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Á� �®�K>féEÅ­�UEó§(BEPC/)æ^�´#.ÀÂ^cSlotted Pipe Kicker, Ù(

�þ�¦V45ø>. ²ïCØì´¢yV45�'�Ü�, ´)ûóÀ
¹6+Ò4����/�

ýÐEâå». ²ïCØì´�«äkAÏ^å�pØ¯óÀCØì, ÏdÙ�OØ
�)ûpØ¯

óÀCØì���5Eâ¯K	, �7LX­�Ä>6²ïÝ�I. ÏLnØ©Û!�[O�ÚÿÁ

¢�y²Ø²ï>6Ì�dCØì�y^>6Ú^�µ6�Ñ��>6üÜ©|¤. ²ïCØì^�

á�ÚAÛº�À�, ±9�B>�N(��O´¢y�O�I�'�¤3. �ÅÿÁ(J��OO

�(J�Î, �y
²ïCØì�OnØ��(5, �²ïÝD<1%��ý½�I.

'�c Slotted Pipe Kicker V45óÀ
 ²ïCØì cÄB�¬^�
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BEPC/ æ^äk$å6{|�#.ÀÂ^cSlot-

ted Pipe Kicker[1]. 3(�þ,ù«ÀÂ^c���¥

%:�;���ý�Ý�ë�, �Ò´`��¥%:

ÏLý�Ý�/, ù�A:�¦ÙóÀ
7L´��

V45óÀ
.

w,, óÀ
]2ó�, =¹6+ (Thyratron)Ò

4Ø�/, �¢yV45ø>, �IDELTA�kicker

>
Òæ^ù��Y
[2]

. ,
, ]2�YI�é?u

30kVp> �¹6+9Ï�´!>uì�æ��l

ø>9N�, Ø�¦��E,z
��Ø|uNÁ�

o; Ó�, dupØ�lCØìÐg?©Ù>N��

3, ý�Ýþò¬kpªZ6�), ÀÂ^c�y^

>6�¬U\þpg�Å©þ. Ïd, ¹6+]2¿

Ø´��n���Y.

�
¦¹6+Ò4U
�/, �±3óÀ
�>

£´¥Ú\��²ïCØì (balun), ¿òØ²ï>6

��3�±NN���S. XJ²ïCØìÐg?>

6Ø²ïòÚåü�ØN�À�¯K, �´Ø²ï>

6¬ÏL/�é±ý�Ý�ë�/> ����)�

�Z6; �´��y^>6Ø²ï¬K�^|©Ùþ

!5�I. Ïd²ïCØì�Y´Ä�1'�3ué

Ø²ï>6���, éupØ�>6¯óÀCØì


ó, ùÃ¦´�I�)û�EâJK.

�©ò(Ü²ïCØì3BEPC/ÀÂ^c>


¥�äNA^, éK�>6²ïÝ�Ì�Ï�?1½

þ©Û, ¿�ÑäN�O�O�ÚÿÁ(J. ã1´

BEPC/ÀÂ^c>
�ÿÀ(�: ¹6+m'Thy.,

óÀ>NìC, Gé{Z>{Rd, �Ú>|ìLsa, ^

cK1LM1, LM2 �¤��RLCj{ZGé��£´,

3K1>aþ�)��ÌÝ�2.1kA.°600ns�O

��u>6óÀ; ²ïCØìÐg?©O�^cK1

�ü�pØ">àf�ë�, ^±²ï6LLM1, LM2

þ�>6. Rc, Lc ´CØìÐg?£´�ú�Ü©.

ã 1 ¹6+�/�V45óÀ


2 ²ïCØìnØ©Û
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AÏ^å�Ðg?þ�ü*���pØ¯óÀCØ

ì, Ïd3�OþØ
kpØ¯óÀCØì����

¦±	, �kO�AÏ�¦, 8¥Ny3>6²ïÝ

�I: D= ∆I/I . e¡Ì��éù�¡?1nØ©Û

Ú�OO�. l��¿Â5`, ²ïCØì>6²ï

Ý��O�¦¢Sþ´CØìDÑ�Ç��¦, Ì�

�)y^�ÇÚ^��ÑüÜ©.

