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Instantaneous luminosity

4ﬂaxay

N °k. f
—b|:

N °k. f
_ b7/|:

- 47zgn,8*

“Thus, to achieve high luminosity, all one has to do is make (lots of) high
population bunches of low emittance to collide at high frequency at

locations where the beam optics provides as low values of the amplitude
functions as possible.” PDG 2005, chapter 25

* Nearly all the parameters are variable (and not independent)

Number of bunches per beam
Number of particles per bunch

Normalised emittance
Relativistic factor (E/m,)
Beta function at the IP

Crossing angle factor
* Full crossing angle
* Bunch length

* Transverse beam size at the IP
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LHC nominal performance

Nominal settings

Beam energy (TeV) 7.0
Number of particles per bunch 1.15 10
Number of bunches per beam 2808
Crossing angle (urad) 285
Norm transverse emittance (um rad) 3.75
Bunch length (cm) 7.55
Beta functionatIP 1, 2,5, 8 (m) 0.55,10,0.55,10
Derived parameters

Luminosity in IP1 & 5 (cm=2 s) 1034
Luminosity in IP 2 & 8 (cm™2 s1)* ~5 1032
Transverse beam size at IP 1 & 5 (um) 16.7
Transverse beam size at IP 2 & 8 (um) 70.9
Stored energy per beam (MJ) 362

* Luminosity in IP 2 and 8 optimized as needed

LHC (1-RING) = 88.924 ps
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Evolution of target energy during commissioning

450 GeV

When

7 TeV
12 kA

2002-2007

5 TeV Summer 2008

9 kA Late 2008
3.5 TeV

Summer 2009
6 kA
1.18 TeV

October 2009
2 kA

Why

Design

Detraining

Splices

» 3.5 TeV

Stabilizers x
Fix nQPS{2010
Test 6kA

nQPS




* Ideal cleaning

* Imperfections bring this down
*  Deformed jaws
* Tilt & offset & gap errors
*  Machine alignment
*  Machine stability
* Tight settings a challenge early

* Intermediate settings make use
of aperture to relax tolerances

1e+16|---.|..

T
0.2%/s assumed

rrrrrrrroro
Tight ——
Intermediate — <

1e+15 E

Nominal LHC

le+14

1e+13 E

Intensity Limit Collimation [p]

1e+12

Energy [TeV]

Fix I ., to 6 1013 protons per beam at 3.5TeV
(about 20% nominal intensity)

30MJ stored beam energy
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B* and Fin 2010 2011

* Lower energy means bigger beams |s, =y | |0 = o5
— Less aperture margin around the IP
— Higher B* helps in this

> 150 bunches requires crossing angle
— Requires more aperture
— Higher B* again helps

Crossing angle as function of beta*, 5.0 TeV
800 T T T T T T T | E—— T

e Targets for 3.5TeV

— 2m no crossing angle

200 |

required crossing angle (microrad)

— 3m with crossing angle

2 4 (=3 a8 10 2 1 =
Operation with 5 between 1 m and 4 m very promising



Early beam operation

2009 2010 2011l
3.5 TeV 3.5 TeV
nQPS
r of Sector 34 ol leate < 1<0.2 .o |lONS ~0.2 l,om lons
B*>2m B*~2m
Beam Beam
 Energy limited to 3.5 TeV Energy Tev | 350 | 350 | 350 | 850
Bunch intensity 1.E+10 10.0 10.0 10.0 10.0
o 20 10 Bunches per heam 4 24 432 792
. . Emittance um 3.75 3.75 3.75 3.75
— Intensity carefully increased to B m | 350 | 350 | 350 | 350

COlIImatlon Ilmlt Luminosity 1 and 5|cm-2 s-1| 1.0E+30 | 6.1E+30 | 1.1E+32 | 2.0E+32

— B* pushed as low as possible Total inel X section| cm2 | 6.0E-26 | 6.0E-26 | 6.0E-26 | 6.0E-26

Event rate Hz | 6.1E+04 | 3.7E+05 | 6.5E+06 | 1.2E+07
— Target luminosity 1032 cm2s? Event rate / Xing Hz 14 1.4 13 13

e 272011 Protons 4.0E+11 | 2.4E+12 | 4.3E+13 | 7.9E+13
. .. % nominal 0.1 0.7 13.4 24.5

— Run at established limits Current mA | 07 4.3 777 | 1425

. 0 0 _ Stored energy MJ 0.2 1.3 24.2 44.4
— Target integrated luminosity 1 fb B heamsizeiana5| um 59.3 59.3 59.3 59.3

40% efficiency for physics & 108 seconds collisions per month

10° seconds @ <L> of 1032 cm2s! - 100 pb!




