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TUNE SPREADS AND SHIFTS DUE TO THE LONG RANGE BEAM-BEAM 
EFFECT IN THE LHC 

W. Herr, 
SL Division, CERN 1211 Geneva 23. Switzerland 

Abstract: 
The performance of existing and proposed colliding hadron 

beam facilities is often limited by the non-linear effects aris- 
ing from beam-beam interactions, in particular for high in- 
tensity beams as proposed for the LHC. In addition to the 
normal head-on collisions, the beam-beam interaction in the 
LHC is complicated by a non-zero crossing angle in the colli- 
sion points and a large number of bunches. This leads to 
long range beam-beam collisions near the interaction regions 
where the two beams are not fully separated into different 
vacuum chambers. The tune shifts and spreads from these 
long range interactions are studied with a simulation program 
and the results obtained are presented. Possible limitations 
imposed by these long range effects are discussed. 

INTRODUCTION 
The performance of a colliding hadron beam facility is often 

limited by the non-linear effects arising from the beam-beam 
interaction, in particular for high intensity beams as proposed 
for the LHC. Such limitations have been observed and in- 
tensively studied for the CERN SPS collider [l]. The 
beam-beam interaction introduces a tune shift which is larg- 
est for small amplitude particles while large amplitude parti- 
cles experience almost no shift. This results in a tune spread 
in the beam. Studies have shown [2] that for the LHC a to- 
tal tune spread IA.Qi of 5 0.01 is desirable. Assuming a total 
number of three interaction regions, a maximum beam-beam 
tune shift of 6 = -0.0034 per crossing was proposed and 
was used to determine the LHC parameters {3,4]. In con- 

trast to the CERN SPS the two beams travel in separate 
vacuum chambers and collide at a non-zero horizontal cross- 
ing angle in the interaction regions. A detailed analysis of 
the beam-beam effects in the LHC has to include two effects: 
the influence of the crossing angle between the particle beams 
and the presence of coherent long range interactions near the 
intersection points, where the beams are not yet separated 
into different vacuum chambers. The bunches feel an elcc- 
tromagnetic dipolar force xvhcn they pass each other in the 
vacuum chamber. This becomes important when the inter- 
bunch spacing is very small ( < 8 m for the LHC ) and a 
larger number of bunches are simultaneously in the same 
vacuum chamber near the interaction regions. A given bunch 
interacts with many incoming or outgoing bunches before it 
leaves the interaction region (Fig.1). 
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Fig.]: Schematic view of the interaction region. 

The aim of this study is to investigate in detail the effect of 
long range interactions and to calculate the tune shifts and 
spreads caused by these effects. The implications and possi- 
ble constraints on the LHC parameters such as the crossing 
angle or bunch spacing are examined. 

LONG RANGE BEAhl-BEAM INTERACTIONS 
The short range beam-beam interaction gives a incoherent 

kick to the test particle at the moment when the two bunches 
cross each other. Apart from these kicks, the bunches ex- 
perience the electromagnetic forces of other bunches travcl- 
ling in the same beam pipe when they pass without actually 
crossing each other. These can be understood as kicks where 
the bunches arc considered as rigid objects. Such kicks can- 
not be avoided when the crossing angle is very small and the 
number of bunches large. 

Beam separation 
An important parameter for this study is the normalised 

bunch separation dsep, i.e. the distance of the two beam cen- 
tres divided by the transverse r.m.s. bunch size. 
Between the interaction point and the first focusing element 
the path can be considered as a drift space (field fret region) 
and the betatron amplitude becomes 

P(s) = p* * (1 +s2/p’*) (1) 

where p* is the betatron amplitude at the interaction point 
and it can be easily shown that the normalised separation 
becomes constant for large distances and can be expressed as 
[6, 71: 

d sep = ~mp*/~* (4 

The beam size at the interaction point is (I*. With the origi- 
nal design parameters of the LHC [3] the separation is cal- 
culated as 7.68 0, very similar to the SSC value of 7.5 0. All 
long range interactions give the same effect as long as the 
separation is the same. For studies of long range interactions 
beyond the field free region into the focusing triplet the actu- 
al betatron amplitude has to be used to calculate d,ep and 
the separation changes with s 151. It is found that the sepa- 
ration varies between 7.7 (T and 10.2 o. For the LHC high 
luminosity version and the high luminosity interaction region 
the separation in the field free region would be only N 2.2 u 
with a maximum separation of 3.4 0 in the focusing triplet if 
the same crossing angle of a = 96 prad is retained. This is 
caused by the smaller value of p* (0.25m instead l.Om) (2). 
One should expect severe problems, especially for particles 
where the transverse oscillation ampliludc is close to the hor- 
izontal beam separation. 

