
1435 

Studies on Linear and Dynamic Apertures in the LHC 

F. Galluccio, IV. Scandale and T,. Wang’ 
CERN 

CH-1211 Geneve 23 

Abstract Installing thr superconducting magnets of a large 
collider in 0r~I~rccI srqnences can improvct th? stability of the 
transverse motion of the circulating particles, provided that an 
approxlmatr ctrn~p~nsat~orl of the random magnetic ir-nperfrrtions 
along the ring can 1~ obtained. In spite of the additional difficu- 
tie introdllwtl 1)~ t hr, t,wn-in-one dtxign of thr magnets, solutions 
have been found for the LHC. which rrdnce the effects of the ran- 
dom sc-xtnpolc co~I~p~~~lmls and allow an increase of t,he apertures 
in both the coltntrr-rotating beams. To study this, computer sirn- 
ulati0ns have tiern pufornwd, for on- and off-monwntum parti- 
clrs, on a realistic LIIC! lattice, including the finite closed orbit 
dup to alignment r*rrifrs. th+k systematic imperfections of the main 
magnets, and the* Irlrnpcrl mnlt.ipolar rorrectors in the regular 
cells. 

Lattice with Imperfections 

The LHC: la*.ticr ~tsrd here’ is that, of Ref. [I], rctunerl at 
Qz = 70.28, (2, = 70.31. It is made of eight arcs and eight in- 
sertions, each of lilcsrn including two dispersion suppressors ant1 
one long straight section. An arc contains 49 regular half-cells 
with four dipoles each, and a dispersion suppressor contains fonr 
pseu’\o-half coils with thrrc dipolrs rach. Therefore there are 
1760 dipoles in total, nnr. 1 all of them are 9..54 m long. Thcrr arc’ 
384 qua~lruplcs ii) thr rt%gular cc~l!s, split in two families, all rof 
them 3.08 m long. The insertion quadrupoles, 160 in total, arc of 
special design and lengths. Scxtupoles, powered in two families, 
arr included to correct chromaticity and are placed nrxt to thr 
main quadr~~pl~~s. 

Tlke injection optics considrrrd rd,nsists of four insertions with 
;‘F valurs fixed at 8; = ii; - 6.5 nl, placid in thr even straight 
sertions, and four insertions with 135 = 11; -- 4 III at the interaction 
point in the odd straight sections. 

The, collision optirs, instead, is rloii-syriirrirt~ric, with t,wo differ- 
ent interaction point,s: one with [Y’ = 0.25 m in insertion No. 1 , 
and the other with !II’ --. 0.5 m in insertion No. 5. 

Crossing angles varying from 96 to 300 prad are considered for 
both injertion and rnlli&n~ optics; for this reason the particle 
trajectory in ihr inner triplets of quarlrupolrs is displaced off- 
axis. 

ThP 1.m.s. valuc~ of the random mnglletic imprrfections as- 
sumed in each dipole and quadrupole are given in Table 1. We 
disrrgardrtl ttrp n<)rn1at and skew qnadrupole components, ant-1 WY 
assumed the lR-triplrts to be largrlp rompPnsated by bore-tube 
win(1ing.i ~1’ to tl11, ,l*,~lrcilpolc Ierrtl. 

The valur of sy:;tcTmaiic multipolar cl,efficients considered in 

the dipoles are rrp<,rt<lcl in Table ‘I’. To compensate their effect 
we used lumped ~rre~~tors alp to tlrcapoles located in the reg. 
alar cells clot to thr main quadrupoles and half-way between 
them: the sei tin& of t,hrir strsngt,hs was fixed according to the 
so-called Simpson mei hod of Rclf. [2/. The systematic dodecapole 
imperfections in the> ql~adrupoles are assumed to be corrected hy 

bore-tube windings; the higher-order components are neglected. 
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Table : R.M.S. Coefficients of Ra~~dn~n Multipolar Errors (i11 

0.0 0.0 0.U 0.0 
1.5 0.5 ’ 2.28 2.10 
!l.l*j 0.2 0.3,1 0.73 
0.2 0.07 0.16 0.17 
0.0 0.0 0.12 0.06 
0.02 0.04 0.03 0.02 
0.0 0.0 0.0 0.0 

--I 

IR-Triplet, 
h n 
0.0 0.0 
0.1) 0.0 
0.1 0.1 
0.1 0.1 
0.1 0.1 
0.1 0.1 
0.022 0.022 
0.016 0.016 
0.013 0.013 
0.009 0.009 _~--. - 

units of 1O--4 at R, = 1 cm) 

Systematic multipoles b3 b4 bS b7 69 
in the dipoles -4.05 -i-O.05 0.56 0.13 0.02 __-_.- ..- ~--- -. _ _.-. ..- .-.. 

