
Fermilab FERMILAB-CONF-05-116-AD  MAY 2005

Experiments on LHC Long-Range Beam-Beam Compensation and Crossing
Schemes at the CERN SPS in 2004

F. Zimmermann,J.-P. Koutchouk,F. Roncarolo,J.Wenninger, CERN,Geneva,Switzerland;
T. Sen,V. Shiltsev, FNAL, Batavia, USA; Y. Papaphilippou,ESRF, Grenoble,France

Abstract

Experimentswith two prototypelong-rangebeam-beam
compensators(current-carryingwires) during the 2004
CERNSPSrunexploredtheefficiency of aproposedlong-
rangebeam-beamcompensationfor theLHC. In addition,
theSPScompensatorswerealsousedto “simulate” theef-
fect of differentplanesof crossingat two LHC interaction
points. We presentthe experimentalresultsandcompare
themwith computersimulations.

INTRODUCTION
Bunches circulating in the Large Hadron Collider

(LHC), presentlyunderconstructionat CERN,will expe-
rienceup to 120 long-rangecollisionsper turn, wherethe
counterpropagatingbeamsare separatedby several times
the rms beamsize. Theselong-rangecollisionsgive rise
to a “dif fusive” or dynamicaperture[1] and to an addi-
tional tunespread[2]. In orderto reducethelatter, theLHC
baselinedesignforeseesanalternatingcrossingscheme,in
whichthetwo protonbeamsarecrossedhorizontallyat two
of thefour “head-on”interactionpoints(IPs)andvertically
in theremainingtwo [3, 4]. This alternatingcrossingcan-
celsthelong-rangebeam-beamtuneshift betweenpairsof
IPs, and it, thereby, assuresthat bunchesat the endsof a
bunch train, which do not experiencethe full numberof
long-rangecollisions(“PACMAN” bunches),have nearly
thesametunesasnominalbunches[2]. Equal-planecross-
ing schemeswould haveothermerits,suchaszerovertical
dispersion,easierlong-rangecompensation,or equalback-
groundconditionsin theexperiments.

A localcompensationof thelong-rangebeam-beamcol-
lisionsin theLHC by meansof acurrent-carryingwire was
proposedin [5, 6]. The transversedistancebetweenwire
andbeamin unitsof thermsbeamsizeshouldbeequalto
thelong-rangedistancebetweenthetwo beams.Theprod-
uct of wire currentand lengthneededat oneside of one
LHC IP is about80Am for nominalbunches,increasingto
120Am for theultimateLHC intensity.

To studythefeasibilityof awire-basedbeam-beamcom-
pensation,an experimentalprogrammewith compensator
prototypesis underwayin theCERNSPSsince2002,when
a single device (equipmentname“BBLR”) was first in-
stalled. This single BBLR was used,during 2 years,to
“simulate” experimentallythe effect of LHC long-range
collisions and to benchmarkthe computersimulationsin
[7]. More recently, two new BBLR devices were built,
eachequippedwith threewires.A crosssectionis shown in
Fig. 1 (seealso[8]). In 2004,oneof the two new BBLRs
was installed,separatedfrom the existing first-generation
BBLR by a phaseadvanceof about2.6

�
, which equalsthe

expectedaveragephaseadvancebetweencompensatorand
long-rangecollision pointsin theLHC. The3-wire BBLR
is movablein theverticaldirectionovera rangeof 5 mm.

Figure 1: Crosssectionof the new 3-wire BBLR device
installedin theSPSsinceJuly2004(CourtesyG. Burtin).

For thesamenormalizedbeamemittanceasin theLHC,�������	��
��� m, thecurrentof theSPSwire andthedistance
from thebeamin unitsof rmsbeamsizeshouldbechosen
identical. With aneffective wire lengthof 1.2 m, thewire
current ����� ��� ������
 A thenrepresentsthecombinedeffect
of all long-rangecollisionsat the two high-luminosityin-
teractionregionsof the LHC, andthe nominalbeam-wire
distanceis ��� � �"!� #$� mm. The 2004SPSexperiments
wereperformedat26GeV/c,wheretheSPSphysicalaper-
ture is only about #�% for �&�'�(�"�)
��*� m. To improve the
beamlifetime without wire excitationandto moreclearly
reveal the effect of the wire(s), the emittancecan be re-
ducedby scraping.Thewire current,� ��� ��� , andbeam-wire
distance,� � , arethenscaledlinearlywith theemittanceand
with thesquareroot of theemittance,respectively.

Below we presentthehighlightsof the2004SPSexper-
iments.Somedetailscanbefoundin [9].

