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Abstract
In the framework of the HiLumi-LHC project we present

a new possible variant for the layout of the LHC match-
ing section located in the high luminosity insertions. This
layout is optimized to reduce the demand on the voltage
of the crab cavities, while substantially improving the op-
tics squeeze-ability, both in ATS [1] and non-ATS mode.
This new layout will be described in details together with
its performance figures in terms of mechanical acceptance,
chromatic properties and optics flexibility.

INTRODUCTION
In the framework of the optics task Task2.2 [2] of the lu-

minosity upgrade of the LHC (HiLumi-LHC), we present a
promising direction for optimizing the layout of the match-
ing section in the two high luminosity insertions, namely
IR1 and IR5. The main goal of the optimization is the
reduction of the required crab cavity voltage, in order to
leave some margin with respect to the present baseline [3].
Three crab cavities providing a total equivalent kick of
about 12.5 MV are indeed presently needed for each of the
two beams in the region between D2 and Q4 on either side
of the two high luminosity IRs [3]. It can be shown that the
crab cavity voltage required to rotate the proton beam by
half the crossing angle is given by the following equation:

Vcrab =
cEθc/2

ωcrab

√
β∗βcrab

(1)

where θc is the full crossing angle, βcrab is the β func-
tion value at the crab cavity location. Therefore, the only
method to reduce the required crab cavity voltage is to in-
crease the β function at the crab location, being fixed the
β∗, the beam energy (E), the position and the frequency
(ωcrab) of the crab cavity [4]. The β function can be mod-
ified by changing the position and the strength of the mag-
nets in the matching sections. As further constraints to our
optimization we have considered:

• compatibility with the ATS optics scheme;
• possibility to design a low β∗ optics in non ATS mode,

i.e. using the strengths of the IR magnets;
• possibility to realize an injection optics with low β∗.

The optimization of the matching section is performed us-
ing the pre-squeeze optics (first stage of the ATS optics),
since the ATS scheme reduces the number of possible con-
figurations of the matching section, due to the stringent
conditions imposed on the betatron phase advance between
the left and right side and the Interaction Point (IP).

∗The research leading to these results has received funding from the
European Commission under the FP7 project HiLumi LHC, GA no.
284404, co-funded by the DoE, USA and KEK, Japan.

PROPOSED LAYOUT
A past analysis of the ATS optics, discussed in [5], has

shown that in the high luminosity matching section optics
the Q7 strength is very close to its maximum, while very
low gradients are imposed to Q5 and Q6. In order to cure
the weakness of Q5 and Q6 we have chosen to put them in
triplet configuration with Q4, without moving Q4. To over-
come the Q7 limit, a new quadrupole of the same type and
polarity of Q7 is added, just in front of the main cryostat
of the LHC arc, as sketched in Fig. 1. Finally we have it-
erated the optimization of the new matching section layout
several times, increasing the initial βx, βy conditions at the
crab location.

Figure 1: Proposed matching section layout.

In the following, the main performance figures of the fi-
nal layout resulting from our optimization are described,
in terms of mechanical acceptance (apertures), chromatic
properties and optics flexibility. We start describing the ef-
fect of the proposed layout at collision and we discuss the
injection case after.

COLLISION
We discuss the possibility to design collision optics with

the proposed layout considering or not the ATS scheme,
and we compare their main features to the HLLHCV1.0
baseline optics with β∗=15 cm and a crossing angle of
590 µrad.

ATS Optics
By comparing the optics obtained with the baseline and

new layout (see Figs. 2(left) and 2(center), respectively),
the increase of the β function in both planes is clearly vis-
ible in the region between D2 and Q4 (around s = 400 m
and s = 700 m), where the crab cavities are installed. The
corresponding increment in the beam sizes is even more ev-
ident in Fig. 3, which shows the IR1 apertures correspond-
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Figure 2: IR1 ATS squeeze optics with the baseline layout (left), ATS squeeze (center) and non ATS (right) optics with
the proposed layout, β∗=15 cm.
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Figure 3: IR1 apertures (in n1 units [6]) corresponding to
the baseline and the proposed matching section layouts.

ing to the ATS squeeze optics with the baseline layout
superimposed to the apertures from the proposed layout.
The apertures are computed using the primary collimator
value n1 [6], assuming nominal LHC normalized emittance
(γε=3.75 µm), a total crossing angle of 590 µrad, the lat-
est aperture model for the new HL-LHC magnets described
in [3], and same beam tolerance budget (closed orbit, beta-
beating, spurious dispersion) and beam halo geometry as
the one described in [6]. In the case of the proposed lay-
out, the beam screen of Q5 has been re-oriented to have
the larger aperture in the plane with the higher β function.
For the additional Q7 we have considered the same model
and tolerances as the nominal Q7, being the same type of
magnets and very close in space. Despite the increase due
to the optimization for crab cavity operation the aperture
values are all above the reference value (n1=6.7 given by
the green line in Fig. 3).

