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‚ · ¡μÉ¥ ¶·μ¢¥¤¥´μ ³μ¤¥²¨·μ¢ ´¨¥ ²¨´¨¨ ¨´¦¥±Í¨¨ ¶ÊÎ±  ¢ ¸¨´Ì·μÉ·μ´¥ ¢ · ³± Ì ¶·μ¥±É 
‹”‚� �ˆŸˆ ®� §· ¡μÉ±  ¨ ¸μ§¤ ´¨¥ Ê§²μ¢ Ê¸±μ·¨É¥²Ö ¤²Ö  ¤·μ´´μ° É¥· ¶¨¨¯.

�μ¤μ¡· ´Ò ¶ · ³¥É·Ò ²¨´¨¨ ¨´¦¥±Í¨¨ ¤²Ö É· ´¸¶μ·É¨·μ¢±¨ ¶ÊÎ±μ¢ ¸ ¨´É¥´¸¨¢´μ¸ÉÖ³¨ μÉ
25 ¤μ 100 ³� ¢ ¨´¦¥±Í¨μ´´μ³ ± ´ ²¥ ¸¨´Ì·μÉ·μ´  ¸ ÊÎ¥Éμ³ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤ . Œμ¤¥²¨-
·μ¢ ´¨¥ ¶·μ¢μ¤¨²μ¸Ó ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³¥Éμ¤  ±·Ê¶´ÒÌ Î ¸É¨Í (PIC).

‘ Í¥²ÓÕ Ê¸±μ·¥´¨Ö ¢ÒÎ¨¸²¨É¥²Ó´μ£μ ¶·μÍ¥¸¸  ¡Ò² ¶·¨³¥´¥´ ¶μ¤Ìμ¤ ³ ¸¸¨¢´μ-¶ · ²²¥²Ó´ÒÌ
¢ÒÎ¨¸²¥´¨° ´  £· Ë¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ· Ì (GPU), ¨¸¶μ²Ó§ÊÕÐ¨Ì É¥Ì´μ²μ£¨Õ CUDA. �μ²ÊÎ¥´μ
Ê¸±μ·¥´¨¥ ¢ÒÎ¨¸²¥´¨° ¢ 66 · § ´  ¢ÒÎ¨¸²¨É¥²Ó´μ³ ³μ¤Ê²¥ Tesla C1060 ¢ ¸· ¢´¥´¨¨ ¸ μ¤´¨³
Ö¤·μ³ Í¥´É· ²Ó´μ£μ ¶·μÍ¥¸¸μ·  ´  2,4 ƒƒÍ.

In the paper the simulation was made of the injection line beam in a synchrotron for the JINR
VBLHEP project ®Development and Creation of the Prototype of a Complex for Radiotherapy on
Heavy Ions Beams at the Nuclotron-M¯.

Parameters were selected for the injection beams transport line into a synchrotron with intensities
of 25 to 100 mA taking into account the space charge effect. The simulation was performed using the
method of macroparticles (PIC).

In order to accelerate the computational process, an approach was used to massively parallel com-
puting on graphics processors (GPU), using the technology CUDA. A 66 times accelerating of com-
puting process has been obtained for Tesla C1060 computing module in comparison with single core
CPU at 2.4 GHz.

PACS: 07.05.Bx; 07.05.Tp
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„ ´´ Ö · ¡μÉ  ¶μ¸¢ÖÐ¥´  ³μ¤¥²¨·μ¢ ´¨Õ ²¨´¨¨ ¨´¦¥±Í¨¨ ¶ÊÎ±  ¢ · ³± Ì ¶·μ¥±É 
‹”‚� �ˆŸˆ ®� §· ¡μÉ±  ¨ ¸μ§¤ ´¨¥ Ê§²μ¢ Ê¸±μ·¨É¥²Ö ¤²Ö  ¤·μ´´μ° É¥· ¶¨¨¯ [1]. ‹¨-
´¨Ö ¨´¦¥±Í¨¨ ¶·μ¢μ¤¨É ¶ÊÎμ± μÉ ¨¸ÉμÎ´¨±  ¨μ´μ¢ ¤μ ¢Ìμ¤  ¢ RFQ-¸É·Ê±ÉÊ·Ê. �¸μ¡¥´-
´μ¸ÉÓÕ · ¸¸³ É·¨¢ ¥³μ° § ¤ Î¨ Ö¢²Ö¥É¸Ö · ¡μÉ  ¸ ¢Ò¸μ±μ¨´É¥´¸¨¢´Ò³¨ ¶ÊÎ± ³¨, É·¥¡Ê-
ÕÐ¨³¨ ÊÎ¥É  ÔËË¥±É  ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤ .

Š ± ¨§¢¥¸É´μ, ¤²Ö ±μ··¥±É´μ£μ ÊÎ¥É  ¢²¨Ö´¨Ö ´  ¤¨´ ³¨±Ê ¶ÊÎ±  ¶·μ¸É· ´¸É¢¥´-
´μ£μ § ·Ö¤  É·¥¡Ê¥É¸Ö ¶·μ¢μ¤¨ÉÓ ³μ¤¥²¨·μ¢ ´¨¥ ¸ ¡μ²ÓÏ¨³ Î¨¸²μ³ ³ ±·μÎ ¸É¨Í, ¨²¨
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®±·Ê¶´ÒÌ¯ Î ¸É¨Í [2]. �Éμ É·¥¡μ¢ ´¨¥ ¢Ò§¢ ´μ ±μ··¥±É´μ¸ÉÓÕ  ¶¶·μ±¸¨³ Í¨¨ ËÊ´±Í¨¨
¶²μÉ´μ¸É¨ § ·Ö¤ . ’ ±¦¥ ¶·¨ μ¶É¨³¨§ Í¨¨ Ê¸É ´μ¢±¨ ¶·¨Ìμ¤¨É¸Ö ³´μ£μ±· É´μ ¤¥² ÉÓ
¶¥·¥¸Î¥É ³μ¤¥²¨ ¸ · §²¨Î´Ò³¨ ¶ · ³¥É· ³¨.

“± § ´´Ò¥ ¶·μ¡²¥³Ò ¶·¨¢μ¤ÖÉ ± Ê¢¥²¨Î¥´¨Õ ¢·¥³¥´¨ ±μ³¶ÓÕÉ¥·´μ£μ ³μ¤¥²¨·μ¢ -
´¨Ö. �μÔÉμ³Ê § ¤ Î  Ê¸±μ·¥´¨Ö É ±¨Ì ¢ÒÎ¨¸²¥´¨° Ö¢²Ö¥É¸Ö  ±ÉÊ ²Ó´μ°. ‚ ´ ¸ÉμÖÐ¥¥
¢·¥³Ö ¸¨²Ó´μ¥ · §¢¨É¨¥ ¶μ²ÊÎ¨²¨ ³ ¸¸¨¢´μ-¶ · ²²¥²Ó´Ò¥ ¢ÒÎ¨¸²¥´¨Ö ´  £· Ë¨Î¥¸±¨Ì
¶·μÍ¥¸¸μ· Ì (GPU) ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¸·¥¤Ò ¶·μ£· ³³¨·μ¢ ´¨Ö CUDA (Compute Uniˇed
Device Architecture) [3]. ‚ ·¥§Ê²ÓÉ É¥ ¡Ò²  ´ ¶¨¸ ´  ¶·μ£· ³³  SBDA (Synchrotron Beam
Dynamics Analysis) ¤²Ö ·¥Ï¥´¨Ö ¶μ¸É ¢²¥´´μ° § ¤ Î¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ GPU.

Œ�’…Œ�’ˆ—…‘Š�Ÿ ��‘’���‚Š� ‡�„�—ˆ

„²Ö ³μ¤¥²¨·μ¢ ´¨Ö ¤¨´ ³¨±¨ ¶ÊÎ±  ¢ ¨´¦¥±Í¨μ´´μ³ ± ´ ²¥ ¸¨´Ì·μÉ·μ´  ¨¸¶μ²Ó§Ê-
¥É¸Ö ³¥Éμ¤ ±·Ê¶´ÒÌ Î ¸É¨Í. „²Ö ÊÎ¥É  ÔËË¥±É  ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  ¶·¨³¥´Ö¥É¸Ö
³¥Éμ¤ ®Î ¸É¨Í  ¢ ÖÎ¥°±¥¯ (PIC). Š ¦¤ Ö ±·Ê¶´ Ö Î ¸É¨Í , ¨²¨ ³ ±·μÎ ¸É¨Í , Ö¢²Ö¥É¸Ö, ¶μ
¸ÊÉ¨, μ¡Ñ¥¤¨´¥´¨¥³ ´¥±μ¥£μ ±μ²¨Î¥¸É¢  ³¨±·μÎ ¸É¨Í. ‚ ·¥§Ê²ÓÉ É¥ ¶ÊÎμ± ¶·¥¤¸É ¢²Ö¥É¸Ö
¢ ¢¨¤¥ ´ ¡μ·  ¸²¥¤ÊÕÐ¨Ì ¶ · ³¥É·μ¢:

