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split-operator�{©)	|Úå6g���m>Ö|��^. é	||^üâf�lEâ, æ^��

�5Cq; é�m>Ö|æ^PIC�{, |^¯�Fp�C�¦)Poisson�§. ^FORTRAN95�

ómu
��Äu¡�é�Eâ���÷âfDÑO�§SCYCPIC2D, �§S�±O�?¿©Ù

�r6å3Ñ$�þ�DÑ. ���Ñ
éCYCIAE-1005\���[O�(J, ¿Ú§SORBIT,

TRACE 3-D�(J?1'é�y, (JL²: �m>Ö�A3d5\�þk���K�, 
�3�

§SO��ØÓ¥5z�(JÄ�þ��; å6rÝ��A�ÎS�, ÄuPIC�{�ü�§S
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'�c å6ÄåÆ �m>Ö�A PIC�{ split-operator�{ £^\�ì¶�5\�

1 Úó

3y�\�ì�uÐ¥, r6´��­��ïÄ

��. �X�>âfå6rÝ�O�, å6SÜ��

m>ÖåC��5�­�
, 
DÚ�|^AÛ�

.?n�m>Ö�A��{Ã{Jø¤I��°Ý.

�X\�ìå6ÄåÆ��\uÐÚO�Å$�U

å�×�J,, ÷âfO(�[�{®¤�ïÄ\

�ì¥�>âfå1�A��­�Ãã. 3÷âf

�[¥, '��Eâ´é�m>Ö�A�O(O�.

PP(Particle-Particle)�{ÚPIC(Particle-In-Cell)´

ü«2�æ^�¦)�m>Ö�A��{
[1]

. PP�{

¥, z�÷âfaÉ��åd§�Ù{�z�÷âf

�åU\��, ù«�{O�þ�, êâ�;þ�. 3

PIC�{¥, kò¤k÷âf>Ö©��|��!:

þ, ,�¦)Poisson�§��|��!:þ�|r,

2|^����{¦�÷âfaÉ���m>Öå.

,�r�m>ÖåU\�	|åþ, 2éå6?1�

l. PIC�{3r6å6ÄåÆO�¥kX2��A

^
[2—4]

.

¥I�fU�ÆïÄ�3ï¥�100MeVr6�

f£^\�ìCYCIAE-100´G�\�ì,?ó§

���­�Ü©, ^u�)��5Ø���'Ä:Ú

A^�ÆïÄ. �©0���ÄuPIC�{���÷

âf�[§SCYCPIC2D, ¿�éCYCIAE-100�¶

��65\�?1
O�, ¿��{IORNL�§S

ORBIT
[2]

ÚLANL�§STRACE 3-D
[5]
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'é.

2 nØÚ�{0�

2.1 Poisson�§�¦)

å6�)�>|åÏL3å6·��IXe¦)

Poisson�§5��, ,�ÏLâÔ[C���¢�¿

�IXe�g>|Úg^|. 3õê�¹e, å6º

���u+�S», �±�Ñ+�9>Ö�^, w�
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m�>.. |^��¼ê{¯�¦)å6�IXe�

Poisson�§. ��gd�m¥���¼ê:

G(x,x′,y,y′) =−
1

2
ln[(x−x′)2 +(y−y′)2], (1)

Ù¥ (x,y)�|:�I, (x′,y′)�
:�I. Poisson�

§��/ª�)�

φ(x,y) =
1

2πε0

∫
G(x,x′,y,y′)ρ(x′,y′)dx′dy′ . (2)

b�3gd���m¥k����/«�, 3î

�Úp��Nx ÚNy �!:?��ØÓ>þ�:>

Ö, ∆xÚ∆y ©O�xÚy ���!:m�, K�±�

�?¿!:�>³.