Non ATS Optics
With the additional Q7 quadrupole and the triplet given

by the Q4/Q5/Q6 magnets in the proposed layout config-
uration, it is possible to realize a very low β∗ optics in a
more traditional way with respect to the ATS scheme, that
is by using only the standalone quadrupoles equipping the
low-luminosity IRs.

An example of optics realized with the proposed
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Figure 4: Horizontal tune variation as a function of δp/p for
the baseline ATS optics, the proposed ATS optics and the
proposed non ATS optics for beam 1.
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Figure 5: Vertical tune variation as a function of δp/p for
the baseline ATS optics, the proposed ATS optics and the
proposed non ATS optics for beam 1.

matching section layout in non ATS mode is shown in

Fig. 2(right). The β functions in the inner and in the
outer triplet region are pretty similar to the one shown
in 2(center) , while the beta bumps in the adjacent arcs,
characteristic of the ATS scheme, are missing. The IR1
apertures, computed in the same way as the ATS case, are
all above the n1=6.7 reference value.

Chromatic Properties
The two ATS optics, corresponding to the baseline and

the proposed layout for the matching section, present sim-
ilar chromatic correction properties, as shown in Figs. 4
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and 5. In the non ATS optics case we have corrected the
linear chromaticity using the LHC sextupoles all together
and taking care that their strengths do not exceed the maxi-
mum allowed value but no method has been used to correct
second and third order chromaticity. Therefore, the quality
of the chromatic correction in this case is very poor.

Crab Cavity Voltage
The crab cavity voltage has been evaluated as the total

equivalent kick given by the three crab cavities: the values
corresponding to the two proposed optics and the baseline
are reported in Table 1. The proposed layout reduces the
required crab cavity voltage of a factor 20-30% with re-
spect to the present baseline requirement. Moreover it has
the advantage to balance the required voltage between the
left and the right side of the IP.

Table 1: Equivalent Kick Required by the Three Crab Cav-
ities for the Baseline Optics and Proposed Layout

side, IR baseline proposed proposed
and beam [MV] [MV] non ATS [MV]

L/R 5 beam1 10.8/12.0 8.7/8.8 9.2/9.4
L/R 5 beam2 12.0/10.8 8.8/8.7 9.4/9.2
L/R 1 beam1 11.8/10.8 8.7/8.7 9.3/9.3
L/R 1 beam2 10.8/11.8 8.7/8.7 9.3/9.3

INJECTION
The proposed layout and the larger apertures of the new

inner triplet allow to design an injection optics with a β∗

of 3 m, as shown in Fig. 6, and to easily switch to the ATS
tunes and phases keeping the same β∗ of 3 m. On the other
hand the proposed layout, optimized using the pre-squeeze
stage of the ATS scheme, gives less flexibility at injection,
towards higher β∗ values. In particular we observe a Q6
running close to its maximum and the additional Q7 with
very low gradient (only 3% of its nominal current). The
maximum β∗ at injection is therefore limited ( 4.2 m is the
maximum value reached so far).

Figure 7 shows the apertures in units of n1 [6] computed
using the optics shown in Fig. 6, assuming the same model,
and the same assumptions as the one described above for
the collision optics. The values of n1 lying slightly below
the green reference line (n1 = 6.7) correspond to the two Q6
magnets at the two sides of the IP. This would suggest ei-
ther to replace the existing Q6 (56 mm aperture) with a new
magnet type of larger aperture (e.g. 70 mm as the exist-
ing MQY type), keeping this configuration of the matching
section layout, or to further optimize the latter to improve
the aperture values at injection with the present type of Q6.

CONCLUSIONS
We propose a few changes in the high luminosity match-

ing section layout, which consist in the addition of a
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Figure 6: IR1 injection optics with the proposed matching
section layout, β∗ = 3 m.

 0

 5

 10

 15

 20

 25

 30

-400 -200  0  200  400

n
1

longitudinal position [m] 

Figure 7: IR1 injection apertures (in units of n1 [6]) corre-
sponding to the optics shown in Fig. 6.

quadrupole of the same type of Q7 and in the reposition-
ing of Q5 and Q6 in triplet configuration with Q4. We
have shown that the required crab cavity voltage is reduced
by 20-30% with respect to the baseline layout. The same
matching section layout gives more flexibility in collision
towards lower β∗ even without the ATS scheme, and allows
to realize an optics with β∗ of 3 meter at injection, even if
some work is still needed to optimize it for apertures.
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