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η: �ŜYu^k�ğ 
 

� 

βS : ÅĮűÞ5¡ƫ4æ#DŜæƫø 
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ES : ÅĮűÞ5NdvQz 
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φ : űÞ5�Ŝ ( =ωRF t ) 
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LOyŇ��ň�#E7ƿÞ�BMtcMo5A�3ƵƷïLOy5´ƫ4?�#

D�15M6D10�5?Ƙé´ƫWyRwawy5Û63ŌąM�D� 

 
Ï 1-5 ǑÇń´ƫ1Ƙé´ƫ5ŀƣ 
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1.2 KEK `X[v´ƫÌǒKEK-DAǓ[8] 

KEK `X[v´ƫÌ6Ħ PS 5 	
 ������ jzY[zWyRwawyeƘé´ƫģ
ú4ěƈ!)ǑżCƨ!WyRwawyM�D�Ï 1-64 KEK`X[v´ƫÌ5Ĺ
čeŤ#���5ĻÌ4-0/6ŭ �Ŭ4�0/ƙħ#D� 

KEK `X[v´ƫÌ5hzoUn^WscyS6 2011 ö 6 ī4ƺÝ�E)��
ı
DCţÕM5£çƛĠ
ÇÍƢƱ5Ɖľeŵ/ DCǔACţÕeº´!)´ƫåǐ
eƅ0
ƠƶğæǄƄğŀ5 45LOyeŔ0/ĪÛţÕ 0.51 T5´ƫ5åƓ�E
/0D[9]� 

��

!"�

!"#$%&'()*&#!"#$%&'�()*)#+,-,"$%#.//!%!0$"102#
3456&#7!8&#9:;.<#=>'#?@=A?=#BC?==D&�

#$%&'()$*+'',-.*',--�

��1
���*/$%+2-�

��'0 2�)2-%/1!,2%/�1�

/01�
/23� /0"� /24*

/05� /26�

/07�

�����#
"*#-
��

���#
���$�2�

�����#
�$�2
��

�	��"0�������

)2-.&#2�

������#
��1(0!�

 
Ï 1-6 KEK `X[v´ƫÌ5WY_oĹč 

 
 

1.3İƜġ5Ĺč 
ŭǖŬM6
İŠŨ5�Ž.�eħŢ4#D)>Ƙé´ƫ5Ôİ¼Œ
;)ŠŨč

Ĳ5Ī¬5ƲŔeŚĔ# KEK`X[v´ƫÌ5ĸƋ4-0/Ʃ:/0D� 
ŭǗŬM6
Ƙé´ƫ¼ŒeŔ0)´ƫĎŃ4-0/ACơ<ƥI*ƝƜeƅ�1

1?4'5ďƆř°Ų
�B4�E;MŔ0/6)¬ĮÒ5YL^]ySǄŇ5ƚǌ

4-0/Ʃ:D� 
ŭǘŬM6
±¸Ƴ4�0/ĢÒ5¸é�gvYǄŇeƺŘ#D4�),/�E;

MƅdE/6) IGBT
MOSFET
SI sLuY[ŮÃŧ¸é�gxz`fLY5Š
Ũōł4-0/ĸƍ!
Ă¸ƳM6¸é�gxz`fLY5�Ŗ4ǇĢe?)B#1
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Įā�ED SiC`fLYe'EBĤß Si`fLY1ŀƣ#D�1M'5��ĉeŢ
Ɨ!
SiC-JFET5YL^]ySĉƀƔ�ŶĲ�B
Ƙé´ƫÌZvbtLfzŔų
Þ1!/eLgxzg^TzXƺŘ5ĆƋM�D�1eŤ#� 
ŭǙŬM6
İŠŨ4�0/Ģ)4ƺŘ�E)NlPWpzvb`KYRuzag

^TzX SiC-JFET5ĹƬ1'5ŌĉƔ�ŶĲ4-0/Ʃ:D� 
ŭǚŬM6
ĢƺŘ5ųÞeŔ0)YL^]ySǄŇǒSPSǓ5ƒƐ1ƕ�
'!

/Ɣ�ŶĲ4-0/Ʃ:D�Ɣ�åǐ4�0/6ĺĚƟƄđĐ*�M63�
´ƫZ

veėŸ!)åǐ?ƅ0
ėŸTzjv5ƸŞ
Lyiz\yYm^]yS5ƵƋĉ

4-0/?Ə¾#D� 
ŭǛŬ6İƜġ5eLtLaM�D���M6
ƕ�!)YL^]ySǄŇeåǀ

5Ƙé´ƫWyRwawyǒKEK `X[v´ƫÌǓ4é£!
ƵLOy5´ƫåǐ
eƅ,)ŶĲ4-0/Ʃ:D�YL^]ySǄŇ5¨²ńÿ
LOyfy]ńÿŮ�

B
YL^]ySǄŇ5´ƫ4ĆƋ3ǄÑeŘœ!
LOy5âä4´ƫ�ED�1

5Ť�ED� 
ŭǜŬM6
èıîĭ1!/Ľ��5gxzpXrzv5ƺŘ1Ƙé´ƫģúeƲ

Ŕ!)¦ÿ´ƫÌ5�Ă5Áƀĉ4-0/Ʃ:D� 
ĪĂ4
ŭǝŬ4�0/¤�5ŶƜeƩ:D� 
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����

ŋƔ,1�ŚƔ�Ǳ/ǄāÂǜVx`vFd}ǭƁ0ØǇBǞ9H��0/¯&(

H�ǄāÂǜSU]p0³�«BƺHƱ��6%�źæ�Ž�H�?ÂǜVxȃÆŽ

exUǺŮ0ǅȀ/)�H:Ǚ5?� 

2.1 ÂǜSU]p0Ɩ âǏ 
ǄāÂǜSU]p1ÂǜǺå�Ǭ�Ǖ9ǺåBƁż ?UF[Z|NǺŮ�<3�

ǚO}jx�ĻÙĭĬ�=.?ÂǜVx`vFd}-~Ś©/ÍÂ�@%exUǺå

/<(H�Ś©0ÂǜL±[k/ÂǜǺåBƁż ?ǄāÂǜVx�=ŗħ�@?� 
ä 2-1 /źƱ0ǄāÂǜSU]p0Ɩ âǏBØQ|m}c|_0¶ƆƖ--:

/Ǝ �UF[Z|NǺŮȇSPSȈ1MOSFETBØD}p/ 7Ƅ»ĳƦ�% Hjw
[TâǏ,ŗħ�@�ĸĀƨ0Ęǽ/<?ƟõĹǷBǰś ?%9/Âǜáŋ��=

1;;ǹ@%ȇĺ 10mȈëĨ/ƿƫ�@?�#0%9UF[Z|NǺŮ-ÂǜVx0
Ǯ1ȅǺå�ǚƨȇZ0=120�Ȉ,ĳƦ�@H�?�SPS 0ǂƠ-#0ǅȀ/)�H
1 2.4 ƚ,ǂǙ ?�ǄāÂǜVx1�iCF|q[_®wl|BČâ�%_zFY

xQDBƥƩŐB��HƒĆ�%:0/�ǪŐ, 1X}|.��1 2X}|0ȋŚQ
FxBČâ�%�,U]|yUƷ0üá/ÿ²�Hŗħ�@?ȇä 2-2Ȉ�üá/1L
±[k�ƿ�=@H�?0,�ȋŚQFx/Ǻå�ÍÂ�@?-üá1îåá0 2Ś
QFx0ª�B��L±[k/1ÂǜǺå�Ɓż ?� 

 
ä 2-1 ǄāÂǜSU]p0ŗħ 
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ä 2-2 ÂǜVx0ľΔ 

 

ǄāÂǜVx1¿Ǚ�%<�/âǏƂ/1_v|U,�?��#0ǺŠŶģBƾǙ

 ?�,1F|YMX|U�K±eSX|U�ĭĬ0�»âǏ,ƫ�ĵ�?�-�¸

Ŏ�exUƂ.F|h}Y|U-�H1ƞ 330�-ǁ �@H�?[1]�exU�ǚ/

�Ž�H�?ȅǺåO}jx0ŶģF|h}Y|U1 120�,�?0,F|h}Y
|Un[Z|NBä?%9/n[Z|NĭĬ�ÂǜVx-�»/ĳƦ�@?� 
ä 2-31 SPS0ƛÊ.Ɩ âǏ-ĭĬǊưȇ115 ΩȈ/ĳƦ�%-�0¸ÁŦė0

�BƎ�H�?[2]�Hjw[T/1D}pŞ/UF[Z��?��% �Ĳ�-.(
%Ȍ)0UF[Z�Úł/I| ?�-/<(H¸ÁexUBƁż ?�ä,1

SW1- SW4�I|/.?�-/<>Ŝ0exUǺå��SW2- SW3�I|/.?
�-/<>Ǌ0exUǺå�Ɓż ?�Ŝ0exU-Ǌ0exUB��/Ɓż�"?

01�~Ƒ0exU_v|U,�?ÂǜVx0ƍŌýđBďèƂ/1Ȋ-��QDB

ȂÞ�".�%9,�?� 

���
���

 
ä 2-3� SPS0exU¸ÁŦė0� 
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2.2 ǄāÂǜĩť 
ƜõB~ú0ǑǢ/¢(%66Âǜ ?%9/1, ȋÜâ,ĝ=@?ÂǜHcxL

}-¨ÛǺƍƋ0ƍë0îÈŹ-0Ǯ/~ú0ǯ¡�ġƹ,�?�ǑǢ�/ÂǜL±

[k� 1¥�(HǋǨ m0Ɯõ�L±[kBǛǡ ?Ǯ�ÂǜǺå� VACC,�?-

 ?-�1Üâ0Ǯ/Ɯõ�ĝ?HcxL}�E1� 
ΔE = eVACC  (2-1) 

,Ƴ�@?�~ŀ�Ɯõ�ǑǢÉęB~ú/¢(HǠÆ ?%9/1z}y|\Á-

ǤĠÁ�ǩ>Ù(H�.�@2.=!� 

mv2

ρ
= evB  (2-2) 

-��ǯ¡�ħ>Ɠ(H�.�@2.=.����, v1Ɯõ0ǜđ��1ǑǢÉę

,�?�(2-2)ē1ǠÆǨ pB��- 
        p = mv = eρB  (2-3) 

-ń�ĵ�?�-�,�?��=/(2-3)ē<>Ɯõ�ǑǢB~Ü ?Ǯ0ǠÆǨ0î

ÈB�p- ?- 

 Δp = eρ dB
dt

Δt  (2-4) 

-.?���,�t1ÜâÜŉ,�>�tȓC/v,Ƴ�@?�%&��C1Üǫ,�?�

³HcxL}-ǠÆǨ0ǯ¡�=�E=v�p-��ǯ¡��?�-BƬĦ ?- (2-4)

ē1 

 ΔE = veρ dB
dt
C
v
= eρC dB

dt
 (2-5) 

-.?0,�ƣĄ 

 VACC = ρC dB
dt

 (2-6) 

-��ǯ¡Bŭ%�.�@2.=.��-�¹�?� 

Âǜ�@%FI|0ǋǨ1ƅþģŻǇ/<> 

 m = m0

1− (v / c)2
 (2-7) 

-ƾǙ,�?�=ȇmo: ǻśǋǨ�c: °ǜȈ��@B(2-3)ē/�²�H v/)�HƼ

�- 

 v = eρB
m0
2 + (eρB)2 / c2

 (2-8) 

-.?��@<>ÜâÜŦĺ1 
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 f = eρB
C m0

2 + (eρB)2 / c2
 (2-9) 

,Ƴ�@?�-/.?� 

KEK^TXxÂǜá,1ǺƍƋǺŮ/ÜŦĺ 10Hz0ŜĔŦ´İǺŮBŽ�H�
?0,[3]�ƍŌýđ1 

 

� 

B =
(BMAX − BMIN )

2
(1− cos(20πt)) + BMIN  �

(2-10) 

-Ƴ�@?���, BMAX:ņñƍŌýđ�BMIN:ņĂƍŌýđ,�?�Ĝ(H(2-6)ē
1 

  VACC = 10π (BMAX − BMIN )Cρ sin(20π t)  (2-11) 
-.?��-�HFI|ƑBǋǨĺ 400 Ar8+-��Ƴ 2-1/Ǝ�% KEK-DA0ǈe

vq}XBŽ�HÂǜǺå VACC -ÜâÜŦĺ(Revolution Frequency)BäƎ ?-ä

2-40<�/.?� 
Ƴ 2-1 KEK-DA0evq}X 

Ǿƃ ƾ× [Ê�] § 
Üǫ C [m] 37.7 
ŃŹÉę � [m] 3.3 
�ǺƍƋ�ŨÜŦĺ f [Hz] 10 
ņĂƍŌýđ BMIN [T] 0.0292 
ņñƍŌýđ B��� [T] 0.84 
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ä 2-4� ÂǜǺå-ÜâÜŦĺ0ƽƙ� 

ä 2-4<> 2kV��0ÂǜǺå- 1MHz��0ÂǜexUÜŉ�ġƹ,�?�-
�A�?���@=1ě,Ǚ5?<�/źƱ0 MOSFET ŀē SPS 0ģƭǲžȇä
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�,1ƌƨ,Ǝ�%ȈBǍ�?�/.?[2]��0þƗ-�HƸĺ0VxBƢ7ÙA"

%ÂǜǺå0Âƙ;��UF[Z|N0ŀēBġƹ-�H�?��@=/)�H1

2.5ƚ,Ǚ5?� 
 
2.3 exU_v|U-�H0ǄāÂǜVx0½ƞō� 
2.3.1 úǺåƁż0½ƞ-exUýđîǆ 

2.2 ƚ,Ǚ5%<�/¨ÛǺƍƋ0ƍë�ŜĔŦŷ/îÈ ? fast cycling 
synchrotron,1�g}pBøú/Âǜ ?%9/1ÂǜǺå:ŜĔŦŷ/îÈ ?
ġƹ��?����exU_v|UBŽ�%ǄāÂǜ,1�~Ś©0ƄŨǺå-Č�

ĺş,Ţ6?exUǺåBƁż�"?&�,�>�#066,1ÂǜǺåBǝƦƂ/

îÈ�"?�-1,�.�� 
KEK-DA,1exUýđîǆȇPulse Density Modulation: PDMȈBŽ�?�/

<(H�0ǅȀB±Ň�H�?[4]�PDM -1g}pd|Z�ÂǜVxBǛǡ ?đ

/Âǜ ?0,1.��ǮřƂ/Âǜ ?�-,ûÅƂ.ÂǜǺåBǝƦƂ/îÈ�

"?ŀē0�-,�?��0ëÙ�exUýđȇd|Z0Ǜǡĺ/þ ?ÂǜǺåÍ

Ââĺ0şŹȈBηP�ÂǜVx 2Ś©ǄǌǺåB Vind- ?-ûÅƂ.ÂǜǺå Veff
1 
 Veff =ηPVind  (2-12) 
-.>�ηPBǝƦƂ/îÈ�"?�-/<>ƄŨǺå�~ú,:Ɩ Ƃ/ǝƦÕî0

ÂǜǺåBĝ?��,�?� 
 
2.3.2 exUĎ�ÂǜǺå�ÜŦĺ0½ƞ 
ǄāÂǜVxBexUÃƍ ?-�QD/fU]wSUĶ�ūǺŨĶ�Ɓż ?%

9��@B·Î ?ġƹ��?�ä 2- 5/ƍŌýđİĎȇ�BȈBî�%ł0fU]
wSUJ}j0Ŭúƣő0�BƎ � 

 
 

ä 2-5 �BBîÈ�"%ł0fU]wSUJ}j0îÈ 
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Ȇȁ/<@2[5]��B� 0.05Tȇ%&�ÊŖģȈ0ł 1exUĖ%>0QDĶó1
0.606 [J/m3]��Ŗģ, 1MHz0ëÙ0Ķó-�H1�ÜŦĺB 2MHzƅĖ�QD�
ƒB 0.0141 m3-�H 17.1 kWBƿƽ§-�H�>�QD0·Î1�@/ê*�H
ĕ½ţ·BƱ(H�?�exUĎ�ÂǜǺå�ÜŦĺ1�!@:QDĶó/ĘǽB�

�?%9QDĶó0ƻŰ�=½ƞBÔ�?�-/.?� 
exUĎ�ƪ>ǘ�ÜŦĺBî�%ł0ĶóBǁ �H7?�Ūǔ/<?-iCF

|q[_0 1exU�%>0Ķó[J/m3/exU]1Śē,Ƴ�@?[6]� 

 Ppulse = (−0.44 + 24.7ΔB)(
d
ρ
)(dB
dt
)0.5 + (10.6ΔB2 )( d

2

ρBS
)(dB
dt
)  (2-13) 

%&���BȑƍŌýđİĎ[T]�dȑwl|Ï� [�10µm]��ȑiCF|q[_
ĭĬŹ[µ�m]�BSȑȂÞƍŌýđ [T],�?�(2-13)ē0ƕȋǾ1iCF|q[_0
ƍŠ`qF|0ƏÆ/��Ķó,d}`qF|r}`-Ý2@�ƕȌǾ1ƍÈǜđ�

�A9Hȅǜ0ł�ƳΔ/Ũ@?ūǺŨ/<(HƘµǦ�S}x`�@�ƳΔ�=µ

Ǧ/Û�(Hƍë��7Ǖ8<�/ƍÈ�@H��ł0ĶóBƳ�H�>RZty

}Su|GH}jr}`-Ý2@H�?[7]�%&��(2-13)ē1ÊŖģ�1 exUĖ
%>0Ķó,�?�-/ŧĤBƹ ?�Ĝ(HÂǜVx0<�/�Ŗģ0exU,�

�/Ãƍ�@?�-BƬ�%ëÙ�ƪ>ǘ�ÜŦĺ� f0ł0Ê�łǮĖ%>0Ķó
[W]1�  

 Pav = 2 fVVOL ((−0.44 + 24.7ΔB)(
d
ρ
)(dB
dt
)0.5 + (10.6ΔB2 )( d

2

ρBS
)(dB
dt
))

 
(2-14) 

-.?�%&��VVOL1QD�ƒ,�?� 
¿Ǚ0Ȇȁ0Ķóƽƙ:(2-14)ē/ê*�H�?�(2-14)ē,QDĶó1�B -

dB/dt0ǯĺ,�?���@=0îĺ-exUĎ�ÂǜǺå1Ś0<�/�Hǯǝ*
�=@?� 
ǄāÂǜVxµǦ0ƍģ�BÃƍ ? 1 ŚQFx/exUǺåBÍÂ ?-ȋŚ

ǺŨǏ/ǺŨ i�Ũ@�ƍģ�µǦ0ƍŌýđ�îÈ ?��0ƍŌîÈ/<>iC
v^}0ť¾/<>(2-15)ē/Ǝ ǄāǺå�Ɓż ?� 

 Vind = − dB
dtS∫ dS = dφ

dt  
(2-15) 

��, B:ƍģ�µ0ƍŌýđ�	ȑƍģ�µ0ƧƍŌ,�?� QDľΔµ,0ƍ
ŌýđB~Ř-�ú��(2-15)ēBłǮƒ¹ ?- 

 
 
Vindτ P = −ΔB dS = ΔB i STS∫  (2-16) 

-.?ȇτPȑexUĎ��BȑƍŌýđİĎ�STȑQDƧľΔƒȈ�(2-16)ēB�B/
)�HƼ�- 
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 ΔB = Vindτ P
ST

= VPτ P
npST

 (2-17) 

-.?���,� VP 1ȋŚQFx0exUǺå�np 1ȋŚQFxČâĺ,�?�6
%�exUŦė�ù³.Ɖė,�?- ?- 

 dB
dt

= VDC
npST

 (2-18) 

6%QD0ƧľΔƒ ST1ȇQDïę
QDµęȈ/2�wl|Ď�ÌƒŹ�QD¥ĺ
,ƽƙ ?�-�,�?��Ƴ 2-2 /Ǝ�%evq}X<> ST Bš9?- 0.0087 
[m2]-.?� 

 
Ƴ 2-2 ÂǜVxŽQD0ǈevq}X 

ȂÞƍŌýđ�     [T] 1.35 
şĭĬ�           [µ�m] 1.1 
ïę�             [mm] 500 
µę�             [mm] 225 
wl|Ď�         [mm] 15 
wl|Ï�         [µm] 13 
ÌƒŹ 0.7 
QD¥ĺ 6 

 

!10$

0$

10$

20$

30$

40$

50$

60$

70$

�� ���� ���� ���� ���� ���� ��	� ��
� ���� ���� ��

Co
re
%L
os
s%
(k
W
)%

Pulse%Width%(us)%

Design$Value�

1$Turn$Cell�

2$Turn$Cell�

2.0kV!1MHz$Opera?on�

 
ä 2-6 PulseĎ vs. QDĶó0ƽƙƣő 

 
�@=0ēBŽ�HȋŚQFxČĺ� 1 X}|-ȌX}|0ëÙ/)�HÃƍe
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xUĎ-QDĶó0ǯ¡Bƽƙ�%ƣőBä 2-6/Ǝ �%&�¸ÁǺå1 2.0 kV�
ÜŦĺ1 1 MHz-�%��0ō�,1 1X}|0ëÙ,exUĎ� 0.34 µs�2X}
|0ëÙ, 0.68 µs,Ķó�ƿƽ§/ǣ ?�-�¹�?�%&����,0ǉǇ1
ǝƦǠǒȇduty 100 %ȈB¿Ĵ-�%Ķó,�>�ûǶ/1ÂǜeX}|:ƬĦ ?
ġƹ��?01ÇǇ,�?�#@/)�H1 2.5ƚ,Ǚ5?� 
 
2.4 UF[Z|NǺŮ0ǅȀ 
ǄāÂǜS|Mz_z|0ÐŻûǀûȄ�3/źæ�g}pQo[Sub|N�Ǟ

Ʊ�0 KEK^TXxÂǜá,1�ǄāÂǜVxBȃÆ ?exUǺŮ0UF[Z|
NƟõ-�H Si-MOSFETȇIXYS, DE475-102N20A�1000 V-20 AȈ�ȏƄ»,Ž
�=@H�? [8][9]�ä 2-7/�0UF[Z|NǺŮ0ïƻB�Ƴ 2-3/�.úœBƎ
 � 

 

ä 2-7 ĜŎUF[Z|NǺŮ0ïƻ 
ȇïė� 600W x 430� x 440	
 Ȉ 

 
Ƴ 2-3� ĜŎUF[Z|NǺŮ0�ƹúœ 

¸ÁǺå �2.5 kV�� 
¸ÁǺŨ 25 A�� 
ƪ>ǘ� 10 kHz-1 MHz 
ƓD��>Uh}` 25 ns�� 

 

�/Ǚ5%<�/ĜŎ0UF[Z|NǺŮȇSPSȈ1 1D}pBȏ¥0MOSFET
,ŗħ�H�?��0%9 SPS³�,1 28¥0MOSFET-#@=B`vFj ?
P}_ȃÆâǏ�ġƹ-.(H�?��=/ FET 1#@$@Ǻ��ſ.?%9�P
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}_ȃÆâǏ/1ƥƩ�@%ǺŮ�=ǺÁB�Ƥ ?ġƹ��(%�#0%9ġŲƂ

/ǦßŰĺ0ìÂ�ƴƫ0ñéÈBį�H�%��=/ȃÆexUB�ǚ ?%9/

28 ŋ0°O}jxBļƿ ?ġƹ:�>�ƴƫ0ƿƫ/ðñ.ĩǮ-QU_Bġƹ
-�H�?� 
6% SPS1ȋMHz-��ȅÜŦ,I|�Ii ?0,ØD}pBðĺ0Ƅ»ĳƦ

�@% FET,ŗħ ?ëÙ�)�0<�.ǅȀ��?�ä 2-8/Ƅ»ĳƦ�@% FET
0Ɩ âǏBƎ �ä 2-8/��H CS1Ø FET0`yF|W}UǮ0K±eSX|
UB�Cgi(i=ȋ�7)1þçǮ0K±eSX|UB#@$@Ƴ�H�?�ŵŻƂ/1 CS

1�-�HƟõƮǐ0¸ÁüǨ,�>�Cgi 1Ɵõ-ĸŴiE|Ǯ0ǻǺüǨ�3/

P}_âǏƥƩǦ0ǻǺüǨ0Þ,�?�Ƅ»ĳƦ�@% FET 0Ǻå¹Į1ƄŨƂ
/1Ø FET0ů@ǺŨȇiDSSȈ/<(HŢ6?��ȅÜŦ,1K±eSX|U0şŹ
,Ţú�@?�-/.?�Ŷ/ä 2-8/Ǝ�%<�/þçǮ/K±eSX|U�öæ
 ?ëÙ/1 CSB®Ǻ ?ǺŨ�ȅǺå©Ɛñ��.?%9/�ƣő-�HȅǺå

©0 FETƐȅ�¹ĮǺå-.?�ä 2-9/ FETB 5Ƅ»/�%ëÙ0¹ĮǺå0û
Ŭ§-ƽƙ§BşǓ�%�BƎ [2]�Ǻå¹ĮBķà ?%9/1 FET -�»/ƶ
¬Ž0K±eSX|UBĳƦ ?ġƹ��?��ƶ¬Ž0K±eSX|U0ñ��1

ƟõŞ0µǦK±eSX|U0dv\KBƬĦ�%�,Ţú ?ġƹ��>�ûǶ/

1¹ĮǺåBŬú�.�=üǨ§BŢú ?-��ųA����?� 

�
� �
� �
� �
� �
� �
� �
�

�	�� �	�� �	�� �	�� �	�� �	�� �	��

 
ä 2-8� 7Ƅ» FET0Ɩ âǏ 

 

 
ä 2-9 5Ƅ» FET¹ĮǺå0ƽƙ§-ûŬ§0şǓ[2] 
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¹ĮǺå/ĘǽB��?:�~)0ƹã-�HX}|I|�X}|Ii0UF[Z

|N6,0ǟĒłǮ02=)���?�Ƅ»ĳƦ�@%Ɵõ0I|�IiXFo|N

/¹č��?ëÙ���2ȋ)0Ɵõ&��Ii,�0Ɵõ�I|�H�?<�.ŷ

Ť�Ɓż @2Iiŷĥ0Ɵõ/ǡñ.Ǻå¹ĮBĕ�?�-/.?��0ǟĒłǮ

1Ɵõ½Ğ£×0�ǚƝ�P}_ȃÆâǏ�FET ƟõƮǐBÙA"%ƧÙƂ.:0
,�>�;1>¹ĮǺåBŬú�.�=0ǆĻBġƹ- ?� 
�0<�/ĜŎ0 Si-MOSFETBŽ�% SPS,1ųǸ.Ǻå¹ĮǆĻ�ȌΩ¥0

FET#@$@/)�Hġƹ,�(%��@BƼŢ ?%9/1 FET0Ƅ»ĺBũ=
 ġƹ��?��#0ëÙ�Ɵõ 1¥�%>0ďè¹ĮǺå�ñ��.>ƟõĶó�
ñ��.?����� ,/ƟõĶó1 150Wȉ¥Ɛđ�>ıŴƂ/1ǲž/Ǘ�[1][2]�

�%�(HƟõģƭ0ŒŋƂ.Û�ű�/1 SPS 0ĂéÈ�ȅ£ǿģÈ1�Õƭ-
��0�źŷ,�?�6%��ěǄāÂǜS|Mz_z|0Ŷğ,�?ǫñ.d|Z

żħƭÁBż��H�=/ñé0Âǜá40ǥŽ[10]BƬ�?�,:�<>ñǺÁ�Ó

>Ī�?Ŀéȅģƭe{}^dFU0ǭƁ�ġƹ,�?� 
 
2.5 ÂǜSawI 

2.2�2.3�2.4 ƚ/Ǝ�%<�/ǄāÂǜ/1Ř
.½ƞō��ǅ"=@H�?�
#�,ûǶ0g}pÂǜ/��H1²Ā�=Âǜơ�6,BƸĺ0U]}T/¹À

��1ŚČƨȌX}|0ÂǜVxȌÖ-ȋX}|0VxȌÖBƢ7ÙA"HU]}T
Ş/ņǥ0ÂǜǺåBĝ?ĩťBŽ�?�-- ?� 
��/ Ar8+FI|B KEK-DA 0ņñƍë6,Âǜ ?ëÙ0U]}T¹À0�B

Ǝ ȇä 2-10Ȉ�.����,1ȋX}|VxBȃÆ ?exUǺŮ0ƄŨǺå1 1.8 
kV�ȌX}|VxŽexUǺŮ1 2.2 kV- ?� 
U]}Tȋȇ²Ā¼ŉ�ÂǜǺå(Vacc)Ȓ1.1 kVȈ 
ä 2-4 /:Ǝ�%<�/FI|�w|N/²Ā�@%Ƅě1HcxL}�×�%

9�ÜâÜŉ�ǫ�ÂǜǺå:z|NexU- ?ġƹ��?��ÂǜǺå#0:0

1×�-:<��#�,�0U]}T/��H1ȋŚQFx 2X}|0Vx 2ÖBŽ
��exUƁż0�ƅċBƿ�?�-/<>Ɩ Ƃ/ 2¦0exUĎBĝ?�U]}
Tȋ/��H1g}p²Āł0ÂǜǺå0exUĎB 4µs- ?��ÜâÜŉ� 12µs
<>Ɗ�.(H�Ǳ1ÜâÜŉ0 1/3BÂǜǺå0exUĎ- ?� 
U]}TȌȇ1.1 kV<VACC <1.8 kVȈ 

VACC� 1.1 kV<>:ȅ�.?- 2X}|0Vx,1ÂǜǺåBƁż,�.�.?
0,ȋX}|0Vx/º>Ņ�?� 
U]}T 3ȇ1.8 kV<VACC <2.2 kVȈ�� U]}TȎȇ2.2kV<VACC <2.9 kVȈ 
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U]}Tȍ�Ǳ,1ȌÖ0Vx0ǺåBǧƀ ?�-/<>ȅ�Ǻå/þĢ�"

?� 
U]}Tȏȇ2.2kV<VACC <2.9 kVȈ�� U]}TΩȇ2.2kV<VACC <2.9 kVȈ 
Âǜ0ņě0ŝǵ,1ÜâÜŉ� 1 MHz��-.>�exUǺŮ0úœBǎ�?