COMPENSATION
PoweringasingleBBLR modelstheeffectof theuncom-

pensatedLHC long-rangecollisions.Theobservedclosed-
orbit orbit distortionand tuneshifts inducedby the wire,
with typical magnitudesof a few 100sof � m andseveral!,+"-/. , respectively, agreewith analyticalcalculationsand
simulations[8]. Thenonlineareffectsof thewire manifest
themselvesin beamlosses,in a reductionof the dynamic
aperture,asevidencedby a shrinkingemittanceandby a
degradationof the beamlifetime, in a decreaseddecoher-
encetime andin a changeof the detuningwith amplitude
[8, 10]. Several scanswere performedof the wire cur-
rentandof thebeam-wiredistance,correspondingto LHC
beamcurrentandcrossingangle,respectively [8, 10]. Fig-
ure 2 shows a 2004 single-wiremeasurement,wherethe
beamlifetime wasrecordedasa functionof thebeam-wire



separation.Thedependenceis perfectlyfitted by a 5th or-
der power law of the form 021 �436587 ��9 %8:<; . A naive ex-
trapolationto the typical LHC separationof 9.5% would
yield a beamlifetime of about6 minutes.In a similar ex-
perimentat the Tevatron, where the electronlens (TEL)
wasusedto mimic a “wire”, the beamlifetime increased
asthethird powerof thebeam-TELdistance[11]. Thedif-
ferent power law may be relatedto the working point in
tunediagram;thelow powersremainasyetunexplained.

Figure 2: Fitted SPSbeamlifetime as a function of the
beam-wiredistance,with asingle-wireexcitationof 190A,
tunes=?> �@+	� �$��+�A , =*� �@+	� �B"!,# ; ��� >C1 �&� �D1 !�� #E� m,% 1 !����� mm. Beamandwire wereseparatedvertically.

In 2004, two SPSexperimentson wire compensation
were conducted. The typical total beam intensity was�	� �GFH!I+$JKJ protonsdistributed in 12 bunches.All exper-
iments were performedon the parasiticSPScycle with
beampresentfor a periodof only 2 to 4 s. On 29/07and
30/07/2004the effect of the first BBLR wascompensated
by thenew BBLR (BBLR2). For thisstudy, thenormalized
transversebeamemittanceswere4–6 � m. Tunescanswere
conductedaroundthestandardSPSworkingpoint for LHC
beam( = >�L � 1 +	�M!4
 ) andaroundthetunesforeseenfor the
LHC itself ( = >L � 1 +"� �"! ). Figure3 (right picture)shows
the measuredbeam-currentlifetime of the baremachine
(no BBLR excitation), with only oneBBLR excited, and
with thecompensatingBBLR alsoturnedon,asa function
of vertical tuneneartheLHC working point. Theleft pic-
ture illustratesthetracefollowedin thetunediagram.The
singleBBLR reducedthebeamlifetime from about250sto
50 s. Thecompensationrestoredtheoriginal lifetime, ex-
ceptfor tunesbelow 0.285and0.275,i.e.,theregionsof the
7th and4th orderresonances.Theimperfectcompensation
for low tunescouldalsobeanartifactof drifting machine
conditions. In all cases,the beamlifetime droppedasthe
tuneapproachedthe 3rd integer resonances,at 0.32–0.33.
This lifetime reductionmustbedrivenby thenaturalnon-
linearitiesof the SPS,sinceit is only weakly affectedby
theBBLR. Theverticalmobility of thenew BBLR allowed
measuringthesensitivity of thecompensationto transverse
wire position.Figure4 shows theinverselifetime inferred
from thelossesmeasuredover2.4sasafunctionof theoff-
setbetweenthe two wires. Also shown arethe simulated
lossratesateachoffsetin arbitraryunitsascalculatedwith
the codeBBSIM developedat FNAL [12]. For compar-
ison the simulatedandmeasuredloss rateswith only the
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Figure 3: Left: tune path tracedduring the SPSwire-
compensationexperiment on 30/07/04., and resonance
lines through11th order; right: measuredbeamlifetime
vs. verticaltunewithout BBLR (bluediamonds),with one
BBLR at240A (greentriangles)andwith bothBBLRsex-
citedsothatthey compensateeachother(redsquares).

first wire BBLR1 activatedaregivenby the two superim-
posedstraightlines. Themeasurementsshowedthat there
was no compensationwith offsetsbeyond 2.5 mm since
thelosseswith bothwiresexceededthelossdueto BBLR1
alone. The simulationspredictedthe compensationto be
inefficient with offsetsabove 3 mm, in reasonableagree-
mentwith thedata.
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Figure4: Relative SPSlossratein s- J , asmeasuredover
2.4 s, andsimulatedlossratein arbitraryunitsvs. thever-
tical positionof thecompensatingsecondwire. Measured
andsimulatedlossratesfor a singlewire areindicatedby
thetwo superimposedstraightlines.

