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Japan Proton Accelerator Research Complex (J-PARC)

Rapid Cycling Synchrotron

G

Main Ring (

N

J-PARC Consists of 400 MeV linac, 3 GeV RCS, 30 GeV Main Ring, and experimental facilities (MLF, Hadron, Neutrino).
* Very high intensity proton beam
* Secondary particles used for material/life science and nuclear/particle physics

Beam operation started in 2006.
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Platforms originally used in J-PARC accelerators

VME / cPCI systems used for high-end / complicated applications
(timing, beam instrumentation, LLRF, etc.):

Timing system

RCS BPM controller

NIM (analog) + cPCI (digital) Specialized 9U VME

VME+NIM
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Renovation necessary

Our MTCA developments started in 2016.

J-PARC beam operation started in 2006:
* So far, the existing systems running nicely
- Control, instrumentation, LLRF
* Many systems over 10 years old
- “Very long time” for digital parts
* Obsolete FPGAs, DSPs, opt components, etc.

- It will be soon difficult to maintain the existing digital systems

Renovation programs of some of the instrumentation / LLRF systems are ongoing.
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Renovation necessary

Our MTCA developments started in 2016.

J-PARC beam operation started in 2006:
* So far, the existing systems running nicely
- Control, instrumentation, LLRF
* Many systems over 10 years old
- “Very long time” for digital parts
* Obsolete FPGAs, DSPs, opt components, etc.

- It will be soon difficult to maintain the existing digital systems

Renovation programs of some of the instrumentation / LLRF systems are ongoing.

MTCA seems to be good for next generation systems
* Modular configuration
* High speed backplane
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MTCA applications in J-PARC

COTS MTCA
digitizer for WCM

New digitizer
for linac BLM

Intra-bunch
- feedback upgrade
Linac LLRF 3
Mon. digitizer
i i
|
MTCA application
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2. Applications at J-PARC
RCS LLRF
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J-PARC rapid cycling synchrotron (RCS)

~ \ parameter
P. ., 3-NBT circumference
Kickers el enerey
. B beam intensity
Extraction sectig ‘\\\ beam power

repetition rate
accelerating freq
harmonic number

Secondary collimators

1 Transverse primary collimator
max rf voltage
No. of cavities
Q of rf cavity

Lo X
1% stripping foil
Injection section

Ao

348333 m
0.400-3 GeV
8.3 x 1013 ppp
1MW
25Hz
1.22-1.67 MHz
2
440 kV
12
2

Longitudinal

From |1/L-3BT
Linac

* Magnetic alloy (MA) cavities employed

- high rf voltage, 440 kV by 12 cavities

- driven by high power tetrode tube amp
Wideband, @ = 2, dual harmgni¢ pperation
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This slide shows the complexity of RCS LLRF

MAIN BLOCK FEEDFORWARD BLOCK
To each 1 2
Cavity module pd
SPG module backpl
Frequency | |Phase | el RFG Up conversion|
pattern
il | phase x
Cordinate |
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adjustment
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FFC module

phase pattern

via backplane

1,Q vector

n=246FF BCA

Harmonic
component
separation

Detect

| Beam Phase
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Cavity voltage.
Detect

Vector Sum
&

Phase Detect

Cavity Power
Voltage
Monitor

(1.12) Cavity

(Blue) common functions for whole system / (Red) for each of 12 cavities
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This slide shows the complexity of RCS LLRF

MAIN BLOCK FEEDFORWARD BLOCK
To each
SPG module e X2 S

| FFC
h=24 1 FFout
Frequency | |Phase | phase| D pAC HUp conversion|

pattern
| | | )} ¢
freq phase k3
pattern accumulator h=1
— PEB__[ - 7‘ phase signal
- clod T
Phase loop
trol controller, z
h=2
—— x2 —> phase signal
-
Vector Sum
8 " h=4
Phase Dete x4 phisa signal
-n
T
h=6
> X6 —— phase signal
(=x2+x4) /VWWVWWWA

FCT

(1..12) Cavity
(Blue) common functions for whole system / (Red) for each of 12 cavities
* Frequency sweep / pattern
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This slide shows the complexity of RCS LLRF

