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Part 1: Exploitation



2018 Machine Exploitation

Restart —TS1 | TS1—-TS2 | TS2—end | Days

Beam Commissioning 18 1% 2 21 7%
Physics Interleaved Commissioning 17 17
Scrubbing 1 1
Machine Development 6 10 7 23

Physics 38 66 24 128
Special Physics 10 6 16

=206 %2 days
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2018 Availability
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2016/17/18 Availability

75.8 2 82.9 2 78.7% 3.1 > 4.9 > 5.3fb?

Mean Availability +7.1%, -4.2% Maximum Weekly Luminosity +1.8fb%, +0.4fb!
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2018 Mode Breakdown

= 161 days planned physics is 164 days when all small intervals added =3943.9 hours

Pre-Cycle
2%
Fault / Downtime
Duration [h] 24%
Stable Beams 1931.8
Operations 992.0 Stable Beams
Fault/Downtime 942.8 49%

Pre-Cycle 77.3

=3943.9

Operations
25%

Operations = Stable Beams corrected by 41.5 hours, for physics without stable beams declared
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2016/17/18 Mode Breakdown

7% less fault 5% more fault
2016 5 - » 2017 5 - » 2018
7% more operations 5% less operations
Pre-Cycle Pre-Cycle Pre-Cycle
2% Fault / Downtime 2% 2%

Fault / Downtime
24%

Operati’
2

5%

Fault / Downtime
26%

19%

_Stable Beams
49%

Stable Beams
49%

Stable Beams
49%

Operations Operations
23% 30%
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2018 Physics Beam Aborts

[#] Aborted
Total Fills 908 33%
Fills with Stable Beams 252
- End of Fill 150
- Aborted 82 End of Fill
- Aborted (suspected) R2E 20 590/,

Aborted (Suspected) Radiation
8%

physics at injection
mostly reached end of fill
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2016/17/18 Physics Beam Aborts

3% more End of Fill 9% more End of Fill

2016

End of Fill
47%

Aborted
48%

Aborted (Suspected) Radiation
5%

v

2017

018

3% more Radiation

Aborted
33%
Aborted
45% End of Fill
50%
End of Fill
59%
o Aborted (Suspected) Radiation
Aborted (Suspected) Radiation 8%

5%
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2018 Stable Beams

252 fills with stable beams

% = (suspected) radiation effect % = (suspected) 16L2 type effect
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2018 Turnaround (including faults)

252 fills with stable beams, time to get to fill # from previous fill
* Ignore mode changes & long faults
= 218 turnarounds

60 A

50 A

Fregneucy [#]

<2 2<3 3<4 4<5 5<6 6<7 7<8 8<9 9<10 10<11 11<12 12<13 13<14 14<15 15<16 16<17 17<18 >18
Turnaround Time (binned) [h]
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2016/17/18 Turnaround (including faults)

25.0%

20.0%

15.0%

10.0%

Normalised Fregneucy [%]

5.0%

0.0%

Normalised Comparative Turnaround Time Histogram 2016/17/18

Average including faults:
7.1h>6.2h—>6.0h
Average without faults:

43h->35h—>35h -

02016
2017

m2018

<5 5<6 6<7 7<8 8<9 9<10 10<11 11<12 12<13 13<14 14<15 15<16 16<17 17<18 >18

Turnaround Time (binned) [h]
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Part 2: Faults



2018 Faults

Full period = 915 faults & 107 pre-cycles due to faults

Root Cause Class Root Cause System FT;]I ts szitl::; (h] [];{l;]l(‘)ﬂttgls:l“[s]f]
Injector Complex 141 244.7 237.9
Cryogenics 38 267.2 187.3
Power Converters 159 131.1 101.0
Quench Protection 75 95.5 75.2
Radio Frequency 59 61.9 49.2
Experiments 45 63.4 45.3
Magnet circuits 32 34.6 37.5
Electrical Network 27 20.1 331 .
Cooling and Ventilation 5 6.5 25.7 FaU|t Duration =
Injection Systems 18 28.5 22.0
Beam Dumping System 22 20.5 20.1
Equipment Machine Interlocks 13 17.5 17.2
Accelerator Controls 13 17.2 14.7
Collimation 11 4.6 4.6 Root Cause Duration =
Transverse Damper 4 3.1 3.1 .
T Services 3 33 30 Corrected for dependencies
Access Infrastructure 1 1.5 1.5 parent / child / shadow
Vacuum 5 2.3 1.0
Software Interlocks 3 0.4 0.4
Other 4 0.3 0.3
Orbit Control 3 0.3 03
Access System 5 8.2 0.1
Beam Exciters 1 0.1 0.1
Ventilation Doors 0 0.0 0.0
Losses 33 2.6 27.2
Beam Injection 98 10.3 10.9
Induced Quench 5 4.2 7.6
Operations Access Management 17 47.4 43.8
Error, Settings 49 7.2 12.9
s o5 | 1130.6 | 1004.9
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2018 Faults