T&lc 2: Mu!tipoldr C’oc+Yici~~rit.s for Systrrrlatii Errilrb (iii III-kit,5 

of 10e4 ate R, = 1 cm) at injection [R, -- 0.56 T) 

For thcz misalignlnent ani! the ficsld crroTs WC assl:mrd thr, vatncs 
tist,ril in ‘l’ahlr 3: lmwc! on tt:c t-xpf-ric~ri~v of l.b:I’. 

t 
Dipoles Quadrupolf-s 

H0rizorita.l misaligmierit 
...I --~ . . . . . 

0.1,4 1llIll ) 0.1.1 mm 

Vertical misalignment 1 nont 0.M 11,111 

Tilt (DPSI) 0.24 mrad 0.24 mrad 
Relative field error 5 * low 5 :x: 10 4 

Table 3: R.M.S. of Misalignment and Field Errors 

The average closed-orbit distortion and the relat,ed nlaximum 
excursion of the particle trajrct.ory, after correction in holh plan?s 
are: 

.~w,,, 7 0.26 mm, Xpeck I .2 IlkIIl, 

Y 1”),, = 0.25 mm, Ypeok = 1.1 mm. 

These values were ohtaincd by averaging over 10 different distri. 
hutions of the errors of Table 3. 

Ordering Strategy 

On the assumption that the random rnultipcdr components of 
the magnetic imperfections do not drprnd on the rrlanuf~~~t,llring 
seyuencr, WC: aim to order the 1,HC magnet,s in s11r11 a way that 

the magnetic errors are approximately self-compensated in the 
two rings. 

The ordering rules are based on tht> following very drmanding 
hypotheses: 

1. all the main dipoles as well as the main quadrupoles are of a 
modular design and arf thus interchangeable; 
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2. at least the srxtupolar component of the magnetic field in the 
main dipoles and qlladrupoles is known with high precision; 

3. all the magnets of a full octant are available at a time in a 
large st,orage area, and can be installed in the LEP tunnel in 
any possible sequence. 

fhh octartt will be separately ordered, thlls 220 dipoles, 24 
QF arid 24 QD cell-quadrupoles will be concerned at a time. The 
magnets will %e ordered according to the value of their sex6upolar 
randortt rcror. The compensation is required to be as local as 
pnssi~)lr!. ‘i’hc basic rlllPs a~?: 

I. twa) consecutive dipoles have nppronimatrly equal and oppo 
sitr sextllpolar content; 

2. two dipoles ‘?,n apart in phase have approximately equal and 
opposite sextupolar content; 

3. dipoles witholtt a par-tnrl ‘2~ apart in phase have approxi 
mat<+y 7cI’o s?xtup”l;lr cnntrnt.; 

4. QF (QTI) qlla’lrupoles ‘2x apart in phasr have appr~~xinratrly 
C’(~lld &Ild OJ>J”‘“i+,i’ Wktll@L,Y CClIltf3lt. 

7;~ fulli tluw rulr~ 1114, dipolr.~ arid thp: quadrupol~~s are classi- 
fied in farnilir~s tlepm~lirig 011 t,lke value of the srxtupole error irl 
thr two magnrtil chan1lt4s (t~lj-dilllrrisi(,rlal binning). There: arr 
10 familic~s c>f dipol<+,, h)~lr ,JQt.‘. an<1 four of QlJ. The particular 
scqurnrr in which the magnet> XC Pxtractcd has been optimized 
in Rrfs. [S] a~rtl [,l] 11y it ‘Ynal and error” method. Considera 
tions that support 01~r choice of the ordering rules are presented 
in Ref. ,S!. 

