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Introduction

* Your beautiful and expensive vacuum system was well designed and prototypes
deeply tested ...

... SO what can happen?
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First turns of LHC: 10 Sept 2008
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The real life of operation ...
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The real ife of operation ...

-
LHC first beam 10 September 2003

Roger Bailey _ | ;
Operation SL &5 = : /

|

— - 1
| —— p—— ~ |l |
s Dr Lyn Evans CBE, LHC PnB'ect Leader and Roger Bailey, Operation Group LHC Section Leader inspecting
| part of the LHC tunnel in December 2006 © STFC
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What about the real life
through the looking glass?

mn

WONDERLAND

Lewis Carroll
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The Sector 3-4 incident (Jjust before the 1st ramp)

19t September 2008 at 11:18.36

last test of the last sector: 7kA (4TeV) towards 9.3 KA (5TeV) — -
Electrical arc at 8.7 kA in the interconnection N

Rupture of bellows, expansion of liquid Helium with
superinsulation debris

Bl TrNee
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2009 - overall repair and consolidation

14 quadrupole magnets 39 dipole magnets 204 interconnections 5km beam-tube
replaced replaced repaired cleaned
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longitudinal restraining 900 ports for helium 6500 new deteétors ahd 250km
system quadrupoles pressure release cables for new Interconnect

\/ Protection System

collateral damage mitigation
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Impact on beam tube ...
« 2x 2.8 km damaged

Contamination with multi-
Clean Copper surface. layer magnet insulation Contamination with soot.

debris.

~ 60% of the chambers ~ 20% of the chambers
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TE-VSC Vacuum Cleaner

BERN TE-USC

Credits: E. Mahner, B. Jenninger, B. Henrist
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Beams back: 20 Nov 2009

Roge still here!
Happier than ever!
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1. What can happen?
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Disclaimer

* What | will show is not an exhaustive list of the events which can happen ...

* | really trust the creativity of nature and humanity to complete the list!
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1.1 Vacuum loss
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Leaks

* This is the first demon faced by the vacuum expert
o

o Spraying helium gas
(o)

 Leaks can be due to:
* installations non conformity
* bad design / material
* mechanical or thermal fatigue of a component
* corrosion

- X

* One great thing, if you don’t look for them, you might not
find them yourself .... O

Test object ©
(o)

Vacuum pump

... but something else might find it for you!
He leak detector

See tutorial P. Cruikshank, G. Bregliozzi
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Leak at welds: mechanical analysis

* The stress at the level of the weld increases under vacuum and weight (and thermal
stress)

* Example of SuperKEKB: ()  BPMblock <

 Supporting of below before evacuation U et -4
* Rewelding if too thin thickness

a)l pre ——— l
\ BPM block o Y E H} *

Crack 90{2} Bellows Chamber
= (210 N)
! {3}Both T - "
—=al ) , 300 —— T .
chamber : (b) XY@'&’A’;%SI 5y Tmetal
- : 2 ¢ 250 ; i
[ = R =2 (Cross section of welding line)
B SN ST L < 200L {1} {3} q
: - % Atmospheric Atmospheric pressure
= 150 hpressus \:r Bellows chamber |
g \\\ \\\
- —— ~ o) 100 L {2} \‘\ \\.\\
Bellows \-\ \\.
50} chamber ;
0 1 L ' 1
0 1 2 3 4 5

BP blok M Welding thickness [mm]

Y. Suetsugu et al. J. Vac. Sci. Technol. A 34, 021605 (2016)
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LHC: 1st Leak triggering a beam dump

 During operation, the bellow of a wire scanner broke, creating a leak
* The total amount of bellow’s cycle was not recorded since the start of LHC
and overpassed by far the acceptable limit ;-)

 Varnished was applied without success

* The emergency procedure which consist in Ne venting allowed to replace the
faulty component and resume beam operation after 2 days
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Fast Repair: Ne venting

5 days intervention
* Ne flow to reduce air back streaming
» This method avoids the NEG saturation (remember Ne is an inert gas)

« Avoid major NEG saturation but possible local saturation close to the exchanged
piece

» Zone that can stand over pressurization +100mbar

B S -}g Air

Neon trolley
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Corrosion

* Originates from chlorine pitting
* ISR: Brazing flux ! (ZnCl,)

« SPS: fire detection PVC pipes subjected to radiation in
a wet environment and located above the vacuum
system

ISR 1980

§ { .
A ERER
B Sy ~->—-7 o Anacamanel
=

* LEP: PVC based tape wrapped around photomultipliers

y SPS 2000
See S. Sgobba, F. Cerutti, M. Brugger lectures

LEP 1995
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Corrosion

* Brazing flux containing chlorine leads to corrosion. Water cooling tube
* Example, ESRF ‘ amorcn [58]  Leaking area

Y pGanta, b
What typically happens ? A pressure rise due to an air leak ... DU | [ Yo %
It —4 . "?-

1.00e-038 | | U #]
J\\ \|\ \I\\ el
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P! g | S S p S -—‘_.;"‘—\_h\ -:_.'.- _;:_
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1.00e-10+ hat

1.00e=-11

Fri18 Sat19 Sun 20
The chlorine cannot be cleaned L. Hardy, ARW 2009
being trapped in small interstices!

Brazing flux forbidden!
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Water leak in cooled devices

 The crotch is a photon absorber (~ kw), used in SR machines. It need to be water cooled ...
« Example ESRF crotch, March 2005
Crotch

» Water leak:
* 50 m vented
* water inside the vacuum system!

