ · §·¥Ï¥´¨¥,
µ¶·¥¤¥²¥´´µ¥ ± ± ¶µ²´ Ö Ï¨·¨´  ²¨´¨¨ ´  ¶µ²µ¢¨´¥ ¢Ò¸µÉÒ · ¸¶·¥¤¥²¥´¨Ö
α-Î ¸É¨Í, ¸µ¸É ¢²Ö¥É 19,3 ±Ô‚. �µ²ÊÎ¥´´µ¥ §´ Î¥´¨¥ Ô´¥·£¥É¨Î¥¸±µ£µ · §-
·¥Ï¥´¨Ö ¤²Ö Ô¶¨É ±¸¨ ²Ó´ÒÌ ¤¥É¥±Éµ·µ¢ ¡²¨§±o ± ¢¥²¨Î¨´¥ Ô´¥·£¥É¨Î¥¸±µ£µ
· §·¥Ï¥´¨Ö  ´ ²µ£¨Î´ÒÌ ¶µ ¶²µÐ ¤¨ ¨ Éµ²Ð¨´¥ · ¡µÎ¥£µ ¸²µÖ ¤¥É¥±Éµ·µ¢
Ë¨·³ EG&G ORTEC ¨ Canberra, ¨§£µÉµ¢²¥´´ÒÌ ¶µ ¶² ´ ·´µ° É¥Ì´µ²µ£¨¨ ´ 
¶² ¸É¨´ Ì ±·¥³´¨Ö, ¢Ò·¥§ ´´ÒÌ ¨§ µ¡Ñ¥³´ÒÌ ¸²¨É±µ¢.
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�¨¸. 1. �´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· α-Î ¸É¨Í 241Am

Š ± ¢¨¤´µ ¨§ ·¨¸. 1, ¢ ¸¶¥±É·¥ α-Î ¸É¨Í ´¥É ·¥§±µ£µ, Ì · ±É¥·´µ£µ
¤²Ö ¶µ²Ê¶·µ¢µ¤´¨±µ¢ÒÌ ¤¥É¥±Éµ·µ¢, ¸¶ ¤  ¸ ¶· ¢µ° ¸Éµ·µ´Ò · ¸¶·¥¤¥²¥´¨Ö
 ³¶²¨ÉÊ¤ ¸¨£´ ²µ¢. ‚ µ¡² ¸É¨ ³ ²µ° ¨´É¥´¸¨¢´µ¸É¨ ¸Î¥É  ´ ¡²Õ¤ ¥É¸Ö ®¶µÉÖ-
´ÊÉµ¸ÉÓ¯ ¸¶¥±É·µ¢ ¢ ¸Éµ·µ´Ê ¡µ²ÓÏ¨Ì Ô´¥·£¨°, ÎÉµ ´¥ ¸¢Ö§ ´µ ¸ ± ±¨³¨-²¨¡µ
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µ¸µ¡¥´´µ¸ÉÖ³¨ µÉ±²¨±  Ô¶¨É ±¸¨ ²Ó´µ£µ ¤¥É¥±Éµ· . ’ ± Ö Ëµ·³  · ¸¶·¥¤¥-
²¥´¨Ö µ¡Ê¸²µ¢²¥´  É¥³, ÎÉµ ¢ µ¡² ¸É¨ Ô´¥·£¨° ¢ÒÏ¥ 5,486 ŒÔ‚ ¢ ¸¶¥±É·¥
α-Î ¸É¨Í 241Am ¶·¨¸ÊÉ¸É¢ÊÕÉ ´¥· §·¥Ï¥´´Ò¥ ²¨´¨¨, ¸Ê³³ ·´ Ö ¨´É¥´¸¨¢-
´µ¸ÉÓ ±µÉµ·ÒÌ ¸µ¸É ¢²Ö¥É ∼ 0, 5 % µÉ µ¡Ð¥£µ Î¨¸²  α-· ¸¶ ¤µ¢.

‘µ¡¸É¢¥´´µ¥ Ô´¥·£¥É¨Î¥¸±µ¥ · §·¥Ï¥´¨¥ ¤¥É¥±Éµ·  µ¶·¥¤¥²Ö¥É¸Ö Ëµ·³Ê-
²µ°

R¸µ¡ = (R2
¨§³ − R2

£¥´)
0,5, (1)

£¤¥ R¨§³ Å ¨§³¥·¥´´µ¥ §´ Î¥´¨¥ · §·¥Ï¥´¨Ö ¶¨±  α-Î ¸É¨Í; R£¥´ Å · §·¥-
Ï¥´¨¥ £¥´¥· Éµ·´µ£µ ¶¨± . � ¸¶·¥¤¥²¥´¨¥  ³¶²¨ÉÊ¤ ¸¨£´ ²µ¢ µÉ £¥´¥· Éµ· 
ÉµÎ´µ°  ³¶²¨ÉÊ¤Ò, ¶µ²ÊÎ¥´´µ¥ ¶·¨ ´ ¶·Ö¦¥´¨¨ Vb = 20 ‚, ¶µ± § ´µ ´ 
·¨¸. 2.
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�¨¸. 2. � ¸¶·¥¤¥²¥´¨¥  ³¶²¨ÉÊ¤ ¸¨£´ ²µ¢ £¥´¥· Éµ· 

