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� ¸¸³ É·¨¢ ¥É¸Ö § ¤ Î  Ëμ·³¨·μ¢ ´¨Ö ¶μ²¥° ¨§²ÊÎ¥´¨Ö § ¤ ´´μ° μ¤´μ·μ¤´μ¸É¨ ¨ · §³¥· .
�·¥¤¸É ¢²¥´´Ò¥  ²£μ·¨É³Ò ¸¢μ¤ÖÉ ± ³¨´¨³Ê³Ê ·¥¸Ê·¸μ¥³±¨¥ ¢ÒÎ¨¸²¨É¥²Ó´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¸
¶·¨³¥´¥´¨¥³ ³¥Éμ¤μ¢ Œμ´É¥-Š ·²μ. �·¨¢μ¤ÖÉ¸Ö · ¸Î¥É´Ò¥ ¶ · ³¥É·Ò ¸¨¸É¥³, ¶·¥¤´ §´ Î¥´´ÒÌ
¤²Ö · ¡μÉÒ ¸ ¶ÊÎ±μ³ ³¥É·μ²μ£¨Î¥¸±μ£μ Ê¸±μ·¨É¥²Ö “�‹5/20.

The problem of forming radiation ˇelds of preset uniformity and size is considered. Algorithms
given in the report reduce Monte-Carlo based resource-intensive simulations to a minimum. Design
parameters of systems intended for operation with the beam of the UEL5/20 metrological accelerator
are presented.

PACS: 41.60.−m
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�·¨ · §· ¡μÉ±¥ Ô²¥±É·μ´´ÒÌ Ê¸±μ·¨É¥²¥° ¶·¨±² ¤´μ£μ ´ §´ Î¥´¨Ö Î ¸Éμ ¢μ§´¨± ¥É
§ ¤ Î  Ëμ·³¨·μ¢ ´¨Ö Ï¨·μ±¨Ì ¶μ²¥° ¨§²ÊÎ¥´¨Ö. „²Ö ¶μ²ÊÎ¥´¨Ö ´¥μ¡Ìμ¤¨³μ° μ¤´μ·μ¤-
´μ¸É¨ ¶μ¶¥·¥Î´ÒÌ · ¸¶·¥¤¥²¥´¨° ¶μ²Ö ¢  ±É¨¢´ÒÌ ¸¨¸É¥³ Ì ¨¸¶μ²Ó§Ê¥É¸Ö ¸± ´¨·μ¢ ´¨¥,
±·Ê£μ¢μ¥ ± Î ´¨¥ ¶ÊÎ± , ·¥¦¥ ´¥²¨´¥°´μ¥ ¶·¥μ¡· §μ¢ ´¨¥ ¥£μ ¶μ¶¥·¥Î´μ£μ ¸¥Î¥´¨Ö ¸É -
É¨Î¥¸±¨³¨ ³ £´¨É´Ò³¨ ¶μ²Ö³¨ ¸¥±¸ÉÊ¶μ²¥° ¨ μ±ÉÊ¶μ²¥°. ‚ ¶ ¸¸¨¢´ÒÌ ¸¨¸É¥³ Ì ¶¥·-
¢¨Î´Ò° ¶μÉμ± ¨§²ÊÎ¥´¨Ö ¶·μÌμ¤¨É ´¥¸±μ²Ó±μ ¶·μË¨²¨·μ¢ ´´ÒÌ · ¸¸¥¨¢ É¥²¥° ¨ (¨²¨)
¶μ£²μÉ¨É¥²¥°. ’μÎ´μ¥ μ¶·¥¤¥²¥´¨¥ μ¶É¨³ ²Ó´μ° Ëμ·³Ò ÔÉ¨Ì Ô²¥³¥´Éμ¢ Å ¸²μ¦´ Ö ³´μ-
£μË ±Éμ·´ Ö § ¤ Î , ±μÉμ· Ö ·¥Ï ¥É¸Ö ¸·¥¤¸É¢ ³¨ ´ ÉÊ·´μ£μ ¨ ¢ÒÎ¨¸²¨É¥²Ó´μ£μ Ô±¸¶¥-
·¨³¥´É . ‘É ´¤ ·É´Ò³ ¨´¸É·Ê³¥´Éμ³ ¢ÒÎ¨¸²¨É¥²Ó´μ£μ Ô±¸¶¥·¨³¥´É  ¢ ¶μ¸²¥¤´¨¥ £μ¤Ò
¸É ²¨ ¶·μ£· ³³´Ò¥ ±μ³¶²¥±¸Ò É¨¶  Fluka, Geant4. Š ¸μ¦ ²¥´¨Õ,  ±±Ê· É´μ¥ ³μ¤¥²¨-
·μ¢ ´¨¥ ´¥μ¡Ìμ¤¨³ÒÌ Ë¨§¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢ ¸ ¶μ³μÐÓÕ ÔÉ¨Ì ¶·μ£· ³³ § ´¨³ ¥É ³´μ£μ
¢·¥³¥´¨ ¨ É·¥¡Ê¥É ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ ³μÐ´μ¸É¥°. „²Ö ¸μ±· Ð¥´¨Ö ±μ²¨-
Î¥¸É¢  ¡μ²ÓÏ¨Ì ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢ · §· ¡μÉ ´Ò  ²£μ·¨É³Ò, ¶·¥¤¸É ¢²¥´´Ò¥
´¨¦¥. �²£μ·¨É³Ò  ¤ ¶É¨·μ¢ ´Ò ¶μ¤ ±μ´¸É·Ê±É¨¢´Ò¥ μ¸μ¡¥´´μ¸É¨ · ¤¨ Í¨μ´´μ° £μ²μ¢±¨
³¥É·μ²μ£¨Î¥¸±μ£μ Ê¸±μ·¨É¥²Ö “�‹5/20 [1].

