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Overview of HEPS Project

B The first 4th generation synchrotron radiation =
light source in China |
» 6GeV, 7BA-lattice , 14+1 beamlines for phase |
B Huairou District, Beijing, ~80 km far from IHEP
B Construction period —Jun. 2019 — Dec. 2025

» Accelerator Acceptance Inspection: October, 2025
» >100mA, <100pm-rad

Beam energy 6 GeV
Circumference 1360.4 m

Emittance <60 pm-rad
Brightness >1022 ph/s/mm2/mrad2/0.1%BW

Beam current 200 mA




Timing Related Parameters

B 500MeV Linac , 0.5-6GeV Booster , 6GeV Storage Ring

B Three transport line . Linac to Booster , BSto SR, SR to BS

Storage Ring .
Parameter Booster Linac
High-brightness High-charge
Circumference 1360.40 m 454.06 m 48.85 m
166.6/499.8/29
RF Frequency 166.6/498.8 MHz 499.8 MHz 98.8 Mz
volution 220.370 kHz 660.239 kHz <50Hz
epetition
Harmonic Number 756 757
Bucket Numbers 680 63 10 (max)
Bucket Interval 6 ns 72 ns
Bunch Length
(RMS) 106 ps 160 ps

Booster Repetition
Rate

1Hz

Booster 0.5-6GeV
C=454.07m

LTB
B

- {iump

Storage ring /

C=1360.40m



Challenges of HEPS timing: Wide Range and High Precision

B Over 2km Range, More than 3000 output channels

B Multiple interface types and voltage levels

» 5V/3.3V TTL, Optical Interface, 24V/12V output

B Less than 10ps adjusted step-size, More than 10s delay range

10ps jitter required by e-Gun and SR kicker, 30ps requirement for other systems ,
including accelerator and beam lines
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Challenge of HEPS timing: Sophisticated Logic

B Novel on-Axis Swap-out Injection
» Booster acts as both the full-energy injector and accumulator
» Processes: Linac to BST , BST ramping BST to SR , SR to BST
B Synchronized Booster Ramping
» Step-by-step ramping, including power supplies and RF
» Synchronized start/stopped at any energy

Small charge bunch after acceleration Merged bunch stays in the booster for ~ 20 ms

High charge bunch to be replenished
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Alignment for the Injection&Extraction processes

B Coincidence clock: ~291Hz; 166.6MHz/756/757
B Oth bucket alignment when Coincidence clock come
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» Using different event codes control each independent
process, and each process can be controlled independently
or combined to meet the various needs of operation

A = + X + + = X +

Ao = 6ns X (m+ 756M1) = 2ns X (n+ 757N1)
A = X ( + , )

» After finding the start time of bucket 0 in each
injection process, buckets in other locations can be
injected into the specified bucket with an integer
multiple delay of 6ns, calculated by the formula



Control Cycle

B Modalized design: each process can operate standalone or be flexibly combined

B Any Selected Bunch Position .
» Among 756 SR and 10 BST buckets;
» Any bucket from SR to BS and vice versa;

B Rapidly tracks the phase

inj. /ext

changes of the MO

BST Ramping

B All stations have feedback
> correct drift

0.5 -
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Time (ms .
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MS 1o 55
o w201 LU » No cable length

S 2911k UL matching requirement




System Architecture

8 subsystem and over 3000 outputs

RF166.6 MHz—— MPS > Injection and Extraction System > FOFB
SOHZ —— PPS % Linac Accelerator > RF System
» Power Supply » Machine Protection
Main station . .
» Beam Instrument » Beam Line and Station
A 4 h 4 A 4 A 4 v l A 4 A 4
Linac Booster . ; .
; ; _ Booster BI ; Storage Ring High Energy Storage Ring :
Linac statted Ing ec.non Stations Rampmg BI Stations inj/ext Stations RF Station OMnER SEHOMS
Station Station
> Mod.s > BPMs —> Booster RI's L, BMag.s |— BPMs > SR Inj. Kickers > Beam lines
—> BPMs "
— PR — unec | 1
— LLILRFs 8 OMag.s — SR Ext. Kickers
—> Tune | . Fdbks
—> Ampl.s > ICTs » Smag.s — BST Inj. Kickers
- Fdbks — FOFB
——» e¢Gun L Kickers L Others —> CMag.s L— Others > BST Ext. Kickers > Others

B No phase shift after power reboot Both Master and Slave : 166.6MHz RF in and 166.6MHz event clock
B Interface for MPS and FMPS : Post Mortem , Synchronized data acquisition
B PPS : Combine UTC code , high precision timestamp