Stacked Pareto - Fault Duration and Root Cause Duration vs System

Ventilation Doors
Beam Exciters
Access System
Orbit Control
Other
Software Interlock System
Vacuum J
Access Infrastructure
IT Services

Transverse Damper Root Cause Duration =

Collimation

Beam Induced Quench Corrects for dependencies
Beam Injection parent / child / shadow

Operations Error, Settings
Accelerator Controls
Machine Interlocks
Beam Dumping System
Injection Systems
Beam Instrumentation
Cooling and Ventilation
Beam L osses

Electrical Network
Magnet circuits

Access Management
Experiments

Radio Frequency
Quench Protection
Power Converters
Cryogenics

Injector Complex

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280
Duration [h]
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2016/17/18 Faults

Clustered Pareto - Normalised Root Cause Duration 2016/17/18 vs System

Ventilation Doors =

Beam Exciters

Access System  [mmsmmmmmmm

Orbit Control

Other =

Software Interlock System
Vacuum

Access Infrastructure

IT Services

Transverse Damper
Collimation

Beam Induced Quench
Beam Injection
Operations Error, Settings
Accelerator Controls
Machine Interlocks

l Beam Dumping System
Injection Systems

Beam Instrumentation

l Cooling and Ventilation | ——mmm—— : weasel
Beam L osses <

Electrical Network
Magnet circuits
Access Management
Experiments

Radio Frequency
Quench Protection
Power Converfers s
Cryogenics

T Injector Complex §

0 2016 Root Cause Duration

2017 Root Cause Duration

B 2018 Root Cause Duration

1 4

15% 20% 25%

10%
Ratio of Duration [%]
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2016/17/18 Top Faulty Systems

Root Cause System

Root Cause Duration [h]

% of Total Duration

Injector Complex
Technical Services
Power Converters
Quench Protection
Beam Dumping System

2016

deprecated in 2016-17

Root Cause System

313.21
278.35
90.32
75.05
68.75

= 825.7 hours

Root Cause Duration [h]

25.4
22.6
7.3
6.1
5.6

=67.0%

% of Total Duration

Injector Complex 140.2 17.5
Cryogenics 107.7 13.5
2017 Power Converters 98.9 12.3
Quench Protection 63.8 8.0

Beam Dumping System | 60.6 7.6

=471.2 hours =58.8%

Root Cause System Root Cause Duration [h] | % of Total Duration

Injector Complex 237.9 23.7

Cryogenics 187.3 18.6

2018 Power Converters 101.0 10.1
Quench Protection 75.2 7.5

Radio Frequency 49.2 4.9

= 650.6 hours =64.7%
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Availability [%] Fault Tracking in the injectors established at the beginning of 2017
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&N 2017/18 Top 2 Contributors to Downtime

SPS Power Converters

SPS Radio Frequency

PS Power Converters
PS Radio Frequency
PSB Radio Frequency
PSB Exfraction Systems
Linac2 Radio Frequency

Linac2 Vacuum

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280
Downtime [h]
SPS Power Converters
SPS Extraction Systems prmet, only affedting North Area

PS Radio Frequency
PS Power Converters
PSB Power Converters
PSB Extraction Systems
Linac2 Radio Frequency
Linac2 Power Converters
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Downtime [h]

A. Niemi
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LHC High Impact Faults (>24h)

Weasel ~6 days
2016:  Flooding Pt3 ~3 days
Injectors: POPS ~5 days, Linac2 ~1 day, PS vacuum leak ~ 1 day

EL Network: 18 kV transformer ~1 day
Cryogenics: production X3 ~ 3 days

2017:

Injectors: SPS damaged magnet ~2 days
Cryogenics: QURC P8 — clogging x3 ~3 days

2018:
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Recurring Faults

R2E:
2016: 9 fills aborted in stable beams (5 %)
2017: 10 fills aborted in stable beams (5 %)
2018: 20 fills aborted in stable beams (8 %)
(collimator settings?)

