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‹ÖÉÊÏ¨´¸±¨° �. ¨ ¤·. P13-2007-9
�ËË¥±É¨¢´μ¸ÉÓ É¥·³μÔ³¨¸¸¨μ´´μ£μ ¨μ´´μ£μ ¨¸ÉμÎ´¨±  μ´-² °´

�·μ¢¥¤¥´Ò · ¸Î¥ÉÒ ÔËË¥±É¨¢´μ¸É¨ É¥·³μÔ³¨¸¸¨μ´´μ£μ ¨μ´´μ£μ ¨¸ÉμÎ´¨± 
μ´-² °´ ¤²Ö · §´ÒÌ ³μ¤¥²¥° ¨μ´¨§ Éμ·a. 	 ¸Î¥ÉÒ ¶μ± §Ò¢ ÕÉ, ÎÉμ ´  ÔËË¥±É¨¢-
´μ¸ÉÓ ¨μ´´μ£μ ¨¸ÉμÎ´¨±  ¸¨²Ó´μ ¢²¨ÖÕÉ £¥μ³¥É·¨Ö ¨ · §³¥·Ò ¨μ´¨§ Éμ· , É. ¥.
¥£μ ¤²¨´  ¨ · §³¥· Ô±¸É· ±Í¨μ´´μ£μ μÉ¢¥·¸É¨Ö. ’ ±¦¥ ¢ ¦´  ¢¥²¨Î¨´  ´ ¶·Ö¦¥-
´¨Ö, ¢ÒÉÖ£¨¢ ÕÐ¥£μ ¨μ´Ò (É. ¥. ´ ¶·Ö¦¥´¨Ö ³¥¦¤Ê ¨μ´¨§ Éμ·μ³ ¨ ¢ÒÉÖ£¨¢ ÕÐ¨³
Ô²¥±É·μ¤μ³). �·¨ ÔÉμ³ ±μ´¸É·Ê±Í¨Ö ¨μ´´μ£μ ¨¸ÉμÎ´¨±  ¤μ²¦´  μ¡¥¸¶¥Î¨ÉÓ £²Ê-
¡μ±μ¥ ¶·μ´¨±´μ¢¥´¨¥ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¢ μ¡Ñ¥³ ¨μ´¨§ Éμ· .

	 ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³ ¨³. ‚.�. „¦¥²¥¶μ¢ 
�ˆŸˆ.

‘μμ¡Ð¥´¨¥ �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2007

Latuszynski A. et al. P13-2007-9
On-Line Thermoemission Ion Source Efˇciency

The calculations of thermoemission ion source efˇciency were performed for
different ionizer models. The calculations show that source efˇciency is strongly
in
uenced by geometry and dimensions of the ionizer (its length and the size of the
extraction hole). The value of extraction voltage (i. e. voltage between the ionizer
and the extraction electrode) is also very important. The construction of the ion
source should enable electric ˇeld to penetrate deep into the ionizer volume.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear
Problems, JINR.

Communication of the Joint Institute for Nuclear Research. Dubna, 2007



‚‚…„…�ˆ…

‚ ¶·μÍ¥¸¸¥ Ô²¥±É·μ³ £´¨É´μ° ¸¥¶ · Í¨¨ · ¤¨μ ±É¨¢´ÒÌ ¨§μÉμ¶μ¢ ¤²Ö ¶μ-
²ÊÎ¥´¨Ö ¨μ´´ÒÌ ¶ÊÎ±μ¢ ¨§ ³¨±·μ±μ²¨Î¥¸É¢ · ¡μÎ¥£μ ¢¥Ð¥¸É¢  ¨¸¶μ²Ó§μ¢ ²¨¸Ó
É¥·³μÔ³¨¸¸¨μ´´Ò¥ ¨μ´´Ò¥ ¨¸ÉμÎ´¨±¨ · §²¨Î´ÒÌ ±μ´¸É·Ê±Í¨° [1Ä3]. ˆ¸ÉμÎ-
´¨±¨ ÔÉμ£μ É¨¶  ¡² £μ¤ ·Ö ¨Ì ³ ²μ³Ê μ¡Ñ¥³Ê ¨ ¢Ò¸μ±μ° · ¡μÎ¥° É¥³¶¥· ÉÊ·¥
Ì · ±É¥·¨§ÊÕÉ¸Ö ¨¸±²ÕÎ¨É¥²Ó´μ ±μ·μÉ±¨³ ¢·¥³¥´¥³ ´ Ìμ¦¤¥´¨Ö  Éμ³μ¢ ¢¥-
Ð¥¸É¢  ¢ ¨μ´¨§ Éμ·¥. ’ ±¨³ μ¡· §μ³, μ´¨ μ± § ²¨¸Ó μÎ¥´Ó ÔËË¥±É¨¢´Ò³¨ ¨
¶μ¤Ìμ¤ÖÐ¨³¨ ¤²Ö ¨μ´¨§ Í¨¨ ±μ·μÉ±μ¦¨¢ÊÐ¨Ì · ¤¨μ ±É¨¢´ÒÌ ¨§μÉμ¶μ¢, μ¸μ-
¡¥´´μ ¸ ¶μÉ¥´Í¨ ²μ³ ¨μ´¨§ Í¨¨ ³¥´¥¥ 7 Ô‚ [4Ä6]. ƒ² ¢´Ò³¨ ¶·¥¨³ÊÐ¥¸É¢ ³¨
ÔÉ¨Ì ¨¸ÉμÎ´¨±μ¢ Ö¢²ÖÕÉ¸Ö:

1) ³ ²μ¥ ±μ²¨Î¥¸É¢μ ¢¥Ð¥¸É¢ , ´¥μ¡Ìμ¤¨³μ£μ ¤²Ö ¶μ²ÊÎ¥´¨Ö ¸É ¡¨²Ó´μ£μ
¨μ´´μ£μ Éμ± ;

