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Aksenov V. L. et al. D13-2004-47

The Polarized Neutron Spectrometer REMUR

at the Pulsed Reactor IBR-2

A new polarized neutron spectrometer REMUR has been constructed and commissioned.

The spectrometer REMUR is dedicated to investigations of multilayers and surfaces by polar-

ized neutron reflection and of the inhomogeneous state of solids by diffuse small-angle polar-

ized neutron scattering. The spectrometer operates in the neutron wavelength interval 1 10� Å.

In the reflectometry mode it allows one to complete polarization analysis and neutron posi-

tion-sensitive detection within the solid angle of scattering 22 10 4. �
� rad. The spectrometer en-

sures good statistics of the reflectometric data in the scattering wave vector interval

3 10 5 103 1
� � �

� � Å�1. In the small-angle scattering mode the spectrometer allows the investigation
of neutron scattering processes without spin-flip over the detector's neutron registration solid an-
gle interval from 4 10 3

�
� to 10 1� rad and the scattering wave vector interval from 0006 015. .� to

003 0 7. .� Å�1, respectively.

The investigation has been performed at the Frank Laboratory of Neutron Physics, JINR.

Communication of the Joint Institute for Nuclear Research. Dubna, 2004

Àêñåíîâ Â. Ë. è äð. Ä13-2004-47

Ñïåêòðîìåòð ïîëÿðèçîâàííûõ íåéòðîíîâ ÐÅÌÓÐ

íà èìïóëüñíîì ðåàêòîðå ÈÁÐ-2

Ñîçäàí è ââåäåí â ýêñïëóàòàöèþ íîâûé ñïåêòðîìåòð ïîëÿðèçîâàííûõ íåéòðîíîâ

ÐÅÌÓÐ, ïðåäíàçíà÷åííûé êàê äëÿ ïðîâåäåíèÿ èññëåäîâàíèé ìíîãîñëîéíûõ ñòðóêòóð

è ïîâåðõíîñòåé ïóòåì ðåãèñòðàöèè îòðàæåíèÿ ïîëÿðèçîâàííûõ íåéòðîíîâ, òàê

è äëÿ èçó÷åíèÿ íåîäíîðîäíîãî ñîñòîÿíèÿ òâåðäîãî òåëà ñ ó÷åòîì äèôôóçíîãî ðàññåÿíèÿ

ïîëÿðèçîâàííûõ íåéòðîíîâ íà ìàëûå óãëû. Ñïåêòðîìåòð ðàáîòàåò â èíòåðâàëå äëèí âîëí

íåéòðîíîâ 1 10� Å è â ðåôëåêòîìåòðè÷åñêîì ðåæèìå èçìåðåíèé ïîçâîëÿåò îñóùåñòâëÿòü

ïîëíûé ïîëÿðèçàöèîííûé àíàëèç è ïîçèöèîííî-÷óâñòâèòåëüíîå äåòåêòèðîâàíèå íåéòðî-

íîâ â òåëåñíîì óãëå ðàññåÿíèÿ 2 2 10 4, �
� ðàä. Íà ñïåêòðîìåòðå ñòàòèñòè÷åñêè îáåñïå÷åííû-

ìè ÿâëÿþòñÿ ðåôëåêòîìåòðè÷åñêèå èçìåðåíèÿ â èíòåðâàëå èçìåíåíèÿ âåêòîðà ðàññåÿ-

íèÿ íåéòðîíîâ 3 10 5 103 1
� � �

� � Å�1. Â ìàëîóãëîâîì ðåæèìå èçìåðåíèé ñïåêòðîìåòð ïîçâî-

ëÿåò ïðîâîäèòü èññëåäîâàíèå ïðîöåññîâ ðàññåÿíèÿ íåéòðîíîâ áåç ïåðåâîðîòà ñïèíà

â äèàïàçîíå òåëåñíîãî óãëà ðåãèñòðàöèè íåéòðîíîâ äåòåêòîðîì îò 4 10 3
�

� äî 10 1� ðàä

â èíòåðâàëå çíà÷åíèé âåêòîðà ðàññåÿíèÿ îò 0006 015, ,� äî 003 0 7, ,� Å�1 cîîòâåòñòâåííî.

Ðàáîòà âûïîëíåíà â Ëàáîðàòîðèè íåéòðîííîé ôèçèêè èì. È. Ì. Ôðàíêà ÎÈßÈ.

Ñîîáùåíèå Îáúåäèíåííîãî èíñòèòóòà ÿäåðíûõ èññëåäîâàíèé. Äóáíà, 2004

Ïåðåâîä àâòîðîâ
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�¥·¢µ´ Î ²Ó´µ ¶µ²Ö·¨§µ¢ ´´Ò¥ ´¥°É·µ´Ò ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¤²Ö ¨¸¸²¥¤µ¢ -
´¨Ö ¸É·Ê±ÉÊ·Ò ´¥µ¤´µ·µ¤´µ£µ ³ £´¨É´µ£µ ¸µ¸ÉµÖ´¨Ö Ë¥··µ³ £´¥É¨±  ¸ ¶µ-
³µÐÓÕ ¨§³¥·¥´¨Ö ¶µ²Ö·¨§ Í¨¨ (³¥Éµ¤ ¤¥¶µ²Ö·¨§ Í¨¨ ´¥°É·µ´µ¢) ¶·µÏ¥¤-
Ï¥£µ Î¥·¥§ µ¡· §¥Í ¶µ²Ö·¨§µ¢ ´´µ£µ ¶ÊÎ±  ´¥°É·µ´µ¢ [1Ä3]. ‚ ´ ¸ÉµÖÐ¥¥
¢·¥³Ö µ¡² ¸ÉÓ ¶·¨³¥´¥´¨° ¶µ²Ö·¨§µ¢ ´´ÒÌ ´¥°É·µ´µ¢ §´ Î¨É¥²Ó´µ · ¸Ï¨·¨-
² ¸Ó. Š ´¥° µÉ´µ¸ÖÉ¸Ö, ´ ¶·¨³¥·, ¨§ÊÎ¥´¨¥ ¸É·Ê±ÉÊ·Ò ³ £´¥É¨±  ¸ ¶µ³µÐÓÕ
¤¨ËËÊ§´µ£µ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ [4], ¨¸¸²¥¤µ¢ ´¨¥ ³ £´¨É´ÒÌ ¢µ§¡Ê¦¤¥´¨°
¢ Ë¥··µ³ £´¥É¨±¥ ¶µ Ê£²µ¢µ³Ê · ¸¶·¥¤¥²¥´¨Õ · ¸¸¥Ö´´ÒÌ ¶µ²Ö·¨§µ¢ ´´ÒÌ
´¥°É·µ´µ¢ [5], ¨§ÊÎ¥´¨¥ ³¥Éµ¤µ³ ´¥°É·µ´´µ£µ ¸¶¨´µ¢µ£µ ÔÌ  ´¨§±µÎ ¸ÉµÉ´ÒÌ
¢µ§¡Ê¦¤¥´¨° ¢ É¢¥·¤µ³ É¥²¥ [6] ¨, ´ ±µ´¥Í, ¨§ÊÎ¥´¨¥ ¸²µ¨¸Éµ° ´ ´µ¸É·Ê±ÉÊ·Ò
¸ ¶µ³µÐÓÕ µÉ· ¦¥´¨Ö ´¥°É·µ´µ¢ (³¥Éµ¤ ´¥°É·µ´´µ° ·¥Ë²¥±Éµ³¥É·¨¨) [7].
�¥°É·µ´´ Ö ·¥Ë²¥±Éµ³¥É·¨Ö ´ Î ²   ±É¨¢´µ · §¢¨¢ ÉÓ¸Ö ± ± ³¥Éµ¤ ¨¸¸²¥¤µ-
¢ ´¨Ö ¶µ¢¥·Ì´µ¸É¨ É¢¥·¤µ£µ É¥²  ¸· ¢´¨É¥²Ó´µ ´¥¤ ¢´µ Å ¢ 1980-Ì ££.

�¤´¨³ ¨§ ¶¥·¢ÒÌ ¢ ³¨·¥ ·¥Ë²¥±Éµ³¥É·µ¢ ¸ ¶µ²Ö·¨§µ¢ ´´Ò³¨ ´¥°É·µ-
´ ³¨ ¡Ò² ´ Î ¢Ï¨° · ¡µÉ ÉÓ ¢ 1984 £. ¸¶¥±É·µ³¥É· ¸ ¶µ²Ö·¨§µ¢ ´´Ò³¨ ´¥°-
É·µ´ ³¨ (‘��) ´  ·¥ ±Éµ·¥ ˆ��-2. �·¨£¨´ ²Ó´Ò³ Ô²¥³¥´Éµ³ ‘�� ¡Ò²
¸¶¨´-Ë²¨¶¶¥· Šµ·´¥¥¢  ¸ ¶·µÉÖ¦¥´´µ° · ¡µÎ¥° µ¡² ¸ÉÓÕ ¢ ¢¥·É¨± ²Ó´µ³
´ ¶· ¢²¥´¨¨ [8, 9]. �¥·¢Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ´  ‘�� ¢Ò¶µ²´¥´Ò ¢ ·¥¦¨³¥ ¤¥¶µ-
²Ö·¨§ Í¨¨, § É¥³ µ´ ¤µ²£µ¥ ¢·¥³Ö · ¡µÉ ² ± ± ´¥°É·µ´´Ò° ·¥Ë²¥±Éµ³¥É· [10].

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢¸²¥¤¸É¢¨¥ ¡Ê·´µ£µ · §¢¨É¨Ö ´ ´µÉ¥Ì´µ²µ£¨¨ ¢µ§´¨-
±²  ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¢ ¸µ§¤ ´¨¨ ¸²µ¦´ÒÌ ³ £´¨É´µ-´¥±µ²²¨´¥ ·´ÒÌ ¶¥·¨µ¤¨-
Î¥¸±¨Ì ¸É·Ê±ÉÊ· ¨ ¡¨¸²µ¥¢ ¸ ¸µ¢¥·Ï¥´´Ò³¨ £· ´¨Í ³¨ · §¤¥² , ´ ´µ¸É·Ê±ÉÊ·,
¸É·Ê±ÉÊ·¨·µ¢ ´´ÒÌ ¢ ¶²µ¸±µ¸É¨, ¸É·Ê±ÉÊ· ¸ §¨£§ £µµ¡· §´Ò³¨ £· ´¨Í ³¨ · §-
¤¥²  ¨ É. ¤. [11]. ‚ ¸¢Ö§¨ ¸ ´¥µ¡Ìµ¤¨³µ¸ÉÓÕ ·¥Ï¥´¨Ö ÔÉ¨Ì § ¤ Î ¢ · §²¨Î´ÒÌ
´¥°É·µ´´ÒÌ Í¥´É· Ì ¸¥°Î ¸ Ê¦¥ ¸µ§¤ ´µ ¶µ·Ö¤±  ¸µ·µ±  ´¥°É·µ´´ÒÌ ·¥Ë²¥±-
Éµ³¥É·µ¢ ¨ ¶·µ¤µ²¦ ¥É ¨´É¥´¸¨¢´µ · §¢¨¢ ÉÓ¸Ö ³¥Éµ¤ ¶µ²Ö·¨§ Í¨µ´´µ° ´¥°-
É·µ´´µ° ·¥Ë²¥±Éµ³¥É·¨¨.

� §¢¨É¨¥ ³¥Éµ¤  ¨¤¥É ¢ ¸²¥¤ÊÕÐ¨Ì ´ ¶· ¢²¥´¨ÖÌ: Ê¢¥²¨Î¥´¨¥ ¨´Ëµ·³ -
É¨¢´µ¸É¨ ¨§³¥·¥´¨°, ¶µ¢ÒÏ¥´¨¥ ¥£µ ¶µ²Ö·¨§ Í¨µ´´µ° ÔËË¥±É¨¢´µ¸É¨, Ê¢¥-
²¨Î¥´¨¥ ¤¨ ¶ §µ´  ¨§³¥´¥´¨Ö ¨ · §·¥Ï¥´¨Ö ¢ ¨§³¥·¥´¨¨ ¶¥·¥¤ ´´µ£µ ³µ-
³¥´É , ¶µ¢ÒÏ¥´¨¥ ¸¢¥Éµ¸¨²Ò ¨§³¥·¥´¨°, Ê¢¥²¨Î¥´¨¥ ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ¨§-
³¥·¥´¨Ö ± ±µ£µ-²¨¡µ ¶ · ³¥É·  (´ ¶·¨³¥·,  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´Ò ¢¥±Éµ· 
´ ³ £´¨Î¥´´µ¸É¨, Ê£²  ¶µ¢µ·µÉ  ¢¥±Éµ·  ´ ³ £´¨Î¥´´µ¸É¨, Éµ²Ð¨´Ò ¸²µÖ
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¨ É. ¤.), Ê¢¥²¨Î¥´¨¥ É¥²¥¸´µ£µ Ê£²  ·¥£¨¸É· Í¨¨ · ¸¸¥Ö´´ÒÌ ´¥°É·µ´µ¢ ¨ ¸´¨-
¦¥´¨¥ Ëµ´µ¢µ£µ Ê·µ¢´Ö ¨´É¥´¸¨¢´µ¸É¨ ¸Î¥É  ´¥°É·µ´µ¢. � ´µÏ¥·µÌµ¢ Éµ-
¸É¨ ¢ µ±·¥¸É´µ¸É¨ £· ´¨Í · §¤¥² , ³ £´¨É´Ò¥ ¨ Ö¤¥·´Ò¥ ´¥µ¤´µ·µ¤´µ¸É¨ ¢
µÉ¤¥²Ó´ÒÌ ¸²µÖÌ µ± §Ò¢ ÕÉ ¢²¨Ö´¨¥ ´  É¥ ¨²¨ ¨´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ ³ -
±·µ¸¢µ°¸É¢  ¸É·Ê±ÉÊ·. �µÔÉµ³Ê ¢ ¦´Ò³ Ö¢²Ö¥É¸Ö ·¥£¨¸É· Í¨Ö ¤¨ËËÊ§´µ£µ
· ¸¸¥Ö´¨Ö ¶µ²Ö·¨§µ¢ ´´ÒÌ ´¥°É·µ´µ¢ µÉ ¸É·Ê±ÉÊ·Ò. ‚ ÔÉµ° ¸¢Ö§¨ ¸²¥¤Ê¥É
µÉ³¥É¨ÉÓ, ÎÉµ ³¥Éµ¤ ´¥°É·µ´´µ° ·¥Ë²¥±Éµ³¥É·¨¨ ¢ ¸¢µ¥° É¥Ì´¨Î¥¸±µ° ·¥ -
²¨§ Í¨¨ Ìµ·µÏµ ¸µ¢³¥¸É¨³ ¸ ³¥Éµ¤µ³ ¤¨ËËÊ§´µ£µ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ´ 
´¥µ¤´µ·µ¤´µ¸ÉÖÌ ¸·¥¤Ò. „¥°¸É¢¨É¥²Ó´µ, Ô±¸¶¥·¨³¥´É ²Ó´ Ö µ¸´µ¢  ³¥Éµ¤ 
´¥°É·µ´´µ° ·¥Ë²¥±Éµ³¥É·¨¨ Å ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¶·µ¢¥¤¥´¨Ö ¨§³¥·¥´¨° µÉ· -
¦¥´¨Ö ´¥°É·µ´µ¢ ¢ µ±·¥¸É´µ¸É¨ ±·¨É¨Î¥¸±µ£µ §´ Î¥´¨Ö ¶¥·¥¤ ´´µ£µ ¢µ²´µ-
¢µ£µ ¢¥±Éµ·  kc = 4π sin θc/λ, £¤¥ λ Å ¤²¨´  ¢µ²´Ò ´¥°É·µ´ , θc Å ±·¨É¨-
Î¥¸±¨° Ê£µ² ¸±µ²Ó¦¥´¨Ö ´¥°É·µ´µ¢. ‡´ Î¥´¨¥ kc § ¢¨¸¨É µÉ ¶²µÉ´µ¸É¨ Ö¤¥·
¨ ¢¥²¨Î¨´Ò  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ´  Ö¤·¥ ¨ ¸µ¸É ¢²Ö¥É ¶µ·Ö¤± 
2 · 10−2 �A−1, ÎÉµ ¤²Ö É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢ ¸ ¤²¨´µ° ¢µ²´Ò λ = 1, 8 �A ¸µ-
µÉ¢¥É¸É¢Ê¥É Ê£²Ê · ¸¸¥Ö´¨Ö θscat,r = 2θc ≈ 6 · 10−3 · ¤. �±¸¶¥·¨³¥´É ²Ó´µ°
¦¥ µ¸´µ¢µ° ³¥Éµ¤  ¤¨ËËÊ§´µ£µ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ Ö¢²Ö¥É¸Ö ´¥µ¡Ìµ¤¨³µ¸ÉÓ
¶·µ¢¥¤¥´¨Ö ¨§³¥·¥´¨° ¢ µ±·¥¸É´µ¸É¨ §´ Î¥´¨Ö ¶¥·¥¤ ´´µ£µ ¢µ²´µ¢µ£µ ¢¥±-
Éµ·  q = 2π sin (θscat,d)/λ = 2π/d, £¤¥ d Å ²¨´¥°´Ò° · §³¥· ´¥µ¤´µ·µ¤´µ-
¸É¨ ¸·¥¤Ò (±µ··¥²ÖÍ¨µ´´ Ö ¤²¨´ ). ˆ§ ¸µµÉ´µÏ¥´¨Ö ¤²Ö q ¸²¥¤Ê¥É, ÎÉµ ¶·¨
d ≈ 300 �A Ê£µ² · ¸¸¥Ö´¨Ö ¸µ¸É ¢²Ö¥É θscat,d ≈ 5, 9 · 10−3, ÔÉµ µÎ¥´Ó ¡²¨§±µ ±
±·¨É¨Î¥¸±µ³Ê Ê£²Ê · ¸¸¥Ö´¨Ö θscat,r ¢ ³¥Éµ¤¥ ·¥Ë²¥±Éµ³¥É·¨¨.

’ ±¨³ µ¡· §µ³, ¸µµÉ¢¥É¸É¢¨¥ Ê£²µ¢ÒÌ Ì · ±É¥·¨¸É¨± ¤¢ÊÌ É¨¶µ¢ · ¸¸¥Ö-
´¨Ö ´¥°É·µ´µ¢, ´¥µ¡Ìµ¤¨³µ¸ÉÓ §´ ÉÓ ¸É·Ê±ÉÊ·Ê ¨ ¥¥ ¨¸± ¦¥´¨Ö ´  £· ´¨Í Ì
· §¤¥² ,   É ±¦¥ ¸É¥¶¥´Ó µ¤´µ·µ¤´µ¸É¨ ¢¥Ð¥¸É¢  ¢ ¸²µÖÌ ¸É·Ê±ÉÊ·Ò, ¶·¨¢µ¤¨É
´ ¸ ± ³Ò¸²¨, ÎÉµ ¢ ¸¶¥±É·µ³¥É·¥ ¶µ²Ö·¨§µ¢ ´´ÒÌ ´¥°É·µ´µ¢ ¢ ¦´µ ¶·¥¤Ê¸³µ-
É·¥ÉÓ ± ± ·¥£¨¸É· Í¨Õ §¥·± ²Ó´µ£µ ¨ ¤¨ËËÊ§´µ£µ µÉ· ¦¥´¨Ö µÉ £· ´¨Í · §-
¤¥²  ¨ ¶µ¢¥·Ì´µ¸É¥°, É ± ¨ ·¥£¨¸É· Í¨Õ ³ ²µÊ£²µ¢µ£µ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢
´  ´¥µ¤´µ·µ¤´µ¸ÉÖÌ ¢ µ¡Ñ¥³¥.

1. ”“�Š–ˆ���‹œ��Ÿ ‘•…Œ� ‘�…Š’��Œ…’��

‚ ¸¶¥±É·µ³¥É·¥ ¶µ²Ö·¨§µ¢ ´´ÒÌ ´¥°É·µ´µ¢ �…Œ“� ·¥ ²¨§µ¢ ´Ò ¸²¥¤Ê-
ÕÐ¨¥ ¢µ§³µ¦´µ¸É¨.

1. �¥¦¨³ ¨§³¥·¥´¨Ö µÉ· ¦¥´¨Ö ¶µ²Ö·¨§µ¢ ´´ÒÌ ´¥°É·µ´µ¢ ¨ ¶·µ¶Ê¸± -
´¨Ö ¨Ì Î¥·¥§ ¸²µ¨¸ÉÊÕ ¸É·Ê±ÉÊ·Ê (·¥Ë²¥±Éµ³¥É·¨Î¥¸± Ö ³µ¤  ¨§³¥·¥´¨°) ¨
·¥¦¨³ ¨§³¥·¥´¨Ö ¤¨ËËÊ§´µ£µ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ´  ³ ²Ò¥ Ê£²Ò (³ ²µÊ£²µ-
¢ Ö ³µ¤  ¨§³¥·¥´¨°).

2. �µ²´Ò° ¶µ²Ö·¨§ Í¨µ´´Ò°  ´ ²¨§ [12] µÉ· ¦¥´´µ£µ ¨ · ¸¸¥Ö´´µ£µ ¶ÊÎ-
±µ¢ ´¥°É·µ´µ¢, ¶µ§¢µ²ÖÕÐ¨° ¶·µ¢µ¤¨ÉÓ ¨¸¸²¥¤µ¢ ´¨¥ ¶·µÍ¥¸¸µ¢ ¸ ¨§³¥´¥-
´¨¥³ ¨ ¡¥§ ¨§³¥´¥´¨Ö ¸¶¨´µ¢µ£µ ¸µ¸ÉµÖ´¨Ö ´¥°É·µ´µ¢.
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3. �µ²Ö·¨§ Í¨µ´´Ò°  ´ ²¨§ ¶ÊÎ±  ´¥°É·µ´µ¢ µÉ´µ¸¨É¥²Ó´µ ²µ± ²Ó´µ£µ
¶µ²Ö ¢ ¨¸¸²¥¤Ê¥³µ³ µ¡· §Í¥, µ¸´µ¢ ´´Ò° ´  ¸ÊÐ¥¸É¢ÊÕÐ¥³ ¶·¨ ´¥´Ê²¥¢µ°
¢¥·µÖÉ´µ¸É¨ ¶¥·¥Ìµ¤  ´¥°É·µ´  ³¥¦¤Ê ¸¶¨´µ¢Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ ÔËË¥±É¥ ¶·µ-
¸É· ´¸É¢¥´´µ£µ · ¸Ð¥¶²¥´¨Ö ¶ÊÎ±  ´¥°É·µ´µ¢.

4. �µ§¨Í¨µ´´µ-ÎÊ¢¸É¢¨É¥²Ó´µ¥ ¤¥É¥±É¨·µ¢ ´¨¥ ´¥°É·µ´µ¢ ¸ Ê£²µ¢Ò³ · §-
·¥Ï¥´¨¥³ ¢ £µ·¨§µ´É ²Ó´µ° ¶²µ¸±µ¸É¨ ±0, 17 ³· ¤.

5. �¥·¥³¥Ð¥´¨¥ ¶µ²Ö·¨§ Í¨µ´´µ° ÔËË¥±É¨¢´µ¸É¨ ·¥Ë²¥±Éµ³¥É·¨Î¥¸±µ°
³µ¤Ò ¨§³¥·¥´¨° ¢ ¤¨ ¶ §µ´¥ ¤²¨´ ¢µ²´ ´¥°É·µ´µ¢ 1, 5÷5 �A, µ¸ÊÐ¥¸É¢²Ö¥³µ¥
¶ÊÉ¥³ ¨§³¥´¥´¨Ö Ê£²  ¸±µ²Ó¦¥´¨Ö ¶ÊÎ±  ´¥°É·µ´µ¢ ´  ¸Ê¶¥·§¥·± ²¥ ¶µ²Ö·¨-
§ Éµ·  ´¥°É·µ´µ¢.

6. 	¢Éµ³ É¨Î¥¸±µ¥ ¶¥·¥±²ÕÎ¥´¨¥ ¸µ¸ÉµÖ´¨° ¸¶¥±É·µ³¥É·  ¶·¨ · ¡µÉ¥ ¢
µ¶·¥¤¥²¥´´µ³ ¨§³¥·¨É¥²Ó´µ³ ·¥¦¨³¥,  ¢Éµ³ É¨Î¥¸±¨° ´ ¡µ· ¸¶¥±É·µ³¥É·¨-
Î¥¸±µ° ¨´Ëµ·³ Í¨¨, ±µ´É·µ²Ó ¸µ¸ÉµÖ´¨Ö µÉ¤¥²Ó´ÒÌ Ê§²µ¢ ¸¶¥±É·µ³¥É· .

7. ‚¨§Ê ²¨§ Í¨Ö ¨ Ô±¸¶·¥¸¸- ´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.
�  ·¨¸. 1 ¶µ± § ´  ËÊ´±Í¨µ´ ²Ó´ Ö ¸Ì¥³  ¸¶¥±É·µ³¥É· . �Ò¸É·Ò¥ ´¥°-

É·µ´Ò, µ¡· §µ¢ ¢Ï¨¥¸Ö ¢  ±É¨¢´µ° §µ´¥ ·¥ ±Éµ·  AZ, É¥·³µ²¨§ÊÕÉ¸Ö ¢ ¢µ¤Ö-
´µ³ § ³¥¤²¨É¥²¥ WM, µ±·Ê¦ ÕÐ¥³  ±É¨¢´ÊÕ §µ´Ê ·¥ ±Éµ· . ’µ²Ð¨´  § ³¥¤-
²¨É¥²Ö ¸µ¸É ¢²Ö¥É 5 ¸³ ¨ µ¶·¥¤¥²Ö¥É ¢·¥³Ö § ³¥¤²¥´¨Ö ¡Ò¸É·ÒÌ ´¥°É·µ´µ¢ ¨
¤²¨É¥²Ó´µ¸ÉÓ ¨³¶Ê²Ó¸  É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢ 320 ³±¸ [13]. Œµ³¥´É ¨¸¶Ê¸± -
´¨Ö É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢ § ³¥¤²¨É¥²¥³ ¢ ¤ ²Ó´¥°Ï¥³ ¥¸ÉÓ ÉµÎ±  µÉ¸Î¥É  ¤²Ö
µ¶·¥¤¥²¥´¨Ö ¢·¥³¥´¨ ¶·µ²¥É  ´¥°É·µ´µ¢ µÉ § ³¥¤²¨É¥²Ö ¤µ ¤¥É¥±Éµ·  ´¥°É·µ-
´µ¢. ‚·¥³Ö ¶·µ²¥É , ¢ ¸¢µÕ µÎ¥·¥¤Ó, µ¶·¥¤¥²Ö¥É ¤²¨´Ê ¢µ²´Ò ´¥°É·µ´µ¢, ÎÉµ ¨
Ö¢²Ö¥É¸Ö µ¸´µ¢µ° ³¥Éµ¤  ¢·¥³¥´¨ ¶·µ²¥É  ´  ¨³¶Ê²Ó¸´µ³ ¨¸ÉµÎ´¨±¥ ´¥°É·µ-
´µ¢. �ÊÎµ± É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢, ¢Ò²¥É ÕÐ¨Ì ¨§ § ³¥¤²¨É¥²Ö, Ëµ·³¨·Ê¥É¸Ö
¤¢ÊÌ¤¨¸±µ¢Ò³ ¶·¥·Ò¢ É¥²¥³ ´¥°É·µ´µ¢ DCh (· ¸¸ÉµÖ´¨¥ µÉ ¶·¥·Ò¢ É¥²Ö ¤µ
§ ³¥¤²¨É¥²Ö L1 = 4, 5 ³). �·¥·Ò¢ É¥²Ó ´¥°É·µ´µ¢ ¸²Ê¦¨É ¤²Ö ¶·µ¶Ê¸± ´¨Ö
µ¸´µ¢´µ£µ ¨³¶Ê²Ó¸  É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢ ¨ µÉ¸¥± ´¨Ö Î¥ÉÒ·¥Ì ¸ ÉÉ¥²¨É´ÒÌ
¨³¶Ê²Ó¸µ¢ É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢, ¶µÖ¢²ÖÕÐ¨Ì¸Ö Î¥·¥§ ¢·¥³Ö, ±· É´µ¥ 40 ³±¸,
¶µ¸²¥ ¢µ§´¨±´µ¢¥´¨Ö µ¸´µ¢´µ£µ ¨³¶Ê²Ó¸ . �µÖ¢²¥´¨¥ ¸ ÉÉ¥²¨É´ÒÌ ¨³¶Ê²Ó-
¸µ¢ ¸¢Ö§ ´µ ¸ ¶·µÌµ¦¤¥´¨¥³ ¢Éµ·µ£µ ¤µ¶µ²´¨É¥²Ó´µ£µ µÉ· ¦ É¥²Ö ´¥°É·µ´µ¢
¢¡²¨§¨  ±É¨¢´µ° §µ´Ò. �µ¸²¥ ¶·¥·Ò¢ É¥²Ö ¶ÊÎµ± ´¥°É·µ´µ¢ ¶·µÌµ¤¨É ±µ²²¨-
³ Éµ· ‘1 (¤¨ ³¥É· ¶·µÌµ¤´µ£µ ¤²Ö ´¥°É·µ´µ¢ ±·Ê£²µ£µ µÉ¢¥·¸É¨Ö ±µ²²¨³ -
Éµ·  ¸µ¸É ¢²Ö¥É 200 ³³, · ¸¸ÉµÖ´¨¥ µÉ ±µ²²¨³ Éµ·  ¤µ § ³¥¤²¨É¥²Ö L2 = 9 ³),
· ¸¶µ²µ¦¥´´Ò° ¢ ¸É¥´¥ ¡¨µ²µ£¨Î¥¸±µ° § Ð¨ÉÒ ·¥ ±Éµ· , ±µ´¨Î¥¸±¨° ¸Ìµ-
¤ÖÐ¨°¸Ö ´¥°É·µ´µ¢µ¤ NG ¨ ´ Ìµ¤ÖÐ¨°¸Ö ´  ¢ÒÌµ¤¥ ´¥°É·µ´µ¢µ¤  ¢Éµ·µ°
±µ²²¨³ Éµ· ‘2 (¸¥Î¥´¨¥ ¶·µÌµ¤´µ£µ ¤²Ö ´¥°É·µ´µ¢ µÉ¢¥·¸É¨Ö ±µ²²¨³ Éµ· 
¸µ¸É ¢²Ö¥É 20 × 160 ³³, · ¸¸ÉµÖ´¨¥ µÉ § ³¥¤²¨É¥²Ö L3 = 20 ³). �  ÊÎ ¸É±¥
¶·µÉÖ¦¥´´µ¸ÉÓÕ 4,5 ³ ¶µ¸²¥ ¢Éµ·µ£µ ±µ²²¨³ Éµ·  ¢ ´ ¶· ¢²¥´¨¨ ¢¤µ²Ó ¶ÊÎ± 
¨ ¶ · ²²¥²Ó´µ ¤·Ê£ ¤·Ê£Ê · ¸¶µ²µ¦¥´Ò ¸¨¸É¥³Ò Ëµ·³¨·µ¢ ´¨Ö ¶µ²Ö·¨§µ¢ ´-
´µ£µ ¶ÊÎ±  ¤²Ö ·¥Ë²¥±Éµ³¥É·¨Î¥¸±µ£µ ¨ ³ ²µÊ£²µ¢µ£µ ·¥¦¨³µ¢ · ¡µÉÒ ¸¶¥±-
É·µ³¥É· . Š ¦¤ Ö ¨§ ¸¨¸É¥³ Ëµ·³¨·µ¢ ´¨Ö ¶µ²Ö·¨§µ¢ ´´µ£µ ¶ÊÎ±  ´¥°É·µ´µ¢
¸µ¸Éµ¨É ¨§ ¤¢ÊÌ Ê§²µ¢, · §³¥Ð¥´´ÒÌ ¸µµÉ¢¥É¸É¢¥´´µ ´  ¤¢ÊÌ µ¡Ð¨Ì ¤²Ö µ¡¥¨Ì
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¸¨¸É¥³ ¶µ¤¢¨¦´ÒÌ ¶² ÉËµ·³ Ì PL1 (L4 = 20, 5 ³) ¨ PL2 (L5 = 24, 5 ³).
�² ÉËµ·³Ò ¶·µÉÖ¦¥´´µ¸ÉÓÕ 1200 ³³ ¢ ´ ¶· ¢²¥´¨¨ ¢¤µ²Ó ¶ÊÎ±  ´¥°É·µ-
´µ¢ ¨³¥ÕÉ ´  ¸¢µ¨Ì ±µ´Í Ì ¶·¨¢µ¤Ò ¤²Ö ¶¥·¥³¥Ð¥´¨Ö ¨Ì ¶µ¶¥·¥± ¶ÊÎ± . ‘
¶µ³µÐÓÕ ÔÉ¨Ì ¶·¨¢µ¤µ¢ ¢Ò¶µ²´Ö¥É¸Ö Õ¸É¨·µ¢±  Ê§²µ¢ µÉ´µ¸¨É¥²Ó´µ ¶ÊÎ± 
´¥°É·µ´µ¢.