Losses: 16L2
2017: 66 events (21 in stable beams)
2018: 16 events (4 in stable beams)

Losses: UFOs Electrical glitches:
2016: 20 events (3 quenches) 2016: 31 events

2017: 2 events 2017: 13 events
2018: 4 events (2 quenches) 2018: 20 events
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Part 3: Lost Physics



Lost Physics

e For faults occurring at top-energy, in addition to the fault time, assign a ‘penalty’
(‘lost physics’) for the time required to return to Stable Beams
- Account for impact of fault frequency in addition to raw downtime

Example:
Average SB duration (EOF) =10

L(t) \ Average turnaround duration = 3 h

>'[
| 5 h difference SB aborted after 5 h
I: » —> Penalty: full turnaround (3 h)
>
t
L(t) 2h
'\ difference SB aborted after 8 h

—> Penalty: only ‘partial’
|<—> turnaround (2 h)
>
t
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2016 Faults + Lost Physics

Access Management
Error, Settings
Induced Quench
Losses

Injection

Orbit Control

Beam Exciters

e Average turnaround without faults: 4.3 h
IT Services Average EOF:13.1 h

Machine Interlocks

Cooling & Ventilation
Ventilation Door
Transverse Damper
Access System
Accelerator Controls
Collimation

Magnet circuits
Injection Systems
Beam Dumping System
Radio Frequency
Beam Instrumentation
Cryogenics
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Experiments
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Electrical Network

Injector Complex
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M. Vekaria
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2017 Faults + Lost Physics
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2018 Faults + Lost Physics

Error, Settings

Access Management
Induced Quench
Injection
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Ventilation Doors
Beam Exciters

Access System
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Software Interlock System
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Injection Systems
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Cooling and Ventilation
Electrical Network
Magnet circuits
Experiments

Radio Frequency
Quench Protection
Power Converters
Cryogenics

Injector Complex

o

Average turnaround without faults: 3.5 h
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Part 4: How to use this data?



System Complexity Definition

e Ideally: quantitative definition of system complexity
* E.g. based on number of components (though what is a ‘component’?)

* In practice (widely used in industry): qualitative definition of system complexity, based on
expert judgement of a number of parameters

* Chosen parameters (rated on a scale from 1 to 10 by MARP members)
* Recovery time
e Criticality
* Intricacy
e State-of-the-art
* Environment
* Ageing
e Designed for reliability

* Observed LHC availability ‘allocated’ according to defined complexity (higher complexity
—> system ‘allowed’ to fail more > expect lower availability)
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*N 2018 Availability + Complexity Allocation
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Strategy

* The Machine Availability and Reliability Panel (MARP) was set-up to develop a strategic view
on how to systematically address system reliability and availability, across departments in the
A&T Sector

* Current status:

* Data and statistics in the AFT are widely accepted at CERN, as a result of a common
effort between AWG members, machine supervisors and system experts = established
standardized reporting on system performance

* Developments on methods and tools for risk analysis and R&A analysis are actively
discussed in the Reliability and Availability Studies WG (RASWG)

* Reliability training sessions twice per year (next 21-23 May, free for CERN employees
and students)

* First step (this presentation): the fault tracking system results should be complemented by
information on system complexity (to be followed-up in RASWG and MARP)

* The mid/long term vision:
* Consolidation should be (amongst others) also driven by system impact on availability
e System complexity should be defined and agreed upon at lower levels (sub-systems)
e At the moment quantifying return of investment is the missing part of the analysis
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https://indico.cern.ch/event/788014/

Conclusions

* Excellent performance of LHC and Injectors in Run 2: stable
beams steadily around 50 %
Different failure modes observed over the years
* isolated, high impact
* repetitive, short duration

2018 vs 2017 vs 2016:

* Fundamental tool for establishing a CERN-wide workflow to
capture fault information

Accelerator Fault Tracker:

* Agree on a way to exploit captured data to improve

Next steps: o _ -
performance — definition of complexity and consolidation
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Thank you!

Questions?