1E-mail: zuev@luts.niiefa.spb.su
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„²Ö Ëμ·³¨·μ¢ ´¨Ö ¶μ²¥° Ô²¥±É·μ´´μ£μ ¨§²ÊÎ¥´¨Ö · §´ÒÌ Ô´¥·£¨° ¢ · ¤¨ Í¨μ´´μ°
£μ²μ¢±¥ Ê¸É ´ ¢²¨¢ ÕÉ¸Ö ¸³¥´´Ò¥ ¡²μ±¨, ¸μ¤¥·¦ Ð¨¥ ¶¥·¢¨Î´Ò° ±μ´Ê¸´Ò° ±μ²²¨³ Éμ·
¨§  ²Õ³¨´¨Ö ¨ ¶ ·Ê Ëμ²Ó£: · ¸¸¥¨¢ ÕÐÊÕ ¨§ É ´É ²  ¨ ±μ³¶¥´¸¨·ÊÕÐÊÕ ¨§  ²Õ³¨´¨Ö.

�¨¸. 1. ‘¨¸É¥³  Ëμ·³¨·μ¢ ´¨Ö ¶μ²Ö

Ô²¥±É·μ´´μ£μ ¨§²ÊÎ¥´¨Ö: 1 Å · ¸¸¥¨-

¢ ÕÐ Ö Ëμ²Ó£ ; 2 Å ±μ³¶¥´¸¨·ÊÕÐ Ö
Ëμ²Ó£ ; 3 Å ±μ²²¨³ Éμ·; 4 Å Ëμ²Ó£ 

¢Ò¶Ê¸±´μ£μ μ±´  Ê¸±μ·¨É¥²Ö

‘Ì¥³ É¨Î¥¸±μ¥ ¨§μ¡· ¦¥´¨¥ ¨ μ¸´μ¢´Ò¥ £¥μ³¥É·¨-
Î¥¸±¨¥ ¶ · ³¥É·Ò ¸¨¸É¥³Ò ¶μ± § ´Ò ´  ·¨¸. 1. ˆ¸-
Ìμ¤´Ò¥ ¤ ´´Ò¥ ¤²Ö · ¸Î¥É : 1) · ¸¶·¥¤¥²¥´¨¥ Ô²¥±-
É·μ´μ¢ ¢ Ï¥¸É¨³¥·´μ³ Ë §μ¢μ³ ¶·μ¸É· ´¸É¢¥ ¢ ³μ-
³¥´É ¨Ì ¶ ¤¥´¨Ö ´  Ëμ²Ó£Ê ¢Ò¶Ê¸±´μ£μ μ±´ ; 2) £¥μ-
³¥É·¨Î¥¸±¨¥ ¶ · ³¥É·Ò ¸¨¸É¥³Ò: Rw, P , H , L1,
L2; 3) ¤μ¶Ê¸É¨³μ¥ §´ Î¥´¨¥ ±μÔËË¨Í¨¥´É  ´¥μ¤´μ-
·μ¤´μ¸É¨ ¶μ²Ö

Kf =
(

Φmax

Φmin
− 1

)
· 100 %, (1)

£¤¥ Φmax, Φmin Å ³ ±¸¨³ ²Ó´μ¥ ¨ ³¨´¨³ ²Ó´μ¥
§´ Î¥´¨¥ Ë²Õ¥´¸  Φ(r, z) ¢ · ¡μÎ¥° μ¡² ¸É¨ ¶μ²Ö:
z = zw, r � Rw.