Number of long range interactions 
The number of long range collisions, Nlr, can easily bc de- 

rived from the path lengths inside the same vacuum chamber, 
L, and the bunch spacing as 

N Ir = 4L/B (3) 

where B is the bunch spacing in metres (c.g. 7.5 m for the 
original LHC or 4.5 m for LHC high luminosity version). 
The numbers obtained are 27 long range collisions for the 
original LHC design and around 40 for the high luminosity 
version. The distance between the interaction point and the 
beam separator magnet is taken for L. 
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Long range kicks 
The long range kicks can bc written as 

3x’ = - X~~U’$,~(~ - cxp( - r”/2u2))*(x + dsep)/r’? 
(40) 

AZ’ = - 8n.$o’*~z-( 1 - exp( - r’2/202)).z/r’2 

(with: r’ = ((x + dscp)2 + z2)‘W) 

respectively. In the limit of very small separation, d,ep + 0. 
the kicks will be the same as for a head-on collision. 

SIMULATION MODEL 

A linear, uncoupled machine is simulated and the beam-beam 
interactions are represented by kicks. The variables used for 
the simulation are the horizontal and vertical displacements 
(x and z) and angles (x’ and z’). Between the interaction re- 
gions the transverse phase space coordinates are transformed 
linearly and without coupling. No higher multipole fields or 
non-linearities other than the beam-beam effect is taken into 
account. 

Beam-beam kxks 
When the particles enter the interaction region the first long 

range kicks are calculated according to (4a,b) and x’ and z’ 
are updated. In the drift space part of the collision region 
the long range kicks can be represented as the accumulated 
kick of several parasitic bunch passings since the beam sepa- 
ration remains constant (4). Before and after this drift space 
the long range kicks have to be computed individually with 
the appropriate beam separation calculated from the betatron 
amplitudes given in [j]. After a linear transfer of 180” the 
next long range kicks are applied and the particle is tracked 
to the next interaction region. The effect of the beam-beam 
kicks on the orbit is neglected in the simulation. The position 
of the particle is recorded after each turn and a fast Fourier 
transform is applied to detcrminc the tune. 

Parameters 
The parameters used for the simulation of the original LHC 

design arc taken from the report [3] and for the high lumi- 
nosity version from [3]. 

SIYlULATION RESULTS - SINGLE INTERACTION 
In this chapter the effect of the long range beam-beam in- 

tcractions will be investigated for a single interaction region. 

Long range interaction 
The long range tune diagram for the original LHC parame- 

ters is shown in Fig.2 for the parameters given in 131. 

The betatron amplitudes run from 0 to IO 0 for both plants 
in order to illustrate the shape of the tune diagram. The in- 
teresting range is for amplitudes from 0 to 6 u and is indicat- 
ed as the hatched area in Fig.2. The maximum tune shifts 
are experienced by particles around 8 to 10 0 where the am- 
plitudes are close to the horizontal separation and they fold 
over for larger amplitudes. Due to the scaling in d all 
tune diagrams for long range interactions look the sa”,“g for 
the same separation. The short range interaction, head-on or 
with a crossing angle, produces a maximum tune spread of 6, 
where the shift is largest for particles at small amplitudes (see 
e.g. [I]). For large amplitude particles the long range force is 
stronger than the short range force and it has a focusing ef- 
fect in the vertical plane and a defocusing effect in the cross- 
ing plane. For particles with amplitudes of less than 6 o the 
spreads induced by the short and long range forces are com- 
parable, i.e. < 1-t. This situation is expected to change 
drastically with the parameters for the high luminosity option 
of the LHC. The corresponding tune diagram for long range 
collisions is shown in Fig.3. with a bunch spacing of I.5 ns 
[41. 
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Fig.3: Long range beam-beam tune diagram for high luminosit) 

The transverse amplitudes used for this diagram range from 0 
to 6 0. The folding over already occurs for much smaller 
amplitude particles but with larger absolute values for the 
tune spread. The tune spread for these parameters is obvi- 
ously dominated by the long range beam-beam interactions 
and is much larger than the desired value of ]isQ] E 0.01. 

Variation of thr crossing angle 
From (4) it can be seen that the separation can be increased 

by increasing the crossing angle a or the betatron function fi* 
at the interaction point. The overall horizontal and vertical 
long range tune spreads for particles in the amplitude ranges 
from 0 to 4 a in both planes are plotted in Fig.4 as a function 

- of the crossing angle. Two different values for the bunch 
; ; 
0 spacing were assumed, i.e. 15 ns and 25 ns. 
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Fig.2: Long range beam-beam tune diagram for original LHC. 
The functional dependence is approximately z o-2 (or x 
dsep - 2, which is equivalent) as the angle is increased. Such a 
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dependence is theoretically expected 161. To achieve a tune 
spread comparable to the tune spread of the old LHC design 
an angle of about (X z 300 prad should be chosen for 15 ns 
bunch spacing and = 250 prad for 25 ns. Because of the 
scaling behaviour, Fig.3 would reduce approximately to Fig.2 
with this crossing angle. 

