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J-PARC
∗

1

J-PARC [1] linac rapid cycling syn-

chrotron (RCS) main ring (MR) 3

(MLF)

3 2006

linac

RCS

MR 2018

6 MLF RCS

500 kW

MR 490 kW

J-PARC

J-PARC

∗ fumihiko.tamura@j-parc.jp

linac ns

2 J-PARC

J-PARC

MR MR (fast extrac-

tion FX) 2.48

(slow extraction, SX) 5.2

RCS 3 GeV

30 GeV FX

SX

MR

1 MR

3 GeV

RCS 2

4

4 K1 K2

K3 K4 K

K K
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P
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K1 K2 K3 K4

P0 P1 P2

P3 P4

MR magnet pattern

3GeV

30GeV

40ms typ 1400ms
to be shorten to 650ms 

1: MR

1.4

MR 1.32

P2–P3 0.65

FX

8

(P3 P4)

1 ms SX

(2 )

(2.61 )

RCS 2

RCS 25 Hz 40 ms

20 ms

400 MeV 3 GeV RCS

Bmin Bmax

Linac H−

Bmin

250 µs 500 µs 307

20 ms

3 GeV

RCS magnet field

extraction

Bmin

Bmax

beam injection
from linac (500us)

bump magnets 

20ms

2: RCS

MR 4 MR

FX

58 SX 126

MLF RCS

MR

RCS MLF MR
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DTQ
(pulse mode)

~10ms

RF pulse

600-
800us

beam
macro pulse 

50-
500us

3: Linac

RF

Linac 3

RCS 25 Hz

(TEF Transmutation

Experimental Facility) RCS

TEF

50 Hz

50 µs 500 µs

RF

DTL

(drift tube linac) Q

DC

10 ms

Linac RCS

MLF MR

TEF

J-PARC

• MR

• linac RCS 25 Hz

TEF linac 50 Hz

• MR RCS

(RCS MR) RF

MHz ns

50 ns

( ) 1 ns

linac

324 MHz 972 MHz

1 ns

3 J-PARC

J-PARC

2

[2]

J-PARC

3.1

J-PARC

linac

J-PARC

(25 Hz 50 Hz)

4

K1 K2 K3 K4

P0 P1 P2

P3 P4

MR magnet pattern

3GeV

30GeV

40ms typ 1400ms
to be shorten to 650ms 

1: MR

1.4

MR 1.32

P2–P3 0.65

FX

8

(P3 P4)

1 ms SX

(2 )

(2.61 )

RCS 2

RCS 25 Hz 40 ms

20 ms

400 MeV 3 GeV RCS

Bmin Bmax

Linac H−

Bmin

250 µs 500 µs 307

20 ms

3 GeV

RCS magnet field

extraction

Bmin

Bmax

beam injection
from linac (500us)

bump magnets 

20ms

2: RCS

MR 4 MR

FX

58 SX 126

MLF RCS

MR

RCS MLF MR
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50Hz Trigger clock

 A

Receiver Module1

Output

Delay 1A

Delay 3A

 B

No output for Type A

Serial 

(TYPE)

The delay value and control (no output etc.) are stored in LUT on the board

Delay 2A

The counter is not reset
with trigger clock when 
Type B is received

Delay 4B

Delay 1B

Delay 2B

Receiver Module2

Output

Receiver Module3

Output

Receiver Module4

Output

4:

[2]

(look up table

LUT) LUT

1.

2.

3.

3

5

T2S T1 T3 ........ Tend S T1

........

Type

Trig CLK

........

........

One  MR  cycl e

5: MR

synthesizer

master clock gen

ref trig gen

timing transmitter module 

fanout

trig, clk, type

12MHz master clk

12MHz RF

E/O E/O E/O

to linac, RCS, MR  
and experimental facilities 

trig, clk, type
(optical)

6:

MR

MR FX 2.48

62 SX 5.2

130

3.2

( 6)

12 MHz

25 Hz 50 Hz
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50Hz Trigger clock

 A

Receiver Module1

Output

Delay 1A

Delay 3A

 B

No output for Type A

Serial 

(TYPE)

The delay value and control (no output etc.) are stored in LUT on the board

Delay 2A

The counter is not reset
with trigger clock when 
Type B is received

Delay 4B

Delay 1B

Delay 2B

Receiver Module2

Output

Receiver Module3

Output

Receiver Module4

Output

4:

[2]

(look up table

LUT) LUT

1.