MAIN BLOCK FEEDFORWARD BLOCK
To eac
Cavityjnodule x 12
SPG module Ka bafkp 1
Frequencyl |Phase | o) RFG FFou
e
e il | phase X
Cordinate |~ |
amplitude transformer Y
FC_— PEB_[
Phase loop AVC Voltage
Soorer [ v
phase pattern ampTude: e
I b
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R ou
(o preamp)

/voltage.
1

Cavity
Voltage
Monitor

(1..12) Cavity wem
(Blue) common functions for whole system / (Red) for each of 12 cavities
* Frequency sweep / pattern

¢ Dual harmonic (multiharmonic) voltage control of 12 cavities
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This slide shows the complexity of RCS LLRF

MAIN BLOCK FEEDFORWARD BLOCK
To each
Cavity module
SPG module Ka backpl 1
n=24
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pattern
= phase X
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controller, controller pattern TocanX 12
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via backplane

Beam Phase
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Detect
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Vector Sum
&

Phase Detect
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component
separation

Cavity Power
Voltage
Monitor

(1.12) Cavity

(Blue) common functions for whole system / (Red) for each of 12 cavities
* Frequency sweep / pattern
¢ Dual harmonic (multiharmonic) voltage control of 12 cavities
¢ Beam feedback loops
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This slide shows the complexity of RCS LLRF

MAIN BLOCK FEEDFORWARD BLOCK

To each

Cavity module x 12 5
SPG module Fa backpl R
5 l J FFC |
h=24
Frequencyl |Phase | phasel RFG | FFou Un conversion|
patiern
H—
ggin phase
e rotated Vec!or sum module
cavity #1 roeun R VAPRRPEREERERR
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voltage gain number of
Redialoop Phase foop cavities
i <
gain phase
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BPM
Current Vector Sum gap
Detect vector sum
- Feedforward & voltage SUM normalize o> - 1G
Phase Detect to phase F8

Imag
Dipole Mag
PS

cavity #12

rotation,
gain

FCT RS L

gap
voltage

(Blue) common functions for whole system / (Red) for each of 12 cavities
* Frequency sweep / pattern
¢ Dual harmonic (multiharmonic) voltage control of 12 cavities
¢ Beam feedback loops
¢ Vector sum of 12 cavity voltages
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This slide shows the complexity of RCS LLRF

MAIN BLOCK FEEDFORWARD BLOCK
To each 12
Cavity module X
SPG module o backp! T
Frequency | |Phase | o) RFG FFou Up conversion|
peen = 4 phase x
o | Cordinate
X amplitude | VENSformer | y Amplphase
== adjustment
PEB_[——
Phase 10op Beam Pick U i
controller, C P Cavity Toeacn X 12
phase patern (WCM) FFC module
via backplane
1. vector
Deam Phase -§4srFr BCA

Harmonic
A 1 component
separation

®)<—Driving

,4
Flez |

Feedforward
Module

FCT
(1.12) Cavity

(Blue) common functions for whole system / (Red) for each of 12 cavities
* Frequency sweep / pattern
¢ Dual harmonic (multiharmonic) voltage control of 12 cavities
¢ Beam feedback loops
¢ Vector sum of 12 cavity voltages
¢ Beam loading compensation

MTCAWS in Japan 2025 Fumihiko Tamura Applications of MTCA at J-PARC



Original RCS LLRF
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* Specialized 9U VME
e Modules are different for functions

¢ Serial cables between modules

Applications of MTCA at J-PARC



Next generation LLRF control system for RCS deployed in 2019

¢ Shelf with rf backplane
¢ 1x common function AMC/RTM

* 6x cavity driver AMC/RTM for 12
cavities

* Clock eRTM
* High speed serial communication module

* Signal transfer via backplane, no cables
between modules

* Better maintainability

F. Tamura, et al., IEEE Transactions on Nuclear Science, vol. 66, no. 7, pp. 1242-1248 (2019)
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Configuration and signal flow

Full-featured MTCA .4 shelf with rf backplane employed.

