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General Machine Timing: GMT
(Some Background) FAR ==1r
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White Rabbit (Seen by a User) FAR =1

~_ (borrowed from https://ohwr.org/project/white-rabbit/tree/master/figures)

Precision Time Protocol (IEEE 1588)
PTP Device B * Frame-based synchronisation protocol
| * Simple calculations:

PTP Device A Network

link
Master | . Slave
time scale | time scale

* link delay: dms = ((t4 —t1 )—(t3 -t2))/ 2
» offset from master: OFM =t2 — (t1 + dms))
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White Rabbit (Seen by a User) FAR =1

~_ (borrowed from https://ohwr.org/project/white-rabbit/tree/master/figures)

Precision Time Protocol (IEEE 1588)
* Frame-based synchronisation protocol
* Simple calculations:
* link delay: dms = ((t4 —t1 )—(t3 -t2))/ 2
» offset from master: OFM =t2 — (t1 + dms))
* Hierarchical network

Grand «  Shortcomings of traditional PTP:
rnaster * devices have free-running oscillators
/'/ \\ « frequency drift
Boundary Boundary
Clock Clock

[Ordinar)ﬂ [Ordinar)j Ordinary,
& Clock) |& Clock Clock

Local
oscillator

PTP message
exchange
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White Rabbit (Seen by a User) FAR =1

~_ (borrowed from https://ohwr.org/project/white-rabbit/tree/master/figures)

k(_ _Time _ >
|

GPS

Precision Time Protocol (IEEE 1588)
* Frame-based synchronisation protocol
* Simple calculations:
* link delay: dms = ((t4 -t1 )—-(t3 -t2)) /2
» offset from master: OFM =t2 — (t1 + dms))
* Hierarchical network
* Shortcomings of traditional PTP:
* devices have free-running oscillators
* frequency drift

White Rabbit
Originally
» Extension of IEEE 1588 Precision Time Protocol
* Sub-ns synchronisation @ physical hardware layer
* requires dedicated network switches (~ Syncg, DDMTD, Link
delay model)
* Deterministic data transfer

Standard

GbE Switch Status
* WR concepts now part of IEEE Std 1588-2019
Dataliase * WR redefined to mean an open-source implementation of the
High-Accuracy profile guaranteeing 1 ns accuracy and the
[ 2000 nodes | friendly community around this development
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White Rabbit: Open and Commercially Available
Off-the-shelf FAR ==1r

__ (borrowed from https://ohwr.org/project/white-rabbit/tree/master/figures)

’ 7 WR Switch

\é" Seven Sol, Spain =
Creotech, Poland

/ '*;&:—i- S s !" - _____:'.....:';;- ¢ OPNT, Netherlands
) it Gt ies _ SyncTechnology,
China

a}
&

-

L Simple VME

Simple PCIe FMC Compact Universal

- FMC carrier carrier (SPEC) Timing Endpoint ,I" : %
z,- (SVEC) Creotech, Poland (c ute—WR—DP) % : t.
Janz Tec AG : TBIC fn, Hesherlands SyncTech, China
: ietatar Seven Solutions, Spain i =

ISD S.A., Greece

L RS

GPS Disciplined

Oscillator PXI '
Seven Solutions, Spain module |
Sundance,

ZEN TP-32 BNC UK

Seven Solutions, Spain

Digitizers
. Struck, German
‘g SP Devices, Sweden i

h
-

4 Companies selling White Rabbit
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FAIR from the Control System Perspective F_\|R E 5 T
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December 2025

: Copyright

- \ ; 7 2 J. Hosan, GSI/EAIR
FAIR: international accelerator facility
GSI as injector
installation of technical networks started
spring 2026: commissioning starts

late 2027: readyness for ,Early Science'

Dietrich Beck, TOS, GSlI, d.beck@gsi.de




Multiplexed Operation, Control System Stack and GMT F_\|R == I

- Settings Management . Multiplexed Operation
and multitude of beams for many
Data Supply experiments simultaneously

fast ‘switching’ between beam
destinations and properties (element,

neutron number, charge state, energy,
Settings

» Front-Ends: set-values + indices intensity, focus ...)
* GMT: real-time schedules + indices ring machines: 1Hz switching
K o 5 / UNILAC: 50 Hz switching
D S Indexing Concept
d ID for area, location (,where®)
ID for action (,what to do‘)
Data Master = Front-End Controller
(RT control) Receiver with multiplexed settings

IDs for multiplexing context (,which®)
General Machine Timing System: other information
trigger Front-Ends with multiplexing index on-time
December 2025 Dietrich Beck, TOS, GSI, d.beck@gsi.de