‚Ò¡μ· Éμ²Ð¨´Ò · ¸¸¥¨¢ ÕÐ¥° Ëμ²Ó£¨ t μ¸Ê-
Ð¥¸É¢²Ö¥É¸Ö ¨§ Ê¸²μ¢¨Ö ³¨´¨³ ²Ó´μ° ¤¥£· ¤ Í¨¨
¸¶¥±É·  Ô²¥±É·μ´μ¢ [2]: Rw

∼= R0,6, £¤¥ R0,6 Å · -
¤¨ ²Ó´Ò° · §³¥· ´¥¢Ò·μ¢´¥´´μ£μ (Ëμ·³¨·Ê¥³μ£μ
Éμ²Ó±μ · ¸¸¥¨¢ ÕÐ¥° Ëμ²Ó£μ°) ¶μ²Ö, ¢ ¶·¥¤¥² Ì
±μÉμ·μ£μ Φ(r, zw)/Φ(0, zw) � 0,6. „²Ö  ±±Ê· É´μ°
μÍ¥´±¨ Éμ²Ð¨´Ò · ¸¸¥¨¢ ÕÐ¥° Ëμ²Ó£¨ É·¥¡Ê¥É¸Ö
´¥ ¡μ²¥¥ ¤¢ÊÌ · ¸Î¥Éμ¢ ¸¨¸É¥³Ò ¸·¥¤¸É¢ ³¨ Geant4.

�¥§Ê²ÓÉ ÉÒ ¶·μ¢¥¤¥´´μ£μ ¢ÒÎ¨¸²¨É¥²Ó´μ£μ Ô±¸-
¶¥·¨³¥´É  ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö μ¶·¥¤¥²¥´¨Ö  ¶¥·ÉÊ·Ò
¶¥·¢¨Î´μ£μ ±μ²²¨³ Éμ· . Šμ´ÉÊ· ¶·μ²¥É´μ£μ μÉ¢¥·-
¸É¨Ö § ¤ ¥É¸Ö · ¤¨ ²Ó´Ò³ ¶μ²μ¦¥´¨¥³ ÉμÎ¥± �, ‚,
‘ ¨ D, μÉ³¥Î¥´´ÒÌ ´  ·¨¸. 1: RA = R0,05(z1)+ΔA,
RB = R0,05(z2) + ΔB, RD = Rw + ΔD. � ¤¨Ê¸ RC ¸μμÉ¢¥É¸É¢Ê¥É ¶¥·¥¸¥Î¥´¨Õ
μ¡· §ÊÕÐ¥° BD ¸ ¶²μ¸±μ¸ÉÓÕ z3. • · ±É¥·´Ò¥ §´ Î¥´¨Ö ±μ´¸É·Ê±É¨¢´ÒÌ ¶·¨¶Ê¸±μ¢:
ΔA = ΔB

∼= 2 ³³, ΔD
∼= 10 ³³. �μ ·¥§Ê²ÓÉ É ³ ÔÉμ£μ ¦¥ ³μ¤¥²¨·μ¢ ´¨Ö ¢ÒÎ¨¸²ÖÕÉ¸Ö

¸·¥¤´¥¸É É¨¸É¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ ¶μÉμ±  Ô²¥±É·μ´μ¢, ¶ ¤ ÕÐ¥£μ ´  ±μ³¶¥´¸¨·ÊÕ-
ÐÊÕ Ëμ²Ó£Ê: rRMS =

√
〈r2〉, αRMS =

√
〈α2〉 ¨ 〈rα〉, £¤¥ r Å · ¤¨ ²Ó´μ¥ ¶μ²μ¦¥´¨¥

Î ¸É¨ÍÒ μÉ´μ¸¨É¥²Ó´μ μ¸¨ ¸¨¸É¥³Ò, α Å Ê£μ² ´ ±²μ´  É· ¥±Éμ·¨¨.
�·μË¨²Ó ±μ³¶¥´¸¨·ÊÕÐ¥° Ëμ²Ó£¨ (Éμ²Ð¨´  h ± ± ËÊ´±Í¨Ö · ¤¨Ê¸  r′) μ¶¨¸Ò¢ ¥É¸Ö

 ´ ²¨É¨Î¥¸±¨³ ¢Ò· ¦¥´¨¥³ ¢¨¤ 

h(r′) = Hp + H exp
(
− r′2

R2
Ω

)
,

£¤¥ Hp Å Éμ²Ð¨´  μ¸´μ¢ ´¨Ö (¶μ¤²μ¦±¨); Hp + H Å ³ ±¸¨³ ²Ó´ Ö Éμ²Ð¨´  Ëμ²Ó£¨
(¢ Í¥´É·¥); RΩ Å ¶ · ³¥É· Ëμ·³Ò ¶·μË¨²Ö. „²Ö ¶μ¨¸±  μ¶É¨³ ²Ó´ÒÌ §´ Î¥´¨° H
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¨ RΩ (Hp Ë¨±¸¨·μ¢ ´μ) ¨¸¶μ²Ó§Ê¥É¸Ö ¨§¢¥¸É´μ¥ ¨´É¥£· ²Ó´μ¥ ¶·¥¤¸É ¢²¥´¨¥ Ë²Õ¥´¸ 

