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for Multilayer Spectrometers of Charged Particles

The results of development of planar HPGe detectors with the thin entrance windows
(< 0.1 µm) made by boron and phosphorus ion implantation are presented. It is shown that these
detectors have good electric and spectrometric parameters. The same detectors are intended
for modernization of actual multilayer spectrometers used for investigation of rare nuclear
processes and search for deep states of xenon pionic atoms.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear Problems,
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Èìïëàíòèðîâàííûå HPGe-äåòåêòîðû
äëÿ ìíîãîñëîéíûõ ñïåêòðîìåòðîâ çàðÿæåííûõ ÷àñòèö

Ïðåäñòàâëåíû ðåçóëüòàòû ðàçðàáîòêè ïëàíàðíûõ äåòåêòîðîâ èç HPGe ñ òîíêèìè
âõîäíûìè îêíàìè (< 0,1 ìêì), ïîëó÷åííûìè ñ ïîìîùüþ èîííîé èìïëàíòàöèè áîðà
è ôîñôîðà. Ïîêàçàíî, ÷òî ñîçäàííûå äåòåêòîðû îáëàäàþò õîðîøèìè ýëåêòðè÷åñêèìè
è ñïåêòðîìåòðè÷åñêèìè ïàðàìåòðàìè. Äåòåêòîðû òàêîãî òèïà ïðåäíàçíà÷åíû äëÿ ðàçâè-
òèÿ è ìîäåðíèçàöèè ñóùåñòâóþùèõ ìíîãîñëîéíûõ ñïåêòðîìåòðîâ, èñïîëüçóåìûõ äëÿ èç-
ó÷åíèÿ ðåäêèõ ÿäåðíûõ ïðîöåññîâ è ïîèñêà ãëóáîêîëåæàùèõ ñîñòîÿíèé ïèîííûõ àòîìîâ
êñåíîíà.

Ðàáîòà âûïîëíåíà â Ëàáîðàòîðèè ÿäåðíûõ ïðîáëåì èì. Â. Ï. Äæåëåïîâà ÎÈßÈ.
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Œ´µ£µ¸²µ°´Ò¥ ¶µ²Ê¶·µ¢µ¤´¨±µ¢Ò¥ ¸¶¥±É·µ³¥É·Ò (��„-É¥²¥¸±µ¶Ò), ¸µ-
¸ÉµÖÐ¨¥ ¨§ ¶µ¸²¥¤µ¢ É¥²Ó´µ · ¸¶µ²µ¦¥´´ÒÌ ¶² ´ ·´ÒÌ Si- ¨/¨²¨ Ge-¤¥É¥±-
Éµ·µ¢, ± ± ¶· ¢¨²µ, ¨¸¶µ²Ó§ÊÕÉ¸Ö ¢ ¤¢ÊÌ ´ ¶· ¢²¥´¨ÖÌ Ô±¸¶¥·¨³¥´É ²Ó´µ°
Ö¤¥·´µ° Ë¨§¨±¨. �¥·¢µ¥ Å ¸¶¥±É·µ³¥É·¨Ö Î ¸É¨Í ¢ ·¥¦¨³¥ ¸µ¢¶ ¤¥´¨Ö, ´ -
¶·¨³¥· ¸¶¥±É·µ³¥É· TGV ¤²Ö ¨§ÊÎ¥´¨Ö ·¥¤±¨Ì Ö¤¥·´ÒÌ ¶·µÍ¥¸¸µ¢ (¤¢µ°´µ°
¡¥É -· ¸¶ ¤, ¤¢µ°´µ° Ô²¥±É·µ´´Ò° § Ì¢ É) [1, 2]. ˆ¸¸²¥¤Ê¥³Ò¥ ¨§µÉµ¶Ò ´ -
Ìµ¤ÖÉ¸Ö ¢ ´¥³ ¢ ¢¨¤¥ Éµ´±¨Ì ¨¸ÉµÎ´¨±µ¢ Ô²¥±É·µ´µ¢ ³¥¦¤Ê ¤¥É¥±Éµ· ³¨ ¨§
¸¢¥·ÌÎ¨¸Éµ£µ £¥·³ ´¨Ö (HPGe). ‚Éµ·µ¥ Å ¨¤¥´É¨Ë¨± Í¨Ö ¨ ¸¶¥±É·µ³¥É·¨Ö
¤²¨´´µ¶·µ¡¥¦´ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í. �·¨³¥· ³¨ ¢Éµ·µ£µ ´ ¶· ¢²¥´¨Ö ³µ-
£ÊÉ ¸²Ê¦¨ÉÓ ��„-É¥²¥¸±µ¶Ò ¨§ HPGe, ¶·¥¤´ §´ Î¥´´Ò¥ ¤²Ö ³¥Î¥´¨Ö ·¥ ±Í¨°
π-, η-·µ¦¤¥´¨Ö ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ ¨§ÊÎ¥´¨Õ ·¥¤±¨Ì ³µ¤ · ¸¶ ¤  ³¥§µ´µ¢ ¨
¶µ¨¸±  £²Ê¡µ±µ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° ¶¨µ´´ÒÌ  Éµ³µ¢ ±¸¥´µ´  [3, 4].

