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ACCELERATOR PHYSICS ISSUES OF THE LHC
(LHC Project Report 10, Updated May 1997)

Abstract

In order tocompensate for the scarcity of events at Jdgh energythe LHC has tgrovide aluminosity of
10*cm? s, This is obtained with &arge beam current distributed 0\@835 particle bunchesnd darge transverse
bunch density so as mperateclose to thebeam-beanimit. The beam-beaninteraction has two components, the
head-oninteraction as in previous collideasadthe longrangeinteractiondue tomultiple unwanted crssingswhich
occur before the beam separation is sufficient. The single anthinultibunch collective instabilities are kepader
control by a proper design of the beam enclosure arfddolpacksystems. The umaidable imperfections ahe high
field superconducting magnets create non-linear field errors Whiththe usefulrange of particldetatron amplitudes
wherethe motion is stable, thtm-calledDynamic Aperture. Anextendedset of corrector magnets fereseen to
compensate for theffects ofthe strongest multipoles of lomrder. The machine lattice idesignedwith the aim of
leaving sufficient freedom in the choice of the operating conditions to optimize performance.

1. INTRODUCTION

The LHC luminosity is given by the formula

-1 vIN
L= s g@Nkf]F (1)

where y is theenergy ofthe protonslivided bytheir rest energy,ﬁD is the value of the betatron function at the
collision point,N is the number of protons in each of thbunches,£, is the invariantransverse emittancé, is the

revolution frequency anBl is a reduction factor due to the finite crossing angle of the beams which is 0.9 in the LHC.
In order tocompensate for the very low cross sectiomuiark andgluon collisions in theleV energy range, the
LHC must provide a very large luminosity, of the order ofdf1? s, that is 50 times the present world record. [1]

In formula 1,y is limited by thebending magnefield and ,BD is similarly largelydetermined bythe available

technology of high gradient quadrupole lenses. The first bracket is proportionalkteathebeam parametehich is
limited by the electromagnetic interaction of colliding bunches. The second bracket is proportional to tberreatim
which has to be increased to reach the required luminosity.

We first review the limitations due to beam-beam interactions. Then we analyse coltesttibdities, we present
the very important problem of the dynamic aperture, and we mention the optics design principles vbildwackin
order to provide enough flexibility in machine operation.

2. BEAM-BEAM EFFECTS

When two opposite beams cross each other, the particle trajectories in one beam are perturletetbgrtfagnetic
field of the other beam.

2.1 Head-on and long range effects

The head-on crossing of two counter-rotating bunches has two effects: it excites betatranceand changes the
tunes of the particles in a way whidbpends ortheir oscillation amplitudes, thugenerating a tunspread in the
beams. Experience at the SPS has shown that the beam lifetime is strongly reduced when particles straddle resonances ¢
order less than 12. Therefore the tune “footprint” (Fig. 1), which is the image of the beam in the tune dlamrhin,
be small enough to bedged inbetweenthese resonancesrhis limits the intensity of thdéunches whictcan be
collided, and therefore the luminosity.
The LHC is operated with a large number of closgigicedounches inorder to reacthe requiredhigh luminosity.
As a consequendbe beams mustollide at asmall angle toprevent unwantedollisions in the regioraround the
experimentwhere they travel in the same vacuum chamber. Howeversthealledlong rangeinteractions of the
separated bunches when they pass close to each other in that part common to the two beams cannot be suppressed.
These interactions are non-lineard generate a@une spreadwhich adds tothat of thehead-oncollision. The
contribution of each long range interaction is small but there are many of them (12 in the case of the LHC on either side
of each interaction point). They are responsible for a significant enlargement of the tune foofisplaged inFig.
1.

The strength of the head-on interaction, usually indicated by the beanpaeaneteré , is independent of BDand
can be written
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wherer, is the classical proton radius a#g the invariant transverse emittance.

The long range interaction, on the contrary, is strongly relateﬁ% To ensure separatidhe crossing angle has

to be larger than the divergence of the beam at the collision point, which is inversely proportiﬁﬁal tat the same

time it is limited by the aperture of the final focggadrupoleswhich have aingle channel common to both beams.
As a consequendbe longrangeinteractions play an important role in the optimization of the insertion$ifdr

luminosity experiments in which one tries to redlﬁ:%as much as possible.