2) ³ ²Ò° ¤¨ ¶ §μ´ Ô´¥·£¨° ¨¸¶Ê¸± ¥³ÒÌ ¨μ´μ¢;
3) ¸É ¡¨²Ó´ Ö Ô³¨É¨·ÊÕÐ Ö ¶μ¢¥·Ì´μ¸ÉÓ;
4) μÉ¸ÊÉ¸É¢¨¥ ³´μ£μ§ ·Ö¤´ÒÌ ¨μ´μ¢;
5) Î¨¸ÉÒ° ¨μ´´Ò° ¶ÊÎμ± (μÉ¸ÊÉ¸É¢¨¥ ¨μ´μ¢ £ § );
6) μÉ´μ¸¨É¥²Ó´μ ³ ²¥´Ó± Ö ®¶ ³ÖÉÓ¯ ¨μ´´μ£μ ¨¸ÉμÎ´¨± , ±μÉμ· Ö ³μ¦¥É

¡ÒÉÓ ¸´¨¦¥´  ¤μ ³¨´¨³Ê³  ¶μ¸²¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ¶·μ± ²¨¢ ´¨Ö.
�¤´ ±μ ¸²¥¤Ê¥É ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ ¨§£μÉμ¢²¥´¨¥ ¨ Ô±¸¶²Ê É Í¨Ö ÔÉμ£μ É¨¶ 

¨¸ÉμÎ´¨±μ¢ ¶·¥¤¸É ¢²Ö¥É ·Ö¤ §´ Î¨É¥²Ó´ÒÌ É¥Ì´¨Î¥¸±¨Ì ¶·μ¡²¥³ ¨ É·¥¡Ê¥É
¡μ²ÓÏμ£μ μ¶ÒÉ  ¶·¨ · ¡μÉ¥ ¸ ´¨³¨. �  ·¨¸. 1 ¨§μ¡· ¦¥´  ¸Ì¥³  ±μ´¸É·Ê±Í¨¨
É¨¶¨Î´μ£μ ¨¸ÉμÎ´¨± , ±μÉμ·Ò° ¨¸¶μ²Ó§Ê¥É¸Ö ¢ Ô²¥±É·μ³ £´¨É´μ³ ¸¥¶ · Éμ·¥
¨§μÉμ¶μ¢, · ¡μÉ ÕÐ¥³ ¢ ·¥¦¨³¥ μ´-² °´ ¸ ¶ÊÎ±μ³ ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±¨Ì
¶·μÉμ´μ¢. �¸´μ¢´Ò³¨ Î ¸ÉÖ³¨ ¨¸ÉμÎ´¨±  Ö¢²ÖÕÉ¸Ö: ¨μ´¨§ Éμ· I , ´ £·¥¢ -
¥³Ò° ¤μ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° É¥³¶¥· ÉÊ·Ò T Ô²¥±É·μ´´Ò³ Éμ±μ³, ¨§²ÊÎ ¥³Ò³
¢μ²ÓË· ³μ¢Ò³¨ ± Éμ¤ ³¨ K . ˆμ´¨§ Éμ· ¸ ³ ¶μ ¸¥¡¥ ¶·¥¤¸É ¢²Ö¥É ³¨Ï¥´Ó,
μ¡²ÊÎ ¥³ÊÕ ¶ÊÎ±μ³ ¶·μÉμ´μ¢. ˆμ´Ò, ¨§¢²¥± ¥³Ò¥ Î¥·¥§ μÉ¢¥·¸É¨¥ Se, Ëμ·³¨-
·ÊÕÉ¸Ö ¢ ¶ÊÎμ± ¢ Ô±¸É· ±Í¨μ´´μ° ¸¨¸É¥³¥ ¸¥¶ · Éμ· . ˆμ´¨§ Éμ·Ò ´ ¨¡μ²¥¥
Î ¸Éμ ¨§£μÉ ¢²¨¢ ÕÉ ¨§ ¢μ²ÓË· ³ , É ´É ²  ¨²¨ ³μ²¨¡¤¥´ , É. ¥. ³¥É ²²μ¢ ¸
¢Ò¸μ±μ° É¥³¶¥· ÉÊ·μ° ¶² ¢²¥´¨Ö ¨ ³ ²μ° · ¡μÉμ° ¢ÒÌμ¤ . �Éμ ¶μ§¢μ²Ö¥É Ô±¸-
¶²Ê É¨·μ¢ ÉÓ ¨¸ÉμÎ´¨± ¶·¨ μÉ´μ¸¨É¥²Ó´μ ¢Ò¸μ±¨Ì (¶μ ¸· ¢´¥´¨Õ ¸ ¤·Ê£¨³¨
É¨¶ ³¨ ¨¸ÉμÎ´¨±μ¢) É¥³¶¥· ÉÊ· Ì ¶μ·Ö¤±  2500Ä3000 Š, ÎÉμ, ¢ ¸¢μÕ μÎ¥-
·¥¤Ó, §´ Î¨É¥²Ó´μ ¢²¨Ö¥É ´  ¸μ¸ÉμÖ´¨¥ ¶μ¢¥·Ì´μ¸É¨ ¨μ´¨§ Éμ·  ¨ ¶·μÍ¥¸¸Ò,
¶·μ¨¸Ìμ¤ÖÐ¨¥ ´  ´¥°,   § É¥³ ´  ÔËË¥±É¨¢´μ¸ÉÓ ¨μ´¨§ Í¨¨  Éμ³μ¢.
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	¨¸. 1. ‘Ì¥³  ±μ´¸É·Ê±Í¨¨ É¥·³μÔ³¨¸¸¨μ´´μ£μ ¨¸ÉμÎ´¨±  ¨μ´μ¢ ¢ ·¥¦¨³¥ μ´-² °´:
I Å ¨μ´¨§ Éμ·; Se Å Ô±¸É· ±Í¨μ´´μ¥ μÉ¢¥·¸É¨¥ ¤²Ö ¨§¢²¥Î¥´¨Ö ¨μ´μ¢; K1, K2 Å
± Éμ¤Ò

‚ ÔÉμ° ¸É ÉÓ¥  ¢Éμ·Ò ¶·¥¤¸É ¢²ÖÕÉ μ¤¨´ ¨§ ¢μ§³μ¦´ÒÌ ¢ ·¨ ´Éμ¢ É¥·³μ-
Ô³¨¸¸¨μ´´μ£μ ¨μ´´μ£μ ¨¸ÉμÎ´¨±  ¨ μ¡¸Ê¦¤ ÕÉ Ê¸²μ¢¨Ö ¥£μ · ¡μÉÒ ¢ ·¥¦¨³¥
μ´-² °´.

