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�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

� ¸¸³ É·¨¢ ÕÉ¸Ö É·¥¡µ¢ ´¨Ö ± ¶ · ³¥É· ³ ¶·µÉµ´´ÒÌ ¶ÊÎ±µ¢, ¨¸¶µ²Ó§Ê¥³ÒÌ ¢ ³¥¤¨Í¨´¥.
Š· É±µ µ¶¨¸Ò¢ ÕÉ¸Ö ¤¥°¸É¢ÊÕÐ¨¥ ¨ ¶·µ¥±É¨·Ê¥³Ò¥ ¤²Ö ¶·µÉµ´´µ° É¥· ¶¨¨ Í¨±²µÉ·µ´Ò. �Í¥´¨¢ -
ÕÉ¸Ö É¥Ì´¨Î¥¸±¨¥ ·¥Ï¥´¨Ö ¸µ§¤ ´¨Ö Í¨±²µÉ·µ´  ¸ ·¥£Ê²¨·Ê¥³µ° Ô´¥·£¨¥° ¢ ¤¨ ¶ §µ´¥ 70Ä230 ŒÔ‚
¨ Éµ±µ³ ¤µ 100 ´�. “Î¨ÉÒ¢ Ö, ÎÉµ ¥£µ · §³¥·Ò ¨ ¸Éµ¨³µ¸ÉÓ ¢ §´ Î¨É¥²Ó´µ° ³¥·¥ µ¶·¥¤¥²ÖÕÉ¸Ö
³ ±¸¨³ ²Ó´µ° Ô´¥·£¨¥° ¶·µÉµ´µ¢, ¶·¥¤² £ ¥É¸Ö · §Ê³´µ µ£· ´¨Î¨ÉÓ ¥¥ ¢¥²¨Î¨´µ° ∼ 190 ŒÔ‚ ¨
· §· ¡µÉ ÉÓ ¶·µ¥±É Í¨±²µÉ·µ´  ¸ É¥¶²µ° µ¡³µÉ±µ° ¤²Ö Ê¸±µ·¥´¨Ö �−-¨µ´µ¢. �´¥·£¨Ö ¢Ò¢¥¤¥´´ÒÌ
¶·µÉµ´µ¢ ¤²Ö ± ¦¤µ£µ ¸¥ ´¸  µ¶·¥¤¥²Ö¥É¸Ö ¶µ²µ¦¥´¨¥³ ³¨Ï¥´¨ ¢ ± ³¥·¥ Ê¸±µ·¨É¥²Ö,   ´¥µ¡Ìµ-
¤¨³µ¥ ¤µ§´µ¥ ¶µ²¥ ¤²Ö ±µ´±·¥É´µ£µ ¶ Í¨¥´É  ¸µ§¤ ¥É¸Ö ¢´¥Ï´¨³¨ Ê¸É·µ°¸É¢ ³¨ ¨ µÉ· ¡µÉ ´´Ò³¨
³¥Éµ¤¨± ³¨.

The requirements on characteristics of the proton beams used in medicine are considered. The
operational and proposed cyclotrons for proton therapy are brie�y described. The technical decisions of
creation of the cyclotron with energy variation in the range 70Ä230 MeV and with current up to 100 nA
are estimated. Taking into account the fact that the size and cost of the cyclotron are approximately
determined by the maximum proton energy, it is realistically offered to limit the maximum proton energy
to 190 MeV and to elaborate a cyclotron project with a warm winding of the magnet for acceleration
of �− ions. The energy of the extracted protons for each run is determined by a stripped target radius
in the vacuum chamber of the accelerator, and the radiation dose ˇeld for the patient is created by the
external devices using the developed techniques.

‚‚…„…�ˆ…

� §¢¨¢ ÕÐ¥¥¸Ö ´ ¶· ¢²¥´¨¥ ³¥¤¨Í¨´Ò Å ¶·µÉµ´´ Ö É¥· ¶¨Ö Å ¸¢Ö§ ´µ ¸ µ¡²ÊÎ¥´¨¥³
´µ¢µµ¡· §µ¢ ´¨° ¢ · §²¨Î´ÒÌ µ·£ ´ Ì ¶ÊÎ±µ³ Ê¸±µ·¥´´ÒÌ ¶·µÉµ´µ¢. �¸´µ¢´µ° § ¤ Î¥°
Ö¢²Ö¥É¸Ö ¶µ· ¦¥´¨¥ µ¶ÊÌµ²¥¢ÒÌ ±²¥Éµ± ¶·¨ ³¨´¨³ ²Ó´µ³ ¶µ¢·¥¦¤¥´¨¨ ´µ·³ ²Ó´ÒÌ É± -
´¥°. �ÊÎ±¨ ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¨³¥ÕÉ ¸ÊÐ¥¸É¢¥´´µ ²ÊÎÏ¥¥ ¤µ§´µ¥ · ¸¶·¥¤¥²¥-
´¨¥ ¢ ¶·µ¸É· ´¸É¢¥ ¶µ ¸· ¢´¥´¨Õ ¸ ¤·Ê£¨³¨ ¨§²ÊÎ¥´¨Ö³¨ [1], ÎÉµ ¸¶µ¸µ¡¸É¢Ê¥É ·¥Ï¥´¨Õ
¶µ¸É ¢²¥´´µ° § ¤ Î¨. �É¨ ¶·¥¨³ÊÐ¥¸É¢  µ¸µ¡¥´´µ ¶·µÖ¢²ÖÕÉ¸Ö ¶·¨ µ¡²ÊÎ¥´¨¨ ³¨Ï¥´¨
¸²µ¦´µ° ¶·µ¸É· ´¸É¢¥´´µ° ±µ´Ë¨£Ê· Í¨¨ ¨ ¨³¥ÕÉ ·¥Ï ÕÐ¥¥ §´ Î¥´¨¥ ¶·¨ µ¡²ÊÎ¥´¨¨
¢¡²¨§¨ ¦¨§´¥´´µ ¢ ¦´ÒÌ µ·£ ´µ¢ Î¥²µ¢¥± .

’Ö¦¥²Ò¥ ¨µ´Ò ¨³¥ÕÉ ¶·¥¨³ÊÐ¥¸É¢  ¶·¨ µ¡²ÊÎ¥´¨¨ ´¥±µÉµ·ÒÌ ¢¨¤µ¢ µ¶ÊÌµ²¥°, µ¤-
´ ±µ ¤²Ö ²¥Î¥´¨Ö ¡µ²ÓÏ¨´¸É¢  ´¥¤µ¡·µ± Î¥¸É¢¥´´ÒÌ ´µ¢µµ¡· §µ¢ ´¨° ¢ ³¨·¥ ¶·¨³¥´Ö-
ÕÉ¸Ö ¶ÊÎ±¨ ¶·µÉµ´µ¢, ÎÉµ ¶µ¤É¢¥·¦¤ ¥É ¸É É¨¸É¨±  ²¥Î¥´¨Ö ¶ÊÎ± ³¨ § ·Ö¦¥´´ÒÌ Î -
¸É¨Í [2]. ‚ ¤ ²Ó´¥°Ï¥³ ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ Ê¸±µ·¨É¥²¨ ¶·µÉµ´´ÒÌ ¶ÊÎ±µ¢.