Alternating crossing angles 
The global tune spread can bc reduced by alternating hori- 

zontal and vertical bunch crossings because the beam-beam 
effect is focusing in the crossing plane and defocusing in the 
other plane. A scheme with alternating crossing angles has 
been studied and for the parameters of the high luminosity 
LHC a reduction of the tune spread of a factor = 2 (horizon- 
tal) and = 2.5 (vertical) has been found. Since the focusing 
and defocusing effects are of a different magnitude, the com- 
pensation cannot be complete. 

SIMULATION RESULTS - THREE INTERACTIONS 

Standard LHC layout with three interaction regions 
Three experimental areas are foreseen in the layout of the 

LHC. One very low p insertion ( 0.25 m ) and two medium 
low p insertions ( 0.5 m ). To study the accumulated cffcct of 
all long range interactions, this scheme was simulated and the 
total long range tune shift for particles in the amplitude range 
of 0 - 4 (r was found to be AQv = 36.t and hQh = 15.6 if 
all crossings are horizontal with a crossing angle of n = 96 
prad. Such a tune spread cannot be accepted. The total tune 
spread can be reduced by having one horizontal crossing and 
two vertical crossings. The resulting tune spread was 4Qv = 
10-t and hQh = 13.6, which is an appreciable reduction but 
still too large. To reduce the tune spread from the long range 
interactions to a value comparable with the head-on spread, 
it was decided to study the schemes with increased crossing 
angles. The values chosen were a = 280 prad for the low B 
crossing and a = 210 prad ( 180 prad ) for the two crossings 
with p = OSm. The results are summarised in Table I. 

Crossing scheme: f@h [*El: AQ\o [*El: 

All hor., all 96 prad 15.5 36-E 

Alternating, all 96 prad IO-( 13-E 

All hor., 280 and 210 prad 2.2-E 4.o.t 

Alternating, 280 and 210 prad 4.9-E 2.9-E 

All horizontal, 280 and 180 prad 3.65 8.8.E 

Alternating, 280 and 180 prad 9.8-E 3.2.t 

Table I: Tune spreads for dlffcrent crossing schemes. 
(three interaction regions, IS ns bunch spacing) 

One could conclude from these results that minimum crossing 
angles of a = 280 prad and a = 210 prad are required for 
the three interaction regions. They correspond to values of r 
6.5 0 for the beam separation. A large crossing angle, how- 
ever, leads to a loss of luminosity and the possible excitation 
of synchro-betatron resonances [8]. This will be the subject 

Increased bunch spacing 
Another way to reduce the long range effects WOUl! be to 

consider a increased bunch spacing and/or a larger p at the 
interaction regions. The results arc shown in Table 2. 

Crossing scheme: AQh [*<I: AQv [*El: 

Three crossings, /I* = 0.25 m and 0.50 m: 

All horiz.,all 96 prad 8.0-t 18.0*< 

All horiz.,all 180 prad I .6.( 4.8.E 

All ho&.,200 and 180 prad I .S*[ 3.7-t 

All horiz.,200 and 150 prad 2.3.E 5.5.E 

Three crossings, all /3* = 0.50 m: 

All horiz.,all 96 prad 7.0-t 8.2.E 

All horiz.,all 180 prad 1 .O*[ I .3+[ 

All horiz.,all 150 prad 1.6-E 3.5.E 

Table 2: Tune spreads for different crossing Schemes. 
(increased bunch spacing and increased fl ) 

CONCLUSION 
For the short and long range beam-beam interaction the re- 

suiting tune spreads and shifts have been studied for two 
LHC conditions, the original LHC as layed out in the design 
report [2] and the new version with increased luminosity [3]. 

n The amplitude dependence is different for long range 
interactions as compared with short range effects. 

9 For the original LHC design the tune spreads induced 
by short and long range interactions are comparable. 

n Tune spreads for the high luminosity LHC interaction 
regions is too large to be manageable. 

n An increased crossing angle increases the separation 
and reduces the long range effects. A crossing angle as 
large as a = 280 prad may be necessary. 

n Possible alternatives to reduce the necessary crossing 
angle are alternating crossings, reduced bunch spacing 
or a larger beta function in the interaction region. 
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