1. ˆ��ˆ‡�–ˆŸ ‚ ˆ‘’�—�ˆŠ… (“���™…���Ÿ Œ�„…‹œ
–ˆ‹ˆ�„�ˆ—…‘Š�ƒ� ˆ��ˆ‡�’���)

	 ¸¸³μÉ·¨³ ¶·μÍ¥¸¸ ¨μ´¨§ Í¨¨  Éμ³μ¢ ¢ ¸ ³μ³ ¶·μ¸Éμ³ ¢ ·¨ ´É¥ É¥·³μ-
Ô³¨¸¸¨μ´´μ£μ ¨¸ÉμÎ´¨± , ¢ ±μÉμ·μ³ ¨μ´¨§ Éμ· Ö¢²Ö¥É¸Ö Í¨²¨´¤·μ³ ¤²¨´μ° l
¨ ¤¨ ³¥É·μ³ 2r, μÉ±·ÒÉÒ³ ¸ μ¤´μ£μ ±μ´Í  (·¨¸. 2). �·¨ É ±μ° ±μ´¸É·Ê±-
Í¨¨ ¨¸ÉμÎ´¨±  Î ¸É¨Í , ¶μ¶ ¤ ÕÐ Ö ¢ μ¡Ñ¥³ ¨μ´¨§ Éμ·  ¸ ¶μ¸²¥¤ÊÕÐ¨³¨
¸Éμ²±´μ¢¥´¨Ö³¨ ¸ ¥£μ ¸É¥´± ³¨, ´ £·¥ÉÒ³¨ ¤μ É¥³¶¥· ÉÊ·Ò T , ³μ¦¥É ¨μ´¨-
§¨·μ¢ ÉÓ¸Ö ¸ ¢¥·μÖÉ´μ¸ÉÓÕ α, ´ §Ò¢ ¥³μ° É ±¦¥ ¸É¥¶¥´ÓÕ ¨μ´¨§ Í¨¨, ±μÉμ· Ö

	¨¸. 2. –¨²¨´¤·¨Î¥¸±¨° ¨μ´¨§ Éμ· ¸ Ô±¸É· ±Í¨μ´´Ò³ μÉ¢¥·¸É¨¥³ ¤¨ ³¥É·μ³ 2r
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μ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê· ¢´¥´¨Ö ‘ Ì Ä‹¥´£³Õ· 

α =
N+

Nα
= G exp

(
−eVi − ϕe

kT

)
, (1)

£¤¥ N+, Nα Å ±μ²¨Î¥¸É¢μ ¨μ´μ¢ ¨  Éμ³μ¢ ¸μμÉ¢¥É¸É¢¥´´μ, ¤¥¸μ·¡¨·μ¢ ´´ÒÌ
¸ ¶μ¢¥·Ì´μ¸É¨ ¨μ´¨§ Éμ· ; Vi Å ¶μÉ¥´Í¨ ² ¨μ´¨§ Í¨¨  Éμ³μ¢ ¨ ϕe Å · ¡μÉ 
¢ÒÌμ¤  ³ É¥·¨ ²  ¨μ´¨§ Éμ· ; G Å ±μ´¸É ´É , Ì · ±É¥·¨§ÊÕÐ Ö ¤ ´´Ò° ¢¨¤
 Éμ³μ¢. „·Ê£μ° ¢¥²¨Î¨´μ°, μ¶¨¸Ò¢ ÕÐ¥° ¶·μÍ¥¸¸ É¥·³μ¨μ´¨§ Í¨¨, Ö¢²Ö¥É¸Ö
±μÔËË¨Í¨¥´É ¨μ´¨§ Í¨¨ β, ±μÉμ·Ò° ¢Ò· ¦ ¥É¸Ö μÉ´μÏ¥´¨¥³

β =
N+

N+ + Nα
=

α

1 + α
. (2)

�·μÍ¥¸¸ ¸Éμ²±´μ¢¥´¨Ö  Éμ³μ¢ ¢ Í¨²¨´¤·¨Î¥¸±μ³ ¨μ´¨§ Éμ·¥ ¶μ± § ´ ´ 
·¨¸. 3. �Éμ³, ¤¥¸μ·¡¨·μ¢ ´´Ò° ¸ ¥£μ ¸É¥´±¨ ¢ ÉμÎ±¥ A, ¤μ¸É¨£ ¥É ÉμÎ±¨
B, ¶·¥μ¤μ²¥¢ Ö ¢¤μ²Ó μ¸¨ ¨μ´¨§ Éμ·  · ¸¸ÉμÖ´¨¥ d. ’μÎ±¨ A ¨ B,   É ±¦¥
ÉμÎ±  O, ±μÉμ· Ö Ö¢²Ö¥É¸Ö ¶·μ¥±Í¨¥° ÉμÎ±¨ A ´  μ¸Ó ¨μ´¨§ Éμ· , μ¶·¥¤¥²ÖÕÉ
¶²μ¸±μ¸ÉÓ, ¸¥±ÊÐÊÕ Í¨²¨´¤· ¨μ´¨§ Éμ·  ¶μ¤ Ê£²μ³ φ ¶μ μÉ´μÏ¥´¨Õ ± ¥£μ
μ¸¨ (·¨¸. 3,  ). �Éμ ¸¥Î¥´¨¥ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° Ô²²¨¶¸, ´  ±μÉμ·μ³ ²¥¦ É
ÉμÎ±¨ A ¨ B, ¶·¨Î¥³ ÉμÎ±  O Ö¢²Ö¥É¸Ö ¥£μ Í¥´É·μ³ (·¨¸. 3, ¡). �μ²Êμ¸¨ ÔÉμ£μ
Ô²²¨¶¸  · ¢´Ò a = r/ sin φ, b = r. ’ ±¨³ μ¡· §μ³, Ê· ¢´¥´¨¥ Ô²²¨¶¸  ³μ¦¥É
¡ÒÉÓ § ¶¨¸ ´μ ¢ ¢¨¤¥

x2 sin2 φ

r2
+

y2

r2
= 1. (3)

