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Scope

- This presentation will only deal with the main protons physics during Run ||

- However, noteworthy is the remarkable performance that has been reached with
the Pb-Pb, p*-Pb (and Xe-Xe) runs
« LIU performance has already been achieved (slip stacking to be added in SPS)
«  Very high machine availability during these runs (low intensity / luminosity)
« Record stable beams time of 37 hours for a single fill.
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Introduction




The LHC and its Injector Complex

- The LHC performance is largely determined by injector complex performance
« Availability

« Beam quality = Brightness
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The LHC and its Injector Complex

- The LHC performance is largely determined by injector complex performance

CMS

« Availability
- Beam quality = Brightness CENFGE.E;;

ALICE 2016 | LHCb

- The PSB determines initial
beam brightness
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The LHC and its Injector Complex

- The LHC performance is largely determined by injector complex performance

CMS

« Availability
- Beam quality = Brightness CENFGE.E;;

ALICE 2016 | LHCb

- The PSB determines initial
beam brightness

HiRadMat

AD ELENA

H H H L e BOOSTER ISE
- The PS determines the timing @ e
Stru ctu re Eg ) o : , 'Nl-lnlliRA%éCBHARM
/-—*-"""** .
« 25ns, 50ns, BCMS, 8b4e, ... =
See also:

MOA1PLO1, H. Bartosik; MOA1PL02, G. Rumolo; MOA1PLO03, G. Bellodi; THA1TWDO04, K. Hanke




LHC Beam in the Injector Complex

To LHC clock-wise or counter clock-wise T
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* An increased number of kicker gaps, hence injections, reduces the number of
bunches in the LHC




Multi-Annual Integrated Luminosity

. Run |
2011: Commissioning at 3.5 TeV/beam
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Reaching the Run | + Run |l Goal
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The LHC goal up to LS2 is
150 fb-1
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Run 1

Run 2: 2015
Run 2: 2016
Run 2: 2017
Run 2: 2018
Total Run 1+ 2

29.2
4.2
39.7
50.2
23.2
146.5




Performance Through Availability




LHC Machine & Beam Performance

 The performance of a complex praraware Limit Dumps
. . . . . ue 10 beam
collider like the LHC is firstly (Cryogenics, \ | osses
. . . - QPS, Power
dominated by machine availability, Converters, ...) .
operational efficiency and stable 4 Premature fes
. . dumps, longer
beam time, hence technical aspects turnaround
R2E effects, Longer
heat loads turnaround
« Secondly, the beam performance
will determine the luminosity | |
production rate during the available
: Beal rational
beam time P(Tr:?en:]:’;/m cniciency
. . ’ (Turnaround,...)
 The Goal is 50% Stable beam time Energy, B*,..) Longer

turnaround

A. Apollonio




Multi-Annual LHC Availability

2015

Fault / Downtime
30%

Operations
37%

SB =33%

2015 was a re-commissioning year after Long Shutdown 1

In 2015 LHC ran with 50 ns and 25 ns bunch spacing, availability is for 25 ns
2016, 2017 and 2018 are the luminosity production years

For 2018, only at ~1/3 of the year...




Multi-Annual LHC Availability

2015 2016

Operations
37%

SB =33% SB =49%

2015 was a re-commissioning year after Long Shutdown 1

In 2015 LHC ran with 50 ns and 25 ns bunch spacing, availability is for 25 ns
2016, 2017 and 2018 are the luminosity production years

For 2018, only at ~1/3 of the year...




Multi-Annual LHC Availability

2015 2016 2017

Fault / Downtime
19%

Operations
30%

Operations
37%

SB = 33% SB = 49% SB =49%

2015 was a re-commissioning year after Long Shutdown 1

In 2015 LHC ran with 50 ns and 25 ns bunch spacing, availability is for 25 ns
2016, 2017 and 2018 are the luminosity production years

For 2018, only at ~1/3 of the year...




Multi-Annual LHC Availability

2015 2016 2017 2018 (preliminary)

Fault / Downtime
19%

Operations
30%

Operations Operations
37%

SB = 33% SB = 49% SB =49% SB =50%
So far....

