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2018 LHC Beam Operation

Counted from 15t to last beam (~8 month)
Technical Stop (TS)
+ Recovery

Machine Development

Protons: 23days  (MD)
lons: 1 day

Commissioning and
physics

Commissioning and physics

Special Physics
VdM for high luminosity operation,
low and high energy forward physics data taking

Source: LHC schedule 2018 (8.10.2018)
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Proton Physics

30.03.2018 - 31.10.2018




Operation vs. Design

Many upgrades have already been implemented

Bunch population N, [101! p] 1.15 ~1.2 (= 1.4)

No. bunches per train 288 144

No. bunches 2808 2556

Emittance € [mm mrad] 3.75 ~2.2

Full crossing angle [urad] 285 300 > 260 Crossing angle &
i B* levelling in

Peak luminosity [1034 cm2s-1] 1.0 ~2

« Beam quality from the injectors: bright beams in various schemes
« Direct luminosity enhancement: ATS optics & anti-levelling

« Cycle optimization: e.g. simultaneous ramp and squeeze

« Misalignment compensation: ALICE & CMS IP bumps




LHC Availability: Proton Physics

Excluding Technical Stops and Machine Development periods

Fault / Stable Beams
Downtime (Physics data
taking)
Operations

Source: Availability Working Group Reports: Restartto TS1, TS1to TS2, TS2 to TS3
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Main Limitations

On Intensity:

« Electron cloud W " J—

« EXcessive energy deposition on vacuum chamber
- Heat load on cryogenic system

« Beam quality degradation
- ‘16L2" premature beam dumps

- Believed to be caused by frozen air particles
falling through the beam.

«  Bunch intensity limited to ~1.15E11 (soft limit) L. Mether
« No 16L2.even.t since August : Er:azrennair

On Peak Luminosity: ® eciron

- Limited to ~2E34 cm2s1 by cryogenic cooling macro-particle

capacity in the triplet.
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2018 Peak Luminosity per Fill

Peak Luminosity in 'Stable Beams'
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Runl + Run 2 Peak Luminosity

Peak Luminosity [10%* cm2s]

Lo ] [ ) o (] [ — — " — — (] i)
o M o 0 O Mo D N
|||||II|III|III|||||II||II|III|III|III

Run 1
E =7-8 TeV

f 3‘...

-

H
.
F RN
C I ¥ )
P | et dl

N\

Run 2
s =13 TeV

----------------------

i

i »

. i
+

Land | s

2011 2012 2013 2014 2015 2016 2017 2018

2018 shows fastest
Increase in peak
luminosity of all years
with constant
performance.

Source: https://twiki.cern.ch/twiki/bin/viewauth/LhcMachine/LhcCoordinationMain
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Luminosity Production 2018

Official luminosity goal 2018:
. 60 fb! for ATLAS/CMS, Delivered Luminosity 2018

. 1 — 80 .
2 fb! for LHCb E Preliminary
< 70| <ATLAS:65.05 fb-1
- - I = +~CMS : 66.89 fb-1
Delivered luminosity: 2 60 || —LHCh:246 fb-1
J— I P E + ALICE : 0.0273 fb-1 C
\\\\4|()’/////é ,,.\:/\\ | l/:)/; : /,,f\\g\ /é/} ) E 50 E z
TS ATSA Y ALICEIpb] B\ g D5
— — - ~_- 3 40 2%
& \: o % \\\ o Sv S c =
66 S 2.46 N\ 27.3 < o — b
@ 30 <
S -y
ATLAS/CMS LHCb  ALICE 2 , &
[} >
a =
10 *
Year Goals achieved!!!
0
May '18 Jul '18 Sep '18

Date
Source: http://lpc.web.cern.ch/
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Runl + Run 2 Luminosity Production