Φ(r, zw) =
2

πM2r2
RMS

umax∫
0

exp (−u2)
g(u)

exp
(
−u2 + x2

g(u)

)
I0

(
2ux

g(u)

)
u du, (2)

¶μ²ÊÎ¥´´μ¥ ¢ · ³± Ì ³ ²μÊ£²μ¢μ£μ ¶·¨¡²¨¦¥´¨Ö [3]. �·¨ § ¶¨¸¨ ¨´É¥£· ²  ¨¸¶μ²Ó§μ-
¢ ´Ò ¸²¥¤ÊÕÐ¨¥ μ¡μ§´ Î¥´¨Ö: x = r/(MrRMS) Å ´μ·³¨·μ¢ ´´ Ö ±μμ·¤¨´ É  ÉμÎ±¨
´ ¡²Õ¤¥´¨Ö, u = r′/rRMS Å ¶¥·¥³¥´´ Ö ¨´É¥£·¨·μ¢ ´¨Ö (´μ·³¨·μ¢ ´´μ¥ · ¤¨ ²Ó´μ¥
¶μ²μ¦¥´¨¥ ÉμÎ¥± ´  ¶²μ¸±μ¸É¨ z = z2), umax = RB/rRMS, M = 1 + P 〈rα〉/r2

RMS, I0 Å
³μ¤¨Ë¨Í¨·μ¢ ´´ Ö ËÊ´±Í¨Ö 	¥¸¸¥²Ö,

g(u) ≡ g

(
r′

rRMS

)
=

P 2

M2r2
RMS

{
α2

RMS + θ2
RMS(r

′) +
TairP

3

}
.

‚¥²¨Î¨´  θRMS(r′) ¨³¥¥É ¸³Ò¸² ¸·¥¤´¥±¢ ¤· É¨Î´μ£μ Ê£²μ¢μ£μ · ¸¸¥Ö´¨Ö ÉμÎ¥Î´μ£μ ¶ÊÎ-
±  Ô²¥±É·μ´μ¢ ¶·¨ ¶·μÌμ¦¤¥´¨¨ Ëμ²Ó£¨ Éμ²Ð¨´μ° h(r′) ¨ ¢ ´ Ï¥° ³μ¤¥²¨ μÍ¥´¨¢ ¥É¸Ö
μ¡μ¡Ð¥´´μ° Ëμ·³Ê²μ° • °² ´¤  [4]:

θ2
RMS(r′) = 2 · 13,62

E1E2

h(r′)
L0

{
1 + 0,038 ln

h(r′)
L0

}2

,

£¤¥ E2 = E1 −Sfoilh(r′); E1 Å ¸·¥¤´ÖÖ ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ¶ ¤ ÕÐ¨Ì ´  Ëμ²Ó£Ê Ô²¥±-
É·μ´μ¢ (¢ ŒÔ‚); L0 Å · ¤¨ Í¨μ´´ Ö ¤²¨´  ¶·μ¡¥£  Ô²¥±É·μ´μ¢ ¢ ³ É¥·¨ ²¥ Ëμ²Ó£¨ ¸ Éμ·-
³μ§´μ° ¸¶μ¸μ¡´μ¸ÉÓÕ Sfoil. ”μ·³Ê²  • °² ´¤  ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ¶ · ³¥É· ³¨ ¸·¥¤Ò
¨¸¶μ²Ó§Ê¥É¸Ö ¨ ¤²Ö μÍ¥´±¨ · ¸¸¥¨¢ ÕÐ¥° ¸¶μ¸μ¡´μ¸É¨ Tair ¢μ§¤ÊÌ . ˆ´É¥£· ² (2) § ³¥´Ö-
¥É¸Ö ±μ´¥Î´μ° ¸Ê³³μ° ¨ ¢ÒÎ¨¸²Ö¥É¸Ö ¸É ´¤ ·É´Ò³ ¸¶μ¸μ¡μ³ ¤²Ö Ë¨±¸¨·μ¢ ´´μ£μ ´ ¡μ· 
ÉμÎ¥± ´ ¡²Õ¤¥´¨Ö ¸ ±μμ·¤¨´ É ³¨ (ri, zw), ²¥¦ Ð¨³¨ ¢ · ¡μÎ¥° μ¡² ¸É¨ ¶μ²Ö. ˆ§-§ 
´¥§´ Î¨É¥²Ó´ÒÌ § É· É ¢·¥³¥´¨ ´  ¨´É¥£·¨·μ¢ ´¨¥ ¢ ·Ó¨·Ê¥³Ò¥ ¶ · ³¥É·Ò Ëμ²Ó£¨ ¨§-
³¥´ÖÕÉ¸Ö ¢ ¶·¥¤¥² Ì § ¤ ´´μ£μ ¨´É¥·¢ ² : Hmin � H � Hmax ¨ RΩ min � RΩ � RΩ max

