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Do not waste your time to optimize the machine before

you hit a limit

Werner Herr, Evian 2010, 9. 12. 2010



Achieved (December 2010)

Start with few bunches (and move up to 156 per beam)

Push bunch intensity towards nominal (i.e. above

7 · 1010)

Start operation with crossing angle

Replace equidistant bunches by trains

Add trains until Etot limited or luminosity sufficient

(choice of trains to tailor the relative luminosities)

Do not waste your time to optimize the machine before

you hit a limit

Werner Herr, Evian 2010, 9. 12. 2010



Luminosity evolution during the year

Peak and integrated luminosity versus fill number

Took off with bunch trains
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What did we learn for beam-beam effects ?

Werner Herr, Evian 2010, 9. 12. 2010



Collisions 450 GeV, nominal intensity

Few bunches per beam (2)

With (smaller than) nominal emittances: no problem to

collide, nominal beam-beam parameter achieved !

Indicates little problems with head on beam-beam

interaction

Pushed to nominal intensity early

Werner Herr, Evian 2010, 9. 12. 2010



Collisions 450 GeV, nominal intensity

Separation scan in IP2 done to control luminosity

Offset collisions (few σ) in ALICE showed no problem

with life time ...

Collisions with separated beams standard

Werner Herr, Evian 2010, 9. 12. 2010



Collisions 450 GeV, nominal intensity

Separation scan in IP2 done to control luminosity

Offset collisions (few σ) in ALICE showed no problem

with life time ...

Collisions with separated beams standard

Do not yet know effect of many long range interactions !

Werner Herr, Evian 2010, 9. 12. 2010



Was that surprising ?

If you come from LEP:

Maybe yes, offsets with strong beam-beam change

optics, beam size and coupling

If you come from SPS:

No, was tried in 1985 during Van der Meer scans

(L. Evans et al., IEEE Trans. Nucl. Sc. NS-32)

Showed no life time effect as function of offset with

tune shifts ≈ 0.003 per IP

Werner Herr, Evian 2010, 9. 12. 2010



Interlude: collision offsets

Dynamics and effects very different for separated

collisions with:

Small offset ( ≤ 0.5 σ)

Medium offset ( ≈ 1.0 σ)

Large offset ( ≈ 3.0 - 5.0 σ)

Very large offset ( ≥ 10.0 σ)

Often leads to confusing discussions, but reasonable

models and theories exist ..

Werner Herr, Evian 2010, 9. 12. 2010



Filling schemes what and why ?

Two different periods:

Initially: egalitarian filling schemes:

All IPs equal number of collisions

At beginning: maximum n collisions for 2n bunches

Improved with 3 bunch scheme (and derived from it)

Later: maximize collisions in IP1 and IP5, non

egalitarian

Trains, mainly 150 ns spacing

Werner Herr, Evian 2010, 9. 12. 2010



3 on 3 - the standard scheme ..

Allowed two collisions per IP for 3 bunches per beam,

best ratio collision/bunches: 2

3

Special features (unwanted):

Parasitic encounters in IP1 and IP5 forced to

introduce crossing angle earlier than foreseen

PACMAN effects: between 1 and 3 collisions per

bunch !

Werner Herr, Evian 2010, 9. 12. 2010



PACMAN effects

(Courtesy G. Papotti BE-OP-LHC)

Different losses of bunches with different collision scheme

blue (3 coll), red (2 coll), green (1 coll), black (no coll)

Clear PACMAN effects observable

Werner Herr, Evian 2010, 9. 12. 2010



3 on 3 - the standard scheme ..