1E-mail: alen@jinr.dubna.ru
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Š²¨´¨Î¥¸±µ¥ ¨¸¶µ²Ó§µ¢ ´¨¥ ¶·µÉµ´´µ° ²ÊÎ¥¢µ° É¥· ¶¨¨ ´ Î ²µ¸Ó ¡µ²¥¥ 40 ²¥É ´ § ¤
Ë ±É¨Î¥¸±¨ µ¤´µ¢·¥³¥´´µ ¢ Ë¨§¨Î¥¸±¨Ì Í¥´É· Ì ‘˜�, ˜¢¥Í¨¨ ¨ �µ¸¸¨¨, ¨³¥ÕÐ¨Ì
¶·µÉµ´´Ò¥ Ê¸±µ·¨É¥²¨. ‚ ¶µ¸²¥¤ÊÕÐ¨° ¶¥·¨µ¤ ¡Ò² ¶·¨µ¡·¥É¥´ ¡µ²ÓÏµ° µ¶ÒÉ ¢ ¸µ§¤ ´¨¨
¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¶ÊÎ±µ¢ Ê¸±µ·¥´´ÒÌ ¶·µÉµ´µ¢ ¤²Ö µ¡²ÊÎ¥´¨Ö §²µ± Î¥¸É¢¥´´ÒÌ µ¶ÊÌµ²¥°,
´ Ìµ¤ÖÐ¨Ì¸Ö ¢ ²Õ¡µ° Î ¸É¨ µ·£ ´¨§³  Î¥²µ¢¥± .
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�¨¸. 1. �·µ¡¥£ ¶·µÉµ´µ¢ ¢ ¢µ¤¥ ¢ § ¢¨¸¨³µ¸É¨

µÉ §´ Î¥´¨Ö Ô´¥·£¨¨ Ê¸±µ·¥´´µ£µ ¶ÊÎ± 

�  ·¨¸. 1 ¶µ± § ´  § ¢¨¸¨³µ¸ÉÓ ¶·µ¡¥£ 
¶·µÉµ´µ¢ ¢ ¢µ¤¥ µÉ Ô´¥·£¨¨ Ê¸±µ·¥´´µ£µ
¶ÊÎ± .

�  £· Ë¨±¥ ¢¨¤´µ, ÎÉµ ¤²Ö ¶·µ´¨±´µ-
¢¥´¨Ö ¶·µÉµ´´µ£µ ¶ÊÎ±  ´  £²Ê¡¨´Ê ¤µ 5 ¸³
(Ê¸²µ¢¨¥ ¤²Ö ²¥Î¥´¨Ö £² § ¨ ±µ¦´ÒÌ ¶µ-
±·µ¢µ¢) ´¥µ¡Ìµ¤¨³  Ô´¥·£¨Ö 60Ä80 ŒÔ‚;
¶·¨ Ô´¥·£¨¨ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¤µ 190 ŒÔ‚
³µ¦´µ µ¡²ÊÎ¨ÉÓ ¶· ±É¨Î¥¸±¨ ¢¸¥ µ¶Ê-
Ìµ²¨ ¸ ³ ±¸¨³ ²Ó´µ° £²Ê¡¨´µ° ²µ± ²¨§ Í¨¨
¤µ 24 ¸³.

2. �–…�Š� ‚…‹ˆ—ˆ�› ’�Š� �“—Š� “‘Š��…��›• ���’���‚
„‹Ÿ ���‚…„…�ˆŸ ‹“—…‚�‰ ’…���ˆˆ

�¡Ñ¥³ ³¨Ï¥´¨ ¤µ²¦¥´ ¡ÒÉÓ µ¡²ÊÎ¥´ · ¢´µ³¥·´µ, µ¡ÒÎ´µ ¤µ¶Ê¸± ÕÉ¸Ö µÉ±²µ´¥´¨Ö
µÉ ¸·¥¤´¥° ¤µ§Ò µÉ ±1, 0 ¤µ ±2, 5% ¤²Ö ¶ÊÎ±µ¢ ¤¨ ³¥É·µ³ 10Ä20 ¸³.

� ¸Ï¨·¥´¨¥ ¶ÊÎ±  ¢ ¶µ¶¥·¥Î´µ³ ´ ¶· ¢²¥´¨¨ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸ ¶µ³µÐÓÕ · ¸¸¥¨¢ -
É¥²¥°. �·µ¸É¥°Ï¨³ ¸¶µ¸µ¡µ³ Ö¢²Ö¥É¸Ö ¨¸¶µ²Ó§µ¢ ´¨¥ Í¥´É· ²Ó´µ° Î ¸É¨ ¶ÊÎ± , · ¸Ï¨-
·¥´´µ£µ ¸ ¶µ³µÐÓÕ µ¤´µ£µ · ¸¸¥¨¢ É¥²Ö, ±µÉµ·Ò° ¶·¥µ¡· §Ê¥É Ê§±¨° ¶ÊÎµ± ¢ Ï¨·µ±µ¥
¤¢Ê³¥·´µ¥ £ Ê¸¸µ¢¸±µ¥ · ¸¶·¥¤¥²¥´¨¥

f(r) =
1

2πσ2
exp

(
− r2

2σ2

)
.

�¥µ¤´µ·µ¤´µ¸ÉÓ ¶²µÉ´µ¸É¨ ¶µÉµ±  ¶·µÉµ´µ¢ ¢ ¶ÊÎ±¥ ¢´ÊÉ·¨ ±·Ê£  · ¤¨Ê¸µ³ r0 (0 � r �
r0) µ¶·¥¤¥²Ö¥É¸Ö ¤¨¸¶¥·¸¨¥° £ Ê¸¸µ¢¸±µ£µ · ¸¶·¥¤¥²¥´¨Ö σ.

…¸²¨ § ¤ ÉÓ Ê¸²µ¢¨¥, ¶·¨ ±µÉµ·µ³ Ê³¥´ÓÏ¥´¨¥ ¤µ§Ò ´  ±· Õ ¤µ§´µ£µ ¶µ²Ö · ¤¨Ê¸µ³
r0 ´¥ ¶·¥¢ÒÏ ¥É ¢¥²¨Î¨´Ò δ:

f(r0)
f(r = 0)

= (1 − δ),

Éµ ¤¨¸¶¥·¸¨Õ ¤¢Ê³¥·´µ£µ £ Ê¸¸µ¢¸±µ£µ · ¸¶·¥¤¥²¥´¨Ö σ ³µ¦´µ µ¶·¥¤¥²¨ÉÓ ¤²Ö § ¤ ´´µ°
¢¥²¨Î¨´Ò ´¥µ¤´µ·µ¤´µ¸É¨ ¶µ Ëµ·³Ê²¥

σ2 = − r2
0

2 ln (1 − δ)
≈ r2

0

2δ
, ¨²¨ σ =

r0√
2δ

.
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�·¨ ÔÉµ³ ¶²µÉ´µ¸ÉÓ ¶µÉµ±  ¶·µÉµ´µ¢ ´  µ¸¨ ¶ÊÎ±  ¸µ¸É ¢¨É

n(r = 0) = f(r = 0)Φ =
Φ

2πσ2
,

£¤¥ Φ Å ¶µ²´Ò° ¶µÉµ± ¶·µÉµ´µ¢ ¢ ¶ÊÎ±¥.
…¸²¨ § ¤ ÉÓ ¶²µÉ´µ¸ÉÓ ¶µÉµ±  ¶·µÉµ´µ¢ ´  µ¸¨ ¶ÊÎ±  ¨§ Ê¸²µ¢¨Ö, ÎÉµ ¢¥²¨Î¨´  ³µÐ-

