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3. FCTにおける計測の流れ 

J-PARC MR "fast current transformer"
FCT

(1)
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FCT
J-PARC MR 3 GeV

=
4 1013

185kHz MR 1
 

I1 = [ e]	×[ ]	×[ ] 
  =1.6×10'()×4×10(+×185000	 
  = 	1.18	𝐴𝐴 

MR 8 8
I8 = 9.47	𝐴𝐴  

 

 
 

Fig.1 (a) s
Fig.1 (b) 𝜌𝜌(𝑥𝑥, 𝑦𝑦, 𝑠𝑠),	

𝑣𝑣 𝑣𝑣 ∙
𝜌𝜌(𝑥𝑥, 𝑦𝑦, 𝑠𝑠) [ref-Jackson]

 

𝐼𝐼	(𝑠𝑠 − 𝑣𝑣𝑣𝑣) = 	𝑣𝑣 𝜌𝜌(𝑥𝑥, 𝑦𝑦, 𝑠𝑠 − 𝑣𝑣𝑣𝑣)𝑑𝑑𝑥𝑥𝑑𝑑𝑦𝑦
?@ABCDBA

 

 

𝜌𝜌 𝑠𝑠 − 𝑣𝑣𝑣𝑣 =
𝑒𝑒𝑒𝑒G
𝑠𝑠H
2
	sinM 𝜋𝜋

𝑠𝑠 − 𝑣𝑣𝑣𝑣
𝑠𝑠H

										(3 − 1) 

0 < 𝑠𝑠 < 𝑠𝑠H;	𝑒𝑒𝑒𝑒G = 𝜌𝜌(𝑠𝑠′)𝑑𝑑𝑠𝑠′  
 𝐼𝐼	(𝑠𝑠 − 𝑣𝑣𝑣𝑣) = 	𝑣𝑣 AST

UV/M
	sinM(𝜋𝜋 U'XC

UV
)  

𝑒𝑒G
𝑒𝑒𝑒𝑒G 	= 	6.4	𝜇𝜇𝜇𝜇 𝜏𝜏H =

𝑠𝑠H/𝑣𝑣

𝐼𝐼?XA = 	𝑒𝑒𝑒𝑒G/𝜏𝜏H sinM

2  𝐼𝐼@A?\ = 2𝑒𝑒𝑒𝑒G/𝜏𝜏H  
  3 GeV 30 GeV unit 
𝜏𝜏H 200  80  ns 
𝐼𝐼?XA 32 80 A 
𝐼𝐼@A?\ 64 160 A 

Gauss  

Faraday cup

Fig. 2 [2]

cup
Cup

 

 
 

 

 
Fig. 1  

 
Fig. 2 Faraday cup  

 
Fig. 3 Current transformer  
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Fig. 1  

 
Fig. 2 Faraday cup  

 
Fig. 3 Current transformer  

 
 

Current transformer

 
𝐼𝐼H 𝐼𝐼

 

𝐵𝐵	 𝑟𝑟, 𝑠𝑠 − 𝑣𝑣𝑣𝑣 = 	
𝜇𝜇B𝜇𝜇G(𝐼𝐼H + 𝑁𝑁`𝐼𝐼G)

2𝜋𝜋𝑟𝑟
 

Fig.4

 

𝑉𝑉 =
𝑑𝑑
𝑑𝑑𝑣𝑣
𝑁𝑁`

𝜇𝜇B𝜇𝜇G 𝐼𝐼H + 𝑁𝑁`𝐼𝐼
2𝜋𝜋𝑟𝑟

	𝑑𝑑𝑟𝑟 ∙ 𝑔𝑔	
cd

ce
 

= 	
𝑑𝑑
𝑑𝑑𝑣𝑣
	𝜇𝜇B𝜇𝜇G	𝑔𝑔	𝑙𝑙𝑙𝑙

𝑅𝑅i
𝑅𝑅j

𝑁𝑁` 𝐼𝐼H + 𝑁𝑁`𝐼𝐼  

 
𝑉𝑉 = −𝐼𝐼𝑅𝑅	 

 

𝑉𝑉(𝑣𝑣) = 𝑅𝑅
𝑑𝑑𝐼𝐼H(𝑣𝑣′)
𝑑𝑑𝑣𝑣′

ecCl/m

𝑁𝑁`
	𝑑𝑑𝑣𝑣′	

C

G
e'cC/m									(3 − 2) 

 

𝐿𝐿 = 𝜇𝜇B𝜇𝜇G	𝑔𝑔	𝑙𝑙𝑙𝑙
𝑅𝑅i
𝑅𝑅j

𝑁𝑁`M 

 

𝑉𝑉 𝜔𝜔 =

𝑗𝑗𝜔𝜔
𝜔𝜔m

1 + 𝑗𝑗 𝜔𝜔𝜔𝜔m

𝑅𝑅	𝐼𝐼H
𝑁𝑁`

																												(3 − 3) 