(ri,pi, t) , i = 1, . . . , N,

£¤¥ N Å Î¨¸²μ ³ ±·μÎ ¸É¨Í; ri ¨ pi Å ¢¥±Éμ·Ò ±μμ·¤¨´ É ¨ ¨³¶Ê²Ó¸  i-° ³ ±·μÎ ¸É¨ÍÒ
¢ ³μ³¥´É ¢·¥³¥´¨ t. �É³¥É¨³, ÎÉμ ri ¨ pi, ¢ ¸¢μÕ μÎ¥·¥¤Ó, ³μ£ÊÉ ¡ÒÉÓ μ¶·¥¤¥²¥´Ò ± ±
Ê¸·¥¤´¥´´Ò¥ §´ Î¥´¨Ö ¶μ ¢¸¥³ ³¨±·μÎ ¸É¨Í ³, ¸μ¤¥·¦ Ð¨³¸Ö ¢ i-° ³ ±·μÎ ¸É¨Í¥.

“· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö É ±¨Ì ³ ±·μÎ ¸É¨Í ¨³¥ÕÉ ¢¨¤

mi
d

dt
(γivi) = qi (Es (ri, t) + [vi,Bext (ri)]) ,

γi =
1

√
1 − β2

i

, βi =
vi

c
,

ri|t=ti
= r(0)

i , vi|t=ti
= v(0)

i , ¨²¨ ri|t=0 = r(0)
i , vi|t=0 = v(0)

i ,

1 � i � N, ri ∈ V,

(1)

£¤¥ mi Å ³ ¸¸  ¶μ±μÖ i-° ³ ±·μÎ ¸É¨ÍÒ,   c Å ¸±μ·μ¸ÉÓ ¸¢¥É  ¢ ¢ ±ÊÊ³¥; Bext (ri) Å
¢´¥Ï´¥¥ ³ £´¨É´μ¥ ¶μ²¥, ¤¥°¸É¢ÊÕÐ¥¥ ´  ¶ÊÎμ±. � ¸¶·¥¤¥²¥´¨¥ É ±μ£μ ¶μ²Ö ¸Î¨É ¥É¸Ö
¨§¢¥¸É´Ò³. �μ²¥ Es (ri, t) Å ¸μ¡¸É¢¥´´μ¥ Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥ ¶ÊÎ± . ’ ±μ¥ ¶μ²¥ ´¥
§ ¤ ´μ ¨ É·¥¡Ê¥É ¸¢μ¥£μ μ¶·¥¤¥²¥´¨Ö ¢ ± ¦¤Ò° ³μ³¥´É ¢·¥³¥´¨. ‘¢Ö§ ´μ ÔÉμ ¸ É¥³, ÎÉμ
Î ¸É¨ÍÒ ¢ ± ¦¤Ò° ³μ³¥´É ¢·¥³¥´¨ ³¥´ÖÕÉ ¸¢μ¥ ¶μ²μ¦¥´¨¥, ¨ ¸μμÉ¢¥É¸É¢¥´´μ ³¥´Ö¥É¸Ö
· ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö. �μÔÉμ³Ê ¤ ´´ÊÕ ¶μ¸É ´μ¢±Ê ´¥μ¡Ìμ¤¨³μ ¤μ¶μ²´¨ÉÓ
¶·μÍ¥¤Ê·μ° ´ Ìμ¦¤¥´¨Ö ¶μ²Ö Es (ri, t). ‡ ¶¨Ï¥³ ¸¨¸É¥³Ê Ê· ¢´¥´¨° Œ ±¸¢¥²² :

div Es =
ρ

ε0
, rot Bs = μ0Js +

1
c2

∂

∂t
Es,

rot Es = − ∂

∂t
Bs, div Bs = 0,

1
μ0ε0

= c2,

(2)