2.

3.

3

5

T2S T1 T3 ........ Tend S T1

........

Type

Trig CLK

........

........

One  MR  cycl e

5: MR

synthesizer

master clock gen

ref trig gen

timing transmitter module 

fanout

trig, clk, type

12MHz master clk

12MHz RF

E/O E/O E/O

to linac, RCS, MR  
and experimental facilities 

trig, clk, type
(optical)

6:

MR

MR FX 2.48

62 SX 5.2

130

3.2

( 6)

12 MHz

25 Hz 50 Hz

NIM

VME

OPT Cable

O/E

Receiver
Modules

1 2 3 4

TRIG
FANOUT

indicates "USER-OUTPUT". (Delayed-pulse / gate)

(1) 12MHz clock

(2) 50Hz trigger clock

(3) timing-control (100Mbps serial)
{is a set of

cables:

THRU

GATE
FANOUT
(optional)

TRIG
PULSE
GEN
(optional)

OPT
TRIG
(optional)

To power supply / devices

To power supply 
/ devices

7:

J-PARC

E/O ( )

O/E E/O

( )

7

3 O/E

LUT 8

8: ( )

( )

12MHz
master clk 

ref trig

type
memory 

SERDES

type

FPGA

VME bus

12MHz
master clk 

ref trig

type
(serial) 

9:

8

E/O

3.3

8 VME

9

32
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12MHz
master clk 

ref trig

SERDES
type

FPGA

VME bus

type
(serial) 

PLL
96MHz 

LUT

96MHz
delay counter 

and 
control logic 

ch1-8

gate
gen 

delayed
pulse
(1-8) 

gate
out

(1-4) 

10:

1024

1 MR

MSB

5 MR

S

mode1 (7 ) mode2

mode3 mode4 ( 8 ) 4

mode1 7

mode2 mode4

linac RCS MR

10

LUT LUT

(

) LUT

LUT

8 mode2 mode4

LUT 8 256

24

96 MHz 96 MHz

PLL 12 MHz

170 ms

LUT

1.

2.

3.

3. MR

40 ms

VME

8

• : 8

• : 4

1
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12MHz
master clk 

ref trig

SERDES
type

FPGA

VME bus

type
(serial) 

PLL
96MHz 

LUT

96MHz
delay counter 

and 
control logic 

ch1-8

gate
gen 

delayed
pulse
(1-8) 

gate
out

(1-4) 

10:

1024

1 MR

MSB

5 MR

S

mode1 (7 ) mode2

mode3 mode4 ( 8 ) 4

mode1 7

mode2 mode4

linac RCS MR

10

LUT LUT

(

) LUT

LUT

8 mode2 mode4

LUT 8 256

24

96 MHz 96 MHz

PLL 12 MHz

170 ms

LUT

1.

2.

3.

3. MR

40 ms

VME

8

• : 8

• : 4

1

11:

Linac RCS VME

25 Hz

LUT

MR LUT

J-PARC

EPICS (Experimental

Physics and Industrial Control System [3])

3.4

J-PARC

linac

RCS MR

RCS

RF

RF bucket
intermediate pulse

chopped out by linac chopper

12: RCS RF

RCS

13:

RCS RF

RF (LLRF)

11

MLF MR LLRF

LLRF AND

RCS
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RCS

linac

[4]

RCS RF

( 12)

RCS LLRF

13

LLRF

start duration

1 h = 1 2

h = 2

Tc

d

w

d = Tc −
w

2
(1)

RCS

linac RF [5]

4

J-PARC

4.1

– AC

3

J-PARC

12 MHz

25 Hz

AC 50 Hz

12 MHz

96 MHz

LUT

AC

AC

AC

[6, 7, 8]

J-PARC 2003 J-PARC

Accelerator Technical Advisory Committee

( ATAC)

The timing system consists of three

separate distribution infrastructures (12

MHz clock, 50 Hz Master Trigger and

Pulse Type). The machine is not syn-

chronized with the AC line. Removal of

this constraint greatly simplifies synchro-

nization with neutron choppers; however

the committee noted that most accelera-

tor projects find it necessary to operate in

a “line-synched” mode. Thought should

be given to the possible impacts of not

synchronizing to the line.