2.1 y^�Ç

CØì´�CØì^�¥�>B>7|�pÍ

Ü�^Ï5D4Uþ�, ùÜ©^Ï�ïá´I�

�½y^>6, CØì��>>6 I1 ÚB>>6 I2 �

gïáå5�^|��´���, �^´�p-�

�, ¤±éuØ�3^��Ñ�1: 1CØì
ó, ¢

S�y^>6AT´�B>>6��∆I = I1 − I2,


��>>6o´�uB>>6∆I > 0, ´Uþ

D Ñ I � G Ñ � � d; q Ï �M21 = M12 = M ,

k∆ψ = ψ21 −ψ12 = M21I1 −M12I2 = M∆I , ¤±

M = ∆ψ/∆I , ∆ψ´^�¥Ó�	ó�B>7|�^

Ïó, M ´CØì�pa, u´��±��±e(Ø,

�ÓóÀÏ¦Èe, pa��¤I��y^>6∆I

�Ò��, y^�Ç�p, >6Ø²ïÝD = ∆I/I

��.

�±|^CØì���>´
[3, 4]

�?�Ú½þ�

©Û. ã2´ã1¤«>´{z�, ¿ò²ïCØìg

?ò��Ð?���>´, M ÚLl ©O´CØì�p

aÚ¦a, LM1 =LM2 =LM/2´^cK1>a��©

��, ùp6Ø�Ä^��Ñ.

ã 2 ²ïCØì��>´

d>aþ>6Ú>Ø�éA'X, �±��e¡

ü�L�ª

i2(t) =
1

LM/2+Ll

∫
u(t)dt, (1)

∆i(t) = i1− i2 = iM =
1

M

∫
u(t)dt, (2)

�â²ïÝ�½Â, ¿ò(1), (2)�\�

D =
∆i

i2
×100% =

Ll+LM/2

M
×100% =

(

Ll

M
+
LM/2

M

)

×100% =

(

Ll

L−Ll

+
LM/2

L−Ll

)

×100% , (3)

ùpL=M+Ll ´CØì�ga. lL�ª(3)�±w

Ñ, Ø�Ä^��Ñ�>6²ïÝDÚCØì�ga

LÚ¦aLl k', L��Ll ��DÒ��. Ïd, ²ï

CØì3�Oþ�¦gaL7Lv
�, Ó�3(�

�Oþ¦�U�ü$¦aLl , �Ò´¦þ�JpÍÜ

Xêk= (L−Ll)/L.

e¡Òé7|gaÚ¦aùü�¡�?�Ú�?

Ø.

2.1.1 �/^�CØì7|�>a

�âS��´½Æ:

∮
H •dl =

∑

iØJ���/

^�¥^|�©Ù:

B=
µ0µp

∑

i

2πr
, (4)

ùpµ0 ´�í�^�Ç, µp ´^���é^�Ç, r

´^´�±��», Ri 6 r6Ro, Ri ÚRo ©O´�/

^��S	�». 3�»�r�Ó%�?÷»���

�dr, Kdφ= (µ0µpNI/2πr)ffhdr, ùpN ´7|*

ê, h�^��pÝ, ff ´^��W¿Xê; �â>a

�½ÂØJí�Ñ�/^�CØì7|�>aO�

úª:

L =
ψ

I
=
Nφ

I
=
N

I

∫
Ro

Ri

µ0µpNI

2πr
•ffhdr=

µ0µpN
2ffh

2π
ln
Ro

Ri

. (5)

lª(5)�Ñ>aL∝ µp, ,
^5á���é^

�Çµp Ø´��~ê, Ïd, �O��7L�y^�

ó�3�5«±¼����µp . lª(4)�wÑ, ^

�¥�:?�^aArÝ¿Ø�Ó, Ù©Ù5Æ´

B∝ 1/r, �Ò´`, 3^��S»?r =Ri, ^aAr

ÝB��Bmax =B(Ri). b��5«�éA�^aA

rÝOþ�∆B, K��y��^�Ñó�3�5«,

Ò7Lk∆B(Ri) 6 ∆B.

d>^aA½Æ: ε= dψ/dt=Ndφ/dt�È©�

±��CØì7|>Ø�óÀÏ¦ÈET :

ET =

∫
u(t)dt= ∆ψ=N∆φ, (6)

ùp∆ψ´^Ïó�Czþ, ∆φ´^Ï�Czþ, N

´CØì7|�*ê, u(t)´CØì7|þ�>Ø. Q
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,B�r¤�', �»�r?�B�Oþ∆B(Ri)Ri/r.