2015 was a re-commissioning year after Long Shutdown 1

In 2015 LHC ran with 50 ns and 25 ns bunch spacing, availability is for 25 ns
2016, 2017 and 2018 are the luminosity production years

For 2018, only at ~1/3 of the year...




Some Examples of Technical Issues Addressed

. . . . . r Beam screen outIettetpperature .
- Cryogenic heat loads with high intensity:
Heat sources:

w
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- Impedance, photons and electron cloud

Beam injection and extraction caused heat load step
functions on beam screen
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- Feedforward based on beam intensity, energy and
filling scheme implemented
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B. Bradu et al.
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Some Examples of Technical Issues Addressed

. . . . . r Beam scr'een outIettetpperature
- Cryogenic heat loads with high intensity:
« Heat sources:

w
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—PID
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o
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- Impedance, photons and electron cloud

Beam injection and extraction caused heat load step
functions on beam screen

]
o
T

Temperature (K)
N
4]

- Feedforward based on beam intensity, energy and 151
filling scheme implemented

10

0 015 ‘; 1.‘5 é
- Radiation to electronics (R2E) o B. Bradu et al.
Close to the Interaction Points (IP) failure rates are dominated by integrated luminosity

In the arcs failure rates are dominated by beam-gas interactions, hence circulating beam intensity
Cures:

25

- Move electronics further away in shielded areas - was done during Long Shutdown 1 (2013-2014)
+ More radiation hard electronics - was done for part in 2015-2016 YETS




Beam Performance & Beam Physics Challenges




Peak Luminosity and its Evolution
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Peak Luminosity and its Evolution
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Peak Luminosity and its Evolution

— 221 - _
£ 30f Run1 N\ Run2 -t | . 2016: the LHC well beyond its

o 18 (s=T-8TeV s=13TeV ., 5 design luminosity

= 16F iy - Despite a reduced number of

-‘?0,"1-4;— bunches

£ 1 - Thanks to the brighter injectors beam
3 1.0F

P

o




Peak Luminosity [10** cmi2s]

Peak Luminosity and its Evolution
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2011 2012 2013 2014 2015 2016 2017 2018

- 2016: the LHC well beyond its

design luminosity

« Despite a reduced number of
bunches

« Thanks to the brighter injectors beam

- Every year:

« The peak luminosity is higher than
previous years

« The time in which the peak
luminosity is reached is shorter




Peak Luminosity [10** cmi2s]

Peak Luminosity and its Evolution
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« Despite a reduced number of
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« Thanks to the brighter injectors beam

- Every year:

« The peak luminosity is higher than
previous years

« The time in which the peak
luminosity is reached is shorter




Peak Luminosity [10** cmi2s]

Peak Luminosity and its Evolution
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« The time in which the peak
luminosity is reached is shorter




Peak Luminosity [10** cmi2s]

Peak Luminosity and its Evolution
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« The time in which the peak
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Peak Luminosity [10** cmi2s]

Peak Luminosity and its Evolution
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« Despite a reduced number of
bunches

« Thanks to the brighter injectors beam

- Every year:

« The peak luminosity is higher than
previous years

« The time in which the peak
luminosity is reached is shorter




Machine & Beam Parameters

Parameter Design
Beam type: Std
Energy [TeV] 7
Number of bunches per ring 2808
Bunch spacing [ns] 25
Bunch population N [10'! p/b] 1.15
Transv. norm. emittance SB &, [mm mrad] 3.75
Betatron function at IP1 and IP5 £ [m] 0.55
Half crossing angle [urad] 142.5
Peak luminosity [10** cm2s] 1
Maximum pile up x (per bunch crossing) ~20
Stored beam energy [MJ] 360

Integrated luminosity per year [fb!] n.a.