%9 2 Ƣ0VxB��/Ǡǒ ?�-/<>exUǺŮ0ûÅƂ.exUƁżÜŦ
ĺB 1 MHz��/¢)� 

 
ä 2-10 ÂǜSawI 
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ä 2-11 U]}TŞ0exUǺåȅ�-ÂǜǺå0şǓ 

 
ä 2-11/ØU]}T/��?ġƹ.ÂǜǺå-exUǺåȅ�0ǯ¡BƎ �6

%�ä 2-12 /Âǜǭô�=ơ�6,0ÂǜǺå�exUýđ�ÜâÜŉ0ǯ¡BƎ
 �̂ TXxÂǜá,1�0<�/ƁżexUǺå0ǨõÈ-exUýđîǆ/<>

ġƹ.ÂǜǺåBĝH�?-���-:,�?� 
ä 2-13/1ȋexU�%>0QD0ƍŌýđİĎ�B-exUýđBƬĦ�%Ɩ

 Ƃ.exUÜŦĺBƎ �g}p�Âǜ�@?/)@HÜâÜŉ�Ɗ�.?%9/

exUĎ:Ɗ�.>�Ê~0U]}T0�,1�B1ũă ?� 
ä 2- 141 1exUĖ%>0Vx0Ķó-ÂǜÜŉȇ100msȈµ,0ďèĶóBƎ

�H�?�ȋX}|Vx1ƍŌýđİĎ�ñ��%9�Ķó:ñ���ņñ, 16kW
Bǎ�H�>ƿƽ§/Ǘ���#@1ƇǮƂ.§,�>ďèƂ/1 4kW ��,�(
Hƿƽ§0 17.1 kW/þ�H®¹�Ƶ��?� 
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ä 2-12 Âǜǭô�=ơ�6,0Âǜ/ġƹ.Ǻå�ÜâÜŉ�exUýđ0îÈ 
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ä 2-13 ÂǜSawI/ê*�%�B -Ɩ ÜŦĺ 
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ä 2-14 ÂǜSawI/ê*�Hƽƙ�%QDzU 

 
2.6 ƕȌƔ06-9 
ŋƔ,1ŚƔ�Ǳ/ÂǜVxȃÆŽÉā�UF[Z|NǺŮ0ØǇBąǭ ?0

/¯&(HǄāÂǜSU]p³�0īƲ/)�H¤ƈ�%�2.1 ƚ,1ÂǜSU]p
0Ɩ âǏ--:/Æ�ÐŻ/)�HƎ�%�2.2 ƚ,1S|Mz_z|0Æ�Bƾ
Ǚ ?/�%(Hǧƹ-.?��)�0ēBā¸��KEK-DA 0evq}XB�²
 ?�-,�KEK-DA/ġƹ-.?ÂǜǺåBƎ�%�2.3ƚ,1ÂǜVx/ġƹ.
ÂǜǺåBƁż�"?%90īƲƂ½ƞō�-�H 

• ~ú0ƄŨǺå0­,ÂǜǺåBǝƦƂ/îÈ�"?ġƹ��?�- 
• ÂǜVx0QDĶóB·ÎÕƭ.ƿƽ§�µ/½ǲ ?ġƹ��?�- 

BǙ5%� 
2.4ƚ,1��@6,Ž�=@H�%ǄāÂǜVxȃÆŽexUǺŮ0ǅȀ-�H�

Si-MOSFET�ØD}p 7Ƅ»,Ž�=@H�?%9/ƴƫ�ñéÈ�H�?�-0
7.=!�Ɵõ¹ĮǺåBèƖÈ ?%9/ðñ.ÄƯBƹ�H�>��@BƼŢ 

?%9/1<>ñǺÁ0Ó>Ī�?ȅǺå0Ŀée{}^dFU0ǭƁ�ŉĚ�@

H�?�BǙ5%� 
ņě/ 2.5ƚ/��H�źŷ0ÂǜVx0īƲƂǲžB±Ň ?ĩŝ-�H�Âǜ

0¼ŉ�=ơ�ǖBΩŝǵ/¹À�HƸĺ0ÂǜVxBƢ7ÙA"HŽ�?ÂǜS

awIBĿ%/ĴŔ���0ÂǜSawI/Ĝ(%ëÙ�ÂǜVx0Ķó�ƿƽ�ǲ

/Ò6?�BƎ�%� 
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· 2 ¶ 
�� Si-MOSFET 0ª����y!<1CBZ7Ý§!Êà0Ï$�
�!Û«0Ë	-�' "�yq�cJY\EI1<!Ø¬��Æ��-��0Ï

$��É�nÓ>Vâoª<1CBZ7Ý§"ã¾,Î�yJV<JY\Ý§!hy

e�������
-���.%� (JV<JY\Ý§ q�c0Õª�-�' 

���È&���.��-��¶�"�.+!¯´ ���WLT\��<1CBZ

7Ý§#!ÕªtÀ� ����Ç�-� 

3.1 JV<JY\:<DR 
JV<JY\"Ý°2HV5\0�Ù­[µÙ­ x½�ã��p��JV<Ým

0d,i���.0¹�L\R�W\9��Q16X¤�� |���lª�-�Ã

� 1990 �_`Ú~
�¬���
�[1]�w 3-1  JV<JY\¬©:<DR!OX
C6w0±�� 
�k b��!JY\?\<�+�Ù0���2HV5\!Á³0Â��2HV5

\Á³!�c���"4SJ:@\�1ZA6@\�r�¬Ý ���tÀ��,�

�.+!�c 
�-2HV5\��"�.�.ÞÝ2HV5\�É�2HV5\�

Ôo2HV5\��-� 
¡ Á³��2HV5\0ãÓ<1CB *,s,i��<1CB"�! Àß 


��6X\;Z7<1CB�3\PGZ7<1CB já�-����
-�6X

\;Z7<1CB"3N¨��+3Z¨� ×²0Â�<1CB�����_Ä­�

(! "5SCP<1CB)81UFXZ����-�ãÓ!6X\;Z7<1CB

04S:J:@\�»&u/�-��fÝ��2HV5\0®JV<~Ý¦����

�s,i�����
�JV<JY\0¬©�-���i�-�3\PGZ7<1C

B"6X\;Z7<1CB�"Ñ 3Z¨��+3N¨�#!×²0Â�<1CB

�����_Ä­�(! KT\=��-�3\PGZ7<1CB01ZA6@\�

»&u/�-�Ý¦0Ö��-�� *,JV<ãÝx0¬©�-���i�-� 
<1CB *,s,i�.�JV<JY\"aÐ¼Í¸0^���º­�2HV

5\|�Å¿ ��.-�zu *��"�!aÐÒ] 
���MPCäMagnetic 
Pulse Compression:� °£JV<x½åvÍ�D\J\¼Í�}¢³&¼Í¸0ª�
�JV<!���Ýx{����Â/.-��(�-���. �*ãÓ®JV<!

aÐ 
��"/��!ÌÜ�(j���vÍ���s,���Æ��-�'1Z

M\AZ<QCBZ7 fj¥�0���Æ��-� 
JV<JY\"�Ý�ãÝx����Ý£2HV5\!�!%%��ª�.-��

(�-���º­ "Q16X¤�g�X¼����Ý°¤)¹�L\R!� |�
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��Ëãu�ãz�*­«������°µ�~Û	���(��

'� 

%;5+.CD! 
$4>&CE�
#A/'.CD��

$4>&CE�
��� �D��
$4>&CE�

�����
����
2C5���

&;18,#10�
)#=3@A�
���,#10�
6<C-�

?C*��
�
7C:�
9#'@��

 �����

$4>&C�

���

"�,#1
0A(�

5>,�
�B���

$4>&C
	
�

���

 
t 3-1 CL6COQ56<H 

 
3.2 g}X6+;:��Ç� 
c¹�Ï��$���CL6COQ56<H����6+;:�ãÓCL6*Y&

^�ÙÇ�3PGQAP>��'�Ç¢�('�Á�x��¬Ñ����� 10kV�
� kA���"������!=B+6����/I;F6+;:#4+J>NP	
T�¬�%(�
������	%�
(%�6+;:�Ý�Ü��ÝªÊ*a¬�

�6+;:��'�!��½&Î�Z¬�$'Ý���À	Sj×��&�{p	¯

�\ß����'����¦	����
��!�Ý6+;:�¡�'�� �Ú{

p��'g}XCOQ=B+6�$'¾
��	`��(�U��Â���'�g}

XCOQ=B+6���Á®��Þjb�BLE=B+6�-Pb�BLE=B+6�

-P-Db�BLE=B+6� 3´à�_à�
'[2]�Þjb�BLE=B+6�b

�¸y*"���R�m� �ÒÝjÁ�=B+6��'�VÆ®�§�9+-Q?

	�'�b�¸y*"���
��%CL6COQ¬�6+;:P1»y��Ô��

�$���)(���	�9+-Q?	Ðr��'��Ý¤*ãÓÕ��'6+;:

Y¬*a¬��Ë¯CL6*­«��'rÌ���|¬� SOSä Semiconductor 
Opening Switchå9+-Q?	Û­�([3]�-QF@P16+;:������®a

¬	°µ�(��'�-Pb�BLE=B+6�4+K68�VÆ�('$��-D

�%-P��b�� *b�¸yä2Q>å�%b��
'=B+6��&�-P�

%-D��©�Ö³�wØrÌ�W�$&Ý¤	æ������Ä)('�-P-D

b�BLE=B+6�MOSFET# IGBT�$��-D�%-P��-P�%-D�
�h�m�b�	jÁ�=B+6��'�t 3-2�k´�COQ=B+6�Ô¬ºs
�RÃ®�COQ,M0>N@06���¬[*��Í�6+;:P1n£��¼Í

�^dCOQ*i��²��[4]��·��k´g}XCOQ=B+6�¨��CL6

COQ��Ô¬°µ������Ï���%�É}eÓ7LâfÝ¥��Ô¬jÁ�

�����È�'� 
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_ 3-2 Z�9A<79)2����^�p�L[4] 

 
3.3 Z� SiWhJ2)65�d�:A2:BD���� 
3.3.1 /)@24 
/)@24� pnpn�¨i|�' �*CTo9A<79)2��%�_ 3-3��

�a{|�� 2��8?C124�����M]�=7A'��[5]�/)@24�U

K�.D8�d�#¡�	�P�&%� pnp
8?C124� npn 8?C124��k�K
��"$H8?C124� �*C�r��

��/)@24QJ	*C�r��%�*;�

r��%����b�]���¡¡�	Ee

O¥Nt¡�¦IG��%��G�%�����

/)@24����X��|���d��%

���¤¡`�c¡�V	fz��%	�Ey

�2)65C-�l	�����}�	�%�

¤�2)65C-/)@24��
��'�

�����.D8:4DC'X��3C4D.

D8����vg�!�j
�����%[6]���]�F ���(028ym�"

$/)@24��q'��
��2)65C-q�'[F��%
�	Y���%�

��(028��/)@24��S�Y£\@(,8A¥��2)65� ��¦'

u���/)@24�4DC*C�n�/)@24QJ�+>@(	sw�����

�r������Su��&�@(,8A�R	¡�' ~��+>@(	sw��

n�@(,8A	£\��¡�	�&%"����ym'���Y£\@(,8A�

� � � �
��	��

��	��

P�

N�

P�

N�

�	� 
�

��	��

�	� 
�

��	��  
_ 3-3 /)@24�|�x¢� 
§8?C124�M]� 
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¦t�}°¦�*AD>)4�0<D9�*AD>)4�>)+F@79±��¡(

��[7]��$�*349�¨°`­cC*-9D�ªf(Sz�&�¨±��¥^(

������60kA/μs ���¯ di/dt �4+76F.u��j��'��&[8]�� e

3-4 ���*349~m�#%1+C45� di/dt u�(bH���P(���/G
9ª���'&���#��1+C45�5GF,F��*;G:ªf�NI��"

��*349]��#�� 0.7 μs�¨�*;G:ª��H��v	$'��&���
Y�&� 

	��������A/div.)�

�
�
�


�
�
�
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)�
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e 3-4 ��*349(���1+C45�¯ di/dt4+76F.�p[8] 

 

e 3-5� 10�Z���*349L
1+C454+76��$�rl�nd ~
m({���EG2�ª�d ����p��&[9]�e 3-5��ªf�p���4+
76XO�_�1+C45 10TY��10T�1+C45���IU 5T�a1+C
45�T��ªf�p���'��&���ª�d �§��o����KVj®�


��*349�¨��k di/dt�©R����'����*349�¨� 1.1 μs�
�i�'��&� 
rl�nd ���Z|��'�1+C45�X��/G9d (|��&��

����*G4ªM�¤��I��1+C45� /G9:B+?d (|����

I��1+C45��n��q�a1+C45�JZ�|���xw�0F8F1�

$�&ªfYyd �Wªª�(/G9���¢!#����a1+C45(«�

�n�&#����d ��&�rl�nd �{��#%�g�Zd ��¬��

&¯ªM�|��'�1+C45�/G9d ��ª\�[s=D4�Q����

�¬����'��e 3-5����I��1+C45�5GF,F���� 2���
$ 5��£�1+C45�«�5GF,F�����h�Y�&�rl�nd ��
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)$<,.�tc.$9@'�Sk���������B�w��.A@%@��W

�T��u������lK��yp#+,2"Jv
�� ���L)$<,.�

.A@%@�^E� ����r�N��!�.A@%@��W" 120�HD�� 
���gO
�� 

 

 

1 μs�  
 

V 3-5 10xMyp#+,2G	eatc)$<,.,$0/"hv
�>A*��sU�U��C�
�,$0/��qd�D�[9] 

 
3.3.2 MOSFET (Metal Oxide Semiconductor Field Effect Transistor) 

MOSFET�(A2�W����3>$@�-A,��/:4=�Zi&:<#"
Nf
�%@�%7� ,$0/@'|\�� �V 3-6 �6?AMOSFET �Yl
o�"z�[10]�5$8A;15$,����`i&:<#�{Pm�]X
��F�

�n�����,$0/@'QI�R~�� �Bj��Zi&:<#���|\�

� �����r_b"�
� ����	���}W�[�r�|\�� ���
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M}����	�pUDu)9$8089���� 1MHz �q���l�t
�3
7+~c�Sd������
�K;�kR����S|�pUDu)9$8089

�Soe~c�
�MOSFET�7fB�
�H46/*~c	Ze�����[11]� 
 

 
N 3-6 POWER MOSFET�O`av[10] 

 
N 3-7�MOSFET� 125fB�
� 100kV�+!/.9%�Hm�
�37+

+!/.���[12]���+!/.��&:0�F�T^������37+059+

�F	Ze������37+059+]W���&:0�F�PI�' ��J�

{b�����\�s iV�g37+�
��F�
����	Q�	�`?��y
37+��ws�Hm������&:0Lr�nE FET �e��5/.]W&:
015!2:Lr	e������������37+059+]W����	�

5ms><�"9_z�X����YC
���� 

 
N 3-7 MOSFET 125fB+!/.Lr[12] 

 
3.3.3 MAGT (Mos Assisted Gate-triggered Thyristor) 

MAGT ��j@Lr<�(!6+-�&:0xA� MOS�Metal Oxide 
Semiconductor�av�
��uG�N��������N 3-8 � MAGT �O`a
v�j@Lr�h�[13]�-:9"9_�~R	#,:1��MOSFET�=
�f[
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n9F0�nL�"!�����1FE(E
R���!���� MAGT� p9F
0�Q�$h�P��n';31	� n9F0��)=@%nLOr$���!
�
�� n9F0�)=@%�y$��!���1FE(Eqa�UG
W�"�7A
07DF]s�7DF46&0��![14][15]�W 3-9�MAGT�0&32E+m^�
I$x�[13]�
�g�8F*�o 3050 A (21.8 kA/cm2)�di/dt=14.8 kA/μs (106 
kA/μs/cm�)
�b�"��MAGT��~ ��').:BF-s7A0�p���s
$ul����t�"�_jH#"���,&?5CE0&32���e�R���

!
�$\��!����[16][17]�MAGT $Hs��7A0�p� XeCl BF-�$
~ ���kHz�tc��!
���bN��[18][19]� 

 
W 3-8 MAGT�Yik��zJV�[13] 

 

������

 
 

W 3-9 MAGT�w7A00&32E+m^[13] 

 
W 3-10 �BF-�tc\�V�$x��BF-�$tc��!����{ 25kV

��X
`���!���
�\��� MAGT |[$�KvM���T�k��Y
i</>FA 4S$vM�d}��Hs���!�
����Zf�|[$vM��
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����^£��"��¡bVt��"
�

��@0BJE\O�¡b8CI1

x_��LW)A9/2I1�Q%d��� �,J7¤[`��<G+C>;E�

n`�%vS�"
��2JI(I2'?I+�z l%�2 ns NK��"
��
¡b8CI1%x_���"� 

 
a 3-10 MAGT%��� XeClFJ.��uj¥`�[18] 

 
 
3.3.4 IGBT (Insulated Gate Bipolar Transistor) 

IGBT�MOS,J7	 �fy)AD&�S����9HJ7CI012%Yq
�"(I(:Yq8E;68'1��!�MOSFET �¦�1'54I+�s�8'
=JC7CI012�g¡��¡�s%T�R���i���"�IGBT �oX
600-1200V*C1�Mkc�i	 ��
�h�#�9E19HJ�������}
��kc�9HJ@0BJE��$#�
[20]�¢{g¡Z�i����
a #-'

D12����mcbw�i����#"�����a 3-11 �9HJ@0BJEc
�i�bwc�i�ep}�%��[21]�a 3-12 �bwc IGBT % 10 �W����
�~FJ.��9E1¡��UZ�p��"[22]�
�¡���1'54��'I3*

2I1%k���"���]r���|���%���W1'54@0BJE���

'I3*2I1
 170nH��P��#��"� 
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���������
����	��
� ��������	��
�  
 O 3-11 2>@7+9@<Q�PbQ IGBT�S^k}[21] 
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O 3-12 PbQ IGBT"q���zl=@*�om^[22] 

([)�,$/.m^��M��=@*t 
 

3.3.5 IEGT (Injection Enhanced Gate bipolar Transistor) 
IGBT�4@,���uW�1$5@:0:?+,-�������xPK"O!

����� n4@,Y�a`�T	
�����cV�RJ�����|������
��jp"Fg������r
 ��� IEGT����IEGT�h�d�O� IEGT
� IGBT�veN�&8;#X]I\k}"O 3-13��PbQ IEGT2/'@+�
S{�H�./3�w"O 3-14 �s��IEGT ��%6/-��^_
 �(@0
��
"f�K��������%6/-E����WnGD�Cq�Injection 
Enhancement Effect�����%6/-~
����&8;#X]"���iZU

 ����� ��� IEGT���xPK��� GTO)$;,-A��BcVK
�Ly�
 ���[23]� 
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G 3-13� IEGT�_vX{ [23] 

 

 
G 3-14 HVI IEGT�Kr}R~�Bx,-2yo}D~ 

 
IEGT�16)19<��wf!G������[C�Q&"*�mN,-2!f

�� IEGT�16)uzeU�s]	q ��[24][25]���n\ IEGT! IGBT�`
t���F=�zH;zbO^�
�JE�WM! 50|�?c�
���	Y��
�������� 12��
 15@�,-2!HVI1-%<(�PA
�.0")!
f��LzbuzZ�16))"-,:$eU�s]�q ��[26]���ik��1

6)aS�
�7<'�zdl��Tf!p��h16)uz�#5")/8:3

(47<+l��Tf!p��gSa16)uz�>eU�s]�q ���G 3-15
�G 3-16�����h16)uz�gSa16)uz�aS!j�� 
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K 3-15 IEGTi06'{�`R [26] 

 
K 3-16 IEGThR`06'{�`R [26] 

����p^����IEGT�06'09<dz�YZ������V����

��K 3-17�LSM IEGT� 10gH�
�"4!'-8:2&37<(d06'�
b�GI`R�k�[27]�[2&37<(�TQDUt Spring-8�"4!'-8:�
b�o�y���m 1;X�a
� 24W�|r}x+'-�A	���v�lC�
�>�ju	��� 

 
K 3-17 IEGT�~d
�"4!'-8:2&37<(�GI`R [27] 

 
	��%:#6)*1� IEGT�2<6.
�K 3-18�k����, '"5<

- IEGT ��e	�����nP�"4!'-8:� M �/<.OvJd�
��
e	��������Ffc�N\ 1]�nP� 11BgHSr
(K 3-19)�	��
N\ 5]�'(*"�����E?�� 55gH�Sr	��w�L�'!*)2&
3<6��e	��[28]��L�����['!*)�qs_=�@d	�����$
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&�<(
+ 3-20�8���� $��"%�2/
�	���+ 3-21�����
�.1��+ 3-22� 120kV';3�,4 150�������%�61�8�� 

 
+ 3-18 !&$� ��&������#&� IEGT�  

 

���

 
+ 3-19 M��&�-9)7 IEGT,4 

 

 
+ 3-20 M��&�-9)7����*:[28] 
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R 3-21 M%6B5;,<?B.-&10 

 
 

 
R 3-22 120kVG�gVh 1i_� �n`[28]� �2�s/div.� 

 

3.3.6 SI+&=-. (Static Induction +&=-.) 
SI+&=-.���}\Lj#Jr��'A�'9Ka#{�+&=-.�� �

p+n-n+/&'B5� n-^H�*B4�F�#�! p�^#U��$�l������
!�R 3-23 [29]��SI+&=-.��SKaT37&-�� ��ME�Pz��!
C���ySN�[f��!���qb��!�R 3-24�u����]T� SI+&
=-.#r��8>-��qc�~k�"��R 3-25 �-&10A)n`#u��
2.5 kV �����S��Q��
ME�!���t|�"��![30]��
�.BA

'9g�2B>�o�e:&(@v�p��o"�	 .BA'9dX�-&10

A)dX�m�#O���!���D�I
����x-&10A)Z��� 50 
kHz�ME#t|�!��������70 kHz��wY�sW���.BA'9q
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#���	$����� SI�����
)+�'��
�� 

 
 3-23 SI�����
&*��������(%[29] 

 

 
 3-24"! SI���������� 
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3.4 SiCdyW72:9­w 
3.4.1 SiCAJL;@27"\U� 
�-ÁÃ$�dyW@ID;@27#�]� Si 0­����dyW;@27�


��	SidyW;@27# 1950~Q!Ë¢�-�RÍ�V�vc�Ó´pc�?2
AJLc"�¶�È&*-������.�.��£ Î¡�»
����'½/-

��,	��� Si!Q/,­�������-��,"� SiC«"�/(,J2=
4G:EdyW�
,[31][32][33][34][35]	 ¹ 3�Ö!SiC�Si�GaAs"��[0�À��¨�[36]	

SiC# Si!�$�(1)@K=4G:E� 3Z�(2)¯²§sÏ¡� 10Z�Ô3Õ�Sy
�� 3Z�Ô4Õ̧ �� 2Z���AJL;@27����&�\-���0����
,���_�,	J2=4G:EdyW#Ó��!��,�-Ï��{ ��bXM

Î��0Ó��,�����,�����"P!�̀ Çn Ï�0 Æ��,��!