	¨¸. 3. �²μ¸±μ¸ÉÓ, ¸¥±ÊÐ Ö ¨μ´¨§ Éμ· ¶μ¤ Ê£²μ³ φ ¶μ μÉ´μÏ¥´¨Õ ± ¥£μ μ¸¨ ( ),
¶·μ¥±Í¨Ö ¸¥Î¥´¨Ö ¢ Ëμ·³¥ Ô²²¨¶¸  ´  ¶²μ¸±μ¸ÉÓ x−y (¡)
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�·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥, ÎÉμ y = x ctg α − r, ³Ò ¶μ²ÊÎ ¥³

x =
2r ctg α

ctg2α + sin2 φ
. (4)

� · ³¥É· d μ§´ Î ¥É ¶ÊÉÓ, ±μÉμ·Ò° ¶·¥μ¤μ²¥¢ ¥É ¤¥¸μ·¡¨·μ¢ ´´Ò°  Éμ³ ¢¤μ²Ó
μ¸¨ ¨μ´¨§ Éμ· : d = x cos φ, ¸²¥¤μ¢ É¥²Ó´μ,

d =
2r ctg α cos φ

ctg2α + sin2 φ
. (5)

�·¨´¨³ Ö ±μ¸¨´Ê¸μ¨¤ ²Ó´ÊÕ Ëμ·³Ê Ê£²μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö ¸±μ·μ¸É¨ Î ¸É¨Í,
¤¥¸μ·¡¨·Ê¥³ÒÌ ¸μ ¸É¥´μ±, ¢¥·μÖÉ´μ¸ÉÓ dP ¨¸¶Ê¸± ´¨Ö ³μ²¥±Ê²Ò ¶μ¤ É¥²¥¸-
´Ò³ Ê£²μ³ dω = sin α dα dφ ¥¸ÉÓ

dP =
1
π

cos α sin α dα dφ, (6)

¨ ¸·¥¤´ÖÖ ¢¥²¨Î¨´  ¶ÊÉ¨ Î ¸É¨ÍÒ λ ¢¤μ²Ó μ¸¨ ¨μ´¨§ Éμ·  ¶μ¸²¥ ± ¦¤μ£μ
¸Éμ²±´μ¢¥´¨Ö ¸ ¥£μ ¸É¥´± ³¨ ¢Ò· ¦ ¥É¸Ö Ëμ·³Ê²μ°

λ =
∫

d dP =

π/2∫
0

dα

π/2∫
−π/2

2r ctg α cos φ

π ctg2 + sin2 φ
cos α sin α dφ = r. (7)

�·¥¤¶μ²μ¦¨³, ÎÉμ ¢ ´ Î ²Ó´Ò° ³μ³¥´É ´  ¢´ÊÉ·¥´´¥° ¶μ¢¥·Ì´μ¸É¨ ¨μ´¨-
§ Éμ·  ´ Ìμ¤¨É¸Ö N0  Éμ³μ¢ ¨μ´¨§¨·Ê¥³μ£μ ¢¥Ð¥¸É¢ . �  ¶¥·¢μ° ¸É ¤¨¨ ¨μ´¨-
§ Í¨¨, É. ¥. ¶μ¸²¥ ¶¥·¢μ£μ ¸μÊ¤ ·¥´¨Ö  Éμ³  ¸ ¢´ÊÉ·¥´´¥° ¸É¥´±μ° ¨μ´¨§ Éμ· ,
¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ Ëμ·³Ê²μ° (2) ¨§ N0  Éμ³μ¢ ¤¥¸μ·¡¨·ÊÕÉ¸Ö N+

1 = βN0 ¨μ´μ¢
¨ Na

1 = (1 − β)N0  Éμ³μ¢. — ¸ÉÓ ¨μ´μ¢ ¨  Éμ³μ¢ ¶μ±¨¤ ÕÉ μ¡Ñ¥³ ¨μ´¨§ -
Éμ·  ¸ ¢¥·μÖÉ´μ¸ÉÓÕ k0 = r2/l2, ±μÉμ· Ö μ¶·¥¤¥²Ö¥É¸Ö μÉ´μÏ¥´¨¥³ ¶²μÐ ¤¨
μÉ¢¥·¸É¨Ö ¨μ´¨§ Éμ·  ± μ¤´μ° Î¥É¢¥·Éμ° ¸Ë¥·¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸É¨ Ï ·  · -
¤¨Ê¸μ³ l. ‘²¥¤μ¢ É¥²Ó´μ, ÔÉμ ¶·¨¢μ¤¨É ± Éμ³Ê, ÎÉμ ¶μ¸²¥ ¶¥·¢μ° ¸É ¤¨¨ ¨μ´¨-
§ Í¨¨ ¶μÉ¥·Ö ¨μ´μ¢ ¨  Éμ³μ¢ ¸μ¸É ¢²Ö¥É N+∗

1 = N0β k0 ¨ Na∗
1 = N0(1−β) k0

¸μμÉ¢¥É¸É¢¥´´μ. ’ ±¨³ μ¡· §μ³, ¢ ¸²¥¤ÊÕÐ¥° ¸É ¤¨¨ ¨μ´¨§ Í¨¨ ¶·¨´¨³ ÕÉ
ÊÎ ¸É¨¥ Éμ²Ó±μ N1

0 = N0(1 − k0) Î ¸É¨Í.
�μ¢Éμ·ÖÖ ¶·¨¢¥¤¥´´ÊÕ ¢ÒÏ¥ ¶·μÍ¥¤Ê·Ê z · § (£¤¥ z = �l/r�) ¨ ÊÎ¨ÉÒ¢ Ö,