‘I’ll<> insertion quatlr~ll)i~lrs al-r. assumed to be non-interchan. 
,grablc, and arc thus in randon] sequ~ncc. Thr srparating dipolrs 
near rach crwsirtg point. are assunted to br perfect. 

Computational Tools 

‘I’hc I”t’tii:le-tracking simulations wertc carried out along the test 
latticr with imperfections using the code FASTRAC: ;6] to iden- 
tify the ilyrialnic apertltrr of a round beam over 400 revolutions. 
The “linear aperturr” based on a given maximum variation of the 
hr&ontal and the. vertical C>ourant Snyder invariant (sfllearj was 
also detcrrnirtrd; in each plane thv threshold was chosen at 10% 
r.nl.x. relative variation. 

Nci i)hy:ical ;ti)(~rl~ilrt* lirili: was ui;cxd ar<)imcl the beam axis. Ap- 

I~ropriak rolri.int~s I.0 fqmrratr ramplcs of random errors aud to 
assien tlirm t(i t,hrs dipoles and quadrupalcs in a given ordered 
Sc’<,U~IlC~‘. wrr~~ codr~d and included in Fi\STRAC.!. The random 
component.s consid~~rcd were set with random Gaussian distri- 
but.ions crntered arolirld zero and tmricated at z3(T. Rallclom 

rnultipr)lc coIllpone1lt5 of diff?rvrit orders, or located in dilfcrent 
rings. were supposc~l to be statistically uncorrelated. To improve 
thr statistical mcanir~g of our rr5ults wc ccrnsidercd 20 different 
samples of thr rmdonl m~iltipolrs contponrnts. gmerated with 
20 Iliffert~uf ?ircd+ in I II<’ randont number generator routine. Only 
10 srsctls were coniiTlt’rrd when also clospd-orbit distortion was irl- 
clu<l~*rl. Trackiiig fol, (,~ll~t,~)~t,erltirn~ particles was donr wit.h fixed 
.%r)/p, exclutli~~g \ynchrotron oscillations. At injection we chosr 
ap/p - 6 1.25 ‘1 1 OP. rqvivalr~nt, to the bucket half-height. 
The rriagnrt,ir nt J~I fwdions in rach dip& and quadrupole werr 
reprrsrntetl by a h<xt of thin-lrus Inultipolcs, all located in the 
middle of the rrlaRnr?i~. Irrlqtll. 

Th~h (fynanlical ,l~~a~~itiii~s of intrrr>ht WHYS c~valuatc~d 1)~ the av- 
erage value art41 t,ttr~ spread owe tlic 20 (I 0) samples, exprcsscV1 
in mm and nornializf~l at 13 1 111. 

The values of the “ensured linear aperture”, namely the lower 
edge of the spread of the linear aperture over the 20 (10) samples, 
is considered to be thr best indicator of the detrimcnt,al effect 
of the non-linearities. Alternatively, the value of the “ensured 
dynamic aperture” can be used. Thrse two quantities. indeed, 
are represent,ative of the behaviour of the machine in thr most 
pessimistic conditions that, can br ~xpertrd. 

Results of the Simulations 

Thr> hencficial effects of ordering the LHC: nlagnets are su~staI1. 
tially impaired by the two-in-one design of the magnets, by the 
presence of higher-order random multipole imperfections, and to 
a smaller extent by the imprecise knowledge of the randout sex- 
tupole imperfections. This has been shown in Rrfs. [3] and ;A], by 
tracking on-momentum particles with perfect closed orbit, and 
by neglecting the systematic errors and the multipolar correc- 
tom. An additional reduction of the dynamic and linear aperture 
appears for off-momentum particles and to a smaller extent for 
finite closed orbit. The feed-down effects of the systematic ini- 
perfections and of the multipolar correctors in combination with 
the finite closed orbit are small. 