Machine & Beam Parameters

Parameter Design 2015
Beam type: Std Std
Energy [TeV] 7 6.5
Number of bunches per ring 2808 2244
Bunch spacing [ns] 25 25
Bunch population N [10'! p/b] 1.15 L.1S
Transv. norm. emittance SB & [mm mrad] 3.75 S
Betatron function at IP1 and IP5 £ [m] 0.55 0.8
Half crossing angle [urad] 142.5 145
Peak luminosity [10** cm2s] 1 0.55
Maximum pile up x (per bunch crossing) ~20 ~15
Stored beam energy [MJ] 360 270

Integrated luminosity per year [fb!] n.a. 4.2




Machine & Beam Parameters

Parameter Design 2015 2016
Beam type: Std Std  Std/BCMS
Energy [TeV] 7 6.5 6.5
Number of bunches per ring 2808 2244 2040/2076
Bunch spacing [ns] 25 25 25
Bunch population N [10'! p/b] 1.15 1.15 1.2
Transv. norm. emittance SB & [mm mrad] 3.75 3.5 3.5/2.1
Betatron function at IP1 and IP5 £ [m] 0.55 0.8 0.4
Half crossing angle [urad] 142.5 145 185
Peak luminosity [10** cm2s] 1 0.55 0.83/1.4
Maximum pile up x (per bunch crossing) ~20 ~15 ~20/35
Stored beam energy [MJ] 360 270 345
Integrated luminosity per year [fb!] n.a. 4.2 39.7

Reduction of f* - increase
of crossing angle

Limited by the SPS internal beam dump that suffered a vacuum leak
Initially 72 std bunches/inj. Later 96 BCMS bunches/in;j.




Machine & Beam Parameters

Parameter Design 2015 2016 2017

Beam type: Std Std Std/BCMS BCMS 8bhde 8b4e-BCS
Energy [TeV] 7 6.5 6.5 6.5 6.5 6.5
Number of bunches per ring 2808 2244 2040/2076 2556 1916 1868
Bunch spacing [ns] 25 25 25 25 25 25
Bunch population N [10'! p/b] 1.15 1.15 1.2 1.35 1.2 1.25
Transv. norm. emittance SB &, [mm mrad] 3.75 3.5 3.5/2.1 2.1 2.3 1.8
Betatron function at IP1 and IP5 £ [m] 0.55 0.8 0.4 0.4 0.4/0.3 0.3
Half crossing angle [prad] 142.5 145 185 150 150 150/110
Peak luminosity [10** cm2s] 1 0.55 0.83/1.4 1.74 1.9 2.06/1.5@)
Maximum pile up u (per bunch crossing) ~20 ~15 ~20/35 ~45 70/60@) 80/60®@
Stored beam energy [MJ] 360 270 345 360 240 245
Integrated luminosity per year [fb!] n.a. 4.2 39.7 50.2

() Minimum crossing angle during crossing angle anti-levelling Various beam confi gur ations due to gas

@ Value after luminosity-levelling by separation

() Minimum betatron function during betatron anti-levelling condensate in interconnection ( 16L2 )




Machine & Beam Parameters

Parameter Design 2015 2016 2017 2018
Beam type: Std Std Std/BCMS BCMS 8bhde 8b4e-BCS BCMS
Energy [TeV] 7 6.5 6.5 6.5 6.5 6.5 6.5
Number of bunches per ring 2808 2244 2040/2076 2556 1916 1868 2556
Bunch spacing [ns] 25 25 25 25 25 25 25
Bunch population N [10'! p/b] 1.15 1.15 1.2 1.35 1.2 1.25 1.2
Transv. norm. emittance SB &, [mm mrad] 3.75 3.5 3.5/2.1 2.1 23 1.8 2
Betatron function at IP1 and IP5 £ [m] 0.55 0.8 0.4 0.4 0.4/0.3 0.3 0.3/0.25®
Half crossing angle [prad] 142.5 145 185 150 150 150/1100)  150/110M
Peak luminosity [10** cm2s] 1 0.55 0.83/1.4 1.74 1.9 2.06/1.5@ 2.1
Maximum pile up u (per bunch crossing) ~20 ~15 ~20/35 ~45 70/60@) 80/60 60
Stored beam energy [MJ] 360 270 345 360 240 245 320
Integrated luminosity per year [fb!] n.a. 4.2 39.7 50.2 n.a.

