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Avalilability and Luminosity

FCC-ee:
365 days
—120 (extended shutdowns)

- 30
- 20
- 10

(annual commissioning)
(machine development)
(technical stops)

185 days for physics

Stable
Beams

Efficiency E =

Operation

Stable Beams time

Total physics time
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Breakdown into Systems and Subsystems

e . Extrapolate from reliability performance of existing

Both Rings
Accelerator Controls
Elevators & Handling Equipment acce | e ratO r SySte m S
Access System
Electrical Networks
Alarm System

s w|N -

1) System failure rate

Main Rings

Beam Instrumentation
Collimation

Cooling + Ventilation

st s Failure Rate @ AvailSim4

Beamstrahlung Absorber
12|Injection Systems s://gitlab.cern.ch/availsim4/

13|Beam Losses
14| Machine Protection/Interlocks

00|~ |

w

15| Magnets
16|Power Converters
17|RF

Availability] » integrated
FCC-ee — Luminosity

20|Experiments

21|Operation
22 |Polarimeter

Booster . .
23|Magnets + circuits Repalr Duratlon
24|Power Converters

25|RF

26| Collimation

27|Transverse Damper

28|Beam Instrumentation
29|Beam Losses

30|Machine Protection/Interlocks
31|Extraction Systems
32|Vacuum

33| Cryogenics

34|Injection Systems

Injector Complex
35|HE Linac
36|Pre-Linacs
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RF System

Using AFT fault data
2015-2024

LHC:
16 SRF cavities

FCCee:

collider*

Cauvities [#] 132

Redundancy [cavities] 1

Redundancy [%0] 0.75

* Per beam

Accelerators

0| gHe
0| e
0| gHe
O He
O gHe
0O gHe
LHe
Jric
Jric
e
pHe
e
e
Jric
Jric
e
e
(L
pHe
e
Jric
e
pHe

(m} }HC

OO0 O0O0OO0O0CO0oOO0Oo0oo0oao

oOoo0oGQo

oo

0| gHe
0O gHe
0| He
0| pHe
0O iHe

Time period

01-01-2015 00:00:00 - 01-01-2024 00:00:00

0 Radio Frequency » LLRF
[ Radio Frequency » LLRF
[ Radio Frequency » RF Power System
[ Radio Frequency » LLRF
[ Radio Frequency » LLRF
{ Radio Frequency » LLRF
0 Radio Frequency » LLRF
[ Radio Frequency » LLRF
[ Radio Frequency » LLRF
[ Radio Frequency » LLRF
[ Radio Frequency » RF Power System
[ Radio Frequency » LLRF
0 Radio Frequency » LLRF
| Radio Frequency » RF Power System
§ Radio Frequency » RF Power System
[ Radio Frequency » RF Power System
[ Radio Frequency » RF Power System
{ Radio Frequency » LLRF
0 Radio Frequency » LLRF
| Radio Frequency » LLRF
| Radio Frequency » LLRF
[ Radio Frequency » RF Power System
[ Radio Frequency » RF Power System
[ Radio Frequency » LLRF
[ Radio Frequency » RF Power System
' Radio Frequency » RF Power System
W Radio Frequency » LLRF
[ Radio Frequency » LLRF

[l Radio Frequency » RF Power System

256 items shown

booster

** Both beams

112

6

4.5

=]

Systems

Radio Frequency -

09-04-2015 07:53.04
15-04-2015 04:58:09
24-04-2015 23:05:04
04-05-201502:07:15
04-05-201511:43:32
09-05-2015 09:03:28
11-05-2015 18:10:56
13-05-2015 23:00:30
14-05-2015 04:40:26
20-05-2015 08:26:04
20-05-201516:08:20
23-05-201518:07:36
26-05-2015 14:39:.07
20-05-201517:07:02
31-05-201521:18:27
05-06-2015 21:24:05
06-06-2015 02:52:00
15-06-2015 03:30:31
19-06-2015 22:35:55
21-06-2015 00:53:19
22-06-2015 21:47:17
14-07-201517:52:44
15-07-2015 23:41:57
19-07-201517:01:36
22-07-2015 03:53:47
22-07-2015 07:42:27
24-07-2015 09:05:50
24-07-2015 21:35:08