#´�x±���¼��*'Êº �l0��	g��SidyWAJL;@270É
 ����rj!#�x±!���&!`Çn<K>I^!¾³�,����� 

���Ï��W0�SiC;@27!³��
,���`Çn<K>I^!¾³�,�
�0iµ!���"®����SÄ6LDI0¦���Óa��Ó�µc0o,��

�iµ! ,����-,	 
 

¹ 3-1 dyW����["�À[36] 
Ð¤ 4H-SiC Si GaAs 

@K=4G:E� Eg [eV] 3.2 1.12 1.42 
Ïw©b�μn [cm�/Vs] 800 1450 8500 
ÏwÒmÇ� Vs [cm/s] 2.0 x 107 1 x 10� 1 x 10� 
¯²§sÏ¡� Ec [V/cm] 2.2 x 10� 2.5 x 10� 3 x 10� 
�¿Ï�� ε 9.7 11.8 12.8 
�Sy�� κ[W/cm�] 4.9 1.5 0.46 
¸�� [�] 2800 1412 1238 

 
%��̄ ²§sÏ¡�Ó����*;@27"h�0·��,�����3K��

�z���g�V�v"­w��,���iµ�
,	o 3-26 #ÅÏp0f`��
��"ªO|^"Ï¡��_}0¹��'"�
,	Ï¡��"tc�¥±£�
,

�ÂT�,�¯²§sÏp VBD# 

 
VBD = 12WD iEC    (3-1) 

�¹�-,	���WD#ªO|"h��E�#¯²§sÏ¡�
,	�"�"=HC
<|"N¬�=LBK5�� ND#�F18K"ÌY��* 

ND = εEC / qWD

= εEC
2 / 2qVBD

 (3-2) 

� +�Si " 100 ZÓ��!��,[37]	Ó´p­w�#�´p0°��,�&;@

27"ud0=HC<Ñq�e&,"��k´p"­w��À�,� SiC# Si)+

[31-35] 
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,61+jN# 1/10��	���,-:]T# 100B��	!����&9YX#
1/1000 ��	!����!����4.3:5M08:*/$(#Vk��
��
��!��_Wa�&9YX RONI�iPbGT#μn�
� 

RONI =WD / qμnND  l3-3m 
�e�����	!���WD���N��E��hA#>D�!�[U�����!� 

RONI = 4VBD
2 / εμnEC

3  (3-4) 
K 3-27�(3-4)U�e(3-1)�JC#>D
�fd
�����!�@
���K�

��"�"YX^ 0.01 ΩcmI� 0.02 Ωcm�H� 300 μm� Si��� SiCOZ�Y
X�=F�"��!�27:')%9iL 100 V ?;��OZYX���� SiC �

�	� �	�
���� ��
�


��

�����������

�
�
�
�
�

 
K 3-26 c<Q�S� �i`ER 
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K 3-27 Si� SiC�&9YX\g 
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QUCG&¼
��#
��1000 V_Z%Ï¶v²~ & 2�_Z7X�����
��SiC�e` �0�!��.� �0	 
�%-�$ SiCFJ5>& SiFJ5>!¡(�vd©#e`�3���
0�!

&���.ª.1�
���¹À%³�3�0�!%tÉ��.²~Æ¨&#�#�

Â)#���	����
>ECNh�6K@8<RV�Å�!r'10³��Å�

º�Æ¨�1[38]��1�MWY9>VY!#�� 1990�^�.�¢$²~Æ¨�Â
���	�1) $ Si �¦k�1�
0-�# PiNA57YH[39]�SBD(Shottky 
Barrier Diode: <SCG8YA57YH)�����BJT(Bipolar Junction Transistor:J5
PYTGTX=>@)[41]�JFET(Junction Field Effect Transistor)�����MOSFET[����

IGBT�����GTO(Gate Turn-Off);5U>@����#"|�%FJ5>�zq�1�
0	

���#�.|�%²~&«° È$§)���/�¤w�¿�1�
0%&SBD�
JFET�MOSFET%* �0	 
3.4.2 SiC-JFET 

 
JFET& SiC%Ï
JV9¯j�3BRIVÌx!��g¦ ����:YGÄk

¸3b2#
% Ï
cÍ�3�0]�f�0�+�SiCFJ5>%[ nh�JV
M!��&�,���¦kWOV$Ã��FJ5> �0	JFET%��©�Ëu!
�%jam¥3u 3-28$­�	JFET& n-%y�%Z$p�� n-%HULG���
��1�?Y>& n+!#��
0	)��:YG-?Y>Ç$& pn �o����1
0	:YG$Êv�li�1#
ÒJ54>%£�Ðu 3-28(b)Ñ &±\����
.#
�+FJ5>!��&7X£� �0��:YG3¾J54>$�0�!$-

/±\����/�KXB7L��7L£���¤�0Ðu 3-28(c)Ñ	�%-�$ JFET
& MOSFET %-�$´µ�3���0�»�#
�+�MOSFET %�}%½Î 
�0´µ¬{%sÎ�#����$�¦k�n·!#��	H5D SiCED ®�Æ¨

                       
 

            (a)                         (b)                      (c)    
 

u 3-28 JFET%�Á!jam¥ 
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� LCJFET (Lateral Channel Junction Field Effect Transistor)�\PV|I!I
3-29 �b�[46]�Lateral Channel ��]WF�)3+6!QS�����RG��
�����[v���)3+6�.428(�YwE�mv�NX�!:d����

��^e���� SiCEDc��U@� �q> JFET!_��.6'u{q}�q
}iZ����t��� 
3.4.3 &706 SiC-JFET�pAiZ[47] 
pA�_��&706@j JFET�Ko�BxHsI!I 3-30�b��pA_h

L�BxHs�=J� Si-MOSFET�~lJ(1200V)� SiC-JFET!aD�Tk
�
Hs�������� � JFET�,815$7(#0�uO� FET_%8*Hs
��?�z����n�
9,815$/�
�?��������;H�pA��

r-#"'<	�%8*Hs!_R
�gf� JFETxC�
�pAM}�
�� 
 

   
I 3-29 SiCEDc�y`
� LCJFET [46] 

   
 

I 3-30 pA_ SiC-JFET�Ko�BxHs 



 -43- 

*,J@8 
:0�LB@8�
�,J@8�G=
��E<�4 3-31�C��	�E<��

$) �%K5� -12.5V���	������ 

 
*�+"M23I 

$) �%K5�-12.5V���	����H#����-20V���	��
�4 3-32
�C�����+"M23I�-9
��;3I��/1>� Nch MOSFET�A�
�"+!'&+(3I��
����JFET ��%������� S1��%�S� �

��������

 
4 3-31 F.D6�,J@8�?7E< 

 
4 3-32 �+"M23I 
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(3��#��� JFET�*50�e1'&+%A?�#�6S JFET%(3��#
���� S�%(3��S�%(2��#��� JFET�*50�,5+i%_a�#�
S�%^\��� JFET �(3�(2�Bb�	#����HC JFET %-53(2
��#T�*50,5+i�Kh% Rg%9��>j�#����"�l
DWR�
[
#HC�� R��=% 10�:7����$��!�
�6S(3Ui8�e1'
&+jG�R��A?�$#����#��P=V��2/R�� "R��QJ�I�
�#�
VEf�P[� " R�% 1 kΩ���� 1 MHz@;�Bb�	#��%F 3-33�`
�� 

4+'/.3)ZMd< 
+'/.3)ZM�d<Ef%F 3-34�`��ecON Rl% 56 Ω�]XjYj

G% 1 kV�gjjX 17 A�T�*50WL�+'/.3)WL%F 3-35�`�� 

 
F 3-33 *50k@WL 

 
F 3-34 +'/.3)ZMd<Ef 
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8 3-35 ����!.FU2��
�&, .V9H?�S�C�����!.A@
RON�P5�������������XV9*-/)�!(E�V9�4�!.V
9�1D�J;
�����J;0�R>�T7�����N��������SO

A@� 2.2 Ω�=�	
�4�KIV9��6M�'+#VI�I�����
�!
.V9�GL�J;��3�Q���&, .VI� 25 A�
����!.V9H

 
8 3-35 1kV-17A# %$."H? 

 
8 3-36 4V9:VI# %$."<W��
�!.V9B: 
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Q!H 3-36 �h
��n�Co
�:a
_M�	���:�@���f]uI!
J��������#7UT RON �-5"7u] I� �t=!16*,����H
3-37����H 3-35�&"*)7$\Q��r^e�&"*)7$6&!�H 3-37
�#7UTbR��pu6&!i?��9W!ES�� 1 FY�VK�����H
3-38����(87#7VK�(87#0VK�puVK�� � 0.06 mJ �0.12 
mJ�0.01 mJ����,8(4�� 0.19 mJ���������(87#0VK�
>;� 63v!B����� 

 
H 3-38 /4&puX�VK 

 

3.4.4 SiC-JFET�mOAq'4-3".8sdDjR�Zl 
[� SiC-JFET!d��+%(4AqGdwMHz/4&u`!Nc
�DjR�

���Zl���.8&,28-� 1MHzgP�&"*)7$!k���	�uI�

 
H 3-37 #7UT�-5"7u]<LR 
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¤~}c&V 3-39 ��
�D��Z�o��g&�h��40*9+8)��%$
������� ���\¦�Iw���������_�40*9+�����!

t§�a����a��#�&y����40*9+&`W�� TO-247X�
#�
!���Z-*9,£��kj� 0.4 �/W�a�ud�	#����HOpb���
{H5'8&��#�!��5'8-SU¨{©£��kj& 0.1 �/W>;�
#

��]r��#��!�*9,-5'8£�l��kj& 0.2 �/W�
#��R�k
j� 0.7 �/W��#�K��nY�!�1 MHz�,(0/8)&?[
#�`Wn
Y� 190 W�����Z��a:q� 133 ���"�{�& 35 ��
$�t§�
a� 168 ��|�!$#�
$�GJA���#F���� ����m�#�
SiC-JFET &§o��40*9+�\�
$��ªMHz �MB
#1+.6L�T
�46,¤��¢�P��
��ud�$#� 
 

 
V 3-39 1MHz39,2¡�s�,(0/8)}c 

 
 
3.5 � 3����� 
� 3���Q� SiN^@47913(,��e�46,479��f��C��

!��z<=N^@47913(,���ud�$# SiC 47913(,��e�
��=�C��� SiC-JFET�����
$�����ix&����v�����
�����^L�-6¥M�N^@,(0/����Q�N^@13(,��E�x

&� 3-2��
� 
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Ç 3-2 r·m�^=C+5�Ë�jÕ7LÞ§!�×s�É` 
É`ß³ ³¢�Ä 1+K5

8 
MOSFET MAGT IGBT IEGT SI1+

K58 
SiC-JFET 
áARH

K-Pâ 
À&Ò� 
1MHz � kHz 1MHz � kHz 100 kHz � kHz �

10kHz 
1 MHz 

ÃÞz >2kV 
10kV 1kV 4.5 kV � kV � kV � kV 1.2kV 
¹S&�

Û 
<� 10ns 
1us � 10ns 100ns � 100ns � 100ns 100ns � 10ns 

¾sÉ` � � � � � � �á�â 
á�âX��ÃÞzuSÈÑ#�à�©D;0R4�Ú°�h� 

 
¾sÉ`�½������Î�(��'m�^DOR=C+5�U� MOSFET

�àÕ5+;:P/�àÀ&Ò���
¨��%b(� �'��SiC-JFET��(
ZS�����'��
���g�'�\��SiC-JFET ��{�±b]�)®�
����B+DORD;0R4�p»�(��� �Î�(���������´¸

� �c�qÄ� SiC-JFET9+)¯��¬Å�B+DORD;0R4)Ú°�'�
���e�Ë�jÕw¯jÕ7L?J+CR�×¯�'��)³±��'�£ºZÝ

����£TYjÕ7L?J+CRÚ°�Ê¼����Ó"'� 
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� ��� �
�����	 ��������
����

������������{��Á��� SiC-JFET ��.6:EC=1M5�
�������º�6,=<L0�s�y��s�°U¢������¶!'�y�

�s�����kÅ¢���­���´#©)('� 

4.1 Á��� 
� 3 ��¶!�$	� SiC-JFET �W(�6,=<L0s§*����&��(

*»£¸Ä�¦
	'C=1M5�mY�'���$&>5:I\¹`�CI6Ä

��¾���'��
�r�('�"��SiC�6,=<L0>B,6�Q�~#¹
�k�e�½��>B,6��&�¨¥
���·���� 2009 o� Preliminary
�
%À�_�R�#ZÁ�('�������[1]�ª 4-1� SemiSouthÆ Ç
�
ª�� SiC-JFET�j�*����� JFET� SiCKM>B,6�����C=1
M5��' TO-247C=1M5�k«�(�~gy�À PDÆ1M6�p
 25��b
j�('�t��y��T�X��¯lxhÇ� 250W��'�����6,=<L
0xh
@J,LÄc 600 V�@J,LÄ� 24 A��	�TP� 460 μJ����
1MHz¤&µ��� 460 W#�xh��&\¹8I@H,BM����¾�aÃ�
�'� 

ª 4-1 SemiSouth�� SJEP120R063�j� 
dq SJEP120R063 

@J,L9M6¿zÄc 1200 V 
~gÄ��(DC)� @175� 20 A 
~gÄ�ÆCI6Ç 60 A 

2M?Äc���V�(TYP) 1 V 
-Lwv 0.063 

:ML-Lxh� EON @600 V 24 A Tj=150� 180 μJ 
:ML-Dxh� EOFF @600 V 24 A Tj=150� 280 μJ 

~gy�À PD� ÈTC=25 � 250 W 
�wv� Rj-c 0.6 K/W 

 
N|�3.4.4 ��®��$	� SiCED �� SiC-JFET �f^���190W SO�

xh*y�]§�C=1M5*Á��( �1 MHz �»£¼³
]§���)��
±n\¹8I�6,=<L0Ä��¾�]§��r�('����������

SiCED ¬�;,*���A,CKMSiC-JFET *Á��'�����u��Á��
�*ª 4-2���� 

ª 4-2 C=1M5Á��� 
;,� 3,7 4.16 mm x 4.16 mm 
¡i¦c 1200 V 

�wvÆ5FL/4GL�1M6Ç 0.4 K/W SP 
�[D+Lk«}~gÂ�ÀÆ�Ç 200WSO 

� � � � � � � � � � � � � �PD����&�k²��~g¯lxh*Á������ 
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4.2 >8.M2��S[2][3] 
>8.M2��S�§z¨0L)M��X_����#"������>8.M2

�fr�}p��v£b$
"�"b 4-1 �b 4-2 ����>8.M2�fr�
45mm x 65mm x 9mm(H)��!� 

�
�����	�
��

�������	��

�� ��

��

 
b 4-1 >8.M2f�§n©EMI;s�^©EMI;[¨ 

 

b 4-2 >8.M2v£b 
 

>8.M2\m�m��|�O���������!�(1)@M3��!��dy
��Rl����]%IC<(D§AlN¨dy$���
�N�������>5M
L$ru��SiC-JFET �78?§die¨�;J'L£$�>5ML�N�=L6Q
	�!�(2)*4M;�/M:�¢�q�Z�����
"�"φ300 μm x 16x�φ 
150 μm x 1x�%IC<(DK'F$�¤�AL6M§Orthodyne M360c¨���
�!�(3)dy$�@M3�=L6Q	����`a$?G378,HL-�a��)
B+1$Ve��c�!�b 4-1 �^U�b�N��m�����)B+1Ve[�
n�)B+1Ves�����!���b 4-2�������>8.M2Pg�78
?�N�)B+1EMI;��Y�$�	�s��!�¢�¦w�78?�o��j

��!������ 

" �m�������¤�AL9&L-�m��iu���h�T¥t� #

!���m���!�
����k¡�\m�W���~{0L?I78?§¢��



 -53- 

o��j���%<29,-2��v��K_185=+�i�Ly������1

85=+����UbJ���q1;=���h�� 3~����
�� 4-3�� 4-4

�
���*=(�n�;�7%�)�300 μm��$=/�n�;�7%�)�150 

μm��K_185=+�|	�O%<29�K_`�&6=�v��^e��ze

��x��{�	����bP��Q�I\���i�w�p\��185=+��

�A�WYdD�|����� 
� 4-3 *=(�nv;�73<.�<"185=+�l 

 1st Bond (SiC ,-2F) 2nd Bond (#=(1-0F) 
UbJ [g] �Xh 400, 500 , 600 300, 400 , 500 

�Bh 500, 600 , 700 500, 550 , 600, 700 
� � q 1 ; = 
[arb.] 
 

�Xh 70, 
� , 90 70, 
� , 90 
�Bh 85, �� , 95, 105 85, 90, �� , 105 

h�[ms] >g�?�

h� 
���  50 25, ��  

MKh� 100, 120, 150, �
� , 220, 
250 

150, ��� , 250 

 
� 4-4 $=/�nv;�73<.�<"�185=+�l 

 1st Bond (SiC die side) 2nd Bond (pad side) 
UbJ [g] �Xh 80 , 90, 100 80, �� , 100 

�Bh ��� ,150 140, 150 , 160 
��q1;= 
[arb.] 
 

�Xh 23, 25, �	 , �� , 40 ���

�Bh 26, �� , 35, 40 ���

h�[ms] >g�?�

h� 
��� ���

MKh� �� , 100, 150 ���

 

 4!&GV�R�1-#='<"�H�}[B`�$=/�e�Us\�\m�

U�MK��0:�<t��r(IDSS)���]f���%<29c� 19E�����

k�
���T 4-3�T 4-4�|	�$=/�e�U���-16V�Z\������

IDSS� 19EA 2E� 1mAC>���@��Ie���a���S�Nu� 17/19�

0.895����� 
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J 4-3 y8tM��1$}\�KBQ 
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J 4-4 y8tM�f��cBQ 

 
4.3 y8tM�hWx<[4] 
4.3.1 Ej��#"0�y� 
Ej��#"0�y��I{J���@m�����J 4-5�J 4-6�n��9i

�	dNH�^7
� 150 MHz�RL�Z
�DB�Vq|S�Z�����	�
;ytM�`A�&1$�0��)�0$�	2
\g_�ja�"/1.��r�

4�Gs�	�zvYX� ,*#�w�?kYX�`A'�0�65�pP�	>

oYX= 75 Ω�����3C���i�	�lc�e� 3 kV-15 kWO~����
i��-#(.�Fi� 150 μF��+%�!�[u�	� 
��#"0�bT�:�J 4-7�n��lc�K�� kV��	]�27 A�%.

��c�U��	� 
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� 4-5�,�	����"2�0 

(�+)!�7Vds:PMK/ PHV663�L3�����(150 MHz)�Vgs:Lecroy/ PP009����(500 
MHz)�Id: Pearson/ 6585� CT(200 MHz)�

�����6Lecroy/ 6050A (500 MHz) 

����	����

�����
�����
 

� 4-6 �	����"2�' 4-�1��&*#��$���1�' �.�5 
 

 
� 4-7 �,�	����(% 
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X 4-8 /)43D+C/uf 

�6B)D�Z�yaL	������%S����������� 
 

 
ya�r�#/)43D+m^���m^'�K���m^��Z��vuf�z

��"$s %
�	�
%	�X 4-7�#Q�%"���v�:@4554<�Q
�����6B)D�Z	������%� �ufz��#m^'�K�%
�

	�
���
&��¡��!���"��� q���Z<CE;�*:o��Z

�*Do��Z'ya�%W����V���%�6B)D�Z	������%S

����Z'1C�������m^uf'X 4-8����X 4-8����2ED*
:g�m^��QL	G	���%"����%�
&��X 4-7�����vuf
	>)7/�l&��%� ��%��vuf	
�"��>)7/�l&���%

TV���vya}� CT	�v�b���h��
��� �|��6AE<�"
��9A/G�o�*E8E.?E5���%� ��%���#&%��
�
�

wdQ�m^�KF�{��%
����2ED*Dm^� 104 μJ�2ED*:m
^� 124 μJ��K��� 
��m^�������¡��!���"����kj�L'c��(3.3 Ω)��

I��v�Z�!]�v	v&%"�����K�vt'}���K'����
�

ya���ya�_'xe,D5CEAU��=45<BE5�Ya���_xe'

\R��%
��"���*Dkj�xeJ`i!ya������_xe��X

4-2 ��_n�X����xeya}P��M:()8Exe0D-E'N&%H�
"��ya���O[~�6B)D�Z(VDS)�6B)D�v(ID)uf'X 4- 9��
��q�r����*Dp����%6B)D�Z'*D�Z(VON)�*D�Z�6
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!�"@7(ID)�4��"0/�,>�����8-�+(

���� !�"@
*6.+(�$�) 4-10 �;��8-�A�����"@*�A������	�
���"0/�3�8-&1���	��'��� 

 
 

�������
�	�����

�
 

) 4-9 <%@75�9,�� !�"@7 ID� !�"@* VDS6.�$ 
:7@* 160V, �#�8- 150� 

 
 

�������
�	�����

�
 

) 4-10 �#�8- 25�� 150��2� !�"@*6.�4? 
:7@* 160V� !�"@7= 45A 
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�	�����

�
 

T 4-11 5<)>|i(W�����*>|UWP�fY 
 
T 4-11 ��qiSO|U(VDC)(W��5<)>|i(WP������*>|

U�WP�D(r��"���&�̂ m�����$5<)>|i(VO��&��

�#%*>|U"~
����&�T 4-12 ��*>|U�5<)>|iEZ_(j
\(6;8?1���7=34��"���&���k[�	��j\k[(w��

��-?0A}�L ��&��KC(@f�On���&�!�/9>+.:>j

\��"���&�v�&�����&�T 4-12 �	���7=34l�I��*
>a`��&�T 4-13 ��*>a`�j\EZ_(r��"���&�A�z��
{%�g�j\Gc(r��	%�(5-1)]�r�'&���N
��� 

� RON = 5.53×10−3Tj +1.14 ×10
−1� � � � � �    (4-1) 

���� RON�T���'�'*>a`�/9>+.:>j\(�)��&�(5-1)]#
% 20 ��d�*>a`(sM�&� 0.125 ���&���H(o��T 4-7�r�
�Qp0)32>,d�{|bX(xs�&�t 9 μJ��&��'�J�r��0
)32>,bX(Os�&���#%Qp0)32>,d�KbX� 237 μJ�yF
�'����ue�bX�h�(96%)�0)32>,bX�R!$'��&B�N

�� 
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� 4-12 ���	��������
� 

 

 
� 4-13 ���
����
� 
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4.3.2 e_"�%$,�al 
N��8[
d��9W"�%$,�Bl�<
=bM1
e_"�%$,�Bl

�BJ	��]@�i`�O4(-&!,��+�,&����-".k5�RFm0

/�-".kRF���n�4:O3;�6;RFD�6;RF��-"EkRF�(

-&!,�RF�SA	��4:ORF�gZ�VjC�?A����
SA	���

3;�6;RFD� 2 ^�VjC�X7�I_�������SA	���-"Ek
RF��-"Ek�\ 1mmQ��T�H��2)��'-RF#, -�$%*X
/�
G3����
SA	��RFSAU�> 4-14 �Y��4:OPh� 1.7 

��������
�
��ΔT�

������

TOUT�

���	
�

TBTM�
�������

THS�

����
�
TTOP�

 
> 4-14 e_fcL�RFSAU 

 
> 4-15 e_fcL��-".kRF.K 
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L/min.����� 
x(��Ojb,R���� 1;3<�kY RI,P 4-15�q��NOjb

���)��d�!kY�UV��)"� 10 FrY��)�Ojb <c��%
�kY<c�&&�w[�<c��
)���+�)�
�*!.:_^�f kY

@b,`��
) �kY<c��%�aS��'�QG���$�y�'*)� 
e�x(�� 1 MHz� �vH>��,{���P 4-16��v��= 2d�u

�\�Jp�mz�q��� 3-65:0j[ h�,q��4;:.:
4;:

.9C
�v�Jp��g�Wo!#'*�
�2d�\ lVkY,| 4-5�q��
2d�\ 1;3<� kY! 140	��(
UV��
�� 
 

  | 4-5 1MHz�vH>d kY 
lVs] }M kY �	"�! K� 
1;3<� TTOP 140 
DKiBLELkYW �T 1.47 
DKiEL T��� 22.3 
1;3X� T��� 51.4 
8;72:/ T�� 25.3 

 
DKi B(LELkYW lVA�T (K)�'(5-2)Z,n
�tTaS P (W) 

~?,{��� 
 

P = 4.18 × ΔT × 10
3

60
Q × ρ ×C     (4-2) 

���

	��
������	��
������

 
P 4-16 1MHz�vH>d 3-65:0j[ 
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���� Q DJjm�(L/min.)�ρ j�TX(g/mL)�C j�ip(cal/�g)��

(���yd�DJj�%(�p� 174 W��w�)��DJjm�* 0.85 L/min.
�?=���OL�j�CKEKnXW 3.09�������p� 183 W��A
�)�!"Mf�yd������)&�B It-+10:,a��w�)� 14

9-Y�'�^Q 237�J� 1 MHz*>��B 237 W� 73������
�N 4-16
�&F�(%	�It� 1MHz �-+10:,lZ�W h�������z��
a�nX<`�%��\o�^Q
PG��� {
��� 
[�����W Um�_Vv�%'xS}��&�p�)�$��%($�� 

����{
&)(�g�����yd�RY]*p�c�%'e��(� 

 
4.3.3 �z-+10:,��a�p�c 
g� 1MHz H@a�xSnX*�A�(�#��b�~xk�c.53 ANSYS

*s��p�c*|������c729�Zr�q]486;/*�)�)N 4-17
�} 4�6�u�� 

 

 
N 4-17 p�c729 
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© 4-6 ª�C;G�v���z>FBJ7 

�� Length (mm) Width (mm) Thickness (mm) Thermal Conductivity 
(Wm-1K-1) 

SiC 4.1 4.1 0.36 230 
Solder#1 4.1 4.1 0.17 55 
Cu#1 7.5 16.2 0.3 398 
AlN 31.8 31.8 0.635 180 
Cu#2 27.8 27.8 0.3 398 
Solder#2 27.8 27.8 0.2 55 
Cu#3 65 45 3 398 
Compound 65 45 0.05 4.5 
Cu#4 120 120 6 398 
Epoxy Resin 35 35 35 0.6 

��ª���bf�u Ta(�)�?J<4I1�u T�(�)�¡m��µ P�(W)�.�
��R������T�=20��T�=25.3��ho�������P� �����0I�
~	�uVnz.���%K{��o%(+��������'����¤)°�«

 .¨�P� P�.�o���]��1 d��ª��� P����6/:9I2�v�
(�%(+*7JI0I�7JI0@�6/:9I2H6(223 W)��.¥|��ª
�.¨��¡m�u.« ���¼d��ª��� 1d��ª���%�¡m�u.
���0I�~�­e�*�l.[ ���ª�.p���¡m�u.�%����

'��« .¡m�u�j\	��Z�« � 0.1 �QM��*#�¤)°���
�, 3d��« �£�	`����%�« .¢O���3d��« w�¡mN
xºg 4-17� x-x’¯»�����uYt.g 4-18����ag�© 4-5����p
�£�&AH:<��	�ª�£��!"K¦�*��	-�*��ª��') 1 
MHz²®��X�l� 235 Wº��±·�l 12 W»�¡m�¸�u� 183 ��¬W

+��#���£�')>:3J5���~º5DI14EIJ3J6¶».¬W

�*� 0.57 K/W��)����q�� 40¹³k�������.´}�*�%��
40 K�u�uL�.�c����(��	�© 4-6�' g 4-18')�k
��u
L��_e�����*���Sr��T�=I8s�^$�k
� AlN s��*
�Y�
+*�%��§�Ui	�*�y-+*� 
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4.3.4 Z?9g 1'#&1%�a6 
ASPF�<d$*-02$.1[M�Oe��
�����Z?�9g 1'#

&1%�a6�b���= 4-19 �$*-02$.1<d�X��
�<d� 5.3.1
�f��4i>iQY6Ak<d�NK�����
�$*-02$.1�����

JFET�,(/����() %+2"2mSiCEDn��J5��� SPICE,(/
�U���=�3� DRAIN TERMINAL� INTERNAL DRAIN�h�H8���
�� Lp(=22.5nH)�Z?9g 1'#&1%�^�����AS�$*-02$.1
�Oe[M�= 4-20�X��= 4-20����\�]�AS���!1i>�c�]
�$*-02$.1��	� DRAIN TERMINAL� SOURCE TERMINAL�h�
i>�”_�	�”!1i>�VE������j�]�;
�$*-02$.1�
INTERANAL DRAIN� SOURCE TERMINAL�h�i>�”W�”!1i>�VE
���l�]�AS�!1i>��(5-3)D�U��”W�”!1i>�I@�����
��� 

0 

20 

40 

60 

80 

100 

120 

140 

160 

180 

200 

0.0  2.0  4.0  6.0  8.0  10.0  12.0  14.0  16.0  

Te
m

pe
ra

tu
re

  (
◦C

) 

Distance From Top Surface (mm) 
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Temperature�
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BottomTemperature�

 
= 4-18 T`L�G���Z?9gRC:B�AS7�Oe 
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VDS (true) =VDS (measure)− LP ×
d
dt
(ID )  (4-3) 

 
		� VDS(true)�”C�”�)W3�V��(measure)�”J���”�)W3�L��E

5.T�)!� )��I��$(�)W=����(5-3)7�9/X������KD

��”C�”�)W3��:0�UB
�
����4A�%&(*�')�+H�

���.T�)!� )�� 22.5 nH�L-�
���FN
��� 

 
4.3.5 UOIV@RWMY 
	�����M,�� SiC-JFET� 1 MHz-1 kV-27 A�SG��#")�6Y�

 
 

2 4-19 E5.T�)!� )�L-?�%&(*�')1P 

 
2 4-20  *)�)<8�6>��%&(*�')�;Q 
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[�&
�)V��
��$�_\IH) 37.5�	$ 18.8��E���&
��2
5*6gP) 48 A���XBJA)@����]9XB
��WF�JA�[�&

�
��&�	)^ ��TPg? 900V�K�;S.*106-OG�/76+
6�/76+4JAOG)�'�'> 4-21�> 4-22�V�����> 4-22���
��<Z��"� 1 kV-27 A�K�JAOG#=(��V��� 

 
> 4-21 d_\eRbg]hK�;S.*106-OG� (Rl=18.8 Ω) 

 
> 4-22 d_\eRbg]hK� 1kV-27AbgU�.*106-JANa 

 
25*6gP
 27 A�K�N &�/76+4K�g?�`�8
%
Q���

&
�37,g?� 1080V��%�XB�YDL@CM 1200 V��c������

�K�JA�bgJA)f�.*106-JA�!�335 μJ��%27 Abg��
�� 1.5:����� 
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V�mc:4Hu!i���d�l
AWP! 200 kHz�� 100 kHz&)(,�
2��i���
�XJ2Q�TF!D 4-23 �`��XJYGZ�$1&2t��
��200 kHz�� 700 kHz���8oXJ	 15 �/100 kHz�9?�2Q
���
	�800 kHz����� ����XJ2Q5@	E;
�av7K�bFOs�g
���OsbF�-1/*Uf!>�=��rI
�6_!D 4-24 �`��bFA
C�"1*.0#p	[N
���'(,�9 	]������	7���� 

OsR�bFXJ�Os<B!MG���S^V����e��3	�
����

 
D 4-23 qjhmcnkR�bF2tXJ2Q\L 

 
D 4-24 OsbF�+($1%rI6_ 
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²q�p��%
5);:P0�p�e¤�{	# 335 (μJ/@M5)��%�ÊÓ�
p�>N)PÓ�� 2S��Y�%!��¸�%�ID=27A�1 MHz���ÊÓ�p

 12 W������	#Ú5.3.3±Û�1@M5z�$�� 12 μJ��%���48 A
��°�%��12 × (48 / 27)2 = 38  (μJ/@M5)��%��&"$ 800 kHz����p
'À°�%� (335 + 38)× 0.8 = 298 (W)�� #&%��yR�������p��Y

�%�¸�%� 1 MHz-1 kV-27 A ��
�p 235 W ��yR�
 163 KÚ��
20 �Û������	# 800 kHz-900 V-48 A�� 206 K��s�&�²q�Ù�
y� 216 �Ú�� 10�Û��s�&%�ÃX��@;1Q4����²q:;C'
m���§���%?P9�¼�� 217 ���$�²q��yR��"$?P9

�¿�²q
ks����������¸�#&%��d��?P9�²q¬Õ	#

�a��-Q>LP0Î�Ó£5=N5'Ù ����+E.3HQM>!��"�

�Ù����x�´·'[������³��-Q>LP0Î�´·¨n��hº|


Ù��¸�#&%� 

 
4.4 ­ 4«���  
�«��ÅvbË6M×c¢ SPS�� ����Ñ¤�� SiC-JFET@;1Q4

�|ºÂZ³�����É��� 
��@;1Q4� SiCEDª�Ñ¤�&� 1200 V¹l� SiC-JFET:;C 1\'

u]��!���1MHz�Íµ5);:P0cX� 200 WUR��o��'¥��
�%!������Ñ¤��@;1Q4� SiC-JFET:;C�>N)PÕ'm�R�
Ð¯@8QP�?P9T
��7Q5�2Q=�Ï¶�O)IDP<(P0�"��

½� Õ`f�Ì����� 
��ÃX��²q�e¤�5);:P0¡|'�s��~}Æ»����

1kV-27A �@M5ÊÓ
iÖ��½�%��'©Ä�������8QP,P�p
� 104 μJ�8QP,B�p� 124 μJ�ÂZ�&��,P~}�Ôx�w���¦�
�s
a��	��� �Æ»~}'w�����W�¦�Ól�!oÓ�
�&%

"����®ZÓ���"���s���®ZÓ���"&� 20���
%,P~
}� 0.125 Ω�ÂZ�&�� 
�#��ÃX²q'�`AQ=3P/�F*P=��Íµ5);:P0tØ'Ã��

1 kV-27 A-1 MHz�cX�V�����`f�ag�y 22.3����@;1Q4R
Õ��y� 140���R���
�rs�cX�%��
©Ä�&���Ò¾²�'
¢���¿��"$������^�p� 235 W�²q�Ù�y� 183 ��ÂZ�
&�� 
jÇ3GJNQ3KP�³��t��{'�È�%���"$�@;1Q4�_Î

)P9/8P5'�Á��22.5 nH��%�ÂZ�&�� 
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gY���E��zT
��wX�`S���Z!�	%�F�!����900 
V-48 A�hD��
!�~LE��%����� ��Pkb% 200 kHz	��100 
kHz.217�Ad����# 800 kHz�[n�lX
Ad��y 2HY�zTa
��������{BY�a�zT%H�����#�zTP��'@4<?*�


p`�!�����017
J"��!��
Ie���800 kHzLEf�zT`S
� 298 W�� �g�lX�5?/��o�217 �����������_U�"
!���|i�5?/
zTx�	�mG��'@4<?*���s.3>.%���

&8(,9@=4��l��
!}�KM�O$��'@4<?*��}�vQ�

����_U�"�� 
CA�|i%���!���t�� SiC-JFET61+@-��V`S� 235 W�

300 WwX�61+@-�q^]�-:?),;?@+@.��� 0.56 K/W��F
�"��tuj�W��q^]�R������gR�q��uj%�\��� 
 
N�cr 
                                            
[1] SemiSouth Laboratories Inc. SJEP120R063 Data Sheet PRELIMINARY 
(2008) 
[2] K. Okamura, M. Wake, I. Iwashita, K. Takayama, K. Ise, Y. Osawa, and K. 
Takaki: “Novel Switching Power Supply Utilizing SiC-JFET and Its Potential for 
The Digital Accelerator”, Proceedings of IPAC2011, pp. 3400-3402 (2011) 
[3] K. Okamura, K. Ise, M. Wake, Y. Osawa, K. Takaki, and K. Takayama: 
“Characterization of SiC-JFET in Novel Packaging for 1 MHz Operation”, 
Materials Science Forum, Vols. 717-720, pp. 1029-1032 (2012) 
[4] K. Okamura, K. Ise, M. Wake, K. Takaki, Y. Osawa, and K. Takayama: Novel 
Package of SiC-JFET for a Switching Pulse Supply Operating at a 1 MHz for an 
Induction Synchrotron”, IEEE Transaction on Plasma Science, Vol. 40, No.9, pp. 
2205-2210 (2012) 
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! � � ����
	�� ��-�5�76�4$��#����"��

ƒ 4 Ɛ4:ĵƵUǧŽ&- SiC-JFET ŶWad|rg[�`�ƪï7ĞƧOħ1
$5�ƈBL-0ńƐ4:�+9ƝōOÏ"�ÕƛðOŶ6-aSgf�ZǴŪ9ƽ

¥��H<ĞƧƼ§ƽǹ9ƝōU163ǒ]K0ĞƧƼ§ƽǹU�63:ŔĮǄƬĦ

ĥOīƟ&- 1MHz ǗƟÂ¥ƽǹ�Àǖb�OīƟ&-ŠĒƅƾƽǹ9Ɲō7SU
163ǒ]K0 

5.1 aSgf�ZǴŪ(Switching Power Supply: SPS)9ƽ¥ 
5.1.1 aSgf�ZǴŪ9ÞǊ 
aSgf�ZǴŪǼSPSǽ:â 5-1 Uƈ(H�UÆƁ H u�g`ÞǊ4ŒĢBL

K0ųƭ9 SPS4:ÓQ�|U 7¨9 Si-MOSFETOƀºīƟU&36K���Þ
9ƽ¥4:ǧŽ&- SiC-JFETOÓQ�|U 1¨F1Ŷ6KŒĢ45K0 

 

P 

N 

 
â 5-1 aSgf�ZǴŪ(SPS)9æńÞǊ 

 
5.1.2 \�kǸÂÞǊ 
ƒ 5 Ɛ9ƛðƼ§UŶ6-\�kǸÂÞǊ:¸¾ŘUǺǖ9ëå MOSFET O 2

¨k�i|y��4Ŷ6�Ó FETUúŶ9l�Su ICOīƟ&-ƲǱ7ÞǊ450
-Ǽâ 5-2ǽ0$9H�7ÞǊ:ƲǱ45K;�J47!�ţǅǴ¾Eë�! SPS9
þåǺÁŲÄOǫö(KƳß57K0+$4 SPS 9ƽ¥Uđ-03:HJÞǊOƖ
ÆÄ(K-DU�ĳű[1]OËƥUl�Sq�ICO 1¨9C¦Ŷ&�ƀī JFETOǸ
Â(KÞǊOǧŽ&-0ĵå\�kǸÂÞǊOâ 5-3Uƈ(0$9ÞǊ9ůĚ:l�
Sq�IC9 VCCƑðOÞǊ³¤9]~�Ǵ¡UīƟ&�l�Sq�IC9 GNDƑð
OǄqSQaǼ-24VǽUīƟ&-5$MU5K0$LUHJl�Sq�IC 9²¾�
Ǿ9ľ: JFET9\�k:ǄqSQaBL�²¾�ǿ9ľ:\�k�ǾǴ¡U703
JFET�d��V�(K0$9ÞǊOŶ6-5�9\�kǴãŠĒOâ 5-4Uƈ(0 
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â 5-2 ¸¾àOk�i|y��īƟ5&-Ėŉ9\�kǸÂÞǊ 
 

 

��

�	�������

��

 
â 5-3 ĵå9\�kǸÂÞǊ 

 

 
â 5-4 \�kc�aǨǴãŠĒ 
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5.1.3 ³¤�SQTk5ý¤ǟƤ 
ưƤ9ǞÚ�SQTkOâ 5-5 Uƈ(0ak��`X�r_d:ƀšǴŪ5 H u

�g`9ǨUīƟBL�SPS�Iƴ-ǴŪ9Ǻ×ŠS�s�e�aO�#36K0a
k��`X�r_dU:Ǻ×ŠůĞU®L-tR�|]�j�^OŶ6�1¨đ-J
33 nF9]�j�^O 18�º&-q�YæŊO 2Ñ�k�d�4 1188 nF5&-0 
j`d�ÀǖÝ9 SPS4:Ǵš9éÄŲ�ı 100 A/µsUE7K94�ǟƠS�eY
d�aOþB!&�ŢǙS�eYd�aUǈß(K^�`Ǵã9ŽŵOĤ¼(K$5

�ǡƳ45K0+$4ƽ¥ SPS4:ƍĀ&- CuŊ9ǨUƞơƚǼÊB 0.25 mm9
p�}gYa®ƚ�2 ŌǽOĨP.ĊƭĊŊŒĢOŶ6-0â 5-5 U�63³¤9�
íOǕ036K9�ĊƭĊŊý¤45K0 
ǤŊ¨�9ĒŰOâ 5- 6Uƈ(0Pý¤5 Ný¤�Uý¤5 Ný¤�+L,Lw

Q5703ǓĶÖ9ǴšOš&�ƆŇ9ģ/ţ&Oƭ036K0 
 

 
 

â 5-5 SPS�SQTk 
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5.1.4 ·É 
·É:Ǥu�gY9�UŜOš&3·É(KŜ·Ķď5&-0·ÉtR�9ôŐO

Ư 5-1U�ĒŰOâ 5-7U+L,Lƈ(0 
Ư 6�ǿ� ·ÉtR�9ôŐ 

ŅĴ ǆǢ ŮĦĥ ôŐšǢ 

ŭǠƛǤ Ɨ 3 kg 0.03� K/W ȃ�10 L/min. 
 

��� ���

��� ���

 
â 5-6 ǤŊ¨�9ĒŰ 
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â 5-7 ·ÉtR�9ĒŰ 
 

5.1.5 amqÞǊ 
aSgf�Zľ9ǛŦĩÂǴãǼ^�`ǴãǽOĤ¼(Kſž4amqÞǊOĪ²

&-0amqÞǊU:ƌ�9Ķď�5K��ń SPS 4:Áō�ë�!��1ǺƣJ
Ǒ&4Eĭî�þB6İǴǫŗå9amqÞǊ[2]OÓQ�|řUīƟ&-Ǽâ 5- 8ǽ0 

 

������

 
â 5-Ȅ İǴǫŗåamqÞǊ 

 
amqÞǊ9ôı:amqĦĥ Rs: 220 ��amq]�j�^ Cs: 100 nF45K0

B-�amqeSV�lU:ĹńS�d�Ʊ FSU05B60 O 2 ƀºU&3Ŷ6-0
FSU05B609�7ôŐOƯ 5-2Uƈ(0 
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Ư ����amqeSV�lǼ	
�	
 ���	
 ǽ9�7ôŐ��
�

Item Symbol Conditions Typ. Max Unit 

Repetitive Peak 
Reverse Voltage VRRM 600 600 V 

R.M.S Forward 
Current IF(RMS) 7.8 7.85 A 

Peak Forward Voltage VFM Tj=25°C, IFM=5A 2.3 2.7 V 

Reverse Recovery 
Time trr 

IFM=5A, -di/dt=50A/µs, 

Tj=25°C 
19 30 ns 

 
B-amqÞǊ9êƷOâ 5- 9Uƈ(0 

 
5.2 ƽ¥aSgf�ZǴŪ9ĞƧƼ§ 
5.2.1 ĦĥǄƬƽǹ
	
 �
��
��
�� 
ŀ»U�ƽ¥aSgf�ZǴŪǼSPSǽOĦĥǄƬUīƟ&�aSgf�ZƽǹO

ƭ0-0â 5-10UõǹÞǊO�â 5-11U²¾Ǵã 800 V�ƣJǑ&×Šı 1 MHz
ǼƄľǨ9q�ak~�lǽ�ǄƬĦĥ 40 �95�9 SPS¸¾ǴšŠĒ5 FETǿ9
DSǨǴãŠĒOƈ(0 

 
â 5�ȅ� amqÞǊ9êƷǼ1ÞǊǽ 

[4-7] 
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â 5-10 SPSÂ¥õǹÞǊ 

 

V
D

S 
(V

)!

Time  (100 ns/div.)�
 

â 5-11 SPSÂ¥ŠĒ� (800V-1MHz-40�) 
(�ȆSPS¸¾Ǵš��ȆFET1 D-SǨǴã) 

 
FETƛð9 DSǨǴãUƫĉ9ĩÂ�ƴILK0FET1�FET2�FET3�FET49

ĩÂǴãs�Y©ǼVDSPǽOƯ 5-3Uƈ(0FET1�FETȀª��FETȁ�FETȂª
UŚ]3FFë�656�Ɲō450-0 

 Ư 5-3 FETl�S��c�aǨ9s�YǴã VDSP 

FET # VDSP 

FET1 966 V 

FET2 955 V 

FET3 895 V 

FET4 894 V 
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5.2.2 ÞǊ_{���_�� 
ƛðd��Vtľ9ǛǴã:ÞǊ9S�eYd�a�X�r_d�aUǈß(KǛ

ŦųǃUHK5ƥ�ILK0+$4ÞǊÓǞ9S�eYd�a�X�r_d�aOƢ

JǏP.ÞǊ_{���_��Oƭ03õŨ59ŚǎOƽC-0â 5-12 U_{��
�_��9æń57KS�eYd�a5X�r_d�a9ǟƤOƈ(0 &�â 5-12
:â 5-55â 5-6Uƈ&-ǞÚ5ǤŊ9ǟƤOǟƠr�kU¹½&3S�eYd�a�
X�r_d�a4Ư&-E945K0Óôı:Ŗ9H�U&3ŝô&-0 
BFS�eYd�aU163:ǤŊ9ǡ7JOƥġ&�ēĘǴšUH03Ɔź9ģ/

ţ&�łĔ4�KǞ¹5Ɔź9ģ/ţ&�łĔ4�76Ǟ¹54+L,L (5-1)ď5
(5-2)ďO¦03ƹƔ&-0 

ēĘý¤9S�eYd�a� Lp = µ0l
d
b
�  (5-1) 

 

ÆŊý¤9S�eYd�a� LS = µ0
l
2π

log 2l
(a + b)

⎛
⎝⎜

⎞
⎠⎟
+ 1
2

⎧
⎨
⎩

⎫
⎬
⎭

 (5-2) 

 
-.&�µ0:ƂƎ9ǔƆŲ�l:ý¤ǥB�a:ý¤ÊB�b:ý¤Ĉ�d:ēĘý¤9Ǩǯ

45K0B-�ý¤Ǩ9X�r_d�a:(5-3)ďO¦03ƹƔ&-0 

ý¤Ǩ9X�r_d�a    C = εSε0
S
d

  (5-3) 

 
-.&�εS: p�}gYaƚ9ŚƿǴŲ(=2.5)�ε0: ƂƎ9ƿǴŲ�S: ý¤ǡ7J

Ǟ¹9Ƕƍ45K0Ư 5-4US�eYd�a9ƹƔƝōO�Ư 5-5UX�r_d�a
9ƹƔƝōOƈ(0 
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â 5-12 SPS9Ɠ§ÞǊ 
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Ư 5-4 S�eYd�a9ƹƔƝō 

	 	 a[mm] b[mm] l[mm] L
�����[H]	 L
���[H]	

L1 5.00E-04 4.00E-02 5.50E-02  1.02733E-08 

L2   6.50E-02 5.67E-10  

L3   1.50E-02 5.24E-11  

L4   1.05E-01 3.14E-10  

L5 5.00E-04 1.50E-02 1.80E-02  3.11749E-09 

L6 5.00E-04 1.50E-02 1.80E-02  3.11749E-09 

L7 5.00E-04 3.50E-02 6.00E-02  1.23474E-08 

L8   7.50E-02 6.54E-10  

L9 5.00E-04 1.00E-02 2.00E-02  4.32348E-09 

L10 5.00E-04 1.00E-02 2.00E-02  4.32348E-09 

L11   1.60E-01 1.40E-09  

L12 5.00E-04 1.00E-02 2.00E-02  4.32348E-09 

L13 5.00E-04 1.00E-02 2.00E-02  4.32348E-09 

L14   1.15E-01 1.00E-09  

L15 5.00E-04 4.00E-02 5.50E-02  1.02733E-08 

L101 5.00E-04 4.00E-02 5.50E-02  1.02733E-08 

L102   6.50E-02 5.67E-10  

L103   1.50E-02 5.24E-11  

L104   1.05E-01 3.14E-10  

L105 5.00E-04 1.50E-02 1.80E-02  3.11749E-09 

L106 5.00E-04 1.50E-02 4.50E-02  1.13752E-08 

L107 5.00E-04 3.50E-02 6.00E-02  1.23474E-08 

L108a   7.50E-02 6.54E-10  

L108b 5.00E-04 3.60E-02 1.60E-01  4.61714E-08 

L109 5.00E-04 1.00E-02 2.00E-02  4.32348E-09 

L110 5.00E-04 1.00E-02 2.00E-02  4.32348E-09 

L111   1.60E-01 1.40E-09  

L112 5.00E-04 1.00E-02 2.00E-02  4.32348E-09 

L113 5.00E-04 1.00E-02 2.00E-02  4.32348E-09 

L114   1.15E-01 1.00E-09  

L115 5.00E-04 4.00E-02 5.50E-02 	  1.02733E-08 
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Ư 5-5 X�r_d�a9ƹƔƝō 

	 	 �[mm]	 �[mm]	 C [nF] 

C1 6.50E-02 3.60E-02 10.3 

C2 1.50E-02 9.00E-02 0.0598 

C3 1.20E-01 1.05E-01 0.558 

C4 7.50E-02 3.60E-02 0.120 

C5 1.60E-01 2.50E-02 0.177 

C6 1.35E-01 3.60E-02 0.215 

 
ý¤9�UE�JFETƛðƨǋUǩǗ(KS�eYd�a�X�r_d�a�ñä

(K0ƛðµǞS�eYd�aU163: 5.3.4U�63 23 nH5Ƽ§&-0B-X
�r_d�aU163:Ƒð-[�aǨ9X�r_d�aO LCR }�dǼĹƤ
3532-50ǽOŶ63õŨ&�l�S�-[�aǨO 28 pF�c�a-[�aǨO 44 pF
5&-0 
$LI9ƝōOæUÞǊ_{���_��Ŷ9Ɠ§ÞǊU&-E9�â 5-1345

K0ÞǊ_{���_��ctkTUQ: SpectrumƉ9Micro-Cap[8]OŶ6�_{

���_��ň�:õǹ5Õ'!ƀšǴã 800 V�r�aĈ 100 ns�ƣJǑ&×Šı
1 MHz5&-0â 5-14U_{���_��ƝōO�Ư 5-6UõŨ5_{���_�
�U�"K VDSP9ı©ŚǎOƈ(0 
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â 5-13 _{���_��ÞǊ 



 -82- 

 

Time  (200 ns/div.)�

Time  (200 ns/div.)�
 

â 5-14 _{���_��Ɲō 
(�ȆSPS¸¾Ǵš��ȆFET1� D-SǨǴã) 

 
Ư 5-6 VDSP9õŨ5_{���_��9Śǎ 

FET õŨǴã  (V) _{���_��  (V) 

FET1 966 862 

FET2 955 873 

FET3 895 831 

FET4 894 851 

 
_{���_��U�63EõŨ4ƷŨBL-H�7 FET9l�S�Ǵã9ĩÂ

�ųL36K�+9s�Y©:õŨ9Ķ� 5-10%ǺD450-0 
 
5.2.3 ŧč�ĺ 
1 U�ǗƟÂ¥õǹOƭ0-0ǗƟÂ¥õǹU�63:f��5ęŴy�vO�

¤Ä&-�ngkY���OŶ63·ÉŜOęŴ&-0â 5-15U×Šı 1 MHz4Ǘ
ƟaSgf�Zõǹ�9 FETǿ9ŧč�ĺ9œðOƈ(0ŧč:ƛðÆ¤ƽǹ5Õ
œUƛð�Ƕ9Ũôx��U�63Ũô&-0ŀ»9 1¹Ǩ:ĝŬUŧč��ĺ(K
��+9ĕ:Ŝŧ9�ĺU�03GKF�7W�u57036K0BIU·ÉŜ9ŧ

č¼ė�¬!H�U7K5�+9¼ėUÕł&3ŧč�ĺ5�ǬOƣJǑ(ūôćŰ

Ġ57036K0ŀEǺ6ƀšǴã45K 800 VU�63EŀǺŧč�ĺ: 35 K�
�UǛ F�ƛðÆ¤Ƽ§9ľ9ŧčUù&3°¹¢6ŧč450-0$L:ǕǴǴ

š�ƛðÆ¤Ƽ§9ľUŚ]3þB6 20 A450-$59��ÞǊ�u�g`ŒĢ
57036K-D 1 ƛðđ-J9Ǵã�Å¹9 400 V 57036K-D45K0â
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5-16UǇêƠİûŧčƹ4Ľ­OǕć¶Ƃ5´Uƈ(0ŀEŧč�Ǻ!70-9:a
mqÞǊ9eSV�l4ƯǶŧč� 71 -450-0 
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â 5-15 1MHzÂ¥ľ9ƛðŧč�ĺ 

 
 

 
â 5-16 800V-1MHzÂ¥ľ9ǇêƠŹ­ǼÒǽ5Ðƶ±Ź­Ǽąǽ 

 
 

5.2.4 Àǖb�īƟõǹ[9] 
1 U�ƽ¥ SPS Oõǰ9ÀǖÝk�o�UƻƤ&�Àǖb�5īƟ&-ǕǴõ

ǹOõķ&-0SPS5Àǖb�59Ǩ:Ɨ 40 m9ĊƮåǺǴã[�u�ǼůĞS�
s�e�a 120 �ǽ4īƟ&-0b�ƑU: 240�Ǽb�59ÔĢĦĥ5&3:Ɨ
140 �ǽ9ĲÔĦĥOīƟ&-���Þ9õǹ4:BIU SPS 9¸¾ªUEĲÔĦ
ĥǼŤ�Oǝ"K-D�Ǭ¸¾Ħĥ5Ø[$5U(KǽOīƟ(K$5OƽC�+9