HPGe-É¥²¥¸±µ¶Ò µ¡² ¤ ÕÉ Ô´¥·£¥É¨Î¥¸±¨³ · §·¥Ï¥´¨¥³, ¸· ¢´¨³Ò³ ¸
· §·¥Ï¥´¨¥³ ³ £´¨É´ÒÌ ¸¶¥±É·µ³¥É·µ¢. ‚ µÉ²¨Î¨¥ µÉ ³ £´¨É´ÒÌ, µ´¨ ¶µ§¢µ-
²ÖÕÉ ¢Ò¶µ²´ÖÉÓ ¶·¥Í¨§¨µ´´µ¥ ¨§³¥·¥´¨¥ Ô´¥·£¨¨ ¨ ¨¤¥´É¨Ë¨± Í¨Õ Î ¸É¨Í
¢ Ï¨·µ±µ³ ¨´É¥·¢ ²¥ Ô´¥·£¨° (µÉ ´¥¸±µ²Ó±¨Ì ¤µ ¸µÉ¥´ ³¥£ Ô²¥±É·µ´¢µ²ÓÉ) ¨
³ ¸¸ (µÉ ¶¨µ´µ¢ ¤µ ³´µ£µ§ ·Ö¤´ÒÌ ¨µ´µ¢) ¡¥§ ¨§³¥´¥´¨Ö ¢ ´ ¸É·µ°±¥ ¸¶¥±-
É·µ³¥É· , ÎÉµ ¸ÊÐ¥¸É¢¥´´µ ¤²Ö ¸±µ·µ¸É¨ ´ ¡µ·  ¸É É¨¸É¨±¨ ¨ ³¨´¨³¨§ Í¨¨
¸¨¸É¥³ É¨Î¥¸±¨Ì µÏ¨¡µ±. �·¨ ÔÉµ³, ± ± ¶µ± § ´µ ¢ [4, 5], ¨ ¢ ¶¥·¢µ³ ¨ ¢µ
¢Éµ·µ³ ¸²ÊÎ ¥ ¨¸¶µ²Ó§µ¢ ´¨Ö ��„-É¥²¥¸±µ¶µ¢ ¨Ì ¶·¥Í¨§¨µ´´µ¸ÉÓ · ¸É¥É ¸
Ê³¥´ÓÏ¥´¨¥³ Éµ²Ð¨´ ´¥ÎÊ¢¸É¢¨É¥²Ó´ÒÌ ¸²µ¥¢ (¢Ìµ¤´ÒÌ µ±µ´) ¤¥É¥±Éµ·µ¢ ¸
Ë·µ´É ²Ó´µ° ¨ ÉÒ²Ó´µ° ¸Éµ·µ´Ò (n+- ¨ p+-±µ´É ±Éµ¢). Š·µ³¥ ÔÉµ£µ, ¢ ¦´Ò³
Ë ±Éµ·µ³, ¢²¨ÖÕÐ¨³ ´  ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨°, Ö¢²Ö¥É¸Ö ¶µ¸ÉµÖ´¸É¢µ ¢¥²¨Î¨´Ò
¢Ìµ¤´µ£µ µ±´  ¢µ ¢·¥³¥´¨.