ÎÉμ ´  i-° ¸É ¤¨¨ ki = r2/(l−ir)2, ³Ò ¶μ²ÊÎ ¥³ ¶μ¸²¥¤μ¢ É¥²Ó´Ò¥ ±μ²¨Î¥¸É¢ 
¨μ´μ¢, ¶μ±¨¤ ÕÐ¨Ì ¨μ´¨§ Éμ·. ‘²¥¤μ¢ É¥²Ó´μ, ÔËË¥±É¨¢´μ¸ÉÓ μ¡¸Ê¦¤ ¥³μ£μ
¢ ·¨ ´É  ¨¸ÉμÎ´¨±  ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

βw =
N+∗

N0
=

i=z∑
i=0

N+∗
i

N0
= β. (8)
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‚Ò· ¦¥´¨¥ (8), ±μÉμ·μ¥ μ¶¨¸Ò¢ ¥É § ¢¨¸¨³μ¸ÉÓ ÔËË¥±É¨¢´μ¸É¨ ¨¸ÉμÎ´¨±  βw

μÉ ±μ²¨Î¥¸É¢  ¸Éμ²±´μ¢¥´¨° z  Éμ³μ¢ ¸μ ¸É¥´± ³¨ ¨μ´¨§ Éμ· , ¤²Ö · §²¨Î´ÒÌ
¢¥²¨Î¨´ β ¶·¥¤¸É ¢²¥´μ ´  ¤¨ £· ³³¥ ·¨¸. 4.

	¨¸. 4. ‡ ¢¨¸¨³μ¸ÉÓ ÔËË¥±É¨¢´μ¸É¨ βw ¨μ´´μ£μ ¨¸ÉμÎ´¨±  μÉ ±μ²¨Î¥¸É¢  ¸μÊ¤ ·¥´¨°
z  Éμ³μ¢ ¸ ¶μ¢¥·Ì´μ¸ÉÓÕ ¨μ´¨§ Éμ·  ¤²Ö ´¥±μÉμ·ÒÌ §´ Î¥´¨° ±μÔËË¨Í¨¥´É  ¨μ´¨§ -
Í¨¨ β

Š ± ³μ¦´μ ¢¨¤¥ÉÓ, ´¥§ ¢¨¸¨³μ μÉ · §³¥·μ¢ ¨¸ÉμÎ´¨±  ¢¥²¨Î¨´  βw ¤μ-
¸É¨£ ¥É ¢¥²¨Î¨´Ò β, μ¶·¥¤¥²Ö¥³μ° ¨§ Ê· ¢´¥´¨Ö ‘ Ì Ä‹¥´£³Õ· .

2. –ˆ‹ˆ�„�ˆ—…‘Šˆ‰ ˆ��ˆ‡�’��
‘ ‚�“’�…��ˆŒ �‹…Š’�ˆ—…‘ŠˆŒ ��‹…Œ

�·¥¤¶μ²μ¦¨³, ÎÉμ ¢´ÊÉ·¨ Í¨²¨´¤·  ¨μ´¨§ Éμ·  ¸ÊÐ¥¸É¢Ê¥É Ô²¥±É·¨Î¥-
¸±μ¥ ¶μ²¥ (·¨¸. 5). ’μ£¤ , ¥¸²¨ ¥£μ ´ ¶·Ö¦¥´´μ¸ÉÓ ¶·¥¢ÒÏ ¥É μ¶·¥¤¥²¥´´ÊÕ
¢¥²¨Î¨´Ê, ± ¦¤Ò° ¨μ´, ¶·¨¸ÊÉ¸É¢ÊÕÐ¨° ¢ μ¡Ñ¥³¥ ¨μ´¨§ Éμ· , ¡Ê¤¥É ¨§¢²¥Î¥´
¨§ ¨¸ÉμÎ´¨± . 	 ¸¸³μÉ·¨³ ¶·μÍ¥¸¸ ¨μ´¨§ Í¨¨ ¤²Ö ¤ ´´μ£μ ¸²ÊÎ Ö. �  ¶¥·¢μ°
¸É ¤¨¨ ¨μ´¨§ Í¨¨ ¤¥¸μ·¡¨·Ê¥É¸Ö N+

1 = βN0 ¨μ´μ¢ ¨ Na
1 = (1−β)N0  Éμ³μ¢.

‚¸¥ μ¡· §μ¢ ´´Ò¥ ¨μ´Ò N+
1 ¨ Î ¸ÉÓ  Éμ³μ¢ Na∗

1 = N0(1 − β) k0 ¶μ±¨¤ ÕÉ
¨μ´¨§ Éμ·. ‚μ ¢Éμ·μ° ¸É ¤¨¨ ÊÎ ¸É¢ÊÕÉ Éμ²Ó±μ N1

0 = N0(1 − β)(1 − k0)
 Éμ³μ¢, ¨§ ±μÉμ·ÒÌ μ¡· §ÊÕÉ¸Ö N+

2 = N0β (1 − β)(1 − k0) ¨μ´μ¢. �É¸Õ¤ 
¶μ¸²¥  ´ ²¨§  z  ±Éμ¢ ¨μ´¨§ Í¨¨ ÔËË¥±É¨¢´μ¸ÉÓ ¨¸ÉμÎ´¨±  βw ¢Ò· ¦ ¥É¸Ö
Ëμ·³Ê²μ°

βw =

i=z∑
i=0

N+∗
i

N0
=

= β
{
1 + (1 − β)(1 − k0) + . . . +

[
(1 − β)z−1(1 − k0) . . . (1 − kz−1)

]}
. (9)
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	¨¸. 5. ‘Ì¥³  Ô±¸É· ±Í¨¨ ¨μ´μ¢ ¨§ Í¨²¨´¤·¨Î¥¸±μ£μ ¨μ´¨§ Éμ·  I : E Å Ô±¸É· ±Í¨-
μ´´Ò° Ô²¥±É·μ¤; V1, V2, V3 . . . Å Ô±¢¨¶μÉ¥´Í¨ ²Ó´Ò¥ ¶μ¢¥·Ì´μ¸É¨ Ô±¸É· ±Í¨μ´´μ£μ
¶μ²Ö

Š ± ¸²¥¤Ê¥É ¨§ ·¨¸. 6, ¢ ÔÉμ³ ¸²ÊÎ ¥ ÔËË¥±É¨¢´μ¸ÉÓ μ¶¨¸Ò¢ ¥³μ£μ ¢ ·¨ ´É 
¨¸ÉμÎ´¨±  βw ¡μ²ÓÏ¥ Î¥³ β ¨§ Ê· ¢´¥´¨Ö ‘ Ì Ä‹¥´£³Õ· .

