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Abstract

Flexibility of the LHC optics at top energy has been
studied, in terms of betatron tune tunability, mainly for the
high-beta optics that requires tunability of the order of half
aunit. It has been shown that the tunability at top energy is
good enough for the high-beta optics. The results obtained
in this study could be useful for other optics and operation
modes.

INTRODUCTION

The study of the LHC optics flexibility in terms of its
capability to compensate for changes in betatron tunes at
top energy was triggered by the needs of special operation
modes, namely the so-called high-beta optics [1]. Since
the constraints from physical apertures are significantly re-
laxed at top energy, thanks to the adiabatic damping of
transverse emittances, the flexibility in tunes could be of
the order of half aunit per insertion region (IR). In this pa-
per, the tunability range at top energy of IR2, IR4, IR8 as
well asthat of the main arcsis presented.

HIGH-BETA OPTICSAND TUNE
COMPENSATION

The high-beta optics are specia optics for the absolute
luminosity measurement in ATLAS and TOTEM experi-
ments [2, 3]. The 5* will be about 2600 m in ATLAS and
90 m for thefirst stage of the TOTEM physics programme,
while in a second stage it will be 1540 m. These values
have to be compared against the nominal 3* of 0.55m.

The increase of 5* from its value at injection results in
a loss of betatron tune. Such a loss should be compen-
sated by changing the optics in other parts of the machine.
After acceleration to top energy we start to modify the op-
tics of IR1 and/or IR5 in the process of squeezing or rather
un-squeezing in the case of high-beta. The IRY/IR5 phase
advance compensation will have to be performed simulta-
neously in order to keep the tunes constant.

The loss in betatron tune due to the special optics will
be roughly 0.1 in the horizontal and about 0.5 in the ver-
tical plane for ATLAS. This asymmetry is generated by
the constraints imposed by the Roman Pots, for which the
phase advance from the interaction point (IP) to the detec-
tors should be 90 degreein the vertical plane.

The luminosity measurements will be performed at top
energy with a beam of normalized transverse emittance of
1 um in both planes and up to 156 bunches in each ring.
We assume, that there will be no collisionsin ALICE (IR2)
and LHCDb (IR8) during the special runs with the high-beta
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optics, thus making it possible to use IR2 and IR8 for the
tune compensation.

TUNABILITY SURVEY

Hardware Constraints

There are several constraints coming from hardware;

e The beta function and the dispersion function should
be bound to satisfy the aperture constraints.

e Thequadrupolestrengthislimited within 3% to 100%
of the magnet nominal specifications.

e The independently powered insertion quadrupoles
(Q4-Q10) should fulfil the following constraints im-
posed by the three-lead powering scheme, 0.5 11 < I
< 2.0 I, where I; and I, are the excitation currents
for the Beam1 and the Beam2 magnets, respectively.

The first constraint is not very restrictive, as transverse
emittances at top energy are rather small (and even smaller
than usua for the luminosity measurement). In the second
constraint, the lower limit of the quadrupole strength isim-
posed to ensure the stability of power supply. In order to
fullfil thethird constraint, the quadrupolestrengthisfurther
limited from 50% to 100% in this study. It is worth men-
tioning that for the optics matching the quadrupoles from
Q4-Q10 can be used together with trim quadrupol eslocated
in Q11-Q13.

IR2 and IR8

During the tunability survey, the gradient of the inner
triplet (Q1 to QJ) is fixed to be 205 T/m at top energy,
whereas it is about 220 T/m at top energy equivalent dur-
ing the injection process (LHC optics version 6.500). This
isdueto the multiple constraints on the phase advance (sep-
tum, kickers and injection protection devices). Therefore,
it is planned to reduce the triplet strengths before reaching
top energy at constant 5*. The optics between the inner
triplets are kept as in injection optics, that is at 10 m 5*
and zero dispersion.

In order to ease optics matching, the whole IR is devided
into left and right parts. Figure 1 showsthe result of survey
for the left and right parts of IR2 Beaml.

Theresults from left and right parts are finally combined
as shown in Fig. 2, while the result for IR8 Beaml is re-
ported in Fig. 3.

Since the strong constraints for the injection optics are
not relevant anymore, the tunability ranges are rather large.
The same overall surface is covered by the tunability range
for IR2 and IR8. However, IR8 is less useful for the tune
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Figure 1. Tunability range for IR2 left and right part
(Beam1l). The quadrupol eslimiting the tunability range are
also shown. Q12 and Q13 are also limiting in most cases.
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Figure 2: Tunability range for IR2 (Beaml). The nominal
phase advance is for the injection option with the triplet
strength at about 220 T/m.

compensation because of the higher nominal phase ad-
vances.