‘¨¸É¥³  Ëµ·³¨·µ¢ ´¨Ö ¶µ²Ö·¨§µ¢ ´´µ£µ ¶ÊÎ±  ·¥Ë²¥±Éµ³¥É·¨Î¥¸±µ° ³µ-
¤Ò ¸µ¸Éµ¨É ¨§ ±µ²²¨³ Éµ·  CR1, ¶µ²Ö·¨§ Éµ·  ´¥°É·µ´µ¢ PR ¨ ±µ²²¨³ Éµ· 
CR2. Šµ²²¨³ Éµ· CR1 ¤²¨´µ° 1200 ³³ · §³¥Ð¥´ ´  ¶¥·¢µ° ¶² ÉËµ·³¥ ¨
¨³¥¥É ¶·µÌµ¤´µ¥ ¸¥Î¥´¨¥ 10 × 80 ³³. �µ²Ö·¨§ Éµ· PR ´ Ìµ¤¨É¸Ö ´  ¢Éµ·µ°
¶² ÉËµ·³¥ ¨ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸Ê¶¥·§¥·± ²µ, ¨§£µÉµ¢²¥´´µ¥ ´  ¸É¥±²Ö´´µ°
¶µ¤²µ¦±¥ · §³¥·µ³ 28× 100× 800 ³³. Šµ²²¨³ Éµ· CR2 ¨³¥¥É ¤²¨´Ê 400 ³³
¨ ¶·µÌµ¤´µ¥ µÉ¢¥·¸É¨¥ ¸ ¸¥Î¥´¨¥³ ´  ¢ÒÌµ¤¥ 2×80 ³³. �¶É¨³ ²Ó´µ¥ ¶µ²µ¦¥-
´¨¥ ±µ²²¨³ Éµ·  CR2, µ¡¥¸¶¥Î¨¢ ÕÐ¥¥ ¶·µÌµ¦¤¥´¨¥ Î¥·¥§ ´¥£µ µÉ· ¦¥´´µ£µ
µÉ ¶µ²Ö·¨§ Éµ·  ¶ÊÎ±  ´¥°É·µ´µ¢ ¨ ´¨§±¨° Ê·µ¢¥´Ó Ëµ´  ¡Ò¸É·ÒÌ ´¥°É·µ´µ¢,
¤µ¸É¨£ ¥É¸Ö ¶µ¢µ·µÉµ³ ±µ²²¨³ Éµ·  ¢µ±·Ê£ µ¸¨ ¢· Ð¥´¨Ö, ¸µ¢³¥Ð¥´´µ° ¸ ¢Ò-
Ìµ¤µ³ ¶µ²Ö·¨§ Éµ· . �  ¢ÒÌµ¤¥ ±µ²²¨³ Éµ·  Ëµ·³¨·Ê¥É¸Ö ¶µ²Ö·¨§µ¢ ´´Ò°
¶ÊÎµ± ´¥°É·µ´µ¢ ¸¥Î¥´¨¥³ 2 × 80 ³³.

‘¨¸É¥³  Ëµ·³¨·µ¢ ´¨Ö ¶µ²Ö·¨§µ¢ ´´µ£µ ¶ÊÎ±  ³ ²µÊ£²µ¢µ° ³µ¤Ò ¨§³¥-
·¥´¨° ¸µ¸Éµ¨É ¨§ ¶µ²Ö·¨§ Éµ·  PM ¨ ±µ²²¨³ Éµ·  CM, · §³¥Ð¥´´ÒÌ ´  ¶¥·-
¢µ° ¨ ¢Éµ·µ° ¶² ÉËµ·³ Ì ¸µµÉ¢¥É¸É¢¥´´µ. �µ²Ö·¨§ Éµ· ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ°
¸Éµ¶±Ê ¶·Ö³ÒÌ ¸Ê¶¥·§¥·± ² ¤²¨´µ° 300 ³³ ¸ · ¸¸ÉµÖ´¨¥³ ³¥¦¤Ê ´¨³¨ 1 ³³.
�·µÌµ¤´µ¥ µÉ¢¥·¸É¨¥ ¶µ²Ö·¨§ Éµ·  ¨³¥¥É ¸¥Î¥´¨¥ 38× 42 ³³. �  ¢ÒÌµ¤¥ ¶µ-
²Ö·¨§ Éµ·  Ëµ·³¨·Ê¥É¸Ö ¶ÊÎµ± ´¥°É·µ´µ¢ ¸¥Î¥´¨¥³ 20 × 42 ³³. Šµ²²¨³ Éµ·
CŒ ¤²¨´µ° 1200 ³³ ¨³¥¥É ¶·µÌµ¤´µ¥ µÉ¢¥·¸É¨¥ ¸¥Î¥´¨¥³ 40 × 40 ³³.

‘Ëµ·³¨·µ¢ ´´Ò° ¶µ²Ö·¨§µ¢ ´´Ò° ¶ÊÎµ± ´¥°É·µ´µ¢ ´  ¶ÊÉ¨ ¤µ µ¡· §Í 
¶·µÌµ¤¨É ¥Ð¥ ± ¤³¨¥¢ÊÕ ¤¨ Ë· £³Ê D1 (L6 = 25 ³), ¢ÒÌµ¤´µ° ±µ²²¨³ Éµ·
‘3 (L7 = 26 ³), ¸¶¨´-Ë²¨¶¶¥· SF1 ¨ ¢Éµ·ÊÕ ¤¨ Ë· £³Ê D2 (L7 = 28, 5 ³). ‘¥-
Î¥´¨¥ ¶·µÌµ¤´µ£µ µÉ¢¥·¸É¨Ö ¤¨ Ë· £³ ·¥£Ê²¨·Ê¥É¸Ö ¤¨¸É ´Í¨µ´´µ ¢ ¶·¥¤¥² Ì
(0÷50)× (0÷160) ³³. ‘¥Î¥´¨¥ ¶·µÌµ¤´µ£µ µÉ¢¥·¸É¨Ö ±µ²²¨³ Éµ·  ‘3 · ¢´µ
100 × 200 ³³. ƒ· ¤¨¥´É´Ò° · ¤¨µÎ ¸ÉµÉ´Ò° ¸¶¨´-Ë²¨¶¶¥· µ¸ÊÐ¥¸É¢²Ö¥É ¨§-
³¥´¥´¨¥ ´ ¶· ¢²¥´¨Ö ¶µ²Ö·¨§ Í¨¨ ´¥°É·µ´´µ£µ ¶ÊÎ±  ´  ¶·µÉ¨¢µ¶µ²µ¦´µ¥
¨ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸µ²¥´µ¨¤ ¤²¨´µ° 300 ³³ ¨ ¤¨ ³¥É·µ³ 160 ³³, µ±·Ê-
¦¥´´Ò° ¨§µ£´ÊÉÒ³¨ ± ÉÊÏ± ³¨ ¸¶¥Í¨ ²Ó´µ° Ëµ·³Ò. �¥·¥³¥´´µ¥ ³ £´¨É´µ¥
¶µ²¥ ¢¥²¨Î¨´µ° 10 � ¨ Î ¸ÉµÉµ° 75 ±ƒÍ ´ ¶· ¢²¥´µ ¶µ µ¸¨ ¸µ²¥´µ¨¤  ¶ · ²-
²¥²Ó´µ ¶ÊÎ±Ê ´¥°É·µ´µ¢,   ¶µ¸ÉµÖ´´µ¥ ³ £´¨É´µ¥ ¶µ²¥ µÉ ¨§µ£´ÊÉÒÌ ± ÉÊÏ¥±
´ ¶· ¢²¥´µ ¶¥·¶¥´¤¨±Ê²Ö·´µ ´ ¶· ¢²¥´¨Õ ¶ÊÎ±  ´¥°É·µ´µ¢ ¨ ¨§³¥´Ö¥É¸Ö ¶µ
¢¥²¨Î¨´¥ ¢¤µ²Ó ´ ¶· ¢²¥´¨Ö ¶ÊÎ±  ¢ ¶·¥¤¥² Ì 40 ÷ 10 �.

Œ¥¸Éµ Ê¸É ´µ¢±¨ µ¡· §Í  ´ Ìµ¤¨É¸Ö µÉ § ³¥¤²¨É¥²Ö ´  · ¸¸ÉµÖ´¨¨ L8 =
29 ³. �¡· §¥Í ±·¥¶¨É¸Ö ¢ ¸¶¥Í¨ ²Ó´µ³ ¤¥·¦ É¥²¥, ´  ¢Ìµ¤¥ ¨ ¢ÒÌµ¤¥ ±µ-
Éµ·µ£µ ³µ£ÊÉ Ê¸É ´ ¢²¨¢ ÉÓ¸Ö ¤¨ Ë· £³Ò, ¢Ò¶µ²´¥´´Ò¥ ¨§ ²¨¸Éµ¢µ£µ ± ¤-
³¨Ö Éµ²Ð¨´µ° 1 ³³. ‚ ·¥Ë²¥±Éµ³¥É·¨Î¥¸±µ° ³µ¤¥ ¨§³¥·¥´¨° µÉ· ¦¥´´Ò¥
µÉ µ¡· §Í  ´¥°É·µ´Ò ¶·µÌµ¤ÖÉ ¢Éµ·µ° ¸¶¨´-Ë²¨¶¶¥· SF2 ( ´ ²µ£¨Î¥´ ¸¶¨´-
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Ë²¨¶¶¥·Ê SF1), ¸Ëµ±Ê¸¨·µ¢ ´´Ò° (¢¥¥·´Ò°)  ´ ²¨§ Éµ· ¶µ²Ö·¨§ Í¨¨ ¶ÊÎ± 
APF (L9 = 33, 4 ³) [14] ¨ ·¥£¨¸É·¨·ÊÕÉ¸Ö ¶µ§¨Í¨µ´´µ-ÎÊ¢¸É¢¨É¥²Ó´Ò³ ¤¥É¥±-
Éµ·µ³ PSD (L10 = 33, 7 ³) [15]. „ ´´ Ö  ¶¶ · ÉÊ·  ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´ 
¨ ¤²Ö ³ ²µÊ£²µ¢ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¢ Ð¥²¥¢µ° £¥µ³¥É·¨¨ ¨§³¥·¥´¨°, ÎÉµ ¶·µ¤¥-
³µ´¸É·¨·µ¢ ´µ ¢ · ¡µÉ¥ [15].

‚ ³ ²µÊ£²µ¢µ° ³µ¤¥ ¨§³¥·¥´¨° · ¸¸¥Ö´´Ò¥ ´  µ¡· §Í¥ ´¥°É·µ´Ò ·¥£¨-
¸É·¨·ÊÕÉ¸Ö 32-¸Î¥ÉÎ¨±µ¢Ò³ ¤¥É¥±Éµ·µ³ ´¥°É·µ´µ¢ MCD, ±µÉµ·Ò° Ê¸É ´ -
¢²¨¢ ¥É¸Ö µÉ µ¡· §Í  ´  · ¸¸ÉµÖ´¨¨ 1, 5 ÷ 7, 5 ³.

2. ������’“�� ‘�…Š’��Œ…’��

2.1. �µ²Ö·¨§ Éµ·Ò ¨  ´ ²¨§ Éµ· ¶µ²Ö·¨§ Í¨¨. �µ²Ö·¨§ Éµ·Ò ¨  ´ ²¨-
§ Éµ· ¶µ²Ö·¨§ Í¨¨ ¢Ò¶µ²´¥´Ò ¨§ ¸Ê¶¥·§¥·± ²  [16], ¨³¥ÕÐ¥£µ ±·¨É¨Î¥¸±¨°
Ê£µ² µÉ· ¦¥´¨Ö É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢ θc(λ = 1, 8 �A) = 6, 3 ³· ¤, ÎÉµ ¢ 2 · § 
¶·¥¢ÒÏ ¥É ±·¨É¨Î¥¸±¨° Ê£µ² µÉ· ¦¥´¨Ö ´¥°É·µ´µ¢ µÉ ¶µ¢¥·Ì´µ¸É¨ ¨§ ¥¸É¥-
¸É¢¥´´µ£µ ´¨±¥²Ö. �µ¸±µ²Ó±Ê Ê£µ² ¸±µ²Ó¦¥´¨Ö θ ¶ÊÎ±  ´¥°É·µ´µ¢ ¢ ¶µ²Ö·¨-
§ Éµ·¥ ( ´ ²¨§ Éµ·¥ ¶µ²Ö·¨§ Í¨¨) Ë¨±¸¨·µ¢ ´, Éµ ±·¨É¨Î¥¸±µ³Ê Ê£²Ê θc(λ =
1, 8 �A) ¸µµÉ¢¥É¸É¢Ê¥É ±·¨É¨Î¥¸± Ö ¤²¨´  ¢µ²´Ò λc (�A) = 1, 8θ/θc(λ = 1, 8 �A).
Š ± Ìµ·µÏµ ¨§¢¥¸É´µ, ¶·¨´Í¨¶ · ¡µÉÒ §¥·± ²Ó´µ£µ ¶µ²Ö·¨§ Éµ·  ( ´ ²¨§ -
Éµ·  ¶µ²Ö·¨§ Í¨¨) § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ ´¥°É·µ´Ò ¸ ¶·µ¥±Í¨¥° ¸¶¨´  ¶µ
´ ¶· ¢²¥´¨Õ ³ £´¨É´µ£µ ¶µ²Ö (´¥°É·µ´Ò ¢ ®+¯ ¸¶¨´µ¢µ³ ¸µ¸ÉµÖ´¨¨) µÉ· -
¦ ÕÉ¸Ö µÉ ³ £´¨É´µ£µ ¸Ê¶¥·§¥·± ²Ó´µ£µ ¸²µÖ,   ´¥°É·µ´Ò ¸ ¶·µ¥±Í¨¥° ¸¶¨´ 
¶·µÉ¨¢ ´ ¶· ¢²¥´¨Ö ³ £´¨É´µ£µ ¶µ²Ö (´¥°É·µ´Ò ¢ ®Ä¯ ¸¶¨´µ¢µ³ ¸µ¸ÉµÖ´¨¨)
¶·µÌµ¤ÖÉ ÔÉµÉ ¸²µ° ¨ ¶µ£²µÐ ÕÉ¸Ö ¢ ¸²¥¤ÊÕÐ¥³ ¸²µ¥, ±µÉµ·Ò° ¨³¥¥É ¡µ²Ó-
Ïµ¥ ¸¥Î¥´¨¥ § Ì¢ É  ´¥°É·µ´µ¢. �É´µÏ¥´¨¥ Î¨¸²  µÉ· ¦¥´´ÒÌ ´¥°É·µ´µ¢ ¢
®+¯ ¨ ®Ä¯ ¸¶¨´µ¢ÒÌ ¸µ¸ÉµÖ´¨ÖÌ r = j+/j− µ¶·¥¤¥²Ö¥É ¶µ²Ö·¨§ Í¨µ´´ÊÕ ÔË-
Ë¥±É¨¢´µ¸ÉÓ ¶µ²Ö·¨§ Éµ·  ( ´ ²¨§ Éµ·  ¶µ²Ö·¨§ Í¨¨) P = (r − 1)/(r + 1).
�µ²Ö·¨§ Í¨µ´´ Ö ÔËË¥±É¨¢´µ¸ÉÓ P ¡²¨§±  ± ¥¤¨´¨Í¥ (¶·¨ ÔÉµ³ r � 1) ¢
¨´É¥·¢ ²¥ ¤²¨´ ¢µ²´ λ � λc, ¢ ±µÉµ·µ³ ±µÔËË¨Í¨¥´É µÉ· ¦¥´¨Ö ´¥°É·µ´µ¢ ¢
®+¯ ¸¶¨´µ¢µ³ ¸µ¸ÉµÖ´¨¨ ¥¸ÉÓ R+ ≈ 1,   ³¥¦¤Ê ±µÔËË¨Í¨¥´É ³¨ µÉ· ¦¥´¨Ö
¢Ò¶µ²´Ö¥É¸Ö ¸µµÉ´µÏ¥´¨¥ R+ � R−.

�µ²Ö·¨§ Éµ· ·¥Ë²¥±Éµ³¥É·¨Î¥¸±µ° ³µ¤Ò ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸É¥±²Ö´´ÊÕ
¶² ¸É¨´Ê · §³¥·µ³ H × D × L = 100 × 28 × 800 ³³, ´  ¶²µ¸±µ¸ÉÓ H × L
±µÉµ·µ° ´ ´¥¸¥´ ¸²µ° ¸Ê¶¥·§¥·± ² . ‡¤¥¸Ó ¸Éµ·µ´  L ´ ¶· ¢²¥´  ¢¤µ²Ó ¶ÊÎ± 
´¥°É·µ´µ¢,   H ¨ D Å ¶µ¶¥·¥± ¶ÊÎ± , ¶·¨ ÔÉµ³ H Å ¢ ¢¥·É¨± ²Ó´µ³,  
D Å £µ·¨§µ´É ²Ó´µ³ ´ ¶· ¢²¥´¨ÖÌ. ’µ²Ð¨´  ¶² ¸É¨´Ò D = 28 ³³ ¢Ò-
¡· ´  ¨§ ¸µµ¡· ¦¥´¨° µ¡¥¸¶¥Î¥´¨Ö ¤µ¸É ÉµÎ´µ° ¶²µ¸±µ¸É´µ¸É¨ ¶² ¸É¨´Ò,
ÎÉµ ¢ ¨Éµ£¥ µ¡¥¸¶¥Î¨¢ ¥É ´¥¡µ²ÓÏÊÕ Ê£²µ¢ÊÕ Ï¨·¨´Ê µÉ· ¦¥´´µ£µ ¶ÊÎ± 
´¥°É·µ´µ¢. ˜¨·¨´  ¶µ²Ö·¨§µ¢ ´´µ£µ ¶ÊÎ±  ´¥°É·µ´µ¢ d (· §³¥· ¢ ´ ¶· -
¢²¥´¨¨ ¶¥·¶¥´¤¨±Ê²Ö·´µ ¶²µ¸±µ¸É¨ §¥·± ² ), µ¶·¥¤¥²ÖÕÐ Ö ¶·¨ ´¥±µÉµ·ÒÌ
Ê¸²µ¢¨ÖÌ §´ Î¨É¥²Ó´ÊÕ ¤µ²Õ Ê£²µ¢µ£µ · §·¥Ï¥´¨Ö ¸¶¥±É·µ³¥É· , ¸¢Ö§ ´  ¸
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Ê£²µ³ ¸±µ²Ó¦¥´¨Ö θ ´¥°É·µ´´µ£µ ¶ÊÎ±  ¨ ¤²¨´µ° §¥·± ²  ¶µ²Ö·¨§ Éµ·  l ¸µ-
µÉ´µÏ¥´¨¥³ d = lθ. “£µ² ¸±µ²Ó¦¥´¨Ö ¶ÊÎ±  ´¥°É·µ´µ¢ ´  ¶µ²Ö·¨§ Éµ·¥
¶ÊÉ¥³ ¢· Ð¥´¨Ö §¥·± ²  ³µ¦¥É ¡ÒÉÓ ¢Ò¡· ´ ¢ ¶·¥¤¥² Ì 3 · 10−3 ÷ 10−2 · ¤,
ÎÉµ ¤ ¥É d = 0, 24 ÷ 0, 8 ³³. �·¨ ÔÉµ³ ±·¨É¨Î¥¸± Ö ¤²¨´  ¢µ²´Ò ¨§³¥´Ö¥É¸Ö
¢ ¶·¥¤¥² Ì 0, 86 ÷ 2, 84 �A.

„²Ö · ¡µÉÒ ¢ ³ ²µÊ£²µ¢µ° ³µ¤¥ ¶·¥¤Ê¸³µÉ·¥´Ò ¤¢  ¶µ²Ö·¨§ Éµ· : ¸Éµ¶± 
¶·Ö³ÒÌ §¥·± ² (‘�‡) ¨ ¸Éµ¶±  ¨§µ£´ÊÉÒÌ §¥·± ² (‘ˆ‡). ˆ¸¶µ²Ó§µ¢ ´¨¥
¸Éµ¶±¨ §¥·± ² ¸¢Ö§ ´µ ¸ ´¥µ¡Ìµ¤¨³µ¸ÉÓÕ ´  µ£· ´¨Î¥´´µ³ · ¸¸ÉµÖ´¨¨ ¢¤µ²Ó
¶ÊÎ±  ¶µ²ÊÎ¨ÉÓ ¶µ²Ö·¨§µ¢ ´´Ò° ¶ÊÎµ± ´¥°É·µ´µ¢ ¡µ²ÓÏµ£µ ¸¥Î¥´¨Ö. ˆ§-§ 
¢µ§³µ¦´µ¸É¨ ·¥ ²¨§ Í¨¨ ´¥¡µ²ÓÏµ£µ Ê£²  ¸±µ²Ó¦¥´¨Ö ´¥°É·µ´µ¢ ¶µ²Ö·¨§ -
Éµ· ‘�‡ µÉ²¨Î ¥É¸Ö ´¥¡µ²ÓÏ¨³ §´ Î¥´¨¥³ λc, ÎÉµ ¢ ¦´µ ¶·¨ · ¡µÉ¥ ´  ®É¥¶-
²µ³¯ ¨¸ÉµÎ´¨±¥ ´¥°É·µ´µ¢. ‘·¥¤´¥¥ §´ Î¥´¨¥ Ê£²  ¸±µ²Ó¦¥´¨Ö ¢ ‘�‡ · ¢´µ
θav = ∆d/l, £¤¥ ∆d Å · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê §¥·± ² ³¨, · ¢´µ¥ ¤²Ö ¤ ´´µ£µ ‘�‡
1 ³³. �·¨ ¤²¨´¥ §¥·± ² l = 300 ³³ ¨³¥¥³ θav = 3, 3 · 10−3 · ¤, ÎÉµ ¤ ¥É ¤²Ö
±·¨É¨Î¥¸±µ° ¤²¨´Ò λc = 0, 94 �A. �¥¤µ¸É É±µ³ ‘�‡ Ö¢²Ö¥É¸Ö Éµ, ÎÉµ Î ¸ÉÓ
´¥°É·µ´µ¢ ³µ¦¥É ¶·µÌµ¤¨ÉÓ ¶µ²Ö·¨§ Éµ·, ´¥ µÉ· ¦ Ö¸Ó µÉ §¥·± ² , ¥¸²¨ ´¥
¶·¨´¨³ ÉÓ ¸¶¥Í¨ ²Ó´ÒÌ ³¥·. ‚ ¨Éµ£¥ ¡Ê¤¥É § ´¨¦ ÉÓ¸Ö ¶µ²Ö·¨§ÊÕÐ Ö ÔËË¥±-
É¨¢´µ¸ÉÓ ¶µ²Ö·¨§ Éµ· . —Éµ¡Ò ¨¸±²ÕÎ¨ÉÓ ¸´¨¦¥´¨¥ ÔËË¥±É¨¢´µ¸É¨, ´¥µ¡Ìµ-
¤¨³µ ¢Ò¶µ²´¨ÉÓ Ê¸²µ¢¨¥ d < 2Lpsθav , £¤¥ Lps Å · ¸¸ÉµÖ´¨¥ µÉ ¶µ²Ö·¨§ Éµ· 
¤µ ³¥¸É  Ê¸É ´µ¢±¨ µ¡· §Í . ‚ ¸¶¥±É·µ³¥É·¥ ¢Ò¡· ´µ Lps = 9 ³, ÎÉµ ¤²Ö
Ï¨·¨´Ò ¶ÊÎ±  ¤ ¥É ³ ±¸¨³ ²Ó´µ¥ §´ Î¥´¨¥ dmax = 59, 4 ³³. �¤´ ±µ ¨§-§ 
· ¸Ìµ¤¨³µ¸É¨ ¶ÊÎ±  ¨ ±µ´¥Î´µ£µ · §³¥·  µ¡· §Í  §´ Î¥´¨¥ dmax ¸´¨¦ ¥É¸Ö
¤µ 40 ³³.

‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¶·¥¨³ÊÐ¥¸É¢µ ¶µ²Ö·¨§ Éµ·  ‘ˆ‡ Å µÉ¸ÊÉ¸É¢¨¥ ¶·Ö-
³µ° ¢¨¤¨³µ¸É¨ Î¥·¥§ ´¥£µ. �  ¢ÒÌµ¤¥ É ±µ£µ ¶µ²Ö·¨§ Éµ·  ¡Ê¤ÊÉ Éµ²Ó±µ ´¥°-
É·µ´Ò, µÉ· §¨¢Ï¨¥¸Ö µÉ ¥£µ §¥·± ² . ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ³ ±¸¨³ ²Ó´ Ö Ï¨·¨´ 
¶ÊÎ±  ´¥°É·µ´µ¢ · ¢´  Ï¨·¨´¥ ¢Ìµ¤´µ£µ µ±´  ¶µ²Ö·¨§ Éµ· . �¤´ ±µ ¤²Ö ‘ˆ‡
λc µ± §Ò¢ ¥É¸Ö ¡µ²ÓÏ¥, Î¥³ ¤²Ö ‘�‡, ¨ µ¶·¥¤¥²Ö¥É¸Ö ·Ö¤µ³ ¶ · ³¥É·µ¢ [17]:
λc = 4a/ldσ, £¤¥ ld = 2(2aρ)1/2 Å ¤²¨´  ¶·Ö³µ° ¢¨¤¨³µ¸É¨; a Å Ï¨·¨´ 
± ´ ² ; ρ Å · ¤¨Ê¸ ±·¨¢¨§´Ò; σ = (Nb/2π)1/2, N Å ¶²µÉ´µ¸ÉÓ Ö¤¥· ¢¥Ð¥-
¸É¢ , b Å  ³¶²¨ÉÊ¤  ±µ£¥·¥´É´µ£µ · ¸¸¥Ö´¨Ö, Ö¢²ÖÕÐ Ö¸Ö ¸Ê³³µ° Ö¤¥·´µ° ¨
³ £´¨É´µ°  ³¶²¨ÉÊ¤. „²Ö ‘ˆ‡ ¸¶¥±É·µ³¥É·  �…Œ“� ld = 500 ³³, a = 0, 6 ³³
¨ σ = 3, 5 · 10−3 A−1, ÎÉµ ¤ ¥É §´ Î¥´¨¥ λc ≈ 1, 4 �A.

