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1.1 Japan Proton Accelerator Research Complex (J-PARC)

- J-PARC is located in Ibaraki, Japan
- Co-operated by KEK and JAEA

@ Three accelerators:

LI: A 400MeV proton linear accelerator

Bae T SO |
Hadron Beam Facility (HD)

RCS: A 3GeV Rapid Cycling Synchrotron

MR: A 30GeV Main Ring synchrotron
€ Two time cycles:
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1.2 J-PARC Timing System
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@ J-PARC timing transmitter provides following signals:
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2.1 25 Hz Irregular Trigger Clock Event

Number of beam stops per 8 hours —a few to 10

€®n November to December, 2016, the accelerator operation was suspended several
times a day, because of the faults of a beam diagnostic system.

@ Later investigation showed that an O/E module produced isregular signals. = Replaced

the O/E module. Took ten days to solve! Persistence

O/E module
(RPN-511)

mode

Normal signal 40min later

(25 Hz trigger-clock (Irregular signals appear)
signals from RCS)



2.2 Pulsed Bending Stopped Trigger Event

@ |n January 2018, during beam study of MR, the beam that should have reached
the MR did not arrive, without any interlock alert.

@ Soon we found that a fuse in a trigger fanout (NIM optical module) was broken.
Replaced

—> Replaced the NIM optical module
fuses

Pulsed bending magnet MR -
system of MR

LI

Pulsed bending magnet

.\ > MLF

MR




2.3 Steering Magnet Missing Trigger Event

€ In November, 2015, a bad quality beam appeared during stable beam delivery to
Hadron Facility. Such beams appeared a few times per month.
@ In June 2016, we found the timing receiver module for MR steering magnets

showed momentary errors.
This is a very rare

—> Added ferrite cores to metal cables. , g event. It took six
Timing T onths to solye!

receiver




2.4 Summary of Three Failure Events

I - T What we did

2017.11- Irregular trigger of An O/E module The module was replaced

2017.12 25 Hz trigger clock (generated noisy pulses) P

2018.01 Stoppea tngger of A7) O3 eelile The module was replaced
pulsed bending (fuse broken)

2015.11- Missing trigger of steering A timing receiver Ferrite cores were added to

2016.05 magnet (external noises) metal cables

¥ The first 2 events: serious concerns about the beam-switching function between
MLF and MR. Both of them showed no alert from timing system or control system,
and it was unable to find them from the control room remotely.

¥ The 3 event: really difficult to be detected (low-rate failure) and difficult to find

troublesome module among many candidates. What can we do for them?



2.4 Summary of Three Failure Events

m Type of Event 'v - What we did

2017.11- Irregular trigg I B
—au
2017.12 2> H7triee="" Timing read-back
2018. 01 St”op.peu system is the The module was replaced
|
2015.11- Missing trie- countermeasure: ver  arrite cores were added to
2016.05 - . .rnal noises) metal cables

¥ The first 2 events: serious concerns about the beam-switching function between
MLF and MR. Both of them showed no alert from timing system or control system,
and it was unable to find them from the control room remotely.

¥ The 3 event: really difficult to be detected (low-rate failure) and difficult to find

troublesome module among many candidates. What can we do for them?
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3.1 Timing Read-Back System (1)

€ Timing system distributes delayed-trigger signals to accelerator devices.

» Accelerator
Timing system

—— e ———————

Timing read-
back system

/ AY
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Tlmlng | clock J-I-I-l- : .
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3.1 Timing Read-Back System (2)

€ Timing read-back system
& Runs independently from the timing system.
€ Observes and confirms delayed trigger signals with sensors.
¥ Makes an alert when unexpected trigger-failure event is detected.

» Accelerator Timing read-
Timing system back system

" Trigger i Distribute & Arise . .

| MasterRE |/ 5 Read-back

Event
code System
\ 7 ¢
N e s > P4 -
, Sensor - Sensor -- Sensor -- Sensor -. Sensor ----
[ lon Magnet RF Injection, Beam :
I source power- SRR extraction diagnostic eee !
| orE-gun supply ¥ (kicker etc.) system :
| I
1 I
/

9 \ Accelerator devices

_______________________________________________



3.2 A Triggered Scaler Module - Introduction

. Sensor - Sensor -- Sensor -- Sensor -__\

If lon Magnet Injection,

| source power- extraction  diagnostic eee
:

I

|

J-PARC Timing System

S-in Trig-in
Signal Signal

or E-gun supply (kicker etc.) system

X Accelerator devices

_______________________________________________

® A new module, triggered scaler, was designed as a

of the read-back system for J-PARC timing system.