´µ¸É¨ ¤µ§Ò P = 1 ƒ·/³¨´, ¶²µÉ´µ¸ÉÓ ¶µÉµ±  ¶·µÉµ´µ¢ ³µ¦´µ µ¶·¥¤¥²¨ÉÓ ¨§ ¸µµÉ´µÏ¥´¨Ö

P [ƒ·/³¨´] = n (r = 0)[¸−1 · ¸³−2] · dE/dx[(MÔ‚ · c³2)/£] · 0, 96 · 10−8,

£¤¥ dE/dx (175 MÔ‚) = 4, 86 MÔ‚ · c³2/£ Å ²¨´¥°´ Ö ¶¥·¥¤ Î  ¶·µÉµ´ ³¨ Ô´¥·£¨¨
175 ŒÔ‚ ¢ ¢µ¤¥ ¨²¨ ¢ ³Ö£±µ° ¡¨µ²µ£¨Î¥¸±µ° É± ´¨.

„²Ö ¢Ò¡· ´´ÒÌ Ê¸²µ¢¨° n(r = 0) = 2 · 107 ¶·µÉµ´ · ¸−1 · ¸³−2.
‚ É ¡². 1 ¶·¨¢µ¤ÖÉ¸Ö µÍ¥´±¨ ¤¨¸¶¥·¸¨¨ £ Ê¸¸µ¢¸±µ£µ · ¸¶·¥¤¥²¥´¨Ö · ¸Ï¨·¥´´µ£µ

¶·µÉµ´´µ£µ ¶ÊÎ±  ¨ ¶µ²´µ£µ ¶µÉµ±  ¶·µÉµ´µ¢ ¤²Ö ´¥±µÉµ·ÒÌ §´ Î¥´¨° ¤¨ ³¥É·  ¶ÊÎ±  ¨
¥£µ µ¤´µ·µ¤´µ¸É¨, µ¡¥¸¶¥Î¨¢ ÕÐ¨¥ ³µÐ´µ¸ÉÓ ¤µ§Ò ´  µ¸¨ ¶ÊÎ±  1 ƒ·/³¨´.

’ ¡²¨Í  1. � · ³¥É·Ò ¨´É¥´¸¨¢´µ¸É¨ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¶·¨ ¥£µ · ¸Ï¨·¥´¨¨ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³
µ¤´µ£µ · ¸¸¥¨¢ É¥²Ö

„¨ ³¥É· ¶ÊÎ± , ¸³ δ, % σ, ¸³ Φ, ¶·µÉµ´/¸ I , ´A

10 5 15,8 3,1 · 1010 5,0
15 5 21,1 7,0 · 1010 11,25
20 5 31,6 1,2 · 1011 20,0
10 2 25,0 7,9 · 1010 12,5
15 2 37,5 1,76 · 1011 28,0
20 2 50,0 3,2 · 1011 50,0

’ ±¨³ µ¡· §µ³, ¥¸²¨ § ¤ ÉÓ É·¥¡µ¢ ´¨Ö ± µ¤´µ·µ¤´µ¸É¨ ¶µ¶¥·¥Î´µ£µ · ¸¶·¥¤¥²¥´¨Ö
¶ÊÎ±  µÉ ±1, 0 ¤µ ±2, 5% ¢´ÊÉ·¨ ±·Ê£  ¤¨ ³¥É·µ³ 10Ä20 ¸³, Éµ ¤²Ö µ¡¥¸¶¥Î¥´¨Ö ³µÐ´µ-
¸É¨ ¤µ§Ò 1 ƒ·/³¨´ ´  ¢Ìµ¤¥ ¶ÊÎ±  ¢ ± ¡¨´Ê, £¤¥ ´ Ìµ¤¨É¸Ö ¶ Í¨¥´É, ´¥µ¡Ìµ¤¨³µ¥ §´ Î¥´¨¥
Éµ±  ¶ÊÎ±  ¸µ¸É ¢¨É 5Ä50 ´� (3, 15 · 1010 − 3, 15 · 1011 ¶·µÉµ´/¸). “± § ´´ Ö ¨´É¥´¸¨¢-
´µ¸ÉÓ §´ Î¨É¥²Ó´µ ´¨¦¥, Î¥³ ¶µ²ÊÎ ¥³Ò¥ ´  Í¨±²µÉ·µ´ Ì ¢¥²¨Î¨´Ò Éµ±µ¢ Ê¸±µ·¥´´ÒÌ
¶·µÉµ´µ¢, ÔÉµ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ (¶ÊÉ¥³ ¨¸¶µ²Ó§µ¢ ´¨Ö Í¥´É· ²Ó´µ° Ð¥²¥¢µ° µ¶É¨±¨ ¨²¨
¨³¶Ê²Ó¸´µ£µ § ¶Ê¸±  ¨µ´´µ£µ ¨¸ÉµÎ´¨± ) Ëµ·³¨·µ¢ ÉÓ ¶ÊÎµ± É·¥¡Ê¥³µ£µ ± Î¥¸É¢ .

3. ‚›��� “‘Š��ˆ’…‹Ÿ

‚ ¦´µ° Ì · ±É¥·¨¸É¨±µ° Ê¸±µ·¨É¥²Ó´µ£µ ±µ³¶²¥±¸  Ö¢²Ö¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ·¥£Ê²¨·µ-
¢ ´¨Ö ¢¥²¨Î¨´Ò Ô´¥·£¨¨ ¨ ¸± ´¨·µ¢ ´¨Ö ¶ÊÎ±  Ê¸±µ·¥´´ÒÌ Î ¸É¨Í ¤²Ö Ëµ·³¨·µ¢ ´¨Ö
É·¥Ì³¥·´ÒÌ ¤µ§´ÒÌ ¶µ²¥° § ¤ ´´µ° Ëµ·³Ò. ’·¥¡Ê¥³µ¥ ¤µ§´µ¥ ¶µ²¥ ³µ¦´µ Ëµ·³¨·µ¢ ÉÓ
± ± ·¥£Ê²¨·µ¢±µ° ¶ · ³¥É·µ¢ ¶ÊÎ±  ¸µ¡¸É¢¥´´µ ¢ Ê¸±µ·¨É¥²¥, É ± ¨ ¸¨¸É¥³µ° ¢´¥Ï´¨Ì
· ¸¸¥¨¢ É¥²¥° ¨ § ³¥¤²¨É¥²¥°. „²Ö ¶µ²ÊÎ¥´¨Ö ¶ÊÎ±  ¶·µÉµ´µ¢ ¸ Ê± § ´´Ò³¨ ¢ÒÏ¥ Ì · ±-
É¥·¨¸É¨± ³¨ ³µ¦´µ ¶·¨³¥´ÖÉÓ Í¨±²µÉ·µ´Ò ¨²¨ ¸¨´Ì·µÉ·µ´Ò, µ¤´ ±µ § ¤ ´´ Ö ¢¥²¨Î¨´ 
Ô´¥·£¨¨ ´¥³´µ£µ ¢Ò¸µ±  ¤²Ö Í¨±²µÉ·µ´  ¨ ³ ²  ¤²Ö ¸¨´Ì·µÉ·µ´ . �·¨¢²¥± É¥²Ó´ Ö µ¸µ-
¡¥´´µ¸ÉÓ ¸¨´Ì·µÉ·µ´  Å ¢µ§³µ¦´µ¸ÉÓ µ¶¥· É¨¢´µ£µ ·¥£Ê²¨·µ¢ ´¨Ö Ô´¥·£¨¨ ¨ ¶·µ¸É· ´-
¸É¢¥´´µ£µ ¶µ²µ¦¥´¨Ö ¶ÊÎ± .
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�¤´µ° ¨§ µ¸´µ¢´ÒÌ Ì · ±É¥·¨¸É¨± Ê¸±µ·¨É¥²Ö Ö¢²Ö¥É¸Ö ¸Éµ¨³µ¸ÉÓ ¸µ§¤ ´¨Ö Ê¸É ´µ¢±¨
¨ ¥¥ Ô±¸¶²Ê É Í¨¨,   É ±¦¥ ´ ¤¥¦´µ¸ÉÓ · ¡µÉÒ Í¨±²µÉ·µ´´µ£µ ±µ³¶²¥±¸  ¢ Í¥²µ³. �µ
´ Ï¥³Ê ³´¥´¨Õ, Í¨±²µÉ·µ´ ´ ³´µ£µ ¤¥Ï¥¢²¥, Î¥³ ¸¨´Ì·µÉ·µ´, ± ± ¶µ ¸Éµ¨³µ¸É¨ ¨§£µ-
Éµ¢²¥´¨Ö, É ± ¨ ¢ Ô±¸¶²Ê É Í¨¨, ¶µÔÉµ³Ê ´¨¦¥ · ¸¸³µÉ·¨³ ¢µ§³µ¦´µ¸É¨ Í¨±²µÉ·µ´  ¶µ
£¥´¥·¨·µ¢ ´¨Õ ¶ÊÎ±µ¢, É·¥¡Ê¥³ÒÌ ¤²Ö ¶·µÉµ´´µ° É¥· ¶¨¨.