]
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S o Runi Run 2 - Every year beats the record
8 140 is=7- s =13 TeV
£ F of the last!
= 120; . .
8 b 29fb1 160fbt - Integrated luminosity Run 2:
/ 160fb-1
60— .
wf- / ------ - LHC total integrated proton-
20f- - T 1
DM/ W\ S proton luminosity: 189fb
2011 2012 2013 2014 2015 2016 2017 2018
— 70 . .
2 T : Int. Luminosity
£ sof Run 1 29.2
g - Run 2: 2015 4.2
8 w0 Run 2: 2016 39.7
20— Run 2: 2017 50.2
0 Run 2: 2018 66
o Sl Total Run 1+ 2 189
02-Mar 02-May 01-Jul 31-Aug 31-Oct 31-Dec
31.10.2018

Source: https://twiki.cern.ch/twiki/bin/viewauth/LhcMachine/LhcCoordinationMain




Low Energy High p*
Special Physics Operation

11. — 14. (16.)10.2018




Low Energy High g*

- Forward, low angle physics for ALFA & TOTEM

«  Measuring particles as close as possible to the beam to have
acceptance for scattering processes at low momentum transfer (low t).

Requirements:

« Large B* (low divergence) at the collision point & low background

- 5 preparation sessions in 2017/18 to investigate feasibility and
data quality.

- Feasibility of the run relied on the invention of two collimation
schemes to bring background down to required conditions.

2017 preparation (3 sessions) 33 hours
ALFA or TOTEM Detesior ALFaorToTEM 2018 preparation (May) 15h
— &= - — . — - 9 > 2018 preparation (September) 16h
200m -200m 2018 data taking incl. setup 3d 15h

A

Grand total 6d 7h




Low Energy High B*

- Total physics operation: 3d 15h
> Excellent machine availability (95%)

- Both detectors achieved the goal of one million
events in good background conditions.

y (mm)

 The total LHC beam
time within the
foreseen maximum of
7 days.
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Heavy-lon Run

02.11.2018 - 03.12.2018




Heavy lons in the LHC

LHC has operated in 5 different modes, but was
designed only for 2:

Design: p-p, Pb-Pb

Upgrade: p-Pb, Xe-Xe (pilot run), Pb81+ (MD in July)
Since 2012 all 4 experiments have participated in
heavy-ion data taking.

Pb-Pb run was the last physics before LS2

LHC Phase 1 luminosity goals for Pb-Pb have been
exceeded in 2015+2018:

>1 nb-! for ALICE, ATLAS, CMS

2010 \ 2011 2012\ 9013 2015 2016 2017 2018

p-Pb LS1 Pb81+




Run Parameters

Entirely new accelerator cycle was commissioned.
Most of HL-LHC performance demonstrated!

Pb-Pb Pb-Pb LIU Upgrade | Upgrade
(Design) (2018 achieved)  (after LS2) Status

Energy [TeV] 71Z 6.37 Z 717 ' Magnet
training

g*atIP (1/2/5,8)[m] (0.5,-) | (0.5, 1.5) (0.5, 1.5) ©

Emittance [um] 1.5 =2 1.65 ‘

Bunch Intensity 0.7 2.3 1.8 '

[108 ions]

No. Bunches 592 733 1232 ' SPS RF

Bunch Spacing 100ns 100ns = 75ns | 50ns @ ' e

Peak Luminosityat -/1/1/- |6.4/1/6.4/1 7171717 @ Lumi

IP1/2/5/8 [10%"cm?s™] 7‘, / levelling

Green values reached & Some collisions in LHCDb
exceeded LHC design (not considered in detalil yet)
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: Availability | _ > " 35%
Run Evolution g1 | S0 Eperation
‘ 0)
: 30 days ‘13/0 Fault:
100ns Bunch Spacing 75ns Bunch Spacing
. 5926480 | 670p 733P |
H I el 460D, |1 | :
Lo = 260b , ““ ]\ P ‘P W[V [M\M |
by bt ‘ \ :
o2 S '.ﬂmn |J " ““ ‘L“I ‘ |
W e CEUE it i
:: g Il |
32 \ o \ A AR A (I AR A AL LD (] \i H“H
° : 2018-11-06 ; 2018—11—2 LU 18—18 e A 01--23 NN IR R El} 129 S 8
st ' 2"d source refill
lon source fault| 1% Pb-Pb : 1% source refil
. Stable Intensity ramp-up
no ions | |
available Beams 100ns beams in every fill
up to
Repetition of luminosity calibration ALICE polarity
for special physics run (protons) switch




Luminosity Evolution

Design peak luminosity was exceeded by more than a factor 6 Iin
ATLAS/CMS.