φD(xi,yj) =
∆x∆y

2πε0

Nx
∑

m=1

Ny
∑

n=1

GD(xi,xm,yj ,yn)×

ρD(xm,yn), (3)

Ù¥, éuÛÉ�: (i = m,j = n), ��¼ê���1.

|^òÈ�¯�Fp�C� (FFT)�{�±×�¦)

��φ(x,y), ¿dE = −∇φ��!:�>|rÝ. �


�ØFFTC��k�±Ï5A:, ÷vm�>.^

�, |^“Hockney Trick”, òO��*Ð�2Nx×2Ny,

��¼êÚ>Ö�Ý�I�*Ð�Ù{3NxNy �!

:þ
[1]

. O���φD �, ��e��¢SÔn|�

Nx×Ny ��=��m>Ö>³.

¦)�m>Öå�äNÚ½�:

1) �â�c ��å6©Ù��Ú÷âfoê,

(½��º�ëê.

2) |^���5\�CIC(Cloud-In-Cell)>Ö©

�üÑò¤kâf>Ö�Ýρi ©���C�4���

:þ, ��ρD.

3) é��þ�ρD Ú��¼êGD ����FFT,

�� ρ̂D Ú ĜD.

4) ¦���þ� φ̂D.

5) é φ̂D ���� IFFT, ����!:þ�φD,

��e�«��.

6) |^ê��©�{O�ED =−∇φD.

7) |^Ú©�>ÖþÓ��üÑò>|���

z��âf¤3� �, ��z�âf �?�>|

rÝEi, ?
���m>ÖåFi = qEi.

ù«�{�Ð?3uO��Çép, òN �Ý


O�þlO(N 2)ü�O(N log2 N), 
�N´¢y�

{�¿1z
[6]

.

2.2 split-operatorÈ©�{

>^|¥�>âf�M�îþ3���Ie��

�L�ªXe:

H =
√

m2
0c4 +c2(p−qA)2 +qφ , (4)

Ù¥m0, q, p©O�âf·��þ!>ÖþÚÄþ,

AÚφ©O�âfaÉ��¥þ³ÚIþ³.

±e?Ø���¹, =ïÄÃ��å6�î�

å6ÄåÆ¯K. �KCþ ξ(x,px,y,py)lÐ© �

�"
 ��CzdM�îþH ¤éA�"N�

(symplectic mapping)M û½:

ξend(x,px,y,py) = M ξstart(x,px,y,py). (5)

��/, é (4)ª?1TaylorÐm, ,��±�¤

e¡üÜ©�Ú:

H = Hext +Hself , (6)

Ù¥, Hext ´	Ü|éA�M�îþ, éA�"N�

�Mext, Hself ´�m>Ö|éA�M�îþ, éA�

"N��Mself , du�m>Ö�A��âf�m�

I �k', d�K�§��, Mself �UCâfÄ

þ. ù�Ò�±|^ symplectic split-operator�{5

O�
[7]

. üÚ��°Ý��{deª�Ñ:

M (τ) = Mext(τ/2)Mself(τ)Mext(τ/2)+O(τ 3). (7)

3z�Ú¥Äk3	Ü|¥DÑ�Ú, ,�O\

�m>Ö�A��^, ,�2DÑ�Ú, ��ù�Ú

�ª:. þ�Ú�"G�´e�Ú�å©G�. τ �

L�mÚ�, ½ö�IÚ�. �§Sæ^p��I�

ÕáCþ.

Ï~�¹e, 	|�M�îþHext �¹éõpg

�, �âI�?1�ä. �§S¥?1�¶Cq, M�

îþ���g�, éA�Mext Ò´�5N�, ��¤

DÑÝ
�/ª.

3 ¡�é�§S�mu

¡�é��§S�O�{®�2�A^u�.E

,§S�mu, ´�c§S�O�{�Ì6��. �

c�Fortron�Ì6�óFortran95�,��¿Ø´¡

�é���ó, �´®²�±�[¡�é��ó��

Ü©A5, 'XµC!U«!õ�!­1ÚÄ�©�

�, �±m��¢y¡�é�?§
[8, 9]

. ¤±3÷âf

�[¥^Fortran 95?1¡�é��?§´ég,�

ÀJ.