¸ ³ ²Ò³ Ï £μ³. �¶É¨³ ²Ó´ Ö ¶ ·  H ¨ RΩ μÉ¡¨· ¥É¸Ö ¶μ ³¨´¨³Ê³Ê ±μÔËË¨Í¨¥´É 
´¥μ¤´μ·μ¤´μ¸É¨ (1), §´ Î¥´¨¥ ±μÉμ·μ£μ ¶¥·¥¶·μ¢¥·Ö¥É¸Ö ¶μ²´μ³ ¸ÏÉ ¡´Ò³ ³μ¤¥²¨·μ-
¢ ´¨¥³ ¸¨¸É¥³Ò ¸·¥¤¸É¢ ³¨ ¶ ±¥É  Geant4. �μ²ÊÎ ¥³Ò¥ ¶μ · §´Ò³ ³μ¤¥²Ö³ §´ Î¥´¨Ö
Kf · §²¨Î ÕÉ¸Ö ´  2Ä5%, ÎÉμ μ¡Ê¸²μ¢²¥´μ ¶·¨¡²¨¦¥´´Ò³ Ì · ±É¥·μ³ ³μ¤¥²¨ (2) ¨
μ£· ´¨Î¥´´μ° ¸É É¨¸É¨±μ° ¢ÒÎ¨¸²¥´¨° ¢ Geant4. ƒ¥μ³¥É·¨Î¥¸±¨¥ ¶ · ³¥É·Ò ±μ³¶¥´¸¨-
·ÊÕÐ¥° Ëμ²Ó£¨, ¶μ²ÊÎ¥´´Ò¥ ¶μ É ±μ° ³¥Éμ¤¨±¥ ¤²Ö · ¡μÉÒ ¸ ¶ÊÎ±μ³ ³¥É·μ²μ£¨Î¥¸±μ£μ
Ê¸±μ·¨É¥²Ö “�‹5/20, ¶·¨¢¥¤¥´Ò ¢ É ¡²¨Í¥.

ƒ¥μ³¥É·¨Î¥¸±¨¥ ¶ · ³¥É·Ò · ¸¸¥¨¢ ÕÐ¥° ¨ ±μ³¶¥´¸¨·ÊÕÐ¥° Ëμ²Ó£¨ ¢ § ¢¨¸¨³μ¸É¨ μÉ
Ô´¥·£¨¨ Ô²¥±É·μ´μ¢ E1

� · ³¥É·
E1, ŒÔ‚

5 8 11 14 17 20

H , ³³ 3,5 3,5 2,0 2,2 2,8 3,0
RΩ, ³³ 6,0 4,5 5,0 5,0 4,9 4,8
t, ³±³ Å Å 15,0 30,0 45,0 60,0
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„²Ö Ëμ·³¨·μ¢ ´¨Ö ¶μ²¥° Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö ¸ · §´μ° £· ´¨Î´μ° Ô´¥·£¨¥° ¢ · -
¤¨ Í¨μ´´μ° £μ²μ¢±¥ Ê¸±μ·¨É¥²Ö ¶·¥¤Ê¸³μÉ·¥´  ¸¨¸É¥³  ¸³¥´´ÒÌ ¡²μ±μ¢, ¢±²ÕÎ ÕÐ¨Ì
±μ´¢¥·¸¨μ´´ÊÕ ³¨Ï¥´Ó ¨§ ¸¶² ¢  ¢μ²ÓË· ³  ¨ ·¥´¨Ö, ¶¥·¢¨Î´Ò° ±μ´Ê¸´Ò° ±μ²²¨³ -
Éμ· ¨§ ¸¶² ¢  ‚�„ ¨ ³¥¤´Ò° ¢Ò· ¢´¨¢ ÕÐ¨° Ë¨²ÓÉ·. ‘Ì¥³ É¨Î¥¸±μ¥ ¨§μ¡· ¦¥´¨¥ ¨
μ¸´μ¢´Ò¥ £¥μ³¥É·¨Î¥¸±¨¥ ¶ · ³¥É·Ò ¸¨¸É¥³Ò ¶μ± § ´Ò ´  ·¨¸. 2. ˆ¸Ìμ¤´Ò¥ ¤ ´´Ò¥ ¤²Ö
· ¸Î¥É : 1) · ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·μ´μ¢ ¢ Ï¥¸É¨³¥·´μ³ Ë §μ¢μ³ ¶·μ¸É· ´¸É¢¥ ¢ ³μ³¥´É ¨Ì
¶ ¤¥´¨Ö ´  Ëμ²Ó£Ê ¢Ò¶Ê¸±´μ£μ μ±´ ; 2) £¥μ³¥É·¨Î¥¸±¨¥ ¶ · ³¥É·Ò ¸¨¸É¥³Ò: Rw, H , P ,