Layout

36 timing stations : 1 Master, 28 Accelerator Slave, 7 beamline slave

OM4, Multimode Fiber, <400m

B Linac station : 2
v' 01 station : E-Gun, Linac Klystron and LLRF
v’ 02 station : Low energy injection kicker, Linac, low
energy transport line and part booster Bl
B High energy injection and extraction station : 4
v" 03: Booster extr. kicker and bumper
v' 04: Storage ring injection kicker
v 05: Storage ring pre-kicker, kicker
v' 06: Booster injection kicker
B Booster Stations : 5
v' 07-10 stations : Booster Bl (BPM and others)
v 11 station : Booster Bl and Booster RF
B Storage ring Bl and FOFB stations: 16
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v’ 12-27 stations : 3 straight section’s Bl and FOFB in one stations \.~‘

v’ Storage ring RF station : 1
v’ 28 stations . SR RF

B Beamline stations : 7
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Hardware : Main Station

OOl oo|o 0
0101000 0
OO\ 00|0 0
010000 0
(0 00|0 ]
010000 (]
POWER | MCH MCH || POWER
(0000 u EVM.
Slololalo . mTCA VM 300
O 0000 - seala
OO O 1O % R AL
EVR - o
EVG | FAN| FAN| FAN | FAN o =

GFO1 GFO2 GFO3 GFO4 CROL <l

AMG64/472

O MTCA.4 Crate : 9U

O Double Power Supply , double MCH : NAT-MCH-PHYSS80

O CPU : AMG64/472 4-core (4.0 GHz) (45W) Xeon E3-1505M v6,32GB DRAM ,
CentOS—>Debian linux ,

O EVG : mTCA-EVM-300 (MRF)

O FANOUT : mTCA-EVM-300 (MRF)
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Slave Station

(o fjolfoffollo
(Mo folfoffollo
(M ofolfoffollo
Mo folfoffollo
M O|offofolc
it P (N Amp (e Am N
e i Ol ol ol olC
o offofalo
Aloojlolfolfo
Ajolofoflolo
L O D L
= R B - -‘
3U chassis 1-10 TTL FANOUT  1-10 HFBR-1414  TTL5V TTL3.3V
B Crate B Timing Board B Output
O 9U : 12 slots O FANOUT : mTCA-EVM-300 O UNIV-TTL5V : LEMO
O 2U : 6slots O EVR : mTCA-EVR-300 O UNIV-HFBR-1414 : ST
MCH+CPU : » TTL:A4
: O UNIV-TTL-DLY : 10p delay st
4 Core Core E3 (E3-1505LV5 25W 4c¢/8t > UNIV : 4 size PETER
HDP530 2.0GHz 8MB incl. ECC 16 GB > Pulser 16 O 1-10 TTL FANOUT
DDR3-1066) O RTM : UNIV : 10 O 1-10 HFBR-1414 FANOUT

O 3U :beamline
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Linac Timing

mTiming system in the Linac commissioning stage

1. Temporary Main Timing Station

: 2. Microwave and Power Source . o _
Temporary Linac Control Room Timing Station Linac Bl Timing Station
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Booster Timing

Bl Timing

> 4 stations are located in Booster tunnel

> Both the cabinet power supply and the crates can be managed remotely
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Ramping Timing

eTiming for Booster RF and Power Supply

»|solation : optical for PS
»Fanout

Booster RF Timing
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Storage Ring Timing

» Bl : 576 BPM , ~200 BLM , BCM , Tune......
» PS : ~2700 power supplies , Postmortem
> |E, FOFB, RF

T T T T T N —
&2 Timing System

| R

ST

3HIRT

THEIRT

L g
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Beamline Timing

eB3: Structure Dynamics Beamline-ID30

0 Two time slave stations---Inside :M Hut ; Outside: L and N Hut;

0 EVG Cascaded from Acc. Master;

0 Support beam synchronous triggers, one time triggers in three Huts or independtly
[ Less than 1ps jitter clock for Laser experiments, minimum 10ps stepsize delay.

0 Supports sending certain triggers, then waiting for an external trigger to send more

_ ; T
T || N
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Operator Interfaces

= Software : Epics( base 7.6.01 ), Phoebus

= Setting Store and Recover

—Process Control

BST:ENG:LINJ

Low Eng Inj Ramp Up High Eng BTS Inj High Eng STB Inj
500.00 MeV TRIG |\/ Repeat
BST:ENG:EXT &‘ ‘ IS | | Disable ‘ Disable
cooney  [IIERENN ST IS _ . Stop |

—Delay and Intervals in injection, ramping up and extraction

Lowest E Ramp to linj L_injection Ramping Up H_inj. & ext. Interval of each injection
Delay 0.000s 0.500 s -0.280s 0.010 s 0.060 s 0.060 s
Total Interval 0.609 s 0.501s 0.002 s 0.556 s 0.368 s 2.898 s

—Mode Selection — Status
BST:ENG:NOW
Threshold

| TopupMode | znoo0ms 50000 MeV

o BST:ENG:NOW:REA

‘ Normal Mode |

— 500.20 MeV.