	´ ²¨§ Éµ· ¸¶¥±É·µ³¥É·  �…Œ“� ¥¤¨´¸É¢¥´´Ò° ¢ ¸¢µ¥³ ·µ¤¥ [14]. �¥-
±µÉµ·Ò°  ´ ²µ£ É ±µ£µ Ê¸É·µ°¸É¢  ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ°  ´ ²¨§¨·ÊÕÐ Ö ¸¨-
¸É¥³  §¥·± ² ¸¶¥±É·µ³¥É·  ³ ²µÊ£²µ¢µ£µ · ¸¸¥Ö´¨Ö ¢ �¥É¥·¡Ê·£¸±µ³ ¨´¸É¨-
ÉÊÉ¥ Ö¤¥·´µ° Ë¨§¨±¨ (�ˆŸ”) �	� ¢ ƒ ÉÎ¨´¥ [18]. �¤´ ±µ ¢ ·¥Ë²¥±Éµ³¥É·¨-
Î¥¸±µ³ Ô±¸¶¥·¨³¥´É¥ ¸ ¶·¥¨³ÊÐ¥¸É¢¥´´µ §¥·± ²Ó´Ò³ µÉ· ¦¥´¨¥³ µ¸µ¡¥´´µ
¢ ¦´Ò³ Ö¢²Ö¥É¸Ö ¢§ ¨³´µ¥ · ¸¶µ²µ¦¥´¨¥ ¨¸¸²¥¤Ê¥³µ£µ µ¡· §Í  ¨ §¥·± ²  ´ -
²¨§ Éµ· . …¸²¨ ¢ µ¡ÒÎ´µ³  ´ ²¨§ Éµ·¥ ¶²µ¸±µ¸ÉÓ §¥·± ² µ·¨¥´É¨·Ê¥É¸Ö ¶¥·-
¶¥´¤¨±Ê²Ö·´µ µ¡· §ÍÊ ¨²¨ ¶ · ²²¥²Ó´µ ¶²µ¸±µ¸É¨ · ¸¸¥Ö´¨Ö, Éµ ¢  ´ ²¨§ -
Éµ·¥ ¶µ²Ö·¨§ Í¨¨ ¸¶¥±É·µ³¥É·  �…Œ“� ¶²µ¸±µ¸É¨ ¥£µ §¥·± ² ¨ ¶²µ¸±µ¸ÉÓ
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µ¡· §Í  ¶ · ²²¥²Ó´Ò. �·¨ ÔÉµ³ ± ¦¤µ¥ §¥·± ²µ  ´ ²¨§ Éµ·  µ·¨¥´É¨·µ¢ ´µ
É ±, ÎÉµ µ¡· §Ê¥É µ¤¨´ ¨ ÉµÉ ¦¥ µ¶·¥¤¥²¥´´Ò° Ê£µ² ¸ ¶·Ö³µ° ²¨´¨¥°, ¶·µ-
¢¥¤¥´´µ° ¨§ µ¤´µ° ÉµÎ±¨ Å Ëµ±Ê¸   ´ ²¨§ Éµ· . ‘Éµ¶±  §¥·± ² ¶µ Ëµ·³¥
´ ¶µ³¨´ ¥É ¢¥¥·, ¨ ¶µÔÉµ³Ê ¸Ëµ±Ê¸¨·µ¢ ´´Ò°  ´ ²¨§ Éµ· ´ §Ò¢ ¥É¸Ö É ±¦¥
¢¥¥·´Ò³. ‚ Ëµ±Ê¸¥  ´ ²¨§ Éµ·  ¶µ³¥Ð ¥É¸Ö ¨¸¸²¥¤Ê¥³Ò° µ¡· §¥Í. ”µ±Ê¸-
´µ¥ · ¸¸ÉµÖ´¨¥  ´ ²¨§ Éµ·  · ¢´µ 4400 ³³, · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê §¥·± ² ³¨
Éµ²Ð¨´µ° 0,3 ³³ ¸µ¸É ¢²Ö¥É 0,93 ³³ ´  ¢Ìµ¤¥ ¨ 1 ³³ ´  ¢ÒÌµ¤¥,   Ê£µ²
¸±µ²Ó¦¥´¨Ö ¶ÊÎ±  ´¥°É·µ´µ¢ ´  §¥·± ²¥ (Ê£µ² ´ ±²µ´  ¶²µ¸±µ¸É¨ §¥·± ²  ±
· ¤¨Ê¸Ê-¢¥±Éµ·Ê, ¶·µ¢¥¤¥´´µ³Ê ¨§ Ëµ±Ê¸ ) · ¢¥´ 4,5 ³· ¤. ‘·¥¤´¥±¢ ¤· É¨Î-
´ Ö ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ Ê£²  ¸±µ²Ó¦¥´¨Ö ¶ÊÎ±  ´¥°É·µ´µ¢ ´  µÉ¤¥²Ó´µ³ §¥·± ²¥
 ´ ²¨§ Éµ·  ¸µ¸É ¢²Ö¥É 0,09 ³· ¤, ÎÉµ ¢ 2 · §  ³¥´ÓÏ¥ É ±µ° ¦¥ ¢¥²¨Î¨´Ò
¤²Ö ¤¥É¥±Éµ·  ¨ ¶· ±É¨Î¥¸±¨ ´¥ ¶·¨¢µ¤¨É ± ÊÌÊ¤Ï¥´¨Õ Ê£²µ¢µ£µ · §·¥Ï¥´¨Ö
¤¥É¥±É¨·µ¢ ´¨Ö ´¥°É·µ´µ¢. �·¨ ÔÉµ³ µÉ´µ¸¨É¥²Ó´µ¥ ¸·¥¤´¥±¢ ¤· É¨Î´µ¥ µÉ-
±²µ´¥´¨¥ Ê£²  ¸±µ²Ó¦¥´¨Ö ´  §¥·± ²¥ ¸µ¸É ¢²Ö¥É 2 %,   ¸·¥¤´¥±¢ ¤· É¨Î´Ò°
¶µ §¥·± ² ³ · §¡·µ¸ ¶µ²Ö·¨§ Í¨µ´´µ° ÔËË¥±É¨¢´µ¸É¨ ´¥ ¶·¥¢ÒÏ ¥É 0,5 %.
�Î¥¢¨¤´µ, ÎÉµ¡Ò µ¡¥¸¶¥Î¨ÉÓ É ±¨¥ ¦¥ ¶ · ³¥É·Ò ¶µ²Ö·¨§ Í¨µ´´µ° ÔËË¥±-
É¨¢´µ¸É¨ ¨ ¸ µ¡· §Íµ³, Ï¨·¨´  ´¥°É·µ´´µ£µ ¶ÊÎ±  ´  µ¡· §Í¥ (ÔËË¥±É¨¢´ Ö
Éµ²Ð¨´  µ¡· §Í ) ´¥ ¤µ²¦´  ¶·¥¢ÒÏ ÉÓ ¶µ²µ¢¨´Ò Ï £  ¤¨¸±·¥É´µ¸É¨  ´ -
²¨§ Éµ·  ∆d/2 = 0, 65 ³³. �·¨ ÔÉµ³ ¶·µÉÖ¦¥´´µ¸ÉÓ µ¡· §Í  ¢ ´ ¶· ¢²¥´¨¨
¶ÊÎ±  ¤µ²¦´  ¡ÒÉÓ ´¥ ¡µ²¥¥ 90 ³³,   ÉµÎ´µ¸ÉÓ Ê¸É ´µ¢±¨ µ¡· §Í  ¢ ´ ¶· ¢²¥-
´¨¨ ¶µ¶¥·¥± ¶ÊÎ±  ´¥ ÌÊ¦¥ 0,2 ³³. �É¨ É·¥¡µ¢ ´¨Ö, ± ± ¶· ¢¨²µ, ¢Ò¶µ²´Ö-
ÕÉ¸Ö ¶·¨ · ¡µÉ¥ ¢ ·¥Ë²¥±Éµ³¥É·¨Î¥¸±µ° ³µ¤¥ ¨§³¥·¥´¨°. ‚ ¦´Ò³ ¶·¥¨³Ê-
Ð¥¸É¢µ³ ÔÉµ£µ É¨¶   ´ ²¨§ Éµ·  ¶µ²Ö·¨§ Í¨¨ Ö¢²Ö¥É¸Ö ¥£µ ¢Ò¸µ± Ö ¸¢¥Éµ¸¨² .
�¡Ê¸²µ¢²¥´µ ÔÉµ É¥³, ÎÉµ ¶·¨ ¢¥·É¨± ²Ó´µ° µ·¨¥´É Í¨¨ §¥·± ²  ´ ²¨§ Éµ· 
¨ µ¡· §Í , ± ± ÔÉµ ¥¸ÉÓ ¢ ¢¥¥·´µ³  ´ ²¨§ Éµ·¥,  ´ ²¨§ Éµ· ¨ µ¡· §¥Í µ± -
§Ò¢ ÕÉ¸Ö ¸µ£² ¸µ¢ ´´Ò³¨ ¶µ · ¸Ìµ¤¨³µ¸ÉÖ³ ± ± ¢ £µ·¨§µ´É ²Ó´µ°, É ± ¨ ¢
¢¥·É¨± ²Ó´µ° ¶²µ¸±µ¸ÉÖÌ. �Í¥´¨³ ¢Ò¨£·ÒÏ ¢ ¸¢¥Éµ¸¨²¥  ´ ²¨§ Éµ·  �…Œ“�
¶µ ¸· ¢´¥´¨Õ ¸ µ¡ÒÎ´Ò³  ´ ²¨§ Éµ·µ³. „²Ö ¶·µ¨§¢¥¤¥´¨Ö ¶²µÐ ¤¨ ¶·µÌµ¤-
´µ£µ ¸¥Î¥´¨Ö  ´ ²¨§ Éµ·  �…Œ“� Sa ´  É¥²¥¸´Ò° Ê£µ² ¢¨¤¨³µ¸É¨ µ¡· §Í 
Ωs ¸µµÉ´µÏ¥´¨¥ Sf = SaΩs = SaSs/L2

sa, £¤¥ Ss = hsds Å ¶²µÐ ¤Ó ¸¥Î¥-
´¨Ö µ¡· §Í ; Sa = hada Å ¶²µÐ ¤Ó ¸¥Î¥´¨Ö  ´ ²¨§ Éµ· ; hs ¨ ha Å · §³¥·
µ¡· §Í  ¨  ´ ²¨§ Éµ·  ¸µµÉ¢¥É¸É¢¥´´µ ¢ ´ ¶· ¢²¥´¨¨ µ·¨¥´É Í¨¨ ¶²µ¸±µ¸É¨
µ¡· §Í ; ds = ls sin (θ) ¨ da Å ÔËË¥±É¨¢´Ò° · §³¥· µ¡· §Í  ¨ · §³¥· §¥·-
± ²   ´ ²¨§ Éµ·  ¸µµÉ¢¥É¸É¢¥´´µ ¢ ´ ¶· ¢²¥´¨¨ ¶¥·¶¥´¤¨±Ê²Ö·´µ ¶²µ¸±µ¸É¨
µ¡· §Í ; Lsa Å · ¸¸ÉµÖ´¨¥ µÉ µ¡· §Í  ¤µ  ´ ²¨§ Éµ· .

„²Ö  ´ ²¨§ Éµ·  µ¡ÒÎ´µ£µ É¨¶  ¨³¥¥³ ¢Ò· ¦¥´¨¥ Sn = Ssδθa(ha/Lsa),
£¤¥ δθa Å ¸·¥¤´¥±¢ ¤· É¨Î´µ¥ §´ Î¥´¨¥ Ê£²  ¸±µ²Ó¦¥´¨Ö, ¶·¨ ±µÉµ·µ³ ÔË-
Ë¥±É¨¢´µ · ¡µÉ ¥É §¥·± ²µ  ´ ²¨§ Éµ· . „²Ö ¢Ò¨£·ÒÏ  ¢ ¸¢¥Éµ¸¨²¥ ¶µ²ÊÎ ¥³
Ë ±Éµ· β = Sf/Sn = da/(δθaLsa). �¶·¥¤¥²¨³ δθa ± ± ∆da/4la, £¤¥ la Å
¤²¨´  §¥·± ²  ¨ ∆da Å · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê §¥·± ² ³¨  ´ ²¨§ Éµ· . ’µ£¤  ¶µ-
²ÊÎ¨³ β = 4dala/(∆daLsa). �·¨ ¨³¥ÕÐ¨Ì ³¥¸Éµ ¤²Ö  ´ ²¨§ Éµ·  §´ Î¥´¨ÖÌ
da = 38 ³³, la = 300 ³³, ∆da = 1 ³³, Lsa = 4400 ³³ ¶µ²ÊÎ ¥³ β ≈ 10.
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‚¨¤´µ, ÎÉµ ¢Ò¨£·ÒÏ · ¸É¥É ¶·¨ Ê¢¥²¨Î¥´¨¨ da ¨ Ê³¥´ÓÏ¥´¨¨ Lsa, ¢ Éµ
¢·¥³Ö ± ± la/∆da Ö¢²Ö¥É¸Ö ¶µ¸ÉµÖ´´µ° ¢¥²¨Î¨´µ°, Ì · ±É¥·¨§ÊÕÐ¥° ± Î¥-
¸É¢µ §¥·± ² . ‚ É ¡². 1 ¶·¨¢¥¤¥´Ò §´ Î¥´¨Ö ¶ · ³¥É·µ¢ ¤²Ö É·¥Ì · §²¨Î´ÒÌ
¶µ²Ö·¨§ Éµ·µ¢ ¨  ´ ²¨§ Éµ·  ¶µ²Ö·¨§ Í¨¨ ¸¶¥±É·µ³¥É·  �…Œ“�.

’ ¡²¨Í  1. � · ³¥É·Ò ¶µ²Ö·¨§ Éµ·µ¢ ¨  ´ ²¨§ Éµ·  ¸¶¥±É·µ³¥É·  �…Œ“�

“¸É·µ°¸É¢µ ‡´ Î¥´¨¥
�¥Ë²¥±Éµ³¥É·¨Î¥¸±¨° ¶µ²Ö·¨§ Éµ· (µ¤´µ §¥·± ²µ)
� §³¥· ¶µ¤²µ¦±¨, ³³ 28 × 100 × 800
‘¥Î¥´¨¥ ¶µ²Ö·¨§µ¢ ´´µ£µ ¶ÊÎ± , ³³ 0, 24 ÷ 0, 8
“£µ² ¸±µ²Ó¦¥´¨Ö ¶ÊÎ± , ³· ¤ 1 ÷ 3, 3
Š·¨É¨Î¥¸± Ö ¤²¨´  ¢µ²´Ò, �A 0, 86 ÷ 2, 84

Œ ²µÊ£²µ¢µ° ¶µ²Ö·¨§ Éµ· (¸Éµ¶±  ¶·Ö³ÒÌ §¥·± ²)
—¨¸²µ §¥·± ² 32
’µ²Ð¨´  ¶µ¤²µ¦±¨ ¨§ ¸É¥±² , ³³ 0,2
� ¸¸ÉµÖ´¨¥ ³¥¦¤Ê §¥·± ² ³¨, ³³ 1
„²¨´  §¥·± ² , ³³ 300
�µ±·ÒÉ¨¥ ‘ ¤¢ÊÌ ¸Éµ·µ´
‘¥Î¥´¨¥ ¶µ²Ö·¨§µ¢ ´´µ£µ ¶ÊÎ± , ³³ 20 × 42
� §³¥·Ò ¶·µÌµ¤´µ£µ ¸¥Î¥´¨Ö, ³³ 42 × 38
Š·¨É¨Î¥¸± Ö ¤²¨´  ¢µ²´Ò, �A 0,94
Œ ²µÊ£²µ¢µ° ¶µ²Ö·¨§ Éµ· (¸Éµ¶±  ¨§µ£´ÊÉÒÌ §¥·± ²)
—¨¸²µ §¥·± ² 45
’µ²Ð¨´  ¶µ¤²µ¦±¨, ³³ 0,3
� ¸¸ÉµÖ´¨¥ ³¥¦¤Ê §¥·± ² ³¨, ³³ 0,6
„²¨´  §¥·± ² , ³³ 2 × 260 = 520
�µ±·ÒÉ¨¥ ¸ ¤¢ÊÌ ¸Éµ·µ´ 50(FeCo/TiZr)
� §³¥·Ò ¶·µÌµ¤´µ£µ ¸¥Î¥´¨Ö, ³³ 40 × 40, 2
� ¤¨Ê¸ ±·¨¢¨§´Ò, ³ 50
Š·¨É¨Î¥¸± Ö ¤²¨´  ¢µ²´Ò λ±·¨É, �A 1,4
�¥Ë²¥±Éµ³¥É·¨Î¥¸±¨°  ´ ²¨§ Éµ·
(¸Éµ¶±  ¸Ëµ±Ê¸¨·µ¢ ´´ÒÌ §¥·± ²)
—¨¸²µ §¥·± ² 94
� §³¥·Ò ¶µ¤²µ¦±¨, ³³ 250 × 60 × 0, 3
“£µ² ´ ±²µ´  §¥·± ² ± · ¤¨Ê¸Ê-¢¥±Éµ·Ê,
¶·µ¢¥¤¥´´µ³Ê ¨§ Ëµ±Ê¸ , ³· ¤ 4,5
‘¥Î¥´¨¥ ± ´ ² 

´  ¢Ìµ¤¥, ³³ 0, 93 × 40
´  ¢ÒÌµ¤¥, ³³ 1, 0 × 40

“£µ² § Ì¢ É  ¶ÊÎ±  ¢ £µ·¨§µ´É ²Ó´µ° ¶²µ¸±µ¸É¨, ³· ¤ 27,3
”µ±Ê¸´µ¥ · ¸¸ÉµÖ´¨¥, ³³ 4400
� §³¥· ¶·µÌµ¤´µ£µ ¸¥Î¥´¨Ö, ³³ 40 × 120
ƒ¥µ³¥É·¨Î¥¸±µ¥ ¶·µ¶Ê¸± ´¨¥ 0,66
�µ±·ÒÉ¨¥ ¸ ¤¢ÊÌ ¸Éµ·µ´ FeCoV/TiZr
Š·¨É¨Î¥¸± Ö ¤²¨´  ¢µ²´Ò, �A 1,3
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�  ·¨¸. 2 ¶·¨¢¥¤¥´Ò § ¢¨¸¨³µ¸É¨ ±µÔËË¨Í¨¥´É  µÉ· ¦¥´¨Ö ¤²Ö ´¥°É·µ-
´µ¢ ®+¯ ¸¶¨´µ¢µ° ±µ³¶µ´¥´ÉÒ (·¨¸. 2,  , ¢) ¨ ¶µ²Ö·¨§ Í¨µ´´µ° ÔËË¥±É¨¢-
´µ¸É¨ (·¨¸. 2, ¡, £) ¤²Ö §¥·± ², ¨§ ±µÉµ·ÒÌ ¨§£µÉµ¢²¥´ ¢¥¥·´Ò°  ´ ²¨§ Éµ· ¨
¶µ²Ö·¨§ Éµ· ¢ ¢¨¤¥ ‘ˆ‡. �  ·¨¸. 2,  , ¡ ¶·¨¢¥¤¥´Ò ¤ ´´Ò¥ ¤²Ö µ¤´µ° ¸Éµ·µ´Ò
§¥·± ² ,   ´  ·¨¸. 2, ¢, £ Å ¤²Ö ¢Éµ·µ° ¸Éµ·µ´Ò. ˆ§³¥·¥´¨Ö ¢Ò¶µ²´¥´Ò ¶·¨
¤²¨´¥ ¢µ²´Ò ´¥°É·µ´µ¢ 1,435 �A. �µ µ¸¨  ¡¸Í¨¸¸ ´  ·¨¸. 2 µÉ²µ¦¥´ ¶ · ³¥É·
λ/θ, Ö¢²ÖÕÐ¨°¸Ö ®¶¥·¶¥´¤¨±Ê²Ö·´µ°¯ ¤²¨´µ° ¢µ²´Ò. �·¥¦¤¥ ¢¸¥£µ ¢¨¤´µ,
ÎÉµ Ì · ±É¥·¨¸É¨±¨ §¥·± ² ¤²Ö µ¡¥¨Ì ¸Éµ·µ´ ¶· ±É¨Î¥¸±¨ µ¤¨´ ±µ¢Ò¥. „ ²¥¥
¨§ ·¨¸. 2,  , ¢ ¸²¥¤Ê¥É, ÎÉµ ±·¨É¨Î¥¸±µ¥ §´ Î¥´¨¥ ¶¥·¶¥´¤¨±Ê²Ö·´µ° ¤²¨´Ò
¢µ²´Ò · ¢´µ λ⊥ = 300 �A, ÎÉµ ¤ ¥É ¤²Ö ¶ · ³¥É·  σ = 1/λ⊥ = 3, 3 · 10−3.
ˆ§ ·¨¸. 2, ¡, £ ¢¨¤´µ, ÎÉµ, ´ Î¨´ Ö ¸ λ⊥ = 500 �A, ¶µ²Ö·¨§ Í¨µ´´ Ö ÔËË¥±-
É¨¢´µ¸ÉÓ ´¥¸±µ²Ó±µ ¶ ¤ ¥É. �Éµ ¥¸ÉÓ ¸²¥¤¸É¢¨¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ·µ¸É  ±µ-
ÔËË¨Í¨¥´É  µÉ· ¦¥´¨Ö ¤²Ö ®Ä¯ ¸¶¨´µ¢µ° ±µ³¶µ´¥´ÉÒ (ÔÉµ Ö¸´µ, ¥¸²¨ ÊÎ¥¸ÉÓ
¢¨¤ § ¢¨¸¨³µ¸É¨ R+(λ)). �  ·¨¸. 3 ¶·¨¢¥¤¥´  ¤²¨´´µ¢µ²´µ¢ Ö § ¢¨¸¨³µ¸ÉÓ

�¨¸. 2. ŠµÔËË¨Í¨¥´É µÉ· ¦¥´¨Ö ´¥°É·µ´µ¢ ®+¯ ¸¶¨´µ¢µ° ±µ³¶µ´¥´ÉÒ ( , ¢) ¨ ¶µ-
²Ö·¨§ Í¨µ´´ Ö ÔËË¥±É¨¢´µ¸ÉÓ (¡, £) ¸Ê¶¥·§¥·± ²  ¢ § ¢¨¸¨³µ¸É¨ µÉ ´µ·³ ²Ó´µ° ±
¶²µ¸±µ¸É¨ §¥·± ²  ¤²¨´Ò ¢µ²´Ò ´¥°É·µ´µ¢ (¨§³¥·¥´¨Ö ¶·µ¢¥¤¥´Ò ¶·¨ ¤²¨´¥ ¢µ²´Ò
´¥°É·µ´µ¢ 1,435 �A):  , ¡ Å µ¤´  ¸Éµ·µ´  §¥·± ² , ¢, £ Å ¢Éµ· Ö
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�¨¸. 3. „²¨´´µ¢µ²´µ¢ Ö § ¢¨¸¨³µ¸ÉÓ ¶µ²Ö·¨§ Í¨µ´´µ° ÔËË¥±É¨¢´µ¸É¨: 1 Å ¨§µ£´Ê-
ÉÒ° ¶µ²Ö·¨§ Éµ· ³ ²µÊ£²µ¢µ° ³µ¤Ò; 2 Å ¶µ²Ö·¨§ Éµ· ·¥Ë²¥±Éµ³¥É·¨Î¥¸±µ° ³µ¤Ò
(Ê£µ² ¸±µ²Ó¦¥´¨Ö 4,6 ³· ¤); 3 Å ¸Ëµ±Ê¸¨·µ¢ ´´Ò°  ´ ²¨§ Éµ· ¶µ²Ö·¨§ Í¨¨ (Ê£µ²
¸±µ²Ó¦¥´¨Ö 4,5 ³· ¤); 4 Å ¶·Ö³µ° ¶µ²Ö·¨§ Éµ· ³ ²µÊ£²µ¢µ° ³µ¤Ò (Ê£µ² ¸±µ²Ó¦¥´¨Ö
4,6 ³· ¤); 5 Å ¶µ²Ö·¨§ Éµ· ¸¶¥±É·µ³¥É·  ‘��

¶µ²Ö·¨§ÊÕÐ¥° ÔËË¥±É¨¢´µ¸É¨ ¤²Ö ·¥Ë²¥±Éµ³¥É·¨Î¥¸±µ£µ ¶µ²Ö·¨§ Éµ·  (±·¨-
¢ Ö 1), ¢¥¥·´µ£µ  ´ ²¨§ Éµ·  (±·¨¢ Ö 2), ¨§µ£´ÊÉµ£µ ¶µ²Ö·¨§ Éµ·  ³ ²µÊ£²µ-
¢µ° ³µ¤Ò (±·¨¢ Ö 3), ¶·Ö³µ£µ ¶µ²Ö·¨§ Éµ·  ³ ²µÊ£²µ¢µ° ³µ¤Ò (±·¨¢ Ö 4).
„²Ö ¸· ¢´¥´¨Ö ¶·¥¤¸É ¢²¥´  É ±¦¥ § ¢¨¸¨³µ¸ÉÓ ¶µ²Ö·¨§ÊÕÐ¥° ÔËË¥±É¨¢´µ-
¸É¨ ¶µ²Ö·¨§ Éµ·  ¸¶¥±É·µ³¥É·  ‘�� (±·¨¢ Ö 5) [10]. Œµ¦´µ ¢¨¤¥ÉÓ, ÎÉµ ¤²Ö
¨´É¥·¢ ²  ¤²¨´ ¢µ²´ λ > 2 �A ±·¨¢Ò¥ ¶µ²Ö·¨§ÊÕÐ¥° ÔËË¥±É¨¢´µ¸É¨ ¢¸¥Ì ¶µ-
²Ö·¨§ Éµ·µ¢ ¨  ´ ²¨§ Éµ·  ¶µ²Ö·¨§ Í¨¨ ¸¶¥±É·µ³¥É·  �…Œ“� ¶·µÌµ¤ÖÉ ¢ÒÏ¥
¶µ²Ö·¨§ÊÕÐ¥° ÔËË¥±É¨¢´µ¸É¨ ¶µ²Ö·¨§ Éµ·  ¸¶¥±É·µ³¥É·  ‘��.

�  ·¨¸. 4 ¶·¨¢¥¤¥´µ ¶µ²Ö·¨§ Í¨µ´´µ¥ µÉ´µÏ¥´¨¥ η ¸Î¥É  ´¥°É·µ´µ¢ ¢
¨´É¥·¢ ²¥ ¤²¨´ ¢µ²´ 1, 4÷ 10 �A ¤²Ö ¢Ò±²ÕÎ¥´´µ£µ ¨ ¢±²ÕÎ¥´´µ£µ Ë²¨¶¶¥· 
¢ § ¢¨¸¨³µ¸É¨ µÉ Ê£²  ¶µ¢µ·µÉ   ´ ²¨§ Éµ·  α ¨ ¶µ²µ¦¥´¨Ö ¶ÊÎ±  ´¥°É·µ´µ¢
´   ´ ²¨§ Éµ·¥ ¸²¥¢  µÉ Í¥´É·  (¥¸²¨ ¸³µÉ·¥ÉÓ ¶µ ´ ¶· ¢²¥´¨Õ ¶ÊÎ±  ´¥°-
É·µ´µ¢), ¶µ Í¥´É·Ê ¨ ¸¶· ¢  µÉ Í¥´É· . „¨ Ë· £³  ´  ³¥¸É¥ µ¡· §Í  ¨³¥² 
Ï¨·¨´Ê 0,5 ³³, Ï¨·¨´  ¶ÊÎ±  ´¥°É·µ´µ¢ ´  ¤¥É¥±Éµ·¥ ¡Ò²  · ¢´  14 ³³. � ¸-
¸ÉµÖ´¨¥ µÉ ¤¨ Ë· £³Ò ¤µ  ´ ²¨§ Éµ·  ¸µ¸É ¢²Ö²µ 4,15, 4,45 ¨ 4,95 ³. ‚¨¤´µ,
ÎÉµ ¶·¨ · ¸¸ÉµÖ´¨¨ 4,45 ³ ±·¨¢Ò¥, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ · §²¨Î´Ò³ ¶µ²µ¦¥´¨Ö³
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�¨¸. 4. �µ²Ö·¨§ Í¨µ´´µ¥ µÉ´µÏ¥´¨¥ η ¢ ¨´É¥·¢ ²¥ ¤²¨´ ¢µ²´ 1, 4 ÷10 �A ¢ § ¢¨¸¨³µ¸É¨
µÉ Ê£²  ¶µ¢µ·µÉ   ´ ²¨§ Éµ·  α ¶·¨ · ¸¸ÉµÖ´¨ÖÌ µÉ ¤¨ Ë· £³Ò ¤µ  ´ ²¨§ Éµ·  4,15,
4,45 ¨ 4,95 ³

¶ÊÎ±  ´¥°É·µ´µ¢, ¸µ¢¶ ¤ ÕÉ. �Éµ Ê± §Ò¢ ¥É ´  Éµ, ÎÉµ ¶·¨ · ¸¸ÉµÖ´¨¨ 4,45 ³
¤¨ Ë· £³  ´ Ìµ¤¨É¸Ö ¢ Ëµ±Ê¸¥  ´ ²¨§ Éµ· .