S LED

@ Scalers inside the module are used to count number of VAl
pulses in 25 Hz (40ms) and stores counts in a momentary D

array. ©©)
@ Two reference signals, “S IN” (start of machine cycle) and

channels

“TRIG IN” (start of rapid cycle) are needed. They are

provided by J-PARC timing system.
Yokogawa PLC-type

module; designed by
J-PARC control group



3.2 A Triggered Scaler Module - Working Principle

€ Two FPGA logics are inside the module

1 1 1 ]
_ R system LI~ N~ WA= sTii:al
®FPGA_1: Counts the input pulses . i o
(2.48s or 5.20s) clock
and stores it in a dual ring buffer. i, —
Input signal
@ 2 dual memory buffer = two memory %;
buffers, 192 elements x 2. e

€ 2 memory buffer can store 7.68s at

0]0[0|0|1]1]1]1
ololo[o[1[1|1]1] ... |

Get Visualized Waveform

maximum with 25 Hz trigger clock.

€@ FPGA_2: Reads the memory buffer,

0]0/0]0]0]0]1|0
0]0/0|0|0]0]1]|0] .

detects a trigger failure event, and

sets error flags if necessary.
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Measured Accelerator Signal by TS
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3.2 A Triggered Scaler Module - Performance

This test was reported
@ The injection kicker signal was successfully observed in 2018 in PCaPAC 2018

o . , , , , _ _ by Dr. N.Kamikubota
@ The injection kicker is triggered four times in one machine cycle.

MR timing pattern
FLATTOP
e “30GeV”
(or “8GeV)
Injection
K2 K4
K1 K3
waceve |11
| | .
Ts POPI P2 P3 p4 lme
T P Machine Cycle (2.48s or 5.25) .S
Injection Kicker signal
4
Observed and
3 L] L]
2 visualized!
1
0
0 10 20 30 40
From Ts: 192(40) x 40ms




3.3 Prototype Read-Back System

€ In 2020, a prototype read-back system was developed and tested using a injection kicker signal

@ Detect a dummy trigger-failure event and identify the failure type successfully

Irregular trigger was

PLC-based setu
> detected successfully

Power suppl CPU Triggered Scaler . . E
pply i CPU g8 Unexpected-Trigger Detection
) - R — PR Run 85 Unexpected-Trigger Occurred .
Start of SRot 310009 ||/ o2 17:13:24 K@ @« @
machllne Time 20 17:13:11.890 Ursezectod-Trigper M1
o sl Run 85 183
Start Of Shot 316589
ra p[d Missing Trigger 03 ‘ ‘ ‘ ’
cycle Irregular Trigges . ,,,,,,,,,,,,,,,,
CH3: Double Trigger = mo ;:gu; ::u = 2
4 ! At Injection
- DCCT ("1001) peoton) 4 Reference Previous Trgger Montor
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4.1 Read-Back of 25 Hz Trigger Clock & Magnet Power Supply Trigger (1)

€ In 2020, the prototype system was located in one building.

@ In 2022, new read-back system with three PLC-based setups was developed.

| \( & ¢ In VR (Main Ring), there are 3 power
S supply buildings :

MR-D1, MR-D2, MR-D3

& @ Three PLC-based setups with
triggered scaler modules are installed

at three buildings.




4.1 Read-Back of 25 Hz Trigger Clock & Magnet Power Supply Trigger (2)

€ In 2020, the prototype system was located in one building.

0 In 2022, new read-back system with three PLC-based setups was developed.

' Bl € 'n MR (Main Ring), there are 3 power
J- PARC bwldmg Iayout ——

supply buildings :

ey MR-D1, MR-D2, MR-D3

A Yo @ Three PLC-based setups with

‘ triggered scaler modules are installed
at three buildings.

@ Each setup supervises both signals:
(a) a 25 Hz trigger clock,

(b) a magnet power supply trigger.



4.1 Read-Back of 25 Hz Trigger Clock & Magnet Power Supply Trigger (3)

€ The read-back application is covering three power supply buildings, and operated during

the J-PARC beam operation in June and July 2022. No trigger-failure event was observed.

