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Abstract

Recent Dynamic Aperture (DA) simulations aimed at pro-

viding guidance for the latest updates of the operational

scenario for the High Luminosity upgrade of the LHC. The

impact of the increased chromaticity and octupole current

has been assessed considering the latest updates of the op-

tics. Additional means to improve the lifetime, such as tune

optimization, have been identified and deployed. We also

briefly discuss the impact of delivering high luminosity to

the LHCb experiment.

INTRODUCTION

The High Luminosity LHC (HL-LHC) is an approved up-

grade of the LHC, aiming at the increase of the integrated lu-

minosity, enabling 3000 fb−1 over its lifetime [1]. To achieve

this goal, the commissioning of the Achromatic Telescopic

Squeeze (ATS) optics [2], together with the new triplet mag-

nets will be capable to squeeze the beam to 15 cm in β∗. To

counteract the reduction of the luminosity due to the larger

crossing-angle, necessary to minimize the long range beam-

beam effects, two crab-cavities per beam and side will be

installed at the two high luminosity insertion regions.

The high beam intensity conditions, require estimations of

the DA evolution to define the feasibility of the operational

scenario and the achievable performance. In this paper,

multi-parametric DA scans are employed to assess the impact

of high values of chromaticity, Landau octupole current and

the available tune space throughout the β∗ leveling, in the

presence of beam-beam effects. The scenario of providing

LHCb with luminosity increased by a factor 5 will also be

assessed.

SIMULATION FRAMEWORK

The weak-strong approximation is used, tracking a single

beam in the potential generated by the other, while the beam-

beam lenses are static [3]. This simplification allows for

faster tracking times, while still capturing the dynamics

relevant for the DA determination of particles with action

up to a few beam sizes, σ, without being influenced by the

coherent motion of the beam core. The HL-LHC model

is implemented in MADX [4], while tracking is done with

SixTrack [5] using the SixDesk [6] environment.

Protons with initial amplitudes up to 10 σ are distributed

in 5 angles, equally spaced in the positive quadrant of the con-

figuration space and are tracked for 106 turns. The minimum

DA over all combinations of amplitude-angle, expressed

in units of the beam size, is used as the estimator. In the

framework of our DA studies, the correlation between beam
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lifetime and simulated DA has been studied. A clear corre-

lation [7] was observed, which provides the solid baseline

for the requirement of 6 σ DA, in the case without mag-

netic field errors. Previous studies [8] were based on the

considerations described in [9], featuring an empirical factor

2 between the simulated and the observed DA.

The 4 σ bunch length is assumed fixed at 1.2 ns, while

the transverse emittances round and fixed at 2.5 µm. The

momentum deviation is assumed constant at 2.7 × 10−4. To

suppress coherent instabilities, 15 units of chromaticity are

provided in the ring, together with negatively powered oc-

tupoles, providing Landau damping and partially compen-

sate the effect of the long range beam-beam interactions [10,

11]. The coupling is assumed adequately corrected [12].

The collisions at the two high luminosity IRs (ATLAS,

CMS) are taken as fully head-on. At the ALICE experi-

ment (IR2), the beams are constantly separated by approxi-

mately 5 σ to lower the luminosity and keep it constant at

1 × 1031 Hz cm−2. On the other hand, the LHCb experiment

(IR8) is leveled by separation to keep a constant luminos-

ity of 0.2 × 1034 Hz cm−2 with a β∗ = 3 m. An additional

complexity is the dipole spectrometer magnet which is part

of the LHCb experimental apparatus. Depending on its po-

larity, the so-called "internal" half-crossing angle varies by

±135 µrad from the nominal external of 250 µrad. Therefore,

the impact of the long range beam-beam interactions, which

is reciprocal to the beam-beam separation, varies with the

dipole polarity. The results that follow assume the worst

case scenario, having always a reduced crossing angle.

