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Á� Å�ì´gd>f-1C��Ø%Ü�, XÛ¢y��Å�ìãm� ���´¢ypOÃX

��gd>f-1�ÚÑÑ�7�^�. �©±�®�Æ973�8ù	SASEgd>f-1¢�C�

Å�ì�ï���., �Ñ
'����� ��nØ�£ã, ?1
¢y� ���nØO�, �Ñ


¢yãm� ���äNàÜ(�Úëê, ÏL�[O�L², �^4N!���±0.5mm��¼

�±100◦ �� N�þ. TnØó��8�pOÃX��gd>f-1��Å�ìXÚoN�Y�(

áC½
Ä:.

'�c X��gd>f-1 ��Å�ì ãm� �� àÜ(��O

1 Úó

Å�ì´gd>f-1(FEL)�Ø%Ü�. 3p

OÃX��gd>f-1C�¥, I��Ý3A�m

�zmþ?�Å�ì5¢y>få�1å�Uþ�

�, �ª¢y-1��ÚÑÑ. Xd��Å�ì3E

âþ7Læ^©ã��ª¢y, ©ã�XÛ¢yã�

ã�m>fåÚ1å� ���´¢yÑ1�­�

^�.

�®�Æù	SASE-FEL¢�C� ({¡PKU-

SCAF-FEL)
[1]

, ´3I[“973”Oy|±e, 3yk

��\�C��Ä:þò�ï¤���ù	gd>

f-1C�. ÙïE�8�´^±mÐÄu��\

�ì�ERL(Uþ£Â\�ì)Eâ�SASE-FEL�

Ä�Ôn¯K�'�Eâ�ïÄ, òï¤Uþ�30—

40MeV��\�ìÚ>få�ÊUþ£Âà�Ñ$

XÚ, ±95—6m��	à�Å�ì�C�, l
¢

yù	ÅãSASE-FELÑ1Ú>fåUþ£Â¢�.

TC�^±¢yÑ1�Å�ì�O�Ý�5m, ©ü

ã
[2]

. Ïd, XÛ¢yãm�� ��´�X­�Ä

�¯K��.
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�ã�ã�m�¤£ål5¦>fåÚ1å�� �

�2π��ê�, l
(�ØÓãm�ö� ���.

3d«�¹e, �ânØO�(½ãm¤£ål�,

�ò^|du�«Ï� ln�G�¤Úå�N\

�  ���3NN��S, �IéÅ�ìzã�à

Ü(�\±AÏ�O, 5?�Ú��ù
N\�� 

Ø�Ú¤£ål�Ø�. �´�AÑ1Å��C��

¦, Å�ì�^mYI3�½��SN�, l
¦Å

�ì^|3����SCz, d�ÒI�ÏLàÜ(
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ïE�TTF.,/ �8þ, =´æ^àÜ(��AÏ

�O, ÏLé�p'é�àÜ^4pÝ�°[N�,

l
¢y
ãm� ���, Ù� N�����

±90◦[3]
. ,	, 3{I®²m©ïE�LCLS�8¥,

�´æ^àÜ(�¢y� ��, �¢y±38◦ ��

 N�
[4]

. ���Ñ�´, �DESY��YØÓ, T�

Y�¦àÜ^|��~^|����, I�|^ó�,

ÏL��§Ý±��¤I|r (§ò��^z¥þ�

^=), Ïd�'�
ó, DESY��YäkEâþ´

u¢��`:. 
3�Iy��3Êï¥�BESSY

^X��gd>f-1C�¥
[5]

, ÏÅ�N����,

[æ^3¬½4¬[^.�4^c��í��|¤­

Yª��£ì�O, ÏL¦>få�1å3ãm¤r

´»9´§�ØÓ5¢yØÓÅ�ìã�m�� �

�. ,	, =ò3�IDESY¢�¿ïE�î³XFEL

�8¥, å�SASE5Å�ìXÚ�¦Å�Cz���

0.4—2.5nm, éA1� Cz��186◦, Ïd, �¢y

����� ���æ^
­Yª��£ì�O
[6]

.

�©Ì��éPKU-SCAF-FEL�83Å�ì^

mY�½��¹e, 3TTF.àÜ(�Ä:þ, JÑ


�«AÏ�O�àÜ(�, ¿Äg|^ê��[§

S, éÙ?1
�[�ê�`z�[O�, l
¼�

oN�Y¥�ª�àÜ(�Úëê. Ó�?Ø
3

^mYNC�, ÏL3���N!��ª�¢y^m

Y���NCeãm�� ��, l
k��JpÅ

�ìXÚ�W¿Ïf, ~�C��Ý, Ú~�­Y.