- Almost reaching nominal HL-LHC target luminosity
- Demonstrated feasibility in ATLAS/CMS

ALICE levelled to design saturation value most of the time in Stable
Beams over an equivalent of 10.5 days.
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Delivered Luminosity

| Preliminary B

1.75

Performance of 2015
was well exceeded!

-+ ATLAS : 1.797 nb-1
1.5 | =CMS:1.802 nb-1

= LHCb : 0.235 nb-1
1.25 | «ALICE : 0.905 nb-1

0.75 /
®2015
0.5 ®2015

025 —._..._.....--—""'...‘-

12. Nov 19. Nov 26. Nov

0
. D
Delivered e
(by 03.12.2018)
584 X 3

LHCD int. luminosity ~two

Initial 10 year Pb-Pb
luminosity goal of 1nb-1
reached in 2 runs.

Delivered integ. luminosity [nb-1]

ATLAS/CMS [ub1] 1800 \

. orders of magnitude
ALICE [ub~] 905 433 X 2 / above 2015 performance
LHCb [ub1] 235 6 X 39

&)

Source: http://lpc.web.cern.ch/
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LHC Pagel Fill: 7494 E:

450 Z GeV

t(SB): 00:00:00 03-12-18 04:40:09

MACHINE DEVELOPMENT: BEAM DUMP

-200 -100

450 Z GeV I(B1): 4.24e+08 I(B2): 0.00e+00

Comments (03-Dec-2018 04:38:24)
This was the last dump of Run2 !

Going to access today, estimate 2 years

AFS: 75_150ns_733Pb_733_702_468_42bpi_20inj

BIS status and SMP flags Bl B2
Link Status of Beam Permits
Global Beam Permit
Setup Beam
Beam Presence
Moveable Devices Allowed In
Stable Beams

PM Status Bl ENABLED [l €T Y4 ENABLED




The Long Shutdown 2 (LS2)

» The Long Shutdown 2 (2019-2020) is driven by a major upgrade of
the LHC injectors to reach the HL-LHC beam parameter targets!

Major activities for LHC are:
« Consolidation of diode insulation
« Installation of 4 x 11 T magnets

 Replacement of ~20 magnets
with non-conformities

« Maintenance and consolidation
of several machine elements
(cryogenics, collimators, beam
instrumentation, RF, ...)




LHC Long Shutdown 2 (LS2)

Sector 12 Sector 23 | Sector 34 | Sector 45 | Sector 56 | Sector 67 | Sector 78 | Sector 81
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Summary

An extraordinary year is coming to an end.
5 different physics run configurations have been exploited
« Proton-proton physics at f* = 30-25cm, requiring luminosity
calibration with larger beam size at f* = 16m.
« Special physics runs with large beams at 6.5 TeV and 450 GeV

« Heavy-ion run at 6.37 Z TeV at g* = 50cm

Despite some rocky periods all LHC physics goals have been
achieved and most have been exceeded.

Looking towards the start of LS2 and the restart with beam in 2021.




Acknowledgements

Many people in many groups and teams,
working on injectors and LHC, have made
exceptional efforts, often at short notice.

Without them all physics runs would not
have been so successful.

THANK YOU!