2.2. ‘¶¨´-Ë²¨¶¶¥·Ò. ‚ ¸¶¥±É·µ³¥É·¥ �…Œ“� ¨¸¶µ²Ó§Ê¥É¸Ö £· ¤¨¥´É´Ò°
· ¤¨µÎ ¸ÉµÉ´Ò° ¸¶¨´-Ë²¨¶¶¥· [19Ä22], ¢ ±µÉµ·µ³ ´ ¶·Ö¦¥´´µ¸É¨ ¶µ¸ÉµÖ´-
´µ£µ ¨ ¶¥·¥³¥´´µ£µ ³ £´¨É´ÒÌ ¶µ²¥° ¨§³¥´ÖÕÉ¸Ö ¸¨´Ê¸µ¨¤ ²Ó´µ ¢ § ¢¨¸¨³µ-
¸É¨ µÉ ±µµ·¤¨´ ÉÒ z ¢¤µ²Ó ´ ¶· ¢²¥´¨Ö ¶ÊÎ±  ´¥°É·µ´µ¢. �·¨ ÔÉµ³ ¶µ¸ÉµÖ´-
´µ¥ ³ £´¨É´µ¥ ¶µ²¥ ¨§³¥´Ö¥É¸Ö ¶µ § ±µ´Ê H0(z) = H0(z0)+A cos (πz/LSF ),  
 ³¶²¨ÉÊ¤  ¶¥·¥³¥´´µ£µ ³ £´¨É´µ£µ ¶µ²Ö µ¶¨¸Ò¢ ¥É¸Ö ¢Ò· ¦¥´¨¥³ Hrf (z) =
2A sin (πz/LSF ), £¤¥ LSF Å ¤²¨´  Ë²¨¶¶¥· , z0 = LSF /2 Å ±µµ·¤¨´ É 
Í¥´É·  ¸¶¨´-Ë²¨¶¶¥· , A = H(0) − H(z0) Å  ³¶²¨ÉÊ¤  ³µ¤Ê²ÖÍ¨¨. �¥·¥-
³¥´´µ¥ ³ £´¨É´µ¥ ¶µ²¥ ¨§³¥´Ö¥É¸Ö ¸ Î ¸ÉµÉµ°, · ¢´µ° Î ¸ÉµÉ¥ ² ·³µ·µ¢¸±µ°
¶·¥Í¥¸¸¨¨ ´¥°É·µ´µ¢ ωL ¢ ³ £´¨É´µ³ ¶µ²¥ H(z0) ¢ Í¥´É·¥ ¸¶¨´-Ë²¨¶¶¥· .
‚¥·µÖÉ´µ¸ÉÓ ¶¥·¥¢µ·µÉ  ¸¶¨´  ´¥°É·µ´µ¢ ¤ ´´Ò³ ¸¶¨´-Ë²¨¶¶¥·µ³ ¥¸ÉÓ [23]

f =
k2 + cos2((π/2)

√
1 + k2)

k2 + 1
. (1)

�·¨ ¢Ò¢µ¤¥ Ëµ·³Ê²Ò (1) ¶·¥¤¶µ² £ ²µ¸Ó, ÎÉµ ¶ · ³¥É·  ¤¨ ¡ É¨Î´µ¸É¨
k = γHe/Ω Ö¢²Ö¥É¸Ö ¢¥²¨Î¨´µ° ¶µ¸ÉµÖ´´µ°. ‡¤¥¸Ó He = [(H(z) − H(z0))2×
(Hrf/2)2]1/2 Å ÔËË¥±É¨¢´µ¥ ³ £´¨É´µ¥ ¶µ²¥, Ω = v(Hrf/2)[d(H(z)−
H(z0))/dz]/H2

e , v Å ¸±µ·µ¸ÉÓ ´¥°É·µ´µ¢, γ Å £¨·µ³ £´¨É´µ¥ µÉ´µÏ¥´¨¥
´¥°É·µ´ . �  ·¨¸. 5 ¶µ± § ´  § ¢¨¸¨³µ¸ÉÓ ¢¥·µÖÉ´µ¸É¨ ¶¥·¥¢µ·µÉ  ¸¶¨´  ´¥°-
É·µ´µ¢ µÉ ¶ · ³¥É·   ¤¨ ¡ É¨Î´µ¸É¨. Œµ¦´µ ¢¨¤¥ÉÓ, ÎÉµ ´¥±µÉµ·µ¥ § ¤ ´´µ¥
³¨´¨³ ²Ó´µ¥ §´ Î¥´¨¥ fmin ¤µ¸É¨£ ¥É¸Ö ¶·¨ ³¨´¨³ ²Ó´µ³ §´ Î¥´¨¨ kmin,
¸µµÉ¢¥É¸É¢ÊÕÐ¥³ ³¨´¨³ ²Ó´µ° ¤²¨´¥ ¢µ²´Ò ´¥°É·µ´µ¢ λmin. „ ²¥¥, ¸ ·µ-
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�¨¸. 5. ‚¥·µÖÉ´µ¸ÉÓ ¶¥·¥¢µ·µÉ  ¸¶¨´  ´¥°É·µ´µ¢ ¢ § ¢¨¸¨³µ¸É¨ µÉ ¶ · ³¥É·   ¤¨ ¡ -
É¨Î´µ¸É¨

�¨¸. 6. �±¸¶¥·¨³¥´É ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ ³ £´¨É´ÒÌ ¶µ²¥° ¶µ ¤²¨´¥ £· ¤¨¥´É´µ£µ
· ¤¨µÎ ¸ÉµÉ´µ£µ ¸¶¨´-Ë²¨¶¶¥· 

¸Éµ³ ¤²¨´Ò ¢µ²´Ò ¢¶²µÉÓ ¤µ ¡¥¸±µ´¥Î´µ¸É¨, §´ Î¥´¨¥ f(λ) · ¸É¥É ¨ ¸É·¥-
³¨É¸Ö ± ¥¤¨´¨Í¥. ’ ±¨³ µ¡· §µ³, ¶µ²µ¸  ¤²¨´ ¢µ²´ · ¡µÉÒ ¸¶¨´-Ë²¨¶¶¥· 
¸ fmin < f < 1 ¥¸ÉÓ λ � λmin. ˆ¸¶µ²Ó§ÊÖ Ö¢´Ò° ¢¨¤ § ¢¨¸¨³µ¸É¥° H(z) ¨
Hrf (z), ¶µ²ÊÎ ¥³ ¤²Ö k:

k = γALsf/[πv sin2(πz/LSF )]. (2)

ˆ§ (2) ¢¨¤´µ, ÎÉµ k ¥¸ÉÓ ËÊ´±Í¨Ö ±µµ·¤¨´ ÉÒ z ¨ µ¡· É´µ ¶·µ¶µ·Í¨µ´ ²Ó´µ
¸±µ·µ¸É¨ ´¥°É·µ´ . �É¸Õ¤  ¤²Ö ³¨´¨³ ²Ó´µ£µ §´ Î¥´¨Ö k ¶µ²ÊÎ ¥³ kmin =
γALSF /(πvmax) ¨ ¤²Ö ¸·¥¤´¥£µ ¶µ ±µµ·¤¨´ É ³ §´ Î¥´¨Ö kav = 2kmin > kmin.
‚Ò· ¦¥´¨¥ kav = 2γALsf/(πv) ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´µ ¤²Ö µÍ¥´±¨ ¶ · -
³¥É·µ¢ ¸¶¨´-Ë²¨¶¶¥· . ‡ ¤ ¤¨³ §´ Î¥´¨¥ fmin(λmin = 1 �A) � 0, 99, ¸µµÉ-
¢¥É¸É¢ÊÕÐ¥¥ kav(λmin = 1 �A) = 10. �·¨ § ¤ ´´µ° ¤²¨´¥ LSF = 500 ³³
¶µ²ÊÎ ¥³ ¤²Ö A = 7, 5 �. Œ¥Éµ¤¨±  · ¸Î¥É  £· ¤¨¥´É´µ£µ · ¤¨µÎ ¸ÉµÉ´µ£µ
¸¶¨´-Ë²¨¶¶¥·  ¶µ¤·µ¡´µ µ¶¨¸ ´  ¢ · ¡µÉ¥ [20]. ‚ ¸¶¨´-Ë²¨¶¶¥· Ì ¸¶¥±É·µ-
³¥É·  �…Œ“� ¢Ò¡· ´µ H(z0) = 26 �, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É Î ¸ÉµÉ¥ · ¤¨µÎ ¸ÉµÉ-
´µ£µ ³ £´¨É´µ£µ ¶µ²Ö 76 ±ƒÍ. “¶· ¢²¥´¨¥ ¸¶¨´-Ë²¨¶¶¥·µ³ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö
¢ ·ÊÎ´µ³ ¨  ¢Éµ³ É¨Î¥¸±µ³ ·¥¦¨³ Ì Î¥·¥§ ¸¶¥Í¨ ²Ó´Ò° ¡²µ± Ê¶· ¢²¥´¨Ö
Ë²¨¶¶¥·µ³ (FD). �µ¸ÉµÖ´´Ò° Éµ± ¸ ¨¸ÉµÎ´¨±  ¶¨É ´¨Ö ¶µ¤ ¥É¸Ö ´  ¡²µ± FD,
±µÉµ·Ò° ¢Ò¤ ¥É ¸¨£´ ² Î ¸ÉµÉµ° 76 ±ƒÍ ´  · ¤¨µÎ ¸ÉµÉ´ÊÕ ± ÉÊÏ±Ê. ‚¥-
²¨Î¨´   ³¶²¨ÉÊ¤Ò ¶¥·¥³¥´´µ£µ ³ £´¨É´µ£µ ¶µ²Ö ·¥£Ê²¨·Ê¥É¸Ö ¢¥²¨Î¨´µ° ¶µ-
¸ÉµÖ´´µ£µ Éµ±  µÉ ¨¸ÉµÎ´¨±  ¶¨É ´¨Ö. ‚¥²¨Î¨´  ´ ¶·Ö¦¥´´µ¸É¨ ¶µ¸ÉµÖ´´µ£µ
³ £´¨É´µ£µ ¶µ²Ö ¨§³¥´Ö¥É¸Ö ¢ § ¢¨¸¨³µ¸É¨ µÉ Éµ±  ¢ ¢¥¤ÊÐ¨Ì ± ÉÊÏ± Ì. �·µ-
Í¥¸¸ ´ ¸É·µ°±¨ £· ¤¨¥´É´µ£µ ¸¶¨´-Ë²¨¶¶¥·  ¡µ²¥¥ ¶µ¤·µ¡´µ µ¶¨¸ ´ ¢ [22].
ˆ§ ·¨¸. 6 ³µ¦´µ ¢¨¤¥ÉÓ, ÎÉµ ·¥ ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ ³ £´¨É´ÒÌ ¶µ²¥° ¶µ
¤²¨´¥ £· ¤¨¥´É´µ£µ ¸¶¨´-Ë²¨¶¶¥·  ¡²¨§±µ ± ¸¨´Ê¸µ¨¤ ²Ó´µ³Ê. ‚¥²¨Î¨´  ¢¥-
¤ÊÐ¥£µ ³ £´¨É´µ£µ ¶µ²Ö ¢´¥ µ¡² ¸É¨ ¸¶¨´-Ë²¨¶¶¥·  ¸µ¸É ¢²Ö¥É µ±µ²µ 10 �.
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�¨¸. 7. „²¨´´µ¢µ²´µ¢ Ö § ¢¨-
¸¨³µ¸ÉÓ ¢¥·µÖÉ´µ¸É¨ ¶¥·¥¢µ-
·µÉ  ¶µ²Ö·¨§ Í¨¨ ¶·¨ · §-
²¨Î´µ³ ¶µ²µ¦¥´¨¨ ¶ÊÎ±  x
µÉ´µ¸¨É¥²Ó´µ Í¥´É·  ¸¶¨´-
Ë²¨¶¶¥· : (◦) Å £· ¤¨¥´É-
´Ò° ¸¶¨´-Ë²¨¶¶¥·, x = 0;
(•) Å £· ¤¨¥´É´Ò° ¸¶¨´-
Ë²¨¶¶¥·, x = 20 ³³; (�) Å
¸¶¨´-Ë²¨¶¶¥· Šµ·´¥¥¢ , x =
0; (�) Å ¸¶¨´-Ë²¨¶¶¥· Šµ·-
´¥¥¢ , x = 1, 5 ³³

Š ¶·¥¨³ÊÐ¥¸É¢ ³ £· ¤¨¥´É´µ£µ · ¤¨µÎ ¸ÉµÉ´µ£µ ¸¶¨´-Ë²¨¶¶¥·  µÉ´µ-
¸ÖÉ¸Ö:

1) ´¥±µ²²¨³¨·µ¢ ´´Ò° (· ¸Ìµ¤¨³µ¸ÉÓ ¤µ 0,1 · ¤) ¶ÊÎµ± ´¥°É·µ´µ¢ ¡µ²Ó-
Ïµ£µ ¸¥Î¥´¨Ö (∼ 100 ¸³2);

2) µÉ¸ÊÉ¸É¢¨¥ ¦¥¸É±¨Ì É·¥¡µ¢ ´¨° ± ¸É ¡¨²Ó´µ¸É¨ ¨ µ¤´µ·µ¤´µ¸É¨ ´ ¶·Ö-
¦¥´´µ¸É¨ ³ £´¨É´µ£µ ¶µ²Ö ¨ ¸É ¡¨²Ó´µ¸É¨ Î ¸ÉµÉÒ ¶¥·¥³¥´´µ£µ ³ £´¨É´µ£µ
¶µ²Ö;

3) µÉ¸ÊÉ¸É¢¨¥ ¢¥Ð¥¸É¢  ´  ¶ÊÉ¨ ´¥°É·µ´´µ£µ ¶ÊÎ± .
�  ·¨¸. 7 ¶·¨¢¥¤¥´  ¤²¨´´µ¢µ²´µ¢ Ö § ¢¨¸¨³µ¸ÉÓ ¢¥·µÖÉ´µ¸É¨ ¶¥·¥¢µ-

·µÉ  ¶µ²Ö·¨§ Í¨¨ ¤²Ö £· ¤¨¥´É´µ£µ · ¤¨µÎ ¸ÉµÉ´µ£µ ¸¶¨´-Ë²¨¶¶¥·  ¨ ¸¶¨´-
Ë²¨¶¶¥·  Šµ·´¥¥¢  [8, 9], ¨§³¥·¥´´ Ö ¸ ´¥°É·µ´´Ò³ ¶ÊÎ±µ³ Ï¨·¨´µ° 1,5 ³³
¨ ¢Ò¸µÉµ° 30 ³³. Š·¨¢Ò¥ 1 ¨ 2 µÉ´µ¸ÖÉ¸Ö ± £· ¤¨¥´É´µ³Ê · ¤¨µÎ ¸ÉµÉ´µ³Ê
¸¶¨´-Ë²¨¶¶¥·Ê ¸ ¶µ²µ¦¥´¨¥³ ¶ÊÎ±  ¶µ Í¥´É·Ê ¨ ´  · ¸¸ÉµÖ´¨¨ 20 ³³ µÉ
Í¥´É·  Ë²¨¶¶¥·  ¸µµÉ¢¥É¸É¢¥´´µ. Š·¨¢Ò¥ 3 ¨ 4 µÉ´µ¸ÖÉ¸Ö ± ¸¶¨´-Ë²¨¶¶¥·Ê

’ ¡²¨Í  2. � · ³¥É·Ò £· ¤¨¥´É´ÒÌ · ¤¨µÎ ¸ÉµÉ´ÒÌ ¸¶¨´-Ë²¨¶¶¥·µ¢

� · ³¥É·Ò �¥·¢Ò° Ë²¨¶¶¥· ‚Éµ·µ° Ë²¨¶¶¥·

‚´ÊÉ·¥´´¨° ¤¨ ³¥É· ¢ ±ÊÊ³´µ° É·Ê¡Ò, ³³ 150 100
ƒ ¡ ·¨ÉÒ: ¤²¨´ ×Ï¨·¨´ × ¢Ò¸µÉ , ³³ 800× 360× 520 800× 320 × 530
Š ÉÊÏ±  ¶µ¸ÉµÖ´´µ£µ ³ £´¨É´µ£µ ¶µ²Ö:

„¨ ³¥É· ³¥¤´µ£µ ¶·µ¢µ¤ , ³³ 1 1
‘µ¶·µÉ¨¢²¥´¨¥ ± ÉÊÏ±¨, �³ 32,3 23,4
‚¥²¨Î¨´  Éµ±  ¢ ± ÉÊÏ±¥, 	 1,8 2,2

�—-± ÉÊÏ± :
„²¨´  ± ÉÊÏ±¨ ¢¤µ²Ó ¶ÊÎ± , ³³ 300 300
— ¸ÉµÉ  ¶¥·¥³¥´´µ£µ ³ £´¨É´µ£µ ¶µ²Ö, ±ƒÍ 76,4 73,4
�µ¸ÉµÖ´´Ò° Éµ± ¨¸ÉµÎ´¨±  ¶¨É ´¨Ö, 	 1,5 1,3
�µÉ·¥¡²Ö¥³µ¥ ´ ¶·Ö¦¥´¨¥
¨¸ÉµÎ´¨±  ¶¨É ´¨Ö, ‚ 22 14

14



Šµ·´¥¥¢  ¸ ¶µ²µ¦¥´¨¥³ ¶ÊÎ±  ¶µ Í¥´É·Ê ¨ ´  · ¸¸ÉµÖ´¨¨ 1,5 ³³ µÉ ¥£µ Í¥´-
É·  ¸µµÉ¢¥É¸É¢¥´´µ. •µ·µÏµ ¢¨¤´µ, ÎÉµ ¢¥·µÖÉ´µ¸ÉÓ ¶¥·¥¢µ·µÉ  ¨§³¥´Ö¥É¸Ö
§´ Î¨É¥²Ó´µ ¤²Ö ¸¶¨´-Ë²¨¶¶¥·  Šµ·´¥¥¢  ¤ ¦¥ ¶·¨ ´¥¡µ²ÓÏµ³ ¸³¥Ð¥´¨¨
¶ÊÎ± . ˆ ´ µ¡µ·µÉ, µ´  ¶· ±É¨Î¥¸±¨ ´¥ ¨§³¥´Ö¥É¸Ö ¤²Ö £· ¤¨¥´É´µ£µ ¸¶¨´-
Ë²¨¶¶¥·  ¶·¨ §´ Î¨É¥²Ó´µ³ ¸³¥Ð¥´¨¨ ¶ÊÎ±  ´¥°É·µ´µ¢. ‚ É ¡². 2 ¶·¨¢¥¤¥´Ò
¶ · ³¥É·Ò Ê¸É ´µ¢²¥´´ÒÌ ´  �…Œ“� ¸¶¨´-Ë²¨¶¶¥·µ¢.

2.3. „¥É¥±Éµ·Ò ´¥°É·µ´µ¢. �¨¦¥ · ¸¸³µÉ·¨³ ¸²¥¤ÊÕÐ¨¥ ¤¥É¥±Éµ·Ò ´¥°-
É·µ´µ¢: ¤¥É¥±Éµ· ·¥Ë²¥±Éµ³¥É·¨Î¥¸±µ° ¨§³¥·¨É¥²Ó´µ° ³µ¤Ò ¨ ¤¥É¥±Éµ· ³ -
²µÊ£²µ¢µ° ¨§³¥·¨É¥²Ó´µ° ³µ¤Ò.

2.3.1. „¥É¥±Éµ· ·¥Ë²¥±Éµ³¥É·¨Î¥¸±µ° ¨§³¥·¨É¥²Ó´µ° ³µ¤Ò. �¥£¨¸É· -
Í¨Ö ´¥°É·µ´µ¢ ¢ ·¥Ë²¥±Éµ³¥É·¨Î¥¸±µ³ ·¥¦¨³¥ · ¡µÉÒ ¸¶¥±É·µ³¥É·  �…Œ“�
µ¸ÊÐ¥¸É¢²Ö¥É¸Ö £ §µ´ ¶µ²´¥´´Ò³ µ¤´µ±µµ·¤¨´ É´Ò³ ¶µ§¨Í¨µ´´µ-ÎÊ¢¸É¢¨É¥²Ó-
´Ò³ ¤¥É¥±Éµ·µ³ (PSD) [15]. �·¨³¥´¥´¨¥ PSD ¢³¥¸Éµ ¨¸¶µ²Ó§µ¢ ¢Ï¥£µ¸Ö ¤µ
ÔÉµ£µ £ §µ´ ¶µ²´¥´´µ£µ ¸Î¥ÉÎ¨±  ´¥°É·µ´µ¢ ¶µ§¢µ²¨²µ §´ Î¨É¥²Ó´µ Ê¶·µ¸É¨ÉÓ
¶·µÍ¥¸¸ Õ¸É¨·µ¢±¨ µ¡· §Í , ¸µ±· É¨ÉÓ ¢ ¤¥¸ÖÉ±¨ · § ¢·¥³Ö ´ ¡µ·  ¸É É¨¸É¨±¨
¶·¨ ¨¸¸²¥¤µ¢ ´¨¨ ¤¨ËËÊ§´µ · ¸¸¥¨¢ ÕÐ¥£µ ´¥°É·µ´Ò µ¡· §Í , ¢Ò¶µ²´ÖÉÓ ³µ-
´¨Éµ·¨·µ¢ ´¨¥ ¨´É¥´¸¨¢´µ¸É¨ ´¥°É·µ´µ¢ ¶ÊÉ¥³ µ¤´µ¢·¥³¥´´µ£µ ¨§³¥·¥´¨Ö
¶·Ö³µ£µ ¨ · ¸¸¥Ö´´µ£µ ¶ÊÎ±µ¢, ¨§³¥·ÖÉÓ ¶·¨ µÉ¸ÊÉ¸É¢¨¨ ¤¨ËËÊ§´µ£µ · ¸¸¥Ö-
´¨Ö ¨´É¥´¸¨¢´µ¸ÉÓ §¥·± ²Ó´ÒÌ ¶ÊÎ±µ¢ ¨ Ëµ´ µ¤´µ¢·¥³¥´´µ.

PSD ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¶·µ¶µ·Í¨µ´ ²Ó´ÊÕ ³´µ£µ¶·µ¢µ²µÎ´ÊÕ ± ³¥·Ê,
¶µ³¥Ð¥´´ÊÕ ¢ £¥·³¥É¨Î´Ò° ¡µ±¸ ¨§ ¤Õ· ²Õ³¨´¨Ö ¸ ¢Ìµ¤´Ò³ µ±´µ³ ¸¥Î¥-
´¨¥³ 120× 40 ³³. ‚´ÊÉ·¥´´¨¥ · §³¥·Ò ¡µ±¸  ¸µ¸É ¢²ÖÕÉ 200× 100× 48 ³³.
�¥£¨¸É· Í¨Ö ´¥°É·µ´µ¢ µ¸´µ¢ ´  ´  ·¥ ±Í¨¨ § Ì¢ É  ´¥°É·µ´µ¢ Ö¤· ³¨ 3He ¨
¢Ò²¥É  ¢Éµ·¨Î´ÒÌ ¶·µ¤Ê±Éµ¢ · ¸¶ ¤  ¶·µÉµ´µ¢ ¨ Ö¤¥· É·¨É¨Ö: 3He(n, p)3H+
764 ±Ô‚. ’µ²Ð¨´  £ §µ¢µ£µ ¸²µÖ ¸µ¸É ¢²Ö¥É 24 ³³ ¶·¨ ¤ ¢²¥´¨¨ 3He, · ¢´µ³
3,4  É³. „²Ö Ê²ÊÎÏ¥´¨Ö ¶·µ¸É· ´¸É¢¥´´µ£µ · §·¥Ï¥´¨Ö ¢ µ¡Ñ¥³ £ §  ¤¥É¥±-
Éµ·  ¤µ¡ ¢²Ö¥É¸Ö ¶·µ¶ ´ ¶·¨ ¶ ·Í¨ ²Ó´µ³ ¤ ¢²¥´¨¨ 2  É³. �·µ¸É· ´¸É¢¥´´µ¥
· §·¥Ï¥´¨¥ ¤¥É¥±Éµ·  ¸µ¸É ¢²Ö¥É 1, 5 ÷2, 5 ³³ (FWHM). � ¨²ÊÎÏ¥¥ · §·¥Ï¥-
´¨¥ ¶µ·Ö¤±  1,5 ³³ ¤µ¸É¨£ ¥É¸Ö ¢ Í¥´É·¥ ¤¥É¥±Éµ· . ˜¨·¨´  ¶µ§¨Í¨µ´´µ£µ
± ´ ²  ¤¥É¥±Éµ·  ¸µ¸É ¢²Ö¥É 0,69 ³³,   Î¨¸²µ ¶µ§¨Í¨µ´´ÒÌ ± ´ ²µ¢ · ¢´µ
256. „²¨É¥²Ó´µ¸ÉÓ ¢·¥³¥´´µ£µ ± ´ ²  ¸µ¸É ¢²Ö¥É 128 ³±¸,   ¨Ì Î¨¸²µ · ¢´µ
2048. Œ¥·É¢µ¥ ¢·¥³Ö ¤¥É¥±Éµ·  ¸µ¸É ¢²Ö¥É 37 ´¸. � · ³¥É·Ò ¤¥É¥±Éµ· 
¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 3.

„²Ö µ¶·¥¤¥²¥´¨Ö ÔËË¥±É¨¢´µ¸É¨ ·¥£¨¸É· Í¨¨ ´¥°É·µ´µ¢ ¤¥É¥±Éµ·µ³ PSD
¡Ò²  ¨¸¶µ²Ó§µ¢ ´  ¸Ì¥³ , ¢ ±µÉµ·µ° ±·µ³¥ ¸µ¡¸É¢¥´´µ PSD ¤µ¶µ²´¨É¥²Ó´µ
¡Ò² ¨¸¶µ²Ó§µ¢ ´ ³µ´µ¤¥É¥±Éµ· (£¥²¨¥¢Ò° ¸Î¥ÉÎ¨± ‘�Œ-17, Ï¨·¨´  ¢·¥³¥´-
´µ£µ ± ´ ²  · ¢´  64 ³±¸, Î¨¸²µ ± ´ ²µ¢ 2048), · §³¥Ð¥´´Ò° ´¥¶µ¸·¥¤-
¸É¢¥´´µ ¶¥·¥¤ PSD. �·¨ ÔÉµ³ ¡Ò²¨ ¨§³¥·¥´Ò É·¨ ¨´É¥´¸¨¢´µ¸É¨ ¸Î¥É : Jp Å
¨´É¥´¸¨¢´µ¸ÉÓ ¸Î¥É  PSD ¡¥§ ³µ´µ¤¥É¥±Éµ·  ¶¥·¥¤ ´¨³, Jm Å ¨´É¥´¸¨¢-
´µ¸ÉÓ ¸Î¥É  ³µ´µ¤¥É¥±Éµ·  ¨ Jpm Å ¨´É¥´¸¨¢´µ¸ÉÓ ¸Î¥É  PSD, ±µ£¤  ¶¥·¥¤
´¨³ Ê¸É ´µ¢²¥´ ³µ´µ¤¥É¥±Éµ·. „²Ö ¤ ´´ÒÌ ¢¥²¨Î¨´ ³µ¦´µ § ¶¨¸ ÉÓ ¸µµÉ´µ-
Ï¥´¨Ö:
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’ ¡²¨Í  3. � · ³¥É·Ò PSD

ƒ §µ¢ Ö ¸³¥¸Ó 3He(3,4  É³) + C3H8(2  É³)
� §³¥·Ò ÎÊ¢¸É¢¨É¥²Ó´µ£µ µ¡Ñ¥³ , ³³ 120× 40× 24
� §³¥·Ò ¢Ìµ¤´µ£µ µ±´ , ³³ 120× 40
Œ É¥·¨ ² ¢Ìµ¤´µ£µ µ±´  Al (¸¶² ¢ „16’)
�·µ¸É· ´¸É¢¥´´µ¥ · §·¥Ï¥´¨¥ (FWHM)

¢ Í¥´É·¥, ³³ 1,5
¶µ ±· Ö³, ³³ 2,5

�ËË¥±É¨¢´µ¸ÉÓ ·¥£¨¸É· Í¨¨ ¤²Ö λ = 2 �A, % 70

Jm = J0Amεm, Jp = J0Apεp, Jpm = J0ApεpA
2
m(1 − εm),

£¤¥ J0 Å ¨´É¥´¸¨¢´µ¸ÉÓ ¶ÊÎ±  ´¥°É·µ´µ¢ ¶¥·¥¤ ¤¥É¥±Éµ· ³¨; Am =
exp (−bmλ) Å ±µÔËË¨Í¨¥´É ¶·µ¶Ê¸± ´¨Ö ´¥°É·µ´µ¢ ¸É¥´±µ° ³µ´µ¤¥É¥±Éµ· ;
Ap = exp (−bpλ) Å ±µÔËË¨Í¨¥´É ¶·µ¶Ê¸± ´¨Ö ´¥°É·µ´µ¢ ¢Ìµ¤´Ò³ µ±´µ³
PSD; εm = 1−exp (−cmλ) ¨ εp Å ÔËË¥±É¨¢´µ¸ÉÓ ·¥£¨¸É· Í¨¨ ´¥°É·µ´µ¢ ³µ-
´µ¤¥É¥±Éµ·µ³ ¨ PSD ¸µµÉ¢¥É¸É¢¥´´µ; λ Å ¤²¨´  ¢µ²´Ò ´¥°É·µ´ . �·¨ § ¶¨¸¨
Ö¢´µ£µ ¢¨¤  ÔËË¥±É¨¢´µ¸É¨ ·¥£¨¸É· Í¨¨ ´¥°É·µ´µ¢ ³µ´µ¤¥É¥±Éµ·µ³ ¶·¥¤¶µ-
² £ ¥É¸Ö, ÎÉµ ÔËË¥±É¨¢´µ¸ÉÓ ·¥£¨¸É· Í¨¨ µ¶·¥¤¥²Ö¥É¸Ö Éµ²Ó±µ ¶µ£²µÐ¥´¨¥³
´¥°É·µ´µ¢ ¢ £ §¥ (ÔËË¥±É¨¢´µ¸ÉÓ ¸Î¨ÉÒ¢ ´¨Ö ¨³¶Ê²Ó¸µ¢ Ô²¥±É·µ´¨±µ° ¸Î¨-
É ¥É¸Ö · ¢´µ° ¥¤¨´¨Í¥). „²Ö εm, εp ¨ J0 ¨³¥¥³ ¸µµÉ´µÏ¥´¨Ö

εm = 1 − Jpm

JpA2
m

, εp =
JpA

2
m − Jpm

ApAmJm
, J0 =

AmJmJp

JpA2
m − Jpm

.