2.2 The LHC working point

The LHC working point in the tune diagram can be safely chosen in areas closaltagtheal betweenBand 16
order resonances or betweérasid 9' order resonances, provided the largest horizontal or vertical dimension of the tune
footprint stays below 0.01. This allows sufficient safety margins around the coupling resonance raoh¢h& 8rder
resonances, which are expected to be wider in the LHC than in previous machines, owingrigethaultipolar errors
in the magnetic field of the superconducting magnets and the larger machine size. In the case of the LHC operating with
two high luminosity experiments, the optimum crossing angle iqu288, providing a separation of about (& is the
RMS beam size). Theffect ofthe long-range interactions is minimizedletting the beams cross in therizontal
plane in one experiment and in the vertical plane in the other, or even bettérimtafisexperiments [2]. In thisase,
about 30% of the total tune spread of 0.01 is produced by the spuriousat@einteractions, while 70% comes from
the wanted head-onollisions. The value of th&eam-beam parameter & = 0.0034,very close to thaachieved
routinely in theSPS protorantiproton collider. Adding other experiments willreducethe maximumachievable
luminosity since it is the total tune spread which is limited.

3. COLLECTIVE EFFECTS
3.1 How to treat them at the design stage

After more than thirtyyears of experimentahvestigationand theoretical synthesis the evaluation anflective
effects in accelerators isow a wellmasteredsubject, although new phenomesraerge fromtime to time. At the
design stage all elements surrounding the bearohackedfor their couplingimpedance. This information isentered
into a data base from which one can extract at each moment a precise model of the machinéncpeqidinge. Using
this, a sophisticated computer program, integrating all presently known phenaalenktes tunahifts, instability
growth rates and energy lost by the beam to its surroundings. If some of these resultsaeceptablethe elements
responsible are identified and modified until the design is globally optimized.

3.2 Different sorts of collective effects

Single-beam collective effects include incoherent and coherent phenomena.

The main examples of incoherent effects are synchrotron radiation Idissesspace chargendLaslett tune shifts
due to image currents, as well as intra-beam scattering.

Coherent effects include parasitic losses, associated with the real part of the longitudinal copptiagceZ, , and
complex tune shifts of the beam oscillation modes. The imaginary part of the tune shifts give theramowth
instabilities. The real part determines whether the coherent modes are Landau damped as a consequencesppé#ae tune
present in the beam. Timodeswhich arenot Landaudamped andhave apositive growthrate requiredamping by an
active feedback system.

A modernway of treatingeedbacksystems is taonsiderthem asadditional synthetic couplingimpedances and
introduce them as such in the impedance model. Their effect on the beam is then computed self-consistently and globally
by the beam dynamics module of the computer program. In this wayeffesits onall modes arautomaticallytaken
into account.

3.3 Incoherent effects

The direct space charge tune shift amounts to I*2t.thjection in the LHC. This value is small enough not to
pose any problem for the tuning of the machine, yet large enough tgroduce Landadamping formodenumbers

higher tharm=0, the rigid dipole mode. However it decreases VIZ% and therefore becomes negligible at hégiergy
where Landau damping has to be provided by octupoles.



Owing to image currentinduced onthe flattened beam pipe all particles g$af another incoherent detuning
proportional to the total beam current. This amounts to abotiafitjection, aarge value which has to lerrected
progressively at each step of the injection process by retuning the machine quadrupoles. Since the beanpditis only
of the LHC circumference, especially during injection, the image currents presdntdoancycomponents which can
leak out of the beam pipe and produce a modulation of the tune shift along the beam. This effect cannot be compensated
by quadrupoles andtudiesare engaged tcalculateits magnitude. Another complicatecffect underinvestigation
concerns the magnetic images induced in the ferromagnetic yoke of the two in one LHC magnet.

Intrabeam scatteringroduces ayrowth of horizontalbndlongitudinal emittances in the LHC if tf&2dimensional
phase space density of the beam is too large. High luminosity imposes a large densityaimstiezse coordinates, but
leaves open thpossibility of longitudinally diluting thébeam toreducethe intrabeam scattering growth ratéhis
sets the requirements for the LHC RF system: since the bunch must be short to limit the loss in luduiaotsityhe
finite crossing angle, the momentwspreadhas to béncreased taeducethe intrabeam scattering growth rat€his
fixes the minimum RF voltage, both at injection and at high energy.