�¨¸. 2. ‘¨¸É¥³  Ëμ·³¨·μ¢ ´¨Ö

¶μ²Ö Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö: 1 Å
±μ´¢¥·¸¨μ´´ Ö ³¨Ï¥´Ó; 2 Å ¢Ò· ¢-

´¨¢ ÕÐ¨° Ë¨²ÓÉ·; 3 Å ±μ²²¨³ -
Éμ·; 4 Å Ëμ²Ó£  ¢Ò¶Ê¸±´μ£μ μ±´ 

Ê¸±μ·¨É¥²Ö

L1, L2; 3) ¤μ¶Ê¸É¨³μ¥ §´ Î¥´¨¥ ±μÔËË¨Í¨¥´É  ´¥μ¤-
´μ·μ¤´μ¸É¨ ¶μ²Ö (1).

‚Ò¡μ· Éμ²Ð¨´Ò ±μ´¢¥·¸¨μ´´μ° ³¨Ï¥´¨ htarg μ¸Ê-
Ð¥¸É¢²Ö¥É¸Ö ¨§ Ê¸²μ¢¨Ö ³ ±¸¨³ ²Ó´μ£μ ¢ÒÌμ¤  Éμ·-
³μ§´μ£μ ¨§²ÊÎ¥´¨Ö ¢ ´ ¶· ¢²¥´¨¨ · ¡μÎ¥° μ¡² ¸É¨
¶μ²Ö [5]: htarg

∼= (0,4Ä0,5)Rcsda, £¤¥ Rcsda Å ¸·¥¤-
´¨° ¶·μ¡¥£ Ô²¥±É·μ´μ¢ ¢ ³ É¥·¨ ²¥ ³¨Ï¥´¨, ¢ÒÎ¨¸²Ö-
¥³Ò° ¢ ¶·¨¡²¨¦¥´¨¨ ´¥¶·¥·Ò¢´μ£μ § ³¥¤²¥´¨Ö. „²Ö
μ¡¥¸¶¥Î¥´¨Ö É¥¶²μ¢μ£μ ·¥¦¨³  ³¨Ï¥´¨ ¨ É·¥¡Ê¥³μ°
Î¨¸ÉμÉÒ ¶μ²Ö ¨§²ÊÎ¥´¨Ö ¸²μ° ¢μ²ÓË· ³  ³μ¦¥É ¤μ¶μ²-
´ÖÉÓ¸Ö ¸²μ¥³ ³¥¤¨, ¢ ÔÉμ³ ¸²ÊÎ ¥ ¶μ²´ Ö Éμ²Ð¨´  ³¨-
Ï¥´¨ ÊÉμÎ´Ö¥É¸Ö ¸·¥¤¸É¢ ³¨ Geant4. �¶¥·ÉÊ·  ±μ´Ê¸-
´μ£μ ±μ²²¨³ Éμ·  μ¶·¥¤¥²Ö¥É¸Ö · §³¥·μ³ Ô²¥±É·μ´-
´μ£μ ¶ÊÎ±  ´  ±μ´¢¥·¸¨μ´´μ° ³¨Ï¥´¨, ¸ μ¤´μ° ¸Éμ-
·μ´Ò, ¨ ¶μ¶¥·¥Î´Ò³ · §³¥·μ³ ¢Ò·μ¢´¥´´μ£μ ¶μ²Ö Å
¸ ¤·Ê£μ°. —Éμ¡Ò ¨§¡¥¦ ÉÓ ®§ ¢ ² ¯ ¶μ²Ö ´  ±· Õ · -
¡μÎ¥° μ¡² ¸É¨, Ê£²μ¢μ° · ¸É¢μ·  ¶¥·ÉÊ·Ò ¶·μ¢¥·Ö-
¥É¸Ö ¶μ · ¸Î¥É´Ò³ · ¸¶·¥¤¥²¥´¨Ö³ Ë²Õ¥´¸  ¢ ¸¨¸É¥³¥
¸ ±μ²²¨³ Éμ·μ³ ¨ ¡¥§.

