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Abstract

The CERN Large Hadron Collider (LHC) is designed to
reach the highest possible luminosities for proton-proton
collisions. The maximum reachable luminosity is limited
by beam-beam effects. It will be shown how the interplay
of parameters such as: 3*, crossing angle, bunch spacing,
energy and crossing schemes affect the beam-beam effect
and therefore the luminosity. The possible side effects of
the crossing geometry are evaluated and we define a set of
parameters to maximize the luminosity.

1 WHAT LIMITSTHE LUMINOSITY ?

1.1 Relevant parameters

The luminosity of the LHC can be written as:
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where N isthe number of proton per bunch, k; the number
of bunches, f therevolutionfrequency, v therdativisticfac-
tor, €, thenormalized emittance, 8* the betatron function at
the collision point, and F areduction factor for the crossing
anglewhich isabout 0.9 for the LHC[1, 2, 3].

1.2 LHC beam-beam effects

The most important luminosity limitation comes from
beam-beam interactions which in the case of the LHC have
several components. The LHC is operated with a large
number of closealy spaced bunches and to prevent collisions
where thetwo beams share acommon vacuum chamber, the
bunches collide at asmall horizonta crossing angle. How-
ever, this cannot suppress the so-called long range inter-
actions between the separated beams in the common part.
Since the bunches are closely spaced, a bunch experiences
many long range interactions and their overal contribution
becomes important [2, 4]. This type of interaction is non-
linear and contributes to the tune spread. Experience has
shown that thistune spread hasto stay below certain limits
[5] The contributionsfrom both, head-on and long rangein-
teractions have to be evaluated to determine the maximum
intensity for a tune spread smaller than the required value.
The choice of thisvalueislargely based on experience ob-
tained at the SPS collider [5]. We have adopted a limit of
AQ=0.01for the tune space occupied by the beam and this
determines the maximum intensity.

1.3 "Normal” and PACMAN bunches

In the LHC each beam consists of atrain of bunches. How-
ever, thefiniterisetime of theinjectionand extraction kick-
ersof theinjectorsrequiresmall gapswithout bunchesinthe
train and a large gap is necessary for the abort system [2].

Normally, a bunch in one beam will aways meet another
bunch at all head-on and long range interactions. Bunches
near the gaps may encounter missing bunches at parasitic
collision points. These bunches have therefore an irregu-

lar collision scheme with fewer long range interactions [2]

and tune shifts. The working point must be chosen such
that these irregular bunches do not cross dangerous reso-

nances. The spread of AQ =0.01 hastoincludethe nominal

aswell astheirregular bunches, otherwisethelatter are po-
tentially unstableif theworking point isoptimized for nomi-
nal bunches. Since the bunchesnext to the gaps are themost
irregular, they would belost first and the gapsincrease lead-
ing to other bunches becoming irregular. Thiseffect of los-
ing bunchesfromthegapsisusually referred to asthe PAC-
MAN effect. The bunches are called PACMAN bunches.

2 PARAMETER DEPENDENCE

2.1 Beam separation and crossing angle

Therelevant parameter for the strength of long range inter-
actionsisthe separation of thetwo beams. Inthe drift space
between the collision point and the focusing triplet the 3-
functions of the two beams are equivalent and the separa
tion (in unitsof o) can be written as [4]:
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where a isthefull crossing angle (200 prad), e, = (€5,7)
the normalized emittance, 8* the betatron function and ¢*
the beam size at the collision point. The parameters 3, and
v arethe usua relativistic factors. Thisexpressionisvalid
aslongas3(s) o« s2,i.e. inthedrift space on both sides of
the interaction region (IR) where s > 3*.

When the beams enter common quadrupol es, thebetatron
functionsand therefore the sizes aswell asthe closed orbits
of the two beams do not follow a simple behaviour and the
correct optics parameters have to be taken into account [8].




Tune spread It can be demonstrated [4] that the tune
spread fromlong rangeinteractions scal es approxi mately as
1/d2,, and to minimize the spread it isimportant to have
sufficient separation. Accordingto (3) the separationispro-
portional to the crossing anglea and 1/3*. Thevdueof a is
however limited by theaperture of thefocusing quadrupoles
and by the excitation of synchro-betatron resonances since
a finite crossing angle couples longitudinal and transverse
motions [6]. This effect was smulated [2] and a value of
a = 200 prad was chosen as a compromise. A too large
crossing angle would reduce the luminosity (see factor Fin
(1)) sincetheeffective beam sizeisincreased in thecrossing
plane. The optimization of 3* istreated in alater section.

2.2 Bunch spacing

Although the effect of one long range interaction is rather
small, their large number makes this component very im-
portant. This number depends on the lengths of the com-
mon part and the bunch spacing. If the intensity islimited
due to long range effects, it seems feasible to increase the
luminosity by reducing the number of bunches. A reduced
number of buncheswouldresult inareduced contribution of
thelong range effectstothetunespread allowingahigherin-
tensity and may |ead to anet increase of theluminosity since
theluminosity is proportional to the square of the bunchin-
tensities. Thisishowever limited by requirementsfrom the
experiments which cannot handle atoo large number of in-
teractions per bunch crossing. The optimum spacing was
found to be 25 ns [ 7] for the present set of parameters [3].