ŁŭUHKŠĒ9ǜ6OŚǎ&-0â 5-17 U¸¾ĦĥǼ120 �ǽ9ŁŭUHKb�
²¾ǴãŠĒ5 SPS ¸¾ǴšŠĒ9ǜ6OŚǎ&3ƈ&-07�ńâ4b�²¾Ǵ

Capacitor:41 °C�

Snubber Diode: 
71 °C�
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ãŠĒ�ǘL36K9:�Ũô[�u�UHKǘĎ45K0¸¾ĦĥOīƟ&-A�

�r�a9Ə/��JľǨ�þB!7036K$5�N�K��$L:¸¾ĦĥOī

Ɵ&-$54ǴŪS�s�e�a�Ɠ§žU¢!7J�d��Vtľ9¸¾ǵǴ÷Ǣ

?9°ǴľǨ�Ƅ!7K-D5ƥ�K$54ǀĻ4�K0$LOƅ�DK-DU�â

5-189Ɠ§ÞǊOŶ63ÞǊ_{���_��Oƭ0-0$9_{���_��:Ǵ
ŪµǞ9ĩÂOƸŋ(K$5��ſž4:76-D�6.1.2 4ǒ]-_{���_�
�5Śǎ(K5ǴŪµǞ9S�eYd�a�X�r_d�a:ƖļÄ&3Ưų&�

SiC-JFET :â 5-19 Uƈ(H�UǴã¼ėaSgf�Ǔ�ºeSV�l��º÷Ǣ
ǼCoǽ9�ºÞǊ5µǞS�eYd�a4ŔĮ&-0B-Àǖb�:S�eYd�a�

Ħĥ�ǵǴ÷Ǣ9�ºÞǊ4Ưų&-[10]0BIUÀǖb�:ƞơş4ũ-BL-ǣÿ

d�YUÍƘBL36K94�ùd�Y9ǵǴ÷ǢǼ320 pFǽE1"À�36K0 
FET9�º÷ǢO 200 pF5&-5�9_{���_��ƝōOâ 5-20Uƈ(0

_{���_��U�63EõŨŠĒ5Õœ9Ə/��JľǨ9ǜ6�ƴILK$

5�¹�K07��âU:ƈ&3676�_{���_��U�63�º÷ǢO 05
&-çÔU:�̧ ¾Ħĥ9ŁŭUHKƏ/��JľǨ9ǜ6:CIL76$5E¹�

0-0$LI9$5HJƏ/��JľǨ9Ćż: JFET9�º÷ǢUǈß(KE94
5J��º÷Ǣ: 200 pFƋč5Ƽ§BLK0$9ƝōO=B� 6.3ƕ4ǒ]KõÀ
ǖƽǹ4:¸¾ĦĥOīƟ&3õǹOƭ�$55&-0 
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â 5-17 Àǖb�ƜCÔN*ƽǹU�"KŨôŠĒǼ�Ȇb�²¾Ǵã��ȆSPS¸¾Ǵšǽ 
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â 5-18 Àǖb�ƜCÔN*õǹ9_{���_��ÞǊ 
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â 5-19 FETƓ§ÞǊ 

 

-1,000
-800
-600
-400
-200

0
200
400
600
800

1,000

-10.00

-5.00

0.00

5.00

10.00

Output Resistance 120 Ohm

Without Output Resistance

Without Output Resistance

Output Resistance 120 Ohm

Cell Input Voltage

SPS Output Current

Time (100ns/div)

Time (100ns/div)

-1,000
-800
-600
-400
-200

0
200
400
600
800

1,000

-10.00

-5.00

0.00

5.00

10.00

Output Resistance 120 Ohm

Without Output Resistance

Without Output Resistance

Output Resistance 120 Ohm

Cell Input Voltage

SPS Output Current

Time (100ns/div)

Time (100ns/div)

	���������������
�������

�
�������

�
�������

��������
����������	
���
�

	���������������
�������

��������
����������	
���
�

 
â 5-20 Àǖb�ƜCÔN*õǹ9_{���_��Ɲō 

 
5.2.5 Àǖb�5 SPS9ƀīīƟ9őƺ 

2.1ƕUǒ]-H�U�SPS:Àǖb�5ǺǴã[�u�O×&3īƟBL36K0
$L: SPSU¦Ŷ&36KǺǴã Si-MOSFET9İûƠUù(KƦĞ�þB!�À
ǖÝ��Zń¤9ǐ!UǟƤ(K$5�áǳ7-D45K��SiCr��jqSa:
İûƠUù(KƦĞ�Ǻ6$5�łĔBL[11]�üŉžUÀǖÝ��Z9ǐ«U SPS
OƻƤ(K$5�4�KÐƧĞ�5K0+$4�Þ: SPS OÀǖb�9ƀǐUƻƤ
(K$54�Àǖb�9²¾ǴãŠĒ�S9H�UéÄ(K�OǁŎ&-0 
ŀ»UÀǖb�5 SPS 9ǨO�hSak&-ǺǴãǴƠǼǥBƗ 2mǽ4īƟ&
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-0â 5-21Ub�ªĲÔĦĥ9CǼ240�ǽ�b�ªĲÔĦĥ5¸¾ĦĥǼ120 �ǽ
9�Ķ5&-çÔ9b�²¾Ǵã9ŠĒOƈ(0S/I9çÔEÌûUǈß(K5C

ILKĩÂ�Žŵ&3�J�ǥBȀm9īƟ[�u�56�SES�s�e�aĲÔ
Oƥġ(KěƳ�5K$5OƈÛ&36K0[�u�9ůĞS�s�e�aO 106 
��ǘĎľǨO 10 ns5&-ÞǊ_{���_��Oâ 5-22Uƈ(��Ǻ6×Šı
9ĩÂOǮ63ëŻ�Ʃ&-0Õ'_{���_��ÞǊ4 SPS 9¸¾ĦĥO 106 
��b�ª9ĦĥO 106�5&3ĲÔOâ0-_{���_��9ƝōEÕâUƈ(
��ĩÂ�¢ť&3�J�ĲÔ9Áō�ƴILK0 
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â 5-21 Ƅ6hSakǴƠ4b�OīƟ&-5�9¸¾ŠĒ 
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â 5-22 [�u�9ůĞS�s�e�aO 106 Ω5&-ÞǊ_{���_��Ɲō 
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â 5-23 50�[�u�5hSakǴƠ9¸¾ŠĒŚǎ 

 
ŖUůĞS�s�e�a�ĸƃ9[�u�5&3ÕǍ[�u�Ǽ3D-2VȆ50 �ǽ

OŶ6-õǹOƭ0-0[�u�ǥ: 2m 45K0ĲÔŶ5&3 SPS ª�b�ªU
+L,L 50 �9ĦĥOīƟ&-0ƝōOhSak[�u�9çÔ5Śǎ&3â 5-23
Uƈ(��ŠĒ9ĩÂ�þB!7JįÜBL36K$5�¹�K0B-b�Ǵã9Ə

/��J�Ə/��JľǨ:+L,L 35 ns�27 ns450-0bgkr�a9Ə/
��J�I�bgkr�a9Ə/��JB4� 500 ns�µ4ó�&36K$5:�
$9SPSOŶ6K$54Ėŉ9Si-MOSFET4:4�7�0- 2 MHz9ǚǌEÐƧ
45K$5Oƈ&36K0 
$9H�U SPS OÀǖb�ǐ«UƻƤ&�[�u�59S�s�e�aĲÔO5

K$54�SiC-JFET9ǺǖaSgf�ZĞƧ�HJŵ�BLK$5�¹�0-0 
 
5.3 ƒ 5Ɛ9B5D 
ńƐ4:�ǧŽ&- SiC-JFETOŶ6- SPS9ƽ¥U163�BF+9ƻƹµ÷

U163ǀĻ&�1 U+9Ƽ§ƝōU163ǒ]-0 
5.1ƕU�63:�SiC-JFETOŶ6- SPS9ƻƹU163ǒ]-0ƽ¥&- SPS

: SiC-JFETOÓQ�| 1¨21Ŷ6-ÆƁ Hu�g`ÞǊ4ŒĢBL3�J�\
�kǸÂÞǊO$9 SPS 9-DUĵ-UǧŽ&-0B-�ÞǊ:ŢǙS�eYd�
aO¢ť(K-DUƍĀ&-ǤŊ9ǨUƞơƚOĨP.ĊƭĊŊŒĢ5&�BIUa

Sgf�ZU��ǛǴã9ŽŵOĤ¼(K-DU�İǴǫŗå9amqÞǊOÓQ�
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|řUīƟ&-0 
5.2ƕU�63:�ƽ¥ SPS9Ƽ§ƽǹ9ƝōU163ǒ]-0ĦĥǄƬƽǹ4:�

ǄƬĦĥ5&3 40 Ω9ƙĦĥOīƟ&�ƀšǴã 800 VOÈÀ&3 1 MHz9ǗƟa
Sgf�ZõǹUĢ¿&-0 
ŖUÀǖb�OīƟ&-õǹOƭ6�$LB49 Si-MOSFETOŶ6- SPS5Õ

œU SPS 5Àǖb�9ǨOƗ 40m 9ĊƮåǺǴã[�u�4īƟ&-ƽǹ9�U�
üŉžU SPS OÀǖb�9ƀǐUƻƤ(KçÔ9$5Oƥġ&-Ƅ[�u�49õ
ǹEƭ0-0 
ǥǉǲ9ǺǴã[�u�4īƟ&-õǹU�63:�[�u�9b�ªU9CĲÔ

ĦĥOīƟ&-çÔ5 SPS ª5b�ª9�ĶUĲÔĦĥOīƟ&-çÔOŚǎ&�
�ªUĦĥOīƟ&-Ķ�Žŵr�aǴã9Ə/��JľǨ�þB!7J�HJïB

&6�Oƴ6.&-0$9ųǃ:ÞǊ_{���_��U�63Eƅƾ(K��¸ŉ�

FETƛð9�º÷Ǣ9°İǴUǈß(KE945K5ĬôBL-0 
SPSOÀǖb�9ƀǐU�6-õǹU�63:�ŀ»U SPS5Àǖb�9ǨOh

Sak&-ǺǴãǴƠǼǥBƗ 2mǽ4īƟ&-õǹOƭ0-��ÌûUǈß(K5
ĜNLKĩÂ�ƷŨBL�ǐǉǲ56�SES�s�e�aĲÔ9ǡƳĞ�Đ!ƈÛ

BL-0ŖUůĞS�s�e�a 50 Ω9ÕǍ[�u�UéĿ&�SPSª�b�ª+
L,L9ĲÔOâ0-5$M��ğǕJĩÂ�þB!7J�ŠĒ�įÜBLK$5�

ƅƾBL-0$9$5HJ�üŉžU: SPS OÀǖb�ƀǐUƻƤ&��1[�u
�59S�s�e�aĲÔOÎK�UHJ�SiC-JFET9ǺǖaSgf�ZĞƧOH
Jŵ�*K�OĻI�U&-0 
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Ƒ 5 ƏM7 SiC-JFET IŴ�*]Mcb�VǰũSǁ 1ǀ¥ƞŏ4K�/ǔ;
*�ŉƏM7 KEK-DA��VSǄþÀǘ_�4 SiC-JFETIŴ�* SPSIĳƠ#�
MP�n�xIöǭ4Àǘ#*öǸƞŏ4K�/ǔ;F[1]� 
 
6.1 öǸS_cfKcr 
ÀǘöǸ4¹Ŵ#*S7 KEK-e\`�ÀǘÜǻKEK-DAǼM�F[2]�KEK e\

`�ÀǘÜ7Ŀ �� S 	
 ����
	 q�]`�[�U�f��IǄþÀǘĽĎ4ķƴ#*

BSM�F���� e\`�ÀǘÜSœĥIà 6-14��ƵPm~y�`IƲ 6-14Ƈ
%���4 KEK-DAS�ƵŕÜ4K�/ǅŀ%F� 

��

B3�

Induc(on*accel.*cell�

��2����+0%&,3.�

��(1!3�*3.&02"-3&0�2�

QF1�
QD2� QF3� QD4*

QF5� QD6�

QF7�

�����!
#+$.�
�

�	�!
�� %�3�

�����!
 %�3�
�

�
��#1�������

*3./'$3�

������!
��2)1"�

 
à 6-1 KEK e\`�KU_~��`ŒƵ 

 
Ʋ 6-1 KEK-DASm~y�` 

ǵſ ƼÕ [É�] ¨ 
ÚǨ C [m] 37.7 
ŃűÈĖ 
 [m] 3.3 
�ǰƆƄ�ŤÚŢĹ f [Hz] 10 
ńÿƆŋùČ BMIN [T] 0.0292 
ńîƆŋùČ B��� [T] 0.84 

 
6.1.1 ECR (Electron Cyclotron Resonance)MP�ũ[3] 

KEK-DA M7Ɗ�SMP�SÀǘöǸ�ư5FC�4 ECR MP�ũ�ĲŴ"G
/�F�ECR SËŲ7K�SC�PBSM�F�>&�w~�Ɔè�Ēĥ"G*r
~^vøÜ²4MP�S­1PF�ġR]IŤ#/���E!4vMU�ŢMOi�

T�I£Ɵ#ǰñIǝŬ%F�Àǘ"G*ǰñ7w~�Ɔè4f~cr"GP�D�
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R]¶ñ1SƱƍ�ǰǯIƥEǓ#MP�Iųĥ%F�à 6-24 ECRSËŲàIƇ
%�KEK-DA M7MP�ũ°�Iǹǰár~cft�x(High Voltage Platform: 
HVP)1ƈ%FƓ�4ÏƘ#�HVP °�I 200kV 4ť�'F!1MMP�IÀǘ#
/Ðµ%�à 6-34 HVPSìƸIƇ%� 

��	�
��� &"�!�
�
�	�
��������

��(!
����

��������

$��'��

#%�$���

 
à 6-2 ECRMP�ũËŲà 

 

 
à 6-3 ǹǰár~cft�xìƸ 

ǻĨ½ȃ��Vª�²Ǣ4 ECRMP�ũ�ÏƘ"G/�FǼ 
6.1.2 Einzel��^n�xb}cm� 
MP�ũSėś47 Einzel ��^n�xb}cm��ƽƦ"GF�n�xb}c

m�ǰő47ŗőġSƀŤǰũ1ǉőġSm�]ǰũ�ƀ·MĳƠ"GF�m�]ǰ

á�ǤŻ"GP�1��MP�ũ�Dºǟ%Fn�x7q�cU"G�m�]ǰá�

ǤŻ"G/�FǪ+��n�x�ėś4�ǟ"GFC�4P-/�F�à 6-44n�
xb}cm�SËŲàI�à 6-54n�xŢĒS¢IƇ%�m�]ǰũ47MOSFET
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I]Mcb4Ŵ�*MarxĽĎSm�]żųÜ�Ŵ�DGF[4]�MP�ũSm�]Ĉ

7Ɨ 5 msM�F��b}cm�IŴ�F!14CE 5 µsSn�xIÐµ%!1�M
�F�MP�ũSn�xĐČ7łǪž4ŦƳ«ÙIƇ%*Ab}cr%F`Mw�V

Ië5F1à 6-5SÔà4Ƈ%C�4n�xĐČ�ëÅ%F� 

��
���

�������� ��

������

Einzel'������� �

���'
�
�����

�	����

 
à 6-4 Einzeln�xb}cm�SËŲ 

5"μ��

5"���

 
à 6-5 MP�ũSn�xŢĒǻĆǼ1n�xb}cm�4C-/Ðµ"G*n�xŢĒǻÔǼS¢ 

 
6.1.3 LEBT 
Ðµ"G*MP�7 LEBTǻLow Energy Beam Transport LineǼ1Û8GFn�

x~M�IƝŶ#/�DA��V4þ�GF�LEBT7ĞƵP¥ĹSMP�S?Iǡ
Ĭ%F¶ŎǰƆƄ�MP�n�xI DA��VS¯üƹČ4×e'F©ÙǰƆƄ�n
�xIÏŋ%FÝőǰƆƄƒ�DPF�à 6-64 LEBTSìƸIƇ%� 
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à 6-6 LEBT~M� 

6.1.4 ǲǰ¯üScQ�[5] 
ǹOi�T�Sn�xI³ĒÀǘÜ4¯ü%Fè×�ScQ�ǰƆƄIŴ�F!1

�í���KEK-DA M7ǰŷMn�xǎǞIŃ FǲǰScQ�ĽĎIĲŴ#/�
F�!G7 KEK-DAM7ƀƢÀǘÜI½ś4Ŵ�&��Oi�T�¯üIư�SM�
ǰŷ+�MÇ¶P©Ùƹ�ęDGF*AM�F�ǲǰScQ�7ǰőǪS¬�Pǲǰ

øǥS®ĸǰOi�T�#�Ƶ#P�*A�ƆƄĽĎ4�D;/g~Mq�øŁ1�

�ŭĜ��F�à 6-74ǲǰScQ�SÞǍI�à 6-84ǲǰScQ�SĻǳ´ƁI
#A%��ǰőǪ47�Ǫǰő�ı¯"G�ĭĪ¶á#*ǰáIÊÀ%F!14C-

/ƌǪž4ã�Pǰŷ�ęDGFC�4ąï"G/�F� 

 
à 6-7 ǲǰ¯üScQ�ÞǍ 
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�����

 
à 6-8 ǲǰ¯üScQ�Ļǳ´Ɓ 

 
ǲǰ¯üScQ�S]Mcb1#/7�đ¸7ZM~f���Ŵ�DG/�*��E

Sė SIZM�]`I 10śƀ·ĳƠ#*]Mcb4�Ĵ"G*[6]�à 6-94ǹáǰő
SŢĒIƇ%�]Mcb�PpŮĤSł7ǹáǰő47ƀŤǰá�ÊÀ"G/�E�

!SŮĤ4��/n�x¯ü�ưeGF�]Mcb�ĩ¯"GF1��ǕW�q�S

ĕěłǪė4ǹáǰőSǰá7Ǿ4PE�ÚÞn�x7ǲǰScQ�SēǴIÑ�&

4��VIÚÞM�FC�4PF�ZM~f��1 SIZM�]`IŜǑ%F1 SIZ
M�]`Sè×7ǰőǰáSƎ,��EłǪ�ƭĉǦ-/�F��n�x4û%Fē

Ǵ7ŪƷ%F!1�M�F� 

��

�������

SI�������
	�

��
���

 
à 6-9 ǲǰ¯üScQ�ǹáǰőŢĒ 

6.1.5 ��V©ÙǰƆƄ 
Àǘ��V7 FDFO ~dL]�ĲŴ"G/�E�Ïŋ1©ÙI±5*ŕƪƞ×æ

ǰƆƄ 8 Ó4C-/œĥ"G/�F�à 6-10 4ǰƆƄSœǙIƇ%�ŕƪƞ×æǰ
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ƆƄM7ǧĝ�ȁKSÆǪ4¶¾"G��ƐM7T{cr�²ª4Ù�-/ċ�ǻF
_U[}�Ǽ�ƁJ�M7ìª4Ù�-/ċ�ǻD _U[}�ǼP-/�E�Ɔè4
Ýőĥ¶IĮ*'/�F�à 6-114ǰƆƄǿÓ�*ES�ǫĹIƇ%�P��à 6-11
4��/ OǢ7ƆƄìSƌǪM�F� 

F�Focal)���	��

D�Defocal)���	��

F�Focal)���	��

���

��
�

à 6-10 ŕƪƞ×æǰƆƄSìƸǻĆǼ1ƆőĒŮǻÔǼ 
 
 

 
à 6-11 ��V©ÙǰƆƄS~dL]1�ǫĹ 

 
6.1.6 ǄþÀǘ_� 
ǄþÀǘ_�Sǂƚ4K�/7ľ4Ƒ 2Ə4Ƽǔ#*�KEK-DAM7 S6ÍV S7

1Û8GF 2QħSƀƢǢ4ǄþÀǘ_��ǣƦ"GF� 
6.1.7 ]Mcb�VǰũǻSPSǼ 
]Mcb�Vǰũ7Ƒ 5ƏMǔ;* SiC-JFETĽĎļæ SPSIÀǘŴg~Ml�

1#/�ĘōæS Si-MOSFETĽĎ SPSIl�KŴg~Ml�1#/Ŵ�*�à 6-12
4� SPSSìƸIûŜ#/Ƈ%� 
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SiC$JFET��SPS�

Si$MOSFET��SPS������

 
à 6-12 n�xÀǘöǸMŴ�* SPS 

 
6.1.8 ǲǰzh`�[7] 

KEK e\`�ÀǘÜ47 3 ƊǷSǲǰzh`�ǻu\[}�zh`�A�u\[
}�zh`�B�l�bzh`�Ǽ�ƽƦ"G/�F��Ʀzh`�7�n�xIÐ
Eß@C�4ƽ�*ȂKSǰő4n�x�Ǆǋ%FǰáIŴ�/n�xǤĝSŞ

Ċ�åƀ�ƦIǰŝ§Õ1#/Ðµ%#�?M�F�l�bzh`�SÃ ËŲ7u

\[}�zh`�1Ø$M�F��ESſž7n�xĐČ�n�xSǗǝ`Mw�V

IƂF!14�F�Ę-/ǰő7¶¾"G/�P��à 6-13(a)(b)4u\[}�zh
`�1l�bzh`�IƇ%� 
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(a)u\[}�zh`�B� � � � � � � � � (b)l�bzh`�� � � �  

à 6-13 ǲǰzh`� 
 

6.1.9 Ðµ#ŕÜ 
�ÞSöǸM7¡Ŵ#/�P���n�xÐEµ#ŴŕÜ4K�/BƖÉ4ǔ;F�

KEK-DA M7n�xÐµ#7ǘ�Ðµ#ĽĎIŴ�/�E�ES*ASŕÜ1#/
Ðµ#ScQ�ǰƆƄ1_r`xǰƆƄIƜ?×e'/Ŵ�F� 
n�xSÐµ#uM�f47_r`xǰƆƄ�Ʀ�GF�_r`xǰƆƄSĻǳœ

ǙIà 6-14 4Ƈ%�_r`xǰƆƄM7ƆèSòâ%FƌǪ1ƆèSòâ#P�ƌ
Ǫ�_r`xǻǬêǼYM�1C8GFƯ�YM�4C-/Ǭ/DGF�ÚÞn�x

7_r`xYM�SìªIǗFSMƆèSēǴIÑ�P���Ŗ4ǔ;FScQ�v

Vicf4C-/ǛưĽÙIĀ#Ń DGƆèS�FƌǪ4¯F1_r`xǰƆƄ

SƆèS¿MÐµ#n�x~M�SĽ4ǛưĽÙ�Ń DGF� 
 

 
à 6-14 _r`xǰƆƄSĻǳœǙ 

 
ScQ�vVicf7�4ǔ;*C�4n�xIÚÞǎǞ�DÐµ#ǎǞ4¯G
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FĔ¾Iŏ*%�ScQ�vVicfSƆè7ÚÞn�x4ēǴI�5P�C�4Ú

Þn�x�ǗEǝ�*ė�1ÚÞ#/Ħ-/�FǒSǪ4Ǝ,��FĞƵ��F�!
S*A�ScQ�vVicfSÁƆ47ZM~f��IŴ�*m�]ǰũ�Ŵ�DG

F�à 6-154ScQ�vVicfǰũÞǍIƇ%� 

 
à 6-15 ScQ�vVicfǰũ 

 
6.1.10 X�fm�]żų[]dx[4] 

]Mcb�VǰũI»Ě%F*ASX�fm�]7 FPGA(Field Programmable 
Gate Array)4C-/żų"'F�Ƒ 2Ə4Ƈ#*C�4Ɔèm`���ş>G8ż
ų%;�Àǘǰá7�Ģ4ş>FSM FPGA �żų%;�m�]m`��B�½4
şA/��!1�M�F�à 6-164m�]żų[]dxSŒĠàI�à 6-174n�
xǿÚÞS�MS`Mxb{�fIƇ%��#�Ƒ 2ƏMƇ#*C�4 KEK-DAM
7ÀǘǰáI�õƀŤǰáS­Mƶ���ǚƠÒë1%F*A4m�]ùČëǆI

Ŵ�/�F�à6-16S`Mxb{�f7m�]Iżų%FÚÞSBSIƇ#/�F� 

���'�(�

���
���	�

�����&��

�����%�

!'# &��

���
��

���$�"������

�����

 
à 6-16X�fm�]żų[]dx 
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Reference 
signal 

Barrier 
voltages 

Acceleration 
voltage 

T(=12µsec�1.8µsec) 

T/
6 

T/
3 

Pulse 
width 

150nsec 

150nsec 

1kV 

- 1kV 

1kV 

150nsec 

T/
3 

- 1kV 

 
à 6-17 X�fm�]`Mw�Vb{�f 

 
6.2 öǸŌ� 
Ƒ 2Ə4��/ KEK-DAMĞƵ1"GFÀǘǰá4K�/Őƻ#*��ǁ #*

SiC-JFETĽĎ SPSM7żųǰá4»Ɨ��F*A�ńîƆèI 0.23 T1#*�n
�xÀǘSǈm~y�`IƲ 6-24Ƈ%� 
 

Ʋ 6-2� n�xÀǘöǸm~y�` 
��VÚǨ� C 37.7 m 

©ÙǰƆƄŃűÈĖ� 
 3.3 m 
ńîƆè� BMAX 0.23 T 
ńÿƆè� BMIN 0.039 T 

MP�S� ǊǥĹǽ¥Ĺ 4 
Àǘǰá 747 V 

ÚÞÚŇǻ¯üł�Àǘƛ�łǼ 12 µs� �� 2.1 µs 
Àǘƛ�łSOi�T� 6.9 MeV 

 
6.3 öǸƞŏ 
à 6-18 (a)�(b)�(c)4¯üƀėS 500�sÆǪ�Ɨ 20msėS 100�sÆǪ�35ms

ėS 100�sÆǪ4��FÀǘ_�¯¿ǰáŢĒ1l�b§ÕIƇ%�ǻ*+#�!S
àM7Àǘ_�¯¿ǰáŢĒ7ŗǉ�ÎǏ#/ƲƇ"G/�FǼ�l�b§Õ1_�
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ŢĒSŜǑ4CE�EG)G4��Fm�]ùČ7 0.073�0.91 �0.78 1P-/�
F!1�¶�F�*+#�!!Mm�]ùČ7ÆǪ²4��Fǻm�]żųĹǽl�

bĹǼ1#/õƧ#*�Ę-/ÖÆǪ4��Fƒ¥Àǘǰá7 58 V�730 V�624 V
M�F�!GDS¨I(2-11)ĎIŴ�/ƺƔ#*V~p�4r�cf#*BSIà
6-194Ƈ%�öŨ#*öÂÀǘǰá�ŲǇž4ƺƔ#*Àǘǰá1C��ƫ#/�E�
PDMS»Ě�ŕƪ#/�F!1�ƅǃM�*�P��à 6-184��/l�b§ÕS
î�"�ė4PF<2ÿ"�PFS7Àǘ4�-/MP�l�bSǛưĽÙǨ"ǻl

�bǨǼ�ÿ"�PF*A�ŐµģČ���%F!11�ÀǘÜƁƌaUf²SŚŸ

R]1SƱƍ4C-/n�xĵð�ǋ�/�F*AM�F[8]� 
à 6-207ÀǘǰáIÚÞ²Sł¼-ÚÞĹǐ�4ĩē#* 2Ŗ­S¶ćàǻvN�

d�n|�ǼM�F�̄ üƀė7l�bǨ�Ǩ�*A�ÀǘǰáSm�]ĈBǨ���

Àǘ"GF4KG/l�b�áƤ"G/ÀǘǰáSm�]ĈBƃ�PE�ńƛž47

600 nsƉČ1P-/�F�!G4û#/�à 6-217l�KǰáSvN�d�n|�
M�FǻǰáőġIƇ%Ƭ�Àǘǰá1źPF!14ţĢǼ�l�Kǰá7Àǘǰá

S_cfǻŗőġǼm�]SĊäǢ¶Iį@C�4Ŧǘl�Kǰá1Àǘl�Kǰá

IsKMżų"'/�F��Ľ�à 6-22 7l�b§ÕSvN�d�n|�M�F�
!Sà4��/Ž�ī�/�FǢ¶�§ÕĐČS�ŹĐ�Ǣ¶M�E�§ÕĐČ�ď

�PF4KG/Ǻ�P��\�Ǳ1ëÅ#/�F�>*l�b§ÕS�ª4ċ�Fơ

SǢ¶7lcUV~N�gjM^M�F�̄ üƀė7Àǘǰá4ƭĉSw]vcb�

�F*A4½ƣ�Ā#Ŧǘ"G/m�]Ĉ�ƃ�P-/�F��ESė7l�Kǰá

4į>G*Ƕç4ôõ#/�E�MP�n�x�Àǘǰá4ØŇ#P�DÀǘ"G/

�F!1�ƅǃM�*� 
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(a) ¯üƀė� (100 µs/div.) 