02-08-2015 01:30:57

112

0

Had state
Blocking OP -

Excluded states

~ OP Duration

Non-Blocking OP, Degrading OF, Understood, Suspended -

More -

* Effective Duratic ~ States ~ Faulty Ele. v

Accelerator

00-04-2015 08:04:05
15-04-201505:11:07
24-04-2015 23:50:55
04-05-201507:08:13
04-05-201512:400115
09-05-2015 09:04:43
11-05-2015 21:51:46

11min 01s
12min 58s
45min 51s
05h 00min 58s
56min 43s
01min 158
03h 40min 50s

11min01s | [ AcSModul..
12min 58s | (D cfi-uxas-ap.
4smin51s | [N ~csModul..
o5hoomin 58s (I Line 582 a.

crat

s6min 43s ([ closure of ..  folk
o1min15s (@@ couplerlin.. cou
03h 40min 50s ([ Link betwe...  can

Fault Tracking

aft.cern.ch
aft-stats.web.cern.ch

13-052015 23:31:30 31min 00s 31min 00s ([ A!Synchro.
14-05-2015 05:06:12 25min 465 25min 46s ([ RF cLock .
AN AC ANTE noAT A A mmim 4R N1omin e~ | R | nnin nooied . i
30-04-2025 12:03:50
= LHC All Operation - Radio Frequency
3
22.0
T 15
=
81.0
&
o 0.5
30.0
= 2015 2016 2017 2018 2022 2023 2024 2025
RF Controls LLRF Longditudinal Instabilities RF Power System RF Structures
% 1.2 1.2 1.2 1.2 1.2
210 1.0 1.0 1.0 1.0
208 0.8 0.8 0.8 0.8
gos6 0.6 0.6 0.6 0.6
=04 04 0.4 0.4 0.4
£o.2 0.2 0.2 0.2 0.2
0.0 0.0 0.0 0.0 0.0
O ™~ O ™M oS N W ~ 0 N M oS N N O >~ © N M S 0N N W~ 0 N Mm S N VO~ 0 N M g N
- o = o NN NN = o o = NN NN o o - NN NN o o - NN NN o o - NN NN
o © O O © O O O c O O C O O O O ©c O O © O O © O © O 0 O O C © O o O 0 © O O O O
NN NN NN NN N N NN NN NN NN NN NN NN NN NN NN NN NN N NN N NN

ooster col

26

10

lider**
264

b
27

collider** booster

672

448

67 44

10 10 10

Acknowledgement: Olivier Brunner, Andy Butterworth, Franck Peauger, lvan Karpov
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Electrical Network

« External Network Perturbations:

Independent at PA and PH-PD

* Internal Equipment Faults:

Scaled by number of Substations

* Redundant link PA-PD:

Only for non-child down time
Changeover ~1 h
Not applicable to PH

Acknowledgement: Charline Marcel, Mario Parodi

# substations

?.

— Scenario PA31-4.0
[ Affected Municipalities

N
<
$
v

Dardagr
A31-4.0-PU

Challex 3

.....

- \rA314.0P
l){[u}yfrr\-Walw Beaumont Lo Grane

] - o mt— Ther, i.
P, Mot $aféve A P .
> < @ ‘ Lo Ndie
»
i - ¢ o 7
n y ¢ Magr Si0n 2 X Bannelle =
Genissiat Al
A aint-Plerre "
(] fn!l‘uny'w

PA31 20-PF~7

‘I PA31—4 0-PG

vauwu

“Filliere

See presentation:

Hannah Dostmann

Technical Infrastructure Availability

Technical Infrastructure: Electricity & Energy Management
Tuesday 20" May

CERN
A
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LHC fault data
« Same level of redundancy as LHC