�ª(5)�í�aq, Kª(6)�±U��

ET = ∆ψ=N∆φ=

N

∫
Ro

Ri

∆B(Ri) •

Ri

r
•(ffhdr) =

N∆BffhRi ln
Ro

Ri

(7)

�^�	»Ro �½�, Ri ��^���¡È�

�, ,
B(Ri)����N´�Ú, ÏdRi �ÀJ�3

�`�, -: dET/dRi = 0, �d(Ri lnRo/Ri)/dRi = 0

K ln(Ro/Ri) = 1, =�Ro/Ri = e�, 3�y^�ó

�3^�Ç����5«e, ^�¼����Ï¦È

ET . �±�âù�(Ø5�O^��AÛº�, ±J

p^�|^Ç, ü$^�µ6�Ñ9�E¤�.

'�ª(5), (7)�±uy, 3Ro/Ri = eù�'~

ØC��¹e, O�S»Ri �±O�ET , 
>aL

�±ØC; ù´Ï�O�S»�Ò¿�XÓ�O�

^��k��¡ÈÚ��^´�Ý; ��	S»�'

Ro/Ri = e�½e5�, ^��AÛëê¥�khâû

½CØì7|�>a.

2.1.2 $¦a�²ïCØì(�

>6²ïÝ�¦û½²ïCØì3�Oþ7L¦

�Uü$¦a, Ó�~�¦a�k|uü$��óÀ

>
�ó�>Ø; (ÜóÀ
�N�O�¦, (½²

ïCØì(��O8I´o¦a��3100nh±S.

CØì�¦a´�Nü >6e¦^Ïóõ��

Ônþ
[5]

, Ù���Ðg?>6©Ù±9¤�)�¦

^Ï©Ùk', ù
Ì��ûuCØìÐg?�N(

�, 
É^��K�Ø� (≈20%); d	, pª^�e

�I��Ä�«�Aé>6Ú^|©Ù�K�.

w,*ê��, Ðg?ÍÜ��Ð¦a���,

¤±²ïCØì�Oæ^ü*��, ¿�3÷vFØ

�cJeÐg?�N¦�U��C. Ðg?�N�±

´²1�N(�ÚÓ¶(�, �Ä�\óJÝ±9�

ÀÂ^cpØBp��é�¯K, �Oæ^�´²1

�N(�.

ã3A�Ñ
�«$¦a�²1�N(�, CØ

ì�Ðg?�N¦�U�ò^�I�¿÷; �Ä�

pª^�e�3�C�A
[6]

, ¦�6LÐg?�N�

>6Ì�8¥3ü�N�é�SL¡, ¤±�3�

N	Ü�3¦^Ï, 
��Ü�Ø �ü�Nmk

��íY¥; l^{��Ý©Û, du^��^�Ç

é�, ¦^Ï^´�^{Ì��ûu�íY�^{,

=: RM = b/µ0dl, ùpd´Ðg?�N�ý�ål!l

´�N�Ý!b´�N°Ý. �â^{Ú>a�'X

L=N 2/RM, KCØìÐg?o�¦a�LL:

LL =
µ0dl

b
. (8)

3¢S��Op, �
ü$\óJÝ, r�B

>�N{z¤ü�²1�°Ô�, Xã3B¤«. l

OPERA§S�ý�(Jw, �A(��', B(�/

ª¦a¿Ø¬O�éõ.

ã 3 ²1�N(��²ïCØìî�¡

é�O�¤�²ïCØìÐg?�N(� (�)

Ú�)?1>aÿþµØ�^�LL = 90nh, �^�

LL = 100nh, ���O�¦.