4. –ˆŠ‹�’���› ‚ ���’����‰ ’…���ˆˆ

�¥·¢µ´ Î ²Ó´µ ¢ ¶·µÉµ´´µ° É¥· ¶¨¨ ¨¸¶µ²Ó§µ¢ ²¨¸Ó Ê¸±µ·¨É¥²¨, · §· ¡µÉ ´´Ò¥ ¤²Ö
Ë¨§¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´Éµ¢ [2]. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö Ë¨·³µ° IBA ¸µ¢³¥¸É´µ ¸ SHI [3] ¸¶¥-
Í¨ ²Ó´µ ¤²Ö ³¥¤¨Í¨´¸±¨Ì Í¥²¥° · §· ¡µÉ ´ ¶·µ¥±É Í¨±²µÉ·µ´  ¸ ³ ±¸¨³ ²Ó´Ò³ §´ Î¥-
´¨¥³ Ô´¥·£¨¨ 235 ŒÔ‚, ´¥¸±µ²Ó±µ É ±¨Ì Ê¸±µ·¨É¥²¥° Ê¦¥ ¨§£µÉµ¢²¥´µ. ”¨·³  ®ACCEL
Instruments GmbH¯ [4] ¤²Ö ³¥¤¨Í¨´¸±µ° ¶·µ£· ³³Ò PROSCAN PSI [5] · §· ¡ ÉÒ¢ ¥É
¸¢¥·Ì¶·µ¢µ¤ÖÐ¨° Í¨±²µÉ·µ´, · ¸¸Î¨É ´´Ò° ´  Ô´¥·£¨Õ ¶·µÉµ´µ¢ 250 ŒÔ‚. ‚ ´ ¸ÉµÖ-
Ð¥° · ¡µÉ¥ ¶·¥¤² £ ¥É¸Ö ¶·µ¥±É Í¨±²µÉ·µ´  ¤²Ö Ê¸±µ·¥´¨Ö H−-¨µ´µ¢ ¸ ³ ±¸¨³ ²Ó´Ò³
§´ Î¥´¨¥³ Ô´¥·£¨¨ 190 ŒÔ‚, ´¨¦¥ µ¡µ¸´µ¢Ò¢ ¥É¸Ö ¢Ò¡· ´´Ò° ¶·¥¤¥² Ô´¥·£¨¨ ¨ µ¶¨¸Ò-
¢ ÕÉ¸Ö µ¸´µ¢´Ò¥ Ì · ±É¥·¨¸É¨±¨ Ê¸±µ·¨É¥²Ö. ‚ É ¡². 2 ¶·¨¢¥¤¥´Ò ´¥±µÉµ·Ò¥ ¶ · ³¥É·Ò
Í¨±²µÉ·µ´µ¢ ‘-235 (IBA), C-250 (ACCEL) ¨ ¶·¥¤² £ ¥³µ£µ ´ ³¨ ‘-190.

� ¸¸³µÉ·¨³ Í¨±²µÉ·µ´Ò, ±µÉµ·Ò¥ ¤µ¶Ê¸± ÕÉ ·¥£Ê²¨·µ¢±Ê ¢¥²¨Î¨´Ò Ô´¥·£¨¨ ¢Ò¢¥-
¤¥´´µ£µ ¶ÊÎ±  ¶·µÉµ´µ¢ µÉ ¸¥ ´¸  ± ¸¥ ´¸Ê,   Ëµ·³¨·µ¢ ´¨¥ É·¥¡Ê¥³µ£µ ¤µ§´µ£µ ¶µ²Ö,
§ ¢¨¸¨³µ¥ µÉ Ô´¥·£¨¨ ¶·µÉµ´µ¢, ¤²Ö ¤ ´´µ£µ ¸¥ ´¸  µ¡²ÊÎ¥´¨Ö ¶·µ¨§¢µ¤¨É¸Ö ¸¨¸É¥³µ°
· ¸¸¥¨¢ É¥²¥° ¨ § ³¥¤²¨É¥²¥° ¨²¨ ¤·Ê£¨³¨ ³¥Éµ¤ ³¨, · §· ¡µÉ ´´Ò³¨ ¢ ¶µ¸²¥¤´¨¥ £µ¤Ò
´  · §²¨Î´ÒÌ Í¨±²µÉ·µ´´ÒÌ Ê¸É ´µ¢± Ì. ‚¥²¨Î¨´Ê Ô´¥·£¨¨ ¶·µÉµ´µ¢ ¤²Ö ± ¦¤µ£µ ¸¥ ´¸ 
¢Ò¡¨· ¥³ É ±¨³ µ¡· §µ³, ÎÉµ¡Ò  ±É¨¢ Í¨Ö § ³¥¤²¨É¥²¥° ¡Ò²  ³¨´¨³ ²Ó´µ°. ‚ ÔÉµ³ ¸²Ê-

’ ¡²¨Í  2. �¸´µ¢´Ò¥ ¶ · ³¥É·Ò ³ £´¨É´ÒÌ ¸¨¸É¥³ ³¥¤¨Í¨´¸±¨Ì Í¨±²µÉ·µ´µ¢

� · ³¥É·Ò ‘-235, IBA C-250, ACCEL
C-190,

¶·¥¤²µ¦¥´¨¥

�´¥·£¨Ö ¶·µÉµ´µ¢, ŒÔ‚ 235 250 190

‘·¥¤´¥¥ ³ £´¨É´µ¥ ¶µ²¥, ’²,
¢ Í¥´É·¥ 1,739 ∼ 4 0,77
´  · ¤¨Ê¸¥ ¢Ò¢µ¤  2,165 ∼ 4 0,92