FAIR from the Control System Perspective FAR ==1r

réérﬁéﬁt
Separator

‘EAIR Control System’ @ GSI
Control System, GMT+ Wh|té\‘Ra

" -since 2016: CRYRING
(ring, ions-sources, Linac) -

. since 2018-'SIS18, ESKY F,,_‘-‘- |mgs .
*;"‘“ = _isince 2022: syneb@’p jon of?aﬂsf’"s between all

_ rlng machmes g&
(@h be/m tlme

e W@&ﬁ e & o B N

aple

FAIR Campus mcludlw _,
= SIS100 A 2
= Super Fragment Separa\b& N
"~ more beamlines, new thlngs;__




FAR z=x
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General Machine Timing F-\lR =

— Front-End Controller
y. Ve - IS N
[ ( ] 0S| host
! user program (FESA)
1 Etherbone library/AP)*
[: = kernel-snace
\ \ 1 ’ / /
N \| & river . B y y
) = r
e : = = D\
/ I - . - \\\
Machine Timing : Qo s, timing receiver node
» Event: timing telegram % ’.5 : \v~ FPGA
« Condition: index ' r- - driver Seencemmm=== -, J
 Action: configured, : s _< yd |
executed on-time channel — MSI e S~ v /T
| » ECA channel =» ‘receiver’ ~_ _ -
e o . 1nsresoluton
. deedine BB channel - lemoout <L
index filter t=x? on-time A -~ B ‘ |
event | condition action | {
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Common Features for Nodes

'Everything Happens in the FPGA’

no application specific VHDL!
instead: customization via

configuration of IP cores
LM32 softcore:

upload binaries at run-time (c-
code, OS-less)

example: ramping up dipole

FAR z=x

1-wire temp sensor @

1-wire EEPROM

flash controller

magnet current or rf-cavity,
frequency

. EtherBone
hard real-time Interconnect
synchronosly at WR NIC, hostbus ...

many nodes

December 2025

hostbous |
S

ECA
with
channels

-

Wishbone
(SoC bus)

plattorm
specific 1/0O/bus

FPGA

7 fastl/O (1ns@500)

~ clock gen.
 PPSgen.

( ? time stamp

 AND gates

 ORgates

@ LM32 DP RAM

an LM32
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Common Features for Nodes ...

FAIR wz w2

| USB

—— . another hostbus

no applice
. )
instead: c GA
* configL E
© LM32c SR oY o : e whs iEEE —
: : =i y e l.

upload H c46_ c43 ]

code, ( ‘ L)L) .

examp EE

magne ;%‘ N

frequel S = '

) — il ~
hard re " = 5 u-uus;;isu-:uuun.n SEsas e >
; - > 2 E - . FTRN_FEXP_REVB r‘\ LY LINTAR ::,
synchr , - = weomen [ e
many r £ = NnN———a = 15} ) :20451 @ 2046KR
http://www._ohwr .orq/projects/tr-p
icensed under CERN OHL v.1.2
ttp://ohwr.org/cernohl
AM
\ JTAG https://ohwr.org/project/tr-pexp
S~
.../tr-amc
./tr-pmc
1 o
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Integration into IT Environment

Lesson Learnt: No Need to Reinvent the Wheel

TL;DR: This worked out extremely well.

Detailed version:
we thought: we are able to run our own IT infrastructure ...
we discovered: we are unable to run our own IT infrastructure efficiently
‘reboot’ with the help of IT people
approach

- modify firmware of White Rabbit Switch to behave like regular IT switches
(of course: modifications merged with ohwr.org ...)
— integrate White Rabbit network into ACC-IT infrastructure
contributions/help by Alessandro Rubini, Adam Wujek and Christoph Handel

December 2025 Dietrich Beck, TOS, GSI, d.beck@gsi.de
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Integration into IT Environment
Accelerator IT and Central IT FAR ==1r

they provide ...
IP backend, dedicated subnets and VLANS, unique on the GSI campus
redundant DHCP/BOOTP servers for all WRS and nodes
redundant name servers for all WRS and nodes
redundant Radius servers (VLANSs, 802.1X)

protected White Rabbit switch management network (,plug-and-play*)

Icinga: WRS monitoring (health)
Grafana: monitoring of key parameters

Netdisco: auto-discovery of switches and nodes (really cool!)

user roles, accounts, security, ...