ATAC

AC

AC
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RCS

linac

[4]

RCS RF

( 12)

RCS LLRF

13

LLRF

start duration

1 h = 1 2

h = 2

Tc

d

w

d = Tc −
w

2
(1)

RCS

linac RF [5]

4

J-PARC

4.1

– AC

3

J-PARC

12 MHz

25 Hz

AC 50 Hz

12 MHz

96 MHz

LUT

AC

AC

AC

[6, 7, 8]

J-PARC 2003 J-PARC

Accelerator Technical Advisory Committee

( ATAC)

The timing system consists of three

separate distribution infrastructures (12

MHz clock, 50 Hz Master Trigger and

Pulse Type). The machine is not syn-

chronized with the AC line. Removal of

this constraint greatly simplifies synchro-

nization with neutron choppers; however

the committee noted that most accelera-

tor projects find it necessary to operate in

a “line-synched” mode. Thought should

be given to the possible impacts of not

synchronizing to the line.

ATAC

AC

AC

14: KEK-PS AC

ARC KEK

AC 50 Hz

KEK

(KEK-PS) 14

±0.1 Hz

±0.2% KEK-PS

KEK

AC

MLF

T0 [9] 120 kg

100 Hz

[10, 11]

15

( )

15: [10]

500 Hz 1 KHz 30000

60000 RPM

1 µs

1%

300 ns

AC

RCS

J-PARC

12 MHz 25 Hz

RCS

RCS

80 ns

[10]

2 ns AC

300 ns ( )

J-PARC AC
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AC power

not line
synched 

not fixed

linac power
consumption

AC line  
synched

fixed

16: AC AC

AC

AC

AC

linac RF

16

AC linac

AC

DC (

) RF

(< 1 µs) linac

RF

RF

AC J-

PARC linac RF

600 µs

RF

OFF ON DTL RF

17

OFF AC

3.4%

(a)

(b)

17: RF OFF ( )

ON ( ) DTL RF

[12] 17(a)

5%

17(b)

15

OFF

1% 1

±0.15% ±0.15

[12]

J-PARC linac

RF
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AC power

not line
synched 

not fixed

linac power
consumption

AC line  
synched

fixed

16: AC AC

AC

AC

AC

linac RF

16

AC linac

AC

DC (

) RF

(< 1 µs) linac

RF

RF

AC J-

PARC linac RF

600 µs

RF

OFF ON DTL RF

17

OFF AC

3.4%

(a)

(b)

17: RF OFF ( )

ON ( ) DTL RF

[12] 17(a)

5%

17(b)

15

OFF

1% 1

±0.15% ±0.15

[12]

J-PARC linac

RF

RF AC

linac

0.01% RCS

(RCS MR)

AC

J-PARC

AC

AC

AC

AC

J-PARC

AC

AC

2004

ATAC

The question of synchronization to the

AC line has been fully examined as rec-

ommended by the ATAC previously. The

decision has been taken to stick to the cur-

rent plan.

AC

ATAC

AC

J-PARC

SNS AC













  π

−π



  π

−π




















18: DDS RF

[8]

SNS

AC AC

4.2

3 12 MHz

96 MHz

(RCS MR) RF

(LLRF) 36 MHz

RF RCS

(h = 2)

400 MeV 1.23 MHz

3 GeV 1.67 MHz

RF

LLRF DDS (direct digital

systhesis)

DDS RF 18
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(h = 1

−π π )

32 2

(h = 2)

coordinate transformer

Coordinate transformer

(rf output) = r cos θ (2)

θ r

RF DAC

LLRF

0

DDS RF

10−7

VCO (voltage controlled oscilator) 10−4

VCO LLRF

BPM

dp/p

df

f
= η

dp

p
(3)

RF

J-PARC

LLRF

DDS RF













 





− −

+

19:

-10
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 0

 5

 10

 0  5  10  15  20

de
lta

-R
 p

os
iti

on
 [m

m
]

time from Bmin [ms]

without FB
with FB

20:

[13]

J-PARC

DDS

RF

[14]