£¤¥ ρ Å ¶²μÉ´μ¸ÉÓ § ·Ö¤  ¢ ¶ÊÎ±¥; Bs Å ¸μ¡¸É¢¥´´μ¥ ³ £´¨É´μ¥ ¶μ²¥ ¶ÊÎ± . �É³¥É¨³, ÎÉμ
¢±² ¤μ³ Bs ¢ ²¨´¨¨ ¨´¦¥±Í¨¨ ³μ¦´μ ¶·¥´¥¡·¥ÎÓ, É ± ± ± Ô´¥·£¨¨ ¶ÊÎ±μ¢ Ê¤μ¢²¥É¢μ·ÖÕÉ
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Ê¸²μ¢¨Õ γ2 ≈ 1, ¨ ¢´¥Ï´¥¥ ³ £´¨É´μ¥ ¶μ²¥ Bext � Bs. ‚ ·¥§Ê²ÓÉ É¥ § ¤ Î  ¸¢μ¤¨É¸Ö
Éμ²Ó±μ ± μÉÒ¸± ´¨Õ ¸μ¡¸É¢¥´´μ£μ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö Es (ri, t). „ ´´ Ö ¶·μÍ¥¤Ê· 
μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸ ¶μ³μÐÓÕ ³¥Éμ¤  ®Î ¸É¨Í  ¢ ÖÎ¥°±¥¯ (PIC).

�Ê¸ÉÓ ¨³¥¥É¸Ö ´¥±μ¥ · ¸¶·¥¤¥²¥´¨¥ ³ ±·μÎ ¸É¨Í ¢ ¶·μ¸É· ´¸É¢¥ R3. „ ²¥¥ ¢Ò¤¥²Ö-
¥É¸Ö ´¥± Ö ¶μ¤μ¡² ¸ÉÓ Ω, ¸μ¤¥·¦ Ð Ö · ¸¸³ É·¨¢ ¥³Ò° ¶ÊÎμ± ¨ ¨³¥ÕÐ Ö £· ´¨ÍÊ Γ,
´  ±μÉμ·μ° ¨§¢¥¸É´Ò ±· ¥¢Ò¥ Ê¸²μ¢¨Ö É¨¶  „¨·¨Ì²¥ ¨²¨ 	¥°³ ´  ¤²Ö Ô²¥±É·μ¸É É¨Î¥-
¸±μ£μ ¶μÉ¥´Í¨ ² . ‚ ÔÉμ³ ¸²ÊÎ ¥ ¨§ Ê· ¢´¥´¨° Œ ±¸¢¥²²  (2) ²¥£±μ ¶μ²ÊÎ¨ÉÓ ¸²¥¤ÊÕÐÊÕ
±· ¥¢ÊÕ § ¤ ÎÊ:

Δϕ(p) = −ρ(p)
ε0

, p ∈ Ω,

ϕ|ΓD = ϕD,
∂ϕ

∂n

∣
∣
∣
ΓN

= ψN , ΓD ∪ ΓN = Γ,

(3)

£¤¥
Es = −∇ϕ.

