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Abstract parameter symbol value
1 11
A weak-strong simulation code similar to the one written Ezzggiggybumh ng 1'0;) 'ifeilo
by Irwin for the Superconducting Super Collider (SSC) [1] rms beam size at IP o b 16,m
is used to study the single-particle stability in the pres- rms divergence at IP ex’y 31.7urad
ence of triplet field errors, head-on collisions and long- IP beta function oy 5'0 cm
range beam-beam interactions at the Large Hadron CO”ideFull crossing angle gy 300 rad
(LHC). We present the dependence of the simulated transFmS bunch length JC 77 em
verse diffusion rate on various parameters, such as startingOIIision points n # > 9
amplitude, working point in tune diagram, crossing angle, /' per beam TZP 2835
beta function at the interaction points (IPs), beam current,bunch spacing I b 748 m
triplet nonlinearities, tune modulation and a transverse Oﬁ_beam-beam parameter Zﬁp 0 '00342
set at one of the two IPs. For several examples, we perfom}evolution frequency ! 11‘ 25 KHz
a frequency map analysisla Laskar, to obtain tune foot- synchrotron tune 5“ 0'00212
prints and the tune variation in time. A cursory look at the luminosity per collision I, s 314 ><. 1025 om-2
effect of a Mdbius lattice is also reported. Y pe coll BT
total luminosity Liot 10°**cm~<s
1 INTRODUCTION Table 1: LHC collision parameters [2].

The long-range force is expected to become important for
amplitudes where particles pass near the center of the op-
posing beam at the parasitic collision points. Using thi

criterion, a diffusive aperture can be estimated as %ecuon 2, we describe the employed weak-strong model.

Section 3 presents the simulation results. We summarise

0. and conclude in Section 4.
9_ Oz (1)
xT

Tda ~
whered. denotes the full crossing angkg, the rms diver-
gence, and, the rms beam size at the IP. For the nominal
LHC parameters, listed in Table 14, amounts to about 2 MODEL
9.50,. Simulation studies showed that, in the presence of
tune modulation, the diffusive aperture of the SSC was ac-

tually about 2.5, smaller, a reduction which was found The simulation study was performed following the recipe
to be independent of the crossing angle [1]. Hence, extraarven by Irwin [1], and using the LHC parameters of Ta-

olating from these results we would predict the LHC difpje 1. The simulation is 4-dimensional: the horizontal and
fusive aperture at aboutd,. However, the LHC and SSC yertical motion of single particles is calculated under the
p_arameters differ substant'ially, e.g. the SSC bunch populafiuence of the field of the opposing beam. An optional
tion was only7.3 x 10°, 15 times less than that of the LHC. y;ne modulation can also be selected. We treat two IPs,
Thus, a simple extrapolation may not be valid. In additiongymmetrically spaced around the ring, one with a horizon-
since the beam-beam interaction is the mostimportant limjx crossing angle, the other with a vertical crossing angle,
tation of the LHC performance at top energy, itis importang, that the linear tune shifts induced by the long-range in-
to study the effect on the beam stability of various relategh,actions cancel between the IPs. At each IP, we apply a
parameters, such as the beam current, the beams’ crossigies of five kicks: the first represents the lumped effect of
angle or the IP beta function, whose values have a diregfe triplet nonlinearities, the next corresponds to the long-
impact on the luminosity. _ _ _ range beam-beam interactions on the incoming side; then a
Here, we report the results of a dedicated simulatiopjci for the head-on collision effect is applied, another for
study for the LHC: The paper is organised as follows. Inhe |ong-range interaction on the outgoing side, and finally

INote that similar dynamic aperture studies were performed earlier 1§ Kick due tc_) the triplet nonlinearities on the C_’Utgomg Side_-
Ritson and Chou [3]. These tracking elements are described now in more detail.
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ordern meanb, 5; uncertaintyb, y  rmsby, ., Meana, s uncertaintyu, y  IMSap rms

3 0. 0.3 0.8 0. 0.3 0.8

4 0. 0.2 0.8 0. 0.2 0.8

5 0. 0.2 0.3 0. 0.2 0.3

6 0.14 0.6 0.7 0. 0.085 0.11
7 0. 0.05 0.06 0. 0.04 0.06
8 0. 0.03 0.05 0 0.03 0.04
9 0. 0.02 0.03 0. 0.02 0.02
10 —0.027 0.02 0.043 0 0.027 0.037

Table 2: Harmonic multipole content in lo@-quadrupoles (Fermilab Design), after application of tuning shim correction
[5,6]. The harmonic values are quoted in unitd6f* of the main quadrupole field, for a reference radigis= 17 mm.
The uncertainty in the mean, as well as the estimated standard deviation are also listed.