LHC1,

Sart powering
Mar tess

Availability Working Group

Il

LHC T2 T8
desed

Eperiments vahves open
T2 & T8 Bearn fests

Hart Beem
Cmmissoning

11

13

Four reports produced:

#1 restart =2 TS1
CERN-ACC-NOTE-2018-0049

#2 TS1 > TS2
CERN-ACC-NOTE-2018-0065

#3 TS2 > TS3
CERN-ACC-NOTE-2018-0072

#4 Proton Physics Overall
CERN-ACC-NOTE-2018-0000
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Beam Mode

__~ Operation (other): 197.4 h (34.3 %)

Stable Beams: 294.3 h (51.2 %)

In fault (combining
overlapping): 77.5 h (13.5 %)

Precycles (8): 6.0 h (1.0 %)
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Mode Breakdown

Scrubbing MD1 TS1 MD2 MD3 TS2 MD4  TS3
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Breakdown of Machine Mode by Interval for 2016/17/18 LH@ Proton Physics

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Restart - TSl TS1-TS2 TS2-TS3 Restan TSl TS1-TS2 TS2-End | Restart-TS1 | TS1-TS2 TS2-End
2016 2016 2016 2017 2017 2017 2018 2018 2018

@ Operations
OPre-Cycle

B Fault / Downtime
B Stable Beams

Availability Working Group & Accelerator Fault Tracker




Stable Beams

82 aborted

Aborted Fill vs End of Fill Stable Beams Duration Histogram
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Stable Beams

Special physics? 150 end of fill
Intensity Ramp Up?

Aborted Fill vs End of Fill Stable Beams Duration Histogram
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Faults

fault count: root cause of downtime:

\

Operations, 66, 7%

Operations, 57h, 6%

Beam, 136, 15%

Beam, 46h, 4%

Equipment, 713, 78%
Equipment, 903h, 90%
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EN

Ventilation Doors
Beam Exciters

Access System

Orbit Control

Other

Software Interlock System
Vacuum

Access Infrastructure
IT Services

Transverse Damper
Collimation

Beam Induced Quench
Beam Injection
Operations Error, Settings
Accelerator Controls
Machine Interlocks
Beam Dumping System
Injection Systems
Beam Instrumentation
Cooling and Ventilation
Beam Losses

Electrical Network
Magnet circuits

Access Management
Experiments

Radio Frequency
Quench Protection
Power Converters
Cryogenics

Injector Complex

Faults

Stacked Pareto - Fault Duration and Root Cause Duration vs System

Fault Duration =
Integrated fault time logged
| | | | |

Root Cause Duration =
Corrects for dependencies
parent / child / shadow
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EN Faults

7 A4

Clustered Pareto - Fault Duration and Root Cause Duration vs System

Beam Exciters | | | | |
Access System | | | | |
Orbit Control - - - -. -
Other Fault Duration =

Software Interlock System Integrated fault time logged

Ventilation Doors | | | | | l

Vacuum
Access Infrastructure | | | | | l
IT Services ! ! I I I
Transverse Damper Root Cause Duration =

Collimation .
Beam Induced Quench Corrects for dependencies

Beam Injection parent / child / shadow

Operations Error, Settings
Accelerator Controls
Machine Interlocks
Beam Dumping System
Injection Systems
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Cooling and Ventilation
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Magnet circuits

Access Management
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2017/18 Downtime

Clustered Pareto - Normalised Root Cause Duration 2017/18 vs System Year on Year Change
Ventilation Doors P | Ventilation Doors
Beam Exciters | - - Beam Exciters
Access System  [EEmEmERD 2017 Root Cause Duration 1030 Access System
Orbit Control | W 2018 Root Cause Duration +0.0% Orbit Control
Other -3.6% Other
Software Interlock System 1 +0.0% Software Interlock System
Vacuum | -0.3% Vacuum
Access Infrastructure +0.2% Access Infrastructure
IT Services | +0.3% IT Services
Transverse Damper +0.0% Transverse Damper

Collimation +0.2% Collimation

Beam Induced Quench
Beam Injection
Operations Error, Settings
Accelerator Controls
Machine Interlocks

Beam Dumping System
Injection Systems

Beam Instrumentation
Cooling and Ventilation

Beam Induced Quench
Beam Injection
Operations Error, Settings
Accelerator Controls
Machine Interlocks

Beam Dumping System
Injection Systems

Beam Instrumentation
Cooling and Ventilation

-5.6%

Beam L osses Beam L osses
Electrical Network Electrical Network
Magnet circuits +3.600 Magnet circuits
Access Management +05% Access Management
Experiments Experiments

Radio Frequency
Quench Protection
Power Converters
Cryogenics
Injector Complex

Radio Frequency
Quench Protection
Power Converters
+5.2% | Cryogenics

+6.2% Injector Complex
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Ratio of Duration [%]

-2.3%
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“N 2018 Injectors Availability (by destination)
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