˜¨·¨´  £¥´¥· Éµ·´µ£µ ¶¨±  ¸µ¸É ¢²Ö¥É R£¥´ = 16, 4 ±Ô‚. ˆ¸¶µ²Ó§ÊÖ Ëµ·-
³Ê²Ê (1), ¶µ²ÊÎ ¥³, ÎÉµ R¸µ¡ ¶·¨ Vb=20 ‚ ¸µ¸É ¢²Ö¥É 10,2 ±Ô‚. �µ²ÊÎ¥´´µ¥
§´ Î¥´¨¥ R¸µ¡ = 10, 2 ±Ô‚ ¤²Ö ¤¥É¥±Éµ·  ¸ ¶²µÐ ¤ÓÕ · ¡µÎ¥° ¶µ¢¥·Ì´µ¸É¨
S = 2 ¸³2 ¶µ± §Ò¢ ¥É, ÎÉµ ¢Ò¸µ±µµ³´Ò¥ Ô¶¨É ±¸¨ ²Ó´Ò¥ ¸²µ¨ Si µ¡¥¸¶¥Î¨-
¢ ÕÉ ¸µ§¤ ´¨¥ ´  ¨Ì µ¸´µ¢¥ ¤¥É¥±Éµ·µ¢ ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¸ ¢Ò¸µ-
±¨³¨ ¸¶¥±É·µ³¥É·¨Î¥¸±¨³¨ ¸¢µ°¸É¢ ³¨.

�  ·¨¸.3 ¶µ± § ´Ò § ¢¨¸¨³µ¸É¨  ³¶²¨ÉÊ¤ ¸¨£´ ²µ¢ µÉ ´ ¶·Ö¦¥´¨Ö, ¶·¨-
²µ¦¥´´µ£µ ± ¤¥É¥±Éµ·Ê. „²Ö ÔÉµ° Í¥²¨ ¡Ò² ¨¸¶µ²Ó§µ¢ ´ ¨¸ÉµÎ´¨± α-Î ¸É¨Í
226Ra. �ÉµÉ ¨¸ÉµÎ´¨± ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ¶·µ¸²¥¤¨ÉÓ ¨§³¥´¥´¨¥  ³¶²¨ÉÊ¤ ¸¨£-
´ ²µ¢ ¤²Ö ¶ÖÉ¨ £·Ê¶¶ α-Î ¸É¨Í ¢ µ¤´µ³ ¨§³¥·¥´¨¨. ˆ§ ·¨¸. 3 ¢¨¤´µ, ÎÉµ
 ³¶²¨ÉÊ¤Ò ¸¨£´ ²µ¢ ¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸ÖÉ µÉ ¶·¨²µ¦¥´´µ£µ ± ¤¥É¥±Éµ·Ê
´ ¶·Ö¦¥´¨Ö. �³¶²¨ÉÊ¤  ¸¨£´ ²µ¢ ¢µ§· ¸É ¥É ¢¸¥£µ ²¨ÏÓ ´  ∼ 0, 5 % ¶·¨ ¨§-
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�¨¸. 3. ‡ ¢¨¸¨³µ¸ÉÓ  ³¶²¨ÉÊ¤ ¸¨£´ ²µ¢ α-Î ¸É¨Í 226Ra µÉ ´ ¶·Ö¦¥´¨Ö ¸³¥Ð¥´¨Ö

³¥´¥´¨¨ ´ ¶·Ö¦¥´¨Ö ¸³¥Ð¥´¨Ö ¢ ¢µ¸¥³Ó · §, ¶·¨ ÔÉµ³  ³¶²¨ÉÊ¤  £¥´¥· Éµ·-
´µ£µ ¶¨±  ¢µ§· ¸É ¥É ´  0,07 %. �µ²ÊÎ¥´´Ò¥ § ¢¨¸¨³µ¸É¨ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ
Ìµ·µÏ¥³ ¸µ¡¨· ´¨¨ £¥´¥·¨·µ¢ ´´µ£µ Î ¸É¨Í¥° § ·Ö¤  ¶·¨ ´¨§±¨Ì §´ Î¥´¨ÖÌ
´ ¶·Ö¦¥´¨Ö ¸³¥Ð¥´¨Ö,   É ±¦¥ µ ¸² ¡µ° § ¢¨¸¨³µ¸É¨ ¥³±µ¸É¨ ¤¥É¥±Éµ·  µÉ
´ ¶·Ö¦¥´¨Ö ¸³¥Ð¥´¨Ö.
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