5 days lost

Cavities on imm‘eehmes

1%
= SEHOIOI0

Inside the Y
5 Inzide the
Outside mbe: where
tube: where
the water
the water
water fows
tube ’

1 mm
— S

p—

Origin: de-ionised water+ Copper + radiations

L. Hardy, ARW 2009
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Water — cooled devices: another example

« Example Spring 8 photon absorber, June 2001 photon tube of cooling
2 New design with cooling tube out of the mee |
S - ;4}_” Aoy ;11 =
i 4 i === QL..I_J i
injection %:‘

line

—*— current (mA)
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the water pipe where the synchrotron radiation hits. o
8 L1 1 1 :
M. Shoji et al. 10 0
Vacuum 84 (2010) 738-742 6/22/01 6/23/01 6/24/01 6%121{21 6/26/01 6/27/01 6/28/01
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1.2 Non conformities

\/_w/ Vacuum, Surfaces & Coatings Group
N/ S

CERN Vacuum for Particle Accelerators, Glumslov, Sweden,
V. Baglin, 6 - 16 June, 2017

Technology Department



LHC Dipole-Dipole Interconnection

Bellows

Cold\bore

Beam
screen

Cooling tube
exit pieces
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Plug-in Modules with RF Fingers

* Last installed component to interconnect superconducting magnets (~ 1 700 PIM)
* RF bridge made of sliding RF fingers (Au coated to avoid cold welding)
* < 0.1 mOhm contact resistance, Rh coating (i.e. 3 mOhm/RF finger)

Screw & Spring washer Upstream flange

RF bellows

Copper
transition tube
. Rhodium coating 3 um
RF-contact strips
coating 5 um

Indium brazed RF-contact Gold

coating 5 um

Screw &
Spring
washer

Plug-in module
transition tube

RF-contact
transition flange

Downstream flange
RF-contact strips Courtesy R. Veness
coating 5 um

Indium brazed Working position at cryogenic temperature
Room temperature position
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August 2007

After warm-up of sector 7-8
- Abuckled PIM was discovered in interconnect QQBI.26.R7
- Was really found by chance!

QQBI.26R7 line V2
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Why buckling ?

- Non conformity during manufacturing
- Not properly documented => Lesson: respect of Quality Assurance is a MUST

QQBI.26R7 V1 bending angles out of tolerance

Approved manufacturing
drawing

M A e

CERN .
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The consequence: RF ball emitter

|dentification of critical PIM :
Repair / consolidation when possible
~ 1 mm longitudinal shift of quadrupole to gain margin

Maintain arc below 130 K during stand-by period

Recurrent observation after each warm up of arc with:
RF ba” « Arc + DS (2.8 km)

omogepty L IIIY LI
roscopes P HENORREDRS e

T1i1ii 1TLL
o5 S QD

Ball is aspirated through Arc to avoid overpressure

Turbine Station Turbine Station
Aspiration mode Air inlet mode (via filter)

ot o,
> 4 . \
l/ AA ‘
\
l v

A buckled PIM
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Deformation of bellow

* Production of bellows for the LHC QRL.:
* design: convolution height “at the limit”

* non-conform production

* not traced !

» Cured by mechanical consolidation

» Production follow-up shall be appropriate ! | ! I “! ‘ .(l’." v

i

See C. Garion lecture and tutorial

\/_wl Vacuum, Surfaces & Coatings Group
N/ S

CERN . Vacuum for Particle Accelerators, Glumslov, Sweden,
V. Baglin, 6 - 16 June, 2017

Technology Department



It can always be worse ..

* CERN ISR vacuum chamber located at the interaction point

Imploded Thin Walled Vacuum Chamber
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1.3 Aperture losses
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Warm Modules for Interconnection

* Modular system

« ~ 1800 inthe LHC ring

- Bellow shielding to optimise beam impedance

* RF bridge with several shapes (circular/elliptical)
- Ag coated CuBe fingers

* Rh coated insert

« Allow thermal expansion during bakeout (+/- 20

mm stroke) See R. Wanzenberg, B. Salvant,

- Can accommodate instrumentation ports S. Calatroni lecture and tutorial
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Summer 2011 : Vacuum Modules - VMTSA

- Design extrapolated and not mechanically validated before installation in the ring
- Pressure spikes located beside inner triplets generated interlocks and background
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‘ —BEAM.B
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= : =
© 3.0E+14 o
o (]
£ g
< 1.E-08 256414 2
: -
2 2.0E+14 g
& 2
156414 5
1.E09 | ~
L 1.0E+14
5.0E+13
1.E-10 S L. . .7 1,0E+00
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Observed Pressure spikes during a physics fill
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Vacuum Modules : VMTSA - 2011

- X-rays done in May showed a conform module, in November the module was broken
- The RF bridge was destroyed by the beam !
- 8 out of a total of 20 in LHC were damaged i.e. 40 %

Typical default, DCUM 3259.3524

Left side

Side view (xray from
corridor to QRL)

b) Metallic noise due to
loose spring when

hitting vacuum chamber

c) RF fingers falling due
to broken spring

d) aperture reduced ?

Non Conform

Spring was broken
between May and
November 2011
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Heating due to Re[Z]

brazind machi

* Origin of the systematic default was identified to be due to a poor contact between the RF finger
and the transition tube.

 Lesson : always validate the design of your components (even under schedule pressure)

See R. Wanzenberg, B. Salvant and S. Calatroni lecture and tutorial
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2011: Pressure spikes in right side of CMS

* In 2011, frequent pressure spikes, some up to 10-® mbar, were observed at CMS, 18 m,
right side.

» When the local pressure was above 10-2 mbar, CMS background was larger than 100 %
thereby reducing the detector capability
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Ne venting to save the 2012 CMS Run !

* Vacuum system performance recovered even following the drsmountlng of 2 m long
vacuum chambers R TFT N

October 18th, 2012 5 3rd Vacuum Symposium UK | . J an U ary 2 O 1 2
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4th July 2012: SM BEH Boson Discovery

ATLAS and CMS discovered a new boson

in the mass region ~ 125-126 GeV/c?
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RF bridge: PETRA I

* PETRA lll RF contact are placed inside the transition tube when the bellow are over-
extended
=> peam intensity limited in 40 bunch modes to 80 mA till 2012 (design 100 mA)

* Define specification

* Check at surface mechanical and electrical specification
RF-Contacts in RF-shielded Bellows

AR

L. Lilje | Accelerator vacuum systems at DESY | 1.4.2014 | Page 9 \ BES: /4

Courtesy L. Lilje
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RF bridge: ESRF

* Vacuum levels and gamma-graphy are great tools to
avoid disaster.

« X-rays before machine closure and pressure follow up
helps!

et s ESRF Vacuum Gauge History
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RF Contact: SOLEIL

» Misplaced RF contact are producing arcing

N. Bechu, OLOAV 2014
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RF bridge: RHIC

RF finger repair at RHIC

Sprung RF finger — Yy , RF finger
' retaining ring

Articulating RF shield

P. Sampson, ARW2009
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RF bridge: BEPC Il

Bellow damaged
downstream

J, Cao, ARW2013
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RF Bridge: KEKB

M. Mazuzawa, 2004
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Beam induced outgassing
- A movable mask to protect ALICE during injection (Boron nitride jaw)
- Deformed beam screen observed during winter technical stop 2011-12

........