� ¤¨Ê¸ ¢Ò¢µ¤ , ³ 1,08 ∼ 0, 9 ∼ 2, 1

Œ £´¨É´µ¥ ¶µ²¥
´  · ¤¨Ê¸¥ ¢Ò¢µ¤ , ’²,

¢ Ìµ²³¥ 3,09 4,0 0,6
¢ ¤µ²¨´¥ 0,985 1,6 1,1

‡ §µ·, ¸³,
¢ ¤µ²¨´¥ 60 Å 38
¢ Ìµ²³¥ 9,6Ä0,9 Å 14

�¥·¨µ¤¨Î´µ¸ÉÓ ¸É·Ê±ÉÊ·Ò
³ £´¨É´µ£µ ¶µ²Ö 4 4 4

�³¶¥·-¢¨É±¨ µ¡³µÉ±¨, ±� 525 Å 150

�µÉ·¥¡²Ö¥³ Ö ³µÐ´µ¸ÉÓ, ±‚É 190 40 (µÌ² ¦¤.) 120

Œ ¸¸  ³ £´¨É , É 210 90 400
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Î ¥ ´¥É §´ Î¨É¥²Ó´µ° ´ ¢¥¤¥´´µ° · ¤¨ Í¨µ´´µ°  ±É¨¢´µ¸É¨. � §³¥· ¶µ¶¥·¥Î´µ£µ ¸¥Î¥´¨Ö
Í¨±²µÉ·µ´´µ£µ ¶ÊÎ±  ¸µ¸É ¢²Ö¥É 5Ä10 ³³.

‘ÊÐ¥¸É¢Ê¥É ¤¢  µ¸´µ¢´ÒÌ ³¥Éµ¤  ·¥£Ê²¨·µ¢ ´¨Ö Ô´¥·£¨¨ ¢ Í¨±²µÉ·µ´ Ì.
1. �² ¢´ Ö ·¥£Ê²¨·µ¢±  ³ £´¨É´µ£µ ¶µ²Ö ¨ Î ¸ÉµÉÒ Ê¸±µ·ÖÕÐ¥£µ ´ ¶·Ö¦¥´¨Ö ¸ ¨¸-

¶µ²Ó§µ¢ ´¨¥³ ±µ··¥±É¨·ÊÕÐ¨Ì Éµ±µ¢ÒÌ µ¡³µÉµ± ¨ ¶¥·¥¸É· ¨¢ ¥³µ° Î ¸ÉµÉÒ ¢Ò¸µ±µÎ -
¸ÉµÉ´µ° ¸¨¸É¥³Ò. �·µÉµÉ¨¶ Å Í¨±²µÉ·µ´ “-120Œ, ¨§£µÉµ¢²¥´´Ò° ¤²Ö —¥Ï¸±µ° ��,
±µÉµ·Ò° · ¡µÉ ¥É ¢ £. �¦¥¦ ´¥¤ ²¥±µ µÉ �· £¨ [6]. „ ´´Ò° ³¥Éµ¤ É·¥¡Ê¥É ¡µ²ÓÏµ£µ
Î¨¸²  ±µ··¥±É¨·ÊÕÐ¨Ì ± ÉÊÏ¥±, ¨¸ÉµÎ´¨±µ¢ ¶¨É ´¨Ö, ÎÉµ, ¢ ¸¢µÕ µÎ¥·¥¤Ó, ¶·¨¢µ¤¨É ±
Ê¤µ·µ¦ ´¨Õ ¢¸¥° Ê¸É ´µ¢±¨, ¶·¨ ÔÉµ³ ´ ¸É·µ°±  Í¨±²µÉ·µ´  ´  ´µ¢ÊÕ Ô´¥·£¨Õ § ´¨³ ¥É
¢·¥³Ö ¢ ¶·¥¤¥² Ì Î ¸ .

2. ˆ§³¥´¥´¨¥ ¸± Î±µ³ § ·Ö¤µ¢µ° Ì · ±É¥·¨¸É¨±¨ Ê¸±µ·Ö¥³µ° Î ¸É¨ÍÒ ¨ ¶µ¸²¥¤ÊÕÐ¨°
¢Ò¢µ¤, ¶·¨Î¥³ ¶µ²µ¦¥´¨¥ ¢Ò¢µ¤´µ° ³¨Ï¥´¨ ¶µ · ¤¨Ê¸Ê ¨ µ¶·¥¤¥²Ö¥É Ô´¥·£¨Õ ¢Ò¢¥¤¥´-
´µ£µ ¶ÊÎ± . „²Ö ÔÉµ° Í¥²¨ Ê¸±µ·ÖÕÉ ¨µ´Ò �+

2 ¨²¨ �−. ‚ ¶·µ¥±É¥ TRIUMF Ê¸±µ·ÖÕÉ¸Ö
¨µ´Ò �−, §¤¥¸Ó ³ £´¨É´µ¥ ¶µ²¥ µ£· ´¨Î¥´µ Ô²¥±É·¨Î¥¸±µ° ¤¨¸¸µÍ¨ Í¨¥° ¤ ´´ÒÌ ¨µ´µ¢
¢ ³ £´¨É´µ³ ¶µ²¥ ∼ 1 ’² [7].

ˆµ´Ò �+
2 µÉ²¨Î ÕÉ¸Ö ¡µ²¥¥ ¢Ò¸µ±µ° Ô´¥·£¨¥° ¸¢Ö§¨ ¨ ´¥ µ£· ´¨Î¨¢ ÕÉ ³ £´¨É´µ¥

¶µ²¥ Í¨±²µÉ·µ´ . �¤´ ±µ ¤²Ö ¶µ²ÊÎ¥´¨Ö ¶·µÉµ´µ¢ ¸ É·¥¡Ê¥³µ° Ô´¥·£¨¥° ¶·¨ Ê¸±µ·¥´¨¨
�+

2 ´¥µ¡Ìµ¤¨³µ ¶µ²ÊÎ ÉÓ ¢¥²¨Î¨´Ê Br ¢ ¤¢  · §  ¡µ²ÓÏÊÕ, Î¥³ ¶·¨ Ê¸±µ·¥´¨¨ ¶·µÉµ´µ¢.
„²Ö Ê¸±µ·¥´¨Ö ÔÉ¨Ì ¨µ´µ¢ Í¥²¥¸µµ¡· §´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¸¢¥·Ì¶·µ¢µ¤¨³µ¸ÉÓ.