./ts-test-D1D2D3 _V3.edl - - 9
R"'"_ 89 e 22107101 12:33:04
Shot: 1679 Tlmlng Read_Back System Ver.1 {Jun. 2022)
Timing System Read-Back System

P Machine Cycle 1360 ms (34) - Timing Read-Back System @D1 |

No Beam for MR — -
Timing Receiver @D1 . .
Magnettrig  1orms oy |1 Megnettria () Check Detall It was tested by a simulated
—W. 25Hz trig . . . .

Status OK missing trigger event.

LI-TMG master cycle 1360 ms P Machine Cycle 1360 ms (34) - Timing Read-Back System @'

Changed on Jun 27, 2022 16:54:47.14 . Timing Re.cewer @D2 Magnetiy . Jul 01, 2022 12:30:49.1067

Magnet trig 187ms (P0)
Stans O B &

p= Machine Cycle 1360ms (34) - Timing Read-Back System @D3
Timing Receiver @D3 -Eﬂlzﬁl
d . —®= Magnet trig . Check Detail
Magnet trig 187ms (P0)
P 25Hz trig . Check Detail

Status OK




4.2 Read-Back of Pulsed Bending Trigger (1)

@ The pulsed bending magnet switches the beams between MR and MLF.

@ The failure of the start trigger of pulsed bending power supply is serious because

the miss-controlled beam would go to an undesirable destination.

Pulsed bending magnet MR

system of MR

LI

RCS

Pulsed bending magnet

-\ > MLF

MR

Beams coming from
RCS to MR L

e

Pulsed bending magnet

magnetic field flat f; i -
120ms

Start trigger |




4.2 Read-Back of Pulsed Bending Trigger (2)

Bl =

€ Hardware Setup uls?d ending Power Supply Frame

Wi“i ! = i ? F—— i ":— Y E' | ||
€ The EPICS 10C with a triggered scaler module is e o
implemented in the pulsed bending power supply frame. @& =1
» —B
Fault module % =
in 2018 Pulsed bendi t E ::i
sed bending magnet power | f—
O/E suppls fra:m : :i ;if 'ﬁi
I E/o Start E |
i fectrical (RPN- Optical | trigger | pyjsed bending magnet i 7.
| Signal power supply controller il
ff, | 870) il
Timing ! I::g:: I Eanou Ch1 ‘
Fanout - CPU receiver 1 (RPN- (:::;- - = J I I D B P B B B B B : - e : | —
1060) [ i Trigger Trigger e I N . —
! L o (3/13) —Ss'mil 4 o i =
I___I 1 | PP S — VL e
Trigger } | T=B B 7 ' —
| | —k ,
Conw. { ‘ .
S signal I
I
| ]

Read-back system in 2021



4.2 Read-Back of Pulsed Bending Trigger (3)

@ The system has been running in 2021 and 2022 during J-PARC beam operation

& No trigger-failure events observed so far. Good for operation, but ... - -!!!

@ |t was tested using a dummy signal before and after the operation.

ece X\ .ts-test-PBTrigger_full.ed It was tested by a simulated -~ ©
Run: 87 1 1
leod-Bend Trioer Dotoct QusE oo Irregular trigger event. !
[ Mini gul | ulsed-Bend Trigger Detection | Mini GUI | ulses = ORSTR
21/05/28 14:50:34 21/07/02 17:00:51
Trig Prohibited Trigger Fault Detected Trig Prohibited . Trigger Fault Detected
+ (MR is not a beam destination) o . + (MR is not a heam destination)
— - Missing Trigger — - Missing Trigger
Trig Stop —___»  Double Trigger Reset Trig Stop L - Double Trigger Reset
. Trig OK — - Irregular Trigger Trig OK —p. Irregular Trigger
—» Irregular Machine Cycle e Irregular Machine Cycle
Timestamp:|May 28, 2021 14:50:32.3193| ~ Timestamp| | Timestamp:| Jul 02, 2021 17:00:34.8718 | = Timestamp:| Jul 02, 2021 17:00:40.8718 |
g Mormal Waveform in the Last Cycle 2 Saved Annarmal Waveform S R ,_ Normal Waveform in the Last Cycle ; Saved Abnormal Waveform Saved Parameters
8 s a0 | 15 15 Run:
. 1 1
o | oo shoe ] 05 05 Shot:[ 582086 |
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4.4 Read-Back of LLRF Signal

@ In 2018, LLRF signal was demonstrated to visualize a LLRF pattern.

& After 2021, this monitoring system has been used in operation.

& Right) a 10-day history of the MR energy, which is deduced from the observed LLRF patterns.