‡ ¤ Î  (3) ·¥Ï ¥É¸Ö ´  ± ¦¤μ³ Ï £¥ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ ¢·¥³¥´¨ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö
Î ¸É¨Í (1). „²Ö Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö § ¤ Î¨ (3) ¢ μ¡² ¸É¨ Ω ¸É·μ¨É¸Ö · §´μ¸É´ Ö ¸¥É± ,
¢ Ê§² Ì ±μÉμ·μ° μ¶·¥¤¥²Ö¥É¸Ö ËÊ´±Í¨Ö ¶²μÉ´μ¸É¨ § ·Ö¤  ρ (p). ‚ ·¥§Ê²ÓÉ É¥ μ¸É ¥É¸Ö
´ °É¨ ¸± ²Ö·´Ò° ¶μÉ¥´Í¨ ² ϕ. ‘ Í¥²ÓÕ Ê¸±μ·¥´¨Ö ¶·μÍ¥¸¸  ·¥Ï¥´¨Ö ±· ¥¢μ° § ¤ Î¨ (3)
¨¸¶μ²Ó§Ê¥É¸Ö ¡Ò¸É·μ¥ ¶·¥μ¡· §μ¢ ´¨¥ ”Ê·Ó¥ (
�”) [4].
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‚ Í¥²μ³ ¶·μÍ¥¸¸ ³ É¥³ É¨Î¥¸±μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¶μ¸É ¢²¥´´μ° § ¤ Î¨ (2), (3) É·¥¡Ê¥É
¡μ²ÓÏμ£μ μ¡Ñ¥³  ¢ÒÎ¨¸²¨É¥²Ó´μ£μ ¢·¥³¥´¨. �μÔÉμ³Ê ¨ ¢¸É ²  ¶·μ¡²¥³  Ê¸±μ·¥´¨Ö ¤ ´-
´μ£μ ¶·μÍ¥¸¸  ¶ÊÉ¥³ ¨¸¶μ²Ó§μ¢ ´¨Ö ¢Ò¸μ±μ¶·μ¨§¢μ¤¨É¥²Ó´ÒÌ ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ ·¥Ï¥´¨°
´  GPU. �¥·¢Ò³ Ï £μ³ ¡Ò²μ ¨¸¶μ²Ó§μ¢ ´¨¥ ¶·μ£· ³³Ò CBDA [5]. „ ´´ Ö ¶·μ£· ³³ 
´ ¶¨¸ ´  ¤²Ö ³μ¤¥²¨·μ¢ ´¨Ö ¤¨´ ³¨±¨ ¶ÊÎ±  ¢ Í¨±²μÉ·μ´¥, ±μÉμ·Ò° ¢±²ÕÎ ¥É ¢ ¸¥¡Ö
²¨´¨Õ ¨´¦¥±Í¨¨. �μÔÉμ³Ê ¸ ÉμÎ±¨ §·¥´¨Ö ³ É¥³ É¨Î¥¸±μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¢¨¤¨É¸Ö ²μ-
£¨Î´Ò³ ¶·μ¢¥¸É¨ · ¸Î¥ÉÒ ¶μ CBDA. ‚ · ¡μÉ¥ [6] μ¶¨¸ ´ ¶·μÍ¥¸¸ Ê¸±μ·¥´¨Ö ±μ¤  CBDA
¶ÊÉ¥³ · ¸¶ · ²²¥²¨¢ ´¨Ö ¢ÒÎ¨¸²¥´¨° ´  GPU.

‚ ¤ ´´μ° · ¡μÉ¥ ¡Ò² ´ ¶¨¸ ´  ´ ²μ£ ±μ¤  CBDA, ´μ ¤²Ö ³μ¤¥²¨·μ¢ ´¨Ö ¤¨´ ³¨±¨
¶ÊÎ±  ¢ ¸¨´Ì·μÉ·μ´¥. 	μ¢Ò° ±μ¤ ¡Ò² ´ §¢ ´ SBDA (Synchrotron Beam Dynamics Analy-
sis). ‚ SBDA-±μ¤¥ ¡Ò² Ê²ÊÎÏ¥´  ²£μ·¨É³ · ¸¶ · ²²¥²¨¢ ´¨Ö ´  GPU ¢ÒÎ¨¸²¥´¨Ö É· -
¥±Éμ·¨¨ ¤¢¨¦¥´¨Ö Î ¸É¨Í ¶μ ¸· ¢´¥´¨Õ ¸  ´ ²μ£¨Î´Ò³ ¢ ·¨ ´Éμ³ ¢ CBDA [6].


μ²ÓÏ Ö Î ¸ÉÓ ¢ÒÎ¨¸²¨É¥²Ó´μ£μ ¢·¥³¥´¨ ´  GPU É· É¨É¸Ö ´  ¢ÒÎ¨¸²¥´¨¥ É· ¥±-
Éμ·¨¨ Î ¸É¨Í. �·¨ ¨´É¥£·¨·μ¢ ´¨¨ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¨¸¶μ²Ó§Ê¥É¸Ö ±¢ §¨²¨´¥°´ Ö
¨´É¥·¶μ²ÖÍ¨Ö ³ £´¨É´μ£μ ¶μ²Ö. ‚ ¶·μ£· ³³¥ CBDA [6] É ± Ö ¨´É¥·¶μ²ÖÍ¨Ö ¤¥² ¥É¸Ö
®¶·μ£· ³³´Ò³¯ ¸¶μ¸μ¡μ³. �¤´ ±μ ¢ ¸¨²Ê Éμ£μ, ÎÉμ ¢ GPU ¥¸ÉÓ É¥±¸ÉÊ·´Ò¥ ¡²μ±¨, ¤ ´´ Ö
¶·μÍ¥¤Ê·  ¨´É¥·¶μ²ÖÍ¨¨ ³μ¦¥É ¡ÒÉÓ μ¸ÊÐ¥¸É¢²¥´  ´  ®¦¥²¥§´μ³¯ Ê·μ¢´¥ ¶μ¸·¥¤¸É¢μ³
¨¸¶μ²Ó§μ¢ ´¨Ö ¡¨²¨´¥°´μ° Ë¨²ÓÉ· Í¨¨ ¢ É¥±¸ÉÊ·¥.