2.1 Arcs 2.3 Long-Range Interactions

Between the two IPs, denoted by sub-indi¢cesd j, we

perform a linear rotation of the form For the long-range interactions, we lump together the effect
of all n,,,, parasitic collisions on each side of the IP. Since

x, x, they occur at a betatron phase close f@, the kick can be
r = Rij z , (2) approximately expressed as a change in the IP coordinate,
y/ y/ while the trajectory slope at the IP stays unchanged. In case
Y/ 1pi Y/ 1pj of a horizontal crossing we have:
with the rotation matrix
* o3 f2
cosg,  fising, 0 0 Aoy 2N [0 (o
N sing, cosg@, 0 0 0?
Rij = 0 0 cospy  [ysingy | - 02
0 0 _é singy  cos ¢y - (1 —e 2%y ) } , (3
3)

1

O

2r, Ny 1/ _%

The coordinates are those at the successive IPs and primesy = — npar pr y_2 (1 _e 202,
t

denote the particle slopes. Unless noted otherwise, we as- 0 >

sume that the two rotation matrices, from IP 1 to IP 2 and

from IP 2 to IP 1, are identical.é. R12 = R21), and also

that the beta functions at the interaction poitsands;, _ ( , 2 .
. wheref, = 0. and @, , is the rms

are the same in both planes and at both IPs and equal to the ‘ (2" +6)" +y oY

LHC design value3: = 3; = 0.5 m. The bare half-ring beam divergence at the IP. The effective number of para-

phase advances were chosemas- 2 x = x 31.655, and sitic _crossings per side of one Ik, is about 18 [4]. I_n
b, = 2 x 1 x 29.66, corresponding to the nominal workingthe first part of Eq. (5), we subtract the average horizon-
pgint of LHC optics version 5. tal dipole kick on the bunch, since its effect would be cor-

rected by steering correctors. Note that the kick is the same
22 Head-On Collisi on both sides of the IP, because the betatron phase advance

) ead-On Lollision of about180° compensates for the opposite direction of the
For the beam-beam interaction we assume round Gaussiz@am-beam separation. The vertical crossing is treated in
beam profiles. The effect of head-on collisions is thesomplete analogy.

1/2
/2/

given by
2r, N 2
Ax =220 5 (1)
Ty . @) . N
Ay = 2ol ¥ (1 _e—#> 2.4 Triplet Nonlinearities
Yy T
with ¢ = 0, = o, the rms beam size at the IP,=  The integrated effect of the higher-order multipoles in the

/2 + y? the radial distance to the origim, the classi- low-3 quadrupoles can be written in complex form. Un-
cal proton radiusy the Lorentz factor, andv, the bunch der some simplifying assumptions (eq@dlinctions in the
population. two transverse planes), the nonlinear kick on the incoming
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ordern meanb, 5; uncertaintyb, y  rmsby, ., Meana, s uncertaintyu, y  IMSap rms

3 0. 0.51 1. 0. 0.51 1.

4 0. 0.29 0.57 0. 0.29 0.57
5 0. 0.19 0.38 0. 0.19 0.38
6 0.38 0.5 0.19 0.01 0.1 0.19
7 0. 0.05 0.06 0. 0.05 0.06
8 0. 0.02 0.03 0. 0.02 0.03
9 0. 0.01 0.01 0. 0.01 0.01
10 0.22 0.03 0.01 —0.003 0.01 0.01

Table 3: Harmonic multipole content in lo@-quadrupoles (KEK Design) [6, 7]. The harmonic values are quoted in units
of 10~ of the main quadrupole field, for a reference radigis= 17 mm.

side of the IP with horizontal crossing is given by In the present study, we consider a single random seed
— for the errors calculated according to Tables 2 and 3.