= Suspected origin is a bad sliding point \\“m)))))m/ Yy
\

= Cu beam screen was deformed during 5‘\
bakeout at 300 deg y

- Beam induced, via impedance, thermal outgassing
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Benefit of a large aperture

 Allows many optics to be deployed, in particular new ones not foreseen at the stage

of the design e.g.
* CERN Achromatic Telescope Squeeze to be used for HL-LHC
- PETRAIII

 Solving ULO (unidentified lying object) issue by applying a bump

“Stichabsorber* [ ¢ Old?\e?igl?
225 | e M? e

220" .
o - o2
15— i 1 1 Lo
---------- —a
105 /
5 ; o
0 { r RER " IR £ New design
‘ ; ) IRl
S l 111 ll > Lesson learned (again) | |||||
et * . = -
l l = Beam physicist says: ,Beam will always be in nominal orbit.” 5\\ = i )

-lOv ———— m— . = Engineer optimises for lowest power deposition T
-15: = Shallow angle solution _ .

= Commissioning will prove physicist wrong

20
: = Mike Seidel in OLAV1 2005
25 -20 -10 0 10 20 = “— build your system passively safe if possible;
X [mm] any orbit that circulates will occur!”

CERN ULO 15R8 (as'

ilj Accelerator vacuum systems at DI — \/’
. Lilje | Accelerator vacuum systems at DI a /
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Unexpected beam aperture restriction in LEP
around IP1 22 June 1996

Could not get the beam to circulate more than 15 turns even with large bumps
all around the ring. Use single turn orbit system and normalised the

measurement,

AEN L4l 0
%22 |

WS 3% 023 A%t ASD e
.50 Sertich phase wharce

QB ez J0E RE: 045 wpuc &8 (P o «- 820 .

RS P05 PR 05 =05 \

) G ’/‘ - g o~ ‘
\ \ 4 4 \ { \ | 3

F /
\ / \
\ f \

\

(s 851 LSS AELE &

BIER 4,754 LITE M

QL10.L1

Single Turn
Stopper

S. Myers
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Unexpected beam aperture restriction in LEP
around IP1 22 June 1996

Zoom in on Quadrupole 10 metres to the right

VPIF

Heineken beer bottle

Second beer bottle

* Qualified by of the CERN accelerator director, S. Myers, of:

Unsociable sabotage: both bottles were emptyll

CERN
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1.4 Energy losses
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Tunnel environment and cleanliness ...
¢ .
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UFO Particulates

* They originate from the construction / installation and may latter interact with the beams
* Most of the particulates have a positive charge (shall be less sensitive to positive beams)
- HERA

* pumping system upgraded to NEG strip and positron operation preferred
* LHC

* Most of them are very small, a few leads to beam dump triggered by BLM system

* Rate reduce with time thanks to gravity and vibrations.

) 2015 (2016
June July Aug Sep Oct Nov| May June July Aug Sep Oct
>1000 b _ > 2000 b
P> < >

40

w
=]

Beam screen warm-up

Number of arc UFOs/hour in SB
N
5]

1-2 UFOs/h

mmmmmmmmmmmmmmmmmm

fill number (# bunches)

See lecture L. Lilje
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Stored Energy

* Modern machines have a few MJ of energy ... what can you do with that apart from
collision ?

1000.00 =2 ;
LHC top =
energy i (NS
E 100.00 LHC injection = [
'E' (12 SPS batches) =L Factor
& ~ ~200
3
o 10.00 T \
ps — SPS fixed =] +— :
‘_E L] target i | N S
e LI {\
8 1.00 SPS batch to = TEVATRON
2 LHC
S 0.10 T sPs
TR i LEP2 —== P
= SNS = =
0.01 T ’T
1 10 100 1000 10000

courtesy R.Assmann Momentum [GeVi/c]

See F. Cerutti, M. Brugger lectures
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Beam extraction from SPS: 10/2004

* 450 GeV beam, 3.4 1013 p on stainless steel (3 MJ) miskicked, result:
= A 1 m long groove along a SPS vacuum chamber after the impact of ~1% of a nominal LHC
beam during an ‘incident’: ~ 3 days repair

* In a superconducting machine, it would cost several months of work!

C\w Vacuum. Surfaces & Coatings Grou Vacuum for Particle Accelerators, Glumslov, Sweden,
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TEVATRON Accident: 5 December 2003

* A roman pot moved into the beam
=» the particle showers quenched 16 superconducting magnets

* The beam moved by 0.005 mm/turn and touched a collimator jaw surface after ~ 300
turns
=>» the entire beam was lost, mostly at the collimator
* Beam loss monitor where switched off!
10 days repair

5 mm hole in a vertical W jaw 25 cm groove in stainless steel
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Also with electrons machine

- Example of an air leak in SPRING 8:
8 GeV electron beam with 15 micron vertical beam size on a 0.7 mm thick

stainless steel wall

o5 O mm /.

e

\ . O W)

Ny

Vacuum Side

Fig. 6. Cross section of the injection chamber wall at the broken part. It seems that the
electron beam hits the thin wall several times, since many traces of electron beam

bombardment were found.

M. Shoiji et al.
Vacuum 84 (2010) 738-742
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Also with photons from SR machine

« Example of melted gate valve at SSRF, Shangai:
* The photon shutter was opened while the gate valve was closed, the synchrotron
radiation produced by 3.5 GeV electron beam at 200 mA melted the stainless
steel.

Metal melted by SR heat

L. Yin, ARW2013
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Also with photons from SR machine
- Example of SOLEIL, france

Metal melted by SR

heat load

Courtesy N. Bechu
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SR induced fluorescence

* Observed at SOLEIL, france

* The X-ray fluorescence of Zr at 16 and 18 keV can
destroy the Kapton bakeout foil if the Al or Cu vacuum

chamber is thick enough

CERN

\/_w/ Vacuum, Surfaces & Coatings Group

>\ Technology Department

X-rays Fluorescence

C. Herbeaux, OLAV 2014
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The read pressure is not always a true pressure

* Photons produce photoelectrons, stray particles can ionised the cable or magnetic
field can modified significantly the reading of pressure

The apparent absence of

beam conditioning is due to o Erratic pressure
scattered particles on the readings
gauge collector and cable 1.006-08
10° E T 1.00e-09 ]“MTM
10—4 1.00e-10
S
5 C 1.00e-11
= + ) Apr24 May 08 May 22 Jun 05
= o change of color | [l
g | 5 e
E 10’55 g_ o’w R : -_4_"."
‘- E ‘
E 7
109 & aPA_AB4 3001
¥ AP/_CR1 ]
L O APA_SC1
w0 end e e 0 0001
0.1 1 10 100 1000 10

Beam Dose (Ah)

Fig. 2. Normalized pressure rise and beam lifetime as a function of beam dose. Pres-
sure rise is the difference between beam-on and beam-off pressure.