Status of the LHC

Strategy and progress so far



Commissioning strategy

* At whatever energy
— Correct everything we can
— Then establish references
— Then set up protection devices
— Then increase intensity incrementally
* Low bunch currents, increase k,
* Increase bunch current
* High bunch current, low k,, same total current

* Nominal bunch currents, increase k,
* Once k, > 50 or so, need bunch trains

— At each stage, re-qualify machine protection systems

What Limit Comment
Pilot Single bunch of 5 10° protons | Quench limit
Safe beam 1012 protons at 450 GeV Damage limit
Energy Safe beam
0.45 1.00E+12
1.18 1.94E+11 | Scales with 1/E17
3.5 3.06E+10
7 9.41E+09




Injection

__injection | _Ramp__|__Squeeze | Collisions | _Rampdown _

Many schemes Dynamic effects Optics Beam steering Ramp rates
Injection channel Feedbacks Collimators Beam-beam Reproducibility

< All through the cycle ->

Beam dump
Collimations system
Protection devices

8/6/2010 11



End of Physics,
SPS, PS, AD, nToF,

[ | Beam commissioning
SPS et al physics

450 GeV /

450 GeV collisions
10° events

Ramp to 1.18 TeV
Collisions at 1.18 TeV

LIMITS
2 on 2 with 5 10%° per bunch at 1.18 TeV
4 on 4 with 2 109 per bunch at 1.18 TeV

Nov Dec
Wk 45 49 51
Mo 2 — . "
_Tu . % 450 | collisions|
We o= GeV
: d i
w o \ J
T:h 128 . y i cavo Jon
;
i 8 'E 450 Gey
Sa L E Collisions
Su TEST g & —
1.18 TeV
I Technical Stop 2 kA

Do this with SAFE BEAMS

1012 at 450 GeV > 2 1011 at 1.18 TeV




“oste | Day [Aceved

Nov 20 1 Each beam circulating. Key beam instrumentation working.

Nov 23 4 First collisions at 450 GeV. First ramp (reached 560 GeV).

Nov 26 7 Magnetic cycling established (reproducibility).

Nov 27 8 Energy matching done.

Nov 29 10 Ramp to 1.18 TeV.

Nov 30 11 Experiment solenoids on.

Dec 04 15 Aperture measurement campaign finished. LHCb and ALICE dipoles on.

Dec 05 16 Machine protection (Injection, Beam dump, Collimators) ready for safe operation with pilots.
Dec 06 17 First collisions with STABLE BEAMS, 4 on 4 pilots at 450 GeV, rates around 1Hz.

Dec 08 19 Ramp colliding bunches to 1.18 TeV

Dec 11 22 Collisions with STABLE BEAMS, 4 on 4 at 450 GeV, > 10%° per bunch, rates around 10Hz.
Dec 13 24 Ramp 2 bunches per beam to 1.18 TeV. Collisions for 90mins.

Dec 14 25 Collisions with STABLE BEAMS, 16 on 16 at 450 GeV, > 10° per bunch, rates around 50Hz.
Dec 16 27 Ramp 4 on 4 to 1.18 TeV. Squeeze to 7 m. Collisions.

8/6/2010 13
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2010 LHC Schedule

Feb

LHC closed

with beam

Re-commissioning
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End ion run

We

Th

Cryogenics

Fr

¥mas Day

Sa
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[ [Technical Stop

[ I Recommi sssoning with beam

|:| SPS et al - physics
—
I:[Ion setup

2010

Hardware commissioning for 3.5 TeV
Ramp beams to 3.5 TeV

Machine protection systems qualified
Colliding safe stable beams (2 on 2 pilots)

Squeeze to 2m

Low bunch currents, increase k,
Machine protection systems qualified
13 on 13 low intensity bunches at 2m

High bunch currents, low k,

Increase k,

Machine protection systems qualified

25 on 25 high intensity bunches at 3.5m (Aug)

lons (early scheme, max 62 bunches per beam)
Same magnetic machine as for protons

1 week to switch

4 weeks ion run



Beam dump analysis end July (169 dumps)