On-Mo~~len~nrrl, On-Axis Particle Trackillg 

Ii1 a single horc ring, wirh only s<xstrlpol;ilr nmgnctii: eri’c:rs in tlii, 
injection optics, the ensured dynamic aperture of on-momrntum 
particles will1 perfect closed orbit is increased by a factltr of two. 
from 0.9 to 1.8 mm, by applying the ordering rules. With higher- 
order multipolar imperfections and two-in-one magnets. the irn- 
provement is reduced to about a factor 1.25, from 0.8 to 1 .l IL~ILI. 

but it holds in both ri11gs. C’.hanginp the tune working point can 
he benefirial; for instance with & 70.15, qy -- 70.18, the GIL- 
sured dynamic aperture increases by about a factor of 1.2, both 
for random and ordered installation of the magnets. 

When the collision optics is considered, the dynamic aperture is 
determined by the imperfections of the inner triplets, where the 
value of the @-functions is maximum. With perfect quadrupoles 
the ensured aperture is 0.7 mm and bccorrm 0.9 mm by applying 
the ordering rules. With realistic quadrupoles the ensured aper- 
ture drops dramatically down to 0.1 mm. and the ordrring rulra 
can only increase it to 0.2 mm. 

Changing the crossing anglr o can also have a strong effect, 
both with injection and collision optics. Thr previous results, 
obtained with o - 96 Iirad, are practically the same a.c with 
head-011 crossing; larger values of Q, instead. enhanrr they effect 
of the errors in the innrt triplrts and reduce the dynnlnic aprr- 
ture: at ZOO and 300 prad the reduction factors are 0.9 and 0.X 
respectively for both optics. To reduce the long-range bean- 
beam tune shift, a crossing angle of ROO /Lrad is deemed llrcrssarl 
[7]; therefore, this value has been used for thr simulations of thp 
next section. 

Methodical Particle Tracking 

hfethodical tracking sillu~lations have bern prrforrurd with 
injection optirr, two-iii curie rrqnrts and rroi;sing anglt*s of 
o = 300 prad, thr results of which are summarized in Table 3 
(particles circulate clockwise and anticlockwise in ring No. 1 
an d ring KU. 2 respertively). ,411 ideal bare machine, chr+ 
matirity corrtctrd. has a very large value (3.9 mnl) c)f the dy- 
namic aperture, well outside the vacuum chamber, whose radius 
of 20 mm cc~rreaponds to a uvrrnalizrd aml&l.ude of 1.54 nlrri at 

B -- iL. - Iti9 m, and a linear aperture of I mm. By including 
the systematic and the randotn multipole components iI all the 
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.~~---- ..-... ____-____. 1 
Short-Term DYNAMIC APERTURE 
Normalized Amplitudes in mm f0.K mm I LINEAR APERTURE based on SMEAR 

Nor~nal~zrd Amplitudes in nun f0.02 mtn 

Ap,/p =- , 1.25 x LOW’ 
-___ 
AM,., .4n.* An. I( 

MA(‘HIK,t I~FFINI’I IOY 
Apip = --I.?5 Y 10-3 

IDEAL RARE MXC‘HINE 

.A11 Mnli ipc,l*, Errws 
Rand !!i’, i,,rtrd. !iyd ,,i& c 01111) 

Amy I 
Hrng 2 

‘.,I 17 
(I LO 

R~II~<~I Multipolr Errori 
in Dipoltz~ nnd QUndrlll7Oh’i 

Nor hrled Xmg I 
.No, srrted Rtng 2 

.Corird Rmq I 
Soried Rmg ? 

+ Systr,natic Mnlt. Errors 
LII Dipoles (Il.tnd~.m %rtd) 

/ 
/ LIB:: 