„ ´´Ò° ¶μ¤Ìμ¤ ¡Ò² μ¸ÊÐ¥¸É¢²¥´ ¢ ±μ¤¥ SBDA. “¸±μ·¥´¨¥ Ö¤·  · ¸Î¥É  É· ¥±Éμ·¨¨
μÉ´μ¸¨É¥²Ó´μ Ê¦¥ Ê¸±μ·¥´´μ£μ ¢ ·¨ ´É  CBDA [6] ¸μ¸É ¢¨²μ 3,2 · § . ’ ±μ¥ Ê¸±μ·¥´¨¥
μ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉμ ¶·μÍ¥¤Ê·  ¨´É¥·¶μ²ÖÍ¨¨ ¢ Ö¤·¥ Å ÔÉμ ¢¸¥£μ ²¨ÏÓ Î ¸ÉÓ  ²£μ·¨É³ .
Š Éμ³Ê ¦¥ ¨§-§  ´ ²¨Î¨Ö ¡μ²ÓÏμ£μ Î¨¸²  ¶¥·¥³¥´´ÒÌ Ö¤·μ É·¥¡Ê¥É ¡μ²ÓÏμ£μ Î¨¸² 
·¥£¨¸É·μ¢, ÎÉμ É ±¦¥ ¸´¨¦ ¥É ¸±μ·μ¸ÉÓ · ¡μÉÒ.
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’ ¡²¨Í  1. “¸±μ·¥´¨¥ ¸Î¥É  μÉ´μ¸¨É¥²Ó´μ CPU 2,4 ƒƒÍ

—¨¸²μ Î ¸É¨Í ¢ ¶ÊÎ±¥ CBDA (‘1060), · § SBDA (‘1060), · §
10000 9 10
100000 16 27
1000000 17 34

‘Ê³³ ·´μ ´μ¢Ò° ¢ ·¨ ´É ¨´É¥£·¨·μ¢ ´¨Ö É· ¥±Éμ·¨¨ ¤ ² ¤μ¶μ²´¨É¥²Ó´μ¥ Ê¸±μ·¥´¨¥
¡μ²¥¥ Î¥³ ¢ ¤¢  · §  μÉ´μ¸¨É¥²Ó´μ CBDA [6] ´  ¢ÒÎ¨¸²¨É¥²Ó´μ³ ³μ¤Ê²¥ Tesla C1060.
‘· ¢´¨É¥²Ó´Ò¥ ¤ ´´Ò¥ ¶μ CBDA [6] ¨ SBDA ¶·¨¢¥¤¥´Ò ¢ É ¡². 1.