() Minimum crossing angle during crossing angle anti-levelling
@ Value after luminosity-levelling by separation
() Minimum betatron function during betatron anti-levelling




Dealing With Tune & Chroma Shifts

1. On a plateau the magnetic field

: : 0.210
multipoles drift due to current 05 h o
. . . . . . (0]
redistribution in superconducting . =
cables E . 155
I 0. : =
« This leads to a decay of Q and Q' =/ —CTIE =
> 0.190] | Nocam B1| & 15 B
£ 0.185| |man®2 § 102
2. Laslett tune shift feedforward o || Her 2
) L}E 0.180} | - Hor (corr)| -~ 05 2
- An automated correction based on 0.175 | ver _ | %
calculations, using the measured 0'170 -+ Ver (cort.) - ;o 0 A
beam intensity was operationally 70 1000 2000 3000 4000 5000 6000 -
d eployed in 2016 Injection Plateau Length [s]

Michaela Schaumann et al.




Electron Cloud / Heat Load

 E-cloud causes beam induced heat load, which differs for each sector

I'f‘\':'n'l

» Cause for emittance growth and ‘
instabilities i d | | |
. :\/Iitiga![éclj by reducing secondaw g- il ! M“ ”H”H"“HN W ' “l”””‘ ‘ } “ “” H
electron emission yield through: _ m
« Scrubbing run at the start of the w w W w ! Ii
run/year fi‘ m l “ W “ "Lw
» Continuous scrubbing during the 3_&.3"7
physics run £os it ll,ﬂ& ﬁg i Iy QL ih‘
- Different heat loads for different % M@E%“ fi ~ : Eﬁw
sectors not yet understood o o & o
G. ladarola et al.

See also: MOA1PLO1, H. Bartosik
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Instabilities

Emittance and intensity are constantly pushed toward higher brightness, leading
to increased effects from wake fields on the transverse stability

Sources:

« Impedance, like collimators, kickers etc.

« e-cloud

« Noise from magnets and transverse damper

Rather good impedance model available, benchmarked with measurements,
allows predicting and understanding observations

Usual knobs to mitigate instabilities:
« Chromaticity

« Octupoles

« Coupling

\W

N,




Beam Dumps due to Fast Losses

Plug-modusz 20K}

- Accidental air Inlet in beam vacuum in half cell 16 left of Cols bars 2K g
IP2 (16L2) during 2016-2017 Technical stop DD ERN

—— — e

Cold oo (2 K3
Basm 55121 120 K

- Initially mitigated by 8b4e beam that suppresses e-cloud ~ P
and “home-made” solenoid = wih N, Op

Surfeos covarad
- Later by partial warm-up an vacuum pumping s e
- Not fully recovered yet, but no longer limiting performance

Thenvalarcror (50 K

Purrping port vales (293 K)

2 (4l 15w 4| BLMaL16L2B1E30_MQ 19 msec

L i UMM 162 S1ESO_MCAOSS FS09 ~— ELIMIL6L2 62150 MCHOSS RSO3 ~ LAC ICTOC AGHA ELSTAM INTENSITY ~ LHC SCTOC AGRA S SEAMLINTBISTY ~ RPUAISLZ SO NEAS — LA L2 FSDL21 MERS
_ 0.02- TotalLosses - 26700 (Grays) — 'l
el Dump B1 Total number of protons :
2 Zl 161_2 Fill 6596 Number of protons ISt T 10L3 52680 -
; (0.45 Tev) lost during UFO: -355\‘ — =
3 0005 N
A
‘|'I.'? 098 099 1.01 102

Time [sec]

£8| | .l' 1 [Feo | id | BLMTIO6LT B2110_TCLA.B6L7.B2

Total Losses = 711.0072 [Gray's]

IR7 Collimation section |

[}
0.97 098 099 101 102
Time [sec]

See also: WEPTWAO1, L. Mether

Losses [Gray's]