Counts Observed LLRF Patterns 10-day history of MR energy (from LLRF)
7600 30""" ' ' : : '
??00% m P I S v | R , e S S

3 Energy |
76003 (GeV) 20 | MR energy was changed from 8 GeV |-
3 - | to 30 GeV on May 25, 2021.

?500-:: 7800—:; 15+ i
7400 T T T T T T T 3 s 1] S R - : ; bt i neeani o ntens
0 /% S0 100 150 | 76003 § —_—

o 192(138) x 40m3 75003 9 IR SOV TP U, SOV T . DU JU. T, S
A 8 N 8 & B N B 8 8 B N 8 §
G Y T —— ——— E B B B B B B B B B B E ®
INJ ACC Extraction 0 50 100 150 200 £ T £ =z T T X T =T X T ZT §

192(130)  40ms = & & S ‘<§ S E = ‘g E ?g & 9
o = N w w ~ et
Date

‘
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5.1 Ongoing Plan for Pulsed Bending Trigger (1)

‘ Current system: Past problems occurred
with O/E or E/O modules

@ Timing system and Read-

. Pulsed bending magnet
back system are distant Over| ok | riming system at lgfal control roo _ : power supply frame
¥
Start
20 m. E/O I _ trigger | pulsed bending magnet
Electrica) (RPN- | [pptical
— Signal F : 870) ISignaI power supply controller
. . . . “| Fanou

€ Timing signals are ranou | |cou | 0% Y| o | o R | TR T -
_ 1060) i Jrigger | O/E | i ]
transferred with many O/E = (1110) |5 signai ,
- i ISsignaI I
and E/O modules over 20m. Triger |
s signal Read-back I
€ Aging of modulesis L RIS system EPICS 10C :
potential source of failures. Timing system is located Read-back system is in the

at a local control room frame of power supply



5.1 Ongoing Plan for Pulsed Bending Trigger (2)

Current syste
‘ FUture plan " Pulsed bending magnet
‘ O/E Timing system at local control room power supply frame
New power supply for the pulsed Sar
l iy — :’f';;;- optcs 1| e sty ot
bending magnet is under construction s |||ce | mmine i st
)
€ The timing and the its read-back A , ssenal, |
Trigger
systems will be merged, and Sl
embedded inside the frame
Future plan Start New Pulsed bending | Qutput
trigger magnet power supply
of the new power supply. Optcl controller 1
nout
Optical Signal Read'baCk -i
system
Almost no O/E, + | :
€ Almost no O/E, E/O modules E/O modules ——— -
|
system EPICS I0C I

-> decrease the failure rate



5.1 Ongoing Plan for Pulsed Bending Trigger (3)

@ Setup of the improved system:
€ \With a new timing e
receiver = reduce failure

rate

Power supply

Fan-out trigger

from PB PS
PLC-CPU SZ87 PB magnet PB magnet
F3RP71 Signal Start trigger Analog out
Linux/Epics generation

PPS
Signal

Pulse output

and analog
i ot output will be
‘ Wlth a dlgltlzer % Triggered F3HAO6+IF F3XC08 Omron S8VS p g
o, | Rack Scaler Digitizer Dig. Input 24V PS supervise d
. LAN Timing signa
supervise analog output
. . Future plan Start New Pulsed bending | Qutput
® Embedded inside the | . e | magnet power supply 1
controlier
fanout
power supply frame ot Read-back
system |

Almost no O/E, E/O
modules.

EPICS 10C




5.1 Ongoing Plan for Pulsed Bending Trigger (Photo)

¥ New power supply : status on Sept.20, 2022

The control rack
The improved timing + readback

\\ N ‘ system, embedded inside the
= s i

power supply (not working yet)

4 1 o JESES
Pt

i ) SR \ 3 ”
1 i 4, ()
AL T ey |

|

A control rack, links to
the control and the
timing systems

New power supply
for the pulsed
bending magnet
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6. Summary

26

Past trigger-failure events Timing Signals Other Signals
——————————————————————————————————— \\I {,——————————\‘
25 Hz Irregular Steering Magnet Pulsed Bending | : T :
_ . . ) :
Trigger Missing Trigger Stopped Trigger | : e A :
/

pattern

monitoring

Countermeasures New tool

Applications of Read-back system

€ The applications of timing read-back system were developed, and in operation in J-PARC
Main Ring since 2021 and 2022. Triggered Scaler module is the key device.
€ New “improved timing and read-back system” is underway for a new power supply.

€ These works have contributed to stable operation of J-PARC.