maintenance

December 2025 Dietrich Beck, TOS, GSI, d.beck@gsi.de



Integration into IT Environment,
Configuration: Task Timing Group (*) FAR = =3

(*) inspired by ‘Guidelines for White Rabbit Infrastr

Integration

User

‘Service’ Production

NW0DBZmMEE timing

Grandmaster

uuuuuu

UNILAC

‘Local Master'
[ 3

Wi0284mE6.timing
mEE.timing NWIO03TMES timing
® ®

Wt0293m66.timing
L

ni0292mE6. timing

NWI0092ZmMES.timing

MWLD0SIMES. timing

White Rabbit Switch configurations

* 5.7 physically separated networks
* multiple WRS configurations

* configs are stored locally on WRS

(auto-recovery must not depend other
infrastructure)

figure from ‘netdisco’ (2022)

December 2025
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2025: Experience from Operation FAR =

preparation ahead of beam time (months!)
- feature freeze and release WRS, data master and nodes
- ‘integration tests’ with all control system layers
- dry-run(s)‘ for severe testing of accelerator facility at full scale
24/7 operation
- ~6 monthsly of beam operation, including on-call service (rarely requested)
- ‘shutdown operation’ (‘beam operation but without on-call service’),
- rare (!) maintenance windows

good (White Rabbit), no issues with

nodes: monitor uptime, (dis)continuites of PTP time, loss of track-phase
network: monitor switches and fibre links
flawless recovery after a major power-cut (~1 hour, UPS dead ...)

bad (White Rabbit)
WRS: 21 units with broken fans since 2016 (no hot-swap); 2" fan keeps WRS alive; always replace both fans

WRS: power supply neither redundant, nor easily swappable (lucky: so far reliable without issues)

December 2025 Dietrich Beck, TOS, GSI, d.beck@gsi.de



Injector Controls Upgrade ...

lon sources

High charge state injector
Transfer chanel

SIS 18

HITRAP

ESR

CRYRING

Target hall (high energy)
Experiment area (low energy)
UNILAC

High current injector

1.
2.
F
4.
5.
6.
7.
8.
9.
2

1

0.
g,




Injector Controls Upgrade ...

*“-r!e-_
e

ment

2 -‘!.l.,&» arafor

- UNILAC
. - legacy control system
not suitable for upcoming FAIR operation
old system dying ...

lon sources ' "—' ; :
High charge state injector til 14 Jul 2025 8 a.m: last beam with old system

Transfer chanel ; y ) :
pir s _ from 15 Jul 2025: engineering run with new control system
CRYRING by (previous test runs in 2024)

Target hall (high : g i e 1
ei,;é;;maenf ajia??oevzggrjwergyj : w54 includes new White Rabbit Timing System
UNILAC

High current injector ' successful operation UNILAC + SIS18 with beam

example: RH6 (Kernel 2) ELS support ending on 30 June 2024

REOONOUAWN R

RO



UNILAC Rings and beam lines
50 Hz machine * cycles: ~ seconds ... hours

e complex scheduling * one beam per cycle e
* multiple beams per cycle * ~ 300 Hz message rate for 4 73 g
* + RF conditioning pulses rings (GSI + FAIR) iyt |
« + RF warming pulses "oocy

* synched to mains (~10 us) e s

¢ ~ 30 kHz message rate ’ '

‘UNILAC’ and ‘rings’
* repeating multiplexed patterns with length of minutes
* planned ahead of time
* WR uses PTP time (TAI)
* re-align UNILAC schedule with each 50 Hz cycle
» SIS18 injection from UNILAC synched 'on-the-fly’

F 8I518 Timing
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Injector Controls Upgrade

« 2 distinct production networks: ‘unilac’ and ‘rings’
» 2 Data Masters
 tight synchronization in hard real-time (White Rabbit network)
* upcoming: new Data Master HW with 2 WR ports
(presently using old 1 port version + ugly VLAN tricks)

BTW: all new GSI WR formfactors done with Arria 10 GX FPGAS
(previously Arria Il or V GX)

¥ <cosy

BT

L




2025:
Here: Frequency Beating
/ SIS18

(extraction)

W

SIS18

ESR

ions circulate in a ring machine

acceleratation using RF-cavities = stable regions, ‘buckets’

formation of ion bunches
transfer bunches: from buckets (SIS18) to buckets (ESR)
phase matching to better than 1 degree required

December 2025

Y

] ESR ‘
| .. .
\ (mJ%U?

