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Abstract

To optimize the use of space, the LHC insertions
combine dispersion matching (arc and ring separa-
tion/recombination), beam focalization at the interaction
point and betatron phase advance control within a unique
optical module. In this paper, we show that the significant
dispersion produced by the separation/recombination
dipoles can be treated separately, allowing a separation of
the optica functions in the insertion. This methodol ogy
yields the flexibility and robustness needed to adapt the
insertion to alattice with a variable tune split.

1 THELHCHIGH-LUMINOSITY
INSERTION

The high-luminosityinsertion (fig. 1) ismade of two disper-
sion suppressors and alow-g section. Itslay-out isstrongly
influenced by the geometrical constraintsof the LEP tunnel
and other non-optical constraintssuch asthe shielding of the
super-conducting elements against particlelosses[1]. Asa

imized by detuning 8* by afactor of the order of 15. The
ability to reduce B* to 0.25 m is considered an interesting
option that requires an ultimate total tunability by a factor
30. The dispersion and its derivative should vanish at the
interaction point to avoid synchro-betatron coupling.

2 OPTICAL DESIGN PRINCIPLES

To demonstrate the feasibility of the LHC experimental in-
sertionsin the available space of the LEP straight-sections,
their optical design was ssimplified by adopting two exact
antisymmetry rules (about the interaction point in the same
ring and from ring to ring a the same azimuth). These
rules extend the natural antisymmetry of the common
focusing triplet to the whole machines. They reduce the
insertion design to a minimization problem involving only
ten parameters (quadrupoles); the minimization can then
be made in a single step involving the matching of the
focusing and of the dispersion functions. This approach
demonstrated that satisfactory solutionscan befound for all
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Figure 1: Lay-out of a half-insertion; the other half is antisymmetric w.r.t the IP.

result, the beams of the two rings are separated or recom-
bined by the dipoles D1/D2 between the focusing triplet,
common to the two rings, and the matching sections, made
of three quadrupoles in each ring. A two-cell dispersion
suppressor separates thelow-3 section fromthe arc. Given
the dispersion produced by the separation/recombination
dipoles (D1/D2) in the middle of the low-8 section, the
optical functions are not separated; each quadrupole
contributes both to the dispersion suppression and the
focusing.

The requirements on the high-luminosity experimental
insertionsare primarily to reduce 8* to 0.5 mfor high lumi-
nosity. At injection the machine acceptance should be max-

LHC versions. However the combination of the functions
prevents the highly successful modular approach adopted
for LEP and giveriseto some identified rigidities.

New requirements arise from the LHC implementation
studies, where flexibility and robustness are highly ranked.
Amongst other things, the adaptability of theinsertionsto a
variable tune split is mandatory [2] and largely incompati-
ble with an exact antisymmetry. The rigidities, such asthe
correlation between separator and focusing pol aritiesshould
be removed. The betatron phase shift over the insertion
should preferably be a free parameter. Satisfying al these
congtraintsrequires an increase of the number of parameters
(more quadrupolecircuitsare actually available) on the one



hand and a separation of the functions on the other hand to
obtain both flexibility and robustness.

The study of a symmetric LHC low-3 insertion[3] (ver-
sus antisymmetric in the nominal case) revealed that the
matching of the dispersion due to the D1/D2 dipoles was
unexpectedly difficult. In thisstudy it istreated separately
from the global matching of the insertion with the perspec-
tive of separating the functionsof thelow-3 section proper
and of the dispersion suppressor.

3 MATCHING THE
SEPARATION/RECOMBINATION
MAGNETS

Although the deflection by the D1/D2 dipolesisamost an
order of magnitude lower than the bending anglein one | at-
tice half-cell, it occursclosetotheinner low-g3 triplet, where
the B-function can reach very high values. The resulting
perturbation can be put in evidence by first matching the
insertion without exciting D1/D2 and exciting them subse-
quently (figure 2). The modulation of the dispersion func-
tionin the arc isindeed very large. Rather than matching
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Figure 2: Perturbation of the dispersion by switching on

D1/D2

thiseffect globally together with the arc dispersion and the
low-3 focalization, the dispersion due to D1/D2 is treated
here asa perturbation of areference opticswherethe D1/D2
dipoleswould be switched off. In thisoptics, the dispersion
suppressor would simply cancel thedispersion coming from
the arc and thelow-3 section would only providethe focus-
ing at the interaction point. The propagation of the disper-
sionwave dueto D1/D2 to therest of the lattice can be pre-
vented by closing the dispersion bump with two dispersion
correctors as close as possible from D1/D2. Main dipoles
cannot be used as dispersion correctors given the tight geo-
metrical constraints. We thus need to correct the dispersion
with quadrupoles. For that purpose, we need individually

powered quadrupoles placed at a positionwhere boththe 3,
and D, arelargest [4]. The traditiona two-cell dispersion
suppressor does not offer this functionality in case of an-
tisymmetric design. Indeed, on one side of the interaction
point, the dispersion amost vanishesin one of the two fo-
cusing quadrupoles, as shown intable 1. The minimum re-