Thank you!
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2.3 Steering Magnet Missing Trigger Event

€ In November, 2015, a bad quality beam appeared during stable beam delivery to
Hadron Facility. Such beams appeared a few times per month.

@ In June 2016, we found the timing receiver module for MR steering magnets

showed momentary errors.

—> Added ferrite cores to metal cables.

[ 2016 Apr 24 10:22:23 - Run 68 Shot 273396 |

Normal

RMS of COD
(Closed Orbit
Distortion)

T§ e
> 1

Oi/
° 05

Missing trigger
occurred

Y s [Mm]

[ 2016 Apr24 1

0:22:25 - Run 68 Shot 273397 |

lime from K1 [;ig:]

Timing
receiver

onths to sol

This is a very rare
event. It took six

el




3.2 A Triggered Scaler Module - Performance

This test was reported

@ The injection kicker signal was successfully observed in 2018 in PCaPAC 2018
S . - . . . by N.Kamikubota
@ The injection kicker is triggered four times in one machine cycle.
MR timing pattern LATTOP
energy “30?} eV
Injection o
K2 K4
K1 K3
wagevr |11

|| N |

Ts POPI P2 P3 py4 time
T < Machine Cycle (2.48s or 5.25) > S
Injection Kicker signal
4
3
Observed and
2 . q
visualized!
1
0
0 10 20 30 40
From Ts: 192(40) x 40ms




3.3 Prototype Read-Back System (1)

@® A prototype read-back system for injection kicker signal was developed.

@ Possible failure events of injection kicker signal

@ Missing trigger: one (or more) trigger disappears.

@ Irregular trigger: unexpected triggers are overlapped into the original signal (caused by noise).

@ Double trigger: one (or more) trigger is counted double (caused by bad termination).

Normal Trigger
TS-ch3 (K1-K4 from RCS)

The undesirable trigger-failure events are called

“unexpected trigger-failure events”

0 10 20 30
From Ts: 192(40) x 40ms

40

Missing Trigger
TS-ch3 (K1-K4 from RCS)

Irregular Trigger
TS-ch3 (K1-K4 from RCS)

Double Trigger
TS-ch3 (K1-K4 from RCS)

\

o - ~n « i

0 10 20 30

From Ts: 192(40) x 40ms

40

v

0 10 20 30
From Ts: 192(40) x 40ms

o - ~n w i

40

v

o - ~n w <

0 10 20 30
From Ts: 192(40) x 40ms

40




3.4 Summary of Timing Read-Back System & Triggered Scaler Module

@ The prototype system detected unexpected trigger-failure events successfully.
@ The triggered scaler module is the key to construct a timing read-back system.

@ The EPICS achieves system flexibility.



4.1 Read-Back System of 25 Hz Trigger Clock from RCS

Triggered
@ The 25 Hz trigger clock from RCS is important because ...

@It is used for the data acquisition of a fast-current transformer (FCT)

located between the RCS and MR.

@ The FCT is essential for MR radiation safety. Its error causes a critical
problem.

@ The read-back system of the 25 Hz trigger clock is available since

[o5  as v ignal N
May 2021. Remote monitoring and trigger detection are realized. et ey -0

Run: 89
Observed and [ini 61 | 25Hz Trigger Detection Shot: 1679
22107101 11:49:26
visualized
| . Trigger Fault Detected
MR is a bl destinati
rem otely | [ | is a beam destination @ issing Tigger
RCS MR is not a beam destination - Hongleinager
Machine CYC|e (520/2 48 5) Trig « > Irregular Machine Cycle
S |« >
| | > Timestamp:| Jul 01, 2022 11:40. 76417 | | Timestamp:[ Jul 01, 2022 11:48:29.6417 |
25 Hz Sign al from RCS 5 Normal Waveform in the Last Cycle T 2 Saved Abnormal Waveform Saved Parameters
Ll L b, @ Aun: [ 5]
1
05 05 Shot:
0 | ] T P P T ] [ e B 0 1P P P e P ] e P P ] [ P P 1 .
0 s 100 180 200 0 50 o aa - oho|| miggerinCycle:
From Ts: 192(40) x 40ms From Ts: 192(40) x 40ms




Ref) J-PARC Timing: Facts

1.J-PARC is an accelerator complex located in Ibaraki, Japan

1. Rapid cycle: LI(400MeV Linac) and RCS(3GeV) - 25Hz

cycle: MR(30GeV Main Ring) -

2.Hardware

1. Home-design VME modules for control, NIM modules for signal generation

(not MRF-based)