Œ¥Éμ¤¨±  μ¶·¥¤¥²¥´¨Ö Ëμ·³Ò Ë¨²ÓÉ·  μ¸´μ¢Ò¢ -
¥É¸Ö ´  ¨§¢¥¸É´μ³ ¸μμÉ´μÏ¥´¨¨

I(l) = BI0 e−μ�, (3)

μ¶¨¸Ò¢ ÕÐ¥³ μ¸² ¡²¥´¨¥ ¨´É¥´¸¨¢´μ¸É¨ ¨§²ÊÎ¥´¨Ö
(Ë²Õ¥´¸  Î ¸É¨Í ¨²¨ Ô´¥·£¨¨) ¶·¨ ¶·μÌμ¦¤¥´¨¨ ¸²μÖ
¢¥Ð¥¸É¢  Éμ²Ð¨´μ° �. …¸²¨ ¢ ± Î¥¸É¢¥ μ ¨¸¶μ²Ó§μ¢ ÉÓ
²¨´¥°´Ò° ±μÔËË¨Í¨¥´É μ¸² ¡²¥´¨Ö, ¶ · ³¥É· B ¡Ê¤¥É
¨³¥ÉÓ ¸³Ò¸² Ë ±Éμ·  ´ ±μ¶²¥´¨Ö. …£μ Î¨¸²μ¢μ¥ §´ Î¥´¨¥ μÉ· ¦ ¥É ¢±² ¤ · ¸¸¥Ö´´μ£μ
¨§²ÊÎ¥´¨Ö ¨, ¢ μ¡Ð¥³ ¸²ÊÎ ¥, § · ´¥¥ ´¥ ¨§¢¥¸É´μ. �¡μ§´ Î¨³ Î¥·¥§ I0(r) · ¸¶·¥¤¥²¥-
´¨¥ ¨´É¥´¸¨¢´μ¸É¨ ¶μ²Ö, · ¸¸Î¨É ´´μ¥ ¸·¥¤¸É¢ ³¨ Geant4 ¢ ¸¨¸É¥³¥ ¸ ±μ²²¨³ Éμ·μ³, ´μ
¡¥§ ¢Ò· ¢´¨¢ ÕÐ¥£μ Ë¨²ÓÉ·  (ÉμÎ´¥¥, ¡¥§ ¥£μ ¢Ò¶Ê±²μ° Î ¸É¨). ‡ Ë¨±¸¨·Ê¥³ §´ Î¥´¨¥
¨´É¥´¸¨¢´μ¸É¨ ´¥¢Ò·μ¢´¥´´μ£μ ¶μ²Ö ´  £· ´¨Í¥ · ¡μÎ¥° μ¡² ¸É¨: Iw = I0(Rw). ‘¢Ö-
¦¥³ ¸ ÉμÎ± ³¨ · ¡μÎ¥° μ¡² ¸É¨ ²ÊÎ¨, ¨¸Ìμ¤ÖÐ¨¥ ¨§ Í¥´É· , ²¥¦ Ð¥£μ ´  μ¸¨ ¸¨¸É¥³Ò
¢¡²¨§¨ ²¨Í¥¢μ° ¶μ¢¥·Ì´μ¸É¨ Éμ·³μ§´μ° ³¨Ï¥´¨ (ÉμÎ±  O ´  ·¨¸. 2); μ¡μ§´ Î¨³ Î¥·¥§
ϕ = tg−1r/P Ê£μ² ³¥¦¤Ê μ¸ÓÕ ¨ ²ÊÎμ³. ‡ ¤ ¢ Ö¸Ó, ¤²Ö ´ Î ² , ¥¤¨´¨Î´Ò³ §´ Î¥´¨¥³
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¶ · ³¥É·  B, ´ °¤¥³ ¨§ (3) Éμ²Ð¨´Ê �(ϕ) ¶μ£²μÉ¨É¥²Ö ¢¤μ²Ó ²ÊÎ¥°, μ¡¥¸¶¥Î¨¢ ÕÐÊÕ
μ¸² ¡²¥´¨¥ ¨´É¥´¸¨¢´μ¸É¨ ¤μ Ê·μ¢´Ö Iw:

�(ϕ) =
1
μ

ln
I0(ϕ)
Iw

, 0 � ϕ � tg−1 Rw

P
.