@Beam dumped by hardware
B Machine Protection tests
OBeam dump by operator

OBeam dumps from beam interlocks

Beam dumps by hardware

Triggers by QPS 10
False beam dump by Beam Dump System 9
Collimator positions not correct 10
Problem with cryogenics 9
Power converter faults 10
Electrical Network 10
Operational error 9
False beam dump by Beam Loss monitors 3
Triggers by vacuum system 2
False beam dump by SIS 1
Controls system problem 1
RF faults 1
False beam dump by Beam Interlock System| 1
Experiments hardware 2
Beam dumps from beam interlocks

Orbit outside tolerances 17
Beam loss 13
Feedback 11
Collimator adjustement 6
Experiments BCM 3




B B

Feb 28 Restart with beam.
Mar 12 13 Ramp to 1.18 TeV.
Mar 19 20 Ramp to 3.5 TeV.

Mar 30 31 First collisions at 7 TeV centre of mass. Luminosity ~ 2 102’ cm?2 s1

Apr 01 33 Start squeeze commissioning.
Regular physics runs

2 on 2 bunches of 10?°

Apr 09 41 Single nominal bunch of 1.1 1011 stable at 450GeV. Un-squeezed

1 colliding pairs per experiment
Rates around 100Hz

Apr 07 39 Squeeze to 2 min points 1 and 5.

Apr 13 45 Squeeze to 2 m in point 8.
Apr 16 48 Squeeze to 2m in point 2.

April 24 54 First stable beams at 7 TeV, 3 on 3, squeeze to 2m. Luminosity ~ 2 1022cm2 s?
May Increase bunch intensity to 2 101% Increase k. Regular physics runs

May 24 13 on 13, 8 colliding pairs per experiment. Luminosity ~ 3 102°cm2 s?
June Increase bunch intensity to nominal, squeeze to 3.5m. No physics !

June 25 First stable beams at 7 TeV, 3 on 3 nominal bunch. Luminosity ~ 5 102°cm2 s!

July 15 13 on 13, 8 colliding pairs per experiment, 9 10'°/ bunch Luminosity ~ 1.5 103%cm2 s1

July 30 25 on 25, 16 colliding pairs per experiment, 9 101° / bunch Luminosity ~ 3 103°%cm2 s!
Aug Stable running period to consolidate operation and MP 1.3 MJ per beam !

8/6/2010 16



peak luminosity (Hz/ub)

3 orders of magnitude in ~120 days

2010/08/04 10.14

LHC 2010 RUN (3.5 TeV/beam)

~ PRELIMINARY (:t 10% .scale) ——————————————— &

BRE T #,,,CMS / TOTEM

160 180 200

day of year 2010

* ALICE: low pile—up since 01.07.2010

8/6/2010

delivered integrated luminosity (nb™)

103
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2010/08/04 10.09

LHC 2010 RUN (3.5 TeV/beam)
—PRECMINARY (ET0% scale)

-O- ATLAS / i_HCf

-'EI ALICE *

—tﬁ— CMS / TOTEM

* ALICE: low pile—up since 01.07.2010

100 120 140 160 180 200

day of year 2010
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Status of the LHC

Examples of what we do



Beam transfer and Injection
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YASP DV LHCRING / RAMP_3.5TeV 2Aps_short High_Int@2800_[END] / beam 1

RMS Pos H [10/06;10 02:20:31] 5 B Dp/p [10;06/10 02:20:31]

RMS orbit change B1
(during ramp)

=
o
)

Mean [mm]
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dp/p [perniy]

; T T T T T T T T T T ; T T T T T
0 500 1000 1500 2000 2500 500 1000 1500 2000 2500 1000 1500 2000 2500
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The orbits are now stable in ramp (and
squeeze) to 50 um rms

MS Pos H [10/06/10 02:20:32] = i .Dp,."p [10/06/10 02:20:32]

Previously ~ 300-400 um

RMS orbit change B2

>> Better collimation efficiency. (during ramp)

>> Better protection (tighter interlocks).