� §· ¡µÉ ´´Ò¥ ¢ ‹ ¡µ· Éµ·¨¨ Ö¤¥·´ÒÌ ¶·µ¡²¥³ �ˆŸˆ HPGe-¤¥É¥±Éµ·Ò
¤²Ö ¢ÒÏ¥µÉ³¥Î¥´´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ [1Ä4] ¡Ò²¨ ¸µ§¤ ´Ò ¶µ É· ¤¨Í¨µ´´µ°
É¥Ì´µ²µ£¨¨ [6], ±µÉµ· Ö ¢±²ÕÎ ¥É ¢ ¸¥¡Ö É¥·³µ¤¨ËËÊ§¨Õ ²¨É¨Ö ¢ £¥·³ ´¨°
p-É¨¶  ¶·µ¢µ¤¨³µ¸É¨ ¤²Ö µ¡· §µ¢ ´¨Ö n-p-¶¥·¥Ìµ¤ . ‚ É ±µ³ ¶µ¤Ìµ¤¥ £²Ê¡¨´ 
§ ²¥£ ´¨Ö n-p-¶¥·¥Ìµ¤  (Éµ²Ð¨´  ¢Ìµ¤´µ£µ µ±´ ) ¸µ¸É ¢²Ö¥É §´ Î¨É¥²Ó´ÊÕ
¢¥²¨Î¨´Ê Å 600 ÷ 1000 ³±³. �·¨ ÔÉµ³  ´µ³ ²Ó´µ ¡µ²ÓÏµ° ±µÔËË¨Í¨¥´É
¤¨ËËÊ§¨¨ ²¨É¨Ö ¢¥¤¥É ± Ê¢¥²¨Î¥´¨Õ Éµ²Ð¨´Ò ¢Ìµ¤´µ£µ µ±´ , µ¸µ¡¥´´µ ¢
¶·µÍ¥¸¸¥ É¥·³µÍ¨±²¨·µ¢ ´¨Ö (µÌ² ¦¤¥´¨Ö ¨ ´ £·¥¢ ´¨Ö ¶·¨ É¥¸Éµ¢ÒÌ ¨§³¥-
·¥´¨ÖÌ) ¤¥É¥±Éµ·µ¢. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ´¥µ¡Ìµ¤¨³µ, ÎÉµ¡Ò ¤¥É¥±Éµ·Ò ¶µ¸ÉµÖ´´µ
´ Ìµ¤¨²¨¸Ó ¶·¨ É¥³¶¥· ÉÊ·¥ ¦¨¤±µ£µ  §µÉ  (77 Š), ÎÉµ ´¥ ¢¸¥£¤  ¢Ò¶µ²´¨³µ
¢ ¶·µÍ¥¸¸¥ ¶µ¤£µÉµ¢±¨ ¨ ·¥ ²¨§ Í¨¨ Ô±¸¶¥·¨³¥´Éµ¢.
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�¤´¨³ ¨§ ¸¶µ¸µ¡µ¢ Ê³¥´ÓÏ¥´¨Ö Éµ²Ð¨´Ò ´¥ÎÊ¢¸É¢¨É¥²Ó´µ£µ ²¨É¨¥¢µ£µ
¸²µÖ (¤µ 20Ä50 ³±³) Ö¢²Ö¥É¸Ö ¨³¶Ê²Ó¸´ Ö É¥·³µ¤¨ËËÊ§¨Ö ¢ ¸¨²Ó´µ³ £· ¤¨-
¥´É¥ É¥³¶¥· ÉÊ·Ò µÉ ¶µ¢¥·Ì´µ¸É¨ ¢ £²Ê¡Ó µ¡· §Í  [7]. �¤´ ±µ ¶·µ¡²¥³  ¢·¥-
³¥´´µ° ´¥¸É ¡¨²Ó´µ¸É¨ ²¨É¨¥¢µ£µ ¸²µÖ µ¸É ¥É¸Ö. � ¨¡µ²¥¥ ¶·¥¤¶µÎÉ¨É¥²Ó´µ
¨¸¶µ²Ó§µ¢ ´¨¥ ³¥Éµ¤  ¨µ´´µ° ¨³¶² ´É Í¨¨ ¤²Ö ¨§£µÉµ¢²¥´¨Ö ¢Ò¶·Ö³²ÖÕÐ¨Ì
¨ µ³¨Î¥¸±¨Ì ±µ´É ±Éµ¢ Éµ²Ð¨´µ° 0,05 ÷ 0,3 ³±³.

‚ ´ ¸ÉµÖÐ¥³ ¸µµ¡Ð¥´¨¨ ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ · §· ¡µÉ±¨ ¶² ´ ·´ÒÌ
¤¥É¥±Éµ·µ¢ ¨§ HPGe ¸ Éµ´±¨³¨ ¢Ìµ¤´Ò³¨ µ±´ ³¨ (< 0,1 ³±³), ¶µ²ÊÎ¥´´Ò³¨
¸ ¶µ³µÐÓÕ ¨µ´´µ° ¨³¶² ´É Í¨¨ ¡µ·  ¨ Ëµ¸Ëµ· .