”Ê´±Í¨Ö �(ϕ) ¶μ§¢μ²Ö¥É μ¶¨¸ ÉÓ Ëμ·³Ê Ë¨²ÓÉ·  (±μ´ÉÊ· ¶μ£²μÉ¨É¥²Ö) ¢ ±μμ·¤¨´ É´μ³
¢¨¤¥: h(ϕ) = �(ϕ) cos ϕ, r′(ϕ) = L1 tg ϕ − �(ϕ) sin ϕ. ‡ ²μ¦¨¢ ÔÉÊ Ëμ·³Ê ¢ ³μ¤¥²Ó
¸¨¸É¥³Ò ¨ ¶·μ¢¥¤Ö · ¸Î¥ÉÒ ¸·¥¤¸É¢ ³¨ Geant4, ¶μ²ÊÎ¨³ ¶¥·¢μ¥ ¶·¨¡²¨¦¥´¨¥ ¢Ò·μ¢´¥´-
´μ£μ ¶μ²Ö I1(ϕ). ’¥¶¥·Ó ¸ ¶μ³μÐÓÕ (3) ³μ¦´μ μÍ¥´¨ÉÓ Ë ±Éμ· ´ ±μ¶²¥´¨Ö ¨ ÊÉμÎ´¨ÉÓ
Ëμ·³Ê Ë¨²ÓÉ· :

B1(ϕ) =
I1(ϕ)

I0(ϕ) e−μ�(ϕ)
, �1(ϕ) =

1
μ

ln
B1(ϕ)I0(ϕ)

Iw
.

�¥μ¡Ìμ¤¨³Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¨³¥ÕÉ ¢¨¤ ¨É¥· Í¨μ´´μ£μ ¶·μÍ¥¸¸ 

�n+1(ϕ) = �n(ϕ) +
ω

μ
ln

In(ϕ)
Iw

(4)

¸ ¶ · ³¥É·μ³ ·¥² ±¸ Í¨¨ 0 < ω < 1. ˆÉ¥· Í¨¨ § ± ´Î¨¢ ÕÉ¸Ö ¶·¨ ¢Ò¶μ²´¥´¨¨ Ê¸²μ¢¨Ö

max
∣∣∣∣In(ϕ)

Iw
− 1

∣∣∣∣
{ϕ}

<
Kf

200 %
.

�μ²ÊÎ¥´´Ò¥ É ±¨³ μ¡· §μ³ Ëμ·³Ò Ë¨²ÓÉ·μ¢ ¤²Ö · ¤¨ Í¨μ´´μ° £μ²μ¢±¨ Ê¸±μ·¨É¥²Ö
“�‹5/20 ¶μ± § ´Ò ´  ·¨¸. 3. �·¨ · ¸Î¥É¥ ÔÉ¨Ì Ë¨²ÓÉ·μ¢ ¶ · ³¥É· μ ¶·¨· ¢´¨¢ ²¸Ö
²¨´¥°´μ³Ê ±μÔËË¨Í¨¥´ÉÊ ¶μ£²μÐ¥´¨Ö Ô´¥·£¨¨, ¸μμÉ¢¥É¸É¢ÊÕÐ¥³Ê ¸·¥¤´¥° Ô´¥·£¨¨ Éμ·-
³μ§´μ£μ ¨§²ÊÎ¥´¨Ö.

�¨¸. 3. � ¸Î¥É´Ò° ¶·μË¨²Ó ¢Ò· ¢´¨¢ ÕÐ¥£μ Ë¨²ÓÉ·  ¤²Ö £· ´¨Î´μ° Ô´¥·£¨¨ Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö
5, 8, 11, 14, 17 ¨ 20 ŒÔ‚ ¸μμÉ¢¥É¸É¢¥´´μ
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‡�Š‹	—…�ˆ…

�·¥¤¸É ¢²¥´´Ò¥  ²£μ·¨É³Ò ¸¢μ¤ÖÉ ± ³¨´¨³Ê³Ê ·¥¸Ê·¸μ¥³±¨¥ ¢ÒÎ¨¸²¨É¥²Ó´Ò¥ Ô±¸-
¶¥·¨³¥´ÉÒ ¸ ¶·¨³¥´¥´¨¥³ ³¥Éμ¤μ¢ Œμ´É¥-Š ·²μ. „²Ö Ëμ·³¨·μ¢ ´¨Ö ¶μ²Ö Éμ·³μ§´μ£μ
¨§²ÊÎ¥´¨Ö ¸ ´¥μ¤´μ·μ¤´μ¸ÉÓÕ ´¨¦¥ 5% É·¥¡Ê¥É¸Ö ´¥ ¡μ²¥¥ 3Ä4 ¨É¥· Í¨° Ëμ·³Ò Ë¨²ÓÉ· 
(4) ¶·¨ ω = 0,5. „²Ö Ëμ·³¨·μ¢ ´¨Ö ¶μ²Ö Ô²¥±É·μ´´μ£μ ¨§²ÊÎ¥´¨Ö ¸ Éμ° ¦¥ ´¥μ¤´μ·μ¤-
´μ¸ÉÓÕ ¤μ¸É ÉμÎ´μ ¶·μ¢¥¸É¨ ¤¢ -É·¨ ¶μ²´μ³ ¸ÏÉ ¡´ÒÌ ³μ¤¥²¨·μ¢ ´¨Ö.
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