_ 1\n—1 0 n—1
Ar = — n\— T+ = iy’
‘ KReLz::s : ( 7’0) <(x T3 Hy) 2.5 Tune Modulation

1 N2, , .1 As a further ingredient in our simulation a tune modulation
—(n- )(5) (@' +ay) — (5) can be added. It is described by a linear transport matrix of

the form
_ Mmae n—1 n—1
Ay:KIm[Z gn(—i) ((a:’—k&—kiy’) cos A¢, [BrsinA¢, 0 0
n=3 "o 2 _ﬁ} sin A¢, cosA¢, 0 0
O.\"2, , 0. \n—1 M=1" 0 cosAg, BysinAgy | 7
—(n— 1)(5) (2" +1iy") — (5) ) ) 0 0 % sin Ag, cos Agy,
(6) (7)
where the complex coefficieist, represents the effective Where
strength of thesth order multipole kick, through the sum Apy = 21 AQ, sin(27 f,t)
4 Ay =21 AQysin(27 fyt)
G = 3522 (Y (an e + i) 5 y . .
: = ere, AQ,,, and f, , denote the modulation amplitude

] and frequency, respectively, ahé the time. For instance,
over the 4 low-beta quadrupoles on one side of the IP. Thgnchrotron oscillations and residual chromaticity result in

latter expression is evaluated prior to the tracking, With 3 modulation of the betatron tune for off-energy particles.
the geometric mean of the horizontal and vertical beta fungssyming )’ ~ 1, a particle atlos experiences an ef-

~

tion at the center of théth quadrupole, and,, x andb,, .. fective tune modulation of amplituded—* at the 22 Hz
the skew and normal multipole components relative to thgnchrotron frequency. Ground motion, magnet vibrations,

main quadrupole field at th? same referencg racjusee  and power supply ripple may also induce tune modulation
Tables 2 and 3). The coefficiet in Eq. (6) is equal to 4t similar amplitudes and frequencies.

K = lgued mo K1, Wherel,,.q denotes the quadrupole
Iengt_h (quad =~ 5 m)andK, the non-integrated quadrupole2_6 Mobius Insertion

gradient (<; ~ 0.01 m~2). As before,z’ andy’ are the

trajectory slopes at the IP. Note that the dipole kick as weln addition, a Mbius transformation [8] may be inserted,
as the static quadrupole and skew quadrupole componefit®rder to study the stabilising, or destabilising, properties
induced by the crossing angle are subtracted, because @fesuch a scheme. Thedbius twist is of the simple form:
assume that in the real machine the changes in the close

orbit, tunes and coupling, due to the field errors, will all xx/ 8 8 01 _01 ;j/

be corrected by standard tuning methods. This could be y =1 21 0o o o0 y

difference with respect to previous applications of similar Y ‘ 0 -1 0 0 Y _

kick-map codes for the SSC and the LHC [1, 3]. 1pi 1Pj
For the outgoing side, we use the same formulae, but (8)

without the “~" sign in (-=)"~1. This means that the net Because of the additional symmetry of aoMiis lattice,
effect of the systematic field errors of even ordewould there is only one independent tune value. The two tune
cancel if there were no head-on collisions at the IP. Finallyines, Q.., are placed symmetrically above and below 0.25:
the case of the vertical crossing is treated identically except

that6./2 is added ta/’ instead ofr’. Qz =Qz +Qy £0.25 ©)
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where @, and @, denote the nominal tunes without thedifferent amounts of tune variation on a logarithmic scale,

Mobius twist. extending fromAQ| < 10~7 to |AQ| > 10~2. The grey
regions correspond to particles with a tune variation less
3 RESULTS than or equal to the precision of the tune calculation for
this number of turns. Thus, their tune variation is consis-
3.1 Tune Footprints and Diffusion Maps tent with no variation at all, and they may be considered as

completely stable. The two types of green areas are weakly

Frequency map analyses have long been used in celestiglstable. We speculate that the blue, magenta and brown
mechanics and recently in accelerator models [10, 11]. lregions are strongly chaotic, and that particles in the black
this section we present results from an application of thisreas also might be lost, after a larger number of turns.
technique to the beam-beam interaction, through the kicka these plots we can observe directly the traces of reso-
map model discussed previously. nances which limit the region of stability. The conclusions