SR MinQ Inj | @on TABLE
Ramping table read:

STATUS: it 2

BST:INJ:STATUS

Standby

EPICS autosave , Archiver

—Master Oscillator

Manual Button

Frode,, | 166600363.459 Hz Ll ek -1.1438 deg
R Bk 166.600363 MHZ BooEa: 128.0932 deg
Rk 490.801090 MHz Phase Montor  145.2474 deg
Fromuoncy 166600363 459 Hz Phass Monjtr 14.3973 deg

MO Setting ‘ ‘ Booster REF Setting ‘ ‘ Linac REF Setting |

—Booster Bucket—

—Storage Ring Bucket

Oth bucket 375th bucket 0
-] [ ] 35
72
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75th bucket  450th bucket s
180
® ° 216
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150th bucket 525th bucket 324
°® ® 360

225th bucket 600th bucket
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RF ramping curves

04

L] ° 540 575
576 611
612 647
300th bucket 675th bucket 648 683 v
® PY Bed 719
720 755
Booster Bucket Setting ‘ ‘ SR Bucket Setting 00130
20230609

00230 0030 MBN M

U

T T
AN (40500

Magnet Power Supply ramping curves

» Top-up Mode
» Min-Q Injection

» Booster Energy
Setting

» Any process
v" Enable/Disable
v Delay setting

» Single/Repeat
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Device Control Interfaces

Timing Control

» Easy to find: Categorized by system and location

» Independent control: enable/disable, delay, width, direction | meumem

» Trigger Switcher: output can be assigned different functions
and delays

» Delays grouped by category can be modified simultaneously

Device Control

Linac Injection&Extraction RF

Power Supply Beam Instrumentation FOFB

Beam Instrument Timing Control Timing Control for Linac e-Gun & Power Source & LLRF

Linac Beam Instrumentation Timing Control

Bl Control Linac Bl Timin
Stas  Delay Width enzhle/disaole Fite Delay J
SR R4BBPMO2-07 trigger Switch—————————— BPM SYN ——————————— 0 Puser igge $52510 1 1m0 s (00 0mps 00ps
i delay Width enable/disable status delay Width enable/disable
BSto SR E221870S :SYN: e5unPS pretigger 0000 s H N T Saie Reloat S it
S BEMSYNIALL R icTol 167.150 us 2000 us [00R ] PROL 50000/ us 35,000
5 us " o
€30 PS ligger I 1800 s 200 s (001 e 157.050 s 2000 v [80R) RO Ol 50000 us 35000
1cT03 157.118 us 2000 us [[@0n ] PRO3 50000 us 35,000
LINAC Klystron Modulator LINAC LLRF 1CT04 167.100 us 2000 us [[@0n ] PRO4 50000/ us 35,000
Staus  Delay Widty enable/disable Stas  Delay Widty enhe/disable TS 157088 us 200 us [0on PROS 50000 us 35.000
BPM Setting KL oetigger 0000 1 400 us (80 SHBLtigger 108200 s 100 w5 (000 cTo8 157098 us 2000 us  [80RY PROS 01 50000 us 35,000
K tigger 41310 us 4000 us [ @00 SHB2 tigger 115000 us 1000 us ‘ Qon :\
- LINAC BPM 3
K2 ore-tige 0000 us 400 s | 80K K1 troger 150310 us 2000 w000 dalis  Goly Wi pEET— m—
Linac Bl LTB BI BS BI Ko e W s (0o K reger s s 200w [80n) BPMOL 155120 us 200 v [00R0 sas delay wih enablldiatle
EEE BPMSYN & Noral 0000 Us 2000 us [[00n]
3 0e-tigge: 000 15 am i [0 3 rgger 8160 15 w0 s [0on) L L55.100]5ue 2000 s | -
Soz BPMO3 155,127 us 2000 us (@00
K3 tigger 15480 s 000 us Ke troger 148180 us 200w [0 p— BEMTEST,
T BPMO4 155,250 us 200 us  [00n]
BTS STB Bl SR BI ; _o0n "
PR " T ; — [
Kd ore-rioge 0000 us 4000 us K5 troger 41910 us 00 s @00 R TR T 70« [ BPMTST 0000 us 200 us [(@on]
4 tigger 145500 s 000 us BPMOG 155.290 us 2000 us [00n
K5 petiger 0 s m s BPMO7 155,260 us 2000 us (@00
BPMOB 155.230 us 200 us [@On
K5 rigger U520 s 5000 us S Save Reload

Go Timing Home

18




Ampl. (V)

Testing: Distributed Clock

Name Frequency Divider

Feo 291.11Hz 572292 ( 756%757 )