𝜔𝜔m = 𝑅𝑅/𝐿𝐿 
=1

 
MR

3-50BT BeamTransport-line

FCT fast current transformer [4]

3 GeV RCS rapid-cycling synchrotron
MR

CR

1

 

3.1. Dynamic range  
Sensitivity  

J-PARC MR
4×10(+

𝑁𝑁` = 25	𝑣𝑣𝑡𝑡𝑟𝑟𝑙𝑙𝑠𝑠 𝑅𝑅 =
25	Ω  

  0.64 160 A 
~ c	tV

Su
 0.64 160 V 

64 A 1%
dynamic 

range  

sensitivity  
350BT FCT CR

 
𝑠𝑠𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠𝑣𝑣𝑠𝑠𝑣𝑣𝑠𝑠𝑣𝑣𝑠𝑠 = 	1×10(+	𝑝𝑝𝑟𝑟𝑝𝑝𝑣𝑣𝑝𝑝𝑙𝑙𝑠𝑠/	𝑉𝑉 

   1×10(y	𝑝𝑝𝑟𝑟𝑝𝑝𝑣𝑣𝑝𝑝𝑙𝑙𝑠𝑠 
   		10𝑉𝑉 

 

3.2. Resolution 

Resolution 1-5%
4×10(+ 1-5 % 4×10(( - 2×10(M

 
Fig. 4 Current transformer [3] 

２－ 3２－ 2



5  

3.3. Linearity 

linearity
3-50BT FCT

40ms 2 : 2×4×10(+

1%  
MR 185kHz

Fig.1
1 8 +1

486 kW 2.51×10(y /
1 Fig.5

40ms

waterfall plot  

 
DC

350BT
185 k

100ns : 160A

1.7 MHz 50
: 8 kV

 
𝜇𝜇B𝜇𝜇G𝐼𝐼H
2𝜋𝜋𝜋𝜋

 

 Ip = 160 A, 
 r = 200 mm FT-3KM

Ip = 4 A, r = 5 mm
Fig. 6

12.5 
Fig. 7 Fig. 

8 1
Vin Vout

 
300 kHz 1 MHz

1.6 %  

 
 

 
 

 

 
Fig. 5 MR FCT  

 
Fig. 6 FCT  

 
Fig. 7 FCT  

 
Fig. 8 FCT  
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Fig. 6 FCT  

 
Fig. 7 FCT  

 
Fig. 8 FCT  

 

 

3.4. Response time / Frequency bandwidth 

 

 
 

 
 

 

FCT
Fig. 5
Fig.6 Fig.7

	𝜏𝜏 𝜏 575	𝜇𝜇𝜇𝜇	
	𝜔𝜔m 𝜏 2𝜋𝜋	𝜋	277	𝐻𝐻𝐻𝐻	  

 200 ns
Fig.14 Fig. 12

 

 
Eq. (3-3)  

 	𝐻𝐻 𝜔𝜔  

𝐻𝐻 𝜔𝜔 𝜏

𝑗𝑗𝜔𝜔
𝜔𝜔m

1 + 𝑗𝑗𝜔𝜔𝜔𝜔 m

𝑅𝑅
𝑁𝑁`

 

FCT  
𝑉𝑉 𝜔𝜔 𝜏 𝐻𝐻 𝜔𝜔 	𝐼𝐼H(𝜔𝜔𝜔 

 
𝐼𝐼H(𝜔𝜔𝜔

𝐻𝐻 𝜔𝜔
 

Eq. (3-2)
 tRF  

;H 𝑡𝑡 𝜏 𝐼𝐼@	sinM 𝜋𝜋 C'(}'(𝜔C~�
CV

, 𝑇𝑇} ≤ 𝑡𝑡 ≤ 	 𝑡𝑡H + 𝑇𝑇} 

	𝜏 0,						𝑜𝑜𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝜇𝜇𝑒𝑒 
FCT  

 

𝑉𝑉 𝑡𝑡 𝜏
𝑉𝑉G
2
	∆𝑉𝑉(𝑡𝑡𝜔 + 𝑒𝑒'	

C'…†
‡ − cos

2𝜋𝜋𝜋𝑡𝑡 − 𝑇𝑇}}	
𝑡𝑡H

+
𝑡𝑡H
2𝜋𝜋𝜏𝜏

	sin
2𝜋𝜋𝜋𝑡𝑡 − 𝑇𝑇}}

𝑡𝑡H
,						 

𝑇𝑇} ≤ 𝑡𝑡 ≤ 	 𝑡𝑡H + 𝑇𝑇} 
 

 
Fig. 9 FCT  

 
Fig. 10 FCT  

 
Fig. 11 MR FCT  

 
Fig. 12 "3-50BT" FCT  

 
Fig. 13 "3-50BT" FCT  

  
Fig. 14  
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=
𝑉𝑉G
2

𝑒𝑒'	
C'…Œ
‡ − 𝑒𝑒'	