M. Shoji et al.

L. Hardy, ARW 2009
Vacuum 84 (2010) 738-742 See F. Cerutti and M. Brugger lectures
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1.5 Summary
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Summary

« Can we do better?
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Those who cannot
remember the past
are condemned to
repeat it.

George Santayana
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2. Quest towards availability
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Availability: Vad fan ar det har?
(what the hell is this?)

Availability: The percentage of time an equipment is in operable state

\/_w/ Vacuum, Surfaces & Coatings Group

N

CERN Vacuum for Particle Accelerators, Glumslov, Sweden,
V. Baglin, 6 - 16 June, 2017

~“\  Technology Department



Accelerator schedule: objective beam time!
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2.1 Study, Design,

Procurement & Installation
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Design reports

« Communication & release of Official documents and books is mandatory to share
pertinent information across the project

HL-LHC

MAX IV design report LHC design report Preliminary design

CERN IS 835
-t Devemoer 20,4

ORGANISATION FUROPEENNE POUR LA RECHERCHE NUCLEAIRE
CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

LHC DESIGN REPORT

High-Luminosity Large Hadron Collider (IIL-LIIC}Y
Preliminary Design Report

\
Edns. Apellican 6.
| THE LHC MAIN RING Béiar Alonso L flxcendve Lk
Helining O |
T aml M.
Rowil.

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

2010 2004 2015
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LHC Project

* Defining and understanding the machine parameters impacting the vacuum system
was a crucial part of the project

CERN [ 'LHC Project Document No J
CH-1211 Geneva 23 LHC-PM-ES-0002.00 rev.1.1
Switzerland [ CERN Div./Group or Supplier/ Coneractor Document o

- AC/TCP J

the EDMS Dacument Neo. .
Large [ 100513.00 rev. 1.1 ] DeS|g n
Hadron

Collider
project

Date: April 8, 1999

Engineering Specification Energy [TeV] 7

Luminosity [x1034cm-2.s1] 1.0 2.8
Current [mA] 584 860
Proton per bunch [x10] 1.15 1.7

GENERAL PARAMETERS FOR EQUIPMENT
INSTALLED IN THE LHC

Number of bunches 2808
Abstract

A number of design parameters and operational scenarios are used in many documents
(Project Notes, Project Reports, Market Surveys, Technical Specifications, etc.) either
directly, or for calculating safety margins or defining test procedures for machine
compenents. The present decument is a compilation of these parameters with a
reference to a document or other sources where more detailed information can be
found. Equipment installed in the experimental areas has nat been considered.

Bunch spacing [ns] 25

111

Normalised emittance [am.rad] 3.75

B *[m] 0.55
Prepared by : Checked by : Approved by : Total Crossing ang|e [urad] 285
Paul Cruikshank Wolfgang Erdt Lyndon Evans ..
Paul Proudlock Jean-Pierre Gourber Paul Faugeras Cr|t|cal en ergy [eV] 44 1
Germana Riddone oOswald Grobner Philippe Lebrun
Roberto Saban John Pedersen Pierre Lefévre
Riidiger Schmidt Alain Poncet Thomas Taylor Photo n fl ux [p h/m/s] 1 1017 15 1017

Giinther Rau
Felix Rodriguez-Mateos
Norbert Siegel
Graham Stevenson
Laurent Tavian
Carlo Wyss

SR power [W/m] 0.22 0.33
Photon dose [ph/m/year] 1102 1.5 10

11
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Allow provisions for upgrades!

» There might be always good reasons to upgrade the performance of the machine that
you ignore at the time of the design of your project ...

ISR Luminosity Evolution LEP: Design and Reality

Parameter Design Achieved
(55 /95 GeV) (46 /98 GeV)
o0 em 1yt
. H Bunch current 0.75mA 1.00 mA
Mazimum ISR lumenouty dunng phyucs rems

11

. Total beam current 6.0 mA 8.4/6.2mA
= os / Vertical beam-beam 0.03 0.045/0.083
é o8 / parameter
E” ye Emittance ratio 40% 0.4 % x 10
- 08 o

03 / Maximum luminosity 16/ 27 23/100 x1.4/37

04| Dovasemocney #_______/' . 103 cm-2s-" 103 cm2s-

" ll ey .+., - EBS'Q“ _ IP beta function b, 175m 125m

uminosity
= ,l'. / IP beta function b‘}r 7.0cm 4.0cm
1972 1973 1974 1975 197 wn W ™ "wm 1980 1981 1982 983
Years % exerd ) )
o ue conploted, RIDI. i Sminenity L 3 1 Segamaer etz - Reality better than design (result of many years work)!
Highest luminosity achieved for physics [R8BT) = 1 & x 'IU e. &
S. Myers
* LEP becomes LEP2

* LHC becomes HL-LHC
* ESRF upgrades
 KEKB becomes SuperKEKB

CERN
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Base Line Validation

« Many studies conducted over ~ a decade with experts all around the world, some

examples:
Material performance qualification

Ep=11eV Secondarie Ep=3.7eV

Secondaries |

Reflected

Reflected electrons
electrons

/

0 ry 5 1z 1% 0 a T 1z 16
Kin. En. (eV) Kin. En. (eV)

R. Cimino , I.R. Collins, App. Surf. Sci. 235, 231-235, (2004)

2.0 AT
Xl x 2h120°C
T8 WS T, 2 2h160°C
® XX’,
164 & 2h200°C
. Fe, o 2h250°C
X
5147, e, 4 2h300°C
0N o = xx{;;g
1.2 {ex Yo 22
o = X*}n.
Ll Py i T
10+ I " Poong Ty LITION
. Qﬂﬁﬁmg oog,
0e mmﬂﬁﬂﬁma::::mmmnu”“
g, j
0.6 : : : . St
0 500 1000 1500 2000 2500 3000

PE energy (eV)