Figure 1 presents tune footprirstda Laskar [10,11], ob- of the previous paragraph regarding the dominant destabil-
tained by tracking single particles over 1000 turns and, suising role of the long-range collisions are also confirmed
sequently, frequency analysing the tracking data with thigere. The additional effect of head-on collisions and triplet
SUSSIX program [9]. Through this analysis, we computaon-linear fields is negligible.
with a very high precision [12] the fundamental frequen-

cles of mgtlon, fora Iarge_number 9f initial condltlons, with A further frequency analysis was performed for a model
initial horizontal and vertical amplitudes varying from 0 to,

10 04,4, and initial slopes set to zero. By plotting the fun-Wlth a reduced crossing angle of 2@ad (Fig. 3). The

o ) .two images can be directly compared to Figs. 2d and 1d,
damental frequencies in tune space, phase-space distorti g y P 9

. : i Ot hich correspond to the same model, but at the nominal
representing resonances or chaotic regions become visib ?OSsing angle (30prad). For the smaller crossing angle

Tlhe d;amat:]c ﬁﬁeCt of thg Iongf—ra.nge collisions is r:,e'he diffusive aperture should be diminished, according to
vealed through the comparison of Figs. 1b and a, whic g. (1). Indeed, the tune shift with amplitude is further

show footprints obtained with and without the Iong-rang(iancreaseol (Fig. 3a) and the particle motion is heavily per-

kicks. Up to initial particle amplitudes of around§,, the b4 ot amolitudes bevond abo Fig. 3b
effect of the head-on collisions dominates. Then, the long- P y at4 (Fig. 3b).

range effect takes over and the frequency footprint flips, as
the tune shift with amplitude changes direction. This non- The influence of the application of addius twist (8)
monotonic dependence of the tune with respect to the ari® the phase space of the system is presented in the diffu-
plitude is potentially dangerous for the stability of particlession map of Fig. 4. In that case, tune footprints cannot be
beyond this limit. provided, as there is only one independent tune. The diffu-
The additional detrimental influence of the triplet non-Sion map now presents features which are symmetric with
linearities can be observed in the plots 1c and d, where W@sSPect to the diagonal of the initial amplitude space. It
include the effect of the errors in the quadrupoles design&gems that by this twist, instead of stabilising the system,
in FNAL and KEK, respectively. The tune shift with am-We mirror instabilities i_n other parts of _the phase space.
plitude gets larger and the difference resonances of ordEpis was also reported in a recent experimental study [13].
5 and above are getting more pronounced. From this rep-
resentation, however, it is difficult to say which of the two An illustrative Comparison of the phase space Stabmty
type of magnet families is more harmful with respect to theor all the previous cases is given in Fig. 5. We plot the
beam stability. average tune difference in logarithmic scale over all the
The two remaining images le and f show the pure efracked particles. The two curves correspond to a sim-
fect of the KEK triplet errors and the combined influencele average of the tune change and another average of the
of triplet errors and parasitic collisions, respectively. It igune variation normalised by the particles’ initial ampli-
clear, that the long-range effect is dominant. Indeed, th@des. The head-on case presents the smallest tune diffu-
tune spread induced for amplitudes up ter1Q is of sim-  sjon coefficient. By just adding the long-range the coeffi-
ilar size as with the head-on collisions included (compargient jumps by two orders of magnitude. The addition of
Figs. 1b and ). triplet non-linearities further perturbs the system and we
In all the cases, except the one with head-on collisionsan even distinguish a small difference between the case
only, some particles diffuse out to thie¢, —1) resonance, with FNAL and KEK design triplets. Interestingly enough,
as our working point is quite close to the frequency spaage case without head-on but with long-range and triplet er-
diagonal. rors seems more unstable: the linear tune shift due to the
An additional outcome of the frequency map analysis ikead-on effect puts the tune to a position further away from
displayed in the plots of Fig. 2, where we depict the varithe dangerou§), 3) skew resonance. The situation, as we
ation of the betatron tunda\ Q| that occurs between the have seen before will get worse by diminishing the cross-
first and second sets of 500 turns, as a function of the staitg angle to 20Qurad or by including a Mbius twist [13].
ing amplitude [10, 11]. The different colours correspond to