Bunch-to-Bucket Transfer between Ring Machines

FAR z=x

@ «kicker
- cavity

@ RFbucket

@ ionbunch

Frequency Beating, integer ratio of ring circumferences
* SIS18(216m) - ESR(108m) -~ CRYRING(54m)

* f rev(SIS18) ~ 1.3 MHz; f_rev (ESR) ~ 2.6 MHz

* H=4 (SIS18) ~5.2 MHz; H=2 (ESR) ~5.2 MHZ

= frequency beating

* ‘just wait until the phase of both rings matches’

White Rabbit @ GSI

* precise phase measurements

* triggering of kickers

* distributed FPGA with embedded LM32 soft-core

*  FPGAs communicate via the White Rabbit network

Dietrich Beck, TOS, GSlI, d.beck@gsi.de



2025: Bunch-to-Bucket Transfer between Ring Machines

(Frequency Beating)

2020/g4: demonstrated at SIS18, ESR

2022/q1: routine operation at SIS18, ESR, CRYRING

routine operation frequency beating
between SIS18 . ESR - CRYRING

,phase measurement' of h=1 group DDS systems

with White Rabbit time
* until 2022: operation with 1 ns precision

* since 2023: operation with sub-ns precision

December 2025

1000 -~

800 A

# occurrences

300 -~

200 A

100 4

0

900 A

700 A

600 -

500 A

400 +

FAR z=x

precision of phase difference between SI1518 and ESR
(bunch-2-bucket transfer, beating method)

Fit:

PRO, BuTiS refclock, DDS, 51518, SID 4 center: -1.271 ps
frew = 697562.378 Hz SStin. eer) R
2023-jun-02 rchiz: L Z.2200
/\ sigma: 143,539 ps=
2gigma (B3%) : 287,078 ps
[ \ 2sigma (95%) : 0.072 *°

/ FWHM: 338,006 ps

|

\ Stats:
min outlier: -3230.000 ps
/ max outlier: 536.000 ps
) ||I
-1.200 -0.600 0.000 0.600 1.200

offset - 597.318 [ns]
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2025: Bunch-to-Bucket Transfer between Ring Machines
Here: RF Phase Shifting FAR ==1r

\ @ «kicker

¥ oesr - cavity
(mJectl? @ RFbucket

/ SIS18

(extraction) - @ ionbunch

\ ./ deterministic and adiabatic phase shifting of the RF

* does not depend on ‘good’ settings for beating
* requires additional effort at RF systems

SIS18

White Rabbit @ GSI
precise phase measurements
ESR triggering of kickers
distributed FPGA with embedded Im32

FPGAs communicate via the White Rabbit network
ions circulate in a ring machine

acceleratation using RF-cavities = stable regions, ‘buckets’
formation of ion bunches

transfer bunches: from buckets (SIS18) to buckets (ESR)
phase matching to better than 1 degree required

December 2025 Dietrich Beck, TOS, GSI, d.beck@gsi.de



May 2025: Phase Shifting in SIS18 (12 ms, #069) FJA|R === 1r

SIS18 (FCT) ESR (FCT)
Trev ~ 1 US; Tsyne ~ 1.2 Ms Trev ~ 0._5 MS; Tsync ~ 1.6 Ms

200 A 120

175 1
100

150 ~

80

150 0.75

[
[
uw

100 0.50

60 0.25

0.00

Segment No.
g
8
Segment No.

(=]

—0.25

20

-1.00 —-0.75 —-0.50 —-0.25 0.00 0.25 0.50 0.75 —0.2 —-0.1 0.0 0.1 0.2 0.3
1 segment = 100us tus t/us
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Phase Shifting in SIS18 (1.5 ms, #087) FAIR === 11

SIS18 (FCT) ESR (FCT)
Trev ~ 1 US; Tsyne ~ 1.2 MS Trev ~ 0. 5 S; Tsync ~1.6ms

ﬂ%ﬁf N

200

175

150

0.75

. 125 .
g ! .E 0.50
” o 0.25
@ 100 U 60
= £ 0.00
E‘ § ~0.25
= -0.50

-0.8 —0.6 : : E . . X
1 segment = 100us t/us t/us
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Summary and Outlook FAR ==u

‘FAIR’ General Machine Timing (GMT) system installed at GSI, since 2016

— based on White Rabbit

— common notion of time, 1ns granularity, 10-100 ps precision

— broadcast of ‘timing messages’ with upper bound latency

— execution of tasks with 1ns resolution at planned deadline

— routine operation for all rings and transfer lines since 2018

- beam times 2018..2025: very reliable operation (almost invisible in failure statistics)
2025: ~76 WR switches and ~533 nodes in productive use
2025: Injector Controls Upgrade, all GSI machines use White Rabbit based timing
FAIR

— spring 2026: begin commissioing

- add ~95 WRS and ~850 nodes for ,Early Science'

December 2025 Dietrich Beck, TOS, GSI, d.beck@gsi.de



FAR z=x

Thank You For Your Attention

https://ohwr.org/project/tr-pexp .../tr-amc .../tr-pmc - hardware
https://github.com/GSI-CS-CO/bel projects - gateware, firmware, software
https://www-acc.gsi.de/wiki/Timing - some docs