3.4 Single bunch effects - broad band impedance

The transverse broad band impedance of the LHC is shown in Fig. 2. One can distingoishdpeakdue to the
bellows around 3 GHz and the capacitive impedalueecto space chargehich dominates at verlgigh frequency. The
peak at low frequency correspondsthe abort kickeandthe wriggles arelue tothe strip lines of the beaposition
monitors.
The transverséroad band impedance ligssponsible for théead-tailinstability which is suppressed fothe rigid
dipole modem = 0 by operating with positive chromaticitgsndfor the transverse modeoupling instability which
cannot be suppressed. The threshold for this instability is twice the nominal bunch current, a safe situation provided the
coupling impedance is kept at the level estimated at present.
The longitudinal broad band impedance is responsible for micranstabilities andtune shifts of the longitudinal
single bunch modes which may lead to suppression of Landau damping. The LHC operates below thresholds for both of
these effects.

3.5 Multibunch effects - narrow band impedance

High Q cavity modes can couple bunches togethath in transverseandlongitudinal planesnd lead to coupled
bunch instabilities. To minimize these effects the most dangerous resonant modes of the accelerating cavities and of the
feedbackcavities aredamped to redudheir Q factorsandthe inevitable cross section variations of the experiments
vacuum chambers are equipped with smooth transitions to avoid trapped modes.

The most important multibuncéffect inthe LHC is thdransverse resistiwwall instability. Its growthrate is
proportional to the square root of the resistivity of the beam pipe. It is proportional to the nmadhisand to the
inverse cube of the beam pipe height, which explains why it is dominant inhigtyenergy machineghich tend to
have a small beam pipe. The instability is minimized in the LHC by coating the inside of thesdveam which is
cooled down to 20K, with 5am of pure copper. With this measure the e-folding time of the most dangerous mode at a
frequency of a few kHz exceeds 100 turns, which makes it easy to damp with feedback.

Fig 3 shows the calculated growth rates of multibunch modes. p@&le on theight for modem=0 is due to the
resistive wall. The other sharp peaks, which moatfgct head-tail mode® = 1 are due tgartially dampedcavity
modes.

3.6 The beam screen

Each LHC beam emits 3.6 kW of synchrotron radiation at 7 TeV, and the return currents induced by the beam on the
inside surface of the beam pipe contribute another 2 kW to the heat load. Since it would be too expensive to absorb this
at 1.9 K, a beanscreen, independentpoled atabout 20 K, isintroducedinside the vacuum chamber. However, to
restore cryopumping othe vacuunthamber atl.9 K thebeamscreenmust have millions of holesandthis is a
nightmare for theacceleratophysicists. The beamlectromagnetic fields can leaut of these holeand build up
coherently a TEM wave which propagates at the speed of light in the coaxial structure formed by terdesamside
the vacuum chamber. This would heat up the vacuum chamber, which we wanted to avoid in the fissipldestroy
the beam by retroaction. The solution is to make holes smaller than thestreg@mwall thickness toreduce leakage
and to elongate them in the direction of the beam current to reduce their cimpkdgnce tahe beam. Distributing
holes of different lengths in a semi-random fashion will further reduce the danger of coherent modes and RF absorbers on
the outer surface of the screen will damp coaxial waves.



4, DYNAMIC APERTURE
4.1 Magnetic errors limit the dynamic aperture

In superconductingnagnets it is more difficult tprovide a field ofthe requiredquality than in classical magnets
with iron polefaces. Multipole errors areéntroduced bymagnetization of thesuperconductindilaments (persistent
currents), by tiny displacement of caibnductors (geometryand byredistribution of currents between stramiising
ramping of the field. The multipole coefficieftsanda, are defined by the formula

B, +iB, = a%(bn +ian)§é§_

where B, is the nominal vertical magnetic field®, and B, are the actual components of the field in vietical

and horizontal planed} = 1 cm is the reference radius, awx +iy. For each category of errors we distinguish those
which affect all magnets equally, those which vary from magnet to magd#étose which mayffect equallyall the
magnets of a production line but vary randomly from one production line to another.

Non-linear magnetic fields perturb the particle trajectaaies lead tarticleloss atlarge amplitudes. Thieeams
must survive for more than 1€urns at injectiorenergy(this corresponds t@about 15 min.for injectionandthe first
phase of the ram@nd4.1C turns at highenergy(about 10h). Thelynamic aperture ithe largest amplitudeelow
which all particles survive for the relevant number of turns. It is generally expressed in anits@@RMS beansize
at the maximunf in the arcs. Experience with previous machines suggests that a dynamic apedtiscaofe@uate for
a safe operation.

The dominant mechanisms which limit the dynamic aperture are, as in the casbedrthbeam effectune spread
and excitation of resonances. The tune spread is generated essentially by the average value of theanwitig dles
machine, while resonances are excited by all harmonics.