98 LHC99 Beam-beam Workshop



(a) Head on collisions

(b) Head on + long range collisions
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Figure 1: Tune footprints obtained by tracking single particles over 1000 turns and subsequent analysis with SUSSIX.
Red dots represent particles with initial transverse amplitudes up.tg;3lue dots show results for an extended range

with initial amplitudes up to 16, ,; (a) head-on collisions onlyb) head-on and long-range collisio(® head-on plus
long-range collisions and FNAL triplet errors (1 random sdgef)head-on plus long-range collisions and KEK triplet
errors (1 random seed) KEK ftriplet errors only (1 random seedJ) long-range collisions and KEK triplet errors (1
random seed), but no head-on collisions.
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(a) Head-on collisions (o) Head-on + long-range collisions
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Figure 2: Diffusion maps representing the change of the betatron tunes with time as a function of horizontal and vertical
starting amplitude. The tune change was inferred by tracking single particles over 2 times 500 turns and subsequent
analysis with SUSSIX. The colour assignment is logarithmically scaled with the tune cha@jeover 500 turns(a)

head-on collisions onlyb) head-on and long-range collisiofty head-on plus long-range collisions and FNAL triplet

errors (1 random seeddl) head-on plus long-range collisions and KEK triplet errors (1 random s@a®EK triplet

errors only (1 random seedj) long-range collisions and KEK triplet errors (1 random seed), but no head-on collisions.
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Head-on + long-range collisions
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Figure 3: Tune footprint and diffusion map for a model including the head-on and long-range collision effect and the KEK
triplet nonlinearities for a 20Qrad crossing angle. The symbols are the same as in Figs. 1 and 2.
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Figure 4: Diffusion map for a model including addius

twist. The symbols are the same as in Figs. 2.
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Figure 5: Averaged tune differences in logarithmic scale
over all particle amplitudes and phases, for different mod-
els. The blue curve corresponds to a simple average of the
tune change over all tracked particles and the red one to a
normalised average by dividing the tune variation of every
particle with its initial amplitude.
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amplitude x,y = 5 o,, amplitude x,y = 6 g,
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Figure 6: The variance in action (in units of rms emittancefrigure 7: The variance in action (in units of rms emittance)
for a group of 100 particles as a function of turn numfor a group of 100 particles as a function of turn num-
ber. The particles were launched with identical transverdeer. The particles were launched with identical transverse
action corresponding todg , in both transverse planes action corresponding tod§ , in both transverse planes
and with random betatron phase. The figure demonstratasd with random betatron phase. The figure demonstrates
the effects of head-on collisions, long-range collisions antthe effects of head-on collisions, long-range collisions and
triplet nonlinearities, respectively. triplet nonlinearities, respectively.