C. Scheuerlein et al. Appl.Surf.Sci 172(2001)
See O. Malyshev and R. Cimino lectures

System performance qualification

10" : }

~ 10" b= Lifetime limit :
‘

density (m
=3

| |
warm-up 77K

o sl | I 27 el BN
< of 108 — L_i,f
‘ . i

1012 [ 1 |
0 20 40 60 80 100 120 140

Operating time in LHC (h)

V. Anashin et al., J. Vac. Sci. Technol. A 14(4) (1996) 2618

Reference unbaked
Stainless Steel

ID 156mm - 5V PU

$1 batch
L

2 batches

3 ba‘tches
[
4 batches

NEG - activated 250°Cx2h +
saturated
rectangular - 100 mV PU

A. Rossi, Proc. Ecloud’04
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Design of components / assemblies

 Design review (conceptual, detailed, production readiness ...)
* During LHC procurement, the LHC-VAC group internally reviewed all technical
specifications and drawings
« ensure compatibility across the vacuum system
- allows optimisation across components and performance (standardisation)
* use quality class (class A, approval circuit after control 1&2)

« GOLDEN Rule: reject components, including in-kind, which do not meet VACUUM
DESIGN APPROVAL

Do’s and don’ts (just a few important ones from LHC design and experience)
No halogenated fluxes
No cold demountable joints
Helium envelopes are all-metal
Joining techniques need to be validated (materials, welding, DT)
No dye penetrant testing
Minimise thin wall components.
Combine RT leak and pressure test of components
Decide a policy for cold testing of critical components
Keep non-vacuum group manufacturing under control — assign a vac link person
Don't allow deliveries until tightness certification is approved
Minimise number of welds to be tested in the tunnel
Many, many more

=» Technical specification & drawing validation
=» State of the art material, cleaning methods, procedures

Cw : Vacuum for Particle Accelerators, Glumslov, Sweden,
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Spares

* a spare policy / strategy shall be defined based on:
* cost
* time to recover including building of components
- failure rate
- failure probability
« complexity of the component
* long term storage of spare
* In case of accident, does the repair can be done in the shadow of another
faulty component ?

\/_w/ Vacuum, Surfaces & Coatings Group
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Long Shutdown 1 (LS1)

« Main aim : consolidate the splice interconnection between superconducting
magnets to allow operation at 7 TeV/beam

- Started Feb 2013, Physics resumed April 2015
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Overview of LSS Beam Vacuum Activities

» 148 vacuum sector to re-commission i.e. 5.1 km of vacuum system (80 % of the LSS)

L35 Echamatic View mmaisllwtion o of J1E - VACSEC o opan for 151 a2 of 36ik Fabrmary 1013
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Quality Assurance Plan

* Allows to share information in a global way producing the right component

Date: 2013-11-04

ENGINEERING CHANGE REQUEST )

Vacuum Pilot Sectors in the LSS8

BRIEF DESCRIPTION OF THE PROPOSED CHANGE(S):

The wvacuum pilot sectors provide detailed information for the understanding of the
vacuum dynamics stimulated by synchrotron radiation and electron cloud. It opens the
possibility, on a day by day basis, to carefully monitor and analyse pertinent beam
vacuum parameters for the LHC operation. With this ECR the VSC group requests to
allocate the space between Q5L8 and Q4L8 from -163.51 m to -145.18 m on the left of
1P8 to dedicated vacuum instrumentation as described below.

PREPARED BY:
Name Dept/Grp
G. Bregliozzi TE-VSC
V. Baglin TE-VSC
B. Henrist TE-VSC

TO BE CHECKED BY:
Name Dept/Grp
G. Bregliozzi TE-VSC
V. Baglin TE-VSC
B. Henrlst TE-VSC

TO BE APPROVED BY:
Name Dept/Grp

VAMQA: visarg with
-, VPNCA(On VAZNF), -, -

6T0521088

VAMYA D VIAAE with
WPIA,VFCBD, - , VFCBF

870564570

VAWV S viAAE with
VAZAE, VFCBD, - , VAZBD

TE—

Assembly Tree

Equipment Folder : Main Info

Equipment Identifier: HCVC1TBO02-CROG00D 1
Other Tdentfier: vT1
Description: VT Aluminium Chamber - Assembly

0 HOVCATEONZ CROBOMY - VT ks s - sty

§T0030225

Engineering Change Request

LHC Equipmmnt Codes - Syateme W
S AT LD

WE VAN - ARk
A
BEALL  Maouat - Axasarkl
WAL VIDRET AEMTELE
WAL WaomaT - Armarvrlky
“Wawzum - Asmerhip
YapaaTi- Sxeu bl
PEALL  VADRIT - BEMAER
YITMIT AETVER
WAl Perasm- Sesamhly

LAanT - AaAT bl

H
E

All LHC Jystems

Bl VaouaTie Aasa bl =272 T Secin vabos
COEAN  VisLiAssnldy Ve
CIVEME  WaiUm hrombi Wedut

i-l\.'.'lllt'.l'l ‘Wawraur - frerip - ad e - WHAAT il - VARRE VAT,
VARAL  wwaum - Aoeri pe Wods e - VHUAD s VAZRD WETAD,

Naming Convention
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VAMY I vuzAC with
VPIAN, VAZAF , - , VAZBD

VAMYL:vuzAc with
VPIA, VAZAF , - , VAZBD

e Gosa [—

Leak check Acoept no bake mbar /s
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Dagas Accept after bake mbar /s -

Bake out Temperature Ac. ]

NEG coating (Y/N) . .
Leak Check Ac. after NEG mbar Ifs e In Ams VY Rhaminiem Charies - Smpemiby v 0}
Bake-out Temperature NEG c

Hydrogen pumping speed Is 3

w
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®
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Elnctrical |
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VMDBA.237.711.8
VMDBA.237.7LLR

 Version: STUDY

\DENTIRCATION
s
Machine
Type 571137, naming cormvention : HC)
Description ertiy - 63 Sector Vaves, 184 Separation - DFEA - Inshumeststion G
orerrvions
Erpar Nome
Vatonan e ; -
Function This vacuum siol i for both beams C:
Links to other databases
Classification
Log
e o o
e 40
o e
Vacuum Sector VACSEC ARCE-1R
Positions {SIUV) Rotations
Locaton Frorn VEW Ve VEM B hC  Maeeicieagh
Location: RR13
e eChcA Averruges
Aperture