	¨¸. 6. ‡ ¢¨¸¨³μ¸ÉÓ ÔËË¥±É¨¢´μ¸É¨ βw É¥·³μÔ³¨¸¸¨μ´´μ£μ ¨¸ÉμÎ´¨±  ¨μ´μ¢ μÉ ±μ-
²¨Î¥¸É¢  ¸μÊ¤ ·¥´¨° z  Éμ³μ¢ ¸ ¶μ¢¥·Ì´μ¸ÉÓÕ ¨μ´¨§ Éμ·  ¤²Ö ·¥¦¨³  ®± ¦¤Ò° ¨μ´¯
¨ · §´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ ¨μ´¨§ Í¨¨ β

�·¨´ÖÉμ¥ ¢ÒÏ¥ Ê¸²μ¢¨¥ ¨§¢²¥Î¥´¨Ö ¢¸¥Ì ¨μ´μ¢ ¡¥§ ¸Éμ²±´μ¢¥´¨Ö ¨Ì ¸ ¶μ-
¢¥·Ì´μ¸ÉÓÕ ¨μ´¨§ Éμ·  É·¥¡Ê¥É, ÎÉμ¡Ò ¢·¥³Ö ¶·¨¸ÊÉ¸É¢¨Ö ¨μ´  ¢ ¨¸ÉμÎ´¨±¥
te, É. ¥. ¢·¥³Ö ¶·μ²¥É  · ¸¸ÉμÖ´¨Ö l ¢ ¶μ²¥ E, ¡Ò²μ ±μ·μÎ¥ tp Å ¢·¥³¥´¨ ¶·μ-
²¥É  · ¸¸ÉμÖ´¨Ö λ = r ¶μ¶¥·¥± ¨μ´¨§ Éμ·  Å ¡² £μ¤ ·Ö É¥¶²μ¢μ³Ê ¤¢¨¦¥´¨Õ
 Éμ³μ¢ (tp > te):

tp =
r

ν̄
�

√
2Ml

eEk
= te, (10)
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£¤¥ ¸±μ·μ¸ÉÓ É¥¶²μ¢μ£μ ¤¢¨¦¥´¨Ö  Éμ³μ¢ ν̄ =

√
8kT

πM
; Ek Å £· ´¨Î´ Ö ¢¥²¨-

Î¨´  ´ ¶·Ö¦¥´¨Ö Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö.
�É¸Õ¤  ´ ¶·Ö¦¥´´μ¸ÉÓ ¢ÒÉÖ£¨¢ ÕÐ¥£μ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¤μ²¦´  ¡ÒÉÓ

E > Ek = 16kT l/πer2. (11)

Œμ¦´μ ¢ÒÎ¨¸²¨ÉÓ, ´ ¶·¨³¥·, ÎÉμ ¤²Ö l = 30 ³³, r = 2 ³³ ¨ T = 3000 Š
¶μ²¥ Ek ¤μ²¦´μ ¡ÒÉÓ ¡μ²ÓÏ¥ 400 ‚/¸³. �É  ´ ¶·Ö¦¥´´μ¸ÉÓ Ö¢²Ö¥É¸Ö μÎ¥´Ó
¡μ²ÓÏμ° ¢¥²¨Î¨´μ° ¨ É·Ê¤´μ¤μ¸É¨¦¨³  ´  ¶· ±É¨±¥. �μ ÔÉμ ³μ¦´μ ¸¤¥² ÉÓ,
´ ¶·¨³¥·, · ¸¶μ²μ¦¨¢ ¶¥·¥¤ ¢ÒÉÖ£¨¢ ÕÐ¨³ μÉ¢¥·¸É¨¥³ ¸¥É±Ê ¶μ¤Ìμ¤ÖÐ¥£μ
¶μÉ¥´Í¨ ²  V . ’μ£¤  ±μ´Ë¨£Ê· Í¨Ö ¶μ²Ö ¢¤μ²Ó μ¸¨ ¨μ´¨§ Éμ·  μ¡· §Ê¥É ¶μ-
É¥´Í¨ ²Ó´ÊÕ Ö³Ê ¤²Ö ¨μ´μ¢, ¸μ· §³¥·´ÊÕ ¶μ £²Ê¡¨´¥ ¸ ¶μÉ¥´Í¨ ²μ³ ¸¥É±¨.
�·¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° £²Ê¡¨´¥ ÔÉμ° Ö³Ò ¡Ê¤ÊÉ § Ì¢ Î¥´Ò ¢¸¥ ¨μ´Ò, μ¡· §μ-
¢ ´´Ò¥ ´  ¶μ¢¥·Ì´μ¸É¨ ¨μ´¨§ Éμ·  ÔËË¥±É¨¢´μ° ¤²¨´μ° lV . ˆ§ Ê· ¢´¥´¨Ö
¤¢¨¦¥´¨Ö ¨μ´μ¢ ¢ μ¡· §μ¢ ´´μ³ Ô²¥±É·¨Î¥¸±μ³ ¶μ²¥

M
dv

dt
= −e gradV (12)

³μ¦¥É ¡ÒÉÓ ´ °¤¥´  § ¢¨¸¨³μ¸ÉÓ ÔÉμ° ¤²¨´Ò μÉ ¶μÉ¥´Í¨ ²  ¸¥É±¨ V .
…¸²¨ ¶μ²¥, ¢ÒÉÖ£¨¢ ÕÐ¥¥ ¨μ´Ò ¨§ μ¡Ñ¥³  μÉ±·ÒÉμ£μ ¨μ´¨§ Éμ· , ´¥¤μ-