(Backup Slides ...)
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Integration into IT Environment,
Configuration: Task Timing Group (*) FAR = =3

(*) inspired by ‘Guidelines for White Rabbit Infrastr

Integration

User

‘Service’ Production

NW0DBZmMEE timing

Grandmaster

uuuuuu

UNILAC

‘Local Master'
[ 3

Wi0284mE6.timing
mEE.timing NWIO03TMES timing
® ®

Wt0293m66.timing
L

ni0292mE6. timing

NWI0092ZmMES.timing

MWLD0SIMES. timing

White Rabbit Switch configurations

* 5.7 physically separated networks
* multiple WRS configurations

* configs are stored locally on WRS

(auto-recovery must not depend other
infrastructure)

figure from ‘netdisco’ (2022)

December 2025

Dietrich Beck, TOS, GSlI, d.beck@gsi.de




Integration into IT Environment,
Configuration: Task Timing Group (*) FAR = =3

(*) inspired by ‘Guidelines for White Rabbit Infrastr

Integration User SerV|Ce Production Grand”]aster UNILAC
oo ccsmesssmme | | ol Fto1 s ming
. )
Local Master P——
MAt0283me6.timing L &
[y . BAME6. timing
88, g NWI0037mES timing
® ®
NWID0BTMEE.Iming
- mecam. ) e N e0000mRS, ng
L] L ] AVAD2S1mES. timing
L J .1
PR <ol Pwolgaces siming AT
reoanTey - tmine NWIO100MES. iming
MAI0275mEs. tming L]
™Y timing nmmnn‘ uuuuu ng
®
Mt0016mEE. thmi
L ]
NWIDOBOMEE. timi
® WAD293mES. timing
NWTO300mMES. timis ®
® NW0296mE6.tim| NWI0018mME6. timing
b o | PWI0094MEE.iming e
MANO090MES.timing - nl;.numing
NWID02EmES. timing
paouzrse teming -
nmﬂ“ﬂ‘“- —ing V0297 mE6. timing MWI0048mMES. timing
L ®
WIDO9EMES. imi
L ]
NWIN021mEE.timing
[ 3
WiD272m66. timing
MWI0474mES. Uming L J
MWI0 096 MES . timi
e ® -
NWI0092mES.timing
nwwﬂm. -tming [
PWI0093mMEE.timing
®
i

Service VLAN
| standard node =+ for all standard nodes

* uni-directional to ‘Service’ only

* nodes can't talk to each other

« BOOTP, IP/UDP, ICMP, ARP to ‘Service’
* PTP, LLDP to ‘Access’

December 2025 Dietrich Beck, TOS, GSI, d.beck@gsi.de




Integration into IT Environment,
Configuration: Task Timing Group (*) FAR = =3

(*) inspired by ‘Guidelines for White Rabbit Infrastr’m:LuLaa\LERN_‘
Integration User “»i\nce.\ Production

Grandmaster

mmmmm

UNILAC

‘Local Master’
mvllﬂ“.ml&m'n

— S  standard node Control VLAN (s)
' * dedicated control nodes (restricted!!!)

e broadcast to network, IP/UDP
* (+BOOTP, ARP, LLDP, PTP ...)

December 2025 Dietrich Beck, TOS, GSI, d.beck@gsi.de




Integration into IT Environment,
Configuration: Task Timing Group (*) FAR = =3

(*) inspired by ‘Guidelines for White Rabbit Infrastr’m:LuLaa\LERN_‘
Integration User o SerV|Ce Production

Grandmaster UNILAC

mmmmm

‘Local Master’
m“."'“'m NWI0284m66. timing
s = ==
[ 2 - ® . e

Wt0431mE6. timing

g  standard node unauthenticated VLAN
: * unknown, unregistered nodes

* MAC based authentication, 802.1X
* isolated access port

December 2025 Dietrich Beck, TOS, GSI, d.beck@gsi.de




GMT Precision (Accelerator Control)
Sync PHELIX Pulse and lon Bunch (*)

FAR z=x

(*) Zs. Major et al., "High-Energy Laser Facility PHELIX at GSI: Latest Advances and Extended Capabilities", in preparation (2023)

PHELIX

Laser bay: 0.5 PW, 200 J @ 400 fs
* focal spot size: 3 pm

* maximum intensity:
5x10% W/cm? (short-pulse mode)

* > 10% temporal contrast
* repetition rate 1..60 minutes

UNILAC
GMT

bunch-2-bucket transfer system

measure SIS18 RF-phase
* trigger SIS18 extraction kicker (~ 2 GW)
* trigger PHELIX (~ 100 GW)
* measure kicker probe signal

* __remeasure RF-phase

CRYRING ‘

December 2025

Dietrich Beck, TOS, GSlI, d.beck@gsi.de

SIS18

SIS18, here:

* extracted bunch
* length ~100ns

* vic~0.9

HHT

PHELIX:
2000 @1-10ns, 2w

15 cm beam diameter
maximum focussed intensity: ~10% W/cm?