Radiation Zonkng Tag
Status

Responsible

Comment

Downstream flange
Upstrosm flange
SMARTEAM References

TRSF Doc number - Doc revision
MODELE SIMPLIFIE oENTITY
VACUUM TOP VIEW DENTITY

Pins & Pinous

LHC layout database
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Vacuum Layout

* Define components, produce data based drawings and SCADA systems, ease
installation and optimise future intervention (e.g. in radioactive areas)

.j%.aﬂ. PG

I

Integration studies

Bl C 0 E F G H 7 3 T
LBV component's order for 151

Updated WOTZOM VB
‘m g Theme . Compormer =P 5o oo | Oesgnaion [i— - Camment o
208 | 38 MNEG wporade S _|BaLSH TVOER| 2795 VAMVE 4LS R VPUNVPNCA_ - VWFMF check
e mr ] T 5 [Base| TEO0Z| W0 | VAW |V it VGRE VPANNVERCA VT
%[ T Wowosk 5 [sass Q02| 280 | VAP 4LEE [VIAIAF uih - VGRB UPUNVERICA VUFIF ra
Zn | wi TOL4 v h 5 [BaLSH] e0.972] TeT VDR Chambee 1030 DN100-OCF 00 remplace VCOON+WMONA

New components
Production & follow up
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Infrastructure and Material

- Adapted stores, components, tools and storage management are mandatory
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Vacuum Acceptance Tests

* Prior installation all (several thousands) equipment have been baked and

validated at the surface before installation in the tunnel:
* functional test
* leak detection
* residual gas composition
- total outgassing rate

CERN
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=» Logistics, scheduling, coordinating & official reporting

Equipment for test by LSS sector for L1
g [ Emomen] Fested | Torest TGN
secs
Lastupdate 04/08/2012 todo.
_done.
WK
WK open | Wiclose|_y [Whtest Sector |Line| Reason/Naturework | Equipmentl | Equipment2 | Equipment3 |Equipmentd
Year r wor i ui ui
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The LHC beam Vacuum Laboratory in 2012
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Examples of tested parts

VPIAN test : NEG cartridge
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Installation and Quality Control

» Expert teams dedicated to specific tasks, logistic included ﬂ L Bejgj_jfawum Non 'cmjf_rr@fvffgf\_ﬂ_gjweﬂ__W__M_I_
* Industrial support coordinated by CERN staff e

T s J. Sestak et al., IPAC 2015
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Work Orders

» Allows, scheduling, coordination, identification of tunnel activities, control of equipment
and fulfil safety aspects: electrical lock-out, radiation

European Laboratory for Particle Physics
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Commissioning of a vacuum sector

Usually a 3 weeks intervention (typical of any baked vacuum system) depending on
the sector complexity:

* Venting the sector to air

« Mechanical intervention

* Pumping and leak detection

- Bakeout installation

- Bakeout and NEG activation

- Bakeout removal

Baeout installAtion

y ‘f;'
M_eehanical ié‘tallat on
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Commissioning of the NEG coated vacuum system

* Bake out of stainless steel part first

CERN Technology Departmen

G121 Geneva 23 , ‘ CERN
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Human error

« Controls are necessary because of human fallibility, not incompetence

* Would you take this plane if there were no check list?

Airbus A380 cockpit
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Some examples

* A classic: venting or commissioning the wrong vacuum sector!

» Exchanging the of a turbomolecular pump without closing the sector valves
while the pump is connected to the beam vacuum venting several vacuum
sectors!

* Activating / baking a vacuum sector under atmospheric pressure!

* Pumping down a vacuum sector with aluminium foils used at blank flange!

| '
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Check lists

dlamond Start Up 05/04/2013
Select name from list OR enter forename.surname
Ops Checksheets [Select Name: | E-mail to elog

Open Checkshest
Due Date Chackpoint Status Notes

Al modifications and works that may

Enter Y T . "
nher Tear Machine Changes Logged : ALL modifications that will affect Complete affect operation have been logged in elog.
2013 -5 the machine operation are logged in e-log as "Sumary of ‘ Adrian Johnson

shutdown changes".

E mail sent with a reminder that Start up ‘

[ m—— ]
| J
5 d.
iamond
[—d] FE19 ABSBE-02 Air Pressure switch fault -
Ops Checksheets = All MPS signals visually checked in Contral Room, any faults Eending SOfHs/Msmall investigating.
reported and repared (excluding Vacuum Yalves).,
-3
[ﬁ email sent CA /BR . 11/04 -SRO6A-
P Correctors Powered up and left ON (duration determined by Como) Etg_ PC-HSTR-05 Unstable
Enter Year: schedule) log any unstable PSUs | ‘Wayne Perkins
-5
Pending
2 STORAGE RIMNG : Vault Searched and PSS Permit confirmed. |
-3
| — & let
) PTWs @ All PTWSs relevent to Machine Operation have been Jme ete
Closed out and &ll Operations Keys accounted for, | wayne Perkins
-3
Help (WikiPage) Mot D f 051, 1064, ID6R, 106
ot Done so far: 0SI, s )
Pendi
) Insertion Devices (ind. Wigglers) Checked out : Powered up, Sncing ?E?ﬁin?&rgtuz 115
Motion confirmed, Soft limits checked, Valid BURTs applied. ’ ’ ’
-2
1 Cryoplant and Q2 alarm handlers : Check with AR that these Camplets
are live and functioning. | Wayne Perkins
-2
email sent SL/MD/PA 10/4
Pending
-1 Wacuurm Valve Test Boxes @ All Accounted for, |
a4 BFM MPS Owerride Boxes (x3) and BPM Override Red FPlugs (3] CDmD‘Ete_
+ All Accounted for, | ‘WWayne Perkins
Tested by Chris Christou 03/11/13 all ok
Complete MNew BURT file created.
-1 LI & BR tested and Operational | Dave Preest
[ﬁ Started, see Walkround Checksheet Qne
1 Walk round Checks Done : Start Up Walkround Checksheet 1 Conolets 08/04/2013
h completed. Dave Preest

V. Kempson, ARW 2013
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Visual inspection

» Documented inspection tours are needed and avoids potential failures

VR e “‘\.

Someone forgot a tool on an undulator:
The imprint of it is visible on the Al vacuum chamber!
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2.2 Operation
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Vacuum Monitoring — Stand-By

* General monitoring : check status of components, record of machine status
 Stand-by with specific duties: answer to control room request, act on simple

intervention, assist expert teams during complicate / delicate interventions
 Stand-by must be trained !