5. ��‘—…’ �‘��‚�›• ����Œ…’��‚ “‘’���‚Šˆ
„‹Ÿ ��‡‹ˆ—�›• ‚…‹ˆ—ˆ� Š��…—�›• ��…�ƒˆ‰

�¡ÐÊÕ ±µ´¸É·Ê±Í¨Õ Í¨±²µÉ·µ´  ¶·¥¤¶µ² £ ¥³ É ±µ° ¦¥, ± ± · §· ¡µÉ ´ Ö Ë¨·³µ°
IBA (¸³. ·¨¸. 2). �´ ¸µ¸Éµ¨É ¨§ ³ £´¨É´µ° ¸¨¸É¥³Ò ¡·µ´¥¢µ£µ É¨¶  ¸ Í¨²¨´¤·¨Î¥¸±¨³¨
¶µ²Õ¸ ³¨ ¨ Î¥ÉÒ·Ó³Ö ¶ · ³¨ ¸¶¨· ²Ó´ÒÌ Ï¨³³, ±µÉµ·Ò¥ · ¸¶µ²µ¦¥´Ò ¸¨³³¥É·¨Î´µ
´  ¢¥·Ì´¥³ ¨ ´¨¦´¥³ ¶µ²Õ¸ Ì. „¢  Ê¸±µ·ÖÕÐ¨Ì ·¥§µ´ Éµ·  · ¸¶µ²µ¦¥´Ò ¢ ¤µ²¨´ Ì
Î¥·¥§ 180◦. ‚Ò¢µ¤´ Ö ¸¨¸É¥³  ¨ · §²¨Î´Ò¥ ¢¸¶µ³µ£ É¥²Ó´Ò¥ Ê¸É·µ°¸É¢  · ¸¶µ²µ¦¥´Ò
¶µ ¶¥·¨³¥É·Ê ¢ ±ÊÊ³´µ° ± ³¥·Ò Í¨±²µÉ·µ´ .

�¨¸. 2. �¡Ð¨° ¢¨¤ Í¨±²µÉ·µ´  Ë¨·³Ò IBA (Ô´¥·£¨Ö ¶·µÉµ´µ¢ 235 ŒÔ‚)
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�¨¦´ÖÖ £· ´¨Í  ·¥£Ê²¨·µ¢±¨ Ô´¥·£¨¨ ¶·µÉµ´´µ£µ ¶ÊÎ±  µ¶·¥¤¥²Ö¥É¸Ö ¢¥²¨Î¨´µ°
Ep ∼ 70 ŒÔ‚ (Ê¸²µ¢¨Ö ²¥Î¥´¨Ö £² § ). Œ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö ¶·µÉµ´µ¢ µ¶·¥¤¥²Ö¥É · §-
³¥·Ò ¢¸¥° Ê¸É ´µ¢±¨ ¨, ¸µµÉ¢¥É¸É¢¥´´µ, ¥¥ ¸Éµ¨³µ¸ÉÓ. ˆ§ µ¶ÒÉ  · ¡µÉÒ c ³¥¤¨Í¨´¸±¨³
¶ÊÎ±µ³ ¢ ‹Ÿ� �ˆŸˆ ¨§¢¥¸É´µ, ÎÉµ ¢ µ¸´µ¢´µ³ ¨¸¶µ²Ó§Ê¥É¸Ö ¶ÊÎµ± ¸ Ô´¥·£¨¥° ¶·µÉµ-
´µ¢ 160Ä190 ŒÔ‚. �´¥·£¨Ö ¶·µÉµ´µ¢ ¢ Ê¸±µ·¨É¥²ÖÌ ‘-235 ¨ ‘-250 Ê± § ´  ¢ É ¡². 2.
� ¸¸³µÉ·¨³ µ¸´µ¢´Ò¥ ¶ · ³¥É·Ò ¨§µÌ·µ´´ÒÌ Í¨±²µÉ·µ´µ¢, ´¥µ¡Ìµ¤¨³Ò¥ ¤²Ö ¶µ²ÊÎ¥´¨Ö
¶ÊÎ±  ¶·µÉµ´µ¢ ³ ²µ° ¨´É¥´¸¨¢´µ¸É¨ ¤²Ö ³¥¤¨Í¨´¸±¨Ì Í¥²¥° ¸ ³ ±¸¨³ ²Ó´Ò³ §´ Î¥´¨¥³
¨Ì Ô´¥·£¨¨ 160, 190 ¨ 230 ŒÔ‚.

‚Ò¡µ· ¶ · ³¥É·µ¢ ³ £´¨É´µ° ¸¨¸É¥³Ò ¶·µ¢µ¤¨²¸Ö ´  µ¸´µ¢¥ · ¸Î¥Éµ¢ ¶µ É·¥Ì³¥·´µ°
¶·µ£· ³³¥ Mermaid. �¨¦¥ ´  ·¨¸Ê´± Ì ¶·¨¢¥¤¥´Ò ¸É·Ê±ÉÊ·  ³ £´¨É  Í¨±²µÉ·µ´ , ·¥-
§Ê²ÓÉ ÉÒ · ¸Î¥É´µ£µ Ëµ·³¨·µ¢ ´¨Ö ¸·¥¤´¥£µ ³ £´¨É´µ£µ ¶µ²Ö Ê¸±µ·¨É¥²Ö ¤²Ö §´ Î¥´¨Ö
Ô´¥·£¨¨ 160 ŒÔ‚ ¨ ·¥§Ê²ÓÉ¨·ÊÕÐ¨° £· Ë¨± ¤²Ö É·¥Ì ¢Ò¡· ´´ÒÌ ¢¥²¨Î¨´ Ô´¥·£¨°.

�¨¸. 3. Š ·É  ¶µ²Ö ¢ R-Z-¸¥Î¥´¨¨ ¶·¨ φ = 0◦. �´¥·£¨Ö H− 160 ŒÔ‚

�¨¸. 4. Š ·É  ¶µ²Ö ¢ R-Z-¸¥Î¥´¨¨ ¶·¨ φ = 45◦. �´¥·£¨Ö H− 160 ŒÔ‚
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5120 ìì

1
7
8
0

ì
ì

�¨¸. 5. ‘É·Ê±ÉÊ·  ³ £´¨É  Í¨±²µÉ·µ´  ‘-160

�¨¸. 6. ’·¥Ì³¥·´ Ö ± ·É  ¶µ²Ö ¢ ³¥¤¨ ´´µ° ¶²µ¸±µ¸É¨ Í¨±²µÉ·µ´  ‘-160

� ¸¶·¥¤¥²¥´¨¥ ³ £´¨É´µ° ¨´¤Ê±Í¨¨ ¢ R-Z-¸¥Î¥´¨¨ ³ £´¨Éµ¶·µ¢µ¤  ¤²Ö Ê£²µ¢ φ = 0
¨ 45◦ (¢ µ¡² ¸É¨ Ìµ²³  ¨ ¤µ²¨´Ò) ¶µ± § ´µ ´  ·¨¸. 3 ¨ 4 ¸µµÉ¢¥É¸É¢¥´´µ. ‚¨¤´µ, ÎÉµ ¢
Í¥´É· ²Ó´µ° ¨ Ê£²µ¢µ° µ¡² ¸ÉÖÌ ¦¥²¥§µ ´¥ ´ ¸ÒÐ¥´µ.