2.2 ^��Ñ

^��Ñ´�)Ø²ï>6�,���Ï, Ì�

�)^¢�ÑÚµ6�Ñ
[3]

. éu¯óÀCØì
ó,

^��µ6�Ñ´ØN�À�. ùpÌ�?Ø�7�

/^��µ6�Ñ.

�âµ6�Ñ�)��n, ØJy²�7�/^

�]�µ6�ÑõÇ�

PW =
Sff leδ

2

12ρT

• (dB/dt)2, (9)

ùpS´AÛ�¡È, ff �W¿Xê, le ´�/^��

�^´�Ý, δ´�áþÝ, ρT ´�á�>{Ç, B´

^�¥�²þ^aArÝ. lª(9)�±wÑ, ^��

µ6�Ñ�^��áþÝ�²�¤�', Ú>{Ç¤

�', Ïd�ü$^�µ6�ÑI�l^5á��À

JÚ^���9ò»ó²þ��Ä; d	µ6�Ñ�

Ú^����^´�Ý¤�', Ïd�Ó�¡ÈeS

»Ri ���^�µ6�Ñ���.

Ï�B=µ0µpH =µ0µp

∑

i/le, ª(9)�U��

PW =
Sffδ

2µ2
0µ

2
p

12ρTle
•

(

d
∑

i/dt
)2

(10)

lª (10)��±wÑ]�µ6�ÑÚ^�y^>6C

zÇ²�¤�', Ïdéu��u>6óÀ, 3óÀ

ºÜ, éA�µ6�Ñ��, 
óÀc�÷�Ñ��;

���3�´, ÀÂ^cé5\å��^TT´3�

�uóÀ�ºÜ, d�duµ6�ÑÚå�Ø²ï>

6��, é|©Ùþ!5�K����.
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qÏ�ψ = NBSff , U = dψ/dt = NSffdB/dt,

ùpN ´CØì7|*ê, U ´7|þ�>Ø, K

ª(9)��±U��

PW =
leδ

2U 2

12ρTSffN 2
(11)

dd�±��ò��Ð?���µ6�Ñ>{�

RW =
U 2

PW

=
12ρTSffN

2

leδ2
(12)

ù�, ã2���>´�±?U�ã4¤«>´, =�

Ä^�µ6�Ñ���>´.

ã 4 �Äµ6�Ñ²ïCØì��>´

�âã4, ØJwÑØ²ï>6�)^�µ6�

Ñ��>6 iW ÚCØìy^>6 iM ü�Ü©=:

∆i = iW + iM =u(t)/RW +
1

M

∫
u(t)dt=

Ll+LM/2

RW

•

di2
dt

+
Ll+LM/2

M
i2 (13)

i2 ´6L^c�*�����u>6óÀ, ¤±

∆i´��{uÅÚ�uÅU\�Å/.

3 ²ïCØì��O

3.1 ^�^5á��ÀJ

�âc¡��OnØ©Û, ²ïCØì�^�á

�7L�k�p�óÀ^�Ç, p�Ú^�, $µ6

�Ñ�A:. lL1écÄB�¬!·#Ü7Úc�

N3«~5�^^á���e{ü�'�, �±��,

c�N>{Ç�pµ6�Ñ��$, ,
�Ú^�Ú

^�ÇÑ $; ·#Ü7äkép�^�Ç, �´>

{Ç�$µ6�Ñ��p; cÄB�¬äkp�Ú^

�Úp^�ÇA:, �>{Ç$u·#Ü7, µ6�

Ñ���, Ïd, cÄB�¬�á´�«Ø��ÀJ.

L 1 cÄB�¬!·#Ü7!c�N�A5é'

á� cÄB�¬ ·#Ü7 c�N

�Ú^�/T 1.25 0.75 0.5

>{Ç/(µΩ·cm) 80—130 56 106

�^/T 0.20—1.0 — 0.20

Ð©^�Ç/(Gs/Oe) > 80,000 > 80,000 —

��^�Ç/(Gs/Oe) > 200,000 600,000 < 20,000


�å/(A/m) < 2 < 1 6

8cI�cÄB�¬�á, þÝ���±��

26—30µm, °Ý<100mm. ^cÄB�¬�áò7�

¤�^�^A5�Ú9?nó²ké�'X. �âò

»�¤\�	Ü^|�¹, �±©¤î�^|ò»!

