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Abstract

The dynamic aperture of LHC in collisionis determined by
themultipolefield errorsof thelow-betatriplet quadrupol es.
Their effect, combined with that of the systematic and ran-
dom magnetic imperfections expected in al machine mag-
netsisanalysed here. The effect of crossing angle istaken
into account.

1 INTRODUCTION

The effects of the multipole components in the low-3
guadrupol es was investigated some time ago [1] on a pre-
liminary version of LHC, with ashort termtracking. It was
noticed that the errorsin the triplet dominate the non-linear
dynamics. As the field errors are now better known, it is
important to remake the analysiswith long term tracking in-
cluding synchrotron oscillations. Thisisthe subject of this
paper, it is shown that the triplet errors still dominate with
thelatest LHC design.

2 THELHCLATTICE

TheLHC latticewe consider isthat described inthe concep-
tual designreport [2]. Itislabelled version 4.2 and has four
physicsinsertionswhere 5* has avaue of 0.5min physics
conditionsin both planes, in order to achieve a luminosity
of about 1034 cm~=2s~!. Thislow 3* valueis obtained by
means of highly focusing quadrupolestriplets[2][3]. Asthe
free space between the interaction point and thefirst low-43
quadrupoleis about 20m, the peak -valueinthetripletsis
of the order of 4000m. This givesan enormousimportance
to the multipole components at this location as shown be-
low.

3 FIELD ERRORSIN THE LHC
MAGNETS

Thefield errorsare divided into :

e average or design errors, associated with agiven mag-
net type. They obey symmetry rule, e.g. inthedipoles,
all b,, with n even change sign when going from anin-
ner aperture to an outer one.

e uncertainty on average errors. Thisisindicatedby a+
signinthetables[2]. They are randomly assigned to
each LHC arc.

e random errors from magnet to magnet, distributed ac-
cording to a Gaussian law cut at 3o, except for the
low-3 quadrupoleswhere thecut isat 2o.

Aninput for the MAD program [4], used for the optics cal-
culations and trajectory tracking, has been made to specify
al errors a atime, so that the distribution of a given error
remains the same whatever the others. This procedureisa
little heavy but it makes it possible to obtain the effect of
any multipole component in any context.

3.1 Arccell magnets

The multipoleerrorsin the dipoles and the arc quadrupoles
are those given in the “yellow book” [2]. It can be shown
with equation 1 below that the quadrupole errorsare only a
few percents of the dipole errors and hence negligible, ex-
cept bg which will be studied separately.

3.2 Other LHC magnets

Quadrupoles similar to the arc cell quadrupoles are used to
match the insertions and dispersion suppressors. They be-
have similarly to the arc cell quadrupoles.

Thetwo LHC beams are brought in collision by means of
dipole magnets sitting between the dispersion suppressors
and the insertions. Under physics conditions the value of
the 8 functionsin these dipolesislarge. Their effect on the
dynamic aperture is then important. As they have not yet
been designed, no error table is available and they are not
considered here.

In the cleaning, dump and RF insertions there are con-
ventional quadrupoles. Their field errors are determined by
the design and are known within one percent. Their effect
is examined below.

3.3 Low-g3 quadrupoles

The multipoleerrorsin thelow-3 quadrupoles are given in
table1[3]. Inorder to comparethem with thefield errorsin
the dipoles, an equivalent dipoleerror b,, 4 4 Can bedefined :

Krl,

. ®

bn,q,d = bn,q
where K is the normalised quadrupole gradient
(0.00972m=2), 1, the quadrupole length (5.5m), 6 the
angle of the dipole (5mrad) and b,, , the field error in the
dipoles [2]. It can be noticed that the mean bg and b1,
which are the only important components, are smaller



Table 1: Multipole errors in the low-beta quadrupoles in
physics. The errors are field errors a 10mm from the
quadrupole axis, in units of 10=%. b11, b12 and b13 are
zero.

Mean Random
n by an by an
3 0 0 0.68 0.68
4 0 0 0.23 0.23
5 0 0 0.08 0.08
6 | -0008| O 0.028 0.028
7 0 0 0.004 0.004
8 0 0 | 0.0009 | 0.0009
9 0 0 | 0.0002 | 0.0002
10 | -0.005 | O | 0.00005 | 0.00005

than those in the main dipoles by one order of magnitude.
However, in order to compare their effects, the non-linear
aberrations, which scale with Krlqﬂ% for b,, have to be
compared.