2.3 Tune footprints and crossing scheme

A convenient way to show thetunespread isinterms of tune
footprints. Such afootprintisshowninFig. 1 for asingle
interaction region. All tune shiftsare normalized to thelin-
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Figure 1: Tune footprint for single interaction region.
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ear beam-beam tuneshift£. Thefigure shows separately the
head-on and long range componentsaswell asthe combined
footprint for both, the nominal and the PACMAN bunches.
The footprint of PACMAN bunches is displaced with re-
spect to the nomina bunches, increasing the tune spread.
With increasing long range contributionsthis displacement
becomes larger. Additional, identical collision pointssim-
ply scale the footprints. However, it is well known that for

separated beams thetune shift has oppositesignin the plane
of separation when the separation is sufficiently large (see
long range footprint in Fig. 1). Alternating crossings, i.e.
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Figure2: Tunefootprintfor two interactionregionswithal-
ternating crossing. Tune shifts normalizedto¢.
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a horizontal and a vertical crossing can decrease substan-
tialy the overall spread [7, 8, 10] by compensation. This
isshownin Fig. 2 for two IRs. A possible alternativeisa
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Figure 3: Tune footprint for single interaction region with
crossing in both planes

crossingintwo planessimultaneoudly (tilted crossing) since
the compensation effect is aways present and the asymme-
try between theincoming and outgoing beam islargely de-
creased [9, 10]. Such aschemeisshownin Fig 3. For both
casesthefootprintsare more symmetric and in particul ar the
PACMAN footprint does not increase the tune space, inthe
latter case it is even entirely inside the nominal footprint.
One should therefore choose ascheme wherethe PACMAN
effect on the tune spread becomes negligible. For adetailed
comparison of thereguiredtune space it should be noted that
for Fig. 1 only oneinteraction region is used while Figs. 2
and 3 are shown for two collision points: the tune space oc-
cupied by nominal and PACMAN bunchesisreduced by at
least 30 - 40 % for two alternating crossings and the space
for two crossingsin both planesis comparable tothe single
interaction region, i.e. the reduction factor is amost two.

2.4 Number of experiments and periodicity

Sincethe contributionsto the tune shift add up from the dif-
ferent IRs the number of experiments plays an important



rolein the optimization [2]. Furthermore, adesign with a-
ternating crossingsrequires an even number of experiments
for a good compensation. A further consequence of the
abort gap in the bunch train is the appearance of "SUPER
PACMAN” bunchesin case of morethan two IR or unsym-
metric layout: those buncheswill have fewer head-on colli-
sionswhichmay lead to afurther increase of thetune spread.
An IRIongitudinally displaced with respect to the symmetry
point has the same consequences. A symmetry with two ex-
periments exactly oppositeistherefore desirablefor highest
luminosities.

3 LUMINOSITY OPTIMIZATION
3.1 Optimization strategy

The aim of the optimization processisto define a set of pa-
rameters which maximizes the luminosity and respects the
congtraints. The most important parameter, the bunchinten-
sSity, isaways adjusted to get the maximum alowabletune
spread in the beam and therefore maximizing the luminos-
ity ismainly minimizing thetune spread. Dueto thelimited
space, only the optimization of the most important parame-
tersisdiscussed, other parameters such as transverse offset
or orbit effects [10, 11] are not treated here.

3.2 Head-on versus long range interactions

The total current is limited and the head-on component of
the beam-beam interaction cannot easily be manipulated
however the long range component is sensitive to many
parameters. In case of severa experiments with identical
crossings the tune spread is entirely dominated by the long
range part [4] and PACMAN effects are important. The re-
duction of the long range effects istherefore the prime aim
of theprocedure. Alternatingor tilted crossingsare required
for high luminosity.

3.3 Optimization of 3*

When the overall tune spread is dominated by long range
effects, another option is alarger 8* at the collision point
since it reduces the long range effects (see (2) and (3)) and
allows a higher intensity. The luminosity increases with a
higher power of the intensity than it decreases with 3* and
one can hopeto increase theluminosity by alarger 3* when
the long range effects dominate. Therefore an attempt is
made to find a value for 8* where the l[uminosity is max-
imum. The procedureistoincrease 3* and simultaneoudy
raise the intensity to reach thelimit of AQ** = 0.01. Fig.
4 shows the relative luminosity as a function of g*. The
dashed line in the figure corresponds to the maximum lu-
minosity imposed by thetotal current limit (4.7 - 101 parti-
cle/beam or 0.85A) showing abehaviour 1/8*. Inthefirst,
rising part of the curve, theintensity islimited by the long
range tune spread and reducing 8* allows higher intensity
and luminosity. An optimumfor 8* around 0.5 misclearly
observed and the gain of luminosity between 8* = 0.4 mto
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Figure 4: Relative luminosity as function of 3*

0.5m isamost afactor two. It can be demonstrated [8] that
the precise value of the optimum 3* depends strongly onthe
choice of the other parameters and values between 0.45 m
and 0.80 m have been found for various scenarios.

4 CONCLUSION

It hasbeen shown that aset of parameterssuch ase.g. cross-
ing scheme and angle, bunch spacing, 8* can be found to
maximize luminosity. This choice is however rather sen-
sitive to the precise scenario and a dightly modified lay-
out (e.g. number of experiments or crossing scheme) may
lead to an entirely different set of parameters and we have
presented the basic considerationsfor such an optimization
procedure. We strongly recommend that the LHC design
is flexible enough to adjust these parameters as required to
reach the desired luminosity.
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