Power Converters

FCC - Power Converters Comparison : FCC - LHC
MTBF of single Group MTBF
n_FCC Current | Voltage Power LHC Cat. converter with FCC n®
[-] [A] vl [w] [-1 [h] [d]
Dipole 16 | 3,665 175 642,524 LHC4-6-8-13kA-08Y 88,133 230
Quadrupole 32 526 1,748 920,443 LHC4-6-8-13kA-08Y 88,133 115
Sextupole 1,152 178 335 59,722 LHC4-6-8-13kA-08V 88,133 3 | «— One dump every 3 days
Collider Dipole Tapering 710 7 400 2,820 Corrector 371,639 22
Quadrupole Tapering 709 10 150 1,547 Corrector 371,639 22
Horizontal Corrector 2,824 9 45 395 Corrector 371,639 5| 5 days
Vertical Corrector 2,824 15 62 943 Corrector 371,639 5 | €
Skew Quadrupole 2,824 12 A7 574 Corrector 371,639 5 | &
Dipole 16 | 3,065 240 |2,574,600 LHC4-6-8-13kA-08Y 88,133 230
Quadrupole 32| 1,540 1,896 (2,919,840 LHC4-6-8-13kA-08Y 88,133 115
Sextupole Focusing 32 525 511 268,016 LHC4-6-8-13kA-08Y 88,133 115
Sextupole Defocusing 32 561 819 459,562 LHC4-6-8-13kA-08Y 88,133 115
Booster Dipole Tapering 346 10 352 3,515 Corrector 371,639 45
Quadrupole Tapering 346 10 352 3,515 Corrector 371,639 45
Horizontal Corrector 1,672 20 57 1,140 Corrector 371,639 9 |« 9] dayS
Vertical Corrector 1,672 20 L8 1,160 Corrector 371,639 9 |e—
Quadrupole Corrector 1,384 20 59 1,180 Corrector 371,639 11
Skew Quadrupole 1,384 20 38 760 Corrector 371,639 11
Grand Total 18,007 0.6 days
Acknowledgement: Byamba Wicki, Serge Pittet
C\w Jack Heron | Availability, Efficiency and Integrated Luminosity in the FCCee 22 May 2025 6
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Breakdown into Systems and Subsystems

Extrapolate from reliability performance of existing
accelerator systems

F

FCC-ee —

Both Rings

Accelerator Controls

Elevators & Handling Equipment

Access System

Electrical Networks

Vs W=

Alarm System

Main Rings

Beam Instrumentation

Collimation

00|~ |

Cooling + Ventilation

1) System failure rate

o

Cryogenics

10

Extraction Systems & Beam Dump

11

Beamstrahlung Absorber

12

Injection Systems

13

Beam Losses

Failure Rate

14

Machine Protection/Interlocks

15

Magnets

16

Power Converters

17

RF

18

Transverse Damper

19

Vacuum

20

Experiments

21

Operation

22

Polarimeter

Booster

23

Magnets + circuits

24

Power Converters

25

RF

Repair Duration

26

Collimation

27

Transverse Damper

28

Beam Instrumentation

29

Beam Losses

30

Machine Protection/Interlocks

31

Extraction Systems

32

Vacuum

33

Cryogenics

34

Injection Systems

Injector Complex

35

HE Linac

36

Pre-Linacs

Availability

2) System repair duration

Integrated
Luminosity

CERN
\\
N7
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Two fault types:

Remote Repair Faults Human Repair Faults

W el

E—— D

9 0. @

\\'I‘r \\'I/ "I/

|l Al AT A

* Repair achieved from the control room « Requires human intervention

* E.g. by resetting components « Approach time and/or cool down time

C\w Jack Heron | Availability, Efficiency and Integrated Luminosity in the FCCee 22 May 2025
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“Realistic” Re

Fault

Remote repairs

Human repairs

P
<«

1

pair Timeline:

Operation resumes if possible
before humans are in the tunnel

h

v

Diagnosis + attempts to
reset from control room

We can't fix it
from here. Get
someone out
there!

20min=15h

Once human repairs start,
they will finish,

Repair

Approach time

’
»

o O

Cool-Down time

1-24nh

v

A

Humans in tunnel

s

v

Operation

resumes here
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Breakdown into Systems and Subsystems

F

Both Rings

Accelerator Controls

Elevators & Handling Equipment

Access System

Electrical Networks

Vs W=

Alarm System

Beam Instrumentation

Collimation

00|~ |

Cooling + Ventilation

o

Cryogenics

10

Extraction Systems & Beam Dump

11

Beamstrahlung Absorber

12

Injection Systems

13

Beam Losses

14

Machine Protection/Interlocks

15

Magnets

16

Power Converters

17

RF

18

Transverse Damper

Vacuum

FCC-ee — »