·�éâf3	Ü|Úg|�^e�$Äù�ä

N�Ôn¯K?1©)Ú8a, 3dÄ:þÄ�ÑØ
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Ó��¬ (module, =C++�ó¥�class). z���

¬�)�)êâa. (type)Úé§�N^ (subroutine

Ú function). ��§S�¬©�3�, .��¬´�


õU5�¬, 'XÝ
$�Ú?n�¬, FFT�¬

�, �¥��¬JøõU5ÑÖ. ¥��¬´Ôn�

¬, Beamline�¬?nå6DÑ�'�&E, Particle

�¬?nÚâfk'�&E, ScField�¬O�Ú?n

�m>Ö�A. þ��¬´A^5�¬, Simulator�

¬N^ØÓÔn�¬�é�, éÄÚ�����[L

§. Input/Output�¬^uÚ^r�é{, ?1êâ

�Ñ\ÚÑÑ. 3NÁ¥, z�Ôn�¬küÕNÁ

Úu�, ,�2�N|Cå5, ±�y§S��(5.

4 é£^\�ì¶�5\���[

¥I�fU�ÆïÄ�G�\�ì,?ó§Eâ

Üu2003cï�
1�õ¸K�lf
¿¤õÚÑ­

½å6. ù«(��lf
�A:´3�lfN	¡

Ù�[^c
�, LÈ
Ü©¯>f, ~�
e/H− �,

O�
K�å6�ÑÑ6r. Tlf
�ÚÑUþ�

28keV, 6r��10.5mA��8�zþ��u�Ý�

0.17π·mm·mrad(�¹86%å6).

�3�O¥�CYCIAE-100æ^õ¸K�lf


, �Oëê�: ÚÑUþ�40keV, 6r�8mA. 3

lf
Ñ�Cq¤å�, u�Ý εrms,n =0.17π·mm·

mrad, Xrms = Yrms =2.10mm, X ′

rms = Y ′

rms =8.77mrad,

åìî�©ÙCq¤pd©Ù.

llf
ÚÑ��6å÷¶�5\�\�ì¥%

«. 5\�æ^O-BS-O-D-O-F-O�Y (BS�Ú�+,

DÚF©O�Ñ�Úà�o4ßº, O�¤£!). �

�DÑ���ëêdå6��O§STRACE 3-D5

(½.

3ÄuPIC�{�CYCPIC2D��1¥, �m>

Ö|�¦)´��Ñ�mÚO�Å]
�Ü©. ¤

I�mÚ]
����ûu���ÝÚ÷âf�ê

8. 3lf
Ñ��20��÷âf, ÀJØÓ���

ê, O����Ð©�»�>|é'�ã1. ��ê�

64×64�, 3>|Cz�¯�«�, ��m�L�Úå

ÛÜ²þz�J, ��O�Ø�. ��ê256×256�

�(J���p�O�°Ý. 3�¡�O�¥þæ^

256×256���.

�
�[ïÄO��m>Ö�A35\L§¥

�K�, ·�|^CYCPIC2D�[ØÓ6re (éA

uØÓ¥5zÇ)å6llf
Ñ�� =�\�

ù�ãDÑ!�å6Ñ$, ¿�ORBITÚTRACE

3-D§S?1'��y. ORBIT§S´�/\�ì

¥r6åÄåÆ÷âf�[§S, �{ÄuPIC�{.

TRACE 3-D�äkO��m>Ö�A�õU, �Ù

b�å63¢�m¥�þ!©Ù, 
�3DÑL§¥

å6�©Ù�±ØC, ù�|^)ÛL�ªCq?n

�m>Ö�A, ��Ä�5åéå6�ä�K�, 


�Ñ
p���5å��^, é���©Ù�¹, O

�(J�ÄuPIC��¹��5�m>Ö�A�§S

�m�3�É. d3�§SO��3ØÓ¥5zÇe

5\�¥å6RMS�ä�ã2¤«.