CERN (
CH-1211 Geneva 23 \
Switzerland “

T CEAN DW/Group or SUppRECantracter Dacumant o,
TE/VSC J

Monitoring report
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Author Date
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u]
TE-VSC Procedure Duration Piquet report
Morstaring repart (Daiy) 15k
Procedure for the Operation Follow-up of the LHC and : : AT Date
Injector Complex Vacuum Systems Action required on machine Jose Antonio Samoza ~ 28/08/2014 @
e L e — 03 S T o . Summary of observations and interventions
® = El [ o D = i
Abstract Piquet 1 Piquet 2 VCR Staff
Detailed description Berthold Jenninger ~ Jose antonie Somaza ~ None =
This document describes the tools and procedures for the daily follow-up of the LHC and all injector —
! 1.LHC Insulation vacuum:
vacuum systems, which are required to guarantee an optimum efficiency of all systems. It is dedicated for Repor type Duration e
use in the new Vacuum Monitoring Room (VMR). Based on the present vacuum control system, @ step-to- R — )
step procedure is given to survey the status of all machines comprising the LHC and the complete proton LS1 no monitoring required Figuet report (Weskly) ~ oh [v] Closed v
and heawy ion injector chain. The majority of the vacuum systems are controlled with PVSS. A table with Ty
2. LHC operation logbook:
acronyms can be found in the Annex. 151 no monitoring required
1,32, Control o pumping roups and walve: Concerned machine
VPGFH.355.4RB.Q
VPGFE.201.8R3.Q
Beam V.LHC Ins V.LHC sps 3 Booster  LINAC AD 1SOLDE Other
5] O ] B [a) [8] ] ] B
Author: Checked by: Approved by:
Detailed description
Eric PAGE, TE-VSC
Edgar MAHNER, TE-VSC Important
Ludovic MOURIER, TE-VSC - o g e gl et od o h st o pci i o el
Jose De La GAMA, TE-VSC s i Sl s ot h A o 1t e s s o o i st 4 Pt
Germana RIDDONE, TE-VSC - o © bare ot
2. Heure d'appal de la CCC 2. Time of CCC call
3. Machine, zome 3. Machine, zone
4. Equipemant concerné, origine du problime 4. Affected aquipment, probleme zource
5. Prisence d'interiock ou non 5. Interiock
6. Type d'intervantion (sur place ou & distence) 6. Intarvantion type (on site or ramate)
7. Tamps d'intarvantion & temps de perte faisceoux 7. Intarvention time & beam lost time

Mo phone call from the CCC. Mo intervention during the Piquet's week
RAS.

Procedures Daily and weekly Reports
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SCADA & Alarms

 Software tools are available to help & alert the vacuum expert
* Next generation will integrate predictive behaviour of pressure levels!
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- W&EI.188.1LL.% | 18m_L

Beam_E

Curia.B
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16/05 2 COMM TELEPHONE MEY 513 RT2-513 DEFAUT REDRESSEUR
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Pressure Follow-Up

* Expert monitoring: check general trends and track / resolve specific issues, follow

daily and detailed machine operation T B =l
I y I I p I mbar
1E-8 4
1.00E-08
YGPE.E9.FRZ.R
VGPE. 150.7RE.R
Vannes VGPB.514.7L3.8
= ouvertes
s WK 10 L] A L] A VGPB.BT.7L2.B
£ 100e-09 ’e 1E-8 4 I
H —
2 ] YGPE.E75.7L4.B
g WVGL1347L1B YEPE, 564, FR4R.
# VG134 7LLR
|| X X VG5 6L B
1.00€E-10 I
VGIBS BL1R
x' A VELESBLL 1E-10d VGPB.91.7L8.8
A % VGIL525LLR
x ®VGI525118 N
4 »
* EVGI6284L1X LT I I 4
] Time and Yalue
A velazoainx © 60512 05:29,50
1.00E-11 #VGLIALALLX © | 2529.96 Gev
- Mode
15114 non ™ online Mo filker |
26-08-2012 26-08-2012 26-08-2012 26-06-2012 26-08-2012 Time Interval i ]
07:40:00 08:00:00 08:20:00 08:40:00 09:00:00 24mn [1h Hfodey
Al It | Ele~  Close Help
1.00E-12
0 5 10 15 20 25 30 a5 40 45 50 55
LHC fils + Fill 2012 » All Documents
Week
rferences and Workshaps  VASCO code | MG S| Blectoncioud  Laboratnry  HLUKG Search th s
" " ;
] " ) .
Interlocks records 5 - .
New ~ | Upload ~ | Adions~ | Settings ~ i rarson wih fil 2544 of
Type Name Date VACSEC. Equipment Sedtor valve shor ription i Calenda " . . , —
(]  Interlock VWGSW.122.412.C30th of 30/11/2012 14:05  AdL2.X TOL4L2.C WWGSW. 122.412.X Beamdumrp of fil 3348 triggered by ALICE Treb - = i
November 2012 BIC which 2
Lﬂ_] Interlock VWGSW.819.5R4.B 10th of 10/09/2012 21:51 ESR4.B BWS.5R4.B WGSW.819.5R4.B Beamdunp of fil 3053 triggered due toair The br ) o 3044 <
September 2012 leak on BWS. trigge a
Lﬂ_] 2nd Interlock WGST. 232.7R7.B 26th 26/08/201222:30 A7R7.B VGPB.231 & WGST.232.7R7.B Beamdump of fil 3006 triggered due to Presst
of August 2012 233.7R8.B sparking on RF fingers \ ] J
Lﬂ_] Interlock VWWGST.232. 7R7.B 26th of 26/08/201202:30 A7R7.B VGPB.231 & VAGST.232.7R7.B Beamdunp of fill 3003 triggered due to
August 2012 233.7R8.8 sparking on RF fingers " .
Lﬂ_] Interlock VWGST.232.7R7.B 16th of 16/08/2012 16:20  A7R7.B VGPB.231 & WGST.232.7R7.B Beamdunp triggered by VGPB Possit s
August 2012 233.7R8.B . 2 N 0
LE_] Interlock VWGSF.221. 1R8.X 20th of 20/07/201202:00 BothVAXinIP8 VGPB.222 & WGSF.221.1R8.X Beamdunp triggered by VGPB Possit T
July 2012 219.1R8.X confirl ‘

Tracking interlocks
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Operation Follow-Up: Checking Design