Pushed up to 50 bunches per beam (35 collisions in IP1

and IP5), by adding shifted schemes

Replace single bunches by trains

Pushed to crossing angles and trains early

Allowed to increase number of bunches fast

My argument (Evian 2010):

with trains and for full number of bunches per train

(no additional HO or LR) beam-beam effect is

independent of total number of bunches

(VERY different from SPS or Tevatron)

Werner Herr, Evian 2010, 9. 12. 2010



Beam-beam parameters versus scheme

 0

 0.002

 0.004

 0.006

 0.008

 0.01

 0  100  200  300  400  500

BB
TS

number of  bunches

beam-beam parameter versus number of bunches  
"bbts1" using 1:2:3

Beam-beam parameter versus total number of bunches

(train), constant number of bunches per train (150 ns)

But: long range contribution small, see later

Werner Herr, Evian 2010, 9. 12. 2010



Operation with trains and 150 ns spacing

Trains of 8 bunches, max 424

bunches, L ≈ 2 · 1032cm−2s−1

Emittances ≈ 2 to 3 µm

ξ per crossing ≈ 0.006 (i.e. 0.02 total)

Crossing angle (IP1/5) ± 100 µrad, β∗ = 3.5 m, i.e.

very small long range contribution

Separation in drift: dsep ≥ 13 σ

Small number of encounters

Test at injection: effect of long range interactions

Werner Herr, Evian 2010, 9. 12. 2010



Life time for different α

Reduce crossing angles in all IPs simultaneously

Parallel separation remains constant



Observations
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First (very small) effect at ± 100 µrad
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First (significant) effect from ± 100 µrad to ± 90 µrad
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Final drop to less than 1 hr, (remember even with

± 20 µrad still minimum ≥ 3 − 3.5 σ separation)
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Returning to ± 100 µrad restored the beam lifetime !

(hysteresis from crossing angle seems small)



Bunch current as function of α - beam 1

Lifetime for different crossing angles (separate trains)

Separately for the 4 bunch trains

Not all details understood, but clear trends ..



Observations continued ..

Bunches behave very differently, depending on collision

pattern

Different number of long range interaction

Different encounters, i.e. separation

This is what we expected

Long range is there, and (much) more to come ..

PACMAN is there ... (maybe stronger than

expected)



Comparison: head-on vs long range

Head-on tune shift

∆Qho ∝
N

εn

Long range tune shift

∆Qlr ∝
N

d2
sep

=
N · εn

α2 · β∗ · γ

Or for the required angle α:

α ∝

√

N · εn

∆Qmax · β∗ · γ



Strategy for optimization

Since:
L ≈

N1N2fnb

4πσxσy

≈
N2fnbγ

4πεnβ∗

Common wisdom:

If limit is head-on beam-beam: increase N , increase

εn, reduce β∗

Not true if limit is due to long range beam-beam

Better to keep εn small as long as head-on limit it not

reached, be careful with small β∗ !

Long range contribution depends on β∗ (VERY

different from SPS or Tevatron) !



Expected maximum head-on tune shift

”Beam-beam effects in the SPS collider”

Beam-beam workshop LHC99, CERN-SL-99-039-AP

(1999)

Quote from above:

”In the first collider runs, the SPS was operated with

3 p against 3 p̄ bunches. In this configuration total tune

shifts of 0.028 were sometimes obtained but p̄ life times

at the beginning of a coast were poor.”

Standard operation was with 0.02, (in the presence of 3

head-on and 9 long range encounters: never reached

much more again)



Where does the ”nominal” tune shift come from ?

SPS achieved 0.02

assume 0.005 from lattice 0.015

devide by 3 experiments 0.0050 (negligible long range)

devide by 3 experiments 0.0033 (strong long range)

adjust parameters to get L = 1034cm−2s−1 0.0037

Werner Herr, Evian 2010, 9. 12. 2010



Where is the beam-beam limit ?

Head-on or long range ?

Do not know, hope experience will tell us quickly

Which limit we hit determines the strategy:

Small β∗ first, then more bunches per train

More bunches per train, then small β∗

Remember: long range depends on β∗

Unlike SPS or Tevatron

Werner Herr, Evian 2010, 9. 12. 2010



Reminder: other limits

Limit on β∗

Aperture, magnets ( e.g. R. Bruce)

Can try what is possible, may relax

Limit on crossing angle α

Beam dynamics

Must do what is necessary, cannot relax

Nominal parameters are tuned for luminosity, not for

beam dynamics

Not (yet) necessarily a good reference ...