AC100V
————  PM(RTM)

WCM in

—_—
25Hz trig
beam trig

meas trig
mode (1..0)
cavlin
cavi out
cav2in

cav2 out
<gcavzout |

CPU

common function
module RTM

cavity driver
module #1 RTM

cavitin
cav11 out
cavi2in

cavi12 out

cavity driver
module #6 RTM

12MHz clk
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clock generator
eRTM

RF
backplane

RF
backplane

144MHz clk

)

F
backplane

F
backplane

GbE

common function System clk:
module AMC b=
< ¢ 144 MHz
3
8 gsé (original LLRF: 36 MHz)
[ gt <
TeFLE 5 - .
£638% 2  generated by clock gen eRTM, distributed via rf backplane
8EED 5
cavity driver =
module #1 AMC g g
z 9
< g
o 3
9
T
8
cavity driver
module #6 AMC
high speed serial
communication
module
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Configuration and signal flow

Full-featured MTCA .4 shelf with rf backplane employed.

AC100V
————  PM(RTM)

WCM in

—_—
25Hz trig
beam trig

meas trig
mode (1..0)
cavlin
cavi out
cav2in

cav2 out
<gcavzout |

CPU

common function
module RTM

cavity driver
module #1 RTM

cavitin
cav11 out
cavi2in

cavi12 out

cavity driver
module #6 RTM

12MHz clk
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clock generator
eRTM

RF
backplane

RF
backplane

144MHz clk

)

F
backplane

F
backplane

GbE

common function Syslem clk:
module AMC b=
3 * 144 MHz
3
8 gsé (original LLRF: 36 MHz)
s<5e 3 L. .
£638% 2  generated by clock gen eRTM, distributed via rf backplane
aE EQ s
cavity driver = . . .
module #1 AMC g o Modules classified into two categories:
> 9
g .
g" E * Common function module: frequency pattern, phase FB, ...
5 5
< 9 . . - Py .
2 3  Cavity driver: rf gen for cavities, feedforward driver
g A special module in MCH2 slot:
cavity driver
module #6 AMC * High speed serial communication module, described later
high speed serial
communication
module
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Multiharmonic vector voltage control FB for beam loading compensation

multiharmonic

Vcoe‘xlvaltgye rf signal
from ADC feedback blocks for h=1...8
r = :
i
r
setpoint (Q) FB out
1/Q voltage n
paﬂerr? setpoint (1)
LPF Pl
(CIC) controller
LPF |Q Pl
(Cic) controller
cos| sin i
CORDIC CORDIC in LUT
harmonic T
number (hn) frequency (h=hn) GP i
phase signal (h=hn) [H
T
phase signal (h=1) frequency (h=1)

¢ Lots of resources necessary (narrow band LPF, CORDIC, multiharmonic)

« Thanks to Zynq capacity, a cavity driver handles two cavities / eight harmonics
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high speed serial communication

Vector sum:

cavity #1

9ap
voltage

cavity #2
gap
voltage

cavity #12

9ap
voltage

gain phase

number of

cavities

vector sum
Q
to phase FB

SUM normalize -

v
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v ...m_n;a'

cable for IQ transfer |,

Fumihiko Tamura

Star topology signal transfer is necessary.

e Vector sum:
Cavity 1Qs (drivers)
— vector sum — phase FB

* Phase FB signal (common)
— volt control (driver modules)

Existing system uses cables and parallel backplane.

* Not very sophisticated

How can we realize star topology with MicroT'CA.4?
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High speed serial communication

Port Slot: 41 #2 #3  #4  #5  #6  #7 HB  #9 #10 #11  #12

e s & = o ] |

== 2= N

== Caollceolca e liceD .
e e e

[]
L

PCle ([ 5 ]
sio |6

Fat Pi

1ebE/ |8
SRIO |0 ]
O meH
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Pmnlt-i-spnim E

[Ext.Fat Pi

11&1He] LI T R

K

TCLKC
Tolko

Triggers, 18
Clocks,
Interiocks | (9]

== ] g ] : ]
Clk2 % < BICLKE 1 I
Peiecio CIK3 =

Extended Options

Clocks

* There are no trivial star-like connections among AMCs
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High speed serial communication

Port Slot: g1 #2 #0 #10 #11  #12
0| E3

HE

16bE/ |91
SRIO | (0]