» Checking that the system behave as expected: example synchrotron radiation
Induced gas desorption

First Observation of Synchrotron Radiation: Aug-2010

» Pressure rise during the beam
energy ramp

| Cleaning Effect under SR

= Arc extremity’s vacuum gauges : unbaked Cu and cryogenic beam screen
v = Reduction by 2 orders of magnitude since October 2010

130 Bunakas 1.E-DE
— ahbunihen + 2 trends :
*  Dynamic pressure increases with :.'...:h: Cos
beam current i ~ n ol - Room temperature
- = -10 E 1E-07 - . ]
DeltaP = 2 10-1° mbar g - Cryogenic temperature
. [: \\ \H o tm N,;r“‘:v NI i .:
EE;ﬁq;::a;ﬁ;ﬂ:ﬁ 3 ue08 . g
r T _
§ ‘.“';«' n oC r 0.4
[ IR E) g ) ...:N_-----
1E-09 e T~ —

uuuuu

1.E-10
1E+20 1E+21 1E+22 1E+23 1E+24 1E+25

Photon dose (phym/fs)

» Inside the arc, at 5-20 K, deltaP < 10-'° mbar (i.e. below detection limit)

* The photodesorption yield at cryogenic temperature is estimated to be < 10 molecules/photon
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Beam conditioning

« This is not a myth and it is observed in many machlnes across the worldI

Your machine shall behave the same way _
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O. Grobner. Vacuum 43 (1992) 27-30 C. Herbeaux, Journée thématiques RTVide, décembre 2014
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Beam scrubbing

« Graphitization is clearly visible!
LANL

dipole chamber (SRBM11, 6/20/07) quadrupole chamber (SRQF11)

Courtesy R. Macek
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Accelerator Fault Tracker

 Big brother is watching you ... for your system health!
* it Pays:

* Machine availability > 96%
« X-ray availability > 91 %

Run 2001-4 Downtime by System

October 31 through December 23, 2001 Run 2001-4 Faults Per Day By System
Scheduled User Time = 1120.0 hours October 30 through December 23, 2001
User Downtime = 38.5 hours W Budget User Beam Days = 46.7

2.0%

Downfime
Budget

1.0% RF

0.2%
Diagnostics
1.0% PS

0.2% Confrols
0.5% Water/ME
0.3% Vacuum
0.1% Operations
0.1% QAG
0.0% Physics
0.1% ID-FE
0.1% IS1

m20014
W Budget

1.0%

Faults / Day
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RF
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PS

Controls

Water/ME

Vacuum

Ops
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Physics
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1Sl

Other

Unidentified
RF
Diagnostics
3
Controls
Water/ME
Vacuum
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OAG
Physics
ID-FE
Isl
Other

Updated

ated 12/28/01
Upe: 123001

Unidentified

02/04/2002 ARW, Grenoble Operations Group 02/04/2002 ARW, Grenoble Operations Group
Chihyuan Yao Advanced Photon Source Chihyuan Yao Advanced Photon Source
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Fault allocation
F&Ult AHOCﬂtIOHS 2000'2001 PS RF CONT |VAC Cooling | other BL refill

ROLS

Pulsed Power Refill Problems
7%

Port Hardware
10% 2%

Wiggler MPW
3%

APS  >15% | >15% | >10% | >35% @ <5% | >10% @ >5%

RF. System Machine Yacuum

0% ®%
ELET  >15% | =>5%  >10% | <5% @ >=10% | >5% | =5% | >10%
TRA
Magnet Power Supplies
3% Others
C“';;“ls Water Faultsqc Bearwss (Individually <2% including safety,
P ause o nown) mains dips, m;gljats, pulsed E SRF N o/ _ 0/ 0 _ co/ 120/ o Y
power supplies, injector and PS) . > 5% =20% >5% =25% >15% | <5% =370

6%

SRS, Daresbury

700 E. Karantzoulis, 2002
a0 Annual trend, PLS
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PS Interlock

500 = Photon Stop
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The vacuum system is always a good

# Timing

- koo candidate for fault generator, in

® Electric Power

particular at the beginning of a project

= Vacuum
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400

300

= Control
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= RF System

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008

E. Park, ARW2013
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LHC Vacuum: Lost Physics and Fault Time

A thorough consolidation of the vacuum system during LS1 paid!

BCT

Operation
Controls/WorldFIP
BPM

TS-Services
Feedback

BIS

TS-CV

Vacuumn

Controls

BLM

PSB No Beam

RF

Injection

Access

Beam Dump
Collimation

PS5 No Beam
Power Converters
Miscellaneous
QPS

TS-Electrical Services
SPS No Beam
Cryo

Beam-induced Quench
Collimation
Accelerator Controls
Beam Losses

Vacuum

Other

Beam Injection
Operation

Machine Interlock Systems
Magnet circuits
Experiments

Access Request
Injection Systems
Technical Services
Radio Frequency
Beam Instrumentation
Transverse Damper
LBDS

Qps

Injector Complex
Power Converters
Cryogenics

Total Fault Duration = 27.5%
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Operations Exvor

ATLAS

BEM
ALICE

Cooling & Ventilation
PSB

Acces System
BSRT
Beam: Losses (UFO)

812 hours = 34 days = lost physics
1524 hours = 64 days = fault time
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1. Ponce et al.
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LHC Design Luminosity: 26" June 2016

We reached design luminosity!
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—  ATLAS lumi

— CMS5 lumi

—  Awerage lumi
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Celebration at the CCC!

10°4
B Thanks!
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Summary

* The real life of operation relies on availability.
* Availability is a constant concern during the life of a system.
* Availability of vacuum system relies on

» Group Expertise (which must be maintained and continued to be developed)
* New concepts

* Studies

* Design

* Production & installation follow up: Quality Assurance Plan is a must

» General monitoring / support by stand-by

* Fill by fill and daily monitoring / support by experts

* Repair, consolidation and upgrade of the system

* All these activities are based on many technical, engineering and scientific skills which
must be available for the project to ensure availability!
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Some References
» Cern Accelerator School, Vacuum technology, CERN 99-05

* Cern Accelerator School, Vacuum in accelerators, CERN 2007-03

e This school !

Workshops & conference

* PAC, EPAC, IPAC series available on JACOW web site
* OLAV: Operation of Large Vacuum Systems Workshops
* ARW: Accelerator Reliability Workshops

* WAO: Workshops on Accelerator Operation
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Thank you for your attention !!!
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