Experiments

21

Operation

22

Polarimeter

Booster

23

Magnets + circuits

24

Power Converters

25

RF

26

Collimation

27

Transverse Damper

28

Beam Instrumentation

29

Beam Losses

30

Machine Protection/Interlocks

31

Extraction Systems

32

Vacuum

33

Cryogenics

34

Injection Systems

Injector Complex

35

HE Linac

36

Pre-Linacs

Extrapolate from reliability performance of existing
accelerator systems

1) System failure rate

[ Failure Rate ]

AvailSim4

https://gitlab.cern.ch/availsim4/

[ Availability ] »
3) Accelerator Performance

Integrated
Luminosity

[ Repair Duration ]

2) System repair duration

* Remote repairs
 Human repairs
» Approach time
» Cool down time

CERN i?
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FCC-ee Operation Cycle
ZMWE/ Resonant depolarization is impossible

Physics <:| Burn Off

5
$ J

¥ -

Down for Repair

» Default

Z WW | ZH tt
Repair completed Stable Operation
E> P P Beams Fill time tf (min) 7.7 2.5 1.52 1.45
B) Collider failure

E> Injector Complex
failure

Lifetime T (min) 15 12 12 11

Acknowledgement: Jacqueline Keintzel
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Results
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Overall Performance

100 1

(00)
o

N
o

[% of target]

Integrated Luminosity
N
o

o

® Down Time
® Operation
® Stable Beams

Delivered integrated luminosity below design in all energy modes

Due to low availability and low efficiency

Particularly in Z and W modes due to long turnaround time following dump

~
-
2

(=]
43 20/0 49. 1%

tt

Integrated luminosity
target [ab-1]

205

19.2

10.8

3.12

CERN
\\
N7
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RF System

132 112 132 112 264 448

Collider Il Booster

Z Cauvities [#] 112 672
_ - 10.0
NS W Redundancy [cavities] 1 0 6 0 26 11 67 44
- - 7.5
Z Redundancy [%] 0.75 0 4.5 0 10 10 10 10
=
- 5.0 C. :
= Redundancy eliminates down time completely
>
s | W25 Redundancy
o tt . .. . .
- i * Results assume perfect redundancy (invisible to operation, no common mode failures)
> :2'50 * We need to look closer at subsystems + auxiliaries
@z
O .
c Operational Cost Factors:
= - 20
%5 W « High failure rate of cavities, esp. in tt (1120 cavities) - hard-working maintenance service
— O
o - 15
o8 80 - 78.1 +—— Failed RF cavities
©5 - 10 " FZJ Remote each week
& N Q [ Human
= " S 601
E Htt 8 Aqﬁ)
4 1
R 1»
N > 28
= § § 20 ///27 7/2/2/2/ 22.1 +— Repairs needing
[0
g - A o // 6.3 n human tunnel
e 0 . . access
z w ZH tt
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Down Time [h]

Electrical Network

LHC Child Down Time (h, #) LHC Electrical Network
External Perturbations Down Time 2015-2025

2%

Internal Equipment

External Perturbations

200 4

150 ~

=
Qo
=]

__ Child faults in \
other systems §\\

N
=

Other 4
QPS -

Internal Equipment

Cryogenics 4
Experiments { tn
Radio Frequency -
Magnet circuits
Injection Systems { .

Power Converters 4
Transverse Feedback 4 ro

« Redundancy in the internal network could be powerful

See presentation:
Hannah Dostmann
» Rigorous design requirements for resilience to power disturbance |Technical Infrastructure Availability

. . - Technical Infrastructure: Electricity & Energy Management
» How to dampen voltage deviations (internal + external) “ Tuesday 20" May

« However — we need a solution for child faults!