�·¨ · ¸Î¥É Ì εm, εp ¨ J0 ¡Ò²¨ ¨¸¶µ²Ó§µ¢ ´Ò §´ Î¥´¨Ö bm = 3, 55 · 10−3 �A−1

(¸É¥´±  ³µ´µ¤¥É¥±Éµ·  ¨§ ² ÉÊ´¨ Éµ²Ð¨´µ° 0,2 ³³) ¨ bp = 3, 09 · 10−3 �A−1

(µ±´µ PSD ¨§  ²Õ³¨´¨Ö Éµ²Ð¨´µ° 4 ³³). �  ·¨¸. 8 ¶·¨¢¥¤¥´Ò § ¢¨¸¨³µ-
¸É¨ J0, εp, εm µÉ ¤²¨´Ò ¢µ²´Ò ´¥°É·µ´µ¢. ‚¨¤´µ, ÎÉµ ÔËË¥±É¨¢´µ¸É¨ ¤¥-

�¨¸. 8. �ËË¥±É¨¢´µ¸ÉÓ ·¥£¨¸É· Í¨¨
´¥°É·µ´µ¢ PSD (εp) ¨ ³µ´µ¤¥É¥±Éµ·µ³
(εm), §¤¥¸Ó ¶Ê´±É¨·´ Ö ²¨´¨Ö Å · ¸-
Î¥É´ Ö § ¢¨¸¨³µ¸ÉÓ ±µÔËË¨Í¨¥´É  ¶µ-
£²µÐ¥´¨Ö ´¥°É·µ´µ¢ ¢ ³µ´µ¤¥É¥±Éµ·¥
 Éµ³ ³¨ 3�¥, J0 Å · ¸Î¥É´ Ö § ¢¨¸¨-
³µ¸ÉÓ ¨´É¥´¸¨¢´µ¸É¨ ´¥°É·µ´´µ£µ ¶µ-
Éµ±  ¶¥·¥¤ ¤¥É¥±Éµ· ³¨
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É¥±Éµ·µ¢ ´¥§´ Î¨É¥²Ó´µ µÉ²¨Î ÕÉ¸Ö ¤·Ê£ µÉ ¤·Ê£  ¨ ¢ µ¡² ¸É¨ 1 ÷ 2 �A ¸µ-
¸É ¢²ÖÕÉ 50 ÷ 70 %. �Ê´±É¨·´µ° ²¨´¨¥° ¶µ± § ´ · ¸Î¥É ¸±µ·µ¸É¨ ¸Î¥É 
´¥°É·µ´µ¢ ¡² £µ¤ ·Ö ¶µ£²µÐ¥´¨Õ ´¥°É·µ´µ¢ ¢ £ §¥ ¸ ±µÔËË¨Í¨¥´Éµ³ ¶µ-
£²µÐ¥´¨Ö cm = 0, 7 �A−1. Œµ¦´µ ¢¨¤¥ÉÓ Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ Ô±¸¶¥·¨³¥´É  ¸
· ¸Î¥Éµ³.

�¨¸. 9. ‡ ¢¨¸¨³µ¸ÉÓ ¨´É¥´¸¨¢´µ¸É¨ ¸Î¥É  ´¥°-
É·µ´µ¢ µÉ ¢Ò¸µÉÒ ¤¨ Ë· £³Ò ´  ¤¥É¥±Éµ·¥ (¥¥
Ï¨·¨´  1 ³³):  ) ¢ ³ ±¸¨³Ê³¥ ¸¶¥±É·  ¶·¨ ¤²¨´¥
¢µ²´Ò 1,8 �A ¨ ·¥£¨¸É· Í¨¨ ¢ µ¤´µ³ ¢·¥³¥´´µ³
± ´ ²¥; ¡) ¤²Ö ¨´É¥·¢ ²  ¤²¨´ ¢µ²´ 0, 6÷ 8, 8 �A

�¸µ¡¥´´µ ¢ ¦´Ò³ ¶ · ³¥-
É·µ³ ¤¥É¥±Éµ·  ¶·¨ ·¥£¨¸É· -
Í¨¨ ¨´É¥´¸¨¢´µ£µ ¶µÉµ±  ´¥°-
É·µ´µ¢ ´  ¨³¶Ê²Ó¸´µ³ ·¥ ±Éµ·¥
Ö¢²Ö¥É¸Ö ¥£µ ¡Ò¸É·µ¤¥°¸É¢¨¥.
�Í¥´±  ¡Ò¸É·µ¤¥°¸É¢¨Ö ¤¥É¥±-
Éµ·  ¡Ò²  ¢Ò¶µ²´¥´  ¢ ¨§³¥·¥-
´¨ÖÌ § ¢¨¸¨³µ¸É¨ ¨´É¥´¸¨¢´µ-
¸É¨ ¸Î¥É  µÉ ¸¥Î¥´¨Ö ¶ÊÎ±  ´¥°-
É·µ´µ¢, Ê¸É ´ ¢²¨¢ ¥³µ£µ ¸ ¶µ-
³µÐÓÕ ± ¤³¨¥¢µ° ¤¨ Ë· £³Ò.
�  ·¨¸. 9 ¶µ± § ´  § ¢¨¸¨³µ¸ÉÓ
¨´É¥´¸¨¢´µ¸É¨ ¸Î¥É  ´¥°É·µ´µ¢
µÉ ¢Ò¸µÉÒ ¤¨ Ë· £³Ò (¥¥ Ï¨-
·¨´  ¡Ò²  1 ³³) ¤²Ö ¸²ÊÎ ¥¢ ·¥-
£¨¸É· Í¨¨ ¢ µ¤´µ³ ¢·¥³¥´´µ³
± ´ ²¥ (·¨¸. 9, a) ¨ ¢ ¨´É¥·¢ ²¥
0, 6 ÷ 8, 8 �A (·¨¸. 9, ¡). ˆ§ ÔÉ¨Ì
¤ ´´ÒÌ ³µ¦´µ µÍ¥´¨ÉÓ ³ ±¸¨-
³ ²Ó´ÊÕ ¨´É¥´¸¨¢´µ¸ÉÓ, ±µÉµ-
· Ö ¨³¥¥É ³¥¸Éµ ¶·¨ ¢Ò¸µÉ¥
¤¨ Ë· £³Ò 1,7 ³³. �´  · ¢´ 
2, 7 ·105 ¸−1, ÎÉµ ¤ ¥É ¤²Ö ³¥·É-
¢µ£µ ¢·¥³¥´¨ ¤¥É¥±Éµ·  §´ Î¥-
´¨¥ 37 ´¸.

2.3.2. „¥É¥±Éµ· ³ ²µÊ£²µ¢µ° ¨§³¥·¨É¥²Ó´µ° ³µ¤Ò. „²Ö ¶·µ¢¥¤¥´¨Ö Ô±¸-
¶¥·¨³¥´Éµ¢ ¶µ ³ ²µÊ£²µ¢µ³Ê · ¸¸¥Ö´¨Õ ´¥°É·µ´µ¢ ´  ¸¶¥±É·µ³¥É·¥ �…Œ“�
¨¸¶µ²Ó§Ê¥É¸Ö 32-¸Î¥ÉÎ¨±µ¢Ò° ¤¥É¥±Éµ·. �´ ¸µ¸Éµ¨É ¨§ Í¨²¨´¤·¨Î¥¸±¨Ì ¸Î¥É-
Î¨±µ¢ Î¥ÉÒ·¥Ì É¨¶µ· §³¥·µ¢. �·¨ ÔÉµ³ ¢µ¸¥³Ó ¸Î¥ÉÎ¨±µ¢ µ¤´µ£µ · §³¥· 
· §³¥Ð¥´Ò ´  µ±·Ê¦´µ¸É¨ µ¶·¥¤¥²¥´´µ£µ · ¤¨Ê¸  Î¥·¥§ 45◦ µ¤¨´ µÉ ¤·Ê£µ£µ.
’ ±, ¸Î¥ÉÎ¨±¨ ¤¨ ³¥É·µ³ 12, 18, 32 ¨ 50 ³³ ¨ ¤²¨´µ° ÎÊ¢¸É¢¨É¥²Ó´µ° µ¡² ¸É¨
50, 50, 95 ¨ 110 ³³, · §³¥Ð¥´´Ò¥ ´  µ±·Ê¦´µ¸ÉÖÌ · ¤¨Ê¸ ³¨ 75, 120, 190
¨ 300 ³³ ¸µµÉ¢¥É¸É¢¥´´µ. „ ²¥¥, ¸Î¥ÉÎ¨±¨ ¶µ 16 ÏÉÊ± · §³¥Ð¥´Ò ´  ¤¢ÊÌ
¤¥·¦ É¥²ÖÌ, ±µÉµ·Ò¥ µÉ´µ¸¨É¥²Ó´µ ¤·Ê£ ¤·Ê£  ¶µ¢¥·´ÊÉÒ ´  45◦,   ¶µ £²Ê¡¨´¥
¢ ´ ¶· ¢²¥´¨¨ ¶ÊÎ±  ´¥°É·µ´µ¢ µÉ¸ÉµÖÉ ´  50 ³³. �  ·¨¸. 10 ¶·¥¤¸É ¢²¥´ ¢¨¤
¤¥É¥±Éµ·  ¸¶¥·¥¤¨ ( ), ¸¡µ±Ê (¡) ¨ ¢¨¤ µ±µ´ ¸ ¨Ì · §³¥· ³¨ (¢). �±´  ¸¤¥² ´Ò
¨§ ²¨¸Éµ¢µ£µ ± ¤³¨Ö ¨ µ¶·¥¤¥²ÖÕÉ ¸¥Î¥´¨Ö ¶ÊÎ±µ¢ ´  ¸Î¥ÉÎ¨± Ì.
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�¨¸. 10. „¥É¥±Éµ· ³ ²µÊ£²µ¢µ° ³µ¤Ò:  ) ¢¨¤ ¸¶¥·¥¤¨; ¡) ¢¨¤ ¸¡µ±Ê; ¢) ¢¨¤ µ±µ´ ¤²Ö
¸Î¥ÉÎ¨±µ¢

�¨¸. 11. ”µ´µ¢ Ö ¨´É¥´¸¨¢´µ¸ÉÓ ¸Î¥É  ¤²Ö ¸Î¥É-
Î¨±µ¢ ¶¥·¢µ£µ ¨ Î¥É¢¥·Éµ£µ ±µ²¥Í ¤¥É¥±Éµ·  ³ -
²µÊ£²µ¢µ° ³µ¤Ò

�  ·¨¸. 11 ¶·¥¤¸É ¢²¥´ 
§ ¢¨¸¨³µ¸ÉÓ Ëµ´µ¢µ° ¨´É¥´-
¸¨¢´µ¸É¨ ¸Î¥É  µÉ ´µ³¥·  ¢·¥-
³¥´´µ£µ ± ´ ²  ¤²Ö ¸Î¥ÉÎ¨-
±µ¢ ¶¥·¢µ£µ ±µ²ÓÍ  (¤¨ ³¥É·
µ±·Ê¦´µ¸É¨ 150 ³³) ¨ ¸Î¥É-
Î¨±µ¢ Î¥É¢¥·Éµ£µ ±µ²ÓÍ  (¤¨ -
³¥É· µ±·Ê¦´µ¸É¨ 600 ³³).
ˆ§ ¶·¥¤¸É ¢²¥´´ÒÌ ¤ ´´ÒÌ
¢¨¤´µ, ÎÉµ Ëµ´µ¢ Ö ¸±µ·µ¸ÉÓ
¸Î¥É  ¤²Ö ¸Î¥ÉÎ¨±µ¢ Î¥É¢¥·-
Éµ£µ ±µ²ÓÍ  ¶·¨³¥·´µ ¢ 40 · §
¡µ²ÓÏ¥, Î¥³ ¤²Ö ¸Î¥ÉÎ¨±µ¢
¶¥·¢µ£µ ±µ²ÓÍ . �Éµ, ± ± ¨
µ¦¨¤ ²µ¸Ó, ¡²¨§±µ ± §´ Î¥-
´¨Õ µÉ´µÏ¥´¨Ö ÎÊ¢¸É¢¨É¥²Ó-
´ÒÌ µ¡Ñ¥³µ¢ ¸Î¥ÉÎ¨±µ¢ Î¥-
É¢¥·Éµ£µ ¨ ¶¥·¢µ£µ ±µ²¥Í, · ¢-

´µ£µ 38,3. „¥É¥±Éµ· ³µ¦¥É ¡ÒÉÓ · §³¥Ð¥´ µÉ µ¡· §Í  ´  · ¸¸ÉµÖ´¨¨
1, 5÷7, 5 ³. ’ ±¨³ µ¡· §µ³, ¢ ¨´É¥·¢ ²¥ ¤²¨´ ¢µ²´ ´¥°É·µ´µ¢ λ = 1, 5÷10 �A
¤¥É¥±Éµ·µ³ ¶¥·¥±·Ò¢ ¥É¸Ö ¤¨ ¶ §µ´ §´ Î¥´¨° ¶¥·¥¤ ´´µ£µ ¢µ²´µ¢µ£µ ¢¥±Éµ· ,
· ¢´Ò° Q = 6 · 10−3 ÷ 0, 7 �A−1.

2.4. �¶¶ · ÉÊ·  µ±·Ê¦¥´¨Ö µ¡· §Í . ˆ¸¸²¥¤Ê¥³Ò° µ¡· §¥Í ¶µ³¥Ð ¥É¸Ö
¢ ¤¥·¦ É¥²¥ µ¡· §Í , Ê¸É ´ ¢²¨¢ ¥³µ³ ¢ Í¥´É·¥ £µ´¨µ³¥É· . ƒµ´¨µ³¥É· ¨³¥¥É
É·¨ µ¸¨ ¢· Ð¥´¨Ö ¸ Ï £µ³ ¶µ¢µ·µÉ  0, 01◦, ¸ ¶µ³µÐÓÕ ±µÉµ·ÒÌ µ¸ÊÐ¥¸É¢²Ö-
ÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ µ¶¥· Í¨¨: 1) ¶µ¢µ·µÉ Ô²¥±É·µ³ £´¨É  ´  Ê£µ² ±90◦ ¢µ±·Ê£
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µ¸¨ ¶ÊÎ±  ´¥°É·µ´µ¢; 2) ¶µ¢µ·µÉ µ¡· §Í  ¸ Ô²¥±É·µ³ £´¨Éµ³ ¢µ±·Ê£ ¢¥·É¨-
± ²Ó´µ° µ¸¨ ´  Ê£µ² ±20◦; 3) ¶µ¢µ·µÉ Ô²¥±É·µ³ £´¨É  ´  Ê£µ² ±15◦ ¢µ±·Ê£
£µ·¨§µ´É ²Ó´µ° µ¸¨, ¶¥·¶¥´¤¨±Ê²Ö·´µ° ¶ÊÎ±Ê ´¥°É·µ´µ¢. ƒµ´¨µ³¥É· É ±¦¥
¶¥·¥³¥Ð ¥É¸Ö µÉ ·ÊÎ´µ£µ ¶·¨¢µ¤  ¢ ´ ¶· ¢²¥´¨ÖÌ ¢¤µ²Ó ¨ ¶¥·¶¥´¤¨±Ê²Ö·´µ
¶ÊÎ±Ê ´¥°É·µ´µ¢ ¢ ¶·¥¤¥² Ì ±100 ³³.

Œ £´¨É´µ¥ ¶µ²¥ ´  µ¡· §Í¥ ¶·¨ ±µ³´ É´µ° É¥³¶¥· ÉÊ·¥ ¸µ§¤ ¥É¸Ö ¸ ¶µ³µ-
ÐÓÕ Ô²¥±É·µ³ £´¨É , ¨³¥ÕÐ¥£µ ´ ¡µ· ¸³¥´´ÒÌ ¶µ²Õ¸µ¢ ¸¥Î¥´¨¥³ 40×20 ³³,
60 × 40 ³³ ¨ 110 × 70 ³³. Œ £´¨É´µ¥ ¶µ²¥ ¢ ¶²µ¸±µ¸É¨, ¶¥·¶¥´¤¨±Ê²Ö·´µ°
¶ÊÎ±Ê, ³µ¦¥É ¡ÒÉÓ ¢Ò¡· ´µ ´ ¶· ¢²¥´´Ò³ ¢ ¤¨ ¶ §µ´¥ µÉ ¢¥·É¨± ²Ó´µ£µ ´ -
¶· ¢²¥´¨Ö ¤µ £µ·¨§µ´É ²Ó´µ£µ. ‡ §µ· ³¥¦¤Ê ¶µ²Õ¸ ³¨ ³µ¦¥É ¡ÒÉÓ Ê¸É ´µ¢²¥´
¢ ¤¨ ¶ §µ´¥ 15 ÷ 70 ³³. Œ ±¸¨³ ²Ó´µ¥ §´ Î¥´¨¥ ´ ¶·Ö¦¥´´µ¸É¨ ³ £´¨É´µ£µ
¶µ²Ö ¶·¨ § §µ·¥ ³¥¦¤Ê ¶µ²Õ¸ ³¨ 15 ³³ ¤²Ö ¶µ²Õ¸µ¢ ¸¥Î¥´¨¥³ 40 × 20 ³³
¸µ¸É ¢²Ö¥É 20 ±�,   ¤²Ö ¶µ²Õ¸µ¢ ¸¥Î¥´¨¥³ 110 × 70 ³³ Å 10 ±�.

„²Ö Ô±¸¶¥·¨³¥´Éµ¢ ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì ¨¸¶µ²Ó§Ê¥É¸Ö ±·¨µ¸É É, ¨³¥-
ÕÐ¨° ´  ¶ÊÉ¨ ¶ÊÎ±  ´¥°É·µ´µ¢ ±¢ ·Í¥¢Ò¥ µ±´  ¤¨ ³¥É·µ³ 22 ³³. Š·¨µ¸É É
¶µ¤¤¥·¦¨¢ ¥É É¥³¶¥· ÉÊ·Ê µ¡· §Í  (· §³¥· µ¡· §Í  ¤µ 40×40 ³³) ¢ ¶·¥¤¥² Ì
1, 4 ÷ 600 K ¸ ÉµÎ´µ¸ÉÓÕ 0,01 K. �´ ¸´ ¡¦¥´ ±·¨µ³ £´¨Éµ³ ¸ ³ ±¸¨³ ²Ó´µ°
´ ¶·Ö¦¥´´µ¸ÉÓÕ ¢¥·É¨± ²Ó´µ ´ ¶· ¢²¥´´µ£µ ³ £´¨É´µ£µ ¶µ²Ö 30 ±�. ’µÎ-
´µ¸ÉÓ Ê¸É ´µ¢±¨ ³ £´¨É´µ£µ ¶µ²Ö ¸µ¸É ¢²Ö¥É ±0, 3 � ¤²Ö ¤¨ ¶ §µ´  0÷3, 4 ±�
¨ ±30 � ¤²Ö ¤¨ ¶ §µ´  3, 4 ÷ 30 ±�.

3. ����Œ…’�› �…‰’�����ƒ� �“—Š�

�  ·¨¸. 12,  Ä¢ ¶µ± § ´Ò ¤²¨´´µ¢µ²´µ¢Ò¥ § ¢¨¸¨³µ¸É¨ ¨´É¥´¸¨¢´µ¸É¨
¸Î¥É  É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢ ¨ Ëµ´µ¢µ£µ ¸Î¥É  (¶ÊÎµ± ´¥°É·µ´µ¢ ¶¥·¥±·ÒÉ ¶² -
¸É¨´µ° ¨§ ²¨¸Éµ¢µ£µ ± ¤³¨Ö Éµ²Ð¨´µ° 1,5 ³³) ¤²Ö É·¥Ì · §²¨Î´ÒÌ ¢ ·¨ ´Éµ¢
¶µ²Ö·¨§ Í¨µ´´µ°  ¶¶ · ÉÊ·Ò:  ) ¶·Ö³µ° ¶µ²Ö·¨§ Éµ· ³ ²µÊ£²µ¢µ° ³µ¤Ò, ¤¥-
É¥±Éµ· ¢ ¶µ§¨Í¨¨ 29 ³ µÉ § ³¥¤²¨É¥²Ö, ¸¥Î¥´¨¥ ¶ÊÎ±  0,021 ¸³2; ¡) ·¥Ë²¥±Éµ-
³¥É·¨Î¥¸±¨° ¶µ²Ö·¨§ Éµ· ¸ ¢¥¥·´Ò³  ´ ²¨§ Éµ·µ³, ¤¥É¥±Éµ· ¢ ¶µ§¨Í¨¨ 29 ³
µÉ § ³¥¤²¨É¥²Ö, ¸¥Î¥´¨¥ ¶ÊÎ±  1,4 ¸³2; ¢) ¨§µ£´ÊÉÒ° ¶µ²Ö·¨§ Éµ· ¸ ¢¥¥·-
´Ò³  ´ ²¨§ Éµ·µ³, ¤¥É¥±Éµ· ¢ ¶µ§¨Í¨¨ 34 ³ µÉ § ³¥¤²¨É¥²Ö, ¸¥Î¥´¨¥ ¶ÊÎ± 
0,035 ¸³2. �  µ¸´µ¢ ´¨¨ ¨§³¥·¥´´µ° ¨´É¥´¸¨¢´µ¸É¨ ¸Î¥É  ¶·µ¢¥¤¥´Ò · ¸-
Î¥ÉÒ ¶µÉµ±  ´¥°É·µ´µ¢ ¢ ¶µ§¨Í¨¨ Ê¸É ´µ¢±¨ µ¡· §Í . „ ´´Ò¥ ¨§³¥·¥´¨° ¨
· ¸Î¥Éµ¢ ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 4. �·¨ ÔÉµ³ ÊÎ¨ÉÒ¢ ²µ¸Ó, ÎÉµ ¨´É¥£· ²Ó´ Ö ÔË-
Ë¥±É¨¢´µ¸ÉÓ ¤¥É¥±Éµ·  ¸µ¸É ¢²Ö¥É 70 %,   ¶·µ¶Ê¸± ´¨¥ ¢¥¥·´µ£µ  ´ ²¨§ Éµ· 
· ¢´µ 0,6. ‚µ ¢Éµ·µ° ±µ²µ´±¥ É ¡². 4 ¶·¨¢¥¤¥´ É¥²¥¸´Ò° Ê£µ², ¶µ¤ ±µÉµ-
·Ò³ ¢¨¤¥´ ¢ÒÌµ¤ ¶µ²Ö·¨§ Éµ·  ¸µ ¸Éµ·µ´Ò ¤¥É¥±Éµ·  ´¥°É·µ´µ¢. ‚ É·¥ÉÓ¥°
±µ²µ´±¥ ¶·¨¢¥¤¥´  ¨´É¥£· ²Ó´ Ö ¶µ ¤²¨´¥ ¢µ²´Ò ¸±µ·µ¸ÉÓ ¸Î¥É  ´¥°É·µ´µ¢
¤¥É¥±Éµ·µ³ ¶·¨ ´µ³¨´ ²Ó´µ° ³µÐ´µ¸É¨ ·¥ ±Éµ·  1,5 Œ‚É. ‚ Î¥É¢¥·Éµ° ±µ-
²µ´±¥ É ¡²¨ÍÒ ¶·¨¢¥¤¥´µ · ¸Î¥É´µ¥ §´ Î¥´¨¥ ¶µÉµ±  ´¥°É·µ´µ¢ ¢ ¶µ§¨Í¨¨
µ¡· §Í  ´  · ¸¸ÉµÖ´¨¨ 29 ³ µÉ § ³¥¤²¨É¥²Ö ¶·¨ ³µÐ´µ¸É¨ ·¥ ±Éµ·  2 Œ‚É.
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„ ´´Ò¥ ÔÉµ° ±µ²µ´±¨ ¢ ¦´Ò ¤²Ö ¨Ì ¸· ¢´¥´¨Ö ¸µ §´ Î¥´¨¥³ 2 × 105 ´./¸/¸³2

ÔÉµ£µ ¶ · ³¥É·  ´  ¸¶¥±É·µ³¥É·¥ ‘��, ±µ£¤  ·¥ ±Éµ· · ¡µÉ ² ´  ³µÐ´µ¸É¨
2 Œ‚É. � ±µ´¥Í, ¢ ¶ÖÉµ° ±µ²µ´±¥ ¶·¨¢¥¤¥´µ · ¸Î¥É´µ¥ §´ Î¥´¨¥ ¶²µÉ´µ¸É¨
¶µÉµ±  ¶µ²Ö·¨§µ¢ ´´ÒÌ ´¥°É·µ´µ¢ ¢ ¥¤¨´¨Í¥ É¥²¥¸´µ£µ Ê£² . �É¨ §´ Î¥´¨Ö
¨´É¥·¥¸´µ ¸· ¢´¨ÉÓ ¸ ³ ±¸¨³ ²Ó´µ ¢µ§³µ¦´Ò³ §´ Î¥´¨¥³ ¶²µÉ´µ¸É¨ ¶µÉµ± 
´¥¶µ²Ö·¨§µ¢ ´´ÒÌ ´¥°É·µ´µ¢ 7×1011 ´./(¸ · ¸³2 · ¸·) ¢ ¢µ¤Ö´µ³ § ³¥¤²¨É¥²¥ ¨
§´ Î¥´¨¥³ 1, 2 × 1010 ´./(¸ · ¸³2 · ¸·) ÔÉµ£µ ¶ · ³¥É·  ¤²Ö ¸¶¥±É·µ³¥É·  ‘��.
‚¨¤´µ, ÎÉµ ¶µÉ¥·¨ ´¥°É·µ´µ¢ ³¨´¨³ ²Ó´Ò ¤²Ö ¸²ÊÎ Ö ¶·Ö³µ£µ ³ ²µÊ£²µ¢µ£µ
¶µ²Ö·¨§ Éµ·  ¨ ¸µ¸É ¢²ÖÕÉ Ë ±Éµ· 0,7.