�£C�é>få¬��K�, äk(�{ü!´u

¢y!N�����`:. d«àÜ(�9Ùê�

O��.äkÊ·5, �±lù	FELí2�XÅã

FEL, Ïd��e�ÚïEpOÃX��gd>f-

1�Å�ì�e
Ä:.

2 �½^mYÅ�ì�àÜ(��O

2.1 àÜ(��ÐÚ�O9Ä�õU�¢y

éu��FELC�Å�ì�àÜ(��O, ÙÌ

�8I´XÛ¦>fý9?\ÚÚÑÅ�ì. du

Å�ìàÜ	ý´gd�m, >f?\Å�ìâ,É

�Å�ì^|é�LÄ, =>fØ´ý9 (�C)?\,

3Å�ìÑ���¹�aq. ,��¡, àÜ>÷|

©Ùò�Å�ìc��Ñ$���5U�5Ø|K

�, ÏdI�\^¶-, 3	\^¶-�, àÜSý^

|Czé�, >f�$ÄG��òÉ�é�LÄ. ù


6Ä¦?\ÚÚÑÅ�ì�>f�$Ä;,éJ�

�, Ïd, I�ÏLàÜ�AÏ�O, ¦÷¶5\�>

fÑ���î� £Ú����", =�¦Å�ì|

©Ù��gÚ�gÈ©�". ,	, 3�O¥�A±

¦��Å�ì�k�±Ïê���`À�K.

�
¦>fUý9?\Å�ì�æ^��ª´õ

«õ��, @Ï�õæ^¤¢LÞã, =¦m©A�

±Ï�^|rÝÅÚJp�Å�ì��O|r�, ù

ò��ü$Å�ì�k��Ý. 8cÊHæ^��O

�Yk^=^¬{!�¬Ö�{�, ±JpÅ�ì�

k��Ý. Ù¥^=^¬{´3àÜN\^=^¬,

|^^¬^=Úå�|©ÙCz5�y|È©�",

Ù":´^=�Ý�^mY�'é, =éØÓ�^m

Y7LN�ØÓ�^=�. 
�¬Ö�{´ò\�à

�1�¬[^c������Ñ�à, ¦�NÅ�ì

�^|é¥
º�é¡, l
��>f\�ÚÑ�G

����8�, d«�{{ü´1, 
�ÙÖ��^

�^mYÃ'. éuPKU-SCAF-FELC�, §ó�u

ù	Åã, �Ä�Eâþ´u¢�9Å�ì��k�

±Ïê����K, æ^3àÜ¦^pÝº���~

º����[^c=�¬Ö���{ (
Ï~æ^>

få���Ý´��), 5¢y>fý9?ÑÅ�ì�

Ä�õU. |^n�§SéT(�?1ê��[O�,

¤�(JXã1¤«, ��nØ�Oé|©Ù��g

Ú�gÈ©=>få �9;, £�"��¦.

ã 1 ^|È©ê�O�(J

(a) ^|; (b) >få �; (c) >få;, £.

2.2 � ���¢y

3pOÃFELC�¥, éu�Ýd�Am�zm

�Å�ìXÚ, l�Eó²Úå6��9�ä��Ý

Ñu, 7L©ãïE. �¢y>fåÚ1å±Y/U

þ������-1��ÚÑÑ, Ò7L¦��Å�

ìXÚÒ���vkmä�C�, ùÒ�¦>fåÚ
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1å3ÏL�ãÅ�ì��ö�� 7L��. dg

d>f-1�ó�Ån, >fÚ1�mU±Yu)U

þ���^��¡���^�, §¢Sþ�Lã�>

fzrL��Å�ì±Ï�Ë��>^Å�éu>f

�cw£��1Å�ål, Ïd, 3n�G¹e, >f

Ú1�m�� AT©ª�±2π��ê�, ¡���

 ��. �3¢S¥, ^|��n�z!>�|��

3!ãm¢Sål�nØ�� ���X�Ø�Ï�

�K�, ò���ö� ���, �ù«� Ø��

ÑNN���, Ò¬��OÃwÍ/eü, O\OÃ

�Ý¿K�-1�ÑÑõÇ.