3.2 Starting Amplitude binations of head-on collisions, long-range interactions,
triplet field errors, tune modulation, andddius twist. The
We study the evolution of the rms action spread for a grougine modulation has little, if any, effect on the diffusion.
of particles, launched with random phases at the same vathe Mgbius twist appears to increase the diffusion at low
ues of transverse action. To suppress short-time fluctuamplitudes, while the diffusion at larger amplitudes re-
tionS, e.g, caused by static deformations of the invarianﬁ]ains unaffected. In all cases inc|uding |0ng_range col-
tori in phase space due to resonances, we compute the rysions, there is a well defined diffusive aperture, between
ning average over 1000 turns of the rms action spread. TBe5 and &, beyond which the motion is unstable. In
evolution of the rms spread at a starting amplitudecfs  the case of the SSC the equivalent limit without tune mod-
in both transverse planes is illustrated in Fig. 6, compagiation was found to be between 6 and,7, [1], a simi-
ing the situation of head-on collisions only, with the casefyr number (however, the long-range bunch separation was
of long-range collisions and triplet errors. In all picturesgnly 7.5, ,).
the diffusion is quite limited. Thus, an amplitude of.5, Figure 9 compares the diffusion generated by head-on
seems to lie inside the diffusive aperture. plus long-range beam-beam interactions with that due to
Figure 7 shows a similar picture for a starting amplithe uncorrected triplet field errors alone. The latter give rise
tude of &, ,. While the head-on case looks comparableo strong diffusion at an amplitude of about,8,, which is
the action spread shows notably larger variation when tt®r larger than for the beam-beam effect. The differences
long-range collisions are present. If the triplet errors areetween FNAL and KEK field errors appear to be marginal.
also switched on, some of the tracked particles experienceWe can use the tune variation of the tracked particles in
a rapid growth in amplitude, leading to a steep growth irder to confirm the established diffusive aperture thresh-
the calculated spread of action values. When the first pastds. In Fig. 10, we plot the tune difference versus the am-
ticle is lost, we stop the simulation. This accounts for thelitude, averaged over all initial — y amplitude ratios (a),
much shorter time scale on the two bottom pictures. and for a fixed ratiap = arctany/xz = 45° correspond-
More systematically, we can compute the diffusion aing to particles with equal initial positions (b), for the same
many different amplitudes and for each case compute tlvases asin Fig. 1. We also mark two thresholds correspond-
average increase in the rms action spread per turn. The neg to the precision boundary and to an empirical crude
sult is illustrated in Fig. 8, which compares different comioss boundary for tune changes bigger than“. For all
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Figure 8: The change of action variance per turn as a funEigure 9: The change of action variance per turn as a func-
tion of the starting amplitude. Compared are the caseson of the starting amplitude. Compared are the effect
head-on collisions only; head-on and long-range collisionsf beam-beam collisions with that of the KEK and FNAL
long-range collisions plus KEK triplet field errors; bothtriplet field errors.

types of collisions plus KEK triplet field errors; the addi-

tional effect of a tune modulation at the synchrotron fre- i )
quency (22 HZ) of amplitude0‘4; and the additional ef- held constant and equal to 59.32. The nominal horizontal

fect of a Mobius twist. tune of @, = 63.31 is close to a valley. The highest peaks
correspond to tunes close to the 3rd, 7th and 4th integer
resonances. Figure 11b shows the result of another tune

the cases where long-range collisions and triplet field escan performed parallel to the tune space diagomal at

rors are included, the loss boundary is located at the sameconstant distance to the coupling resonance. This scan

point, around.50,,,. For the case where the triplet field indicates that the nominal working pointis close to optimal.

errors are not added to the beam-beam effect, the threshold

is reached a little further, arouisd, ,. The case withonly 3 4 Phase-Advance Scan

the KEK triplets is clearly more stable, but indeed there ) ] )
is still a visible effect for larger initial amplitudes. No ef- Figure 12 demonstrates that a difference in horizontal

fect whatsoever can be observed for the head-on only caBfl@se advance between the two half arcs has little effect

where the tune variation is very close to the precision limie" the diffusion rate. Thus, the weak-strong beam-beam

of the method. interaction does not constrain this parameter, which might
The complementary picture (Fig. 10b) for a fixed ini-pe adjusted for optimum chromatic correction or for min-

tial amplitude ratio gives the same qualitative informatiofMiSing strong-strong beam-beam effects.
regarding the dynamical influence of the various perturba-
tions included in the model. The fluctuation of the tune3.5 Offset

variation with the initial amplitudes is due to the presencye have also investigated the effect of a transverse offset

of some high order resonances which are identified and igatween the two colliding beams. Figure 13 presents the

dicated in the plot. _ change of the action spread per turn as a function of the
In the following we study the dependence of the diffuorizontal amplitude for different values of horizontal sep-

sion on various parameters. For simplicity, we choose ration at one of the two IPs. There is no noticeable effect
fixed launch amplitude of &, , in both transverse direc- for an offset varying frond.20., , Up 020,

tions, which is close to the limit of stability in the nominal

case. 3.6 Beam Current

Figure 14 depicts the effect of the bunch population on the
diffusive aperture. We tracked particles with the same ini-
Figure 11a presents the change of the action spread per ttied amplitude for 4 different bunch populations. The de-
as a function of the horizontal tune. The vertical tune wagendence of the difference between the diffusive aperture

3.3 Tune Scan
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the diffusion increases by many orders of magnitude. The
design crossing angle thus appears to be a good choice.
103; The tune variation averaged over initial amplitude ratios
: versus the initial amplitude for the two crossing angles of
300 and 20Qurad is displayed in Fig. 16. There is more

start amplitude = 5 o,

102; than Ir difference between the locations of the empirical
: MW‘WW’ loss boundary, for the two cases.