‚Ò¡· ´´ Ö ±µ´Ë¨£Ê· Í¨Ö ³ £´¨É  ¶µ± § ´  ´  ·¨¸. 5. „²Ö ¤µ¸É¨¦¥´¨Ö  ±¸¨ ²Ó´µ°
Ê¸Éµ°Î¨¢µ¸É¨ ¢Ò¡· ´Ò ¸¶¨· ²Ó´Ò¥ Ï¨³³Ò ¸ Ê£²µ³ ´ ±²µ´  ´  ±µ´¥Î´µ³ · ¤¨Ê¸¥ 67, 5◦.
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�¨¸. 7. Š ·É  ¶µ²Ö ¢ ³¥¤¨ ´´µ° ¶²µ¸±µ¸É¨ Í¨±²µÉ·µ´  ‘-190

�¨¸. 8. � ¸Î¥É´ Ö (1) ¨ ¨§µÌ·µ´´ Ö (2) § ¢¨¸¨³µ¸É¨ ¸·¥¤´¥£µ ³ £´¨É´µ£µ ¶µ²Ö ¤²Ö Ô´¥·£¨¨ H−

160 ŒÔ‚. 3 Å ±µ´¥Î´Ò° · ¤¨Ê¸

Š ·É  ¶µ²Ö ¢ ³¥¤¨ ´´µ° ¶²µ¸±µ¸É¨ ¶µ± § ´  ´  ·¨¸. 6, 7. Œ ±¸¨³ ²Ó´ Ö ¢¥²¨Î¨´  ¶µ²Ö
¢Ò¡· ´  ¨§ Ê¸²µ¢¨° ³ ±¸¨³ ²Ó´µ° ¤¨¸¸µÍ¨ Í¨¨ H−-¨µ´µ¢, · ¢´µ° 10 %.

‡ ¢¨¸¨³µ¸É¨ ³ £´¨É´µ£µ ¶µ²Ö ¨ Ì · ±É¥·¨¸É¨±¨ Ê¸Éµ°Î¨¢µ¸É¨ ¤¢¨¦¥´¨Ö ¶·¨¢¥¤¥´Ò
´  ·¨¸. 8Ä11. ‚¨¤´µ, ÎÉµ ¨§µÌ·µ´´µ¥ ³ £´¨É´µ¥ ¶µ²¥ ¤µ²¦´µ ¡ÒÉÓ ¸Ëµ·³¨·µ¢ ´µ ¢ ¶·µ-
Í¥¸¸¥ ¶·µ¥±É¨·µ¢ ´¨Ö Ê¸É ´µ¢±¨. ‚Ò¡· ´´ Ö ±µ´Ë¨£Ê· Í¨Ö ¸¥±Éµ·´ÒÌ Ï¨³³ (Ê£²µ¢ Ö
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�¨¸. 9. � ¸Î¥É´Ò° (1) ¨ É·¥¡Ê¥³Ò° (2) Ë² ÉÉ¥·Ò ¤²Ö Ô´¥·£¨¨ Ê¸±µ·¥´¨Ö H− 160 ŒÔ‚. 3 Å

±µ´¥Î´Ò° · ¤¨Ê¸

�¨¸. 10. � ¸Î¥É´Ò¥ § ¢¨¸¨³µ¸É¨ Î ¸ÉµÉÒ · ¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨° (Qr) ¤²Ö Ô´¥·£¨¨ H− 160 ŒÔ‚

�¨¸. 11. � ¸Î¥É´Ò¥ § ¢¨¸¨³µ¸É¨ Î ¸ÉµÉÒ  ±¸¨ ²Ó´ÒÌ ±µ²¥¡ ´¨° (Qz) ¤²Ö Ô´¥·£¨¨ H− 160 ŒÔ‚
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¶·µÉÖ¦¥´´µ¸ÉÓ, ¸¶¨· ²Ó´µ¸ÉÓ ¨ § §µ· ³¥¦¤Ê ´¨³¨) É ±¦¥ ¶µÉ·¥¡Ê¥É ¤ ²Ó´¥°Ï¥£µ ÊÉµÎ-
´¥´¨Ö ¤²Ö ¤µ¸É¨¦¥´¨Ö  ±¸¨ ²Ó´µ° Ê¸Éµ°Î¨¢µ¸É¨ Î ¸É¨Í (0 < Qz < 0, 5) ¢µ ¢¸¥° µ¡² ¸É¨
¨Ì Ê¸±µ·¥´¨Ö. �¶ÒÉ ¸µ§¤ ´¨Ö  ´ ²µ£¨Î´ÒÌ Í¨±²µÉ·µ´µ¢ ¶µ± §Ò¢ ¥É, ÎÉµ µÉ³¥Î¥´´Ò¥
ÊÉµÎ´¥´¨Ö £¥µ³¥É·¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ ³ £´¨É´µ° ¸¨¸É¥³Ò ´¥ ¡Ê¤ÊÉ ¸ÊÐ¥¸É¢¥´´µ ¢²¨ÖÉÓ
´  Ê¸²µ¢¨Ö Ê¸Éµ°Î¨¢µ¸É¨ ¤¢¨¦¥´¨Ö.

�  ·¨¸. 12 ¶µ± § ´  § ¢¨¸¨³µ¸ÉÓ ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ �−-¨µ´µ¢ µÉ · ¤¨Ê¸  ¤²Ö
§ ¤ ´´µ£µ ¤¨ ¶ §µ´  ·¥£Ê²¨·µ¢±¨ Ô´¥·£¨¨.

�¨¸. 12. ‡ ¢¨¸¨³µ¸ÉÓ ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ H−-¨µ´µ¢ µÉ · ¤¨Ê¸ 

� ¸¶µ²µ¦¥´¨¥ µ·¡¨É Ê¸±µ·¥´´µ£µ ¶ÊÎ±  ¢ Í¥´É·¥ ¨ ´  ±µ´¥Î´ÒÌ · ¤¨Ê¸ Ì Í¨±²µÉ·µ´ 
¶µ± § ´µ ´  ·¨¸. 13, 14. ˜ £ ¶µ · ¤¨Ê¸Ê ¢ Í¥´É·¥ ¸µ¸É ¢²Ö¥É ∼ 40 ³³, ¸²¥¤µ¢ É¥²Ó´µ,
· ¸¶µ² £ Ö §¤¥¸Ó Ð¥²¥¢ÊÕ µ¶É¨±Ê, ³µ¦´µ ·¥£Ê²¨·µ¢ ÉÓ ¨´É¥´¸¨¢´µ¸ÉÓ ¶ÊÎ±  ´  ¢ÒÌµ¤¥.
�  ±µ´¥Î´ÒÌ · ¤¨Ê¸ Ì Ï £ ¶ÊÎ±  ¸µ¸É ¢²Ö¥É ∼ 2 ³³.

�¨¸. 13. � ¸¶µ²µ¦¥´¨¥ µ·¡¨É Ê¸±µ·¥´-
´µ£µ ¶ÊÎ±  (µ±·Ê¦´µ¸É¨) ¢ Í¥´É· ²Ó-

´µ° µ¡² ¸É¨ ¤²Ö 1, 2, 3,. . . µ¡µ·µÉµ¢

�¨¸. 14. � ¸¶µ²µ¦¥´¨¥ µ·¡¨É Ê¸±µ·¥´-
´µ£µ ¶ÊÎ±  (µ±·Ê¦´µ¸É¨) ¢ µ¡² ¸É¨ ¢Ò-

¢µ¤ 

‚ É ¡². 3 ¶·¨¢¥¤¥´Ò µ¡Ð¨¥ ¶ · ³¥É·Ò  ´ ²¨§¨·Ê¥³ÒÌ Í¨±²µÉ·µ´µ¢,   ¢ É ¡². 4 Å
§ ¢¨¸¨³µ¸É¨ ¶ · ³¥É·µ¢ µÉ ³ ±¸¨³ ²Ó´µ£µ §´ Î¥´¨Ö Ô´¥·£¨¨ ¶·µÉµ´µ¢. �É¨ ¦¥ ¶ · ³¥É·Ò
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¶µ± § ´Ò ´  ·¨¸. 15 ¢ ¢¨¤¥ £· Ë¨±µ¢. ‚¨¤´µ, ÎÉµ Ê¢¥²¨Î¥´¨¥ ³ ±¸¨³ ²Ó´µ£µ §´ Î¥´¨Ö
Ô´¥·£¨¨ H−-¨µ´µ¢ ¸µ 190 ¤µ 230 ŒÔ‚ ¶·¨¢µ¤¨É ± §´ Î¨É¥²Ó´µ³Ê Ê¢¥²¨Î¥´¨Õ · §³¥·µ¢
³ £´¨É , ¸µµÉ¢¥É¸É¢¥´´µ, ¨ ¸Éµ¨³µ¸É¨ Ê¸É ´µ¢±¨.