C\w Jack Heron | Availability, Efficiency and Integrated Luminosity in the FCCee 22 May 2025 18
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Power Converters

Collider Il Booster

FCC - Power Converters

Comparison : FCC - LHC

MTBF of single Group MTBF
i n_FCC Current | Voltage | Power LHC Cat. converter with FCC n®
— 1 [-] [A] vl [w] [-] [h] [d]
o\o 10.0 +—t Dipole 16 | 3,665 175 | 642,524 LHCA-6-8-13kA-08V 88,133 230
— I—H Quadrupole 32| 526 | 1,748 | 920,443 LHC4-6-8-13kA-08V 88,133 115
> W Huge number of converters due to Sextupole 1152 178 | 335 | 59,722 LHC4-6-8-13kA 08V 88,133 3
= 75 7 Collider Dipole Tapering 710 7 400 2,820 Corrector 371,639 22
o) ] many Sextupole & corrector magnets Quadrupole Tapering 709 10 | 150 | 1,547 Corrector 371,639 22
[(v] ] Horizontal Corrector 2,824 9 45 395 Corrector 371,639 5
= 5.0 Vertical Corrector 2,824 15 62 943 Corrector 371,639 5
g 1 Skew Quadrupole 2,824 12 47 574 Corrector 371,639 5
© ] Dipole 16| 3,065 840 |2,574,600 LHC4-6-8-13kA-08V 88,133 230
c 257 Quadrupole 32| 1,540 | 1,896 [2,919,840 LHC4-6-8-13kA-08V 88,133 115
) 1 Sextupole Focusing 32| 35 511 | 268,016 LHC4-6-8-13kA-08V 88,133 115
>~ 0.0 ] Assumes the same degree Of Se.xtupole De.focusing 32 561 819 | 459,562 LHCA-6-8-13kA-08Y 88,133 115
) . . Booster Dipole Tapering 346 10 352 3,515 Corrector 371,639 45
0 25— redundancy as exists Currently Quadrupole Tapering 346 | 10 | 352 3,515 Corrector 371,639 45
@] 1 . Horizontal Corrector 1,672 20 57 1,140 Corrector 371,639 2]
= ] tt In LHC Vertical Corrector 1,672 20 58 1,160 Corrector 371,639 g
c— 20 1 Quadrupole Corrector 1,384 20 59 1,180 Corrector 371,639 11
=S -'q_j ] W Skew Quadrupole 1,384 20 38 760 Corrector 371,639 11
_I 1 ran ota
- g 15 A Grand Total 18,007
Q
=y
T o 10 - . . . .
S « Current optics configuration:
= = 5 .
= ' « Sextupoles powered in groups of four
I
o 0- . .o
= g » Correctors powered individually
ot
20 . .
gz + How many power converters can we lose without dumping the beam?
o . . . .
* Needs a detailed study from optics and machine protection
C\E?W 22 May 2025 19

Jack Heron | Availability, Efficiency and Integrated Luminosity in the FCCee

N7




Solution: Injection of Polarised Bunches

injection »“»n»m. Physics gm
¥ L L $ ¥ ¥

Integrated Luminosity
[% of target]

Down for Repair

100 Target
N1 -+ WW: Polarised Injections
804 X WW: Baseline

~+  Z: Polarised Injections
70

""""""""""""""""""""""""""""" »  Z: Baseline

 Polarised
Injections Z2

L e

0.40 0.45 0.50 0.55
Beam Abort Rate [1/h]

More than doubles delivered
Integrated luminosity
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Reliability

Parameter Scan
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Only systems above the required
dump rate need to improve

Most efficient way to allocate resources for reliability consolidation:
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Parameter Scan: Reliability
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Outlook

Success in FCC requires machine-wide
improvement in reliability

Systematic Reliability / Availability Support
Framework

Reliability / Availability
Assurance Framework

Short Term:

. Requirements and milestones, performance benchmarking

. More nuanced reliability models in parallel with design process
. “Low-hanging fruit” — R&D opportunities evaluation

. Performance/Cost optimisation over the whole machine

. Develop a coherent support framework for all system designs

(o025 | 2020 | 2uz7 2oz |29 | o oot 202 | . e | .

Accelerator Design, Engineering Industrial Equipment Maintenance &
Technical Infrastructure Design, R&D Design Roll-Out installation Development

Requirements
& planning

Reliability Analysis
Performance/Cost Optimisation
Validation & Testing

Tools, Training, Expertise

Diagnostics, Health Monitoring & Fault Prediction
Lifecycle Reliability
Fault Tracking & Analytics

TDR & Beyond:

Design for reliability:

* Detailed modelling

* Redundant / modular / hot-swappable paradigm
* Interfacing between systems

Tools, training, expertise

Extensive hardware testing & validation

Diagnostics & Health Monitoring
Fault prediction

Fault tracking & Analytics
Lifecycle Reliability

CERN
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