 
(b) ¯üė� 20ms (20 µs/div.) 

 
(c) ¯üė� 35 ms (20 µs/div.) 

à 6-18 Àǘǰá1n�xl�b§ÕŢĒ 
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à 6-19 öŨöÂÀǘǰá1ŲǇƺƔ¨SŜǑ 
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�
�
�
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à 6-20 ÀǘǰáS 2Ŗ­ĩēà 
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à 6-21 l�KǰáS 2Ŗ­ĩēà 
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à 6-22 l�b§ÕS 2Ŗ­ĩēà 

 
6.4 n�x��eL�VSēǴ 
ǄþÀǘ[]dxIƒ¥ÞǍMƲ%1�ǉƮM�FMP�n�x7m�]ǰŤũ1
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PEǻƑȀƏà 2-1Ǽ�MP�n�x�ÀǘT{crIǗǝ%Fł�ÀǘT{cr47
ǖǋǰ¿�żų%F�ǖǋǰ¿Sî�"7n�xǰŤŢǹ¨1n�x�Dƶ*ǰũM

�o�a�]SƋ4Ŝ¢%F�KEK�DAM7ǰŤŢǹ¨�ÿ"�ǻ1 mAƉČǼ*A�
n�x��dL�VSēǴ7ř2ƶ5P����ė�CEkMm��SÀǘÜ:SǠ

ŴIƨ5G8n�x��eL�VSēǴIŪƷ%F!17M�P��!!M7n�x

ǰŤ�Àǘǰá4�5FēǴ4K�/ÞǍ[w|��[}�IŴ�/ƨú%F�

KEK�DA IŔĶ#*ƒ¥ÞǍIà 6- 23 4Ƈ%�!S[w|��[}�4��/n
�xǰŤ7m�]ǰŤũMŔĶ"G/�F�à 6-23 Sƒ¥ÞǍMMP�n�x��
KSm�]ǰŤũ4P-/�FS7ůƎ#*�KSm�]IŔĶ%F*AM�F� 

SPS�
��	� �
���
��#
���

	
���� �������
 

à 6-23 n�x��eL�VŐƻƒ¥ÞǍ 

[w|��[}�ƞŏS¢1#/n�xǰŤSŢǹ¨I 1 mA 1#*łSÀǘǰ
áǻÀǘ_�żųǰáǼ1n�xǰŤŢĒIà 6- 244Ƈ%� 

0µs 1µs 2µs 3µs 4µs 5µs 6µs 7µs 8µs 9µs
VK0.3-

VK5.2-

VK0.2-

VK5.1-

VK0.1-

VK5.0-

VK0.0

VK5.0

VK0.1

VK5.1

VK0.2

VK5.2

VK0.3

Am0.0

Am1.0

Am2.0

Am3.0

Am4.0

Am5.0

Am6.0

Am7.0

Am8.0

Am9.0

Am0.1

Am1.1

Am2.1
V(sec) I(L2)

�	����
���	
�

�
�
�
��

�	

�
�
��

 
à 6-24� n�xǰŤ 1 mA1#*łS[w|��[}�ƞŏ 
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!S[w|��[}�M7ÀǘǰáIżų#*ł1#/�P�łS�ĽSè×S

[w|��[}�Iư-/�F��2,DSè×BÀǘ_�Sżųǰá47ëÅ7ƶ

DG&�n�x��eL�VSēǴ7P�1��!1�M�F�P��ÀǘǰáŢĒ

4��/Ɨ 0.4 �sÚŇSm�]ġİÃ�ǤŻ"G/�FS7�ǕW�q�SÎü4
CFBSM�E�n�x��eL�V17Ūǫ¦M�F� 
Ŗ4n�xǰŤI 1 mA�1 A�10 A1ë5*è×S[w|��[}�ƞŏIà 6- 

254Ƈ%�n�xǰŤ 1 AM7ř2ēǴ�µP���10 A4PF1Àǘǰá4 600 V
ƉČSëŘ�ų$�ŪƷM�P�PF� 

0µs 1µs 2µs 3µs 4µs 5µs 6µs 7µs 8µs 9µs
VK5.3-
VK0.3-
VK5.2-
VK0.2-
VK5.1-
VK0.1-
VK5.0-
VK0.0
VK5.0
VK0.1
VK5.1
VK0.2
VK5.2
VK0.3
VK5.3
A1-

A0

A1

A2

A3

A4

A5

A6

A7

A8

A9

A01

V(sec)

I(L2)

�����

�
�
�
��

��

�
�
��

����

����

�	
���

�	
���

�����
�	
���

�����

 
à 6-25 n�xǰŤIéÀ"'*łSn�x��eL�VSēǴ 

n�x��eL�VSēǴIÿ"�%F*A47ǰũSM�o�a�]Iÿ"�%

F!1�ŅÂM�F�5.2.5ƕMǔ;*C�4 SPS1Àǘ_�SǪI�M�o�a�
]SØǐW�q�MĳƠ#*è×47Ğūž4ǰũM�o�a�]B��%F�W�

q�M�o�a�]I 50 Ω�ǜčłǪI 25 ns1#*łSn�x��eL�VSē
ǴIà 6- 264Ƈ%�ÀǘǰáSëŘ7 300 VƉČM�E�<=M�o�a�]4Ŝ
¢#/�Ŧ"G/�F��#�FET4ŤGFǰŤ7 120 A4Bǟ#�É�ƙñSƾ
øǰŤIî��ǌ5F�#�#�FET 7P�ĭĪ�ŧČ4û#/ŗS¤òġIĮK
*A��·ĳƠ7ƀ·ĳƠ4Ŝ;/7F�4øŁM�E�îǰŤÅ%F!14î�P

Ǯ÷7P�1ƨ5DGF� 
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0µs 1µs 2µs 3µs 4µs 5µs 6µs 7µs 8µs 9µs
VK5.3-

VK5.2-

VK5.1-

VK5.0-

VK5.0

VK5.1

VK5.2

VK5.3
A2-

A0

A2

A4

A6

A8

A01
A0

A02

A04

A06

A08

A001

A021

A041

V(sec)

I(L2)

I(S1)

�����

�
�
�
��

	
�


�
��

����

����

�	
���

�	
���

�����
�	
���

�����

��

�
�
��

�	
���

 
à 6-26 W�q�M�o�a�]I 50 Ω1#�M�o�a�]ÅIà-*è×S 

n�x��eL�VSēǴ 

 
6.5 Ƒ 6ƏS>1A 
ŉƏM7�ǁ  SPSI KEK-DASÀǘ_�g~Ml�1#/¡Ŵ#�öǭSn�

xÀǘ4£#*�ŷ¸SöǸƞŏ4K�/ǔ;*�MP�SǊǥû¥ĹŜ7Ȃ�ńî

Ɔè7 0.23 T M�-*�!Sƞŏ�SiC ĽĎ]Mcb�VǰũIŴ�/¯üƆè�
DńîƆè>Môõ#*ÀǘIư5F!1�Őƿ"G*�!Sƞŏ7 SiCelM]S
ÀǘÜğŴ:Sî�P½Ǜ1��!1�M�F� 
ýō�e\`�ÀǘSġƪIp�4ų�% 2 kV��SÀǘǰáIżų%F*A4

7�CEǹǰáS SPS Iǩż%FĞƵ��F�ESĽšS�K�CEǹƩáS SiC
elM]Iǩż%F!1M�F�ŖƏM7ýōžPāņ1#/Ŗ��ƙñmcW�\

ǩż��CVǄþÀǘĽĎIǠŴ#*³ĒÀǘÜS�ėSāǩ4K�/S;F� 
 
ÌƨĺŰ 
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ɣ 6 ɡgYYˎdon?]7ǌhc˫ȼho SiC-JFET _øro�y��¹�Ɲ

ʆtǛhuAp7frtȵ[o�y��¹�˽Ȟ̏SPS̐]nruŪy}¹^ę˒]

kƥĘho8hBhyCoÓłʮåho JFET ɯŠ̏ ǡɡ×˰frtɣ 1 ÂÖɯŠZ

Ĺb̐_ʅňC 1.2kV Y=p7Si-MOSFET ^̓kV np_̌[k^^ǡǥƙʟZg

rq 2kV ×¾]_ĭ`y[8mfYȀ^���¤Zhǔʅň��¤tçȵhoȀ

ÂÖ JFET ɯŠ���»�^˫ȼCşgru[q8ǡɡY_7Ēģ˞ĉ]A[uȀÂ

ÖɯŠ^˫ȼ]s[u7m^ɂǻ7ɂǻt˛ƥMqoj^ƫʘ7ʪʧ^Ȭȏ]s[u

ˎd7go]Ɠģ˞ĉ]A[u_7ȀÂÖɯŠC˜ȵgrqZƢũgrqʳŴę˒Ǎ

ƋĂƐę˒ŀ^ÓƓ^ŷǜ]s[uˎdq8�

7.1 ��y����»�^goyqǄʌ 
7.1.1 ˫ȼɂǻ 

ɣ 4 ɡYˎdon?]7ɣ 1 ÂÖ���»�^˫ȼt˫şhoǖȣ]A[u_ˤ

ȴğgro SiC �y��¹�ɯŠ_ JFET ^hY=roC7ȱŉY_ MOSFET kü

Ʃİʆ]yru[q8ʙ 7-1 ]ȱŉüƩİʆy SiC-JFET Z SiC-MOSFET ^Öʙȿ

yȫƝètɓM8yA7ɣ 4 ɡYèZhuɓho SemiSouth _m^ƓʤǇh7ȱŉ

_üƩÀİY=q8JFET7MOSFET ÿ]ƁʻɯŠ^���»�_ TO-247 ŌZyr

u[q8fr_ TO-247 CÂȹȿyǻȟZyru[qojY=q8m^�®¹��²

¹5�»�ˬ^ȧƯƮ_ 0.6 K/W ɘƈY=p7ʒʄ^˫ȼhoɣ 1ÂÖ���»�Z

efĵɘƈY=qC7TO-247 ^ǅȧ˿^řag_ 16 mmx21 mm Zɣ 1 ÂÖ���

»�^mȑ45 mm x 65 mm̐ZȈdqZ˿ɛC 1/8 ×¿Y=q8f^oj7�»

�5¢x¹ˬ^ȧƯƮC 8 ï]yruhg[7ŪĜȿ]ǅȧİʆyǀŝ_ģĉ×¿Z

ʃ]orq8go7ÃʄZkʅň_ 1.2 kV Y=p7ę˒�µ�³y�»ȵZhuɂ

ǻZMq¶¥µ]_˛hu[y[8 
ʙ 7-1 Ɓʻ SiC �y��¹���y�^ȫƝ 

ŌƋ IJW120R080T1[1] SCH2080KE2 
¬»~» Infinion ·»« 

��y��y¤ JFET MOSFET 
���»� TO-247 TO-247 

�¶y¹�»�˝ǋ˽ň 1200 V 1200 V 
Ǚř˽ȕ�(DC)�  14 A @1502 28 A @1002 

Ǚř˽ȕ̏�µ�̐ 88 A @1502 80 A 
�»�˽ňha[ñ� -15.7<-12.4 V 1.6<4.0 V 

}¹ƯƮ 0.130 @1502 0.125 @1252 

�»¹}¹ǀŝ�  800 µJ @VDS=800V,I�=25A 174 µJ @VDS=600V,I�=10A 
�»¹}¢ǀŝ�  250 µJ @VDS=800V,I�=25A 51 µJ @VDS=800V,I�=10A 

Ǚřǅȧˤ PD� ̜TC=25 2 238 W 262 W 
ȧƯƮ� Rj-c 0.63 K/W 0.57 K/W 
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ȀÂÖ̏ ×¿ɣ 2 ÂÖ ɯ̐Š���»�Y_froƁʻ^ɯŠtŧý]Ć̊Mdc7

ɂǻtʪũhu[q8ɣ̔ÂÖ���»�^˫ȼɂǻt7ɣ 1 ÂÖZůȈhuʙ 7-2
]ɓM8 
 

ʙ 7-2 ɣ 2 ÂÖ SiC-JFET ɯŠ���»�˫ȼɂǻ 
 ɣ 1 ÂÖ ɣ 2 ÂÖ 

ā˞ƺɷ �x��´»� 2 in 1 
�y� �y� 4.16 mm x 4.16 mm 2.4 mm x 2.4 mm 
��¤ʝ˓ SiCED ĵž 
ɯŠʅň 1200 V 2400 V 

ȧƯƮ Rj-c 0.57 K/W  0.15 K/W ×¿ 
Ǚř˳ȧˤ 235W  1000W ×¾ 

ā˞y¹���¹� 23 nH 10 nH ×¿ 
 

º�y�y�^Ȉˉ 
Ņ 7-1 ]ɣ 1 ÂÖɯŠZhuȵ[o JFET �yAnaɣ 2 ÂÖɯŠYȵ[q JFET

�y^ƐȬtȈˉhuɓM8ǌǐ^ JFET �y_m^řagSGYyc7�»�^˟

ʀ̏ɢ˞�»�Z�¹�»�»�̐]A[ukȺyru[q81.2kV ɯŠkČǝ]_

�¹�»�»�Y=roCƓǝ]A[u_ɢ˞�»�]ǄjoroɲɼC=q8�»

�tɢ˞]ɗĝMqfZ]np~�»�˿^Ūˑ˽˿ɛtřacMqÍCYa7}¹

ƯƮtnpŵgcMqfZCYaqojY=q8f^ȣY 2.4kV ɯŠ_ģŴã��¤

Zhu_ 1.2kV ɯŠnpk7Ū˸]_ǐÂÖ]Ÿhu[q8 

�!����"#$%&&%'%"#$%&&(� �$����$#"%&&%'%$#"%&&(�

����

 
Ņ 7-1 ǌǐÂÖ^ JFET �yȈˉ 
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ºā˞ƺɷ 

ɣ 1 ÂÖɯŠ_�x��´»�ɯŠY=p7SPS ^ H £´��ł˄tǸƥMqo

j]_̖î^ɯŠtƙʟZho8hBh74 î^ɯŠY H £´��tǸƥMqoj]

_ŗ˞]ɯŠˬ^ƺɷŴãCƙʟY=p7m^oj]řŌğZ˟ɹy¹���¹�^

Ŕętư[u[o8ȫ]Ɠʄ_7̌˒�µ�ȼȳʚʀZhu^ SPS ]Zru_ˢʟ

yʶ̅Y=p7Ū˸7ɣ 1 ÂÖɯŠtȵ[uʝåho SPS ]A[u_���ł˄t

ʪGo]k˭sok7�»¹}¢ǖ]ɬ 10̍^˙˽ňtʣȜho8fr_ɯŠ^˽

ňďȵȯ̏ɃȕĦę˽ň̒ɯŠʅň̐t¿eqfZ]yp7SPS Zhu^ǙřũǱt

đɬMqfZ]yq8Ɣru7ɣ 2 ÂÖɯŠY_ 2 in 1 ǸƥtįqfZZh7H £´

��^̓¶�t 1 î^ɯŠYƺɷMqfZtɂǻZMq8go7ɯŠ^�y�y�_

2.4 mm x 2.4 mm Zɣ 1 ÂÖɯŠ^ 1/4 ^˿ɛ]˙by[oj7̔ ÄċǸƥZMqf

Z]nru}¹ƯƮ^Ŕřt˯ȁMq8Ņ 7-2 ]ɣ 2 ÂÖɯŠ^ƺɷŅtɓM8 

���

����

���

���

����

������

���

FET1-1�
FET1-2�

FET2-1� FET2-2�

 
Ņ 7-2 ɣ 2 ÂÖɯŠ^ā˞ƺɷ 

 
ºȧƯƮ7Ǚř˳ȧˤ 

ɣ 1 ÂÖ^���»�Y_ȧƯƮ̏�®¹��²¹3�»�̐_ 0.57 K/W Zɂǻ

ñ̏0.4K/W̐]˛hyBro8ɣ 2 ÂÖY_�y�y�Cŵg[Í7̌ʅň^oj

]}¹ƯƮČ[ZÌƢgrqfZy[]np7˳ ȧǤÙ_go]˙ˠZyqfZC

ÌƢgrq8ɣ 1 ÂÖY^Ǚř˳ȧˤC 235 W Y=rofZBo7ɣ 2 ÂÖY_m

^ 4 ï^ 1 kW ×¾tɂǻZMqfZ]ho8goȧƯƮ_ 0.15 K/W ×¿tɂǻZ

Mq8f^őĴ�»�5¢x¹ˬ^ƺʥȧƯƮt 0.05K/W ɘƈZMqZ�®¹��²

¹-¢x¹ˬ^ȧƯƮ Rthj-f_ 0.2 K/W Zyp7¢x¹țƈt 35 2ZMqZ 1000 W
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t˳ȧMqZa7�®¹��²¹Ǚ̌țƈ_ 235 2Zyq8ɣ 1 ÂÖ^���»�

Y_�¹�ƺĴtȵ[u[ooj7ƻũɯŠțƈ 2162]A[uɯŠǆ˹][oro

C7ɣ 2 ÂÖ���»�Y_7ƓYkˎdqn?]ɭ˧]ˋ[ɯǢtȵ[uƺĴMq

oj72352Ykľ̅y[Zʃ]orq8 
 
ºā˞y¹���¹� 

ɣ 1 ÂÖɯŠ^ʶ̅^¼s]7ā˞y¹���¹�C 23 nH =p7�µ�ȵɯŠ

Zhu_řa[fZC¾eorq8Ņ 7-3 ]ɣ 1 ÂÖ^���»�tɓMC7¾˿B

oʡoǖ]�¶y¹ɢŠBo�»�ɢŠ]ĶB?˽ȕ^ĶaCĮǖʧǍĶ] 1 �»

¹^µ»¤tƼ[uAp7frCy¹���¹�Ŕ]syCrok^Zʃ]orq8

mfYɣ 2 ÂÖɯŠY_f^n?yµ»¤Ǹ˓tƷh72 in 1 ­�°»µ^�y�y

��¶y¹(D1)ɢŠ3·»�y��»�(S2)ɢŠˬY 10 nH ×¿ZMqfZtɂǻ

ZMq8 

������

 
Ņ 7-3 ɣ 1 ÂÖɯŠ]AGq���»�ā˽ȕ^Ķa 

 
7.1.2 ɂǻ˛ƥ^ǍΩ 
ºȧƯƮ^áș 

ɣ 1 ÂÖ^���»�Y_�³ª��̏ ɟğwµª×z« ɶ̐ɽŏǨ^ȩ˿]˨�

�»¹tƐƥh7m^¾] JFET ��¤^�¶y¹˿t�¹�YƺĴMqǸ˓Y=r

o8go7�»�ó_wµªɹt˂́ȑ¨¹�x¹�]npƺĴh7˽ȕtƌaĈh

u[q8f^Ǹ˓_�´�¹ģŴã^�¸»­�°»µYǙk¼ʋȿ]Ƹȵgru[

qǸ˓Y_=qC7ŏǡȿ]ȧÝŴ_�¶y¹˿BohBǝƒYay[8go7�¹

�_ȧÝŴȯC 50 W/(mK)[3]Z˨^ 400 W/(mK)[4]ZȈdqZ 8 ĉ^̓hByc7˳

ȧ^đɬʟŃZyru[q8 
˥ŸĵŕtƺĴMqƫʘZhu_˧·zƺĴCƇcɌoru[qC7˧ ·zƺĴY

_˧·ztȡBhuƺĴ˞]ȕhfioj] 700 2]kęȧMqƙʟC=p�³ª

��ŏǨ^ĮptưcİʆƝC=q8mfYǌ���»�]A[u_�y§¹�x¹
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�ƫʘZhu��ɪŠĉǇŌƺɈĔtȵ[qÍ]ho8��ɪŠĉǇŌƺɈĔZ_

Au7Ag y[^ƖɪŠt¢x³»]ȵ[q¼ə^Ŵ˽ƝƺɈĔY=q[5][6]8ƺɈƓ7

ęňhyCoțƈt 2002×¾]¾eqZ7ŏĔ˞ĉCȨȥ7��ğhu˗˼Mqo

j7¢x³»˞ĉSGCȅgruefɭ˥Ÿ]ˋ[ȧÝŴȯCƕorqn?]yq8

ɣ 2 ÂÖ���»�Y_˧��ɪŠƺɈt�¶y¹ó7�»�ó^Ã˿]ȵ[7¸y

¯§¹�x¹�tƉMqÍY7Ã˿Bo^ąĨtİʆ]Mq 
 
ºā˞y¹���¹�^áș 

ɣ 1 ÂÖ���»�]A[uā˞y¹���¹�CřacyroʟŃZhu7ĵ¼

ƅ˿āY˟ɹtƌałhooj] 1 �»¹^�yµtƐƥhuhgrofZCƳe

orq8mfYɣ 2 ÂÖ���»�Y_ŘŹ˟ɹtʗ?Í]np�¶y¹ó^ŴãZ

�»�ó^ŴãZY¼ə^��´�¤³y¹tƐƥh7ɑȹ^ƪTȗhĜǬ]npy

¹���¹�^áștŅq̏Ņ 7-4 ĬȦ 8̐ 
 
7.1.3 ɣ 2 ÂÖ���»�^ǸƢǳ 

ȱŉǸƢhu[qɣ 2 ÂÖ���»�ǳtŅ 7-4 ]ɓM8 

����

����

������

�����

�����

������

���������
�
	
��������
��

������

 
Ņ 7-4 ɣ 2 ÂÖ���»�^ǸƢ 
̏ɋĦ_˽ȕ^Ķatɓhu[q̐ 

 
f^���»�_7(1)SiC-JFET ZmrtÃóBoƴiƐY�y§¹�x¹�ho

˥Ÿ£·��^�»��¤¶��̏ ȧƱǇ£·�� Z̐7(2)�³ª��ɶɽŏǨ^Ã

˿]˨��»¹tʽÕGo¾¿^ŏǨtɛŹMqfZYǸƥgru[q8Ņ 7-4 _(1)
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Z(2)tĉʤhuɓhu[q8(1)^�»��¤¶��_ JFET ^��¤ȇ]̓£·�

�Zh7ƅ˿ȿ]_̔x̔˟ʀZyru[q8 
�»��¤¶��̏HS̐£·��^ƱřŅtŅ 7-5 ]ɓM8 

�����

�������
�
�
������

�������
�
�	�����

������

 
Ņ 7-5 �»��¤¶��£·��ƱřŅ 

 
JFET^�»�ó]ƺĴgrqHS_ÅŜ]ɜCǓGorÅƘ]�»�ƺɷȵ^¡

¹Cˑgrq8�»�¡¹_7ƓYˎdqn?]ɣ 2 ŏǨ¾^˨��»¹tˑiuŗ

˞]ƺɷgrqoj7HS ]_ȊƅǍĶ]k�¶¹�CƐƥgru[q8HS ^ǢǊ

Zhu_Ŵ˽ȯ7ȧÝŴ^ʣȣBo_˨Cøru[qC7˨ _ȧʈƍëǈC 16.5x10-6 
K��[7]Z SiC ^mȑ4.5x10-6 K��̐[8]ZȈdu 1 ǲřac7ɯŠ^țƈ�y�µ]n

ruĚğMqƞrC=q8mfYÓł_7˥ ŸY=pyCoȧʈƍëǈC 9.5x10-6 K��

̏Cu30%^őĴ Z̐á[[9]˨�¹���¹Ĵ˥t�»��¤¶��Zhuȵ[qfZ

]ho8 
ŏǨ̓ZŏǨ̔_7Ã˿]˨ǨtʽÕGo�³ª��̏Si	N
̐Ǩtmrnr 2 ǫ

ksƍpĴsluǸƥMq8 
ŏǨ̓^ǸƥtŅ 7-6 ]7ŏǨ̔^ǸƥtŅ 7- 7 ]mrnrɓM8 
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��
−B�

��
−A�

D1�

S2�

�����	�G2�

SG2�  
Ņ 7-6 ŏǨ̓^Ǹƥ 

 
ŏǨ̓_ŏǨ 15A7ŏǨ 15B ^ 2 ǫ^ŏǨtƍpĴsluǸƥgrq8Ņ 7-6 _

ŏɁ̓tŏɁ̓5B óBoʡok^Y=q8ŏǨ̓-B _ FET1-1 Z FET1-2 ^�¶y

¹ó�»��¤¶��tƍpĴslqoj^˨ɥ7FET2-1 Z FET2-2 ^�»�ó�

»��¤¶��7Ana�»�ɢŠƌaĈh^oj^˨ɥCʽpĴsgrq8ŏǨ^

ʙBoʛ]iBru˨^¡¹CʼˑhuAp7ʙZʛC˽ȉȿ]ƺɷgrq8ʛ˿_

ý˿C˨ǨZyruAp7S2 ɢŠ]syCq8ŏɁ 1-A _Ã˿ÿ7ý˿˨ʽp^ŏ

ɁY=q8S2 ɢŠZ SG2 ɢŠ_ŏɁ 1-A BoƌaĈgrq8 
Ņ 7-7 _ŏǨ̔t¿ó̏�»��¤¶��ó̐BoʡoŅ]yru[q8Ņ 7-7 Y

ʡ]qʙ˿]_ FET1-1 Z FET1-2 ^�»�ó�»��¤¶��Z FET2-1 Z

FET2-2 ^�¶y¹ó�»��¤¶��CƺĴgrqC7fro_˽ȉȿ]_ýuĵ

˽àY=p7H £´��^¾¿w»«^ƺɷȣZyq8ɢŠ S1/D2 _ŏǨ^žĲÃ

ó]ʪGorq8fr]np7­�°»µ 2 îY H £´��tǸƥhoőĴ]ůɖ

˟ʀCİʆZyru7Ņ 7-8 ]ɓMn?]ŵŌ^ SPS tǸƥMqfZCĈǥq8 
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Ņ 7-7 ŏǨ̔ǸƥŅ 

 
 

!"#$%&'(()$*&+$"#&
,-./�

0'&12345�

346,7�
845345&�

 
Ņ 7-8 ɣ 2 ÂÖ JFET tçȵho�y��¹�˽Ȟ̏SPS̐^ÌƢŅ 
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fro^ŏǨ]A[u�³ª��ǨZhuǙk¼ʋȿyɟğwµª̏AlN̐ŏǨY

_yc7ɟğ�´�¹ŏǨtȵ[q^_ǾǴȿ]Ǝ̀YȧʈƍȯCŵg[ojY=q8

Ñ�³̏Ǯ̐Cþʙhu[q�³ª��ǢǊ^ȫƝȈˉZ�»��y�µʮ̋^ɳǬ

tʙ 7-37ʙ 7-4 ]ɓM[10]8 
 

ʙ 7-3� �³ª��ǢǊ^ȫƝȈˉ[10] 

 
 

ʙ 7-4 �³ª��ǢǊ�»��y�µʮ̋ɳǬȈˉ[10] 

 
ʮ̋ǤỪ5402̏30 ĉ̐4+402̏30 ĉ̐45402̏30 ĉ̐^ɿpˌh 
ʙā^ǈš_�³��CȼȳMqgY^�y�µǈtɓM8 
ßh7ĕ˼Z=q^_�¹¤µåƥƓ7�»��y�µʮ̋]üqĒ]˨ɥCĕ˼huʮ̋]üry

BrofZtɓM8 
 

Si3N
_AlNZȈdqZȧÝŴȯC 3ĉ^̓ɘƈZá[CǾǴȿƎƈ_ 2ïɘƈ=

p7ʔǨğCİʆY=qfZCʙ 7-2 Boʵhįrq8go�»��y�µ^ʮ̋ɳ

Ǭ]s[uk70.3 mm ^˨ɥtʽÕGoĩg 0.635 mm ^ AlN C 200 �y�µ]

hBʅ]y[^]ůhu70.5 mm ^˨ɥtʽÕGoĩg 0.32 mm ^ Si3N
Ǩ_ 500
�y�µ×¾]ʅ]uAp7ɸĴȿ]ʭêhuĵɤ^ȧƯƮY=qyo`7Si3N
 ^
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ǍCì̄Ɲ^̌[ŏǨ]YaqZʭêgrq8 
 
7.1.4 ���»�^ȧʤǩ 

7.1.3 Yɓhoɣ 2 ÂÖ^���»�^ʪʧǳ]ůhu7ȌȵǛ˱ʟɯΩʤǩ¤·

�³« ANSYS©tȵ[uǅȧȫƝ^ʤǩtʗro8SiC �y7˧��¦»��7�»

��¤¶��7�³ª��Ǩ7�³ª��Ǩ]ʽÕGo˨��»¹7˔ɳ¡¹^ýu

t­�µ^Å]ɱhˊioj]7¼ʋ 3 Ȁù^ʤǩƩΩtȵ[7���»�ýãtʤ

ǩůʺZho8FET �»�ó]ƺɈgrq�»��¤¶��]_�»�˟ɹtˑM

oj^ĊpǿaCŢŉMqC7frk­�µ]ĮǕh7f^˞ĉ_ȧÝŴ^y[ɞˬ

Zho8ĵǹ]7˨ɥ��»¹^ĊpǿaZ���»�ó˿^ɞˬ˞ĉkȧÝŴ^y

[ɞˬZho8ʙ 7-5 ]ʤǩ]ȵ[oĳǢǊ^ȧÝŴȯtɓM8ffY˧��¦»�

�_ŧý]˧ğMqk^Zʃ]7˧ ^ȪƝñtȵ[o8Ņ 7-9 ]­�µƐȬt7Ņ 7-10
]ʤǩɳǬtɓM8ßh7ɯŠȼȧ_ 250 W̒��¤Zh7œȹǤÙ_ǅȧ¢x¹ț

ƈt 302¼ũZhuÁ]o8go7JFET ^�»�˿^�»�˟ɹ˞ĉĭa���»

�ó˿^ɞˬ^ȧÝŴ_y[k^hu[q8Ņ 7-10 np��¤Yȼȳhoȧ_�»

��¤¶��^ÅtĵƘĂ¾]ƇCpyCoŏǨ˿gYÝsruAp7�»��¤¶

��^ƄC˜ĊY=qZčũYaq8goǙ̌țƈ_ 200.82Y=q8Ņ 7-11 ]��

¤^ÅƘˈ]Ȏro���»�ā^țƈ¾ǒĉƂtɓM8Ņ 7-11 ]A[u FET1 _

�¶y¹˿C¿ó^ FET Y=p7FET2 _�»�˿C¿ó]=q FET Y=q8[T

ok�»�˿]ƺMqó^�»��¤¶��]_�»�´»�tʼˑglqoj^

ȠC=qoj7m^˞ĉY^țƈ�»�_y[fZ]ȒƣtʟMq8go7f^Ƞ˞

ĉY_ȧÝŴCy[oj7Ƀ¿^ŏɁʙ˿^țƈ_Ƞ^Ȥ[�¶y¹ó]ȈdqZ

402ɘƈá[fZCĉBq8��¤Ǚ̌țƈ¾ǒ_ 170.8K7�»�^țƈ¾ǒ_�

¶y¹óC 18.9 K7�»�óC 13.0 K Zyro8�¶y¹ó^țƈ¾ǒCřa[^

_7ʦ[ƾ]qZ�¶y¹ó^ȧȕ˒Cřa[Ítɓhu[q8ʤǩY_�»��¹

�țƈ_ 302Y¼ũZhu[q^Y�®¹��²¹5�»��¹�ˬ^ȧƯƮ Rthj-f
tʧɦMqZ 0.17 K/W Zʭêgr7ɂǻ^ 0.2 K/W t˛ƥhu[q8 
 

ʙ 7-5 ���»�ǸƥǢǊ^ȧÝŴȯ�  
ǢǊ ȧÝɵȯ� (W/mK) Ref. 
SiC 490 [11] 
Cu 398 [2] 
Ag 407 [2] 

CuW 190 [6] 
Si3N
 58 [7] 

�»©µ�¹�z¹�(G-751) 4.5 [12] 
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Ņ 7-9 ȧʤǩ^­�µƐȬ 
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 Ņ 7-10 ʤǩɳǬ 
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Ņ 7-11 ��¤ÅƘˈ]Ȏro���»�ā^țƈ¾ǒ^ĉƂ 

FET1:�¶y¹˿C¿ó7FET2:�»�˿C¿ó 
 
7.1.5 ­��w�¤���»�^ʮåZm^ʭê[13][14] 

ʪʧǳ]ŏt[u­��w�¤���»�tʮåho8­��w�¤���»�_

Ū���»�Z_7(1)çȵMq FET ɯŠCŪ˸]�y��¹�ǾʆtǛMqɯŠY

_yc7ʝ˓ŽɘYĈoÀʌļY=p7ƃ]}¹ȬƤ]=qfZ7(2)ǽʇŰȁtʗr

uAok˫ǅǸ˓Y=qfZ7^ 2 ȣYȺyru[qC7ŽåƝ^ǵʬ7ǅȧƝʆ^

ǵʬ7���»�ā˞y¹���¹�^ǵʬ^ɂȿYʝåho8 
º­��w�¤���»�ʮå 

ǌŌ���»�^ɱhɠu]A[u7Ǚkřayʶ̅_ FET ��¤CkZkZƔ

ǥŌ^ɱhɠuƩΩY=q7�¹�ÕGZ Al ¸y¯§¹�x¹�tĒƽZhuʝ˓

gru[qfZY=q8f^ojéʮ FET _ʛ˿̏�¶y¹˿̐C Ag ¬��7ʙ

˿̏�»�˿̐C Al ¬��groȬƤYĈʑgru[q8hBh Al ˿_ʙ˿Cˡğ

Ȫ^ Al20	Yʠsrqoj˧ZƺĴhy[8Ół_ĒćȲZhu7Al ʙ˿t�¹�»

�ćȲho¾Y Ni Z Au ¬��ćȲtʗro8goʛ˿^ Ag kˡğȪYʠsru[

qİʆƝC=qoj7Au ¬��ćȲtʗro8¬��ćȲƓ^ FET ^ȬȏtŅ 7-12
]ɓM8¬��ćȲtɰ]o FET ��¤_ Ag ��¦»��tȵ[u�»��¤¶

��ZƺĴho8ƺĴǤÙ_ 1MPa ęň@2002Zho8Ã˿t�»��¤¶��Z

ƺĴhoȬƤtŅ 7-13 ]ɓM8 
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Ņ 7-12 ʙ˿ćȲƓ^ FET ��¤̏�»�˿̐ 

 

 
Ņ 7-13 FET ɯŠÃ˿t�»��¤¶��Z�y§¹�x¹�hoȬƤ 

 
�»��¤¶��YƴgroɯŠ_mrnr�¶y¹˿tŏɁ]ƺĴhoƓ7ŏǨ

ĵŕtƺĴhu���»�Zhuɱhɠuoro8­��w�¤���»�^ŗʣt

Ņ 7-14 ]ɓM8 
 

 
Ņ 7514 ­��w�¤���»�ŗʣ 

̏ž̐Ȃ˿� ̏Ĳ̐ƅ˿̏ɣ̓ÂÖZȈˉ̐ 
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º­��w�¤���»�^y¹���¹�ʭê 
D1 ɢŠBo S2 ɢŠ^ˬ]�µ�˽ȕtˑ˽h7˽ ȕ^ di/dt ZɢŠ˽ň^˭ëB

o���»�^ā˞y¹���¹�tʭêMqfZtʮho8ȜũȑƐtŅ 7-15 ]

ɓM8ßh7­��w�¤ʉ˅]_�y��ǾʆCy[ojŅ 7-13 ^�µ�˽ȕ_

ŗ˞]ƺɷhoĎ^ FET �y��Yȼȳglok^Y=q8 
 

���

���

������

 
Ņ 7-15 ­��w�¤���»�^�µ�ˑ˽ȑƐ 

 
di/dt C¡»�Zyq¨y¹�̏ŅÅ]SYɓhoȣ̐Y�»�tʵhįqZ7ɢ

Š˽ňC 5.07 V7di/dt C 724 A/µs Y=qfZBo7ā˞y¹���¹�_ 7.0 nH
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Zʭêgro8f^ɳǬ_ 6.1 ɧYɓhoʪʧɂǻtȝ˃Mqk^Y=ro8 
º­��w�¤���»�^ǅȧȫƝʭê 

ʮåho­��w�¤ɯŠ]Ƀȕˑ˽MqfZ]npǅȧȫƝtʭêho8ǙČ]7

ɯŠtƟțǺāYęȧMqfZ]npǺāțƈZɯŠ^ D1-S2 ˬƯƮ^˭ëtʭê

ho8f^ʮ̋Y_ɯŠʉ˅^ȼȧ_Ȅ[Ȥ[^Y7�®¹��²¹țƈ_Ǻāțƈ

]¼ʊMqZʃ]orq8ɳǬtŅ 7-16 ]ɓM8 
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�����
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R = 0.0152T 2 + 2.1803T + 394.57

 
Ņ 7-16 D1-S2 ɢŠˬƯƮZțƈZ^˭ë 

 
țƈt¾ǒglyCoȜũhoȜũȣk¿˰hyCoȜũhoȜũȣkĵ¼^Ǘ

ɹ¾]Èru[qfZBoĒʩ^Øũ_Ȃh[Zʃ]orq8f^ɳǬ7ɯŠƯƮ R 
[mL]Zțƈ T̝ [2]Z^ˬ^˭ë_ 

R = 0.0152Tj
2 + 2.1803Tj + 394.57        � � � � � � � � � � � � � � � � � � � � � � � � (1) 

YʙgrqfZCĉBro8Ȁ]ɯŠtȊą¢x¹]©z¹�h7Ƀȕˑ˽MqfZ

]nru7ƭü˽ėZɯŠƯƮZ^˭ëtʷdo8ɳǬtŅ 7-17 ]ɓM8ƭü�¸

»tŔlM]sruƯƮñkřacyq^_ɯŠțƈC¾ǒMqojY=q8̏ ̓̐

Ƌ]npɓgroƯƮñZțƈ^˭ëBoɯŠțƈtːɦhoɳǬtŅ7-18]ɓM8

Ū̋hoɨń]A[u_7ƭü˽ė^ŔęZZk]efɃɹȿ]țƈC¾ǒhu[q

fZCɐʱgro8 
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Ņ 7-17 ƭü�¸»Z D1-S2 ˬƯƮZ^˭ë 
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Ņ 7-18 ­��w�¤���»�^țƈ¾ǒȫƝ 

 
Ņ 7-18 ]_�®¹��²¹»�»�ˬ^ȧƯƮkɓho8ffY�»�țƈ_ɯ

Š���»�¿˿^̕~ƨ^țƈtƅŋhok^Y=q8 
ʙ 7-1 ]ɓhon?]7ɣ 1 ÂÖ^���»�Y_�®¹��²¹»�»�ˬ^ȧ

ƯƮ_ 0.57 K/W Y=ro^]ůhu7Ół^Ū̋Y_ 0.36 K/W ɘƈCƕoruA
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p7řƄ]ǄĿgru[q8go7˳ȧˤk 600W ×¾t˛ƥhuAp7frkɣ 1
ÂÖ]ȈdqZ̔ï×¾]MqfZCYao8hBhyCo77.1.4 ]ɓhoȧʤǩ

Y_ 1000W ƭüǖ]��¤^țƈ¾ǒ_ 170.8 K Y=ro^]ůhu7Ū̋Y_

600W ƭüY 220 K ]kyru[q8fr_ 1 kW ƾɦY_ 367 K Y=p7ʤǩ]Ȉ

hu̔ï]k˛Mq8țƈ¾ǒCʤǩnpkƠcyroĪŃZhu_7Ag ��¦»

��tçȵho�y§¹�x¹�CÀŧýY=rofZCʃ]orq8ʮåho­�

�w�¤^?T7Ū̋ȟôȆ˵]A[u�y§¹�x¹�˞Yĕ˼huhgroȪ^

ʣŮĄɇtŅ 7-19 ]ɓMC7ǡǥȽʍ]ƇCru[qda Ag CĕCru[qÍCĉ

Bro8fr_ Ag ŹZ��¤ʙ˿ Au Ź^ƺɈCÀġĉY=qfZtɓhuAp7

ȧÝŴkʪʧˑpY_yBroZʃ]orq8 

 
Ņ 7-19 ĕ˼ho�y§¹�x¹�˞^ʙ˿ 

 
 
7.1.6 ÎȀʮå]ĶGu 

�y§¹�x¹�CÀŧýY=roȲȷZhu_7��¤^ĒćȲŽɘ]ĪŃC=

roZʃ]orq^Y7m^ǄʌtǵʨÅY=q8ǛėyðʜZhu_7�¹�»�

ćȲ^Ɠ Ag/Au ¬��̏Ēł_ Ni/Au̐MqǍΩC=p7ƺɈ^ǾǴƎƈ���]

A[uʌŞyɳǬCƕorqfZtɐʱho[12]8 
go7­��w�¤���»�Y_���»�tÃóBoƴuSǖ^ƚėCýu FET
��¤^ƺĴ˿]˺ÅMqǸ˓Y=rooj7Ȁǝʮå]A[u_7Ņ 7-20 ]ɓM

n?]�»��¤¶��^ˬ] FET ��¤ZZk]ƚėɻĻȵ^�ª»��¤̏ɟ

ğwµª×z«ʝ̐tƴuSǸ˓ZMqfZ]ho8fr]npǾǴƎƈCnpŔM

fZCǝƒgrq8 
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FET����  
Ņ 7-20 �ª»��¤tˏęho�»��¤¶��^ƺĴǸ˓ 

 
7.2� ʳŴę˒ǍƋt˜ȵhoĂƐę˒ŀ^ÓƓ^ŷǜ 
7.2.1 ȀÂÖ SPS 

ȱŉÂȹYĽ¼˘ˇɚõhu[qʳŴę˒�¹�·�·¹Y=q KEKMDA Y_

Si-MOSFET ǍƋ^�y��¹�˽ȞtƸȵhu[q8ʒʄ_frtnpŵŌ7̌ì

̄ƝğMdc SiC-JFET �y��t˫ȼhuao8ʙ 7-6 ]ȱʗ^ SPS7ɣ¼ÂÖ

SiC-JFET ǍƋ^ SPS7ɣÎÂÖ SiC-JFET ǍƋ^ SPS7mhuÓƓƊʪgrqĳ

ə^ŪȵŌʳŴę˒ǍƋĂŌę˒ŀ]˜ȵCǝƒgrqȀÂÖSPStȈˉhuɓM8

ßh7ʙ 7-6 ]AGqĳ SPS ^ǀŝ_Ȁ^n?]huȋjo8 
• ȱʗ˽Ȟ̛ǉȮ[15]YɓgroɯŠ̓î=op^ǀŝtkZ] SPS ā^ýw»«

ĉ̏28 ɯŠ̐tɦĈho8 
• ɣ¼ÂÖSiC̛ ǡʸǉɣ̗ɡ 5.2.3^ 1 MHz˘ˇǖ^ɯŠʙ˿^țƈ¾ǒ̏ 30 K̐

Zɣ̖ɡ 4.3.2 ^ɯŠĤãʭêŪ̋ǖ^ɯŠʙ˿țƈ¾ǒ̏ 120 K 7̐ǀŝ̏ 235 W̐

tȈˉh7SPS ^ 800 V-20 A-1 MHz ˘ˇǖ^ǀŝt� 235 [W] * (120/30)* 4 [w
»«]ZhuɦĈho8 

• ɣ̔ÂÖ SiC̛ɣ̔ÂÖ SiC ^ǀŝ_ǟʭêY=q^Y7ɣ¼ÂÖ^ǀŝtŏȟ

]7(ɯŠʅňȈ)*(�y�y�Ȉ)^2* (Ĉė˽ňȈ)*(Ĉė˽ȕȈ)^2 Zhuƻũh

o8 
• ȀÂƠ̈ ȀÂÖSPS]s[u_ɯŠʉ˅ǟũY=q^Yǀŝʭê_hu[y[8 

ʙ 7-6 BosBqn?]7ɣÎÂÖ SiC-JFET ǍƋ SPS Z[][k7ÓƓ^Ūȵ

ŌʳŴę˒ǍƋĂŌę˒ŀ^ę˒�µt̉ĝMq]_ÀġĉY=p7ȀÂÖ�³y�

»^˫ȼ_ƙ̂Y=q8mfYçsrqɯŠ^�y¤_ǟũY=qC7Ɓʻ^�¸»

��y�Cm^ggç]qİʆƝ_ɀȤY=p7ǡɏɝ^ƥǬtȳBh7��y�¬

»~»ZÿĵY˫ȼho~��«��¤ťǅȧáy¹���¹�^űȵ���»
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�]ŰüMqƙʟC=qZʃ]orq8 
ʙ 7-6� ˫ȼÅ^ĳÂÖ SPS ^ƝʆȈˉ 

 ȱʗ�  ɣ¼ÂÖ SiC  ɣÎÂÖ SiC ȀÂÖ 

��y��y¤ Si-MOSFET SiC-JFET SiC-JFET ǟũ 

ɯŠʅň 1 kV 1.2 kV 2.4 kV 3.3 kV ×¾ 

ɯŠɃċǈ ̘Ƀċ ̓Ƀċ ̓Ƀċ ̓Ƀċ 

Ĉė˽ň 2 kV 800 V  1.8 kV 2.5 kV 

Ĉė˽ȕ 16.7 A  20 A 15 A 50 A 

ɿpˌhĸȑǈ 1 MHz 1 MHz 1 MHz 1 MHz 

ǀŝ 2.7 kW *1 235 W *2 1.8 kW *3 ÀǓ 

 
7.2.2 ���µę˒ŀ^ »«ďȵ˘ˇ 

frgYˎduaon?]ʳŴę˒�¹�·�·¹]_7(1)˩řy »«�¹�

CƐƥİʆ7(2)ĒȆę˒ŀCÀʟY7=omqə̇^y}¹Cę˒İʆZ[?7Îs

^řayȫ˩C=q8(1)^ȫ˩třŌ^ę˒ŀ]˜ȵhoőĴ7řĈė�¹�·�·

¹Yľ̅Zyq�¦»��®»�]ˁŃMq »«ÀŦũ^áșCİʆ]yp7áǀ

ŝYřĈė^ę˒ŀCŪȱYaq8¼Ǎ7(2)^ȫ˩tȳBMZá���Y�¹���

yĠȵ7ȴǶȵ7ţʘɏɝȵ^ę˒ŀCŪȱYaq8KEK ���µę˒ŀ_  �*+�

�-�%#D!�*-D�"FE+FED ZhuÂȹČ^ŪʬǾY=qZĵǖ]��	
 ^ȫ˩tȳBhoƚ

ȵCʧȸgru[q7�(87�)88gk���µę˒ŀBo^y}¹ »«_Ə˿7ɸĴɏ

ɝřţ˲řţ^ţʖĴɏɝ¤·�{��:ǼǃŤŨɹ]nqŪ̋ūŤŨɔţ^ŷ˫;

t˖ʗMqÿĵɏɝ�»«c »«téɴMqfZ]yru[q8ffY_Îs^ɏ

ɝ�»©CÌũgru[q8¼s_ȳĺ^ǰȞtƹqfZtɂȿZhu7ǔˬ]Ţŉ

Mqwy�©¹�µtÒŽȿ]åp7fr]ǼǃŤŨɹZhu^���µę˒ŀBo

^̌˒ˢɪŠɹtȦŲh7wª�ˡĒ̉ȪʿtåpĈh7m^Ɠ^ğţŖğ^ƻɗt

´wµ�y«^ˀŗɹĉûYƬƿhn?Z[?k^Y=q8k?¼s^ɏɝ�»©_

ųǥ^ś˴ɫȘ˞ƹǭª��²¹]çȵMq˽ŠǾŀ]çȵMq3�1c^ŤŨɹ�¬

»�^ƬƿZ7�¬»�ʜ÷ȵ^���w�¤���«Ǹɩ^oj^ʮ̋tŪȵʢǼ

Yʗ?k^Y=q8ȱŉ7f^oj^űȵ^ »«³y¹tƊʪhu[q8�

� ���µę˒ŀ^ȫƗ̏Úƣ^y}¹ət7Úƣ^êǈ7´¹�ɑɎCʫMǙř|

�µ�»×¿^Úƣ|�µ�»Yéɴ̐tǙř˱ȔBMoj]7ƅƥ �) Ɔƈ×˰]

_Ūȵę˒ŀZhuČju¶»�»w£¶»�²¹y}¹Ȟ̏3�*�F��:%�+#ED�1ED�

�EIF��+�3�1�̐tŴüMqÌũY=q7�
883�1� ]nru -���^Ô7��7-I7�!7go

]_ �I gYkķjǒêǈy}¹Cę˒İʆ]yq�ʙ )�)	
 82/2 ���µę˒ŀ^

ˢy}¹ »«¢v��´»Zhu^ųǥötŅ 7-21 ]ɓM8f^ »«³y¹_
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2006 ƆgY×°»�·¹ɔţ7ª°»}¹ɔţŪ̋7˴Šɹ]nq�¹ȍȻʮ̋]

ďȵgru[ok^tȕȵhuƊʪgr7m^¿ȕ]A[u Laboratory I7
Laboratory II ^Ū̋³y¹]ĉŻgrqʧȸY=q8 
 

ʙ 7-7� ���µę˒ŀYę˒İʆyy}¹əZǙř|�µ�» [20] 
ɑȉēƝ̛Br=1.1 TK3.3 m=3.63 Tm̑ɿpˌh̛10 Hz̑üŲ˽ň̛200 kV 

ĀŌȿ�

y}¹ə�

ʿˤǈ̒Ǚř

êǈ�

Ǚř|�µ�»

̒ǯŠ�4�6	
 �

ɪŠǈ̒ɕ� ɹ|�µ�»

ÕÁ�A�6�IC	
 �

̈ɘ�Ȋ	
 �

�CC	
 �

̈ɘ̏�%̐�

̏CC̐�

H    � 1/1� 500 � 3.5×10
11
� 0.28� 1160 � 549�

3
He  � 3/2 � 248.5� 1.75×10

11 � 1.58 � 279 � 133�

He    � 4/2� 146.8� 1.75×10
11
� 2.22 � 151 � 72�

C  � 12/6� 146.8  � 5.8×10
10
� 19.6 � 51 � 25�

N � 14/7 � 146.8 � 5.0×10
10 

� 27.2 � 43 � 21�

O  � 16/8 � 146.8� 4.0×10
10 

� 39.74 � 38 � 18�

Ne  � 10/10  � 146.8� 3.5×10
10
� 62.09 � 30 � 14.6�

Ar � 40/18 � 120.5 � 1.9×10
10 

 � 215.3� 13�  6.2�

Fe � 56/26 � 127.8 � 1.3×10
10 

� 406 � 10.2 � 5.0�

Cu � 63/29 � 125.7 � 1.2×10
10 

� 511 � 9.1 � 4.4�

Au � 197/79�  96.8 � 4.4×10
9 
� 4393 � 3.1 � 1.5�

 
 

!"!#$%&

����	�($(!),!
����!
����
��+ ,!