CEfNj/
\\_/







Luminosity: Forecast & History

LHC Performance 2018

0 | | — Head-on Prediction!
Rl S LRy e —— EPP ST Delivered luminosity to
S 50 / ATLAS/CMS
R surpassed
2 | ATLAS/CMS / . P .
N 7 the ultimate goal of 150 fb
3 30 / 150 fb! Run 1+ Run2 - in Run?2
- e e ﬂ_ __________________
*g 20 A /
g ; —Predicted
S 10 ¢ e — Achieved LHC Performance 2018
- j | 25 7
o bl SUSTNE %
4/15 5/15 6/14 7/14 8/13 9/12 1 2o | ,/,-/_

L5; LHCb ;?4;_//
e _,_/;-’_/
0.5 i / __/ —Predicted

‘47 N —Ach‘ieved

|||||

LHCb luminosity
constantly above target

Integrated Luminosity LHCb (fb1)

4/15 5/15 6/14 7/14 8/13 9/12 10/12

Source: https://twiki.cern.ch/twiki/bin/viewauth/LhcMachine/LhcCoordinationMain
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6.37 Z TeV Beam Energy

k particle charge

Reducing of the beam energy from 6.5 Z TeV to 6.37 Z TeV
provided the possibility to compare 3 collision modes at the
same center-of-mass energy per colliding nucleon pair:

—

e )
@ =)= @ - = @ — ¢ .
P-P p-Pb Pb-Pb
E,=2.51TeV E,=47ZTeV E,=6.37ZTeV

(2013, 2015) (2013, part 2016) (2015, 2018)




Major Hurdles ...

lon source fault; No ions available after TS3
« Many commissioning tasks were advanced with protons.
- Degraded beam quality during the first week of the run.
> Resulting in lower beam intensity and longer turn around time.
> Shorter levelling periods and less time in physics.

Derived Emittances:
HORIZONTAL = 10.12 um)|
|_VERTICAL = 9.63 um__}'

ALICE luminosity lower than expectea:

Cause: beam deformation and reduced overlap at IP

=

introduced by strong local betatron coupling in IR2.

0

Solution: correction with skew-quadrpoles implemented e e S
during ALICE polarity reversal. e

« Luminosity sharing strategies used until solution was found.
> Filling schemes (number and distribution of bunches).
> Luminosity levelling target of ATLAS/CMS.
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LHC Pagel Fill: 7473 E: 6369 Z GeVY t(SB): 02:58:43 25-11-18 144749

ION PHYSICS: STABLE BEAMS

6369 Z GeV RGNS 8.56e+12 - 8.52e+12

Inst. Lumi [(b.s)A-1] IP1: 2533.55 IP2: 1240.81 IP5: 2586.42 P8: 440.27

FBCT Intensity and Beam Energy Updated: 14:47:49 Instantaneous Luminosity Updated: 14:47:47

Intensity

s
v
%]
o
>
=)
<
=
i

Luminosity / 1e24

I 16:00 19:00 22:00 01:00 04:00 07:00 10:00 13:00
16:00 19:00 22:00 01:00 04:00 07:00 10:00 13:00 e T

BIS status and SMP flags

Comments (25-Nov-2018 09:41:52) Link Status of Beam Permits
Global Beam Permit
Re—fill for physics with 733Pb. Setup Beam
Beam Presence
Moveable Devices Allowed In

Stable Beams

AFS: 75_150ns_733Pb_733_702_468_42bpi_20inj PM Status Bl ENABLED B¢ {TEN ¥ ENABLED
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N



100ns vs. 7/5ns Beams

100ns train structure P Train
Bunch Bauﬂ1 %292? 1992§
___?J\ LN /\_15101‘5_/\ NN Nlzsons A A AN ___.
)/}
450ns
75ns train structure Py Train
Batch 75nS
Bunch -
___‘J\_I\_IL J\_ILIL JUNN2sons | |\ 25ons |\ L _

300ns
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LHC Pb-Pb Bunch Intensities

* Injectors provided intensities
uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu : - far above the dGSlgn

DeSIQ , Typical structure:

» Along bunch train, due to
o EE losses at the SPS injection
0
BBBBBBB intensitiies [25!11[18 1143 DB] a2013"'|'§'e';ﬁ|mh;|'nde:ADJU§:|"'“i'|i'|i'r;'ch(avg): S e L plateau .