ŠμÔËË¨Í¨¥´ÉÒ Ê¸±μ·¥´¨Ö, ¶·¨¢¥¤¥´´Ò¥ ¢ É ¡². 1, ¸μμÉ¢¥É¸É¢ÊÕÉ ¸Ê³³ ·´μ³Ê Ê¸±μ-
·¥´¨Õ ¢¸¥£μ ±μ¤  ± ± Í¥²μ£μ. ’ ±¦¥ ¸Éμ¨É μÉ³¥É¨ÉÓ, ÎÉμ · ¸Î¥ÉÒ ¶·μ¢μ¤¨²¨¸Ó ¨³¥´´μ
¤²Ö ²¨´¨¨ ¨´¦¥±Í¨¨, £¤¥ ´¥É ¸²μ¦´μ° £¥μ³¥É·¨¨, ¨, ¸μμÉ¢¥É¸É¢¥´´μ, Ö¤·μ, μÉ¢¥Î ÕÐ¥¥
§  ¶μÉ¥·¨ Î ¸É¨Í ¢ ¶·μ£· ³³¥ CBDA, ´¥ ¨¸¶μ²Ó§μ¢ ²μ¸Ó,  , ± ± ¨§¢¥¸É´μ [6], ¨³¥´´μ μ´μ
¤ ¢ ²μ ¢ CBDA μ¸´μ¢´μ° ¶·¨·μ¸É ¶·μ¨§¢μ¤¨É¥²Ó´μ¸É¨.
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Š ± ¡Ò²μ μÉ³¥Î¥´μ · ´¥¥, ¤ ´´ Ö § ¤ Î  Ö¢²Ö¥É¸Ö Î ¸ÉÓÕ ¶·μ¥±É  ®� §· ¡μÉ±  ¨
¸μ§¤ ´¨¥ Ê§²μ¢ Ê¸±μ·¨É¥²Ö ¤²Ö  ¤·μ´´μ° É¥· ¶¨¨¯ [1]. Šμ³¶ÓÕÉ¥·´μ¥ ³μ¤¥²¨·μ¢ ´¨¥
Ê¸±μ·¨É¥²Ö ¸¨´Ì·μÉ·μ´  ¶·μ¢¥¤¥´μ ¸ ¶μ³μÐÓÕ ¶·μ£· ³³Ò CELLY [7]. ‚ ´ Ï¥° § -
¤ Î¥ É·¥¡μ¢ ²μ¸Ó ¶·μ¨§¢¥¸É¨ ³μ¤¥²¨·μ¢ ´¨¥ ²¨´¨¨ É· ´¸¶μ·É¨·μ¢±¨ ¶ÊÎ±  μÉ ¨¸ÉμÎ´¨± 
¨μ´μ¢ Ê£²¥·μ¤  12C6+ ¸ ¨´É¥´¸¨¢´μ¸ÉÓÕ 25Ä100 ³� ¤μ RFQ-¸É·Ê±ÉÊ·Ò. ‘μ£² ¸μ¢ ´¨¥
¶ · ³¥É·μ¢ ¢Ìμ¤ -¢ÒÌμ¤  ²¨´¨¨ É· ´¸¶μ·É¨·μ¢±¨ ¡¥§ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  ¶·μ¢¥-
¤¥´μ ¸ ¶μ³μÐÓÕ ¶·μ£· ³³Ò [8], ¤²Ö ±μÉμ·μ° ³ É¥³ É¨Î¥¸± Ö Ëμ·³Ê²¨·μ¢±  ¨  ²£μ·¨É³Ò
¶·¨¢¥¤¥´Ò ¢ · ¡μÉ¥ [9]. � · ³¥É·Ò ¶·¥¤²μ¦¥´´μ° ²¨´¨¨ ¨´¦¥±Í¨¨ ¤ ´Ò ´  ·¨¸. 1.

�¨¸. 1. �¡Ð¨° ¢¨¤ ²¨´¨¨ ¨´¦¥±Í¨¨
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	  ·¨¸. 2 ¶μ± § ´Ò · ¸¶·¥¤¥²¥´¨Ö ³ £´¨É´μ£μ ¶μ²Ö ¢¤μ²Ó μ¸¥¢μ° ²¨´¨¨ ± ´ ²  É· ´¸-
¶μ·É¨·μ¢±¨ ¤²Ö ± ¦¤μ£μ ¨§ ¤¢ÊÌ Ëμ±Ê¸¨·ÊÕÐ¨Ì ¸μ²¥´μ¨¤μ¢. ‘Ê³³ ·´μ¥ ³ £´¨É´μ¥ ¶μ²¥
¢ ± ´ ²¥ μ¶·¥¤¥²Ö²μ¸Ó ± ± ¸Ê¶¥·¶μ§¨Í¨Ö Ê± § ´´ÒÌ ¶μ²¥°.

�¨¸. 2. � ¸¶·¥¤¥²¥´¨¥ ³ £´¨É´μ£μ ¶μ²Ö ¢¤μ²Ó μ¸¥¢μ° ²¨´¨¨ ± ´ ²  É· ´¸¶μ·É¨·μ¢±¨

�¨¸. 3. 	 Î ²Ó´Ò° Ô³¨ÉÉ ´¸ ¨§ ¨¸ÉμÎ´¨±  IS (¸³. ·¨¸. 1)