GMT Precision (Accelerator Control)
Sync PHELIX Pulse and lon Bunch (*) FAR ==1r

(¥ Zs. Major et al., "High-Energy Laser Facility PHELIX at GSI: Latest Advances and Extended Capabilities”, in preparation (2023)

PHELIX

crYRING U

December 2025 Dietrich Beck, TOS, GSI, d.beck@gsi.de




GMT Precision (Control)
Sync PHELIX Pulse and lon Bunch (*) FAR ==1r

(*) Zs. Major et al., "High-Energy Laser Facility PHELIX at GSI: Latest Advances and Etended Capabilities", in preparation (2023)

h=1 DDs. phase difference measurements

LOOO e enen

# occurrences

PRO; 51518, HHT (PRIOR)””“” center: 0L017 ns
800 - 2023-noV-08- e ; ...esti ”\.,':EIE-E----------------2-8{%%;--’-’-5--
: sigma: 0.055 ns
200 [T S 2s2 g“ﬂ.fsgff,;; o 5e210 ms
3 ' - SIS18, here:
RF-Phase :
: _ _ * extracted bunch
#at . 0l002 ns * length ~100ns
s00 - ....s.t.d dewv: ...............0.068 n=s.
_ Ea: e o 28‘9‘ e e v/ic~009
200 e "ho outliers” =" 77 '
. - no failures
f 1Y
200 ) \ kicker probe signal. rising edges
oo | 5037[)5< o T R
: ] 7 PRO; SIS18, HHT (PRIOR) 3358.586 ns
: 560 - 2023-nov-08 - : LQapT2 el
o ! ! ! H igma: 1.925 ns
-0.400 -0.200 0.000 0.200 0.400 25 gnatQS%J: 35?9 ns
D00 E 320 vt USSP OSSN SO TN £ 514
I Kl(;ker
B 240 e bates
=1 # of datai L. i3az
O S SR ostaldenio Zzgggai
bunch-2-bucket transfer system B oo G outllér‘é“ oo e
* measure SIS18 RF-phase - no failures
120 . H
* trigger SIS18 extraction kicker (~ 2 GW) o ]
*  trigger PHELIX (~ 100 GW) ol . l2ng e
* measure kicker probe signal ) : / i \

: remeasure RF- hase o de?::?time - deadlinzakéigkertrigger) [n‘z?68 e
December 2025 Dietrich Beck, TOS, GSI, d.beck@gsi.de




GMT Precision (Experiments, DAQ)
Time-of-Flight Measurements (*) FAR ==1r

(*) N. Kurz et al., “White Rabbit 200 MHz Clock Effects on TOF Measured with High Resolution VME TDC VFTX” (2023)

B —— e st e 2+ & T B toa Gha: 0.3 - Mo Gha: 1.2 BE:3318 20170301 AnalyamHalogAmS TG e st o 2 8
<10° Diff Time: testcha 2 - 0 Diff Time: testcha 2 - 1
300 — Entries 2.287736e+09 180 — Entries 2.287736e+09
E Mean —490.7 = Mean —2447
= RMS 7.477 e RMS 11.04
- Underflow 64 140 Underflow 64
- Overflow 64 120 ; Overflow 64
= Integral 2.288e+09 E Integral 2.288e+09
c 100 —
150 E
E B0 —
100 [— 60—
F 40—
50
g 20—
a5 8555 —zas50
Mod Cha: 0,9 - Mod Cha: 0, B D:53:18 2017-00-01 AnalysisHistogrameTrandngiAverage Tane Dift: lesi cha 2 - 0 Mot Cha: 0,9 Mod Chs: 1, B 09,53:18 2017-00-01 AnalysisHistogramesTrendngiAverage Tioe Dift lext cha 2 - 1
—a80 — Evr:r:age Time Diff: test ::232222-52 - = Aﬂﬂ%
E ntries — _pazs [ s
—a82 — » Mean 1142 E L e =g
E [FUES 660.2 —RAd0 g _s5970.08
—484 — Underflow o] E T
.- 20 Overflow o = 20ps
E pS Integral —1.122e+08 _paqa
—488 } il
= —2a46 fH
—490 H
—2a48 ]
—a92 E |
—2450 |—
—494 -
—2as2 [—
—496 -
24 h o~ —2454 [ 24 h o~
—ags > i3 >
—2as6 | — \Y
—soo il L L n . n n a1y T T n n n n
‘a0 7060 1200 1400 ' 1860 1860 ' 060 ' 2300 0 ‘506 1060 1200 1400 i860 1860 ' Bood 2200