FEF2, 847 F#] > Along the beam, Similar losses
él.sglufﬁf}#y‘ ;f—f; # ? "i;’"’. t‘i.r in the LHC.

« Two types of beam used
« 100ns bunch separation
* 75ns bunch separation




Loss Pattern around the Ring

Loss spikes around all IPs where ions collide ...

1E2

Octant 1 Octant 2 Octant 3 Octant 4 Octant 5 Octant 6 Octant 7 Octant 8
1E13 =
BFPP

1E-17 ==
= 3
2 - E
& 1E-23 o
. =

Losses

1E-4+

] | 1
1E-53 :
] | F{
1E—6-§ |
| ollimation
1E-7

Monitors

ATLAS ALICE CMS LHCDb

cw
\

N/



Secondary Beams created in the Collision

Bound-free pair production Secondary beams impact in
2S84 | 208 P2 (BFPP) superconducting magnets
208 P2 208 ppsit o f downstream the interaction points.
0.03 : - : ‘ ‘
{ FA‘ ” H H ] [ 1>ﬁ’é\ LA
7 : 02 208-Pb-81+ |
0.01} 208-Pb-82+ Eg%’ll j
- g 0.00 N :
o VPN B *E e e
[ ‘@) 3@) ool ﬁ \l"'l |I -5 "E F
Has large interaction cross- 0035 T zﬂoo ] 0 a0 500
section (>200b) in Pb-Pb | oS .
collisions and is the main Deposited power exceeds quench limit.
contribution to fast luminosity Luminosity limit found at
burn-off. L=2.3e27cm™? s1 (=50W into magnet)
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Quench Risk Mitigation with Orbit Bumps

Orbit bumps are used to move the secondary beam losses to a less
vulnerable location in order to reduce risk of quench.

Main and BFPP1 Beam with/without Bump in IR5
0.03f | o ' | ]
AN A
J A
0.0 w/o bump '

0.01¢

% 0.00 8
P 3 : “missing quadr“upole -
—0.01}% == le0|e dllee” =
RN |,n|:'” — l-..r+:6cj
ool cryostat 7
~0.03}, i H . ‘ B A E
0 100 200 300 400 500 3
s [m from IP5] 0.02 @
Q
_ _ 0.01] 2 2
Technigue operationally -

o
==

used since 2015. 0.090 430

. s [m from IP5]
Particle losses
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LIU project lJJ

PSB LHC Injectors Upgrade

o New injection at 160 MeV from Linac4 to double brightness of LHC beams

PS

o New injection at 2 GeV to mitigate space charge

o RF improvements to improve beam quality

SPS

o 200 MHz RF system upgrade

o E-cloud mitigation and impedance reduction to increase intensity reach
o New protection devices to comply with HL-LHC beam parameter values

(2020) & 2021

M. Solfaroli

Values at SPS extraction




ReaChlng 7 TeV Magnet training campaign

to 6.5 TeV (2015)
All dipole magnets were trained for 6.5 TeV .

10800

operation in 2015. Just over 150 quenches ...

= 10400

were required to reach 6.5 + € TeV E oo

Spread in number of quenches between the sectors ¢ s
is due to the mixture of producers 9600

9400

9200

Two sectors pushed to 6.75 TeV in December 2016 0 0w o o a s e

Estimate for 7 T§V: > Considering 2 quenches/day,
 One very slow sector with ~110 the training for each sector will be
quenches between 10 days and ~2 months

» Training in the slow sectors will
start earlier, to reduce the global
time of commissioning

3 slow sectors with 75-85
guenches

« 3 fast sectors with ~60 quenches

* One superfast sector with ~25
guenches

M. Solfaroli