�·μ¥±Í¨¨ ´ Î ²Ó´μ£μ Ô³¨ÉÉ ´¸  ¶ÊÎ±  ¶μ± § ´Ò ´  ·¨¸. 3. �μÉ¥´Í¨ ² ¨´¦¥±Í¨¨
¸μ¸É ¢²Ö¥É 80 ±‚. 	¥μ¡Ìμ¤¨³μ ¡Ò²μ ¶·μ¨§¢¥¸É¨ · ¸Î¥ÉÒ ¤²Ö Éμ±μ¢: 0, 25, 50, 100 ³�.
‚ ¸¨²Ê ¡μ²ÓÏμ° ¢¥²¨Î¨´Ò Éμ±  ¨§ ¨¸ÉμÎ´¨±  É·¥¡μ¢ ²μ¸Ó ¶·μ¨§¢μ¤¨ÉÓ ÊÎ¥É ÔËË¥±É  ¶·μ-
¸É· ´¸É¢¥´´μ£μ § ·Ö¤ , ÎÉμ, ¢ ¸¢μÕ μÎ¥·¥¤Ó, É·¥¡Ê¥É ³μ¤¥²¨·μ¢ ´¨Ö ¶μ·Ö¤±  1000000 ³ -
±·μÎ ¸É¨Í.

�¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 4. ‡¤¥¸Ó ¶μ± § ´μ ¤¢¨¦¥´¨¥ ¶ÊÎ± 
μÉ ¨¸ÉμÎ´¨±  (Z = 0 ³³) ¤μ ¢Ìμ¤  ¢ RFQ (Z = 1545 ³³) ¤²Ö · §²¨Î´ÒÌ Éμ±μ¢ ¨§
¨¸ÉμÎ´¨± : 0, 25, 50, 100 ³�.
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�¨¸. 4. �·μÌμ¦¤¥´¨¥ ¶ÊÎ±  Î¥·¥§ ²¨´¨Õ ¨´¦¥±Í¨¨

‚ É ¡². 2 ¶·¨¢¥¤¥´Ò ¶μ²ÊÎ¥´´Ò¥ Ô³¨ÉÉ ´¸Ò ´  ¢Ìμ¤¥ ¢ RFQ ¢ § ¢¨¸¨³μ¸É¨ μÉ ¢¥²¨-
Î¨´Ò Éμ±  ¨¸ÉμÎ´¨± .

’ ¡²¨Í  2. �³¨ÉÉ ´¸Ò ´  ¢Ìμ¤¥ ¢ RFQ

’μ±, ³� � ¤¨Ê¸, ³³ αr βr , ³³/³· ¤ εr, π · ³³ · ³· ¤
0 5 0 0,13 276
25 20 1,5 1,4 330
50 38 1,6 3,2 410
100 50 1,3 5 580

‡�Š‹	—…�ˆ…

‚ · ³± Ì ¶·μ¥±É  ®� §· ¡μÉ±  ¨ ¸μ§¤ ´¨¥ Ê§²μ¢ Ê¸±μ·¨É¥²Ö ¤²Ö  ¤·μ´´μ° É¥· ¶¨¨¯ [1]
¡Ò²μ ¶·μ¢¥¤¥´μ ±μ³¶ÓÕÉ¥·´μ¥ ³μ¤¥²¨·μ¢ ´¨¥ ²¨´¨¨ É· ´¸¶μ·É¨·μ¢±¨ ¶ÊÎ±  μÉ ¨¸ÉμÎ-
´¨±  ¨μ´μ¢ Ê£²¥·μ¤  ¸ ¨´É¥´¸¨¢´μ¸ÉÓÕ 25Ä100 ³� ¤μ RFQ-¸É·Ê±ÉÊ·Ò.

Œμ¤¥²¨·μ¢ ´¨¥ ¶·μ¨§¢μ¤¨²μ¸Ó ¶·μ£· ³³μ° SBDA, ¨¸¶μ²Ó§ÊÕÐ¥° £· Ë¨Î¥¸±¨° ¶·μ-
Í¥¸¸μ· GPU ¤²Ö Ê¸±μ·¥´¨Ö ¢ÒÎ¨¸²¥´¨°. ‘Ê³³ ·´μ¥ Ê¸±μ·¥´¨¥ ¢ÒÎ¨¸²¥´¨° ´  ¢ÒÎ¨¸²¨-
É¥²Ó´μ³ ³μ¤Ê²¥ Tesla C1060 ¸μ¸É ¢¨²μ 66 · § μÉ´μ¸¨É¥²Ó´μ ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¢¥·¸¨¨ ´ 
Í¥´É· ²Ó´μ³ ¶·μÍ¥¸¸μ·¥ ¸ Î ¸ÉμÉμ° 2,4 ƒƒÍ.
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