BEAM DYNAMICS DURING LEVELING

To achieve a constant nominal luminosity of

5 × 1034 Hz cm−2, the HL-LHC operation relies on

the progressive squeezing of beams in the two high

luminosity interaction points (IP). The leveling process

starts with a beam intensity of 2.2 × 1011 protons per bunch

(ppb) that decays naturally until ∼1.2 × 1011ppb, where the

target luminosity cannot be maintained further. During

the leveling, the β∗ is reduced from 64 cm to 15 cm. On

the other hand, the half-crossing angle remains constant at

250 µrad.

While the additional magnetic elements (sextupole, oc-

tupole) suppress coherent instabilities, the non-linearities

they introduce in the lattice reduce the DA. To balance this,

a working point (WP) optimization is performed. In Fig-

ure 1, we investigate if 6 σ DA is achievable at 15 cm β∗,

at the bunch population expected at the end of the leveling

process, using different octupole current values. The black

lines correspond to iso-DA contours. The option of fully

powered octupoles at −570 A (k3 = 16.8 m−4) seems forbid-
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den, as no available tune space is found. On the other hand,

the option of −300 A (k3 = 8.8 m−4), corresponding to the

minimum required for coherent stability [13], seems feasible

after carefully selecting the WP. Adjusting the WP (62.315,

60.320), the end of leveling is reachable, but only a small

margin of DA remains available for further optimizations.
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(c)

Figure 1: Tune scans for different octupole currents: (a)

at the end of leveling (1.2 × 1011ppb) with fully powered

octupoles, (b) at the end of leveling with octupoles at −300 A,

and (c) at the start of leveling (2.2 × 1011ppb) with octupoles

at −300 A.

Assuming that the lattice octupoles are kept constantly

powered at −300 A during the leveling, we need to assess the

available tune space at the start of the process. The results in

Figure 1, suggest that the WP found to be optimal at the end

of leveling is not the optimal at the start of the process. A

new optimal WP is found at (62.320, 62.325). This means
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Figure 2: DA correlation of half crossing angle and bunch

intensity towards the end of leveling.

that the WP has to be varied during the leveling process to

maintain the DA above 6 σ, while the bunch population is

decreasing and the strength of the beam-beam kick changes.

The start-of-leveling WP is found to be optimal until the

bunch population reaches 1.6 × 1011ppb, corresponding to

30 cm in β∗. From there, the WP corresponding to the end

of leveling is more preferable in terms of DA. Therefore,

precise tune control is crucial for the operation of HL-LHC,

which should be feasible as seen at the LHC.

In order to define the beam parameters at the end of lev-

eling, in Figure 2 we study the correlation of the crossing

angle with the bunch intensity in terms of DA at the 15 cm

β∗ case. On top of the iso-DA lines, we overlay in red the

iso-luminosity contours in units of 1034 Hz cm−2. The 6 σ

DA with a constant crossing angle of 250 µrad and target

luminosity of 5 × 1034 Hz cm−2 can be maintained until the

intensity drops to 1.22 × 1011ppb. This translates into a total

leveling time of 7.3 h, assuming a proton cross-section of

111 mb. The integrated luminosity reach is 1.5 fb−1 per fill.

The small available DA margin can be spent in reducing

the crossing angle to boost performance. We can define a

leveling path based on the DA estimations and the luminosity

target, as described in [14], by adapting the crossing angle

together with the β∗. Two DA scenarios can be assessed;

one that requires DA of 6 σ ("adaptive 6 σ"), and one of

5 σ ("adaptive 5 σ") [14]. The leveling time remains almost

unchanged for the adaptive 6 σ scenario, and only slightly

longer for the 5 σ. The benefit of the adaptive leveling

is the reduction of the crossing angle, which results in the

elongation of the luminous region at the IP reducing the peak

pile-up. Figure 3 compares the evolution of peak pile-up

density between the constant crossing and the two adaptive

crossing scenarios, including an anti-leveling process similar

to the one described in [15] after the end of the leveling. A

reduction at the level of 7 % is observed. Moreover, the

adaptive scenarios reduce the crossing angle by 40-50 µrad

on average. This also benefits the magnets at the IR that are

responsible for the final focusing, which receive a reduced

radiation dose from the proton debris by ∼10 % [16].
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Figure 3: Evolution of peak pile-up density under the con-

stant and the adaptive crossing scenarios.
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Figure 4: Statistical result of the impact of magnetic field

imperfections in DA for four different scenarios at the end

of leveling.