ÚåÅ�ìXÚ� Ø��Ï�Ì��)3«
[7]

:

(1) Å�ìþ!^|«�� Cz, Ù)Ûª�C

qL��ϕw
∼= 2π

Lw

λw

(

1−
λ−λs

λs

)

, ª¥Lw �Å�

ìþ!^|��Ý, λw �Å�ì±Ï�Ý, λs ��

�Å�, λ�¢S�Ë�Å� (3��Uþ�>få

÷¶5\�^�e, dÅ�ì�Ø�û½), §��

�Å��3 ��, ¬ÚåN\���. (2) Å�

ì\�ÚÑ�>�|=àÜ(�?^|Úå�� 

Cz, �L«�ϕend
∼= 2π

2Leff

λw(1+K2/2)
, Ù¥Leff=

Nendλw(1+3K2/16)�>�|��Ý, Nend �>�|

¤�¹�±Ïê. (3) Å�ìã�ã�m��m¤Ú

å�� Cz, �L«�
[8]

ϕdrift
∼= 2π

Ldrift(1+k2/2)

λw(1+K2/2)
,

Ù¥Ldrift �ãmål, k �ãm²þ =ëê, �ã

mÃ^|�, k = 0. þãúª�nØ��Jø
k�

�Ãã, �3Å�ì¢Sï�L§¥, Ï~´�â^

|�¢Sÿþ�5���«Ø�±���O�N��

¦, eª=�Ñ
�¢ÿ^|êâ��'é�� L

�ª, �^u©Û��XÚ�� Ø�9� ��¯

K
[9]
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ϕ(y) =
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












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2π

λw(1+K2/2)
×






y+

( e

mc

)2
y∫

−∞





y
′∫

−∞

Bz(y
′′)dy′′





2

dy′






,

ª¥y = ct, λs ���Å�, γ �>f±·��þ�ü

 ��éØUþÏf, x′ �>få �, λw �Å�ì

±Ï�Ý, K �Å�ìÃþjëê, e�>f>þ, m

�>f�þ, c�1�, Bz �Å�ì¥%^|�.

3�©¤?Ø�¯K¥, Ï^mY�½, òX­

�Ä|^àÜ(��AÏ�O, 3oN�Y(½ãm

ål� (duãm(��O¥Ø�Ä¦^�£ì, ã

måÌ�´÷vå�ä��¦), �¢y� Ø��

��, ò32.1!àÜÐÚ�O¢y>fý9?ÑÅ

�ì�Ä�õU�, éÙ(�?1?�Ú�U?±¢

yãm� ���õU. �d, Xã2¤« (��ê�

�[O�§S¤��IX�±�Ó, �©�ã~9ú

ª¥Ñ�y ��>få\�Ñ���, z ��pÝ�

�, x��î� (°Ý��)), 3�¬Ö�{�Ä:þ,

Äk¦àÜ��¬[^c3z �pÝ��þäk�°

[N!�õU, ,�4�Ù¦^4º��Ó��ê1

��^43z �Ð© �'Ù¦^4�z �]?2mm,

¿ÚàÜ��¬[^c��3z ��äk°[N!�

õU. 3ã«(�¥�I�`²�´, ^cÜ© (soft

iron)��^´^á´�¶-á�, {�>�|ò�,

Ó�3c[`z(�º���±ü$àÜ^|�^m

Y�'é5
[10]

. d�àÜ(��N�7Lä�ü�õ

U, =3¼�^|�!�gÈ©�"�cJe, ¼�

ØÓ��£þ±÷v� ����¦.

ã 2 àÜ(�9O��IX«¿ã

|^��®�Æ�8ï��10±Ï�.�¢

S(�ëê, ¿3àÜæ^ã2¤«(�, ïáåê

�O��., ÏLê�§SRADIA?1�[O�.

RADIA§S´î³ÓÚË�¥% (ESRF)?��n

�^|O�§S, §æ^>.È©{ (boundary inte-

gral method), äk$��Ý¯, °Ýp, |È©O�

°(�`:
[11]

. �®�Æ�810±Ï�.`z�O

���ªº��[^cº�60mm×45mm×8.2mm,

^ 4 º � 43mm×36mm×5.3mm, à Ü � ¬ [ ^ c

�º��60mm×22.5mm×8.2mm, ^mY��O�

11mm. ±c�ã�ãmå¥:���ã�ãmå¥

:�� O�«m, ÏLé¡°[N!c�9þeà

ÜéA�NÜ©�pÝ, dê�O�(J����X

�=÷v¦>fåÑ���î� �Ú���\��
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� �Ú���±���Ä��¦, q��^uÖ�

� Cz��N�^4Ú�¬[^c� �ëê, �

�±O��ÑÏLù��ª�¼���A�� N�

��. �[O��, �N�^4�Ð© ��^mY

O\2�]?þ (2mm)�, ~X^mY�11mm�, �

N�^4Ð© ��15mm, [^c�¬ �±ÙÅ

�¥% ��"Ð© �, ��N�þ¿�X�å6

¥%N�, =^mY~����, K���, Xã2Î

ÒN���¤«. 3ê�O��.¥, du�.÷xy

Úyz ²¡¤º�é¡. Ïd, �¬[^c9^4z�

pÝ�N�þÑ�ü>N�þ, é^mY�K�¢S

´\��. ,	, �
&¢ÏLàÜ(���N!l


¢y3^mY�N�¹e�� N�ù�����

15, q©OO�
A|ØÓ^mY��e�^4N

�þ. ÏLê�O�¼���X�(JXL1Úã3

¤«.