Table 1: Efficiency of the dispersion suppressor
quadrupoles Q7 to Q10 with respect to D1/D2.L1 in
the upper table and D1/D2.R1 in the lower table

Position | NAME |[v/Bz Dy cos Apy|
Arc81 | QF11.L1 21.20
Left QFa.L1 15.10
Side QF7.L1 1.35
Right QF8.R1 11.81
Side QF10.R1 16.98
Arc12 | QF12.R1 16.98

quirement for the dispersion suppressor in an antisymmetric
designistherefore 2 1/2 cellsto guaranty the availability of
two focusing quadrupol es where the dispersionislarge.
The dispersion correctors act as well on the g-function
and the phase advance. The minimum scheme discussed
above, based on the use of two focusing quadrupol es spaced
by about 90°, may give rise to a large focusing perturba
tionif the gradient increments in the two quadrupol es hap-
pen to be of opposite signs. The sign pattern depends on
the phase advance to the D1/D2 dipoles. All side-effects
can be cancelled to first-order by using apair of correcting
guadrupolesinstalled at positionswhere the 3-functionsare
identical, spaced by = in betatron phase and excited anti-
symmetrically. Inthe LHC, where thecell phase advanceis
90°, thisismost easily achieved by selecting two correcting
quadrupoles 2 cells apart. One may verify that:

¢ thetune shift vanishes,

o the3-beating vanishes except between the pair of cor-
rectors,

o thedispersions created by the two quadrupoles add.

The dispersion produced by D1/D2 can be closed by two
such ‘correctors’ «/2 apart, each corrector being made up
of two quadrupoles spaced by nr. This scheme isnot only
fully general, but optimized: it alowsthe control of 8 con-
straints (Dy, Dy, By, g, By, &y, Ha, Hy) tO first order with
four quadrupoles powered in two circuits, taking advan-
tage of the LHC cell phase advance of 90°. The integrated
strengthsof the correcting quadrupol esare given by thewell
known three magnet bump formula. It isat most 2% of that
of the arc quadrupoles. It should be noted that the excita
tion pattern is not antisymmetric with respect to theinterac-
tion point, asthe nominal dispersion onwhichthemethodis
based isitself not antisymmetric by construction (the main
dipoles bend only in the horizonta plane). The perturba-
tion to the B-function (confined to the dispersion bump) is
insignificant.

The possibility of tresting the dispersion due to D1/D2
separately opensthepossibility of dividingtheinsertioninto



genuine dispersion suppressors and low-3 section modules
that may be designed separately.

4 THE DISPERSION SUPPRESSOR

With the capability of separating the functions and the help
of the extension of the dispersion suppressor by 1/2 cell,
the dispersion suppressor can be specialized to guiding the
beam in the LEP tunnel and cancelling the dispersion from
thearc:

o the dipoles are used for the sole purpose of guiding
the beam on the reference trgjectory. In thisway, itis
possible to decrease by a factor of 2.5 the transverse
displacement of the LHC machine with respect to the
LEPtunnel. Figure3 showstherelativetransversedis-
placement in one arc; theformer arrangement ison the
left and the new one on theright.

o thequadrupolesare used for the sol e purposeof impos-
ing avanishing dispersion at the exit of the dispersion
suppressor. Thisarrangement hasproventoexhibitthe
required flexibility to be matched to the arc withinthe
range of cell phase advances specified.
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Figure 3: Relative transverse displacement of LHC in me-
ter, between |P1 and 1P3

5 THE LOW-B SECTION

We presently still favor antisymmetry for thissection which
naturally alowsboth beams to beidentical. The strength of
the quadrupol es of theinner triplet is defined by the length
of the free space required by the experiments. The matching
section controls3*, o* at the IP. It a so maintainsaconstant
phase advance in the strai ght section during thetuning of 3*
frominjectionto collisionvalues. Our aimisto performall
these functionswithout modifying the di spersion suppressor
settings. We already developed optical solutionswhich al-
lowtovary 8* from50 cmto 6 mfor tunesplitsof 1,2 and 3
units. We presently attempt to enlarge the tuning range and
to standardi ze the quadrupol es needed in the different LHC
insertions.
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Figure4: Insertion optics at injection and in collision

6 CONCLUSION

We have shown that it is possible to disentangle the func-
tionalities of the LHC insertion, despite its compactness.
By treating separately the dispersion excited by the separa-
tion/recombination scheme, the functions corresponding to
the dispersion suppression and the focusing split naturally
into largely independent modules. The analysis of the dis-
persion suppression module putsinto light an exotic conse-
guenceof antisymmetry: the classical 2-cell dispersion sup-
pressor isnot applicableand must beincreased to 2 /2 cdlls.
In this way, the insertion gains the required flexibility and
can be matched to the various cell phase advances foreseen
inthearc. A more general correction scheme based on two
pairs of weak trim quadrupoles per half-insertion is shown
to provide an orthogonal control of the D1/D2 dispersionin
all optical conditions.
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