19

AC

PI
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21: 100

20

21

10.2 ms

19.2 ms

0

J-PARC

0

200

22: RCS BPM#5 COD

: 1 ms : 5 ms

: 10 ms

21

300 kW

10 ms

10

0

1 RF 1.67 MHz

1.7 ns

[15] MLF

MR

4.1 AC

12 MHz

J-PARC

22

22 RCS BPM#5 COD (closed

orbit distortion)
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23: 1 ms COD :

60 : 108 : 156

1 ms

5 ms 10 ms

RCS 192 COD

(1 ms)

COD BPM#5 RCS

23

22 (60 108 156 )

1 ms COD

60 156

108 COD

COD

(192 )

COD

COD

[16]

10−5 T

0.07%

COD

22

24: ( ) ( ) COD

BPM#1 #5 #13 #29

12 MHz

25 Hz

COD

12 MHz

COD

(1 KHz)

24

COD

COD BPM

3 mm COD
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23: 1 ms COD :

60 : 108 : 156

1 ms

5 ms 10 ms

RCS 192 COD

(1 ms)

COD BPM#5 RCS

23

22 (60 108 156 )

1 ms COD

60 156

108 COD

COD

(192 )

COD

COD

[16]

10−5 T

0.07%

COD

22

24: ( ) ( ) COD

BPM#1 #5 #13 #29

12 MHz

25 Hz

COD

12 MHz

COD

(1 KHz)

24

COD

COD BPM

3 mm COD

COD

COD

500 kW

COD

MR

4.3

RCS

linac

1

EPICS

VXI-11 GPIB

RCS 25 Hz

25:

EPICS

25 Hz

25

( )

25 Hz (1

)

54 BPM COD

WCM

RF

1

RCS



10－ 16

26:

[17]

25 Hz

BPM

26

RCS BPM

(

)

MSB

1

MR

S

MR

MR

RCS

VME

27: RCS BPM

32

232/25[Hz]/3600[hour/s] = 47721[hours] (4)

47000

(

) (

)

J-PARC

BPM

(TCB)

TCB 25 Hz TCB

VME

VME

27 TCB

BPM BPM

BPM

TCB

VME

BPM

TCB

(

MR ) RFM

BPM

28 RFM
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26:

[17]

25 Hz

BPM

26

RCS BPM

(

)

MSB

1

MR

S

MR

MR

RCS

VME

27: RCS BPM

32

232/25[Hz]/3600[hour/s] = 47721[hours] (4)

47000

(

) (

)

J-PARC

BPM

(TCB)

TCB 25 Hz TCB

VME

VME

27 TCB

BPM BPM

BPM

TCB

VME

BPM

TCB

(

MR ) RFM

BPM

28 RFM

28: RFM

29: COD

25 Hz BPM

MLF MR

27

25Hz

MLF MR

EPICS

30:

COD 29

COD 1 ms

beam type

MR RF

0.1%

COD

25 Hz

30 MR

2.97×1013 ppp MLF 2.8×1013 ppp

1
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(wave

endless recorder, WER) TCB

RCS

5

2006 linac

10

J-PARC ( )

E/O O/E

(Finisar v23826)

E/O O/E

5.1

J-PARC

12 MHz

3

















(a)



































(b)

31:

3

3

1

MR

1

3

5.2

31

12 MHz

3

3

E/O

O/E

3
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(wave

endless recorder, WER) TCB

RCS

5

2006 linac

10

J-PARC ( )

E/O O/E

(Finisar v23826)

E/O O/E

5.1

J-PARC

12 MHz

3

















(a)



































(b)

31:

3

3

1

MR

1

3

5.2

31

12 MHz

3

3

E/O

O/E

3

3

1

3

SFP (small form factor pluggable)

12 MHz

VME PLC

O/E O/E

5.3

32

12 MHz

Xilinx FPGA

GTP ( 3.2 Gbps)

SERDES

SFP

GTP
(SERDES) 

144MHz
PLL12MHz

clk 

ref
trig 

payloadevent
generator 

type
memory 

optical
cable 

SFP

GTP
(SERDES) 

seed clk
144MHz 

event
analyzer 

similar
logic
as

existing
timing

receiver 

transmitter

receiver

12MHz clk

ref trig

type

32:

1

8B/10B [18] 8

D

K K28.5 8B/10B

(a)

E 3 12

80

8 12

8B/10B

1.44 Gpbs

null event

trigger event Type

event 3 6

mode1 . . .mode4 type1 . . . type4

S S
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1:

(a)

1 2 3 4 5 6 7 8 9 10 11 12
seq K28.5 E D(p1) D(p2) D(p3) D(p4) D(p5) D(p6) D(p7) D(p8) D(p9) D(p10)

(b) Null event. E(null)=D0.0 (0x00)

1 2 3 4 5 6 7 8 9 10 11 12
Null K28.5 E(null) D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0

(c) Trigger event. E(trig)=D1.0 (0x01)

1 2 3 4 5 6 7 8 9 10 11 12
Trig K28.5 E(trig) D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0

(d) Type event. E(type)=D2.0 (0x02)

1 2 3 4 5 6 7 8 9 10 11 12
Type K28.5 E(type) type1 type2 type3 type4 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0

(e) S event. E(S)=D3.0 (0x03)

1 2 3 4 5 6 7 8 9 10 11 12
S K28.5 E(S) D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0

(f) S count event. E(Scnt)=D4.0 (0x04)

1 2 3 4 5 6 7 8 9 10 11 12
Scnt K28.5 E(Scnt) Scnt1 Scnt2 Scnt3 Scnt4 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0

(g) Trigger count event. E(Tcnt)=D5.0 (0x05)

1 2 3 4 5 6 7 8 9 10 11 12
Tcnt K28.5 E(Tcnt) Tcnt1 Tcnt2 Tcnt3 Tcnt4 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0

256

SFP

GTP

(clock data recovery CDR)

144 MHz

144 MHz

12 MHz

12 MHz

Trigger event

Type event

3

1

GTP

1 144 MHz

7 ns

[19] (
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1:

(a)

1 2 3 4 5 6 7 8 9 10 11 12
seq K28.5 E D(p1) D(p2) D(p3) D(p4) D(p5) D(p6) D(p7) D(p8) D(p9) D(p10)

(b) Null event. E(null)=D0.0 (0x00)

1 2 3 4 5 6 7 8 9 10 11 12
Null K28.5 E(null) D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0

(c) Trigger event. E(trig)=D1.0 (0x01)

1 2 3 4 5 6 7 8 9 10 11 12
Trig K28.5 E(trig) D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0

(d) Type event. E(type)=D2.0 (0x02)

1 2 3 4 5 6 7 8 9 10 11 12
Type K28.5 E(type) type1 type2 type3 type4 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0

(e) S event. E(S)=D3.0 (0x03)

1 2 3 4 5 6 7 8 9 10 11 12
S K28.5 E(S) D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0

(f) S count event. E(Scnt)=D4.0 (0x04)

1 2 3 4 5 6 7 8 9 10 11 12
Scnt K28.5 E(Scnt) Scnt1 Scnt2 Scnt3 Scnt4 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0

(g) Trigger count event. E(Tcnt)=D5.0 (0x05)

1 2 3 4 5 6 7 8 9 10 11 12
Tcnt K28.5 E(Tcnt) Tcnt1 Tcnt2 Tcnt3 Tcnt4 D0.0 D0.0 D0.0 D0.0 D0.0 D0.0

256

SFP

GTP

(clock data recovery CDR)

144 MHz

144 MHz

12 MHz

12 MHz

Trigger event

Type event

3

1

GTP

1 144 MHz

7 ns

[19] (

tranmitter module

new
O/E 

receiver module

opt fanout

PLC  
receiver
module 

33:

) J-PARC

5.4

2017

33

LUT

12 MHz

96 MHz

LLRF

12 MHz

DPOJET

JTA

pk-pk 194ps

RMS 22ps

34: DPOJET

12 MHz

DPOJET 12 MHz

34

RMS 22 ps pk-pk 200 ps

FPGA I/O

DPOJET

2018 9

2018 12

6

J-PARC

J-PARC

RF

LLRF RCS
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MR 21

J-PARC

Micro Research Finland

(MRF) [20]

(event generator EVG)

(event receiver EVR)

J-PARC

MRF

EPICS Su-

perKEKB PSI FRIB

CERN GSI

White Rabbit (WR) [21] Syn-

chronous Ethernet (SyncE) IEEE 1588 Pre-

cision Time Protocol

sub-ns

J-PARC

MRF

WR

OHO’18

J-PARC
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