¸É ÉμÎ´μ ¨´É¥´¸¨¢´μ (E < Ek), Éμ ¶²μÉ´μ¸ÉÓ Éμ±  jm ¡Ê¤¥É ¢ÒÏ¥ ¢¥²¨Î¨´Ò
j = N+∗/(SeΔt) (¶μ²ÊÎ ¥³μ° ¨§ Ê· ¢´¥´¨Ö (8)) ´  ±μÔËË¨Í¨¥´É Sm/Se, £¤¥
Sm Å ¶μ¢¥·Ì´μ¸ÉÓ Ô±¢¨¶μÉ¥´Í¨ ²Ó´μ° ¸Ë¥·Ò, ¤²Ö ±μÉμ·μ° eV > kT ,   Se Å
¶μ¢¥·Ì´μ¸ÉÓ Ô±¸É· ±Í¨μ´´μ£μ μÉ¢¥·¸É¨Ö:

jm = j(Sm/Se). (13)

Š ± ¶μ± § ´μ ¢ÒÏ¥, ¨¸ÉμÎ´¨± ¸ μÉ±·ÒÉÒ³ ¨μ´¨§ Éμ·μ³ (É·Ê¡± ) ³μ¦¥É
μ¡¥¸¶¥Î¨ÉÓ ¢Ò¸μ±ÊÕ ¸É¥¶¥´Ó ÔËË¥±É¨¢´μ¸É¨ ¨μ´¨§ Í¨¨, ´μ ¤²Ö ÔÉμ£μ É·¥-
¡Ê¥É¸Ö ¶μ²´μ¥ ¨§¢²¥Î¥´¨¥ ¨μ´μ¢, É. ¥. ¸μ§¤ ´¨¥ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¢´ÊÉ·¨
Í¨²¨´¤· .

�  ¶· ±É¨±¥ ¨μ´¨§ Éμ·Ò, ¸±μ´¸É·Ê¨·μ¢ ´´Ò¥ ¸ μÎ¥´Ó ³ ²¥´Ó±¨³ Ô±¸É· ±-
Í¨μ´´Ò³ μÉ¢¥·¸É¨¥³, μ± §Ò¢ ÕÉ¸Ö £μ· §¤μ ¡μ²¥¥ ¶μ²¥§´Ò³¨, Î¥³ ¸ μÉ±·Ò-
ÉÒ³ ¨μ´¨§ Éμ·μ³, ¡² £μ¤ ·Ö ²ÊÎÏ¨³ Ê¸²μ¢¨Ö³ Ëμ·³¨·μ¢ ´¨Ö ¨μ´´μ£μ ¶ÊÎ± .
“¶·μÐ¥´´Ò³ ¢ ·¨ ´Éμ³ É ±μ£μ ¨¸ÉμÎ´¨±  ¸ ³ ²¥´Ó±¨³ Ô±¸É· ±Í¨μ´´Ò³ μÉ-
¢¥·¸É¨¥³ Ö¢²Ö¥É¸Ö ¸Ë¥·  ¸ ¢´ÊÉ·¥´´¥° ¶μ¢¥·Ì´μ¸ÉÓÕ Si ¨ Ô±¸É· ±Í¨μ´´Ò³
μÉ¢¥·¸É¨¥³ ¸ ¶μ¢¥·Ì´μ¸ÉÓÕ Se. �Éμ³, ¶μ³¥Ð¥´´Ò° ¢ É ±ÊÕ ¸Ë¥·Ê, ¶μ±¨´¥É
¥¥ ¶μ¸²¥ ¸·¥¤´¥£μ Î¨¸²  ¸μÊ¤ ·¥´¨° ¸μ ¸É¥´± ³¨ ¨μ´¨§ Éμ·  z = �Si/Se�.

�μ  ´ ²μ£¨¨ ¸ ¶·¥¤Ò¤ÊÐ¨³ · ¸¸Ê¦¤¥´¨¥³ ¶·¨³¥³, ÎÉμ ¢¸¥ ¨μ´Ò, μ¡· -
§μ¢ ´´Ò¥ ´  ¶μ¢¥·Ì´μ¸É¨, ¨§¢²¥± ÕÉ¸Ö ¨§ ¨¸ÉμÎ´¨±  (É ±¨¥ Ê¸²μ¢¨Ö · ¡μÉÒ
¨¸ÉμÎ´¨±  ´ §μ¢¥³ ·¥¦¨³μ³ ®± ¦¤Ò° ¨μ´¯).
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	¨¸. 7. ‡ ¢¨¸¨³μ¸ÉÓ ÔËË¥±É¨¢´μ¸É¨ βw É¥·³μÔ³¨¸¸¨μ´´μ£μ ¨¸ÉμÎ´¨±  ¨μ´μ¢ ¸μ ¸Ë¥-
·¨Î¥¸±¨³ ¨μ´¨§ Éμ·μ³ μÉ ±μ²¨Î¥¸É¢  ¸μÊ¤ ·¥´¨° z  Éμ³μ¢ ¸ ¶μ¢¥·Ì´μ¸ÉÓÕ ¨μ´¨§ Éμ· 
¤²Ö ·¥¦¨³  ®± ¦¤Ò° ¨μ´¯ ¨ · §´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ ¨μ´¨§ Í¨¨ β

’μ£¤  ³Ò ³μ¦¥³ ¶μ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨¥ ¤²Ö μ¶·¥¤¥²¥´¨Ö ±μ²¨Î¥¸É¢  ¨μ´μ¢
N+∗, ¶μ²ÊÎ¥´´ÒÌ ¨§ N0  Éμ³μ¢, μ¡· §μ¢ ´´ÒÌ ´  ¶μ¢¥·Ì´μ¸É¨ ¨μ´¨§ Éμ·  § 
¢·¥³Ö μ¡²ÊÎ¥´¨Ö ¶·μÉμ´´Ò³ ¶ÊÎ±μ³:

N+∗ =
i=z∑
i=0

N+∗
i = N0β

i=z∑
i=0

(1 − β)i−1(1 − k)i−1, (14)