T
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0
T T T T T T T T T T T T T T T T T T
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
8/6/2010 Time [s] Time [s] Time [s]




BI-QP FixedDisplay RT-Trims Evolution
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Squeeze in points 1 and 5

B* [m]

12

10

ImageMagick: betaSqueeze.eps

LHCB1 3.5TeV

IP1 B, -
IP1 B+
IP5 B .-
IP5 B, p
ideal — 7

B* [m]

6 8 10 12
B* set value [m]

12

10

ImageMagick: betagSqueeze.eps

LHCB2 3.5TeV

IP1 Bx o
IP1 By -
IP5 Bx o
IP5 By

ideal

—

N

B* set value [m]

8 10

Measured 5*s at 3.5m

| Bami

Beam 2

R - A A

TP2 | 3455009 20 0 |33203 10 01
1P8 | 34250.14 3.950.7 | 36202 | 3.1£05

Important mismatch in IP2 3,




LHCB1 3.5 Te W,

12-05-2010 += |
0.4 6-7-2010 .
0 5000 10000 15000 20000 25000

Longitudinal location [m]




AB/By

AB/B,

04 |
0.2 I‘If'i_'

-0.2 p1#
0.4

LHCB1 3.5 Te W,

l
I‘p if ‘ | :
‘ !-" ; '-'. ok

i . . '
h i ‘ l i 'r". "-_"-" HE .‘;“- !? ;Fil' s
BT ] g8 VA Py T har etk

19-06-2010 +=-
26-7-2010 5

0

5000

10000 15000 20000 25000
Longitudinal location [m]



Park.ing

usmop durex {G1oug

Time

>

- .
llllllllllllllll wn :
h dum( 20
uuuuuuuuuuuuuuuuuuuuu =
5| o :
O |1 sosdyg v
| >
............. S %
| 9zaanbg lw
- ST i c
! doy yer4 C
| +~
llllllll - vm
v = —
v nOu\ 7 dn dwer {Z1oug
S |©
Biloclitill sssasosvsunsnnssswsnn e
" I
i
- 5 f
5 m I o,
3l 19 wo3oq 1e[]
4
=1
DN st O A 0 0 S O
|
: uonoaluy
R e e s i i o o S
Wb
-
]
&
< <
deny xoyewrpon A31oug

29

8/6/2010



Collimation system is for beam cleaning and passive protection

Each collimator has to be positioned using beam based alignment

Beam based a]jgnment:

Collimator jaw

Beam

f

Gap —> Beam centre

Collimator jaw

Beam size => Nominal settings

N

| Eeanrty loss data [23711,00 *L1%15) _E
A5E-3
. ADE-T .
3 Beam loss when jaw
— L1.5E-5
"
Eoues touches the beam |
E 1.5E-5
E LOE-T |_
3 e
\
5.0E-6 i -
I\ |
LnEDn
Py H ] 2L 2L1T4n L1000 AR 1] L LE-AN L %00
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2000
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Beam Loss [Gy/s]
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IR2
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Momentum Cleaning
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______ Voo
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=» OK for stable beams from collimation

24000
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IR6 H Beam2, extracted
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|v| Scale: |Lng |v| Integration Time:

40 us| v

Start (1910 End [1910

Losses: |Max

Show Sectors Filter

Losses

le-3 leakage to tertiary collimators in IR’s 23.04.2010 04:13:22
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=» OK for stable beams from beam dump
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[E] * RrREA: InCOp

Luminosity Scan Application

Select Beam Process |SQUEEZE_3.5TeV_IP1+IP5_IP2+IPS_FULL_Vl@lZSS_[END]

|v|

VdM r Optimize r IR Steering r Knob Creator rAnaIysis rDatahase Extraction |
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Magnets State [GEERIIINN
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Scan [26/04/10 03:32:45]

o @] Al

£E Data Wiewer Vigws
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o [@] TUME: inelastic
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03:22:00 03:2400 03:26:00 032800 03:30:00 03:32:00
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03:24:083:26:085:2 8:083:30:083:32:00

I eroneace [ eranears [ LHee

Horizontal Orbit [mm]

T T
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T T T T T
03:240003:26:0003:28:0003:30:0003:32:00

Display Fit Results

MNew Scan

Cancel

Console |

03:22:18 - IFl Irz IFS Irg |
03:z2:18 - 1 1 1 1

03:22:18 - TUNE:

- Waiting time set to: 6.0 3.

inelastic from global LO:Waiting time for the scan set to 6.0 =.