For the low-5 quadrupoles, 3, is4000m in half of them
and 1000 in the others with opposite sign. The vaue of
be K rlqﬂf’ merely summed over al triplet quadrupolesis
4.3x10°m3. For the dipoles the similar quantity bs03,” is
only 4.1x10%m3. Such acalculaionisextremely crude but
it showsthat the effect of the quadrupol es on the non-linear
betatron oscillationsis expected to be larger than that of the
dipoles by about two orders of magnitude.

The accurate estimation of the effect of these errors is
done below by long term tracking of particle trgjectories.

4 DYNAMIC APERTURE

The dynamic aperture is defined as the maximum action in
both planes simultaneously for which transverse betatron
oscillationsremain stable over 10° turns. Tracking the par-
ticle trgjectories is done with the MAD program [4]. The
trajectories start at the interaction point 1P1 where both g*
are 0.5m. Both starting coordinatesare equal, theinitial rel-
ative momentum deviationis 3.6 x 10~ and al canonical
momenta are zero. Under these conditions, the initial am-
plitude (the same value in x and y) has to be multiplied by
/2 in order to give themaximum radiusin the {x,y} plane.

The tunes are Qx=63.28, Qy=63.31, Qs=0.001 (16MV
RF voltage for an energy of 7TeV).

Neither alignment errors nor quadrupole errors are in-
cluded (a2=b2=0). The b3 and b5 compensators, the so
caled “spool pieces’ inthedipoleends, areturned on. Both
tune derivativesare set to 1.0 after the errorsareintroduced
in order to take into account the tune modul ation associated
with the synchrotron oscillations. A physical aperturelimi-
tation has only been introduced only for the case of individ-
ual multipoles (section 7).

5 DYNAMIC APERTURE DUE TO THE
ARC CELL ERRORS

The dynamic apertures aswell astheir average and standard
deviation obtained for 10 random distributionsof the errors

in the arc cell magnets are listed in table 2. Under physics

Table 2: Dynamic aperture associated with the dipole and
arc quadrupol e errors, both systematic and random.

seed 10% turns 10° turns
eopt | xa QF/mm | n, | xa QF/mm | n,
1 11.9 39.2 9.6 317
2 12.7 42.0 11.6 38.3
3 11.9 39.2 11.3 37.3
4 13.0 429 11.9 39.2
5 10.7 355 9.1 29.9
6 12.7 42.0 11.6 38.3
7 11.9 39.2 11.0 36.4
8 15.6 51.3 14.7 485
9 13.9 457 11.3 37.3
10 11.0 36.4 10.7 355
Xawv 125 414 11.3 37.3
Oz 13 4.4 14 47

conditionstheprimary collimatorslimit theapertureto 6o at
most and the betatron motion must be regular enough for the
particles scattered by the primary collimators and reaching
100 [6]. Thisislargely fulfilled with a dynamic aperture of
100 at 10 turns.

The resultsin table 2 show that we are well above these
limits. If the systematic multipolesinthewarm quadrupoles
are added, the reduction of the dynamic aperture is of the
order of 5%, i.e. negligible.

6 DYNAMIC APERTURE DUE TO THE
LOW-3 QUADRUPOLES

6.1 Nocrossng angle

Table 3: Average dynamic aperture associated with the
dipole, arc quadrupole and low-( quadrupole errors, both
systematic and random.

10% turns 10° turns
xaQF/mm | n, | xaQFmm/| n,
Xaw 4.0 13.3 3.8 125
Oy 0.2 0.6 0.2 0.7

The summary of the results of the computation of the dy-
namic apertures obtained for the same 10 random distribu-
tionsof theerrorsasinthe previoussectionisshownintable
3. Itsvariability with the distribution of the random errors
isconsiderably reduced compared withthat intable 2: Itis
clear that the multipolesin thelow-3 quadrupol es dominate
the dynamic aperture.