L 1 ^mY�½�� ê�O�(J

Gap=11mm Gap=10mm Gap=12mm
�N�^4

�¬[^c ∆Φ(δ(end)− �¬[^c ∆Φ(δ(end)− �¬[^c ∆Φ(δ(end)−
N�þ/mm

N�þ/mm δ(start))/(◦) N�þ/mm δ(start))/(◦) N�þ/mm δ(start))/(◦)

0 −23.79 3660.71 −23.98 3455.21 −23.67 3853.09

0.25 −23.45 3702 −23.59 3496.54 −23.36 3893.35

0.5 −23.17 3750.09 −23.27 3545.14 −23.1 3939.99

0.75 −22.93 3804.9 −23.02 3601.46 −22.86 3992.3

1 −22.68 3864.27 −22.76 3662.54 −22.63 4049.99

1.25 −22.43 3928.93 −22.51 3730.06 −22.38 4111.2

1.5 −22.14 3997.86 −22.24 3798.77 −22.09 4177.53

1.75 −21.8 4065.54 −21.94 3863.16 −21.72 4244.36

2 −21.46 4125.41 −21.66 3918.41 −21.32 4308.16

ã 3 � ê�O�(J

þLO�(JL²: æ^¤JÑ�àÜ(��±

¼�¦|È©�"�^4Ú[^c�� �� �,

Ó�ÏLàÜ(��N���¢yüã� ���

���N�, �^4Å�(�N!���±0.5mm
[12]

,

�A�� N����±100◦, 3Å�ì¢Sï�L

§¥, A±nÜ
Å�N�!ÿþ���Ø��� 

¢SÿþN�����ª�â.

3 ^mYNCÅ�ì�� ��

^mYUCÚå1Å�Cz, l
¦Å�ìXÚ

¥1� u)Cz, ù«CzÓ��ÏLàÜ^|N

�¢yé>f� ���, �ª¢y1�>f� �

��. �â���8ëê, ·�3L2�Ñ
^mYN

��¤I���� �.

L 2 ^mYNCe� ê�O�(J

^mY Ñ1Å� 1�  >f��

/mm /µm Cz/(◦) � /(◦)

11 6.59 2667.4 212.6

11.1 6.5 2704.3 175.7

11.2 6.41 2742.3 137.7

11.3 6.32 2781.3 98.7

11.4 6.24 2817 63

11.5 6.16 2853.6 26.4

dþLO�(J�±wÑ, ���Å�ì^mY

N�þ�0.5mm, Ñ1Å�Cz���6.59—6.16µm

�, ¤Úå�1� Cz�186◦, éA�>fAN�

� ���26◦—213◦, lL1O�(J�±wÑ, Ï

LàÜ(����N!´�¢y� ��� (Ï�3

�£��S). ,	, lã3­��±w�, ¼ê'XÄ

���5, Ïd3ï�L§¥, �±ÏL3¢�¿°

(ÿþÑaq­�, ��33�¢�¥��âé1&

Ò�uÿ, æ^��N!þã(�¥�pÝ, ëì­

�, ±¼��r�1&Ò�O, N��ApÝ, =�¢

y3����^mYNC��� ��.

4 (Ø

�©¤æ^�àÜ� N!(�ÏLnØO�L

²: T�OUéÐ�¢y¤IõU, 
��LCLS¤æ
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^�(��', §äk´u¢y, 
�� N!þ�

�`:. ¤¼��PKU-SCAF-FEL¤I�(�ëê

�T�8�?�ÚmÐME
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ù	Åãí2�VUV½X��Åã, l
�Ù¦�8
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Theoretical Study of Segmented Undulator Phase Matching *

LU Hui-Hua1) CHEN Sen-Yu

(Institute of High Energy Physics, CAS, Beijing 100049, China)

Abstract Phase matching between different undulator segments is a key condition for high gain Free Electron Laser

facilities to gain saturation laser output. This paper develops theoretical study on phase matching, provides the scheme

to realize it and gives the parameters of terminations structure. According to the simulation result, ±100◦ phase

adjustment range can be achieved when the pole height can be adjusted in the range of ±0.5mm.

Key words X-ray free electron laser, undulator, phase matching, design of terminations
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