ã 1 Ð©å6�»�>|'�

ã 2 CYCPIC2D, ORBIT Ú TRACE 3-D �

rms��ä'�

(a) — (d) 8mAå6¥5zÇ©O�100%, 90%,

50%Ú0%, (e) å66r�20mA, vk¥5z. a�

x��, b�y ��.

lã2(a)Ú(b)�±�Ñ(Ø, 3p¥5zÇ�

�¹e, =K�å6��m>Ö|Úí{íN>l)

¤��lf��m>Ö|���, 3�§S rms�ä

­�¬Ü�éÐ, L²3f6e�O�°Ý��. 
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lã2(c)Ú (d)�±w�ÄuPIC÷âf�[�CY-

CPIC2D�ORBIT§S�(J��¬Ü, 
TRACE

3-D�O�(J�cü�¤���(JÄ��C,

��3�½��É. ã2(e)`²�å66r�20mA

�, CYCPIC2D�ORBIT§S�(J�,¬Ü, 
Ú

TRACE 3-D��É®²�~²w
. ù`²éå6

�m>Ö�A��5Cq?n�5�Ø��Xå6r

Ý�O\
O�.

ã 3 ¥%zÇ� 0%(a) Ú 100%(b) e 8mA å6

35\�"à �î�©Ù'�

,	, ã2¥, éuØÓ¥5zÇ�8mAå6, 3

x�� rms��äº����©O�1.47, 1.57, 2.94

Ú4.35cm, 
du\�ì¥%¶�5\�mk�, 5

\�+��»�k2.5cm, ù`²7L�kv
p�

¥5z§Ý5ü$�m>Ö�AÚå�å6��.

ã3w«
8mAå63vkæ�¥5z�� (a)

Ú��¥5z (b)�35\�"à ��å6î�©

Ù. �±w�, 3�m>Ö�A�K�e, å6u�Ý

wÍO�, åì©Ù�®²u)
é��Cz, 3å

å6¥%��� �k�õ�âf©Ù.

5 o(

�©0�
��ÄuPIC�{���å6ÄåÆ

�[§S, �[C++�ó�¡�é�õU, 3FOR-

TRAN 95¥¢y
¡�é���OÚ?§. ,�é

�ãDÑ�?1
÷âf�[, ¿Úyk§S?1é

'�y.

?�Ú�ó��)O\�õ�DÑÚ\���,

�Ä>�|�A; mu¿1�n�§S, �[óÀå

ì35\�! =�±9£^\�ìSÜ�$Ä.

a�{IË�|LBNL�Ji QiangÆ¬¤���

��Ú�Ï, a�Ú�u�Æ0�fÆ¬�kÃ?Ø

9é©v�?UïÆ.
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A Two-Dimension Beam Dynamics Simulation Code Base

on PIC Method *

YANG Jian-Jun1,2;1) ZHANG Tian-Jue1 AN Shi-Zhong1 JIA Xian-Lu1 LIN Yu-Zheng2

1 (China Institute of Atomic Energy, Beijing 102413, China)

2 (Department of Engineering Physics, Tsinghua University, Beijing 100084, China)

Abstract In order to carry out an in-depth study on the negative hydrogen DC beam transport in the axial injection

line of CYCIAE-100, a high intensity cyclotron under design at CIAE, the split-operator method is adopted in this paper

for macro-particle dynamics simulation. In this method, the Hamiltonian is divided into two parts: external applied

field and space-charge field. The former is dealt with single particle tracking and adopts first order approximation; the

latter is dealt with PIC method, and FFT technique is used to solve the Poisson equation. Moreover, we developed an

object-oriented code of two-dimension macro particle dynamics (CYCPIC2D) using FORTRON 95 language. This code

can be applied to the transport line calculation of arbitrarily distributed beam. The simulation result for CYCIAE-100

injection line is presented, and validated by ORBIT and TRACE-3D. It indicates that the space charge effects have

significant impact on the injection line, and the results given by three codes are basically accordant with each other.

When the beam intensity reaches several ten milliamperes, the two PIC-based codes CYCPIC2D and ORBIT still give

consistent results, while the result given by TRACE-3D shows evident difference with the other two.

Key words beam dynamics, space charge effect, Particle-In-Cell method, split-operator, axial injection line of cyclotron
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