A typical opticsfor tune compensation, in which the ver-
tical phase advanceisincreased by 0.5 in units of 2z while
the horizontal one is left unchanged, is shown in Fig. 4.
The compensation opticsis not so different from the injec-
tion one, thus implying that the aperture at top energy is
much larger than the nominal requirements.

IR4

IR4 accommodatesthe rf cavities, the feedback systems
and beam instrumentation. The IR4 optics can also be used
to some extent for tuning, both at injection and top energy,
since none of these systems impose strong constraints on
the optics. Asan example, the tunability at injection energy
was studied and shown in the LHC design report [4].

Since the center of IR4 isnot awaist point for betafunc-
tion, the strategy used for IR2 and IR8 is not valid, and the
whole IR is examined at one time. The dispersion func-
tion and its derivative are, however, kept zero within the
long straight section so as not to introduce any perturba-
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Figure 3: Tunability range for IR8 (Beaml). The nominal
phase advance is for the injection option with the triplet
strength at about 222 T/m.

tion to the beam due to non-zero dispersion at the loca-
tion of rf cavities. The result for top energy is shown in
Fig. 5 together with one for injection energy which is ob-
tained using the latest version of LHC optics, which con-
tains changes after the LHC design report. 1R4 features a
tunability range comparable to IR2 in the direction of tune
compensation.

Main Quadrupoles

Themain quadrupolesalso allow in principleto compen-
sate the loss in betatron tune in the insertions. The phase
advances within onearc are 5.5 and 5.1 in units of 27 (hor-
izontal and vertical, respectively). Thus a variation of the
main quadruple strength of 1% roughly corresponds to a
changein betatron tune of 0.05 in one arc, and 0.4 in total.
Figure 6 shows the change of betatron tune for various sets
of strength of the main quadrupoles. As shown in Fig. 6,
it is possible to change the betatron tune up to one unit by
changing the quadrupole strength by =10 % m—2. Larger
tune changes by the the main quadrupol eswill significantly
change the boundary conditions for the IRs and require a
re-matching of al IRs to keep the beta-beating at tolerable
levels.

DISCUSSION

Our tunability studiesof IR2, IR4, IR8, andthemain arcs
show that there is enough flexibility to compensate for the
tune variations induced by the specia high-beta optics in
IR1 and 5. We believe that operationally it would be sim-
pler if the number of IRs simultaneously used for tuning
is at the minimum required. Furthermore, ssmpler or more
flexible operation is expected by separating the tune com-
pensation for ATLAS and TOTEM, that is, to use IR2 for
ATLAS and to use IR8 for TOTEM, for example. Further-
more, given that optics with higher phase advancesfor IR2
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Figure 4: Typical opics for tune compensation. Ap, =
0.0, Ay = 0.5. Thethinlinesindicatetheinjection optics,
while the thick ones indicate the compensation optics.

and 8 were obtained keeping the nominal optical conditions
at the I Ps, the experiments housed in these insertions could
run even during the periods scheduled with high-beta op-
ticsin IR1 and 5. We believe that the tune compensation
based on the change of the arcs is less appealing, since it
would require the re-matching of al IRs.

This optics flexibility study was triggered by the needs
of high-beta optics. The results should also be relevant for
other optics and operation modes. For instance, the tunabil -
ity of IR4 could help to integrate crab cavities considered
within the framework of upgrade studies.

CONCLUSIONS

The opticsflexibility of the LHC lattice at top energy has
been studied in terms of betron tunetunability. Thistopicis
important not only per se, but also for the implementation
of the high-betaopticsfor the absol ute luminosity measure-
ments in IR1 and 5. The main focusis on IR2, IR4, and
IR8. Parenthetically, the tunability with IR4 at injection
energy was re-assessed as wellusing the latest version of
LHC optics. Indeed, the tune change imposed by the large
(* can be compensated for by using one of the three inser-
tions under study. The results obtained in this study should
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Figure 5: Tunability range for IR4 (Beam2).
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Figure 6: Tunability range of the main arcs. The nominal
quadrupole strength is 0.00899 m —2 in focusing magnet
and -0.0086 m ~2 in defocusing magnet.

also be useful for other optics or operation modes.
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