Finally, the 6 σ DA target has been chosen to accommo-

date the uncertainty on the impact of magnetic field imper-

fections. To estimate this, DA simulations are performed

assuming 60 different realizations of the machine. A statisti-

cal analysis is performed for 4 scenarios at the end of leveling

(β∗ =15 cm). The baseline and the two adaptive crossing

angle scenarios are complemented with the ultimate lumi-

nosity HL-LHC scenario, which assumes leveled luminosity

at 7.5 × 1034 Hz cm−2. The result is shown in Figure 4. The

average DA spread is found to be at the level of 0.3 σ. There-

fore, the beam-beam interaction is the main DA degradation

mechanism, while the magnetic imperfections only slightly

affect the result.

HIGH-LUMINOSITY LHCb

The collision scheme of the LHCb experiment was dis-

cussed in the previous section. The Phase-II upgrade of the

detector, will enable the data taking at instantaneous lumi-

nosity 10 times higher than the current nominal. A scenario

where IP8 is leveled to 1 × 1034 Hz cm−2 with a β∗ of 1.5 m

was studied, although it is not part of the HL-LHC baseline.

While this configuration decreases the leveling time at the

IP1/IP5 by 7 %, it has no significant impact on the DA, if

the external half-crossing angle remains at 250 µrad.

To increase the performance margins, a reduction of the

external crossing angle of IR8 can be performed. A reduc-

tion to 200 µrad has been found to have a negligible effect

in the dynamics at the end of leveling. However, as shown

in Figure 5, further reduction of the external crossing angle
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Figure 5: The effect of reduced crossing angle in IR8 for

180 µrad (top) and 150 µrad (bottom), for the spectrometer

polarity that reduces the total crossing angle.

to 180 µrad and 150 µrad impacts the DA. Therefore, the

configuration with half crossing angle of 200 µrad seems ac-

ceptable, since it is almost transparent, in terms of DA, to the

dynamics of the whole ring. Under this scheme, LHCb can

keep a constant luminosity of 1 × 1034 Hz cm−2, by trans-

versely separating the two beams, for 4.7 h, if the internal

crossing angle is subtracted from the external one. With

the reverse polarity of the spectrometer, the leveling time

is reduced to 3.1 h. Therefore, while in terms of DA the

polarity which increases the total crossing angle in IR8 is

preferred, it also reduces the integrated luminosity delivered

to the experiment.

CONCLUSION

The latest operational scenario of HL-LHC was validated

in terms of DA, deploying an optimized WP, which partially

mitigates the effect of the additional non-linearities. The

adaptive crossing angle leveling improves pile-up and triplet

irradiation conditions. Finally, preliminary beam-beam stud-

ies on a scenario with increased luminosity at IP8, not yet

in the HL-LHC baseline, have been conducted and have not

evidenced any show-stopper so far in terms of DA.

ACKNOWLEDGMENTS

We thank G. Arduini, O. Brüning, L. Rossi and R. Tomas

for the comments and discussion.

Research supported by the HL-LHC project.

Th
is

is
a

pr
ep

ri
nt

—
th

e
fin

al
ve

rs
io

n
is

pu
bl

ish
ed

w
ith

IO
P

9th International Particle Accelerator Conference IPAC2018, Vancouver, BC, Canada JACoW Publishing
ISBN: 978-3-95450-184-7 doi:10.18429/JACoW-IPAC2018-MOPMF041

MOPMF041
190

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

18
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.