Forev 220.370Hz 756

Foreyv 660.239Hz 757/3

o = EEEE

CH 1 Frequency

291.110 132 64 n:

Mean:  291.110 132 69 H:
StdDev: 33.343 075 730nH:

CH1 Frequency

220.370 370 37khz

Mean:  220.370 370 37kHz
StdDev. 6.199 666 277 JuH:

Max: 281.110 132 77 Hz
Min: 281.110 132 40 Hz

Max: 220,370 370 40kHz
Min: 220,370 370 33kHz

Count: 672 340 #llan Deviation: 33.680 639 184n Count: 531 106 Allan Deviation: 6.631 867 787 4y
Freq ; Advanced Fre ; Advanced
Freq ‘ Ratio Period ‘ | [Auto Freq Ratitlln Period | [Auto
3.5 35
3 [E— ] S (] { 3 [ owes — Fra prane) f
2.5 2.5
2K 2 H
=
1.5 = 15
£
1R < 1
0.5 0.5
of . e EET— [——— of e g
0.5 0.5 *
6 -4 2 0 2 4 6 -8 6 -4 2 6] 2 4 6 8
Time (ms) Time (us)

DBUSO: Aligment clock  DUBS2: SR revolution clock

» Teledyne LeCroy SDA 820Zi-B oscilloscope measures the time-domain

waveform of the output signal. The LeCroy oscilloscope has a bandwidth of

20GHz and a sampling rate of 80GS/s

stability.
EF 50% . ERR
ACBDO bV

CH 1 Frequency

220.079 260 24kn-

Mean: 220.079 260 24kH:
StdDev: 6.186 820 368 7uH: Min: 220.079 260 20kH:
Count: 579279 Allan Deviation: 6.609 411 207 9,

Freq - Advanced
Ratio = ‘ ‘ | |Auto

Max: 220.079 260 27kH:

Freq ‘

Ampl. (V)
o

-0.5

Time (us)

DUBS1: BST revolution clock/3

» KEYSIGHT 53220A frequency meter measures the frequency and frequency

» Coincidence Clock:
291.11013264Hz
resolution 34nHz

> SR revolution clock:
220.37037037 kHz
resolution 7uHz

» BST revolution clock/3:
220.07926024 kHz

resolution 7uHz




Delay Adjustment Test

» Since 6ns is a digital counting implementation, only 10ps adjustment accuracy is tested here.

» The delay adjustment is performed by adjusting the delay step size of the delay module in the EVR. For each delay
value, 1000 waveforms are measured with an oscilloscope and averaged over the 1000 sets of data.

Measured delay (ps)

10ps step size adjustment 10 times, adjust 100ps

120

100

80

60

40+

20

' 10
——— + measured [
—it
E -
< : n
o w8
£ i Z10%F
EY ;:"'ﬂ*_":' % ) 10 :
Vi =
J . S
15 2 25 B
Tme(ns) e y-0512+1004x | 32 102k
O
=
10"
Set value

P
O e
o

102 10°
Set value

10ps delay step size, adjustment close to 10ns
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Delay Compensation Test

» Optical fiber networks are susceptible to temperature and humidity, and are prone to slow drift due to

diurnal temperature and seasonal changes
» All our timing modules equipt with delay compensation function

» The system does not require the use of contour wires, has an automatic measurement function

' Hits Skew: Histogram — X Time
400

S N A ] » Due to the influence of experimental
g conditions, only qualitative
- ot experiments were conducted

350

300

230

i » In the experiment, a heater was used to
| heat the 400m fiber from 27 degrees to
- L 46 degrees (fiber surface temperature)
100 ' for two hours, while the output jitter

g J | _ was measured.

» Test result: The output RMS jitter is
27.353ps

200

£00ps -550ps £00ps -450ps -400ps -350ps ~0ps -250ps

Description Mean [ Std Dev ﬂ Max Min Peak-peak Points
Skew, chl,ch3 -491.93ps l 27.353ps -357.93ps -560.00ps 202.08ps 43827
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Jitter Test

eBRBPMOS trigger jitter

» RMS jitter is 22.35ps,long term is 30.4ps
(5 days )

ee-Gun trigger jitter

ZenScreen Touch

rae o | wencn || | | e | eSS oo | e e

» RMS jitter 9.68ps
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Summary

eThe HEPS timing adopts a MicroTCA-based event timing architecture..

e HEPS timing system is fully operational and has successfully demonstrated
key functionalities, including swap-out injection, ramping scheme and top-

up, min-Q operation, etc.

e Currently, theHEPS timing system is undergoing Phase Il design and

development, and there may be more MicroTCA devices in the future.
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Thank you for your attention !

Mail: fangliu@ihep.ac.cn
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