�¨¸. 12. ˆ´É¥´¸¨¢´µ¸ÉÓ ¸Î¥É  É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢ (±·¨¢ Ö 1), ´ ¤± ¤³¨¥¢ÒÌ ´¥°É·µ-
´µ¢ (±·¨¢ Ö 2) ¨ ¨Ì µÉ´µÏ¥´¨¥ (±·¨¢ Ö 3):  ) ¶·Ö³µ° ¶µ²Ö·¨§ Éµ· ³ ²µÊ£²µ¢µ° ³µ¤Ò;
¡) ¶µ²Ö·¨§ Éµ· ·¥Ë²¥±Éµ³¥É·¨Î¥¸±µ° ³µ¤Ò ¸  ÉÉ¥´Õ Éµ·µ³ ¨´É¥´¸¨¢´µ¸É¨ ¢ 100 · §
¨ ¢¥¥·´Ò³  ´ ²¨§ Éµ·µ³ ¶µ²Ö·¨§ Í¨¨; ¢) ¨§µ£´ÊÉÒ° ¶µ²Ö·¨§ Éµ· ³ ²µÊ£²µ¢µ° ³µ¤Ò ¸
¢¥¥·´Ò³  ´ ²¨§ Éµ·µ³ ¶µ²Ö·¨§ Í¨¨
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’ ¡²¨Í  4. �µÉµ± ´¥°É·µ´µ¢ ´  ¸¶¥±É·µ³¥É·¥ �…Œ“�

	¶¶ · ÉÊ·  Ωpol, ¸·
∫ 1,5MW

det N(λ)dλ,
∫

2MW
sampleI(λ)dλ,

∫
2MW
sampleI(λ)dλ

Ω
,

´./(¸ · ¸³2) ´./(¸ · ¸³2) ´./(¸ · ¸³2· ¸·)

1 2 3 4 5

�¥Ë²¥±Éµ³¥É·¨Î¥¸±¨°
¶µ²Ö·¨§ Éµ· + ¢¥¥·´Ò° 2,0 · 10−6 3,6 · 104 1,6 · 105 8,0 · 1010

 ´ ²¨§ Éµ· ¶µ²Ö·¨§ Í¨¨

ˆ§µ£´ÊÉÒ° ³ ²µÊ£²µ¢µ°
¶µ²Ö·¨§ Éµ· + ¢¥¥·´Ò° 0,7 · 10−6 7,6 · 103 6,8 · 104 1,0 · 1011

 ´ ²¨§ Éµ· ¶µ²Ö·¨§ Í¨¨

�·Ö³µ° ³ ²µÊ£²µ¢µ°
¶µ²Ö·¨§ Éµ· 1,7 · 10−6 1,5 · 105 4,0 · 105 2,4 · 1011

4. �‚’�Œ�’ˆ‡�–ˆŸ ����’› ‘�…Š’��Œ…’��

4.1. ‘¨¸É¥³  Ê¶· ¢²¥´¨Ö ¨¸¶µ²´¨É¥²Ó´Ò³¨ ³¥Ì ´¨§³ ³¨. ‘¨¸É¥³  Ê¶· -
¢²¥´¨Ö ¨¸¶µ²´¨É¥²Ó´Ò³¨ ³¥Ì ´¨§³ ³¨ ³ ²µÊ£²µ¢µ£µ ¸¶¥±É·µ³¥É·  �…Œ“�
µ·¨¥´É¨·µ¢ ´  ´  Ê¶· ¢²¥´¨¥ ¨¸¶µ²´¨É¥²Ó´Ò³¨ ³¥Ì ´¨§³ ³¨, ¨¸¶µ²Ó§ÊÕ-
Ð¨³¨ ¢ ± Î¥¸É¢¥ ¶·¨¢µ¤  Ï £µ¢Ò¥ ¤¢¨£ É¥²¨. „¨ ¶ §µ´ ¶¥·¥³¥Ð¥´¨Ö ¨¸¶µ²-
´¨É¥²Ó´µ£µ ³¥Ì ´¨§³  µ£· ´¨Î¥´ ±µ´Í¥¢¨± ³¨ ¨ ¨³¥¥É ¤²Ö ±µ´É·µ²Ö ´ ¨¡µ-
²¥¥ Î ¸Éµ ¨¸¶µ²Ó§Ê¥³ÒÌ ¶µ²µ¦¥´¨° ¤¢¥ ±µ´É·µ²Ó´Ò¥ ÉµÎ±¨. ‘¨¸É¥³  Ê¶· -
¢²¥´¨Ö ¨¸¶µ²´¨É¥²Ó´Ò³¨ ³¥Ì ´¨§³ ³¨ ¶µ¸É·µ¥´  ´  ¡ §¥ ±µ´É·µ²²¥·  Ï £µ-
¢ÒÌ ¤¢¨£ É¥²¥° BCSM ¢ ¸É ´¤ ·É¥ VME ¨ ¨³¥¥É ¸²¥¤ÊÕÐ¨¥ Ì · ±É¥·¨¸É¨±¨:
1) ¶µµÎ¥·¥¤´µ¥ Ê¶· ¢²¥´¨¥ 1Ä32 Ï £µ¢Ò³¨ ¤¢¨£ É¥²Ö³¨; 2) É¨¶ Ê¶· ¢²¥´¨Ö:
µ¶·¥¤¥²¥´´µ¥ ±µ²¨Î¥¸É¢µ Ï £µ¢ ¢ § ¤ ´´µ³ ´ ¶· ¢²¥´¨¨; 3) ¶¥·¥³¥Ð¥´¨¥
µ£· ´¨Î¥´µ ¤¢Ê³Ö ±µ´Í¥¢¨± ³¨; 4) ¢µ§³µ¦¥´ ±µ´É·µ²Ó ¤µ ¤¢ÊÌ ±µ´É·µ²Ó´ÒÌ
ÉµÎ¥± ´  ¢¸¥³ ¤¨ ¶ §µ´¥ ¶¥·¥³¥Ð¥´¨Ö; 5) Î ¸ÉµÉ  Ï £µ¢ (µÉ 1 ƒÍ) § ¤ ¥É¸Ö
¶·µ£· ³³´µ, ¢µ§³µ¦´µ ¨§³¥´¥´¨¥ Î ¸ÉµÉÒ Ï £µ¢ ¢ ¶·µÍ¥¸¸¥ ¤¢¨¦¥´¨Ö.

‚ ± Î¥¸É¢¥ ¶·¨¢µ¤  Ï £µ¢ÒÌ ¤¢¨£ É¥²¥° ¢ ¸¨¸É¥³¥ Ê¶· ¢²¥´¨Ö ¨¸¶µ²Ó-
§ÊÕÉ¸Ö ±µ³³ÊÉ Éµ·Ò-Ê¸¨²¨É¥²¨ Ï £µ¢ÒÌ ¤¢¨£ É¥²¥° SMD-B2A, µ¡² ¤ ÕÐ¨¥
¸²¥¤ÊÕÐ¨³¨ µ¸µ¡¥´´µ¸ÉÖ³¨: 1) ¶µµÎ¥·¥¤´µ¥ Ê¶· ¢²¥´¨¥ Î¥ÉÒ·Ó³Ö ¤¢¨£ É¥-
²Ö³¨; 2) ±µ²¨Î¥¸É¢µ µ¡³µÉµ± ¤¢¨£ É¥²Ö 2, 4; 3) É¨¶ ¢±²ÕÎ¥´¨Ö Ê´¨¶µ²Ö·´Ò°
¨ ¡¨¶µ²Ö·´Ò°; 4) Éµ± ¢ µ¡³µÉ± Ì ¤¢¨£ É¥²Ö 2/4 A; 5) ±µ³³ÊÉ Éµ· ³Ê²ÓÉ¨¶²¥±-
¸¨·Ê¥É ±µ´Í¥¢¨±¨ ¨ ±µ´É·µ²Ó´Ò¥ ÉµÎ±¨ ¢Ò¡· ´´µ£µ ¨¸¶µ²´¨É¥²Ó´µ£µ ³¥Ì -
´¨§³ ; 6) ±µ³³ÊÉ Éµ· ¢Ò¶µ²´¥´ ¢ ±µ´¸É·Ê±É¨¢¥ Š	Œ	Š.

�²µ± ±µ´É·µ²Ö Ë¨§¨Î¥¸±µ° Ê¸É ´µ¢±¨ BCFU µ¡¥¸¶¥Î¨¢ ¥É ¸²¥¦¥´¨¥ § 
¸µ¸ÉµÖ´¨¥³ Ï¨¡¥·  ¨ Ë §µ° ¶·¥·Ò¢ É¥²Ö ¶ÊÎ±  ´¥°É·µ´µ¢.
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�Ê²ÓÉ ·ÊÎ´µ£µ Ê¶· ¢²¥´¨Ö ¢Ò¶µ²´Ö¥É Ê¶· ¢²¥´¨¥ ¨¸¶µ²´¨É¥²Ó´Ò³¨ ³¥Ì -
´¨§³ ³¨ ´¥¶µ¸·¥¤¸É¢¥´´µ ´  ³¥¸É¥ ¨Ì · ¸¶µ²µ¦¥´¨Ö, ¶·¨ ÔÉµ³ µ¸ÊÐ¥¸É¢²Ö¥É
1) ¢Ò¡µ· ´µ³¥·  N = 1 ÷ 32 ¨¸¶µ²´¨É¥²Ó´µ£µ ³¥Ì ´¨§³ ; 2) ¨´¤¨± Í¨Õ
±µ´Í¥¢¨±µ¢ ¨ ±µ´É·µ²Ó´ÒÌ ÉµÎ¥±; 3) § ¤ ´¨¥ Î ¸ÉµÉÒ Ê¶· ¢²ÖÕÐ¥£µ ¸¨£´ ² 
Ï £µ¢ÒÌ ¤¢¨£ É¥²¥° ¢ ¶·¥¤¥² Ì µÉ 1 ƒÍ ¤µ 1 ±ƒÍ.

�¥µ¡Ìµ¤¨³µ¥ ´ ¶·Ö¦¥´¨¥ ¤²Ö Ï £µ¢ÒÌ ¤¢¨£ É¥²¥° µ¡¥¸¶¥Î¨¢ ¥É¸Ö ¨¸ÉµÎ-
´¨±µ³ ¶¨É ´¨Ö PSU 32/10A.

’¥¸É-¡²µ± ¸¨¸É¥³Ò Ê¶· ¢²¥´¨Ö µ¡¥¸¶¥Î¨¢ ¥É ¢Ò¶µ²´¥´¨¥ ¸²¥¤ÊÕÐ¨Ì ¢¸¶µ-
³µ£ É¥²Ó´ÒÌ ËÊ´±Í¨°:

• Ëµ·³¨·µ¢ ´¨¥ ¸¨£´ ²µ¢ ¸É ·É , ³µ´¨Éµ·  ¨ Ï¨¡¥· ;
• ¨´¤¨± Í¨Õ ´ ²¨Î¨Ö ¸É ·Éµ¢, ¸Î¥É  ´¥°É·µ´µ¢ ³µ´¨Éµ·µ³ ¨ ¸µ¸ÉµÖ´¨Ö

Ï¨¡¥· ;
• Ë¨²ÓÉ· Í¨Õ ¸¨£´ ²  Ï¨¡¥· ;

�¨¸. 13. ‘É·Ê±ÉÊ·´ Ö ¸Ì¥³  ¸¨¸É¥³Ò Ê¶· ¢²¥´¨Ö ¨¸¶µ²´¨É¥²Ó´Ò³¨ ³¥Ì ´¨§³ ³¨ ¸¶¥±-
É·µ³¥É·  �…Œ“�
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• · §³´µ¦¥´¨¥ ÔÉ¨Ì ¸¨£´ ²µ¢;
• É¥¸Éµ¢Ò° ·¥¦¨³ Ëµ·³¨·µ¢ ´¨Ö ¸¨£´ ²µ¢.
‘¨¸É¥³  Ê¶· ¢²¥´¨Ö ¨¸¶µ²´¨É¥²Ó´Ò³¨ ³¥Ì ´¨§³ ³¨ ¸¶¥±É·µ³¥É·  ¢±²Õ-

Î ¥É ¸²¥¤ÊÕÐ¨¥ ¨¸¶µ²´¨É¥²Ó´Ò¥ ³¥Ì ´¨§³Ò: 1) ¤¨ Ë· £³Ò 1, 2, 3; 2) ¶² É-
Ëµ·³Ò 1, 2, 3; 3) ¶µ²Ö·¨§ Éµ·Ò ´¥°É·µ´µ¢; 4) ± ¤³¨¥¢ÊÕ ÏÉµ·±Ê; 5) £µ´¨µ-
³¥É·; 6)  ´ ²¨§ Éµ· ¶µ²Ö·¨§ Í¨¨ ¨ É. ¤.

�  ·¨¸. 13 ¶µ± § ´  ¸É·Ê±ÉÊ·´ Ö ¸Ì¥³  ¸¨¸É¥³Ò Ê¶· ¢²¥´¨Ö ¨¸¶µ²´¨É¥²Ó-
´Ò³¨ ³¥Ì ´¨§³ ³¨ ¸¶¥±É·µ³¥É·  �…Œ“�.

4.2. ‘¨¸É¥³  ¸¡µ·  ¨ ´ ±µ¶²¥´¨Ö ¤ ´´ÒÌ. 	¶¶ · ÉÊ·  ´ ±µ¶²¥´¨Ö Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ µÉ ¤¥É¥±Éµ·µ¢ PSD ¨ MCD, ¶¨É ´¨Ö ¨ Ê¶· ¢²¥´¨Ö
¤¥É¥±Éµ· ³¨ ¢Ò¶µ²´¥´  ¢ ±·¥°É Ì Š	Œ	Š ¨ VME (·¨¸. 1).

� ±µ¶¨É¥²Ó´µ-¨§³¥·¨É¥²Ó´ Ö ¸Ì¥³  PSD [15] ¨³¥¥É 256 ¶µ§¨Í¨µ´´ÒÌ ¨
2048 ¢·¥³¥´´ÒÌ ± ´ ²µ¢. „²¨É¥²Ó´µ¸ÉÓ ¢·¥³¥´´µ£µ ± ´ ²  ¸µ¸É ¢²Ö¥É 128 ³±¸.

�É¤¥²Ó´Ò° ¨§³¥·¨É¥²Ó´Ò° ± ´ ² MCD ¨³¥¥É ¸²¥¤ÊÕÐ¨¥ Ì · ±É¥·¨¸É¨±¨:
Î¨¸²µ ¢·¥³¥´´ÒÌ ± ´ ²µ¢ 2048, Ï¨·¨´  ¢·¥³¥´´µ£µ ± ´ ²  64 ³±¸, ¤²¨´ 
¸²µ¢  ¤ ´´ÒÌ 24 · §·Ö¤ . ‘¨£´ ² µÉ µÉ¤¥²Ó´µ£µ ¸Î¥ÉÎ¨±  MCD Î¥·¥§ Ê¸¨²¨-
É¥²Ó ¨ ¡²µ± ±µ¤¨·µ¢Ð¨±  ´µ³¥·  ¤¥É¥±Éµ·  CNE ¢ ±·¥°É¥ Š	Œ	Š ¶µ¸ÉÊ¶ ¥É
¶·Ö³µ ´  ¢Ìµ¤ ¶·µÍ¥¸¸µ·´µ£µ ¡²µ±  DSP ±·¥°É  VME, £¤¥ ¶·µ¨§¢µ¤¨É¸Ö ¥£µ
µ¡· ¡µÉ±  ¨ ¶µ¸²¥¤ÊÕÐ Ö § ¶¨¸Ó ·¥§Ê²ÓÉ Éµ¢ ¢ ¡²µ± £¨¸Éµ£· ³³´µ° ¶ ³ÖÉ¨
�Œ-32. �µ µ±µ´Î ´¨¨ Í¨±²  ¨§³¥·¥´¨° ¤ ´´Ò¥ ¸Î¨ÉÒ¢ ÕÉ¸Ö ¨§ £¨¸Éµ£· ³-
³´µ° ¶ ³ÖÉ¨ ¨ ¶µ ± ´ ²Ê µ¡³¥´  ¶¥·¥¤ ÕÉ¸Ö ´  ¶¥·¸µ´ ²Ó´Ò° ±µ³¶ÓÕÉ¥· ¤²Ö
¨Ì ¶µ¸²¥¤ÊÕÐ¥° ¢¨§Ê ²¨§ Í¨¨ ¨ µ¡· ¡µÉ±¨.

„²Ö µ¡¥¸¶¥Î¥´¨Ö ´ ¡µ·  ¨ ¶¥·¢¨Î´µ° ¢¨§Ê ²¨§ Í¨¨ ¸¶¥±É·µ¢, ¶µ²ÊÎ ¥-
³ÒÌ ¢ Ô±¸¶¥·¨³¥´É¥, ¶·¨³¥´Ö¥É¸Ö ±µ³¶²¥±¸ ¶·µ£· ³³ ´  ¡ §¥ ¶ ±¥É  SONIX.
Šµ³¶²¥±¸ ¶·µ£· ³³´µ£µ µ¡¥¸¶¥Î¥´¨Ö ¸µ¸Éµ¨É ¨§ ¶·µ£· ³³ TOFA ¨ VSP, µÉ-
¢¥Î ÕÐ¨Ì §  · ¡µÉÊ ¸¨¸É¥³Ò ´ ±µ¶²¥´¨Ö, Ê¶· ¢²¥´¨Ö ¨ ±µ´É·µ²Ö ¸µ¸ÉµÖ´¨Ö
¸¶¥±É·µ³¥É· . �·¨¥³, µ¡· ¡µÉ±  ¸¶¥±É·µ³¥É·¨Î¥¸±¨Ì ¤ ´´ÒÌ ¨ ¶¥·¥¤ Î  ¨Ì ¢
£¨¸Éµ£· ³³´ÊÕ ¶ ³ÖÉÓ �Œ-32 µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶·µ£· ³³´µ- ¶¶ · É´Ò³ ±µ³-
¶²¥±¸µ³ ´  ¡ §¥ ¸¨£´ ²Ó´µ£µ ¶·µÍ¥¸¸µ·  DSP ¢ ¸É ´¤ ·É¥ VME. �¸´µ¢´Ò³
´ §´ Î¥´¨¥³ ¶·µ£· ³³Ò TOFA Ö¢²Ö¥É¸Ö § ¤ ´¨¥ ¶ · ³¥É·µ¢ ¨ ¢·¥³¥´¨ ´ -
¡µ·  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¸ ¶µ¸²¥¤ÊÕÐ¥° ¨Ì ¶¥·¥¤ Î¥° ´  ¦¥¸É±¨°
¤¨¸± VME-¸¨¸É¥³Ò. �·µ£· ³³  VSP Ö¢²Ö¥É¸Ö ¸¥·¢¨¸´µ° ¨ ¶µ§¢µ²Ö¥É ¶·µ-
¢µ¤¨ÉÓ Ô±¸¶·¥¸¸-¢¨§Ê ²¨§ Í¨Õ ¶µ²ÊÎ ¥³ÒÌ ¤ ´´ÒÌ, ¸Î¨ÉÒ¢ Ö ¥¥ ´ ¶·Ö³ÊÕ ¨§
£¨¸Éµ£· ³³´µ° ¶ ³ÖÉ¨. �É  ¶·µ£· ³³  ¨³¥¥É ·Ö¤ ¤·Ê£¨Ì ¢µ§³µ¦´µ¸É¥°, ¶µ§¢µ-
²ÖÕÐ¨Ì µÍ¥´¨¢ ÉÓ ¶µ²ÊÎ ¥³Ò¥ ¤ ´´Ò¥ ¢ ¶·µÍ¥¸¸¥ ¨§³¥·¥´¨°. „²Ö ¶¥·¢¨Î´µ°
µ¡· ¡µÉ±¨ ¶µ²ÊÎ¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨¸¶µ²Ó§Ê¥É¸Ö ¶·µ£· ³³ ,
µ¸´µ¢ ´´ Ö ´  Ö§Ò±¥ ¶·µ£· ³³¨·µ¢ ´¨Ö OPEN-G2, ±µÉµ· Ö ¶µ§¢µ²Ö¥É µ¸ÊÐ¥-
¸É¢¨ÉÓ ¶·¥¤¸É ¢²¥´¨¥ ¸Î¥É  ¤¥É¥±Éµ·  ¢ § ¢¨¸¨³µ¸É¨ µÉ ´µ³¥·  ¢·¥³¥´´µ£µ
± ´ ²  nt ¨ ´µ³¥·  ¸Î¥ÉÎ¨±  nc, ¤²¨´Ò ¢µ²´Ò ¨ ¶¥·¥¤ ´´µ£µ ¢µ²´µ¢µ£µ Î¨¸² :
I(nt, nc), I(λ), I(Q). �·µ£· ³³  ¶·µ¨§¢µ¤¨É ¸Ê³³¨·µ¢ ´¨¥ ¸Î¥Éµ¢ ¸Î¥ÉÎ¨-
±µ¢, · ¸¶µ²µ¦¥´´ÒÌ ´  ± ±µ³-²¨¡µ ¨§ Î¥ÉÒ·¥Ì ±µ²¥Í; ¢Ò¶µ²´Ö¥É ¢ÒÎ¨É ´¨¥
Ëµ´µ¢µ£µ ¸Î¥É ; ´µ·³¨·Ê¥É ´  ± ±µ°-²¨¡µ ¸Î¥É, ´ ¶·¨³¥· µÉ ¸É ´¤ ·É´µ£µ
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· ¸¸¥¨¢ É¥²Ö; ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¤ ´´ÒÌ · ¸¸¥Ö´¨Ö ¶µ²Ö·¨§µ¢ ´´µ£µ ¶ÊÎ± 
´¥°É·µ´µ¢ ¢Ò¶µ²´Ö¥É · ¸Î¥É ³ ±·µ¸±µ¶¨Î¥¸±¨Ì ¸¥Î¥´¨° · ¸¸¥Ö´¨Ö

∑+(q) ¨∑−(q) ¤²Ö ®+¯ ¨ ®Ä¯ ¸¶¨´µ¢ÒÌ ¸µ¸ÉµÖ´¨°.
4.3. �·µ£· ³³´µ¥ µ¡¥¸¶¥Î¥´¨¥ · ¡µÉÒ ¸¶¥±É·µ³¥É· . �·µ£· ³³´µ¥ µ¡¥¸-

¶¥Î¥´¨¥ Ê¶· ¢²¥´¨Ö Ô±¸¶¥·¨³¥´Éµ³ ¡ §¨·Ê¥É¸Ö ´  ±µ³¶²¥±¸¥ SONIX [24] ¸
¤µ¡ ¢²¥´¨¥³ ¶·µ£· ³³, ¸¶¥Í¨Ë¨Î´ÒÌ ¤²Ö ¸¶¥±É·µ³¥É· . ‚ ¸µ¸É ¢ ±µ³¶²¥±¸ 
SONIX ¢Ìµ¤ÖÉ ³µ¤Ê²¨ Ê¶· ¢²¥´¨Ö ´ ±µ¶²¥´¨¥³ ¨ § ¶¨¸ÓÕ ´¥°É·µ´´ÒÌ ¸¶¥±-
É·µ¢, ±µ´É·µ²Ö ¨´É¥´¸¨¢´µ¸É¨ ¶ÊÎ±  ¨ ¤·Ê£¨Ì Ê¸²µ¢¨° Ô±¸¶¥·¨³¥´É  (´ ²¨Î¨¥
¨ Î ¸ÉµÉ  ¸É ·Éµ¢ ·¥ ±Éµ· , Ë §¨·µ¢±  ¶·¥·Ò¢ É¥²Ö, µÉ±·ÒÉ¨¥ Ï¨¡¥·  ¶ÊÎ± 
¨ É. ¤.), Ê¶· ¢²¥´¨Ö ¶µ¤¢¨¦´Ò³¨ Î ¸ÉÖ³¨ ¸¶¥±É·µ³¥É·  ¨ É¥·³µ·¥£Ê²ÖÉµ·µ³
EUROTERM. ‘¶¥Í¨ ²Ó´µ ¤²Ö ¸¶¥±É·µ³¥É·  ¡Ò²¨ · §· ¡µÉ ´Ò ¨ ¢±²ÕÎ¥´Ò ¢
¸µ¸É ¢ ±µ³¶²¥±¸ :

• ³µ¤Ê²Ó Ê¶· ¢²¥´¨Ö ¨¸ÉµÎ´¨± ³¨ Éµ± ,
• ³µ¤Ê²Ó ¨§³¥´¥´¨Ö ¶µ²µ¦¥´¨Ö Ë¨§¨Î¥¸±¨Ì µ¸¥°,
• ¶·µ£· ³³  Ô±¸¶·¥¸¸-¢¨§Ê ²¨§ Í¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ,
• ¶·µ£· ³³  Õ¸É¨·µ¢±¨.
„²Ö ¨§³¥´¥´¨Ö ¶µ²µ¦¥´¨Ö Ë¨§¨Î¥¸±¨Ì µ¸¥° ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ § ¤ ´¨¥³

´  Ô±¸¶¥·¨³¥´É ¶·¥¤´ §´ Î¥´ ¸¶¥Í¨ ²Ó´Ò° ³µ¤Ê²Ó, ¢ ±µÉµ·µ³ ¶µ § ¤ ´´µ³Ê
Ê£²Ê ¸±µ²Ó¦¥´¨Ö ¨²¨ ±µµ·¤¨´ É¥ ÉµÎ±¨ ¶·¨Í¥²¨¢ ´¨Ö (¶µ§¨Í¨Ö µ¡· §Í ) · ¸-
¸Î¨ÉÒ¢ ÕÉ¸Ö §´ Î¥´¨Ö ¸³¥Ð¥´¨° Õ¸É¨·µ¢µÎ´ÒÌ ¶² ÉËµ·³.

�·µ£· ³³  Ô±¸¶·¥¸¸-¢¨§Ê ²¨§ Í¨¨ ³µ¦¥É ¨¸¶µ²Ó§µ¢ ÉÓ¸Ö ¤²Ö µÍ¥´±¨ ± -
Î¥¸É¢  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. �É  ¶·µ£· ³³  ¶µ§¢µ²Ö¥É ¨§³¥´ÖÉÓ ³ ¸-
ÏÉ ¡Ò ¶µ ¢¸¥³ µ¸Ö³ (¶µ Ê³µ²Î ´¨Õ ¢Ò¡µ· ³ ¸ÏÉ ¡µ¢  ¢Éµ³ É¨Î¥¸±¨°), ¢Ò¡¨-
· ÉÓ ¢¨¤ ¢¨§Ê ²¨§ Í¨¨ ¸Î¥É  ´¥°É·µ´µ¢ (3-³¥·´ Ö ¶µ¢¥·Ì´µ¸ÉÓ, ²¨´¨¨ Ê·µ¢´Ö,
Í¢¥É´ Ö ± ·É ), ¢· Ð ÉÓ 3-³¥·´Ò° £· Ë¨±, § ¤ ¢ ÉÓ µ¡² ¸ÉÓ ¸Ê³³¨·µ¢ ´¨Ö, ¸µ-
Ì· ´ÖÉÓ ¨§µ¡· ¦¥´¨¥ ¢ Ëµ·³ É¥ JPG ¨ ¢Ò¢µ¤¨ÉÓ ¥£µ ´  ¶¥Î ÉÓ. Œ ±¸¨³ ²Ó´µ¥
±µ²¨Î¥¸É¢µ µ¤´µ¢·¥³¥´´µ µÉµ¡· ¦ ¥³ÒÌ ¸¶¥±É·µ¢ ¸Î¥É  ´¥°É·µ´µ¢ Î¥ÉÒ·¥.

„²Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ µ¶·¥¤¥²¥´¨Ö µ¶É¨³ ²Ó´ÒÌ ¸µ¸ÉµÖ´¨° Ê¸É ´µ¢±¨
¶·¥¤´ §´ Î¥´  ¶·µ£· ³³  Õ¸É¨·µ¢±¨ [25]. ‚ ´¥° ·¥ ²¨§µ¢ ´Ò ¢µ§³µ¦´µ¸ÉÓ
Ê¶· ¢²¥´¨Ö µ¡µ·Ê¤µ¢ ´¨¥³, ±µ´É·µ²Ó ¶·µÍ¥¸¸  ¨§³¥·¥´¨°, ÔËË¥±É¨¢´Ò° ¤µ-
¸ÉÊ¶ ± ´ ±µ¶²¥´´µ° ¨´Ëµ·³ Í¨¨, Ô±¸¶·¥¸¸-µ¡· ¡µÉ±  ¸¶¥±É·µ¢, ¢¨§Ê ²¨§ Í¨Ö
¸¶¥±É·µ¢,   É ±¦¥ ·Ö¤ ¸¥·¢¨¸´ÒÌ ËÊ´±Í¨°.

„²Ö Ê¶· ¢²¥´¨Ö Ô±¸¶¥·¨³¥´Éµ³ ¢  ¢Éµ³ É¨Î¥¸±µ³ ·¥¦¨³¥ ´  ¸¶¥Í¨ ²¨-
§¨·µ¢ ´´µ³ Ö§Ò±¥ ¸µ¸É ¢²Ö¥É¸Ö § ¤ ´¨¥ (¸±·¨¶É). „²Ö Ê¶·µÐ¥´¨Ö ÔÉµ£µ ¶·µ-
Í¥¸¸  · §· ¡µÉ ´ ·¥¤ ±Éµ· ¸±·¨¶É ,  ¤ ¶É¨·µ¢ ´´Ò° ¤²Ö ¸¶¥±É·µ³¥É· . �µ²Ó-
§µ¢ É¥²Ó, · ¡µÉ Ö ´  ¶¥·¸µ´ ²Ó´µ³ ±µ³¶ÓÕÉ¥·¥, ¶µ¸²¥¤µ¢ É¥²Ó´µ § ¶µ²´Ö¥É
¶µ²Ö ´  ¸É· ´¨Í Ì Ëµ·³Ò,   ¢ ±µ´Í¥ ¢Ò¤ ¥É ±µ³ ´¤Ê ´  Ëµ·³¨·µ¢ ´¨¥ Ë °² 
§ ¤ ´¨Ö. �·¥¤Ê¸³µÉ·¥´  É ±¦¥ ¢µ§³µ¦´µ¸ÉÓ  ¢Éµ³ É¨Î¥¸±µ° ¶¥·¥¸Ò²±¨ £µÉµ-
¢µ° ¶·µ£· ³³Ò ´  VME-±µ³¶ÓÕÉ¥· ¨ § £·Ê§±¨ £µÉµ¢µ£µ ¸±·¨¶É  ¤²Ö ¶·µ¸³µ-
É·  ¨ ·¥¤ ±É¨·µ¢ ´¨Ö.