- VdM Scan Outputs Saved Under: /user/lhcop/lumi scans/2010/1059/VDM/IPG_B1+EZ Y 03-22/
- Inzerting Scan-1{2010-04-26 03:2Z:18.336,1059, P8, VERTICAL,3500.0,1. 999999999, 30, 1, CALTERATION,Eeanl 2} to the database.
- Scan ScanS76{2010-04-26 03:22:18.336,1059,P8, VERTICAL,3500,0,1.999995995, 30,1, CALTBRATION,Beanl 2} inserted successfully

[N
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Luminosity [cm'2 s"]

Machine parameters
very well controlled!
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fill 1251 - beam 1

put in collisions

intensity [1e10 p+/bunch]
intensity [1e10 p+/bunch]

100 200 300 400 500
tirme: [rmin]

fill 1251 - beam 1

B k8

losses [%]
tn

i 200 3200 400 500
tirme: [min)
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time [minutes]

Unwanted excitation - source still unknown
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Status of the LHC

Early beam operation
Strategy and progress so far
Examples of what we do

Prospects



* Need crossing angle

POCMAN burch

8/6/2010

head-on
colligon

FATMAN Buncn

3.50

)
S
)

<
o
(4°)
)

=

3.50

3.50

10.0

10.0

10.0

4

16 (25)

432

3.75

3.75

3.75

3.50

3.50

3.50

1.0E+30

4 .0E+30

1.1E+32

Total inel X section

cm2 6.0E-26 | 6.0E-26 | 6.0E-26
Event rate Hz 6.1E+04 | 2.4E+05 | 6.5E+06
Event rate / Xing Hz 1.4 1.3 1.3
Protons 4.0E+11 | 2.4E+12 | 4.3E+13
% nominal 0.1 0.7 13.4
Current mA 0.7 4.3 77.7
Stored energy MJ 0.2 1.3 24.2
Beam size 1 and 5 um 59.3 59.3 59.3
Q
S
Q
c
Q
o)
(@]
)
o+
(e
=
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LHC (1-RING) = 88.924 us

4-batch

| ™ t{ / \fd Bunch Train Pattern
| s 234 334 334 334

"l -
* T Ll

Filling Scheme
1188 =
2x (24b + 2e) + 12e + 3x (24b + 2e) + 12e + 4x (24b + 2e) + 13e +
3x{2x [ 3x (24b + 2e) + 12e] + 4x (24b + 2e) + 13e } + 26e
(936 bunches per ring)
| Beam Gaps
PS = 1/11 SPS
* T * 'I:1 = 4 bunch gap in the PS (375ns)
24 Brhes /*“' - 2 missing bunches (SPS Injection Kicker Rise time = 225ns).
nf‘?’fﬁﬁ'ﬁn ; TEI = 14 missing bunches (LHC Injection chlcer- Rise Time = 1.125ps).
= 15 missing bunches ( 1.2us).

1:_.5 = 41 missing bunches (LHC Beam Dump Kicker Rise Time =3.15ps).

24 bunches per batch injected into the SPS. 1 2 3 or 4 batches
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Possible evolution with ~ 10%° per bunch

Assume constant B* = 3.5 m, assume we aim for 1e32 end 2010

lon Beam
to SPS
July Aug Sep /

Wk 26 27 28 29 30 31 32 33 34 35 / 36 37 38
MO 28 L 12 19 26 a 16 23 30 13 20)
Tu
We 6 12 112 24 124 124 F 24 || 48 96 | 144 1192
Th cw;:tg;; “ / Jeune G IICW?{?JCS
Fr i ‘ v
Sa | extended stable
= period at ~ 1.3 MJ Trains.

lon Beam End non- Complete Crossing

Setup  Startlon Physics

Oct Nov/ Ph}fs'cs / r schemes

Wk 39 40 41 42 43 44 / 45[ 46 /4? 48 49 50 51
MO 27 4 11 18 25 l 1 l B 'ISJ* 22 29 6 13 20)
Tu ’ v End ion run
We 7T N
T [1240 [{28814336 ) (432)) -
Fr \\‘ 1/, { IONS ] Xmas Day
Sa
Su




Summary early August 2010

Limited in 2010 and 2011 to

* 3.5TeV per beam
* 20% intensity
e B*>2m

Started with safe beams

— Qualified machine protection systems

First collisions at 7 TeV March 30

— Squeeze and incremental increase of intensity thereafter
3 orders of magnitude £ improvement in 4 months
— Highest Luminosity so far ~ 3 103%cm™ st

Factor 30 more to go to be ready for 2011 campaign