3.Software

1. Developed by ourselves

2. EPICS and its tools are used in general

3. Java and python are preferred for table-data handling (epics waveform)
4.Scale of the system

1. One Send-module (FEVG)

2. LI/RCS/MR - 118/43/45 VME receiver-modules(EVR), ~540/220/300

endpoints

For more, please refer
“OPERATION STATUS OF J-PARC TIMING SYSTEM AND FUTURE PLAN”,

N. Kamikubota et.al, at ICALECS2015



Timing: timing hardware - J-PARC

* A Master oscillator to generate 12MHZ Clock
* A send module (timing master, VME) and receiver modules (VME)

* NIM modules to generate trigger or gate signals

CCB Building A Facility Building

[Master Osc.

NIM

CLK (nim)
Trig (nim)
Type-code (lvds)

r
bfase S|gnalsare} Old t|m|ng maSter
ed into a Recv

Seq. Pattern 41[#]

3 base-signals:
CLK, Trig, Type

( |
Current timing master
ﬁ _ Seq. Pattern 641

Type-code is generated by the Send Module

and is sent at the 25-Hz rate Jl

Different NIM modules to output signals
8ch trigger (TTL,NIM), 4ch gate (TTL)

Receiver module
8 setpoints per module

Receiver module

* New timing hardware modules (VME-based master, receiver; PLC-based receiver) are in test




Timing: timing network - J-PARC

J-PARC
* Fiber-optic cable network between buildings
* O/E, E/O modules (NIM-modules) to form a facility-wide timing network
* Used to provide 3 base-signals: 12MHz Clock (CLK), 25Hz trigger (TRIG) and sequence of type-codes (TYPE)
Fiber-optic cable network: NIM modules in CCB

pr—

-single-mode cables
- 3-4 us distance between buildings

Recv . =/ |\

 build. |

CCB (MR 3 build.) | YT

l (central control (MR 2nd build.)
building)

—
! i Recv
[ Recv

RCS MR-D1
(RCS build.) (MR 1st build.)

Send

LI

(Linac bui Recv

3 base-signals:
CLK, Trig, Type

12MHz->25Hz Fan-out module O/E, E/O module




4. Triggered Scaler Module

~

/7
/
. o e, e ' Data buffer
& Difference Between Digitizer, ! Clock(lfkﬂz) 0
| 0
. . ' : 3
Triggered Scaler and Simple Scaler | 5
21
e el I
& Digitizer —— ! Analog %
I Signal 66
| :
\
¢ Simple scaler D
7
H /
______ L@ Tt sl — N
/ Y | 0 5 "
, Integer buffer :: ‘1) ) :
. 1 Triggered S—— 0 R :_‘q
| @—* Simple Scaler 22| @ | Scaler 0 g : o :
: :: Digital Signal g t :
| Digital Signal g (Fulses) 0 . :
| (Pulses) L 3 >
7\ =



€ Early Measurement of RF signal

€@ The number of counts in a 40ms bin were measured.
@ Beam energy is 3GeV (8 GeV, 30 GeV), the number of counts 7429 (7608/7609, 7648) was

observed.

() ./ts-test-h3001.ed! (jkjblade44.mr.jkcont) ml

7800 ~1 7800 = 7800 =
} 2 o8 E
TS test h30/01 18/06/11 12:08:02 | » X : RF signal (counts / 40 ms) - el |7 Fos| | ™ e
7600 - 7600 r 7600 L
. . i .04 04 04
TS-ch1 (RFcirc.) » L :Circumstance of MR (1567.5 m) - ! 3GeV e 7500 W o 7500 30GeV | [,
7800 =1 . : " - 74003 rrr et o o | !
g 30GeV F 0.8 » c:speed of light (299792458 m/s) 0 “20— 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40 60 80 100 120
77004 ki 5 192(138) x 40ms 192(138) % 40ms 192(138) x 40ms
E 0.6 » [ :Relative speed
76003 E
75005 \.( E04 » myc? : Proton rest mass (0.938 GeV) RF parameters | Observed by a triggered scaler
mué @ -_:'2 Energy RFMHz* one turnws) expected | Number of counts in 40ms bin
0 ’/zo“ e so\\ 80 100 120\ v x L ---
\‘\ 192(130)\"40'“5 B= ¢ 0.040 ) c 30GeV 1.7205 5.231 7647 | 7647
E = >~ moc2 3GeV 1.6717 5.384 7429| 7429
Machme Cycle (5200ms) V1- B * revolution frequency with h=9