�·µ£· ³³  OpenG2 [26, 27], ¶·¥¤´ §´ Î¥´´ Ö ¤²Ö ¢¨§Ê ²¨§ Í¨¨ ¨ Ô±¸-
¶·¥¸¸- ´ ²¨§  ¸¶¥±É·µ¢, ¨§³¥·¥´´ÒÌ ´  ¸¶¥±É·µ³¥É· Ì ·¥ ±Éµ·  ˆ��-2, ¤µ-
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¶µ²´¥´  ³µ¤Ê²¥³ openg2 spn2, µ¡¥¸¶¥Î¨¢ ÕÐ¨³ ¸¶¥Í¨ ²Ó´Ò¥ ËÊ´±Í¨¨ ¤²Ö
· ¡µÉÒ ¸ ¤ ´´Ò³¨, ¨§³¥·¥´´Ò³¨ ´  ¸¶¥±É·µ³¥É·¥ �…Œ“� ¢ ³ ²µÊ£²µ¢µ³ ¨
·¥Ë²¥±Éµ³¥É·¨Î¥¸±µ³ ·¥¦¨³ Ì · ¡µÉÒ. �µ²Ó§µ¢ É¥²Ó¸±¨° ¨´É¥·Ë¥°¸ ¶·µ-
£· ³³Ò ¤²Ö · ¡µÉÒ ¸ ³ ²µÊ£²µ¢Ò³¨ ¤ ´´Ò³¨ ¶·¥¤µ¸É ¢²Ö¥É ¢µ§³µ¦´µ¸ÉÓ ¡Ò-
¸É·µ£µ ¢Ò¡µ·  · §²¨Î´ÒÌ ËÊ´±Í¨° ¨ ¢ ·¨ ´Éµ¢ £·Ê¶¶¨·µ¢ ´¨Ö ¤ ´´ÒÌ, ¢ Éµ³
Î¨¸²¥ ¶µ§¢µ²Ö¥É µ¤´¨³ ´ ¦ É¨¥³ ³ÒÏ¨ ¢Ò¡· ÉÓ ²Õ¡ÊÕ £·Ê¶¶Ê ¨§ 32 ÉµÎ¥Î-
´ÒÌ ¤¥É¥±Éµ·µ¢ · ¸¸¥Ö´¨Ö, ´ ¶·¨³¥· · ¸¶µ²µ¦¥´´ÒÌ ¢¤µ²Ó µ¤´µ£µ · ¤¨Ê¸ 
¨²¨ ´  µ¤´µ³ ±µ²ÓÍ¥. ˆ§ ¶µ²ÊÎ¥´´ÒÌ µ¡· ¡µÉ ´´ÒÌ ¸¶¥±É·µ¢ ¶µ É·¥¡µ¢ -
´¨Õ ¶µ²Ó§µ¢ É¥²Ö ³µ£ÊÉ ¡ÒÉÓ ¸Ëµ·³¨·µ¢ ´Ò · ¡µÎ¨¥ µ±´  (workspaces) ¤²Ö
¤ ²Ó´¥°Ï¥° ¨´É¥· ±É¨¢´µ° µ¡· ¡µÉ±¨ ¸É ´¤ ·É´Ò³¨ ËÊ´±Í¨Ö³¨ ¶·µ£· ³³Ò
OpenG2 ¨²¨ ¸µÌ· ´¥´¨Ö ¨Ì ¢ Ë °² Ì.

Šµ³¶²¥±¸ SONIX ¢ µ¸´µ¢´µ³ ·¥ ²¨§µ¢ ´ ´  VME-±µ³¶ÓÕÉ¥·¥ ¢ ¸·¥¤¥
µ¶¥· Í¨µ´´µ° ¸¨¸É¥³Ò OS-9. �·µ£· ³³Ò ¤²Ö Õ¸É¨·µ¢±¨ Ê¸É ´µ¢±¨ ¨ Ô±¸-
¶·¥¸¸-¢¨§Ê ²¨§ Í¨¨ · ¡µÉ ÕÉ ´  ¶¥·¸µ´ ²Ó´µ³ ±µ³¶ÓÕÉ¥·¥ ¢ ¸·¥¤¥ MS Win-
dows,   ¶·µ£· ³³  ¶·¥¤¢ ·¨É¥²Ó´µ° µ¡· ¡µÉ±¨ ·¥§Ê²ÓÉ Éµ¢ ¨§³¥·¥´¨° · ¡µ-
É ¥É ´  · ¡µÎ¥° ¸É ´Í¨¨ SUN ¢ µ¶¥· Í¨µ´´µ° ¸·¥¤¥ ®Solaris¯.

5. Œ…’�„ˆŠ� ˆ‡Œ…�…�ˆŸ Š��””ˆ–ˆ…�’� �’��†…�ˆŸ
�…‰’����‚

5.1. ‘²ÊÎ ° ³ £´¨É´µ-´¥±µ²²¨´¥ ·´µ° ¸É·Ê±ÉÊ·Ò. …¸²¨ ¢¥±Éµ· ´ ³ £-
´¨Î¥´´µ¸É¨ ¢ ¨¸¸²¥¤Ê¥³µ³ µ¡· §Í¥ ´¥±µ²²¨´¥ ·¥´ ¢¥±Éµ·Ê ´ ¶·Ö¦¥´´µ¸É¨
³ £´¨É´µ£µ ¶µ²Ö ´  µ¡· §Í¥, Éµ ±µÔËË¨Í¨¥´É µÉ· ¦¥´¨Ö ´¥°É·µ´µ¢ Ö¢²Ö-
¥É¸Ö ³ É·¨Í¥° 2 × 2, Ô²¥³¥´ÉÒ Rij ±µÉµ·µ° ¥¸ÉÓ ±µÔËË¨Í¨¥´É µÉ· ¦¥´¨Ö
´¥°É·µ´µ¢ ¨§ ´ Î ²Ó´µ£µ ¸¶¨´µ¢µ£µ ¸µ¸ÉµÖ´¨Ö i ¢ ±µ´¥Î´µ¥ ¸µ¸ÉµÖ´¨¥ j. ‚
¸µµÉ¢¥É¸É¢¨¨ ¸ ´ Ï¨³¨ ¶·¥¤Ò¤ÊÐ¨³¨ µ¡µ§´ Î¥´¨Ö³¨ ¸µ¸ÉµÖ´¨Ö i ¨ j Å ¸µ-
¸ÉµÖ´¨Ö ®+¯ ¨²¨ ®Ä¯. ˆ´É¥´¸¨¢´µ¸ÉÓ ¸Î¥É  ´¥°É·µ´µ¢ ¤¥É¥±Éµ·µ³ ³µ¦¥É ¡ÒÉÓ
¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥

Iνϕ = I0
1
2

(
1 + Pa 0

0 1 − Pa

) (
1 − f2 f2

f2 1 − f2

) (
R++ R−+

R+− R−−

)
×

×
(

1 − f1 f1

f1 1 − f1

)
1
2

(
1 + Pp 0

0 1 − Pp

) (
1
1

)
, (3)

£¤¥ I0 =
1
2
I ′0tatpε, I ′0 Å ¨´É¥´¸¨¢´µ¸ÉÓ ¶ÊÎ±  ´¥°É·µ´µ¢ ´  ¢Ìµ¤¥ ¶µ²Ö·¨-

§ Éµ· ; ε Å ÔËË¥±É¨¢´µ¸ÉÓ ¤¥É¥±Éµ· ; tp = (t+p + t−p )/2, ta = (t+p + t−p )/2,
Pp = (t+p /t−p −1)/(t+p /t−p +1), Pa = (t+a /t−a −1)/(t+a /t−a +1), t+p , t−p ¨ t+a , t−a Å
±µÔËË¨Í¨¥´ÉÒ ¶·µ¶Ê¸± ´¨Ö ¶µ²Ö·¨§ Éµ·  ¨  ´ ²¨§ Éµ·  ¸µµÉ¢¥É¸É¢¥´´µ; f1

¨ f2 Å ¢¥·µÖÉ´µ¸ÉÓ ¶¥·¥¢µ·µÉ  ¶µ²Ö·¨§ Í¨¨ ¤²Ö ¶¥·¢µ£µ ¨ ¢Éµ·µ£µ ¸¶¨´-
Ë²¨¶¶¥·  ¸µµÉ¢¥É¸É¢¥´´µ; ν ¨ ϕ µ¡µ§´ Î ÕÉ ¸µ¸ÉµÖ´¨Ö ®on¯ ¨²¨ ®off¯ ¤²Ö
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¶¥·¢µ£µ ¨ ¢Éµ·µ£µ Ë²¨¶¶¥·  ¸µµÉ¢¥É¸É¢¥´´µ. ‚¢¥¤Ö µ¡µ§´ Î¥´¨Ö F1 = 2f1−1
¨ F2 = 2f2 − 1, ¶¥·¥¶¨Ï¥³ (3) ¤²Ö µÉ¤¥²Ó´µ£µ Ô²¥³¥´É  ³ É·¨ÍÒ Iνϕ:

Ioff,off = I0[R++(1 + Pp)(1 + Pa) + R−−(1 − Pp)(1 − Pa)+

+ R+−(1 + Pp)(1 − Pa) + R−+(1 − Pp)(1 + Pa)]/4,

Ion,on = I0[R++(1 − F1Pp)(1 − F2Pa) + R−−(1 + F1Pp)(1 + F2Pa)+

+ R+−(1 − F1Pp)(1 + F2Pa) + R−+(1 + F1Pp)(1 − F2Pa)]/4,

Ioff,on = I0[R++(1 + Pp)(1 − F2Pa) + R−−(1 − Pp)(1 + F2Pa)+

+ R+−(1 + Pp)(1 + F2Pa) + R−+(1 − Pp)(1 − F2Pa)]/4,

Ion,off = I0[R++(1 − F1Pp)(1 + Pa) + R−−(1 + F1Pp)(1 − Pa)+

+ R+−(1 − F1Pp)(1 − Pa) + R−+(1 + F1Pp)(1 + Pa)]/4. (4)

ˆ§ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (4) µ¶·¥¤¥²¨³ ±µÔËË¨Í¨¥´É µÉ· ¦¥´¨Ö ´¥°É·µ´µ¢:

R++ =
1

4I0f1f2PpPa
[Ioff,off(F1Pp +1)(F2Pa +1)+ Ion,on(Pp −1)(Pa −1)+

+ Ioff,on(F1Pp + 1)(Pa − 1) + Ion,off(Pp − 1)(F2Pa + 1)],

R−− =
1

4I0f1f2PpPa
[Ioff,off(F1Pp −1)(F2Pa −1)+ Ion,on(Pp +1)(Pa +1)+

+ Ioff,on(F1Pp − 1)(Pa + 1) + Ion,off(Pp + 1)(F2Pa − 1)],

R+− =
1

4I0f1f2PpPa
[Ioff,off(F1Pp +1)(F2Pa −1)+ Ion,on(Pp −1)(Pa +1)+

+ Ioff,on(F1Pp + 1)(Pa + 1) + Ion,off(Pp − 1)(F2Pa − 1)],

R−+ =
1

4I0f1f2PpPa
[Ioff,off(F1Pp −1)(F2Pa +1)+ Ion,on(Pp +1)(Pa −1)+

+ Ioff,on(F1Pp − 1)(Pa − 1) + Ion,off(Pp + 1)(F2Pa + 1)]. (5)

ˆ§ (5) ¢¨¤´µ, ÎÉµ ±·µ³¥ ¨´É¥´¸¨¢´µ¸É¥° ¸Î¥É  Ioff,off , Ioff,on, Ion,off , Ion,on

´¥µ¡Ìµ¤¨³µ É ±¦¥ §´ ÉÓ §´ Î¥´¨Ö ¶ · ³¥É·µ¢ I0, f1, f2, Pp, Pa, Ì · ±É¥-
·¨§ÊÕÐ¨Ì ¸µ¡¸É¢¥´´µ ¸¶¥±É·µ³¥É·. �¶·¥¤¥²¥´¨¥ ¶ · ³¥É·µ¢ ¸¶¥±É·µ³¥É· 
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(± ²¨¡·µ¢±  ¸¶¥±É·µ³¥É· ) ¢Ò¶µ²´Ö¥É¸Ö ¶µ ³¥Éµ¤Ê 3P2S (3 ¶µ²Ö·¨§ Éµ·  ¨
2 ¸¶¨´-Ë²¨¶¶¥· ) [28Ä30], ¸ÊÐ´µ¸ÉÓ ±µÉµ·µ£µ ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ¶·µ¢µ¤ÖÉ
¶µ Î¥ÉÒ·¥ ¨§³¥·¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ ¸Î¥É  ¡¥§ µ¡· §Í  Ioff,off

e , Ioff,on
e , Ion,off

e

¨ Ion,on
e ¨ ¸ µ¡· §Íµ³-± ²¨¡· Éµ·µ³ Ioff,off

c , Ioff,on
c , Ion,off

c ¨ Ion,on
c . ˆ§³¥-

·¥´¨Ö ¡¥§ µ¡· §Í  ÔËË¥±É¨¢´µ ¸µµÉ¢¥É¸É¢ÊÕÉ ¸²ÊÎ Õ R++ = R−− = 1 ¨
R+− = R−+ = 0. ‚ ·¥§Ê²ÓÉ É¥ ÔÉ¨Ì ¨§³¥·¥´¨° µ¶·¥¤¥²ÖÕÉ ¶ · ³¥É·Ò I0,
f1, f2 ¨ PpPa:

I0 =
2(Ioff,off

e Ion,on
e − Ioff,on

e Ion,off
e )

Ioff,off
e + Ion,on

e − Ioff,on
e − Ion,off

e

,

PpPa =
(Ioff,off

e − Ioff,on
e )(Ioff,off

e − Ion,off
e )

Ioff,off
e Ion,on

e − Ioff,on
e Ion,off

e

, (6)

f1 =
1
2

(
1 +

Ion,on
e − Ion,off

e

Ioff,off
e − Ioff,on

e

)
, f2 =

1
2

(
1 +

Ion,on
e − Ioff,on

e

Ioff,off
e − Ion,off

e

)
.

‚ ± Î¥¸É¢¥ ± ²¨¡· Éµ·  ¢Ò¡¨· ÕÉ µ¡· §¥Í, ¤²Ö ±µÉµ·µ£µ ¢Ò¶µ²´ÖÕÉ¸Ö ¸µ-
µÉ´µÏ¥´¨Ö R+−

c = R−+
c = 0 ¨ R++

c �= R−−
c . ‚ ·¥§Ê²ÓÉ É¥ ¨§³¥·¥´¨° ¸

± ²¨¡· Éµ·µ³ µÉ¤¥²Ó´µ µ¶·¥¤¥²ÖÕÉ¸Ö Pp ¨ Pa ¨ ±µÔËË¨Í¨¥´ÉÒ µÉ· ¦¥´¨Ö
± ²¨¡· Éµ·  R++

c ¨ R−−
c :

Pp =
√

C1C2

C3C4
, Pa =

√
C1C4

C3C2
,

(7)

R++
c = C5

{
1 +

√
C2C4

C3C1

}
, R−−

c = C5

{
1 −

√
C2C4

C3C1

}
,

£¤¥ C1 = Ioff,off
c + Ion,on

c − Ioff,on
c − Ion,off

c , C2 = F2(Ioff,off
c − Ion,off

c )− Ion,on
c +

Ioff,on
c , C3 = F1F2I

off,off
c + Ion,on

c + F1I
off,on
c + F2I

on,off
c , C4 = F1(Ioff,off

c −
Ioff,on
c ) − Ion,on

c + Ion,off
c , C5 =

C3

2I0f1f2
.

5.2. ‘²ÊÎ ° ³ £´¨É´µ-±µ²²¨´¥ ·´µ° ¸É·Ê±ÉÊ·Ò. �·¨ µÉ· ¦¥´¨¨ ´¥°É·µ-
´µ¢ µÉ ³ £´¨É´µ-±µ²²¨´¥ ·´µ° ¸É·Ê±ÉÊ·Ò ´¥É ¶·µÍ¥¸¸  ¶¥·¥Ìµ¤  ´¥°É·µ´µ¢
¨§ µ¤´µ£µ ¸¶¨´µ¢µ£µ ¸µ¸ÉµÖ´¨Ö ¢ ¤·Ê£µ¥. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ µÉ²¨Î´Ò µÉ ´Ê²Ö
Éµ²Ó±µ ±µÔËË¨Í¨¥´ÉÒ µÉ· ¦¥´¨Ö R++ = R+ ¨ R−− = R−, £¤¥ R+ ¨ R− Å
±µÔËË¨Í¨¥´ÉÒ µÉ· ¦¥´¨Ö ´¥°É·µ´µ¢ ¸ ´ Î ²Ó´Ò³ ¸¶¨´µ¢Ò³ ¸µ¸ÉµÖ´¨¥³ ®+¯
¨ ®Ä¯ ¸µµÉ¢¥É¸É¢¥´´µ.

„²Ö µ¶·¥¤¥²¥´¨Ö R+ ¨ R− ¤µ¸É ÉµÎ´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¸Ì¥³Ê ¨§³¥·¥´¨° ¸
µ¤´¨³ ¸¶¨´-Ë²¨¶¶¥·µ³ ¨ ¡¥§  ´ ²¨§ Éµ·  ¶µ²Ö·¨§ Í¨¨. �·¨ ÔÉµ³ ¨§³¥·ÖÕÉ¸Ö
¨´É¥´¸¨¢´µ¸É¨ ¸Î¥É  ¡¥§ µ¡· §Í  Ie ¨ ¸ µ¡· §Íµ³ ¶·¨ ¢±²ÕÎ¥´´µ³ Ion ¨
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¢Ò±²ÕÎ¥´´µ³ Ioff ¸¶¨´-Ë²¨¶¶¥·¥ ¸µµÉ¢¥É¸É¢¥´´µ:

R+ =
[1 − Pp(1 − 2f1)]Ioff − (1 − Pp)Ion

2f1PpIe
,

R− =
(1 + Pp)Ion − [1 + Pp(1 − 2f1)]Ioff

2f1PpIe
.

(8)

ˆ§ (8) ¢¨¤´µ, ÎÉµ ´¥µ¡Ìµ¤¨³µ §´ ÉÓ É ±¦¥ ¶ · ³¥É·Ò ¸¶¥±É·µ³¥É·  f1 ¨ Pp.
� · ³¥É·Ò f1 ¨ Pp ³µ£ÊÉ ¡ÒÉÓ µ¶·¥¤¥²¥´Ò ¶µ ¶·µÍ¥¤Ê·¥, ¨¸¶µ²Ó§ÊÕÐ¥° ¨§-
³¥·¨É¥²Ó´ÊÕ ¸Ì¥³Ê ¸ ¤¢Ê³Ö ¸¶¨´-Ë²¨¶¶¥· ³¨ ¨  ´ ²¨§ Éµ·µ³ ¶µ²Ö·¨§ Í¨¨,
±µÉµ· Ö µ¶¨¸ ´  ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥. �¤´ ±µ ¥¸²¨ ¨¸¶µ²Ó§µ¢ ÉÓ ± ²¨¡· -
Éµ· ¸ ¨§¢¥¸É´Ò³ ±µÔËË¨Í¨¥´Éµ³ µÉ· ¦¥´¨Ö, Éµ ¨ ¶ · ³¥É·Ò f1¨ Pp ³µ¦´µ
µ¶·¥¤¥²¨ÉÓ ¨§ ¨§³¥·¨É¥²Ó´µ° ¸Ì¥³Ò ¸ µ¤´¨³ ¸¶¨´-Ë²¨¶¶¥·µ³ ¨ ¡¥§  ´ ²¨§ -
Éµ·  ¶µ²Ö·¨§ Í¨¨:

f1 =
Ioff − Ion

2Ioff − Ie(R++
c + R−−

c )
, Pp =

2Ioff − Ie(R++
c + R−−

c )
Ie(R++

c − R−−
c )

. (9)

6. ���‚…„…�ˆ… �Š‘�…�ˆŒ…�’� ‘ ˆ‘��‹œ‡�‚��ˆ…Œ PSD

6.1. �·µ£· ³³´µ¥ µ¡¥¸¶¥Î¥´¨¥ Ô±¸¶¥·¨³¥´É . „²Ö Ê¶· ¢²¥´¨Ö Ô±¸¶¥·¨-
³¥´Éµ³ ¨ ´ ±µ¶²¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨¸¶µ²Ó§Ê¥É¸Ö · §³¥Ð ¥³ Ö
´  PC ¶·µ£· ³³  NEU00.exe. � ±µ¶²¥´´ Ö ¨´Ëµ·³ Í¨Ö ¸ �—„ § ¶¨¸Ò¢ -
¥É¸Ö ¢ ¸¶¥±É· ²Ó´Ò° Ë °², ¨³¥ÕÐ¨° ¡¨´ ·´Ò° Ëµ·³ É ¤ ´´ÒÌ. �·µ£· ³³ 
NEU00.exe µ¸ÊÐ¥¸É¢²Ö¥É ¶µ¤·¥¦¨³Ò Ê¶· ¢²¥´¨Ö Check Start ¨ Main Start.
Check Start ¶·¨³¥´Ö¥É¸Ö ¤²Ö ±· É±µ¢·¥³¥´´ÒÌ ´¥°É·µ´´ÒÌ ¨§³¥·¥´¨° ¶·¨
¶·µ¢¥¤¥´¨¨ ± ±¨Ì-²¨¡µ ´ ¸É·µ¥± ¸¶¥±É·µ³¥É· . �·¨ ÔÉµ³ Ô±¸¶¥·¨³¥´É Éµ-
·µ³ § ¤ ¥É¸Ö ¢·¥³Ö ´ ¡µ·  µ¤´µ£µ ¸¶¥±É·  ¢ Î ¸ Ì, ³¨´ÊÉ Ì ¨ ¸¥±Ê´¤ Ì.
�·¨ § ¶¨¸¨ ¸¶¥±É·  ¢·¥³Ö ´ ¡µ·  ¶¥·¥¢µ¤¨É¸Ö ¢ Î¨¸²µ ¨³¶Ê²Ó¸µ¢ ³µÐ´µ-
¸É¨ (¸É ·Éµ¢) ·¥ ±Éµ·  ¶µ Ëµ·³Ê²¥ m(starts) = 4, 8163t (¸). ”µ·³ É ¨³¥´¨
Ë °²  ¨³¥¥É ¢¨¤ spectABN. � §¢ ´¨¥ Ë °²  ¸µ¸Éµ¨É ³ ±¸¨³Ê³ ¨§ 8 ¸¨³¢µ-
²µ¢. � §¢ ´¨¥ ¸¶¥±É·  spect § ¤ ¥É¸Ö ¶µ²Ó§µ¢ É¥²¥³ ¨ ³µ¦¥É ¸µ¤¥·¦ ÉÓ µÉ 1
¤µ 5 ¸¨³¢µ²µ¢. „ ²¥¥ ¢ ¶·µÍ¥¸¸¥ ¨§³¥·¥´¨° ± ¨³¥´¨ Ë °²   ¢Éµ³ É¨Î¥¸±¨
¤µ¡ ¢²ÖÕÉ¸Ö ¨´¤¥±¸Ò ABN. ˆ´¤¥±¸Ò A ¨ B ¸µµÉ¢¥É¸É¢ÊÕÉ ¸µ¸ÉµÖ´¨Ö³ ¶¥·-
¢µ£µ ¨ ¢Éµ·µ£µ ¸¶¨´-Ë²¨¶¶¥·µ¢ ¸µµÉ¢¥É¸É¢¥´´µ,   N µ¡µ§´ Î ¥É ´µ³¥· § ¶¨¸¨
Ë °² . ‘µ¸ÉµÖ´¨¥ ¸¶¨´-Ë²¨¶¶¥·  ®¢Ò±².¯ µ¡µ§´ Î ¥É¸Ö ¡Ê±¢µ° ®P¯,   ¸µ¸Éµ-
Ö´¨¥ ¸¶¨´-Ë²¨¶¶¥·  ®¢±².¯ µ¡µ§´ Î ¥É¸Ö ¡Ê±¢µ° ®M¯. �µ¤·¥¦¨³ Main Start
µ¡¥¸¶¥Î¨¢ ¥É  ¢Éµ³ É¨Î¥¸±µ¥ ¶¥·¥±²ÕÎ¥´¨¥ ¸¶¨´-Ë²¨¶¶¥·µ¢ ¨ ´ ±µ¶²¥´¨¥
¨´Ëµ·³ Í¨¨ ¤²Ö ± ¦¤µ£µ ¨§ ¸µ¸ÉµÖ´¨° ¶ ·Ò ¸¶¨´-Ë²¨¶¶¥·µ¢ ¢ É¥Î¥´¨¥ § ¤ ´-
´µ£µ ¤²Ö ¤ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¢·¥³¥´¨. � §²¨Î´Ò¥ ¸µ¸ÉµÖ´¨Ö ¸¶¨´-Ë²¨¶¶¥·µ¢
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Î¥·¥¤ÊÕÉ¸Ö ³¥¦¤Ê ¸µ¡µ° ¨ Í¨±²¨Î¥¸±¨ ¶µ¢Éµ·ÖÕÉ¸Ö. �É¨³ ¨¸±²ÕÎ ¥É¸Ö ¢²¨Ö-
´¨¥ ¨§³¥´¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ ´¥°É·µ´´µ£µ ¶ÊÎ±  ¸ É¥Î¥´¨¥³ ¢·¥³¥´¨. ˆ§³¥-
´ÖÖ ¸µµÉ´µÏ¥´¨¥ ¢·¥³¥´ ´ ¡µ·  · §²¨Î´ÒÌ ¸µ¸ÉµÖ´¨°, ³µ¦´µ, ¢ § ¢¨¸¨³µ¸É¨
µÉ ¸µµÉ´µÏ¥´¨Ö ¸±µ·µ¸É¥° ¸Î¥É , µ¶É¨³¨§¨·µ¢ ÉÓ ¨§³¥·¥´¨¥ ¨ ¶·µ¢¥¸É¨ ¥£µ
§  ¡µ²¥¥ ±µ·µÉ±¨° ¨´É¥·¢ ² ¢·¥³¥´¨. �µ¸²¥ ± ¦¤µ£µ Í¨±²  ¨§³¥·¥´¨° ¸¶¥±-
É·Ò § ¶µ³¨´ ÕÉ¸Ö ¢ Ë °² Ì, µ¡· §ÊÖ ¸ É¥Î¥´¨¥³ ¢·¥³¥´¨ ´ · ¸É ÕÐÊÕ ¸Ê³³Ê.
�µ ¨¸É¥Î¥´¨¨ µ¶·¥¤¥²¥´´µ£µ § ¤ ´´µ£µ ¢·¥³¥´¨ ± Ê¦¥ ¸ÊÐ¥¸É¢ÊÕÐ¨³ Ë °² ³
¸¶¥±É·µ¢ ¤µ¡ ¢²ÖÕÉ¸Ö Ë °²Ò ¸ É¥³¨ ¦¥ ¨³¥´ ³¨, ´µ ¸ Ê¢¥²¨Î¥´´Ò³ ¶µ·Ö¤-
±µ¢Ò³ ´µ³¥·µ³. ’ ±¨³ µ¡· §µ³ µ¡¥¸¶¥Î¨¢ ¥É¸Ö ¸µÌ· ´´µ¸ÉÓ ¨´Ëµ·³ Í¨¨,
¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¢·¥³¥´¨ ¨§³¥·¥´¨Ö, ¶µ¸²¥ ±µÉµ·µ£µ ¶·µ¨§µÏ¥² ¶µ ± ±µ°-
²¨¡µ ¶·¨Î¨´¥ ¸¡µ° ¢ ´ ¡µ·¥ ¸¶¥±É·µ¢. ‚ ¶·µ£· ³³¥ Main Start ¢µ§³µ¦´Ò
Î¥ÉÒ·¥ ³µ¤Ò ¨§³¥·¥´¨°, ¢ ±µÉµ·ÒÌ ¸µ§¤ ÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ ¸¶¥±É·Ò:

• ³µ¤  1 (¸¶¨´-Ë²¨¶¶¥·Ò ¢Ò±²ÕÎ¥´Ò) Å spectPPN;
• ³µ¤  2 (· ¡µÉ ¥É ¶¥·¢Ò° ¸¶¨´-Ë²¨¶¶¥·) Å spectPPN, spectMPN;
• ³µ¤  3 (· ¡µÉ ¥É ¢Éµ·µ° ¸¶¨´-Ë²¨¶¶¥·) Å spectPPN, spectPMN;
• ³µ¤  4 (· ¡µÉ ÕÉ µ¡  ¸¶¨´-Ë²¨¶¶¥· ) Å spectPPN, spectMPN, spectPMN,

spectMMN.
6.2. �¥·¢¨Î´ Ö µ¡· ¡µÉ±  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. ‘ ¶µ³µÐÓÕ

¶·µ£· ³³Ò NEUTXT.exe ¡¨´ ·´Ò° Ë °² ¸¶¥±É·  spectABN ¶¥·¥¢µ¤¨É¸Ö ¢
É¥±¸Éµ¢Ò° Ë °² spectABN.txt ¸²¥¤ÊÕÐ¥£µ Ëµ·³ É :

• ¢ ¶¥·¢µ° ¸É·µ±¥ ¸µ¤¥·¦¨É¸Ö Î¨¸²µ 256 (Î¨¸²µ ±µµ·¤¨´ É´ÒÌ ± ´ ²µ¢
PSD) ¨ 2048 (Î¨¸²µ ¢·¥³¥´´ÒÌ ± ´ ²µ¢ PSD);

• ¢µ ¢Éµ·µ° ¸É·µ±¥ ´ Ìµ¤ÖÉ¸Ö Î¨¸²µ ¸É ·Éµ¢ ·¥ ±Éµ·  ¨ ¨´É¥£· ²Ó´Ò° ¶µ
¢¸¥³ ± ´ ² ³ ¸Î¥É ´¥°É·µ´µ¢;

• ´ Î¨´ Ö ¸ É·¥ÉÓ¥° ¸É·µ±¨, ¶·¥¤¸É ¢²¥´  ¤¢Ê³¥·´ Ö ³ É·¨Í  2048 (Î¨¸²µ
¸É·µ±) × 256 (Î¨¸²µ ¸Éµ²¡Íµ¢) ¸Î¥É  ´¥°É·µ´µ¢ ¢ µ¤´µ³ ¢·¥³¥´´µ³ ¨ µ¤´µ³
±µµ·¤¨´ É´µ³ ± ´ ² Ì.