Ã^|ò»Úp�^|ò», L2�Ñ3«ØÓò»

ó²e, ^�^A5��É�¹. ²Lî�^|ò»

?n��cÄB�¬^�äk$�^, $�Ñ�A:,

'�·Üuü�¯óÀCØì.

L 2 3«ò»ó²eB�¬^�^A5'�

�¬a. î^ò» Ã^ò» p^ò»

Ð©^�Ç > 3×104 > 8×104 > 1×104

��^�Ç > 5×104 > 45×104 > 50×104

�^ < 0.2T 0.6T > 0.85T


�å < 1.8A/m < 0.8A/m < 1.8A/m

�Ñ/(20kHz,0.5T) < 50W/kg < 25W/kg < 90W/kg

�Ñ/(100kHz,0.3T) < 150W/kg < 150W/kg < 300W/kg

�O¥æ^WPX�^�Ò´²Lî�^|ò»

���cÄB�¬^�. �â¢�êâ��, 31MHz

ó�ªÇe, WP^�Ä�^A5ëê: Br ≈0.2T,

Bs ≈1.2T, µp ≈6000, �^�5«∆B≈0.68T; Ônë

ê: �áþÝδ = 30µm, >{ÇρT = 80µΩ·cm, W¿

Xêff=0.65.

3.2 ^�AÛº��O�

^5á�À½��, Ò�±�âBEPC/ ÀÂ^

c>
�äN�O�¦?1^�AÛº��O�. ²

ïCØìÌ���Oëê�L3.

L 3 ²ïCØìÌ���Oëê

²ïÝD(óÀºÜ) < 1% B>¦aLl 0.05µh

��uóÀÌÝ 2.1kA �*��>aLM/2 0.45µh

��uóÀ.° 600ns B>£´M)>aLS 0.2µh

�â>6²ïÝ�I�¦D < 1%(óÀºÜ), d

ª (3), (5)�±��CØìga���¦:

L=
µ0µpN

2ffh

2π
ln
Ro

Ri

> 50.05µh (14)

e�Ñ{Z>{9�Ú>|ìé��u>6Å

/�K�, K²ïCØìg?þ�>Ø�±��:

u(t) = 2100Ltω cosωt= 7697cosωt, ùpω = 2π/T =

(5π/3)×106, Lt =LM/2+Ll+LS ≈ 0.7µh; �âª(6)C

Øìg?>ØÏ¦ÈET = U/ω = 1470µVs. ��y

��^�ó�3�5«, dª(7)�¦:

ET =N∆BffhRi ln
Ro

Ri

> 1470µVs (15)

n Ü � Ä (14), (15) ª, ^ � 	 S » � ` ' ~

Ro/Ri = e, ±9^�ÚoÝ�\óó²�¦, ¿3
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Ñ�½üþ, �ª(½e5²ïCØì^��AÛº

��: Φo ×Φi×H = 190mm×85mm×100mm. d�,

L= 78µh, ET = 1503µVsþ÷v(14), (15)ª; >6²

ïÝ (óÀºÜ)D = 0.64% < 1%���O�¦, Ø

²ï>6¥y^>6Ü©�ÌÝ��: 13.5A. 2�â

ª (12)��Ñ^��µ6�Ñ��>{RW = 84.3Ω,

KØ²ï>6¥µ6�Ñ��>6Ü©�ÌÝ�:

IW =U/RW = 91.3A.

ã5´PSPICE�[(J, >´ÿÀ(�ÚÌ�

ëêXã1¤«, �Ú>|ì9²ïCØì^�þæ

^��5^��., �.�^A5ëêÚAÛëê�

�Å��O�Ä��Ó, µ6�Ñ��>{�84.3Ω.