6.2 Crossing angle

The LHC beams cross at a full angle of 200urad. Thisis
achieved with alocal closed orbit distortion made indepen-
dently in both rings. The angle of 100urad in each ring
makes a closed orbit excursion of about 5mm in the low-3
quadrupoles. Because of the multipole componentsin the
guadrupoles, lower order multipoles are created (thisis of-
ten referred to as“ multipolefeed-down”). The summary of



Table 4: Dynamic aperture associated with the dipole, arc
quadrupole and low-3 quadrupole errors, both systematic
and random. Crossing angle scheme on. If the warm quads
are added, x,,, increases by 3%.

Table 5: Dynamic aperture associated with low-g3
guadrupole systematic erors and chromaticity sex-
tupoles only (upper), random b6 and bl0 are added in
the lower part (the r.m.s. deviation in indicated with +.

10% turns 10° turns Crossing angle scheme on. % is the maximum amplitude
xa QF/mm | n, | xaQFmm | n, at QF. The dynamic aperture according to the Liapounov
Xav 3.2 10.6 3.0 9.9 exponent isgivenin Liap.
o 0.2 0.6 0.2 0.6 10% turns 10° turns
mult. Z/mm Ny z/mm n, | Liap.
the results of the computation of the dynamic aperture ob- bb160 ;‘11 ﬁg ;‘11 ﬁg ﬁg
tained by turning the crossing angle scheme on, with theer- b6+b10 3'7 12'1 3'4 11'2 11'2
rors described in the preceding section, isshown in table 4. b6+.2010 4.8 15'9 4'5 1 4'9 '
A reduction by afactor 0.8 is observed. bé+r 7 8£O 7 15'9 7 3£O 3 14'3
| Iln f;(;t, turni ngr:heI crossing angle S(;]heme on;o]r?duces b10+r 3:4i0:0 11_'2 3:3i0:1 11_'0
ittle effects on the linear optics. The tunes-shifts are
1.1x10~* in the horizontal .’End -3.3x1073 in the verti- b6+bl0+ | 34+01 | 112 | 3301 | 107

ca plane, they are compensated by means of auxiliary
quadrupoles[7] which produce anegligibleopticsperturba-
tion. The chromaticities do not change. A negligiblelinear
coupling is due to the feed-down effect of the skew multi-
pole components (the resulting width of the coupling reso-
nanceis3.4x 1073, itisnot compensated). The observed ef-
fect must be then dueto the “feed-down” of low-order mul-
tipoles. Indeed the anharmonicity increases by about 20%
on average when the crossing angle is turned on.

7 EFFECT OF INDIVIDUAL
COMPONENTSIN THE LOW-3
QUADRUPOLES

The dynamic aperture was computed for each multipole
component in the low-5 quadrupoles in presence of the
chromaticity sextupolesonly. Theresultsare shownintable
5. If the aperture limitation due to the vacuum chamber is
introduced both inthearc quadrupolesand in thetriplet, the
results are identical, with the present amplitude steps.

The dominating multipoleis b10. This can be easily un-
derstood by computingthe field errors at the maximum am-
plitude in the low-3 quadrupoles. For the case where the
maximum horizontal amplitudeis 3.4mm in the arc where
By 18 181m, it is 16mm in the low-8 quadrupoles where
Bz 15 4000m. The vertica fidd error at 16mm is then -
0.084x10~* for b6 and -0.34x 10~* for b10. It isclear that
the reference radius of 10mm does not give aright idea of
therelevant errorsin the low-3 quadrupol es.

8 SOLUTIONSTO THE MULTIPOLE
PROBLEM

In order to obtain adynamic aperture of 100, it isprobably
not possibleto re-optimise the field error inthetriplet, asa
reduction of b10 by a factor of about 5, which may not be
possible, givesajust acceptable dynamic aperture (table5).
A safe solutionisto use compensators for the most danger-
ous component and thisis presently under study. With the
present field errors, three b10 compensators placed closeto

each quadrupole are probably necessary.

Eventually increasing 5* reduces themaximum 3’sinthe
low-3 quadrupoles. The dynamic aperture computed with a
5* of Imin presence of b6, b10 and chromaticity sextupoles
increases to 280, which showsthe its sensitivity to 5*.

9 CONCLUSION

The multipole errors in the low-g8 quadrupoles limit the
dynamic aperture under physics conditions because of the
large values of the g-functionsin these quadrupoles. They
are one of the main contributorsto thelower limiton 5*. A
compensation system, necessary to reach very smal 5* is
now under study.
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