’ ¡²¨Í  3. �¡Ð¨¥ ¶ · ³¥É·Ò Í¨±²µÉ·µ´µ¢ ¤²Ö Ê¸±µ·¥´¨Ö H−-¨µ´µ¢

”² ÉÉ¥· ³ £´¨É´µ£µ ¶µ²Ö 0Ä0,02

„¨¸¸µÍ¨ Í¨Ö ´  ³ £´¨É´µ³ ¶µ²¥, % 10

—¨¸²µ ¤Ê ´Éµ¢ 2

ƒ ·³µ´¨±  ‚— 2

“£²µ¢µ° · §³¥· ¤Ê ´É , ◦ 80

� ¶·Ö¦¥´¨¥ ´  ¤Ê ´É¥, ±‚ 100

‡ §µ· ¢ Ìµ²³¥, ³³ 140

‡ §µ· ¢ ¤µ²¨´¥, ³³ 380

“£µ² ¸¶¨· ²¨, ◦ 0Ä67,5

’ ¡²¨Í  4. �¸´µ¢´Ò¥ ¶ · ³¥É·Ò Í¨±²µÉ·µ´µ¢ ¤²Ö Ê¸±µ·¥´¨Ö H−-¨µ´µ¢

� · ³¥É·Ò
Œ ±¸¨³ ²Ó´µ¥ §´ Î¥´¨¥ Ô´¥·£¨¨ ¶·µÉµ´µ¢, ŒÔ‚

160 190 230

�µ²¥ ¢ Í¥´É·¥, ’² 0,9 0,769 0,643

Šµ²¨Î¥¸É¢µ µ¡µ·µÉµ¢ 406 482 584

� ¤¨Ê¸ ¢Ò¢µ¤ , ¸³ 180,8 226,1 290,3

— ¸ÉµÉ  ‚—, ŒƒÍ 27,4112 23,4284 19,5794

ƒ ¡ ·¨ÉÒ, ¸³ 512 × 178 624 × 198 780 × 228

�µÉ·¥¡²Ö¥³ Ö ³µÐ´µ¸ÉÓ, ±‚É 96 117 147

Œ ¸¸  ³ £´¨É , É 247 257 444

�¨¸. 15. ‡ ¢¨¸¨³µ¸É¨ Ì · ±É¥·¨¸É¨± Í¨±²µÉ·µ´  µÉ ±µ´¥Î´µ° Ô´¥·£¨¨ H−-¨µ´µ¢: 1 Å ¢¥²¨Î¨´ 

³ £´¨É´µ£µ ¶µ²Ö ¢ Í¥´É·¥ Í¨±²µÉ·µ´ , ³’²; 2 Å Î¨¸²µ µ¡µ·µÉµ¢; 3 Å ¤¨ ³¥É· ¶µ²Õ¸  ³ £´¨É ,
¸³; 4 Å ³ ¸¸  ³ £´¨É , É
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‡�Š‹	—…�ˆ…

‚ · ¡µÉ¥ ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¶·¥¤¢ ·¨É¥²Ó´µ£µ  ´ ²¨§  ¶·¨³¥´¥´¨Ö Í¨±²µÉ·µ´ 
¸ ·¥£Ê²¨·Ê¥³µ° Ô´¥·£¨¥° ¤²Ö £¥´¥· Í¨¨ ¶·µÉµ´´ÒÌ ³¥¤¨Í¨´¸±¨Ì ¶ÊÎ±µ¢. ‘ ÔÉµ° Í¥²ÓÕ
µ¶É¨³ ²Ó´µ ¨¸¶µ²Ó§µ¢ ÉÓ Í¨±²µÉ·µ´ ¨ Ê¸±µ·ÖÉÓ H−-¨µ´Ò ¤µ ³ ±¸¨³ ²Ó´µ£µ §´ Î¥´¨Ö
Ô´¥·£¨¨ ∼190 ŒÔ‚. �¥·¥³¥Ð¥´¨¥³ µ¡¤¨·µÎ´µ° Ëµ²Ó£¨ ¢ ¤¨ ¶ §µ´¥ · ¤¨Ê¸µ¢ 1,26Ä
1,82 ³ ¢Ò¢µ¤¨É¸Ö ¶ÊÎµ± ¶·µÉµ´µ¢ ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° 70Ä190 ŒÔ‚. ˆ§¢¥¸É´µ, ÎÉµ
Ô²¥±É·¨Î¥¸± Ö ¤¨¸¸µÍ¨ Í¨Ö H−-¨µ´µ¢ ´ ±² ¤Ò¢ ¥É µ£· ´¨Î¥´¨Ö ´  ¢¥²¨Î¨´Ê ³ £´¨É´µ£µ
¶µ²Ö ¢µ ¢¸¥° §µ´¥ Ê¸±µ·¥´¨Ö B � 1, 1 ’². „²Ö ¤µ¸É¨¦¥´¨Ö § ¤ ´´µ° ¦¥¸É±µ¸É¨ ³ £´¨É-
´µ° ¸¨¸É¥³Ò (Br) · ¤¨Ê¸ ³ £´¨É  (¨ ¸µµÉ¢¥É¸É¢¥´´µ ¥£µ ³ ¸¸ ) Ê¢¥²¨Î¥´ ¶µ ¸· ¢´¥´¨Õ ¸
¶·µÉµ´´Ò³ Í¨±²µÉ·µ´µ³. ‚ Éµ ¦¥ ¢·¥³Ö ¢ ´ Ï¥³ ¸²ÊÎ ¥ Ê³¥´ÓÏ ¥É¸Ö ³µÐ´µ¸ÉÓ, ¶µÉ·¥-
¡²Ö¥³ Ö ³ £´¨Éµ³. Š·µ³¥ Éµ£µ, ¡µ²ÓÏµ° · ¤¨ ²Ó´Ò° Ï £ ¶ÊÎ±  ¶µ§¢µ²¨É ¶µ¸·¥¤¸É¢µ³
¢Ò¡µ·  Í¥´É· ²Ó´µ° Ð¥²¥¢µ° µ¶É¨±¨ ¶µ²ÊÎ¨ÉÓ ¶ÊÎµ± Ìµ·µÏ¥£µ ± Î¥¸É¢ ,   ´  ±µ´¥Î-
´ÒÌ · ¤¨Ê¸ Ì ¶² ¢´µ¥ ¶¥·¥³¥Ð¥´¨¥ µ¡¤¨·µÎ´µ° ³¨Ï¥´¨ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ µ¶¥· É¨¢´µ£µ
¸± ´¨·µ¢ ´¨Ö ¶ÊÎ±µ³ Ô´¥·£¨¨.
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