Œ…’�„ˆŠ� ‘�‡„��ˆŸ „…’…Š’���‚

ˆ¸Ìµ¤´Ò³ ³ É¥·¨ ²µ³ ¤²Ö ¨§£µÉµ¢²¥´¨Ö ¤¥É¥±Éµ·µ¢ ¸²Ê¦¨² ³µ´µ±·¨¸É ²-
²¨Î¥¸±¨° £¥·³ ´¨° p- ¨ n-É¨¶  ¶·µ¢µ¤¨³µ¸É¨ ¶·µ¨§¢µ¤¸É¢  Ë¨·³Ò HOBO-
KEN (�¥²Ó£¨Ö) ¸ · §´µ¸É´µ° ±µ´Í¥´É· Í¨¥° ²¥£¨·µ¢ ´´ÒÌ ¶·¨³¥¸¥°: |Na −
Nd| = 0,7 · 1010 ¸³−3 ¤²Ö p-É¨¶  ¨ |Na − Nd| = 0,5 · 1010 ¸³−3 ¤²Ö n-É¨¶ .
� §³¥·Ò µ¡· §Íµ¢: ¤¨ ³¥É· 26 ³³, Éµ²Ð¨´  3 ³³ (p-É¨¶) ¨ 6 ³³ (n-É¨¶).
�²µ¸±µ¸É¨ µ¡· §Íµ¢ µ·¨¥´É¨·µ¢ ´Ò ¶¥·¶¥´¤¨±Ê²Ö·´µ ±·¨¸É ²²µ£· Ë¨Î¥¸±µ°
µ¸¨ [100]. �¥·¥¤ ¨³¶² ´É Í¨¥° ¶·µ¢µ¤¨² ¸Ó ³¥Ì ´¨Î¥¸± Ö ¨ Ì¨³¨Î¥¸± Ö
¶µ¤£µÉµ¢±  µ¡· §Íµ¢, ±µÉµ· Ö ¢±²ÕÎ ²  ¸²¥¤ÊÕÐ¨¥ ÔÉ ¶Ò: ¢Ò·¥§±Ê µÌ· ´-
´ÒÌ ±µ²¥Í (± ´ ¢µ± £²Ê¡¨´µ° 2/3 Éµ²Ð¨´Ò µ¡· §Í ), ¶µ¸²¥¤µ¢ É¥²Ó´ÊÕ Ï²¨-
Ëµ¢±Ê ¶µ¢¥·Ì´µ¸É¥° ´  ³¨±·µ¶µ·µÏ± Ì Œ20 ÷ Œ7, É· ¢²¥´¨¥ ¢ ¸³¥¸¨ ±¨¸²µÉ
HF:HNO3 (1:3), µ¡¥§¦¨·¨¢ ´¨¥ ¨ µÉ³Ò¢±Ê ¢ ¤¥¨µ´¨§µ¢ ´´µ° ¢µ¤¥.