C'…Œ 'CV
‡

}

çŽ(

, 

𝑡𝑡H + 𝑇𝑇} < 	𝑡𝑡 
 

∆𝑉𝑉(𝑡𝑡) = 𝑒𝑒'	
C'(ç'M)C~�

‡ − 𝑒𝑒'	
(C'(ç'M)C~�)'CV

‡

}

çŽM

 

n = 1  ∆𝑉𝑉(𝑡𝑡) = 0  
𝑇𝑇}  =	(𝑛𝑛 − 1)	𝑡𝑡c|: n  

𝐼𝐼@ =
𝑣𝑣𝑒𝑒𝑒𝑒G
𝑠𝑠H/2	

=
𝑄𝑄

𝑡𝑡H/2	
 

𝑄𝑄:  

𝜏𝜏 =
1
𝜔𝜔m

=
𝐿𝐿
𝑅𝑅
	 

𝑉𝑉G =
2𝜋𝜋 M

2𝜋𝜋 M + 𝑡𝑡H
𝜏𝜏

M 	
𝑅𝑅	
𝑒𝑒`
𝐼𝐼@ 

350BT FCT Fig. 15

10+

Fig. 16  
𝑡𝑡H ≪ 𝜏𝜏 CV

‡

 
𝑉𝑉 𝑡𝑡

≈
𝑉𝑉G
2

−	
(𝑛𝑛 − 1)	𝑡𝑡H

𝜏𝜏
+ 1 − cos

2𝜋𝜋{𝑡𝑡 − 𝑇𝑇}}	
𝑡𝑡H

+
𝑡𝑡H	sin

2𝜋𝜋{𝑡𝑡 − 𝑇𝑇}}	
𝑡𝑡H

− 2𝜋𝜋{𝑡𝑡 − 𝑇𝑇}}

2𝜋𝜋𝜏𝜏
,						 

𝑇𝑇} ≤ 𝑡𝑡 ≤ 	 𝑡𝑡H + 𝑇𝑇} 
 

≈
𝑉𝑉G
2
	
𝑛𝑛	𝑡𝑡H
𝜏𝜏
,			𝑡𝑡H + 𝑇𝑇} < 	𝑡𝑡 < 	𝑇𝑇}’( 

 

𝑉𝑉G ≈ 	
𝑅𝑅	
𝑒𝑒`
𝐼𝐼@ 

n 𝑇𝑇} ≤ 𝑡𝑡 ≤ 	 𝑡𝑡H + 𝑇𝑇}
{ }

(
‡

n 𝑇𝑇} ≤
𝑡𝑡 ≤ 	𝑇𝑇}’(

 

1 +
𝑡𝑡H − 2	𝑛𝑛	𝑡𝑡c“

2	𝜏𝜏
 

350BT FCT
n=1, 2  
𝑡𝑡H = 200	𝑛𝑛𝑠𝑠 
𝑡𝑡c“ = 598	𝑛𝑛𝑠𝑠 
𝜏𝜏 = 575	𝜇𝜇𝑠𝑠 

 
  𝑛𝑛 = 1 0.999 
  𝑛𝑛 = 2 0.998 

RCS

CR

1%
 

 

 

3.5.  

TDR Technical Design Report

   
Fig. 15 "3-50BT" FCT  

   
Fig. 16 𝟏𝟏𝟏𝟏𝟑𝟑  
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4. 物理量の国際基準と不確かさ 

4.1. [5] 

SI

2019 5 20
World Metrology Day

[5]  

ppb
[6]  

SI
A

V

[6]  

 

4.2. [7-9] 

(CIPM)
(BIPM)

(ISO)
[8]

 
  =    

(uncertainty)
1993 

 
(Guide to the expression of Uncertainty in 
Measurement:  GUM )

GUM  ISO/IEC Guide 98-
3(JCGM 100) 

[8]  

JIS Z 8103:2000  
 

 
 

 

 

  

 
 

 
A

B
 

𝑥𝑥(, 𝑥𝑥M, … , 𝑥𝑥}	 	y = f(𝑥𝑥(, 𝑥𝑥M, … , 𝑥𝑥})	

   
Fig. 17  
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 y 𝑢𝑢š
𝑢𝑢›œ,⋯ , 𝑢𝑢›†  

𝑢𝑢š =
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥(

	𝑢𝑢›œ
M

+ ⋯+
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥}

𝑢𝑢›†
M

	 

 

5. 雑音の種類と物理的背景 

1/f

 

5.1.  

[10,11]  
Fig.18 RI RII

ZC=RI=RII

 𝜕𝜕~𝜕𝜕 +
∆𝜕𝜕  

2ℓ	∆𝜕𝜕
𝑣𝑣

	, 

 𝑘𝑘H𝑇𝑇  
𝜕𝜕~𝜕𝜕 + ∆𝜕𝜕  

2ℓ	𝑘𝑘H𝑇𝑇	∆𝜕𝜕
𝑣𝑣

	, 
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