If possible, stay with larger separation (≥ 12 σ)

Werner Herr, Evian 2010, 9. 12. 2010



Operation with shorter bunch spacing

Assume 75 ns and 50 ns

Many more long range interactions

More significant long range contributions (in collision)

Can use 12, 24 and 36 bunches per train

Full long range contribution only for 24 bunches per

train

Werner Herr, Evian 2010, 9. 12. 2010



Numerology - collisions

25 ns 150 ns 50 ns 50 ns 75 ns

72b 8b 12b 24b 36b

bunches 2808 424 108 108 936

head on (max) 4 3 3 4 4

long range (max) 120 18 45 64 40

At the moment: head-on dominated

Later: probably long range dominated



Head-on and long range contribution
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Head on and long range footprints, different filling schemes

Large and small amplitude particles affected very differently

Real troubles should start with 25 ns spacing ..

Werner Herr, Evian 2010, 9. 12. 2010



Losses during fill
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(Prepared by G. Papotti BE-OP-LHC)

Good fill, Luminosity above 1.2 · 1032cm−2s−1

Losses when beams are brought into collision - do we

have to worry ?



Do we have to worry ?
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Yes, if the losses are fast like this

This fill with very (too) small emittance

Still: o.k. for 2 collisions, 3 are too many (?)...



Other observations - an ”old” machine
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RHIC, well understood, similar observations in SPS

Difficult to avoid



”Sudden” losses, Fill 1232

In earlier fills: sudden losses on single bunches observed

Example: losses in fill 1232



”Sudden” losses, Fill 1232
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Related to scan in ALICE

Only observed with tune split between beams

Without tune split (and damper) not observed



Do we see coherent beam-beam oscillations ?

Coherent signals were obeserved with few bunches, or

bunches with few collisions

Cured with tune split or damper

However: signal already present before collision

Furthermore: should disappear with many bunches

No clear conclusion, requires some dedicated studies

(planned, should be straightforward)

Werner Herr, Evian 2010, 9. 12. 2010



Can we do better on the head-on tune shift ?

Certainly

Small contribution from machine non-linearities

helps a lot

(first hints we had at 450 GeV collisions)

Small emittance is always good (maybe not as small

as 1.4 µm)!

Helps for luminosity

Helps to minimize long range effects (which will

come)

Should try to push head-on tune shift further, find a

limit for N and εn



Prospects for 2011

We do not have the full beam-beam yet, more head-on

(4 vs 3 collisions) and long range waiting

Have to find where the limits are

For head on: push N and keep small

emittance (≈ 2.5µm)

For long range: have to try with many bunches,

ideally 50 ns spacing (sorry LHCb !)

Get full long range, i.e. maximum number of

bunches per train, then squeeze to ”reasonable” β∗

For offset collisions: have to try with many bunches

Werner Herr, Evian 2010, 9. 12. 2010



Backup slides

Backup slides

Werner Herr, Evian 2010, 9. 12. 2010



Minimum β∗ with crossing angle
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Minimum β∗ with crossing angle

All angles provide 12σ separation in drift (less in triplet)

Werner Herr, Evian 2010, 9. 12. 2010



Beam-beam tune shifts - where do they come from ?

Head-on tune shifts

Depend on: N , εn, [α, σs]

Long range tune shifts

Depend on: N , εn, γ, β∗, α, nlr (number of long range

encounters)



Comparison: head-on vs long range

Head-on tune shift

∆Qho ∝
N

εn

Long range tune shift

∆Qlr ∝
N

d2
sep

=
N · εn

α2 · β∗ · γ

Assuming separation the same for all nlr encounters:

∆Qlr ∝
N

d2
sep

· nlr =
N · εn

α2 · β∗ · γ
· nlr