[Ext.Fat Pi

point.2-point| 13 ]
links

TCLKC
Trggers, | 18 ]
Clocks,
Interiocks | (9]
[ >TCLKA
Clk2 % <P»ICLKB
[PCle Clock] —PFCLKA

Extended Options

Clocks

* There are no trivial star-like connections among AMCs
* Idea: putting FPGA logic in MCH2 slot and using Port1, although it sacrifices redundancy of MCH
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High speed serial communication

Signal flow using Port1:

high speed serial
communication module

in MCH2 slot
< ] WCM 1Q, phaseFB vector sum function for h=1..8
[ | [cavtiiziam=i.8 cavihei—> High speed serial communication module:
|| § WCM IQ, phaseFB cav2 et )
gl |8 2| cavo101a(n=1..8) SUM ¢ Virtex-5 used
s S c : = H . . . .
£l |2 % S cavizhei—> « Gathers and delivers signals from/to cavity driver modules and
o
"% ‘g § WCM IQ, phaseFB 2 ¥ common function module
el e E[ cavi21Q (h=1..8) vector sum Lo
s o normalize * Vector sum function implemented
8| vector sum (h=1..8) Jht-8) = "ot
WCM 1Q, phaseFB cavity)
h=1..8) oe
L L (=18 Xilinx Aurora used:
. . aing ata < _hite
Aurora data format: 1 data frame contains 40 data blocks of 16-bits
1[MHz]=1( 1 . .o . .
e » Enough for sending 2x cavities’ I/Q signals of 8x harmonics
8[nsec]+40=320[nsec]
= iy gy gy iy oy + « Sent every control clock (1 MHz)
s BEEEEE BEEIR -
Aurora o [ s (i85 |6 | |0 AT 8 o
o | 8 5| BEBEI2E| — 25 |E| — |8l &
1apis...0) = HEEEEE NEIEE g
3 3131313133 3|53 )
Aurora

USERCLK
(62. 5MHz)
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New MTCA LLRF contributed to stable operation

Improved beam loading compensation: 7 .
’ Beam power history at MLF

1 MW eq. pulse 1 MW eq. beam

180 950 kW
g 130 2000 o powerat s (o) m 30000
¥ 10000 = pccumulated Beam Power [MWH]
§ "0
H 25000 =
H 800 ;
2
= Accident at 20000
g
i E 600 Hadron Facility %
5 H
]
;;, 15000 §
7 ; 400 Earthquake .‘g
H g 10000
H @ l. =
£ g
® 200
5000 3
]
_ <
Y 0
z: IZUD& ‘ZUU? ‘ZUID ‘ZOH 2012 ‘2013 ‘ZDM ‘ZOWS lZmﬁ ‘2017 ‘ZDWB ‘zm? ‘ZHZD ‘ZUZW ‘ZDZZ ‘ZUB I 2024

Fiscal Y
SCaI Y2~ 10 months Interruption . .
e to the earthquake 1 month interruption
due to the fire In MLF

Interruption due to
troubles of Hg-target as of May. 22, 2““9

0 s
time from Bmin [ms]

F.Tamura, et al., Phys. Rev. Accel. Beams 22, 092001 Since 2019’ the output beam power has been

increased steadily.

* Design beam power of 1 MW achieved
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RCS LLRF summary

The replacement of the original system with MTCA-based system was very successful:

* Messy cabling removed thanks to high speed backplane
» Three VME chasis — a single MLCA shelf for full function
 Stable operation

* Hot-swap
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Other major applications

Linac LLRF:
* “Present Status of J-PARC LINAC LLRF”, Kenta Futatsukawa, on Friday

MR LLRF

* “Operation status of MTCA .4 based LLRF control system for the J-PARC MR *,
Yasuyuki Sugiyama, on Friday

WCM digitizer for MR
* “A high-speed MTCA .4-based digitizer for the J-PARC MR”, Yasuyuki Sugiyama, today
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2. Applications at J-PARC

Ongoing development: new digitizer for Linac BLM
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BLM: Beam Loss Monitor

Gas Proportional BLM, E6876-600
Canon Electron Tubes & Devices Co., Ltd.