�"',!*+�%',�+#,&(�+�


���

�������������
��������������

 
Ņ 7-21 KEK ���µę˒ŀ^ˢy}¹ »«¢v��´»c^ŷ˫� [17] 

 
Ņ 7-21 ]ɓgro »«³y¹^ŧƥƓ_ˢy}¹ »«tďȵhoəV^Ū̋

c^ƚȵCǝƒgrq8m^¼s] Warm Dense Matter ^Ū̋C=q[19]8Warm 
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Dense Matter Z_țƈCǈĢƈBoǈġ½ƈYŭƈCņãŭƈ^ 1/1000 ɘƈBo

10 ïɘƈ^̃Ŏ]=qȪʿȬƤtgh7ǯʖĴ7ơǔɔţy[^ǹVyĉˣYm^

ˢʟƝCƲǁgru[q]k˭sok7m^ȳƥ˙ɘC=gp]kʞ˻Y˙Țȿ]h

BŢŉhyBrooj]ɏɝC˕uY[yBroţʘĉˣY=qC(Ņ 7-22)7���

µę˒ŀ^ŧƥ]npřay˕ȃCǝƒgrq8 

 
Ņ 7-22 ŭƈ—țƈƅ˿¾Yũʂho Warm Dense Matter (WDM)̃ŎZ˭˔Mqţʘĉˣ [19] 

 
 
 7.2.2 ʳŴę˒©y�·�·¹ 

©y�·�·¹_ɣ 2 ȀÂȹřƦǠǝBoƦƓ]BGu Veksler7Shwinger7Û

ʕ7ŵǪ7Shiff ]nruȭɠ]ʃǳgroĂƐę˒ŀY=p71948 Ɔ]~��^�

µ»¤]nruČjuŪʬgro[20]8ƏČ_Ăˆ˚^¼˞]ę˒ɞȓtʀ[o¶yw

z�Y=rooj]ę˒˽ň^đɬC=p7řayę˒|�µ�»_ƕoryBro

C7ˆ˚t¶»��³��Zh7go]_©����tĉĖhu double-sided ZM

qfZYǈȾ MeV ^ę˒|�µ�»kƕorqn?]yro[21]8 
©y�·�·¹_frgY˽ŠȵhBŢŉhyBroC7r Ŵę˒^ĪȲtŴüM

qZˑƃ^y}¹^hyok7ʿˤǈůêǈȈ̏A/Q̐C 100 Bo 1000 ]˛Mq�

³��»y}¹^ę˒kİʆZyq[22][23][24]8Ņ 7-23 ](Q/A)*50MeV/ǯŠgYę˒

İʆyʳŴę˒©y�·�·¹^ǸƥtɓM8�³��»y}¹^̌|�µ�»ę˒

^ɏɝ_frgY˾˽ę˒YhBĈǥyBroC7m^Đ˛|�µ�»]_đɬC=

ro8ʳŴę˒©y�·�·¹]nrum^đɬCřƄ]ɻĻgr7̌˒�³��»

y}¹tȪʿZɄÏåȵglqfZ]nqȪʿĪŠ^ƜȢy˽Šěˁ^ɳǬ7ȸǝȿ

yǌǢǊ^ȳƥCǝƒgru[q8go7ĵǹ]ǔˬȪʿY=qŤŨŒ^ę˒kİʆ
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Y=p7ȳĺʲȳ^ʹ]ˍqfZ]kŘřyǝƒCŬlorq8 

 
Ņ 7-23 �³��»y}¹ę˒ȵ©y�·�·¹ǷƛŅ  

 
7.2.3 řƎƈ˴Šę˒ŀǎʪ̏J-PARC̐c^ʳŴę˒ƫʘ^˜ȵ 

ffY_ʳŴę˒ƫʘ^řƎƈę˒ŀc^˜ȵ^İʆƝZhuřƎƈ˴Šę˒ŀ

ǎʪ� J-PARC̏Japan Proton Accelerator Research Complex̐tįp¾euǵʨ

Mq8J-PARC _ʐōɆǦȖǣ]ƊʪgroÂȹǙ̌Ǝƈ^˴Š »«tȼȳh7m

^ »«tȵ[oɏɝtʗ?ǎʪY=pɯɪŠȪȲ7ĪŠǯȪȲ7Ȫʿɔţ7ȳĺɔ

ţ7ĪŠėy[ƄƇ[ĉˣ^Ǚúɢɏɝtʗ?oj^˴Šę˒ŀʁZŪ̋ǎʪʁtƲ

hu[q[25][26]8ę˒ŀǎʪZhu_ČȆC 400 MeV gYę˒Mq´×w��7Ȁ]

3 GeV gYę˒Mq RCS (Rapid Cycling Synchrotron) 7go] RCS ^Ĉė »«

^¼˞̏ȅp^ »«_|�µ�»̕ GeV ^ggȪʿȳĺŪ̋ǎʪYďȵ̐t 30 
GeV gYę˒Mq MR (Main Ring) BoǸƥgrq8Ņ 7-24 ] J-PARC ^íɉŅt

ɓM8ffY_fro^ę˒ŀ^?T MR c^ʳŴę˒ƫʘ^˜ȵ]s[uǵʨMq8

MR ^Çʟy�³¬»�tʙ 7-8 ]ɓM8 
ʙ 7-8 MR ^Çʟy�³¬»� 

ĸ˩ [m] 1567.5 
ůɖƝ 3 łůɖ 

ɿpˌhĸȑǈ [Hz] <0.4 
üŲ|�µ�» [GeV] 3.0 

įpĈh|�µ�» [GeV] 30 
�»­×��ǈ 9 

�¹�ǈ 8 
RF ę˒ĸȑǈ [MHz] 1.67<1.72 
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Ņ 7-24 J-PARC íɉŅ 

gk MR ^ȱȏ]s[uʴǓMq8¾]kˎdon?] MR ]_ RCS Bo^Ĉė

 »«CüŲgrqC7RCS _ĸȑǈ 25 Hz̏ 40 ms ĸǝ̐Y˘ˇMq̌ɿpˌh�

¹�·�·¹Y=p7�»­×��ǈ̔7ʦ[ƾ]qZ̓ĸǝ^Å] 2 �¹�^ »

«Cĸłhu[q^Y 40ms ȇ] 2 �¹�^ »«C MR ]üŲMq8MR ^ 1 ĸǝ

]_ RCS Bo 4 ł^ »«üŲtʗ?^Y MR ]_Ĵʧ̙�¹�^ »«Cʓɛg

r7ę˒gruįpĈgrq̏Ņ 7-25 8̐ 

����
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Ņ 7-25� MR ^�¹�˟ʀ 
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Ņ 7-25 YsBqn?]7̙�¹�^ »«üŲŧËǖ7MR ā_üŲ��~»˽

ɑɎ^ɑőɠT¾Cp7ɠT¿Cpǖˬ^oj^˷ˬ̏ 300 ns ZƢũgru[q Z̐

įpĈh��~»˽ɑɎ^ɠT¾Cpǖˬ̏1100 ns ZƢũgru[q̐t˳[u_

 »«Cýĸ]ĉƂh7fr×¾^ »«üŲ_çȵǾŀ^Ɲʆ˱ȹ^oj]Àİʆ

Y=q8 
f^Ȭȏ^Å7r Ŵę˒ƫʘtŴüh7 »«�¹�´¹�^ʉȷƈtřƄ]ǄĿ

Mr`7npŘc^ɪŠtüŲMqfZCĈǥqZǝƒgrq8fr_ J-PARC ^ 

»«�¸»ŔƎ]ɃɳMq8×¿]Ņ 7-26 tĬȦhum^��´}tɓM8 

t�

2 fresh bunches�������

�������

t�

����������
�

t�

������
�

�A) ����	
���������

�B) ������
�
�

�C) ���������
�����

���������	
�

Δp/p, 
V(t)�

Δp/p�

Δp/p, 
V(t)�

 
Ņ 7-26 ʳŴę˒ƫʘ˜ȵ]nq J-PARC MR ^ĈėŔƎ��´} 

 
Ņ 7-26 _üŲBoįĈh]AGq�´w˽ň7y}¹�¹�^ĉƂ7RF ���

^ƐȬtǼƋȿ]ɓhok^Y=q8 
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(A) üŲZ�»�»�¹�ğ 
2 �¹�ĤàY »«üŲtʗ?^_Ɣǥ^��´}ZĵǹY=qC7üŲƓ

ʳŴę˒�µ]nq�´w˽ňtȵ[uɣ 1 �¹�Zɣ 2 �¹�tȭɠ^�

´w����]ƶƵMq8ɣ 2 �¹�^àʀtɣ 1 �¹�]ˋtG̏frt

 »«��y�¹�ZĹuY[q[27] 7̐�¹�ˬ^ǖˬƀtych7˔ɷho

¼s^�¹�̏¼˔^üŲ¤·��^ÅYǙČ^ »«�w]yq̐ZMq8 
2 łɂ×˰^üŲ̏ɣ 37ɣ 47……�¹�̐kĵǹ^ǂåtɿpˌh7 »

«�w]ýüŲ�¹�t©»�glq8f^n?]üŲMq�¹�tȀV]˷

ˬycʯjqfZ]nru »«ĸłˆ˚^ďȵȯťjq8RF ]nru 

»«t�®¤�®»hoőĴ^�¹�ˬ˶C 300 ns Y=qBofrtý˞ʯ

jqfZ]np 2 ï^�¹�ǈ7ħT 16 �¹�^üŲCİʆY=q8 
(B) ă�¹�¹�Zę˒ 

ę˒˽ň]_Ɣǥˑp RF tȵ[q8fr_ MR ^ę˒]_ 280 kV Z[?̌

˽ňCƙʟ[28]yoj7r Ŵę˒YýutgBy?oj]_ǏŢ^ RF ę˒ɞȓ

týuįpīqZ[?řǄ˓CƙʟZyqBoY=q8ßh7Ǐ]ˎdon?

] RF ę˒Y_�»�»�¹�^ę˒_ʗ]y[8mfY�»�»�¹�t 9
�¹�]ăĉĖMq8f^ZaƜȢyă�¹�¹�tʗ?Z »«·�Cȼȳ

Mqoj7adiabatic re-bunching ZMqƙʟC=q8f^ę˒]A[u_�

»­×��ǈ̚^ŏǡȑ^Ô]�»­×��ǈ 18 ^ 2 ï̌ʷȑtę]u¢³

����¤^ƇCro���tďȵMq8ę˒ɰËǖ]_79 î^¢³��y

�¹�Cę˒ŀ´¹�ýĸ]Țru¼ǹ]ĉƂhu[q8 
(C)  »«��y�¹�ZįpĈh 

 »«tįpĈMoj]_įpĈh��~»^ɠT¾Cpǖˬĉ̏1 µs̐^˷

ˬtɞGqƙʟC=q8fr_üŲǖZĵǹ^ »«�¹�´¹�Ω̏  »«

��y�¹�̐tȵ[uʗ?8ħT7RF ˽ňt}¢]h7�´w˽ňt}¹

]Mq8ȩó^�´w˽ň^�´�»�yª¹�tŶhksǑju7 »«t

ǋȧȿ]��y�¹�huf^�¦»�tȴhSM8 
2015 Ɔ 11 ǚȱŉ7MR _ 2.48 ɕĸǝY˘ˇgr7Ĉė_ 320 kW Cƕoru[q

C7¾ʩ^��´}t˜ȵMqZ »«Ĉė_Ȁ^n?]yqZǝƒgrq8 
• įpĈh 1 �µ�Əop^˴Šǈ̛2 ï 
• üŲǖˬ̏ »«��y�¹�ǖˬķi̛̐ 0.12 ɕ30.37 ɕ 
• ɿpˌhĸǝ̛1.1 ï(=(2.48+(0.37-0.12))/2.48) 
•  »«Ĉė̛582 kW (=320 kW x 2 /1.1) 
yA7ʳŴę˒tȵ[y[őĴ^ÓƓ^ŔƎʧȸ_Ȁ^n?]yru[q[29]8 

(1) 2015 Ɔ̛´×w��^ 400 MeV ğ]Þ?7üŲ¤·�¹ǈ^ŔęZ MR ʉ
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˅^ɿpˌhĸǝ^ɍɾğ̏2.48 s32.40 s̐ 
fr]np »«�¸»_ 400 kW ZyqfZCʡˊgru[q8 

(2) 2017 Ɔ̛MR ˽ɑɎ˽Ȟ^ǘǌ]npɿpˌhĸǝ^ǘyqɍɾğ̏2.40 s
31.3 s̐ 
fr]np »«�¸»_ MR ^ɣ 1 ǝʪʧñY=q 750 kW tƕq8 

ʳŴę˒^˜ȵ_f^ʧȸZɊɅMqfZycÃʄtĵǖ]˕jqfZCİʆY

=q8ʙ 7-9 _¾]ˎdo 2014 Ɔ^´×w�� 400 MeV ğ˛ƥƓZ 2017 Ɔ^˽ɑ

Ɏ˽ȞǘǌƓ^mrnr^ »«įpĈhĸǝ7˴Šǈ̒�µ�7�¸»CĵiǤÙ

YʳŴę˒tæȵhoőĴ][^n?]ŖğMqBtȈˉhok^Y=q8r Ŵę˒

tæȵhoőĴ7üŲǖ] »«��y�¹�Cʗsrqoj]ĸǝC 0.25 ɕ˩c

yqC71 �µ�Əop^˴ŠǈC 2 ï]yqoj]řay�¸»Ķ¾Cʡˊjqf

ZCĉBq8fr_ſ̆^ƭʾtƙʟZMqřŌę˒ŀtk?̓ŏƊʪMq]ɤh[

fZY=p7m^ĜǬ_řa[8 
 

ʙ 7-9 MR �¸»ŔƎ^Åǝʧȸ]ʳŴę˒t˜ȵhy[őĴZ˜ȵhoőĴ^Ȉˉ 
 2014 Ɔ 2017 Ɔ 
 ĸǝ [s] ˴Šǈ̒�µ� 

[î] 
�¸» 
[kW] 

ĸǝ [s] ˴Šǈ̒�µ� 
[î] 

�¸» 
[kW] 

RF ^h 2.4 2.6E14 400 1.3 2.6E14 727 
ʳŴę˒æȵ 2.65 5.2E14 724 1.55 5.2E14 1220 

 
×¾ˎdon?]ʳŴę˒ƫʘtȵ[oĂŌę˒ŀ_7üŲę˒ŀtȵ[y[Ȉˉ

ȿŵŌ^���µę˒ŀ7ſř�³��»y}¹^ę˒kİʆZMqʳŴę˒©y�

·�·¹7řƎƈ˴Šę˒ŀy[əV^ę˒ʚʀc^ƚȵCǝƒgrq8go7ȱŉ

y¹�7©¶»�w]A[ukʳŴę˒ǍƋt˜ȵhoĂŌę˒ŀ^ʪʧC˕ʗÅY

=q[30][31]8 
 

7.3� ɣ 7 ɡ^gZj 
ǡɡ^Ēģ]A[u_ųǥ^ SiC �¸»��y�̌Ɲʆğʧȸ^¼sZhu7

2.4kV ʅň^ SiC-JFET t 2 in 1 �¸»­�°»µ]ɱhˊuS7̌ ʅň7̌ ǅȧ�

��»�^ʧȸ]s[uˎdo8�ª»ɯŠtɱhˊuS­��w�¤���»�^

ɳǬ]nr`7ā˞y¹���¹�_ɂǻ^ 10 nH ×¿t˛ƥh7ǅȧƝʆkɣ¼

Ȁ���»�^ 2 ï×¾^ 600 W Ʒȧt˛ƥho8ßh7ǅȧƝʆ]s[u_yA7

Ǆʌ^äŊC=qZ[?ȬȏY=q8 
ƓģY_ʳŴę˒ǍƋt˜ȵhoĂƐę˒ŀ^ÓƓ^ŷ˫Zhu7(1)ȱŉǏ] 

»«�ª��²×¹�Cşgru[q KEK ���µw��³¶»�^±»�»ďȵ

˘ˇʧȸ7(2)Ɣǥ^ę˒ŀY_ýcÀİʆY=roſř�³��»y}¹kę˒İʆ
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yʳŴę˒©y�·�·¹ʧȸ7(3)ÂȹǙřɮ^˴Šę˒ŀY=q J-PARC ¬y¹

´¹�^�¸»ŔƎʧȸ]s[uˎdo8f^n?]̌Ɲʆǌ�¸»��y�^˫ȼ

ZʳŴę˒ĂƐę˒ŀc^ƚȵŷ˫]np7ÓƓę˒ŀCȴǶ7ĠȻ7̌|�µ�»

ȪȲ^ȼŷ]gMgMŬÁhu[cfZCǝƒgrq8 
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 � ���

E<AmSmo�ķĊ�5 ~Ė	
 ¥uŎ~r&ƛ	
 � &�ß�Ɗ¶�	
 �ƊŇ

Ħ%Ë¼ĥ"�  Ž�54Ƭ´ĥƤĵ(RF)8ŢƤōÉ&�Ɗ%�Ĳ� 
����
� RFĄÛ&�Ɗ¶%'	
 ƯƮŇĦ�ô&WoTÖ&�ŏ�2�=Uk@p�2Ƭ=
Uk@p,!q�&joB!'�Ɗ!
$�	
 ưƮġÝĥƤ»!�Ɗ"WoOƙ�Ƅ

.&vĄ8ť7�4"��©İr	
 ÊË$�Ɗ8ť��.%'WoOƘ&�ƞ��4	
 

"��Ÿƨ������5%Î� 2000×%�. øĚ�5�XkISioI8|
� �ƊƤ»8§��4ŷÑ�ƊĄÛ&�ß�Ɗ¶%'rŲ&�ŏ�$��.	
 q�

&�ƊjoB%
� �204<>oń&Zpc8şĳ%VoTjoB!
4	
 ÕÅ

�Ɗ¶%
� ƘÅWoO8ıì� ŇƛƤŢ¡ę%�ŏ�5$�V<Xnp8Ì

į!
4	
 "��Įç��4�ŷÑ�ƊĄÛ&�ß�Ɗ¶'	
 Ƭ=Uk@p�Ɗ¶ľ

ņĞĝ&ć PSwjoB%
� Slow Cycling Synchrotron"� č�%ÌŴ�5
�â	
 į¼'²��ć PS&]pIMpjoB8üŨ� Fast Cycling Synchrotron
"� &êŞÌŴ�ť75 
3	
 �2%'a<AmSmo*&ƐĲ/ěű�5 �

4� 
ŷÑ�ƊĄÛ8{â�2%ķÓ�� ť�r!&Ÿƨ&q�%¥Ñ�I<POo

BƤĪƭSwitching Power Supply: SPSƮ&Ò¾£	
 ƬêŞ£��4�ãĖ& SPS
!'I<POoBŒÉ"� Si-MOSFET 8Ĳ� ���	
 Si XnpRW<I'Ć
%êŞĸ%ƞĵ�Ū	 
3	
 Ēľņ!'ğu}&¥Ñ�XnpRW<I"� đá

�54 SiC&XnpRW<I8Ĳ��ă¾ SPS&ľņ8ť���ľņ&ìę'~s
&1�%ũŏ�54� 

 
1. SiCXnpRW<IXPCpHųŰòƖ&ŀňƭŋƱŉ	
 ŋƲŉƮ 

SiC' Si%ģ+ (1)WoT@eP^� 3�	
 (2)ŕŘĿÂƤĵ� 10�	
 ƭ3Ʈĭ�
ÑÙ� 3�	
 ƭ4ƮŤĬ� 2�"��XnpRW<I"� Ĝ. �5�Įç8ñ� 
�4�"�2	
 Ĉ��2ğu}&¥Ñ�XnpRW<I"� ĻĹ�5 ��/&&	
 

šż&œČ8ä4�"&¸ƣ��2ŒÉƚķ'$�$�ƍ,$����IQP^�å

=[M?GekìƘîŦ&ƚķ%13	
 ī� 1990×}�2ÌƠ&ŒÉƚķ�ƍÓ�	
 
2010 ×}~ƝÌĲĸ$E<J&RW<I/ķŧ�541�%$� 
 �4���
�	
 į¼%
� / Si XnpRW<I%ģ+ Ƭ�!�3	
 ÅE<J&OP^8ä
4�"�¸ƣ!�4�"%'Ã73�$���&�"'ûÆ&ŕÎƕ!' Si %ģ+
 ��!�� /ķĭÍÙ!' Si 13/Å
�$4�"8ëµ�	
 �58�ď�4
�"% SiC&ñ�Ş�8\k%ķú�4XPCpHƚķ&ëś��4�Ēľņ%
�
 ēĂ"�� SiC-JFET/OP^E<J' 4.2mmŭ!�3	
 Tl<oƥ�2&ĭħ
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Ĕ' 1 kW/cm2~r"$� ���	
 OP^E<J%Î� ¤�Å
$ýĭĲ Cu_
pIė8Ĳ�4�"%13	
 ĭ�Ə&r!`SkUPA"$4XPCpHŧƥ"Äƒ

YpSGoA&Áĵƥ&ƥŅ8Ø�4�"!ýĭ8¯Ş%���,�	
 ÌĩĨÙrĉ

"ĭŮĘ�1�qŠ�4�"/ěŴ���Ēľņ&ìę'	
 �&1�% SiC&æÒO
P^�2Ď¡%ýĭ8ť�ųŰíĤ8ŀň���"	
 ĭŮĘ&Ď¡ê8ŀŶ���"

!�4�ŋƵŉ!Ƈ+�ğu}XPCpH!'�&Ŝ	Ą8�2%÷�ƍ.	
 ýĭƥ

8Tl<o�	
 LpI�&vƥ%ñ��"!Ď¡ýĭƥŅ8Ø�4""/%OP^ĺ

ƅ%YpSI^lPN8öĻ�4�"!ĭħĔ8s�4ųŰ"$� �4� 
 

2. SiC-JFETĄÛ SPS&ƚķƭŋƳŉƮ 
1 MHz"��Ƭř3Ɔ�!�ƊKk8ƪ¢�4 SPS'ň�r�3	
 ň�s�3"

/%ÿ 10 ns"��žƬƊXkI8ķı�4èũ��4��&1�$ƬƊXkI8ķ
ı��4 SPS %
� '	
 tũ$ƎƤ»8ï��4�.%Ĝ�Ɠŗ<oNAMoI
8Ò���$�5($2$���&�.%Ēľņ!'ŅÔ��Ɨė&ƛ%ŕŘŐ8ó

9�ibUpSĄÛ&ƓŗĝƋ8ƚķ����&œę	
 1 GA/s"��Ƭ di/dt&Xk
IƉƤ8
�$� /I<POoB%��ŒÉƎƤ»' 20%ŃÙ%ï��4�"�
!
��,�	
 Ɠŗ°ƒ&<oNAMoI8��ŵ��	
 ·ƀGbflpGho8


�$��œę	
 Ìĩ&ĥß81�ƅ���ĥß8ä4�"�!
��{â	
 ăū&

SPS&ųŰ%Ơ� 'y�%I<POoBEpHƤ»8xĩ�	
 Ɛ�$ųŰapHo
8ä4�"�¯Ş"$����&1�%�ISlp<oNAMoI SPS ųŰíĤ8
ŀň���"�Ēľņ&ŋư&ìę!�4� 

 
3. SPS"ŻŢ�ƊKk"&Ā±ƭŋƳŉƮ 
�5,!& Si-MOSFET8õĲ�� SPS%
� 'ýÏŗ&àƧ%14I<PO

oBŒÉ��£	
 þơ8ƜĠ�4ŬĬ�2 SPS"ŻŢ&ƛ8 40m/%«)ƬƤ»�
ƈCp]k!öŖ� ������	
 Ƭ�ŝýÏŗÞÙ�đá!
4 SiCŒÉ!'Ð
Ėĸ%�ƊKk"& SPS &ƛ&�ƈſƢ8��"Ľ�!
4¯Şê��4��&1
�$ŬĬ�2 2m&ſƢ! SPS"�ƊKk8öŖ�4Ìƫ8
�$����&œę	
 
ƬƊI<POoB8ť� SPS!'�� 2 m"�	#/	
 <o[pNoI&Ā±8ť
��"�Ɣũ!�3	
 <o[pNoI�Ćļ&²ƃCp]k8Ĳ�	
 Cp]k&vŊ

!<o[pNoIĀ±8ť��"!ň�r�3	
 ň�s�3"/% 30nsŃÙ&Xk
Iĥß�ä254�"8ŀŶ����2%	
 <o[pNoI�Ćļ&Cp]k"� 

50�&²ƃCp]k8���À±%'	
 <o[pNoIĀ±8­4y!ň�r�3ċ
ƛ	
 ň�s�3ċƛ"� �5�5 35ns	
 27ns�ä25	
 2 MHz~r&ř3Ɔ�´
ĥÿ/¯Ş!�4�"8Ċ2�%��� 
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4. � SiCI<POoBRW<IĄÛ SPS%14<>o�Ɗ&ÌŴƭŋƴŉƮ 
�2%ƚķ�� SPS 8ÌƠ% KEK RHMk�Ɗ¶&�ƊKkTi<Wp"� 

�Ĳ�	
 <>o�ƊÌƫ8Ìą����ƊÎź"��&' m/q=4 &Ɣ<>o!	
 Ì
ƫĕ�'čÅŁÀ 0.23 T	
 čÅ=Uk@p6.9 MeV!����ĒÌƫ%
� SPS
'RHMk�Ɗ¶&�åGIQc%öŖ�5	
 XkIÖ 4 µs�1µs	
 �ƊƤ» 50 V�
747 V&�å8ť	4�"�ŀŶ�5���&œę	
 ƚķ�� SPS' SiCXnpR
W<I8Ĳ��XkIƤĪ"� uĵ!�. <>oZpc�Ɗ8ÌŴ��� 
 
5. ŋzu} SiC-JFETXPCpH&ƚķ"ŷÑ�ƊĄÛ�¾�Ɗ¶&ÐĖÓĐ 
čâ%ŋƵŉ!'vƥ�¨ĄÛƬýĭ�<oNAMoI&ŋzu}XnpdHf

pk&ƚķ"ŷÑ�ƊĄÛ�ß�Ɗ¶&ÐĖ&ÓĐ%�� Ƈ+��ŋzu}XPC
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� 
/ŅĜĸ$ƚķ�ƍ-	
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qĄ	
 ŷÑ�ƊĄÛ&�¾�Ɗ¶&{â"Óƚ%�� '	
 1)KEKRHMk�Ɗ
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 XkIÍÙ�

å8ť��"%1� 	
 Ō�ĸ%�ƊƤ»8ƌŖ%Ã£�41�%Ū� �����
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ðÅ""/%ĺ�öŖtũ! 2.5 kV&XkI8ķı�4 SPS&ÌĲ£�đá�54� 
SPS"�ƊKk8œ)�ƈŗƀ%�� '	
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