‚´¥¤·¥´¨¥ ¨µ´µ¢ Ëµ¸Ëµ·  (P) ¨ ¡µ·  (B) ¢ ± Î¥¸É¢¥ n+- ¨ p+-±µ´É ±Éµ¢
¶·µ¢µ¤¨²µ¸Ó ´  ¨³¶² ´É Éµ·¥ ˆ´¸É¨ÉÊÉ  Ö¤¥·´µ° Ë¨§¨±¨ ��� (£. Š· ±µ¢).
‘É·Ê±ÉÊ·Ò ¤¥É¥±Éµ·µ¢ ¶µ± § ´Ò ´  ·¨¸. 1. �¥¶µ¸·¥¤¸É¢¥´´µ ¶¥·¥¤ ¨³¶² ´É -
Í¨¥° ±·¨¸É ²²Ò ¶µ¤¢¥·£ ²¨¸Ó ±· É±µ¢·¥³¥´´µ³Ê É· ¢²¥´¨Õ ¢ ¸³¥¸¨
HF:HNO3. � · ³¥É·Ò ¨µ´´µ£µ ¢´¥¤·¥´¨Ö ¡Ò²¨ ¸²¥¤ÊÕÐ¨³¨. ˆ³¶² ´É -
Í¨Ö ¨µ´µ¢ Ëµ¸Ëµ·  ¢Ò¶µ²´¥´  ¶µ¸²¥¤µ¢ É¥²Ó´µ ¶·¨ §´ Î¥´¨ÖÌ Ô´¥·£¨¨ 35
¨ 25 ±Ô‚, ¢¥²¨Î¨´ Ì ¢´¥¤·¥´´ÒÌ ¤µ§ 1013 ¨ 1014 ¸³−2 ¸µµÉ¢¥É¸É¢¥´´µ. ‡´ -
Î¥´¨¥ Éµ±  ¨µ´´µ£µ ¶ÊÎ±  ¸µ¸É ¢²Ö²o 0,3 ³±�. ˆ³¶² ´É Í¨Ö ¨µ´µ¢ ¡µ· 
¶·µ¢µ¤¨² ¸Ó ¶·¨ §´ Î¥´¨ÖÌ Ô´¥·£¨¨ 25 ¨ 17 ±Ô‚, ¢¥²¨Î¨´Ò ¢´¥¤·¥´´ÒÌ ¤µ§
¸µ¸É ¢¨²¨ 1013 ¨ 5 · 1014 ¸³−2 ¸µµÉ¢¥É¸É¢¥´´µ. ‡´ Î¥´¨¥ Éµ±  ¶ÊÎ±  ¨µ´µ¢
¡µ·  ¡Ò²µ 0,15 ÷ 0,2 ³±�. � §³¥· ¶ÊÎ±  ¢ ¶²µ¸±µ¸É¨ ¨³¶² ´É Í¨¨: Ï¨·¨´ 
10 ³³ (´¥µ¤´µ·µ¤´µ¸ÉÓ � 1 %), ¢Ò¸µÉ  120 ³³ (´¥µ¤´µ·µ¤´µ¸ÉÓ � 10 %). „²Ö
¶µ²ÊÎ¥´¨Ö µ¤´µ·µ¤´µ¸É¨ · ¸¶·¥¤¥²¥´¨Ö ¤µ§Ò ¶µ ¶µ¢¥·Ì´µ¸É¨ µ¸ÊÐ¥¸É¢²Ö²µ¸Ó
¸± ´¨·µ¢ ´¨¥ ¶ÊÎ±  §  ¸Î¥É ¶µ¸ÉµÖ´´µ£µ ³¥Ì ´¨Î¥¸±µ£µ ¤¢¨¦¥´¨Ö µ¡· §Íµ¢ ¢
¶·µÍ¥¸¸¥ ¨³¶² ´É Í¨¨. „²Ö ¨¸±²ÕÎ¥´¨Ö ÔËË¥±Éµ¢ ± ´ ²¨·µ¢ ´¨Ö ±·¨¸É ²²Ò
· ¸¶µ² £ ²¨¸Ó É ±, ÎÉµ Ê£µ² ³¥¦¤Ê ´ ¶· ¢²¥´¨¥³ ¶ÊÎ±  ¨ ±·¨¸É ²²µ£· Ë¨Î¥-
¸±µ° µ¸ÓÕ [100] ¡Ò² 8◦.

�É³¥É¨³, ÎÉµ ¸´ Î ²  ¶·µ¢µ¤¨²µ¸Ó ¢´¥¤·¥´¨¥ Ëµ¸Ëµ·  ¢ µ¡· §ÍÒ ± ±
p-, É ± ¨ n-É¨¶  ¶·µ¢µ¤¨³µ¸É¨. ‚ µ¤´µ³ ¸²ÊÎ ¥ ¸µ§¤ ¢ ²¸Ö n+n-p-¶¥·¥Ìµ¤, ¢
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�¨¸. 1. ‘É·Ê±ÉÊ·Ò ¨³¶² ´É¨·µ¢ ´´ÒÌ ¤¥É¥±Éµ·µ¢

¤·Ê£µ³ Å µ³¨Î¥¸±¨° n+-±µ´É ±É. �µ¸²¥ ¨³¶² ´É Í¨¨ µ¡· §ÍÒ ¶µ³¥Ð ²¨¸Ó
¢ ¢µ¤´Ò° · ¸É¢µ· ¶² ¢¨±µ¢µ° ±¨¸²µÉÒ HF:H2O (1:7) ´  15 ³¨´ ¤²Ö ¸´ÖÉ¨Ö
µ±¨¸´µ° ¶²¥´±¨. �É¦¨£ · ¤¨ Í¨µ´´ÒÌ ¤¥Ë¥±Éµ¢ ¢Ò¶µ²´Ö²¸Ö ¢ ¢ ±ÊÊ³¥ ¶·¨
É¥³¶¥· ÉÊ·¥ 300 ◦‘ ¢ É¥Î¥´¨¥ 30 ³¨´. ‘±µ·µ¸ÉÓ µÌ² ¦¤¥´¨Ö µ¡· §Íµ¢ ¶µ¸²¥
µÉ¦¨£  ¶µ¤¤¥·¦¨¢ ² ¸Ó ´  Ê·µ¢´¥ 2,5 ◦‘/³¨´.