Transverse Emittance Growth

M. Hostettler et al.

. Injection plateau 2i5 | BCMS | 8b4e BCS
+ Usual IBS, but also additional = 4 < — |
growth due to e-cloud N
- Ramp
¢ Important bIOW up’ nOt yet 00— edto Start Ramp _ Stari Collsions _ Injecion _ Stari Ramp _ Start Collis
understood, with high potential gain __
for luminosity = Sole s
: Stable beams 15 % 9% 17 % 15 %

«  Normally no or little net blow up L I I I

also thanks to synchrotron damping m

5% 22 % 43 % 45 %
0.1 um 0.4 um 0.6 um 0.6 um




Beam Life time

Long beam lifetimes are of prime importance for luminosity production
Presently :

Wed Jun 20 03:14:02 2018

leld
251 r

« Higher than luminosity burn off losses at
the start of collisions

- Large difference between beam 1 and oo
beam 2

2 1.5
o

S
o
& F 3000

- Being investigated... g} J LL/

0.0 A

2018-06-10 2018-06-10 2018-06-10
10:40:00 16:13:20 21:46:40

See also: WEPWAOQ2, Y. Papaphilippou




Preparing for the Future




Levelling & Anti-levelling

* In certain conditions and depending on the experiments request, it is desirable to
adapt the luminosity dynamically with beams in collision — levelling.

Levelling for HL-LHC Beam offset / separation

Instantaneous 20y = s E
luminosity Ano leveling w peak 2x10°° cm™ s}
[10Pem267] 15}

crossing angle

B* (= beam size at IP) C @

10
leveling at 5x10°* ¢cm 25!

.

' nominal

2 4 6 8 10 12 14
Time [h]




In 2017 step-wise crossing angle anti-levelling
was introduced
« 3 steps depending on the luminosity burn-off

In 2018:

« The crossing angle anti-levelling is done continuously,
down to 130 urad

« A step-wise * anti-levelling has been added
« [*=30cm > 27.5cm > 25 cm

Allows few % gain in integrated luminosity, but
is a vital exercise for future (HL-LHC) levelling

Luminosity [Hz/ub)]

| Crossing angle anti-levelling

o |

- |

Zemai)
S
1 .
S
S o S
B S

L1

120

?

—/

2

B* levelling tests during MD -

p* [cm]
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40
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101 :30 12:00 12:30 13:00 13:30 14:00 14:30 15:00




ipSbl:beta*_x/y=0.400/0.400 35

. 5.0 1222 - 2
[ | % 45 sigx szg} D [ s =
ATS O ptl CS Eowed oy |
oy wwwmvvw\wuw “”“v‘w‘w“‘u“w‘w‘\.“)w I 2
3.0 , Lo.7
- ATS = Achromatic Telescopic Squeeze 2 “ "
« Increase B-function in the arcs to enhance effect of inner triplets L5 14
around the experiments LOM 21
. . . 0.5 4. MG . s M, 28
- Baseline optics for the HL-LHC, to allow for £*=0.15 m 0ol T ¥ 35
s (m)
. In addition, depending on the “telescopic factor” jﬁg”l ERRRER -
octupoles will have more effect for same current, thanks & 0] Ty W
to Iarger ,B'funCtionS in the arcs 35 ‘.‘\ JV\\}'}H Wﬂ H”‘””\W”v‘m‘)‘\‘r'\ “y‘ L 14
- Deployed as proof of principle and to gain operational
experience

- Further development continues during MD sessions | | ' ' '
S. Farthouk et al.




- Summary




Summary

During the production years 2016, 2017, 2018 (so far) the 50% stable
beam ratio has been achieved
The LHC is presently only 3.5 fb-' away from the goal until LS2 of 150 fb-’
(Run | + Run I1)
The peak luminosity is beyond twice the design luminosity
(2.1x10%* cm=2s! versus 1x1034 cm-2sT)
Beam physics challenges have been or are being addressed and for most
mitigation measures are in place, others are being investigated

The future for HL-LHC is being prepared and operational experience is
gained with future principles/methods and tools
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