A secondcompensationexperimentwas performedon
02/09/2004,with a smalleremittanceof about !�� ��� m. The
naturalbeamlifetime 0 wasa factor20 longerthanfor the
previousexperimentwith largeremittances,andit dropped
by a factor 2 when a single SPSwire was excited. The
compensationby the secondwire not only restored,but
evenimprovedthelifetime by about10%comparedto that
of the baremachine.The strongdependenceof the beam
lifetime on theemittanceis reminiscentof thedependence
0òñ ! 9 �ôó observedfor antiprotonsat theTevatron[13].

CROSSING SCHEME
On 26/08/2004,an experimenton the crossingplanes

wasconductedfor the nominalemittance.Threeconfigu-
rationswereimplemented.Dueto constraintsby thephysi-
calapertureandthedifferentdistanceof thehorizontaland
verticalwire from thecenterof thechamber(about55 mm



and20mm,respectively), apurealternatingcrossingcould
not berealized.Insteada mixedschemewaschosen,mod-
eling horizontalcrossingat onewire and45-degreecross-
ing at theother, by exciting bothwiresat thesamecurrent.
Equal-planecrossingsweremodeledby exciting only one
of the two wires at twice its original strength. For com-
pleteness,andto observe a larger effect on the beamlife-
time, the first configurationwas also testedat twice the
strength,which simulatesa two timeshigherbeaminten-
sity. For all wire configurations,we measuredthe beam
lifetime asa function of the vertical tune,which wasvar-
ied between0.26and0.33. Over mostof thescannedtune
range,the horizontal-horizontalcrossing(BBLR2 excited
at õ ��#�+ A) exhibited thebestbeamlifetime, thepure45-
degreecrossing(BBLR1 at 240 A) the secondbest,and
the mixed crossing(BBLR1 at 120 A, BBLR2 at õ 120
A) the lowest. At the two endsof the scanrange,near
the 7th and 3rd integer resonance,respectively, the pure
45-degreecrossingschemewasmostrobust,while for all
othersthelifetime stronglydecreasedhere,possiblydueto
latticenonlinearities.Thelifetime withoutany wire excita-
tion wascomparableto thatof themixed-crossingcase.

On 09/11/04,a secondexperimentwasperformedwith
reducedbeam-wiredistanceand smalleremittance. One
of thewires(BBLR2) hadbeenrotatedprior to thisexperi-
ment,in orderto allow for shortertransversedistances.The
threeconfigurationsof Fig.5couldthenberealized.Again,
it wasnot possibleto implementa purehorizontal-vertical
crossing.Insteada 45

�
-135
�

inclinedhybrid crossing[14]
wasmodeledandits performancecouldbecomparedwith
thatof avertical-verticalor 45

�
-45
�

crossing.
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Figure 5: Approximationsof different crossingschemes
on09/11/2004.Configurationa)models45

�
-135
�

inclined
hybrid collision [14], b) a double45

�
hybrid crossingand

c) apurevertical-verticalcrossing.

Figure 6 displaysthe simulateddynamic aperturefor
thesethreeconfigurations.Thepure #$� � - #$� � crossinghas
thesmallestdynamicaperture.At verticaltunesof 0.29or
lower thevertical-verticalcrossingis best,while at higher
tunes the inclined-hybrid schemeyields the largest dy-
namic aperture. For completeness,the simulationresults
for a purehorizontal-verticalcrossingarealsoindicated.

The measuredbeamlifetimes as a function of vertical
tunearepresentedin Fig. 7. The lifetime was lowestfor
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Figure 6: Dynamic aperturesimulatedby the WSDIFF
code(at   1 ��+ m) asa functionof vertical tunekeeping
= > ��+	� �$� , for theSPSwire configurationsof Fig. 5.

the #$� � - #$� � crossing,the inclinedhybrid crossingbestfor
tunesabove 0.3 andthe purevertical-verticalcrossingfor
lowertunes,— all consistentwith thesimulationsin Fig.6.

Figure7: Beamlifetime measuredasa functionof thever-
tical tunefor the threeSPSwire configurationsof Fig. 5.
Thehorizontaltunewasheldconstantat =?> 1 +"� ��� .

CONCLUSIONS
TheLHC beamlifetime maybedegradedby long-range

collisions. The efficiency of the proposedcompensation
wasdemonstrated.The beamlifetime wasshown to vary
with crossingscheme. Experimentsand simulationsare
mostlycompatible,but a few resultsarestill unexplained.
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