4.2 Evaluation of the dynamic aperture

There is at present no reliable way to evaluate the dynamic aperture other than computer sandietjgeriments
in existing machines. For the LHC, particles are tracked element by element in a computer model simulating as closely
as possible theeal machine. For a rough estimate®*1® 10 turns are sufficient. This allows \sery accurate
evaluation of the tune spread as a function of betatron amplitude and momentum dewidtian,identification of the
border between regular motion at small amplitualebchaotic motion atlarge amplitudes.Below the chaotidorder
particles are supposed to survive indefinitellfor a morerefined estimate one tracks for up to ®1€urns, and
extrapolates the “survival plot” (Fig. 4) to tQrns. Usually the dynamic aperture obtained in thégy liesjust above
the chaotic border. For heavy simulation campaigns to studgffibet of varying parameters one tracks feachcase
300 particles, each with different starting amplitudes, fétd®is [4]. With the computer system available at present
for LHC design,this takes aboul hour. The process is repeated for 60 imperfect machioesponding to 60
different realizations of the random and systematic per arc errors. In a reduced number of cases the tracking is extended to
5 different values of the ratio of horizontal and vertical amplitudes. In order to test whether the computer models used are
sufficiently realistic to give reliable results, extensive experimental campaégesbeertaunched inthe CERN SPS
and DESY HERA [5]. They have shown that, although reality is always worse thamotted predictsthe difference
can bereduced toaround20% if all known details, likeesidual closerbit or couplingand powersupply ripple are
taken into account. They have confirmed that minimizing spreadwith multipole correctors increasdke dynamic
aperture.

As a result of all these studies the Lidgnamic aperture isow close to 6, which is considered as a minimum
value for safe operation. We aim at increasing it by some 10 to 15% to provide a further safety margin for unpredictable
effects.

4.3 Optimization of the dynamic aperture

This process involves several steps. In a first step one uses a tableroevaluated bthe magnetiesigners and
vary the machine parameters (cell length and phdeancemagnet aperture) ténd a realistic optinum. Then using
the machine obtained in this way one identifies the dominant multipole errors and sees with the magnetwetsigners
they can be reduced. When increasing pressutbeomagnetiesigners begins tgive diminishing returns, one starts
considering the introduction of corrector systems in the machine.

Apart from the classical orbitorrecting dipolesand chromaticity correctingsextupoles, the LHC igquipped at
present with small 10 cm long coils at the ends of each bending magnet to partially correffethefthe systematic
part of i and K, which are mainlydue topersistent currentsFig. 5 shows how theorrection of b is effective in
reducing the tunspreadfor particles with darge momentum deviation. Suchcarrection increasesignificantly the
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dynamic aperture [6]. Octupoles are foreseen close to the main quadrupoles to allow the possibility of increasing Landau
damping of transverdastabilities. Smalladditionalcoils could be installed inhe magneénds to correct,ab, and g
depending on the needs.

5. LATTICE DESIGN

The parameters ofhe arc FODO cellswere chosen to give the best compromizetween dynamic aperture and
maximum attainable energy for a given set of multipole errors and for a given magnetic field. Work is nogreésspro
to better control the magnetic errors and to refine the correction systafeintoensure a sufficient safety margin for
operation.

The LHC insertions are heavily constrained by the LEP tunnel which waonogivedfor a 7 TeV machine. In
order to introduce flexibility in the design of the insertions and of the dispersion supgrassiajuadrupole correctors
are introduced close to the main quadrupoles at both ends of each arcwillTléso beusedfor fastand accuratgine
adjustments during operation.

The original antisymmetry between ring 1 and ring 2 and thefeftight sides of interactiopoints, whichseems
natural in a machine with two-in-one magnets, was part#dgndoned in order tallow separating the vertical and
horizontal tunes byeveralunits. For this,quadrupoles onhe leftandright sides of interactiorpoints have to be
powered independently. With this measure the large coupling effect originating from theanageeiiced and can be
well corrected by 2 pairs of skew quadrupoles per arc.

6. CONCLUSIONS

The accelerator physics in the LHC benefits from the vast amoukmipgfledge accumulated ithe operation of its
predecessors. Howevehe combination of high densitharge currentbeams with the mostsophisticated
superconducting magnet technology poses interesting challenges. Developments at the frontier khqrdsege in
collective effects andingle particle non-lineadynamics ardeing pursued, often iworldwide collaborations. Further
detailed calculations concerninfeam-beam effects ithe special LHC environment as well as refinements of the
machine lattice are in progress to finalise the design.
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