December 2025 Dietrich Beck, TOS, GSI, d.beck@gsi.de




2023: Experience from Operation Il F-\lR === 1

good
flawless recovery after a long (~ one hour, UPS down) power-cut during shutdown

no issues with fiber links:

SFP!s with DOM2: monitor voltage, current, temperature, TX/RX laser power ...

broken fans at about 12 White Rabbit Switches, detected by temperature monitoring
no ,tacho-signal’, not ,hot-swappable’; life expectancy better than 8 yrs, but ...

in case you know a source for ‘IT guality’ (cisco type) fans, please let us know

good: switches may survive some time with passive cooling (no interruption of operation)

WRS power supply not redundant, not hot swappable*; good: no issues so far

1SFP: Small Form-factor Pluggable

°DOM: Digital Optical Monitoring
December 2025 Dietrich Beck, TOS, GSI, d.beck@gsi.de



White Rabbit @ GSI: Switches Off-the-shelf,
Nodes Based on Arria GX F_\|R = =T

WR Switch

Seven Sol, Spain T
“  Creotech, Poland S, e
" Sy =, ~99 units in use

"Q"‘J o

M=

* Scalable Control Unit PEXARIA V

scu3s) (PClIe ArriaV) | & . (SCU4) +

'% in-house development in-house development in-house development | %
“Arria II based " Arria V based o= Arria X based "
- ~580 units s ' ~370 units LI - under development i ]

g l-;
+ TR for PCle TR for AMC TR for PMC -
(TR-PEXP) (TR-AMC) (TR-PMC) a
\é‘ln—kind contribution SI in-kind contribution SI in-kind contribution SI E

Arria V based
~220 units
www.ohwr.org

Aaria V based -~
~280 units
www.ohwr.org

» Arria V based
~630 units
www.ohwr.org

December 2025 Dietrich Beck, TOS, GSI, d.beck@gsi.de




2022: Experience from Operation I F-\lR === 1

BTW: Since 2022 we have White Rabbit based synchronization of transfers between all ring machines,
the so-called ,bunch-to-bucket transfer system* is used in routlne operation!

HIRIED e lmrm reim

Bunch-to-bucket transfer of hydrogen-like *Au’s* @10 MeV/u . - mr— "“.l‘ﬁf,‘ﬂ'a.‘..w A

L HIHIII\

between the two rings using frequency beating (T, = 915ps). 2 ) ek

beat I _Illllll i

Shown is the position (relative to the relevant ring-RF signal) of a .
single bunch of 1E6 ions observed by beam profile monitors for  :
about 35ms prior extraction (ESR, bottom) and 300ms after

injection (CRYRING, right).

Time ms]

1.25 1. 1.75 z.00 225
In Bunch Time [ps] >

December 2025 time of one revolutlon in the rina

time



Integration into IT Environment,
Configuration: Task Timing Group (*) FAR =1

(*) inspired by ‘Guidelines for White Rabbit Infrastructure at CERN’

(WRS Grandmaster and RF-
Systems hard locked to Srdnaastes ES

physically same GPSDO) PTP grand

master

PTP grand Senice
slawve trurks wil
[ Localmaster WRS ]
- Components
Aotrl Prod trunk .
4,:?’ master master *  WR switches (bOXeS)
Datamaster *  WR nodes (rectangles)
o) « server/host/IT (hexagon)
Prod trunk Int trunk
slawve slave . i
Physical Separation of Networks
Distribution WRS
Prod trunk — [I'mtunk Control Nodes: broadcast of ‘telegrams’
master master
Prod trunk Int trunk M
slave slave * PTP (yellow)
[ A ccacs WS ] * control #1, production (orange)
. * control #2, integration (magenta)
il s Ll * service, 2 * uni-directional (lime)
2 WR M:H:IE WR hNode .
e (gateway) (denied) Security Features for Regular Nodes

* MAC based authentication (802.1X)
* onlyin service VLAN
December2025  Dietrich Beck, TOS, GSI, d.beck@gside e ynj-directional to management master only




Clock Propagation FAR ==x

BuTiS WR-FTP
Centre Grandmaster
; ‘
BI uTiS] BI uTiS] production .M
e/ \—
Ckf)’c‘]iTIi)Sim_ nwt1_dist G{?C';Tf)sim_ nwt2_dist nwt3_dist
/ ‘ \ I I
DDS ESR nwtd_acc DDS SIS18 nwitS_acc nwtH_acc

Components: GPSDO (blue), White Rabbit Grandmaster (cyan) and Switches (grey), rf-clock distribution system (BuTiS, brown), rf-group-DDS systems
(dark green), nodes of the b2b system (light green) and Data Master of the Machine Timing System (yellow). Nodes with double-lined borders
broadcast messages to the White Rabbit network.