£¤¥ k = 1/z.
’ ± ± ± ¢ ¶· ±É¨Î¥¸±¨Ì ·¥Ï¥´¨ÖÌ Î¨¸²μ ¸Éμ²±´μ¢¥´¨° z μÎ¥´Ó ¡μ²ÓÏμ¥,

¶·¨¢¥¤¥´´ÊÕ ¢ÒÏ¥ ¸Ê³³Ê ³μ¦´μ ¸ Ìμ·μÏ¥° ÉμÎ´μ¸ÉÓÕ § ³¥´¨ÉÓ ¸Ê³³μ° ¡¥¸-
±μ´¥Î´μ° £¥μ³¥É·¨Î¥¸±μ° ¶·μ£·¥¸¸¨¨. ’ ±¨³ μ¡· §μ³, ÔËË¥±É¨¢´μ¸ÉÓ ¨μ´-
´μ£μ ¨¸ÉμÎ´¨±  ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ¢Ò· ¦ ¥É¸Ö Ëμ·³Ê²μ°

βw =
N+∗

N0
= β

1
1 − (1 − k)(1 − β)

. (15)

Š ± ¢¨¤´μ ¨§ ÔÉμ° Ëμ·³Ê²Ò, ÔËË¥±É¨¢´μ¸ÉÓ ¨¸ÉμÎ´¨±  βw, ³ ±¸¨³ ²Ó´μ ¢μ§-
³μ¦´ Ö ¢ ¨μ´¨§ Éμ·¥ ¤ ´´μ° £¥μ³¥É·¨¨ (¸ μ¶·¥¤¥²¥´´Ò³ k = 1/z), Ö¢²Ö¥É¸Ö
ËÊ´±Í¨¥° Éμ²Ó±μ ¢¥²¨Î¨´Ò β ¨μ´¨§¨·μ¢ ´´μ£μ Ô²¥³¥´É  (·¨¸. 7).

‚›‚�„›

�·¥¤¸É ¢²¥´´Ò¥ ¢ÒÏ¥ ³μ¤¥²¨ · ¡μÉÒ ¨μ´´μ£μ ¨¸ÉμÎ´¨±  ¶μ± §Ò¢ ÕÉ,
ÎÉμ ´  ÔËË¥±É¨¢´μ¸ÉÓ ¨μ´´μ£μ ¨¸ÉμÎ´¨±  ¸¨²Ó´μ ¢²¨ÖÕÉ £¥μ³¥É·¨Ö ¨ · §-
³¥·Ò ¨μ´¨§ Éμ· , É. ¥. ¥£μ ¤²¨´  ¨ · §³¥· Ô±¸É· ±Í¨μ´´μ£μ μÉ¢¥·¸É¨Ö. ’ ±¦¥
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¢ ¦´  ¢¥²¨Î¨´  ´ ¶·Ö¦¥´¨Ö, ¢ÒÉÖ£¨¢ ÕÐ¥£μ ¨μ´Ò (É. ¥. ´ ¶·Ö¦¥´¨Ö ³¥¦¤Ê
¨μ´¨§ Éμ·μ³ ¨ ¢ÒÉÖ£¨¢ ÕÐ¨³ Ô²¥±É·μ¤μ³). Šμ´¸É·Ê±Í¨Ö ¨μ´´μ£μ ¨¸ÉμÎ´¨± 
¤μ²¦´  μ¡¥¸¶¥Î¨ÉÓ £²Ê¡μ±μ¥ ¶·μ´¨±´μ¢¥´¨¥ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¢ μ¡Ñ¥³ ¨μ-
´¨§ Éμ· . …¸²¨ ÔÉμ É·¥¡μ¢ ´¨¥ ¢Ò¶μ²´Ö¥É¸Ö, ¨μ´´Ò° ¨¸ÉμÎ´¨± · ¡μÉ ¥É ¶μÎÉ¨
¢ ¨¤¥ ²Ó´μ³ ·¥¦¨³¥ ®± ¦¤Ò° ¨μ´¯, ±μÉμ·Ò° μ¸μ¡¥´´μ ÔËË¥±É¨¢¥´ ¢ ¸²ÊÎ ¥
¨μ´¨§ Í¨¨ ³¨±·μ±μ²¨Î¥¸É¢ ±μ·μÉ±μ¦¨¢ÊÐ¨Ì ¨ É·Ê¤´μ ¨μ´¨§¨·ÊÕÐ¨Ì¸Ö ¨§μ-
Éμ¶μ¢.

ˆ¸Ìμ¤Ö ¨§ ¢ÒÏ¥¸± § ´´μ£μ  ¢Éμ·Ò ¢Ò· ¦ ÕÉ ´ ¤¥¦¤Ê, ÎÉμ ¢ ·¨ ´É ®± -
¦¤Ò° ¨μ´¯ ¤μ²¦¥´ ¸É ÉÓ ´ ¶· ¢²¥´¨¥³ ¨ ¡ §μ° ¤ ²Ó´¥°Ï¥£μ · §¢¨É¨Ö ¨ Ê¸μ-
¢¥·Ï¥´¸É¢μ¢ ´¨Ö ±μ´¸É·Ê±Í¨¨ É¥·³μÔ³¨¸¸¨μ´´ÒÌ ¨μ´´ÒÌ ¨¸ÉμÎ´¨±μ¢. �μ-
ÔÉμ³Ê ¢ ¡²¨¦ °Ï¥¥ ¢·¥³Ö ¶² ´¨·ÊÕÉ¸Ö · ¡μÉÒ ¶μ ¸μ§¤ ´¨Õ ¨¸ÉμÎ´¨±  ¢ ¢¨¤¥
¤²¨´´μ£μ Í¨²¨´¤·  ¨ μ¡¥¸¶¥Î¥´¨Õ ¢ ´¥³ μ¶·¥¤¥²¥´´ÒÌ Ê¸²μ¢¨° Ô±¸É· ±Í¨¨
¨μ´μ¢.

	 ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ ¶μ¤¤¥·¦±¥ 	””ˆ, £· ´É º 05-02-17606.
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