�¥·¥¤ ¨³¶² ´É Í¨¥° ¡µ·  ±·¨¸É ²²Ò ¸´µ¢  ±· É±µ¢·¥³¥´´µ É· ¢¨²¨¸Ó.
�·¨ ÔÉµ³ ¨³¶² ´É¨·µ¢ ´´Ò¥ Ëµ¸Ëµ·µ³ ¶µ¢¥·Ì´µ¸É¨ § Ð¨Ð ²¨¸Ó ±¨¸²µÉµ-
¸Éµ°±µ° ¶²¥´±µ°. ‚ ·¥§Ê²ÓÉ É¥ ¢´¥¤·¥´¨Ö ¨µ´µ¢ ¡µ·  Ëµ·³¨·µ¢ ²¸Ö p+p-n-
¶¥·¥Ìµ¤ ´  n-É¨¶¥ ¨ µ³¨Î¥¸±¨° p+-±µ´É ±É ´  p-É¨¶¥. �É¦¨£ ¤¥Ë¥±Éµ¢ ¶µ¸²¥
¢´¥¤·¥´¨Ö ¡µ·  ´¥ ¶·µ¢µ¤¨²¸Ö.

‡ ¢¥·Ï ÕÐ¨° ÔÉ ¶ ¨§£µÉµ¢²¥´¨Ö ¤¥É¥±Éµ·µ¢ ¢±²ÕÎ ² ¢ ¸¥¡Ö ±· É±µ¢·¥-
³¥´´µ¥ É· ¢²¥´¨¥ µÌ· ´´ÒÌ ±µ²¥Í, ÉÐ É¥²Ó´ÊÕ ¶·µ³Ò¢±Ê ¢ ¤¥¨µ´¨§µ¢ ´´µ°
¢µ¤¥ ¨ ³¥É¨²µ¢µ³ ¸¶¨·É¥. �¡· §ÍÒ Ê¶ ±µ¢Ò¢ ²¨¸Ó ¢ ± ¶¸Ê²Ò ¸ ¶·¨¦¨³´Ò³¨
Ô²¥±É·¨Î¥¸±¨³¨ ±µ´É ±É ³¨, ¶µ§¢µ²ÖÕÐ¨³¨ ¢Ò¶µ²´ÖÉÓ ¨§³¥·¥´¨Ö Ô²¥±É·¨-
Î¥¸±¨Ì ¨ ¸¶¥±É·µ³¥É·¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± ¤¥É¥±Éµ·µ¢ ¶·¨ µÌ² ¦¤¥´¨¨ ¤µ
É¥³¶¥· ÉÊ·Ò ¦¨¤±µ£µ  §µÉ .

•���Š’…�ˆ‘’ˆŠˆ „…’…Š’���‚

�¥·¢µ´ Î ²Ó´Ò³¨ ¶µ± § É¥²Ö³¨ ± Î¥¸É¢  ¶µ²Ê¶·µ¢µ¤´¨±µ¢µ£µ ¤¥É¥±Éµ· 
Ö¢²ÖÕÉ¸Ö ¥£µ ¢µ²ÓÉ- ³¶¥·´ Ö ¨ ¢µ²ÓÉ-Ë · ¤´ Ö Ì · ±É¥·¨¸É¨±¨, ¶·¥¤¸É ¢²¥´-
´Ò¥ ´  ·¨¸. 2. ‚¨¤´µ, ÎÉµ ¶µ²´µ¥ µ¡¥¤´¥´¨¥ ¤²Ö ¤¥É¥±Éµ·µ¢ ¨§ p-É¨¶  ´ ¸ÉÊ-
¶ ¥É ¶·¨ V¤¥É = 30 ‚,   ¤²Ö ¤¥É¥±Éµ·µ¢ ¨§ n-É¨¶  Å ¶·¨ V¤¥É = 65 ‚. Š ±
¶µ± § ²¨ ¶µ¸²¥¤ÊÕÐ¨¥ ¨§³¥·¥´¨Ö, ¤¥É¥±Éµ·Ò ¢Ò¤¥·¦¨¢ ÕÉ ´ ¶·Ö¦¥´¨Ö, §´ -
Î¨É¥²Ó´µ ¶·¥¢ÒÏ ÕÐ¨¥ ´ ¶·Ö¦¥´¨Ö ¶µ²´µ£µ µ¡¥¤´¥´¨Ö (¢ 3 · §  ¤²Ö p-É¨¶ 
¨ ¢ 5 · § ¤²Ö n-É¨¶ ), ¡¥§ § ³¥É´µ£µ ÊÌÊ¤Ï¥´¨Ö ¸¶¥±É·µ³¥É·¨Î¥¸±¨Ì ¶ · -
³¥É·µ¢. �Éµ ´¥³ ²µ¢ ¦´Ò° Ë ±É ¤²Ö Ô±¸¶¥·¨³¥´Éµ¢, £¤¥ É·¥¡ÊÕÉ¸Ö Ìµ·µÏ¨¥
¢·¥³¥´´Ò¥ ¸¢µ°¸É¢  ¤¥É¥±Éµ· .
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�¨¸. 2. ‡ ¢¨¸¨³µ¸É¨ µ¡· É´ÒÌ Éµ±µ¢ ¨ ¥³-
±µ¸É¨ ¤¥É¥±Éµ·µ¢ µÉ ¶·¨²µ¦¥´´µ£µ ´ ¶·Ö¦¥-
´¨Ö. I(V ) Å ¢µ²ÓÉ- ³¶¥·´ Ö Ì · ±É¥·¨¸É¨± ,
C(V ) Å ¢µ²ÓÉ-Ë · ¤´ Ö