„²Ö ¶¥·¢¨Î´µ° µ¡· ¡µÉ±¨ ¤ ´´ÒÌ ¸µ§¤ ´ ¶ ±¥É ¶·µ£· ³³, ´ ¶¨¸ ´´ÒÌ ´ 
Ö§Ò±¥ FORTRAN. ‚Ìµ¤´Ò³¨ Ë °² ³¨ ¤²Ö ÔÉ¨Ì ¶·µ£· ³³ Ö¢²ÖÕÉ¸Ö É¥±¸Éµ-
¢Ò¥ Ë °²Ò ¸¶¥±É·µ¢ spectABN.txt,   ´  ¢ÒÌµ¤¥ ¸µ§¤ ÕÉ¸Ö É¥±¸Éµ¢Ò¥ Ë °²Ò
¤ ´´ÒÌ ˇle.dat, ±µÉµ·Ò¥ ¸µ¤¥·¦ É ±µ²µ´±¨ Í¨Ë·. ” °²Ò ˇle.dat Ê¦¥ ³µ¦´µ
¨¸¶µ²Ó§µ¢ ÉÓ ¢ ¸É ´¤ ·É´ÒÌ £· Ë¨Î¥¸±¨Ì ·¥¤ ±Éµ· Ì GRAPHER ¨²¨ ORIGIN
¨²¨ ¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö ¤ ²Ó´¥°Ï¥° µ¡· ¡µÉ±¨.

‘ÊÐ¥¸É¢ÊÕÉ ¸²¥¤ÊÕÐ¨¥ ¶·µ£· ³³Ò ¶¥·¢¨Î´µ° µ¡· ¡µÉ±¨ ¤ ´´ÒÌ:
1) neu00.exe Å ¶·µ¸³µÉ· ¤¢Ê³¥·´ÒÌ · ¸¶·¥¤¥²¥´¨° J(Nλ, Nx) ¨ µ¤´µ-

³¥·´ÒÌ · ¸¶·¥¤¥²¥´¨° J(Nλ) ¨ J(Nx);
2) lam as.for Å ¢ÒÎ¨¸²¥´¨¥ § ¢¨¸¨³µ¸É¨ ¨´É¥´¸¨¢´µ¸É¨ ¸Î¥É  ´¥°É·µ´µ¢

µÉ ¤²¨´Ò ¢µ²´Ò ¶·¨ ´¥±µÉµ·µ³ §´ Î¥´¨¨ ¨´É¥·¢ ²  ∆Nx;
3) x as.for Å µ¶·¥¤¥²¥´¨¥ ¶·µ¸É· ´¸É¢¥´´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢-

´µ¸É¨ ¸Î¥É  ´¥°É·µ´µ¢ ¶·¨ ´¥±µÉµ·µ³ §´ Î¥´¨¨ ¨´É¥·¢ ²  ∆Nλ;
4) f1 f2 pa.for Å µ¶·¥¤¥²¥´¨¥ ¢¥·µÖÉ´µ¸É¥° ¶¥·¥¢µ·µÉ  ¶µ²Ö·¨§ Í¨¨ ¤²Ö

¶¥·¢µ£µ ¨ ¢Éµ·µ£µ ¸¶¨´-Ë²¨¶¶¥·µ¢ ¨ ¶·µ¨§¢¥¤¥´¨Ö ¶µ²Ö·¨§ÊÕÐ¨Ì ÔËË¥±-
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É¨¢´µ¸É¥° ¶µ²Ö·¨§ Éµ·  ¨  ´ ²¨§ Éµ·  ¨§ ¤ ´´ÒÌ ¨´É¥´¸¨¢´µ¸É¨ ¸Î¥É  ¢ ¨§-
³¥·¨É¥²Ó´µ° ¸Ì¥³¥ ®¶µ²Ö·¨§ Éµ· → ¶¥·¢Ò° ¸¶¨´-Ë²¨¶¶¥· → ¢Éµ·µ° ¸¶¨´-
Ë²¨¶¶¥· →  ´ ²¨§ Éµ·¯;

5) pa r.for Å µ¶·¥¤¥²¥´¨¥ ÔËË¥±É¨¢´µ¸É¥° ¸¶¨´-Ë²¨¶¶¥·µ¢ ¨ ¶µ²Ö·¨§Ê-
ÕÐ¨Ì ÔËË¥±É¨¢´µ¸É¥° ¶µ²Ö·¨§ Éµ·  ¨  ´ ²¨§ Éµ·  ¨§ ¤ ´´ÒÌ ¨´É¥´¸¨¢´µ¸É¨
¸Î¥É  ¢ ¨§³¥·¨É¥²Ó´ÒÌ ¸Ì¥³ Ì ®¶µ²Ö·¨§ Éµ· → ¶¥·¢Ò° ¸¶¨´-Ë²¨¶¶¥· → ¢Éµ-
·µ° ¸¶¨´-Ë²¨¶¶¥· →  ´ ²¨§ Éµ·¯ ¨ ®¶µ²Ö·¨§ Éµ· → ¶¥·¢Ò° ¸¶¨´-Ë²¨¶¶¥· →
± ²¨¡· Éµ· → ¢Éµ·µ° ¸¶¨´-Ë²¨¶¶¥· →  ´ ²¨§ Éµ·¯;

6) p.for Å µ¶·¥¤¥²¥´¨¥ ¶·µ¨§¢¥¤¥´¨Ö PpPa ¢ ¨§³¥·¥´¨ÖÌ ¸ µ¤´¨³ ¸¶¨´-
Ë²¨¶¶¥·µ³ ¨  ´ ²¨§ Éµ·µ³ ¶µ²Ö·¨§ Í¨¨ (ÔËË¥±É¨¢´µ¸ÉÓ ¶¥·¥¢µ·µÉ  ¸¶¨´-
Ë²¨¶¶¥·µ³ ¶µ²Ö·¨§ Í¨¨ · ¢´  ¥¤¨´¨Í¥);

7) drt as.for Å µ¶·¥¤¥²¥´¨¥ ±µÔËË¨Í¨¥´Éµ¢ µÉ· ¦¥´¨Ö ¶µ Î¥ÉÒ·¥³ ¨´-
É¥´¸¨¢´µ¸ÉÖ³ ¸Î¥É  (¢¢µ¤ÖÉ¸Ö É ±¦¥ ¶µ²Ö·¨§ Í¨µ´´Ò¥ ÔËË¥±É¨¢´µ¸É¨ ¶µ²Ö-
·¨§ Éµ·  ¨  ´ ²¨§ Éµ· , ¢¥·µÖÉ´µ¸É¨ ¶¥·¥¢µ·µÉ  ¤¢ÊÌ ¸¶¨´-Ë²¨¶¶¥·µ¢ ¨ ¨´-
É¥´¸¨¢´µ¸ÉÓ ¸Î¥É  I0).

6.3. ‚Ò¶µ²´¥´¨¥ ³µ¤¥²Ó´ÒÌ · ¸Î¥Éµ¢. Šµ´¥Î´µ° Í¥²ÓÕ ´¥°É·µ´´µ£µ ·¥-
Ë²¥±Éµ³¥É·¨Î¥¸±µ£µ Ô±¸¶¥·¨³¥´É  Ö¢²Ö¥É¸Ö µ¶·¥¤¥²¥´¨¥ ¨§ Ô±¸¶¥·¨³¥´É ²Ó-
´ÒÌ §´ Î¥´¨° ±µÔËË¨Í¨¥´É  µÉ· ¦¥´¨Ö Rexp ¤¥°¸É¢¨É¥²Ó´ÒÌ ¶ · ³¥É·µ¢
¸É·Ê±ÉÊ·Ò (Ö¤¥·´Ò° ¨ ³ £´¨É´Ò° µ¶É¨Î¥¸±¨¥ ¶µÉ¥´Í¨ ²Ò ¢ µÉ¤¥²Ó´ÒÌ ¸²µÖÌ,
Éµ²Ð¨´Ò ¸²µ¥¢, ¶ · ³¥É·Ò Ï¥·µÌµ¢ Éµ¸É¥° £· ´¨Í · §¤¥²  ¨ É. ¤.). ˆ§-§ 
±µ´¥Î´ÒÌ ¢¥²¨Î¨´ Ê£²µ¢µ£µ ¨ ¢·¥³¥´´µ£µ · §·¥Ï¥´¨° ¸¶¥±É·µ³¥É·  Ô±¸¶¥·¨-
³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ±µÔËË¨Í¨¥´É  µÉ· ¦¥´¨Ö Ö¢²ÖÕÉ¸Ö ¸¢¥·É±µ° ¤¥°¸É¢¨-
É¥²Ó´µ£µ ±µÔËË¨Í¨¥´É  µÉ· ¦¥´¨Ö ´¥°É·µ´µ¢ R(q) ¸ ËÊ´±Í¨¥° · §·¥Ï¥´¨Ö
¸¶¥±É·µ³¥É·  f(θ, t):

Rexp =
∫

j0(θ, λ) f(θ, t) R(q) dθ dt

/∫
j0(θ, λ) f(θ, t) dθ dt, (10)

£¤¥ j0(θ, λ) Å ¶²µÉ´µ¸ÉÓ ¶µÉµ±  ´¥°É·µ´µ¢ ´  ¢ÒÌµ¤¥ ¶µ²Ö·¨§ Éµ·  ´¥°É·µ-
´µ¢, θ Å Ê£µ² ¸±µ²Ó¦¥´¨Ö ´¥°É·µ´µ¢ ´  ¨¸¸²¥¤Ê¥³µ³ µ¡· §Í¥. „²Ö ¶·¥µ¡· §µ-
¢ ´¨Ö (10) ± ¡µ²¥¥ ¶·µ¸Éµ³Ê ¢¨¤Ê ¸¤¥² ¥³ ´¥±µÉµ·Ò¥ § ³¥Î ´¨Ö. ‚µ-¶¥·¢ÒÌ,
¶¥·¥¤ ´´Ò° ¢µ²´µ¢µ° ¢¥±Éµ· q ¸¢Ö§ ´ ¸ θ ¨ ¤²¨´µ° ¢µ²´Ò λ ¸µµÉ´µÏ¥´¨¥³
q = 4π sin (θ)/λ. „ ²¥¥, ¢·¥³Ö ¶·µ²¥É  ´¥°É·µ´µ¢ µÉ § ³¥¤²¨É¥²Ö ¤µ ¤¥-
É¥±Éµ·  t ¸¢Ö§ ´µ ¸ λ ¸µµÉ´µÏ¥´¨¥³ t (³¸) = 3, 956λ(�A)L(³), £¤¥ L Å
· ¸¸ÉµÖ´¨¥ µÉ § ³¥¤²¨É¥²Ö ¤µ ¤¥É¥±Éµ· . ˆ¸¶µ²Ó§ÊÖ ÔÉ¨ ¸µµÉ´µÏ¥´¨Ö, ³Ò ¶µ-
¸²¥¤µ¢ É¥²Ó´µ ³µ¦¥³ ¶¥·¥°É¨ µÉ ¶¥·¥³¥´´µ° t ± ¶¥·¥³¥´´µ° λ ¨ ¤ ²¥¥ µÉ
¶¥·¥³¥´´ÒÌ λ ¨ θ ± ¶¥·¥³¥´´µ° q. �µ¸²¥ É ± ± ± ³Ò §´ ¥³ ¸·¥¤´ÕÕ ¤²¨´Ê
¢µ²´Ò λav ¸µ ¸·¥¤´¥±¢ ¤· É¨Î´µ° ÉµÎ´µ¸ÉÓÕ δλ � λav ¨ Ê£µ² ¸±µ²Ó¦¥´¨Ö
θav ¸µ ¸·¥¤´¥±¢ ¤· É¨Î´µ° ÉµÎ´µ¸ÉÓÕ δθ < θav, Éµ ³µ¦¥³ ¶¥·¥¶¨¸ ÉÓ (10) ¢
¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

Rexp(qav) =
∫

j0(q, qav) f(q, qav) R(q) dq

/∫
j0(q, qav) f(q, qav) dq, (11)
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£¤¥ qav = 4π sin (θav)/λav,   ¨´É¥£·¨·µ¢ ´¨¥ ¶µ q ¢Ò¶µ²´¥´µ ¢ ¶·¥¤¥² Ì ´¥-
¡µ²ÓÏµ£µ ¨§³¥´¥´¨Ö ¢µ²´µ¢µ£µ Î¨¸²  µÉ qmin = 4π sin (θav − ∆θ/2)/(λav +
∆λ/2) ¤µ qmax = 4π sin (θav + ∆θ/2)/(λav − ∆λ/2) ¨ ∆θ, ∆λ ¥¸ÉÓ ¨´É¥·-
¢ ²Ò ¨§³¥´¥´¨Ö Ê£²  ¸±µ²Ó¦¥´¨Ö ¨ ¤²¨´Ò ¢µ²´Ò ´¥°É·µ´ . ˆ§-§  ´¥¡µ²Ó-
Ïµ£µ ¨§³¥´¥´¨Ö q ¢µ±·Ê£ qav ËÊ´±Í¨Õ · §·¥Ï¥´¨Ö ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥
ËÊ´±Í¨¨ ƒ Ê¸¸  ± ± f(q, qav) = c exp (−(q − qav)2/2σ2

q), £¤¥ c = 1/2πσ2
q ,

σq = q[(δθ/θav)2 + (δλ/δλav)2]1/2, δθ ¨ δλ µ¶·¥¤¥²ÖÕÉ¸Ö · ¸Î¥É´Ò³ ¶ÊÉ¥³.
’ ±, ¤²Ö µ¶·¥¤¥²¥´¨Ö δθ ¨³¥¥³

δθ = [(h2
1 + h2

2/3)]1/2
/
Ldia, (12)

£¤¥ h1 ¨ h2 Å ¶µ²ÊÏ¨·¨´Ò ¶¥·¢µ° ¨ ¢Éµ·µ° ¤¨ Ë· £³,   Ldia Å · ¸¸ÉµÖ´¨¥
³¥¦¤Ê ¤¨ Ë· £³ ³¨. �¥·¢µ° ¤¨ Ë· £³µ° Ö¢²Ö¥É¸Ö ¤¨ Ë· £³  ´  ¢ÒÌµ¤¥ ¶µ-
²Ö·¨§ Éµ· . �µ²Ó ¢Éµ·µ° ¤¨ Ë· £³Ò ³µ¦¥É ¢Ò¶µ²´ÖÉÓ ¨²¨ ¤¨ Ë· £³  ¶¥·¥¤
µ¡· §Íµ³ c ¶µ²ÊÏ¨·¨´µ° hfs, ¨²¨ ¤¨ Ë· £³  ´  µ¡· §Í¥ ¸ ¶µ²ÊÏ¨·¨´µ° hs,
¨²¨ ¤¨ Ë· £³  ´  ¤¥É¥±Éµ·¥ ¸ ¶µ²ÊÏ¨·¨´µ° hdet (·µ²Ó ¤¨ Ë· £³Ò ´  ¤¥É¥±-
Éµ·¥ ³µ£ÊÉ ¢Ò¶µ²´ÖÉÓ ´¥¸±µ²Ó±µ ¶µ§¨Í¨µ´´ÒÌ ± ´ ²µ¢ PSD). „²Ö ¢Ò¡µ·  h2

¨ Ldia ¨¸¶µ²Ó§ÊÕÉ¸Ö ¶ · ³¥É·Ò Éµ° ¤¨ Ë· £³Ò, ¤²Ö ±µÉµ·µ° µÉ´µÏ¥´¨¥ ¥¥
¶µ²ÊÏ¨·¨´Ò ± · ¸¸ÉµÖ´¨Õ ¤µ ¶¥·¢µ° ¤¨ Ë· £³Ò ³¥´ÓÏ¥. ’ ±¨³ µ¡· §µ³,
h2 = hfs ¨ Ldia = Lfs, ¥¸²¨ hfs/Lfs ¥¸ÉÓ ´ ¨³¥´ÓÏ Ö ¢¥²¨Î¨´ . h2 = hs ¨
Ldia = Ls, ¥¸²¨ hs/Ls ¥¸ÉÓ ´ ¨³¥´ÓÏ Ö ¢¥²¨Î¨´  ¨, ´ ±µ´¥Í, h2 = hdet ¨
Ldia = Ldet, ¥¸²¨ hdet/Ldet ¥¸ÉÓ ´ ¨³¥´ÓÏ Ö ¢¥²¨Î¨´ . ‘²¥¤Ê¥É É ±¦¥ ¸± -
§ ÉÓ, ÎÉµ ¥¸²¨ ls sin (θ) < hs ¨²¨ ¥¸²¨ ¤¨ Ë· £³Ò ´  µ¡· §Í¥ ¢µµ¡Ð¥ ´¥É, Éµ
¸ ³ µ¡· §¥Í ¢Ò¶µ²´Ö¥É ·µ²Ó ¤¨ Ë· £³Ò µ¡· §Í  ¨ hs = ls sin (θ)/2, £¤¥ ls Å
¤²¨´  µ¡· §Í  ¢¤µ²Ó ´ ¶· ¢²¥´¨Ö ´¥°É·µ´´µ£µ ¶ÊÎ± .

„²Ö ¸·¥¤´¥±¢ ¤· É¨Î´µ£µ §´ Î¥´¨Ö ¤²¨´Ò ¢µ²´Ò δλ ¨³¥¥³

δλ = 3, 956
{
[(τ/2)2 + (∆t/2)2]/3

}1/2/
L, (13)

£¤¥ τ = 0, 320 ³¸ Å ¤²¨É¥²Ó´µ¸ÉÓ ¨³¶Ê²Ó¸  É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢, ∆t Å Ï¨-
·¨´  ¢·¥³¥´´µ£µ ± ´ ²  ¤¥É¥±Éµ· , ¤²Ö PSD, · ¢´ Ö 0,128 ³¸,   ¤²Ö Œ‘D Å
0,064 ³¸. „²Ö ¶ · ³¥É·µ¢ L = 34 ³ ¨ ∆t = 0, 128 ³¸ ¶µ²ÊÎ¨³, ÎÉµ · §·¥Ï¥´¨¥
¸¶¥±É·µ³¥É·  ¶µ ¤²¨´¥ ¢µ²´Ò ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ PSD · ¢´µ δλ = 0, 011 �A.

‡�Š‹	—…�ˆ…

�·¨ ¸µ§¤ ´¨¨ ´µ¢µ£µ ¸¶¥±É·µ³¥É·  ¶µ²Ö·¨§µ¢ ´´ÒÌ ´¥°É·µ´µ¢ ¡Ò² ÊÎÉ¥´
³´µ£µ²¥É´¨° µ¶ÒÉ ¨¸¸²¥¤µ¢ ´¨° ± ± ³ £´¨É´µ° ¸É·Ê±ÉÊ·Ò µ¡Ñ¥³´ÒÌ ³ £´¨É-
´ÒÌ ¨ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¨Ì ³ É¥·¨ ²µ¢ [31Ä33], É ± ¨ ³´µ£µ¸²µ°´ÒÌ ³ £´¨É´µ-
´¥±µ²²¨´¥ ·´ÒÌ ´ ´µ¸É·Ê±ÉÊ· [34]. �¶· ¢¤ ´´µ° ¤²Ö ¸¶¥±É·µ³¥É·  ´  ¨³-
¶Ê²Ó¸´µ³ ¨¸ÉµÎ´¨±¥ ´¥°É·µ´µ¢ µ± § ² ¸Ó µ·¨¥´É Í¨Ö ´  ¸µ§¤ ´¨¥ Ï¨·µ±µ-
¶µ²µ¸´µ° ¨ Ï¨·µ±µ ¶¶¥·ÉÊ·´µ° ¶µ²Ö·¨§ Í¨µ´´µ° É¥Ì´¨±¨ ¨ ¶µ§¨Í¨µ´´µ-
ÎÊ¢¸É¢¨É¥²Ó´µ¥ ¤¥É¥±É¨·µ¢ ´¨¥,   É ±¦¥ ¶·¨´ÖÉ Ö ±µ´Í¥¶Í¨Ö ¸µ¢³¥¸É´µ£µ
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�¨¸. 14. ” ±Éµ· ¢Ò¨£·ÒÏ  ¢ ¢¥²¨Î¨´¥ ¶ · ³¥É·  P 2I ¤²Ö ³ ²µÊ£²µ¢µ£µ ¸¶¥±É·µ³¥É· 
�…Œ“� ¸ ¶µ²Ö·¨§ Éµ· ³¨ ³ ²µÊ£²µ¢µ° ¨ ·¥Ë²¥±Éµ³¥É·¨Î¥¸±µ° ³µ¤ ¶µ ¸· ¢´¥´¨Õ ¸µ
¸¶¥±É·µ³¥É·µ³ ‘�� ¤²Ö ¸²ÊÎ ¥¢ ·¥£¨¸É· Í¨¨ §¥·± ²Ó´µ£µ ¨ ¨§µÉ·µ¶´µ£µ ¤¨ËËÊ§´µ£µ
· ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢

¨¸¸²¥¤µ¢ ´¨Ö ¸É·Ê±ÉÊ·Ò ³¥Éµ¤ ³¨ ·¥Ë²¥±Éµ³¥É·¨¨ ¨ ³ ²µÊ£²µ¢µ£µ · ¸¸¥Ö-
´¨Ö. �  ·¨¸. 14 ¶·¨¢¥¤¥´  ¤²¨´´µ¢µ²´µ¢ Ö § ¢¨¸¨³µ¸ÉÓ Ë ±Éµ·  ¢Ò¨£·ÒÏ  ¢
§´ Î¥´¨¨ ¶ · ³¥É·  P 2I ¤²Ö ´µ¢µ£µ ¸¶¥±É·µ³¥É·  �…Œ“� ¶µ ¸· ¢´¥´¨Õ ¸µ
¸¶¥±É·µ³¥É·µ³ ‘��. ‚¨¤´µ, ÎÉµ ÔËË¥±É¨¢´µ¸ÉÓ ¸¶¥±É·µ³¥É·  ¢ ¤¥¸ÖÉ±¨ · §
¢Ò·µ¸²  ¶·¨ ·¥£¨¸É· Í¨¨ §¥·± ²Ó´µ£µ µÉ· ¦¥´¨Ö ¨ ¢ ¸µÉ´¨ · § ¶·¨ ·¥£¨¸É· -
Í¨¨ ¤¨ËËÊ§´µ£µ · ¸¸¥Ö´¨Ö.

ˆ§³¥·¨É¥²Ó´ Ö ¸Ì¥³  ¸¶¥±É·µ³¥É·  µ·£ ´¨Î´µ ¡Ò²  ¤µ¶µ²´¥´  ´µ¢Ò³¨
· §¢¨ÉÒ³¨ ´ ³¨ ³¥Éµ¤ ³¨ ¨¸¸²¥¤µ¢ ´¨°, ± ±µÉµ·Ò³ µÉ´µ¸ÖÉ¸Ö ¶·µ¸É· ´¸É¢¥´-
´µ¥ · ¸Ð¥¶²¥´¨¥ ¶ÊÎ±  ´¥°É·µ´µ¢ [35, 36] ¨ £¥´¥· Í¨Ö ¸ÉµÖÎ¨Ì ¨ Ê¸¨²¥´´ÒÌ
¸ÉµÖÎ¨Ì ´¥°É·µ´´ÒÌ ¢µ²´ ¢ ¸²µ¨¸Éµ° ¸É·Ê±ÉÊ·¥ [37, 38].

�  ´µ¢µ³ ¸¶¥±É·µ³¥É·¥ Ê¦¥ ¡Ò²µ ¶·µ¢¥¤¥´µ ¶¥·¢µ¥ ¨¸¸²¥¤µ¢ ´¨¥ Ö¢²¥´¨Ö
¸µ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¸¢¥·Ì¶·µ¢µ¤¨³µ¸É¨ ¨ ³ £´¥É¨§³  ¢ ¡¨¸²µ¥ ¨ ¶¥·¨µ¤¨Î¥¸±µ°
¸É·Ê±ÉÊ·¥ Fe/V [39], ÎÉµ ´  ¶· ±É¨±¥ ¶µ¤É¢¥·¤¨²µ ÔËË¥±É¨¢´µ¸ÉÓ · ¡µÉÒ
¸¶¥±É·µ³¥É·  �…Œ“�.

‚ § ±²ÕÎ¥´¨¨ ÌµÉ¥²µ¸Ó ¡Ò ¢Ò· §¨ÉÓ ¡² £µ¤ ·´µ¸ÉÓ ¸µÉ·Ê¤´¨± ³ �ˆŸ”
	. ˆ. �±µ·µ±µ¢Ê, ‘. ‚. ƒ·¨£µ·Ó¥¢Ê, ‚. 	. “²ÓÖ´µ¢Ê, ‚. Œ. �Ê¸¥´±µ¢Ê ¨
	. ”. ™¥¡¥Éµ¢Ê, ¶·¨´¨³ ¢Ï¨³  ±É¨¢´µ¥ ÊÎ ¸É¨¥ ¢ · §· ¡µÉ±¥ ¨ ¸µ§¤ ´¨¨ ¶µ-
²Ö·¨§ Í¨µ´´µ° É¥Ì´¨±¨ ¤²Ö ¸¶¥±É·µ³¥É· ; ¸µÉ·Ê¤´¨± ³ ´ ÊÎ´µ-Ô±¸¶¥·¨³¥´-
É ²Ó´µ£µ µÉ¤¥²  ±µ³¶²¥±¸  ¸¶¥±É·µ³¥É·µ¢ ˆ��-2 	. �. ‘¨·µÉ¨´Ê, 	. Š¨·¨²µ-
¢Ê, 	. �µ£¤§¥²Õ, ”. ‚. ‹¥¢Î ´µ¢¸±µ³Ê ¨ ‚. ‚. †Ê· ¢²¥¢Ê, ¶·¨´¨³ ¢Ï¨³  ±É¨¢-
´µ¥ ÊÎ ¸É¨¥ ¢ ¸µ§¤ ´¨¨ ¸¨¸É¥³  ¢Éµ³ É¨§ Í¨¨ ¨ Ê¶· ¢²¥´¨Ö ¸¶¥±É·µ³¥É·µ³,
·¥£¨¸É· Í¨¨ ´¥°É·µ´µ¢, ´ ±µ¶²¥´¨Ö ¨ µ¡· ¡µÉ±¨ ¨´Ëµ·³ Í¨¨; ¸µÉ·Ê¤´¨± ³
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Š� ‹�” ‚. ˆ. Šµ´¸É ´É¨´µ¢Ê, 	. 	. ŠÊ¸Éµ¢Ê ¨ �. 	. ‚µ²±µ¢Ê §  · §· ¡µÉ±Ê
³¥Ì ´¨Î¥¸±¨Ì Ê§²µ¢ ¸¶¥±É·µ³¥É· ,   É ±¦¥ ¸µÉ·Ê¤´¨± ³ ¤·Ê£¨Ì µÉ¤¥²µ¢ ‹ -
¡µ· Éµ·¨¨ ´¥°É·µ´´µ° Ë¨§¨±¨, ¢ Éµ° ¨²¨ ¨´µ° ¸É¥¶¥´¨ ÊÎ ¸É¢µ¢ ¢Ï¨³ ¢
¸µ§¤ ´¨¨ ¨ § ¶Ê¸±¥ ¸¶¥±É·µ³¥É· .
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