Al e/ turn (emittance x 107%)

oL 3.8 [(* Scan

Figure 17 depicts the dependence of the diffusion on the IP

beta function. The crossing andle was varied simulta-

L S N N P N neously with the beta function so as to maintain a constant
-0.15 -0.1 -0.05 0 0.05 0.1 0.15 . . .
split in hor. phase advance between the 2 halfs Ag, (27) value ofé./0, ,, i.e, a constant separation at the parasitic

collision points. The figure indicates a minimum accept-

able beta function of about 0.35 m, below which the diffu-

Figure 12: The change of action variance per turn (in unit?s'.On at &, becomes prohibitively large, for uncorrected

of rms emittance timek)—8) as a function of the difference fiplet errors.

in horizontal phase advance between the two half arcs. The

total horizontal tune is held constant, equal to the nominal. 4 CONCLUSIONS
The vertical phase advance per arc is not changed.

We have performed a series of weak-strong beam-beam
simulations for the LHC. The simulation model is similar

107 to the approach followed by John Irwin for the SSC [1],
" feodon studying the diffusion in the action variable of a group of
10°% i o particles launched at the same transverse amplitude with
) + 0.4 0, offset random betatron phase. We added some new features, such
107

as a Mobius twist element, and the tracking data was fur-
ther processed by a frequency map analysis.

Preliminary simulation results indicate that the stability
of particle motion is completely determined by the long-
range beam-beam interaction, which causes substantial dif-
fusion at amplitudes beyond about,§,. If triplet non-
linearities are also taken into account, unstable particles
at these amplitudes can be lost within a few 10000 turns,
while without triplet errors no particle loss is observed
within the first10° turns. In the presence of long-range col-
lisions, the simulation results for the FNAL and the KEK
triplet errors are almost indistinguishable in the action and
10 'L L small in the average tune changes. The uncorrected triplet

8 10 field errors alone cause a strong diffusion at a threshold am-
amplitude x,y (o) plitude of about 8, ,,, i.e. 2 larger than for the long-range
collisions. Compared with both long-range interactions
i i i ) .and triplet errors, the effect of the head-on collisions is neg-
Figure 13: The change of action variance per turn (in ”n”'I?gibIe. A tune modulation of amplitude0—* at 22 Hz has

of rms emittance times0~*) as a function of the starting only marginal effect on the diffusion. Equally small effect

amplltude for different transverse offsets at one of the WR4s a transverse offset between the two beams in one of

main IPs. the head-on collisions. With long-range collisions present,
the diffusive aperture of abouwv§ , is 3.5 smaller than

and beam separation at the parasitic collision points on cifie beam-beam separation at the parasitic collision points.

rent follows the square root law found for the SSC, whicH he distance between the diffusive aperture and the beam-

is also expected from a simple scaling argument for a longeam separation increases as the square root of the bunch

o 2.0 g, offset

(@)
IS
T

|, e/ turn (emittance x107%)
)
‘()J

A
S

o
N
»
o -

range force of the forr /r [1]. population, in accordance with previous studies [1].
The present nominal working point in the tune diagram
3.7 Crossing Angle corresponds to a broad local minimum in the diffusion rate

calculated for a starting amplitude of5,. The diffusion
Figure 15 shows a scan of the diffusion rate versus thate is unaffected by a difference in the horizontal phase
crossing angle. For crossing angles smaller thary388, advance between the two IPs. For crossing angles below
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Figure 14: Dependence of diffusion due to long-range collisions on the beam cygkthte change of action variance

per turn as a function of the bunch populati@m; approximate diffusive aperture as a function of the bunch population;

(c) same as the left picture, but the vertical axis is the distance to the other beam at the parasitic collision point; a square
root dependence is also indicated for comparison.
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the initial z — y amplitude ratio, for two different crossing
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250 prad the diffusion at &, ,, increases by many orders
of magnitude. For large crossing angles, the diffusion is 5 ACKNOWLEDGEMENT
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