�Í¥´±  ¢¥²¨Î¨´ ¢Ìµ¤´ÒÌ
µ±µ´ ¤¥É¥±Éµ·µ¢ ¡Ò²  ¸¤¥² ´ 
¨§ ¨§³¥·¥´¨° ¸¶¥±É·µ¢ α-Î -
¸É¨Í Pu-238 (Eα = 5,5 ŒÔ‚).
�¡²ÊÎ¥´¨¥ α-Î ¸É¨Í ³¨ ¶·µ-
¢µ¤¨²µ¸Ó ¸µ ¸Éµ·µ´Ò p-n-¶¥-
·¥Ìµ¤µ¢ ¨ ¸µ ¸Éµ·µ´Ò µ³¨-
Î¥¸±¨Ì ±µ´É ±Éµ¢ ¤¥É¥±Éµ·µ¢.
�É³¥É¨³, ÎÉµ ¶·µ¡¥£ α-Î ¸É¨Í
Pu-238 ¢ £¥·³ ´¨¨ ¸µ¸É ¢²Ö¥É
16 ³±³. � ¸Î¥É´Ò¥ µÍ¥´±¨ £²Ê-
¡¨´Ò § ²¥£ ´¨Ö ¨³¶² ´É¨·µ-
¢ ´´ÒÌ ¨µ´µ¢, ¸¤¥² ´´Ò¥ ¸µ-
£² ¸´µ É¥µ·¨¨ ‹¨´¤Ì ·¤  ¨ ¤·.
(¸³., ´ ¶·¨³¥·, [8]), ¤ ÕÉ ¢¥-

²¨Î¨´Ò, · ¢´Ò¥ 0,04 ³±³ ¤²Ö Ëµ¸Ëµ·  ¨ 0,05 ³±³ ¤²Ö ¡µ· . ˆ§³¥·¥´¨Ö ¸
α-Î ¸É¨Í ³¨ ¶µ± § ²¨, ÎÉµ Éµ²Ð¨´  ¢Ìµ¤´ÒÌ µ±µ´ ¨¸¸²¥¤µ¢ ´´ÒÌ ¤¥É¥±Éµ·µ¢

�¨¸. 3. ‘¶¥±É·Ò α-Î ¸É¨Í Pu-238, ¶µ²ÊÎ¥´´Ò¥ ¤²Ö · §²¨Î´ÒÌ ´ ¶·Ö¦¥´¨° ´  ¤¥É¥±-
Éµ·¥ ¨§ p-É¨¶  ¶·¨ µ¡²ÊÎ¥´¨¨ ¸µ ¸Éµ·µ´Ò µ³¨Î¥¸±µ£µ ±µ´É ±É 
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�¨¸. 4. ‘¶¥±É·Ò α-Î ¸É¨Í Pu-238, ¶µ²ÊÎ¥´´Ò¥ ¶·¨ µ¡²ÊÎ¥´¨¨ ¤¥É¥±Éµ·µ¢ ¸µ ¸Éµ·µ´Ò
p-n-¶¥·¥Ìµ¤µ¢: a) ¤¥É¥±Éµ·  ¨§ p-É¨¶ , ¡) ¤¥É¥±Éµ·  ¨§ n-É¨¶ 

´¥ ¶·¥¢ÒÏ ¥É 0,1 ³±³. �  ·¨¸. 3 ¶·¥¤¸É ¢²¥´µ Ì · ±É¥·´µ¥ ¶µ¢¥¤¥´¨¥ ¸¶¥±-
É·µ¢ α-Î ¸É¨Í ¶·¨ µ¡²ÊÎ¥´¨¨ ¸µ ¸Éµ·µ´Ò µ³¨Î¥¸±µ£µ ±µ´É ±É  ¢ § ¢¨¸¨³µ¸É¨
µÉ ¶·¨²µ¦¥´´µ£µ ± ¤¥É¥±Éµ·Ê ´ ¶·Ö¦¥´¨Ö. �¨¸. 4 ¤¥³µ´¸É·¨·Ê¥É ¸¶¥±É·Ò α-
Î ¸É¨Í, ¶µ²ÊÎ¥´´Ò¥ ¶·¨ µ¡²ÊÎ¥´¨¨ ¤¥É¥±Éµ·µ¢ ¸µ ¸Éµ·µ´Ò ¢Ò¶·Ö³²ÖÕÐ¥£µ
±µ´É ±É .