Length 600 mm

Diameter 50.8 mm

Enclosed Gas Ar and additive gas
Gas Pressure Approx. 1 atm

Realization of a microsecond response time
makes it ideal for machine protection systems.
(Taken from the website)

Abnormality detection is determined from signal peak value.
The integral value of the BLM signal is recorded as a trend.
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Monitor Location (SCT, BLM)

3 GeV
»| synchrotron
(RCS)

Monitor MEBT1 DTL SDTL MEBT2 ACS L3BT
SCT t 5 3 16 2 21 6
BLMe 0 10 21 3 21 39

SCT : Beam current
BLM : Beam loss

Front-end (=IS+LEBT+RFQ+MEBT1)
. ,DTL. SDTL MEBT2 ACS
R : . !

T

SCT and BLM are installed everywhere.
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Usage of BLM

Machine Protection System (MPS) / Interlock
* Abnormal beam loss — beam stop

Beam diagnostics

* BLM is indirect but related to beam quality
* To characterize the beam in macro pulse

Macro pulse
(made by the lon Source) I 50mA

" t Char
! ge
- 500 us T Stripping =@ SYnchrotron
Intermediate pulse T Foil
(made by the choppers) | [N - ¢
f~aoons T

Micro pulse ‘ ‘
(made by the RFQ) I I I I I I I t
~3ns
Front-end (=IS+LEBT+RFQ+MEBT1) Linac Linac beam monitors
,DTL, SDTL EBT?2 ACS . L3BT

Choooo=y ‘
Cavity 324 MHz | 972 MHz
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Waveforms and analysis

acsatscr Digitizer acquires:

: : s * Raw waveform
’ ’ ’ * Integration over an intermediate pulse

214 206 208 400 402 404 674 676 618 ® Integratlon over macro pulse

=4
E - Macro pulse: 46Qus waveform
0 _n
20 1000

Tme[ ] time

olt

Vv

ACS21:BLMP

. o
010 600points k=)
=
005 % ..... g ‘e l i l
3 2
0.00 =
time - time
200 300 400 500 650
0.10 g
= = S
2005 © v
T
& 000 = 2
F 5
0 200 400 600 800 1000 tlme
Time [us]
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Original and new BLM data acquisition
Original: BLM — pre-amp — analog signal processing module — VME (more than 15 yeas old)

New (planned): BLM — pre-amp — MicroTCA ADC/signal processing

Also, “synchronized data acquisition” is introduced, so that well-organized data storage according
to beam destination (MLF/MR) is possible

* Sophisticated signal processing on FPGA
» High speed data transfer to storage server

MicroT'CA is a good choice.

Tt R s N o Timing signal
52) iming miormation /12 M- clock,
HENDINA E EES MPSELa—/LA ( Beam ID, Tipe 135 H Trigger
—— EEDNER) MR coun, S count /
rawoutlt o | — ’
(MPS OUT 1) ¥
wrouth & FEHED) VMEEZ2—IbA  masssssess Management module Synchronized data
(EPICSLa—F{E) H (BLM-TAG) generation computer
Aoyt @  Supply Set the MR count Generate the synchronized
PRE AMP * Timing information Jor datasend data and supplyit by
% and Control command | EPICS waveform
H A
R H A A A LAN A
(BHAVME) I Timing Send data (Ethernet)
1 T signal corresponding to

1 I control command, | f

[«
k<

module L module .. ‘module - module
(BLM-ADC) (BLM-ADC) (BLM-ADC) (BLM-ADC)

BLM signal BLM signal BLM signal BLM signal
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New digitizer for linac BLM: Summary

A new digitizer for linac BLM based on MTCA is considered.
* Sophisticated signal processing on FPGA
» High speed data transfer to storage server from MTCA CPU

The synchronized-data setup can be also used for SCT and BPM.
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Summary and ourlook

Already deployed:
¢ LLRF (Linac, synchrotrons)
* WCM digitizer

They contribute to the stable operation of J-PARC accelerators.

Ongoing development:
* Digitizer for Linac BLM
* MR intra-bunch FB
* Timing system

* etc...

We continue to push the applications of MTCA at J-PARC.
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