Black arrows indicate clock propagation.

Roles of WRS: LM (local master), dist (distribution switch), acc (access switch) _
RdhesestiePBRABBU (Central Bunch-2-bucket Unit), PM P¢idgeBeastfemeht "RIB@RERer and Diagnostic)



Integration into IT Environment
Accelerator IT and Central IT FAR ==1r

they provide ...
IP backend, dedicated subnets and VLANS, unique on the GSI campus
redundant DHCP/BOOTP servers for all WRS and nodes
redundant name servers for all WRS and nodes
redundant Radius servers (VLANSs, 802.1X)
protected White Rabbit switch management network (,plug-and-play’)
(central firewall management)
management server for all White Rabbit networks
FNT-command: tool for documenting installations
Icinga: WRS monitoring (health)
Grafana: monitoring of key parameters
Netdisco: auto-discovery of switches and nodes (really cool!)

web server: remote management (dedicated tools)
Dece_r_ntzer 2025 B Dietrich Beck, TOS, GSl, d.beck@gsi.de



GMT Precision (Control)
Sync PHELIX Pulse and Ion Bunch (*) FAR ==1r

# occurrences

(*) Zs. Major et al., "High-Energy Laser Facility PHELIX at GSI: Latest Advances and Extended Capabilities", in preparation (2023)

h=1 DDs. phase difference measurements

LOOO e enen

PRO; SIS18, HHT (PRloR) cehter: 0.017 ns
ti H 0L007
900 - - PDPI-MOV-08- ..es n_cb:_z:.................2.0._..6.5.2...?.5..
igma: 0.055 ns
Zs:gnai_BS%]: 0.110 ns
800 G t29 NS

EWHM:

| | SIS18, here:
* * extracted bunch

RF-Phasé

mean : 0.002 ns

s00 ~ostd, _838322 ° Iength ~100ns
200 o 4G outliers” * ™
- no failures * v/ic=09
300
200 -

: ' ' ' n kicker probe signal. rising edges

,,,,,503,p§

o :
7 PRO; SIS18, HHT (PRIOR) 8:586
8 5
i : i 360 4 - 2023-nov-08- : Qigaz.
o ! ! i : sigma: 1:925
-0.400 -0.200 0.000 0.200 0.400 : : 2sigma ($5%) : 3.850 ns
- 320 o T FWHM: 4533 s
h=1 DDS, frequency measurements chker -
800 7 : Hir 280 ;
© PRO, SIS18, HHT (PRIOR) i7" center: 1207312.568 ns
720 - 2023-nov-08 fesn'nlcﬁii %:822 nE @ 240 o B fstats:-- U S
: : i : 0.006 : 13
dsigma'(388) ¢ 0.011 ns 2 # of data: ﬂﬁSﬁ*Sg%
640 + FUHM: ©:013 ms [ i mean: SEEE . oons
DOO e ..stdidew:.. 1:970. ns..
a mimnimuam: "3352.000 ns
560 2 maxim 1000 ns
: : S oo . ﬁboutllér‘é
© 480 | Stats:
* mea: & _ TS acas no failures
~ 5 mean: 1207312.569 ns 120
B 400 i ieoostd.devi...........0.005. 05
a3 i minimum: 1207312.546 ns
° - o N : maximum: 1207312.585 ns B N
. 240 > :
° i a0 4
trigge ;
160 -+ H :
(s}
o ¢ - 39 mHg < , ;
meas 80 ; > 3344 3352 3360 3368 3376
H delay (time - deadline kicker trigger) [ns]
o 5 i - w wianaa

O J&e e 1207312.521 1207312.541 1207312.561 1207312.581 1207312.601 GSlI, d.beck@gsi.de
o e

nue [Hz]




Kicker Power Supply ... F-\lR 5= I

efe @cevem®

1. pre-fire (~1 ps): discharge capacitors - ‘transformer+electron tubes’ — high voltage - charge cables

2. fire: ~ 1ps later, discharge cables via electron tubes, up to 200 MW per tube (pulse length < 1ps)

December 2025 Dietrich Beck, TOS, GSI, d.beck@gsi.de
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