ˆ¸¸²¥¤µ¢ ´¨Ö Ì · ±É¥·¨¸É¨± ¤¥É¥±Éµ·µ¢ ¶µ± § ²¨, ÎÉµ ¶µ³¨³µ Éµ´±¨Ì
¢Ìµ¤´ÒÌ µ±µ´ µ´¨ µ¡² ¤ ÕÉ Ìµ·µÏ¨³¨ ¸¶¥±É·µ³¥É·¨Î¥¸±¨³¨ ¶ · ³¥É· ³¨
¶·¨ ¨§³¥·¥´¨ÖÌ ¸ γ-±¢ ´É ³¨. ‚ µÉ²¨Î¨¥ µÉ µ¶ÒÉµ¢ ¸ α-Î ¸É¨Í ³¨, ÔÉ¨ ¨§-
³¥·¥´¨Ö ¶·µ¢µ¤¨²¨¸Ó c ¶·¥¤Ê¸¨²¨É¥²¥³ ¸ µÌ² ¦¤ ¥³Ò³ ¶¥·¢Ò³ ± ¸± ¤µ³.
�´¥·£¥É¨Î¥¸±µ¥ · §·¥Ï¥´¨¥ (FWHM) ¨³¶² ´É¨·µ¢ ´´ÒÌ ¤¥É¥±Éµ·µ¢ ¢ ¨§³¥-
·¥´¨ÖÌ ¸ γ-±¢ ´É ³¨ ¶µ± § ´µ ¢ É ¡²¨Í¥.

ˆ¸ÉµÎ´¨± Am-241 Co-57 Co-60
�´¥·£¨Ö γ-±¢ ´Éµ¢ (±Ô‚) 59,5 122,1 1332,5

FWHM (±Ô‚), p-É¨¶ 0,75 0,82 1,73
FWHM (±Ô‚), n-É¨¶ 0,79 0,87 1,9

�·¥¤¸É ¢²¥´´Ò¥ ¢ ´ ¸ÉµÖÐ¥° ¸É ÉÓ¥ ·¥§Ê²ÓÉ ÉÒ ¶µ§¢µ²ÖÕÉ ´ ¤¥ÖÉÓ¸Ö ´ 
¶µ²ÊÎ¥´¨¥ Ï¨·µ±µ ¶¥·ÉÊ·´ÒÌ (¸  ±É¨¢´µ° ¶²µÐ ¤ÓÕ ¤µ 30 ¸³2) ¶² ´ ·´ÒÌ
HPGe-¤¥É¥±Éµ·µ¢ ¸ Éµ´±¨³¨ ¢Ìµ¤´Ò³¨ µ±´ ³¨, ´¥µ¡Ìµ¤¨³ÒÌ ¤²Ö · §¢¨É¨Ö ¨
³µ¤¥·´¨§ Í¨¨ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ³´µ£µ¸²µ°´ÒÌ ¸¶¥±É·µ³¥É·µ¢, ±µÉµ·Ò¥ ¶·¥¤´ -
§´ Î¥´Ò ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ·¥¤±¨Ì Ö¤¥·´ÒÌ ¶·µÍ¥¸¸µ¢ ¨ ¨§ÊÎ¥´¨Ö £²Ê¡µ±µ¸¢Ö-
§ ´´ÒÌ ¸µ¸ÉµÖ´¨° ¶¨µ´´ÒÌ  Éµ³µ¢ ±¸¥´µ´ .
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�¢Éµ·Ò ¢Ò· ¦ ÕÉ ¡² £µ¤ ·´µ¸É¨ ¸µÉ·Ê¤´¨± ³ ‹Ÿ� �ˆŸˆ �. �. Š ²¨´¨-
´µ°, �. ‚. �¥¢¥´±µ ¨ ’. ‚. ’·µË¨³µ¢Ê §  ¶µ³µÐÓ ¢ ¶µ¤£µÉµ¢±¥ £¥·³ ´¨¥¢ÒÌ
µ¡· §Íµ¢ ± ¨³¶² ´É Í¨¨.
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