�[(J�)Û�(JÄ��Ó; l�[�Å/þ�

±�*wÑµ6�Ñ��>6ÌÝ�uy^>6�Ì

Ý, 3óÀþ,eü÷µ6�Ñ��>63Ø²ï>

6¥ÓÌ�¤©, 
3óÀºÜ�, y^>6ÓÌ�

¤©.

ã 5 PSPICE�[Å/

4 ¢�(J

ó À > 
 � Å � b K 1 � ë, 3 ó � > Ø

28kV! ­ E ª Ç 50Hz e, é ² ï C Ø ì (^ �

WP190×85×100)5U?1ÿÁ, «Åì¢ÿÅ/9

êâXã6¤«, ã¥Ch1´g?>6Å/ (2V/div,

P~ì30db, paì0.1V/A), Ch2´Ø²ï>6Å/

(2V/div, P~ì20db, paì1V/A), M=Ch3−Ch4

´g?>ØÅ/ (2kV/div). òÌ��ÿÁ(J�\

L4¥¿��OO�(J�'�, ¢ÿ�ÚnØ��

~�C.

ã 6 ÀÂ^c>
�Å²ïCØìÿÁ(J

L 4 ²ïCØì�O(Jvs.ÿÁ(J

�O(J ÿÁ(J

��uóÀ>6ÌÝ/A 2100 2068.5

y^>6 iM ÌÝ/A 13.5 13.2

>6²ïÝD(óÀºÜ) 0.64% 0.64%

CØìg?>Ø/kV 7.697 8.052

µ6�Ñ>6 i
W

ÌÝ/A 91.3 96.3

µ6�Ñ>{R
W

/Ω 84.3 83.6

d	, ÏL'�, ã6«Åì�ÿÁÅ/Úã5

PSPICE��[Å/Ä�þ´¬Ü�.

o�, BEPC/ ÀÂ^c>
�Åþ²ïCØì

�ÿÁ(J´-<÷¿�, 5U��
ý½��O�

I, �y
²ïCØì��OnØ��(5Ú��5.

5 (Ø

²ïCØì´BEPC/ ÀÂ^cóÀ>
¥�

'�Ü�, )û
V45óÀ
¹6+m'��/¯

K. >6²ïÝ�I´²ïCØì�O�Ø%¯K.

(Ü¢�êâÚPSPICE�[�ý, lnØþ©Û


K�>6²ïÝ�Ì�Ï��): CØì^�y^>

6Úµ6�Ñ. �ânØ©Û�(Ø, �ª(½��

O´: æ^�²Lî�^|ò»�cÄB�¬^�

WP(Φo×Φi×H = 190mm×85mm×100mm), ü*²1

�N(�. ÀÂ^c>
�Åþ²ïCØì�ÿÁê

âÚÅ/�nØ©ÛÚ�[�ý(J�¬Ü, �y


²ïCØì��OnØ��(5Ú��5, ²ïCØ

ì�>6²ïÝ (��uóÀºÜ)D = 0.64%< 1%,

��ý½��O8I.
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Balun Technology for Bipolar Pulsed Power Supply

CHEN Jin-Hui1) HAN Qian KANG Wen

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

Abstract A new type slotted pipe kicker with advantage of low coupling impedance is adopted for the major upgrading

of the Beijing Electron Positron Collider (BEPC/). A bipolar pulsed power supply is needed for the new type kicker.

In order to avoid difficulties caused by the floating-thyratron scheme, a balun is introduced into the LC series resonance

circuit with a grounded thyratron. The current balance degree between primary and secondary coils must be considered

for the balun as a high-voltage fast-pulsed transformer for the special purpose. The unbalanced currents include

magnetizing current and equivalent current of eddy-current loss in core. A nanocrystalline tape-wound toroid annealed

in transverse magnetic field is chosen for the balun. To reduce leakage inductance, a simply parallel flat structure is

adopted in design of transformer primary and secondary conductors. The test results on the prototype confirm the

design theory and current balance degree of the balun reaches the design target of D <1%.

Key words Slotted Pipe Kicker, bipolar pulsed power supply, balun, nanocrystalline toroid
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