0.:3 

11.5: 
0 5 3 

N,,! G”qw’i.i!d Rng I 
NC,! (:!,mpemdrd - R.nq 2 

c’dmpmro!r~r! Hmg 1 
~‘onrpcn~ufcd n,nq 2 

+ flosed Orbit Hrsidllr~ 
(i!.,:,,l. S,ri S,d (‘<ml I 

(’ ll.24 
j’ ,,.zr 

0 44 
0 5’2 

Rmg ! 
Rtnq 2 

li Ii 
, 016 

0.34 (1.6.! 0.47 
0.44 0.61 0.51 

,053 n71 0.00 
0.42 lb.67 0.50 

0.48 0.76 0.07 
Il.59 0.82 0.68 

0.63 0 79 n-70 
0 5s 0 82 0.09 

1, 63 0.47 0 33 0 6 I 0.48 
U.62 0.52 0.41 0 64 0.52 

,L G!l 0.62 0 s3 0.71 0.02 
O.,iY 0.00 0.49 0.71 0.82 

04!1 0 6X 0.5R 
0 50 0 GA 0.58 

0 57. 0.68 0.83 
0 ‘!d 0.m 0.04 

: n., 5 0 35 0.23 
0 15 0 3’ 0.22 

I.45 II.75 0.02 
1.41 0.71 0.60 

1 59 0 77 0.68 
I ‘i!) 0 74 0.07 

11 .I t, 0.28 I, SH 0.711 0.03 
II 75 0.28 ” if, 0.75 0.04 

0 t,* 0.57 0 4!, 0.70 0.61 
0 67 0.57 0 13 0.72 0.01 

0 4h 0 ,;i 0.57 
0 11 0 GF, 0.50 

II 59 0.60 0 39 0 i-.4 0.55 
‘, 60 0.60 0.37 0 Gi 0.56 

(1 4ti 0.66 0.58 
0 44 0.74 0.58 

0 38 
I:? 

0.61 
a 38 t.! 0.51 

10 MACHINES SET 
Close-ii Orbit Reridur + I I 

Rvrq I 
Ring 2 il.;: 0.21 0.1s 

0.25 0.18 
ILL9 0 52 0.42 
0.40 0 S!) 0.49 

Rmg ! I 0.3: 0.46 0.30 I 0 31 0.61 0.45 
Rmg 2 1 03, 0 i’i 0.44 0 31 0.60 0.47 

0.33 057 0.45 0.51 0 59 0.55 0.58 0 72 0.55 
0.31 0.3 0.44 0.42 0 6X 0.58 0 43 0.69 0.62 

Ring 1 
Rmq ? z 1: 0 0 59 /iI1 0.64 O.G7 0.55 0.56 0 0 33 iH 0 0 GO 59 0.67 0.67 0.58 0.57 

.--L- - 

II.49 0 74 0.64 
0.47 0 74 0.66 

Tal)le il: Linear and Dynamic Apertures in Different Configurations of the LHC: 
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dipoles and q~ladrupoles, the detriment.al rfffxt on the particlr 
rnotioll is dramatic, especially Off-Irlc)It1t,lltlllll. When the SYS- 

trmatic errors are neglected, the situation is slightly improved 
a11c1 the effect. of the ordering rules is significant. Similar results 
arv oGta.incti when thr systcwlatic error> itrv ccmq~ens:“td by thr% 
Iumprd Simpson correctors. A finit,? c10sed orbit provokes a fllr- 
ther reduction of the Cnsurd linear and dynamic apedurr. 

The size of the reduction seems to be significantly related to the 
size of the ped orbit, distort,ion. For instance thca ensured linear 
aperture changes by less than 0.10 mm and less than 0.16 mnl 
for 011. anti off- nwmcntunl particles respdivrly, for a peak orbit 
distortion of I .3 j l//7,,,,,, : 0.1 mm and a peak dispersive distur- 
tioll II,,,f/yxZ - 0.18 n)m. The effect of the ordering rules 
in the prrsrncc of a IinitP rlosrd orbit is still visible in all thr 
considerd sit,uat,iolln, surnrrlarizrd in thr third part of Tablr d. 
In tilt, more rdist.i<. case. wit,h rar~tlom and systematic iirtper. 

fections j1, all the dipoles and quadruptiles, and with lumped 
rrl;lllil~cblar cc,-~~i~~~~s”t,i:~t~. t,rdrring the nlag114.s may improw t,tlc 
m~sured linear aperturr by at least a factor of 1.16 for both on- 
and off-n~ortl~nt~~t~~ pwticlr:i, front 0.31 mm to 0.38 mm. Such 
an aperture corrrspimili to il.Rr; of a bram with 15ff X 10” m 
rmit,tance. I-, rrn>ains to cw3.luatc~ wbethrr this is sufficient to 
ensurr a safe oper;~tir,tr of the LHC!, ancl, if not, hw the error> 
can be tliruil~~sti~~~l. 