01 Circular and Linear Colliders
A01 Hadron Colliders



REFERENCES

[1] G. Apollinari et al., “High-luminosity large hadron collider

(HL-LHC): Technical design report v. 0.1”, CERN Yellow

Reports: Monographs, 2017. https://cds.cern.ch/

record/2284929

[2] S. Fartoukh, “Achromatic telescopic squeezing scheme and

application to the LHC and its luminosity upgrade”, Phys.

Rev. ST Accel. Beams, vol. 16, p. 111 002, 11 Nov. 2013.

https://link.aps.org/doi/10.1103/PhysRevSTAB.

16.111002

[3] K. Hirata, H. Moshammer, and F. Ruggiero, “A Symplectic

beam-beam interaction with energy change”, Part. Accel.,

vol. 40, pp. 205–228, 1993.

[4] H. Grote and F. Schmidt, “MAD-X v5.03 user’s guide”, 2016,

http://madx.web.cern.ch/madx/

[5] F. Schmidt, “SixTrack v4.6.30 user manual”, 2012, http:

//sixtrack.web.cern.ch/SixTrack/

[6] E. McIntosh and R. De Maria, “SixDesk user manual”, 2013,

http://sixtrack.web.cern.ch/SixTrack/

[7] Y. Papaphilippou et al., “Long range beam-beam effects

for HL-LHC”, in LHC Performance Workshop 2018, Cha-

monix, France, 2018. https://indico.cern.ch/event/

676124

[8] T. Pieloni, D. Banfi, and J. Barranco Garcia, “Dynamic Aper-

ture Studies for HL-LHC with beam-beam effects”, May

2017. https://cds.cern.ch/record/2263345

[9] Y. Luo and F. Schmidt, “Dynamic Aperture Studies for LHC

Optics Version 6.2 at Collision”, CERN, Geneva, Tech. Rep.

LHC-PROJECT-NOTE-310, Jan. 2003. https : / / cds .

cern.ch/record/692074

[10] J. Shi, L. Jin, and O. Kheawpum, “Multipole compensation

of long-range beam-beam interactions with minimization of

nonlinearities in poincaré maps of a storage-ring collider”,

Phys. Rev. E, vol. 69, p. 036 502, 3 Mar. 2004. doi: 10.1103/

PhysRevE.69.036502. https://link.aps.org/doi/

10.1103/PhysRevE.69.036502

[11] J. Barranco Garcia and T. Pieloni, “Global compensation

of long-range beam-beam effects with octupole magnets:

dynamic aperture simulations for the HL-LHC case and pos-

sible usage in LHC and FCC.”, May 2017. https://cds.

cern.ch/record/2263347

[12] T. Persson and R. Tomás, “Improved control of the betatron

coupling in the Large Hadron Collider”, Phys. Rev. ST Accel.

Beams, vol. 17, p. 051 004, 5 May 2014. doi: 10.1103/

PhysRevSTAB.17.051004. https://link.aps.org/

doi/10.1103/PhysRevSTAB.17.051004

[13] E. Metral et al., “Update of the HL-LHC operational scenar-

ios for proton operation”, Jan. 2018. https://cds.cern.

ch/record/2301292

[14] D. Pellegrini, S. Fartoukh, N. Karastathis, and Y. Papaphilip-

pou, “Multiparametric response of the HL-LHC dynamic

aperture in presence of beam-beam effects”, Journal of

Physics: Conference Series, vol. 874, no. 1, p. 012 007, 2017.

http://stacks.iop.org/1742-6596/874/i=1/a=

012007

[15] N. Karastathis et al., “Crossing anti-leveling at the LHC in

2017”, in These Proceedings, Vancouver, Canada, 2018.

[16] F. Cerutti et al., “Heat deposition and radiation dose vs

operation mode and mitigation schemes”, in LHC Perfor-

mance Workshop 2018, Chamonix, France, 2018. https:

//indico.cern.ch/event/676124

Th
is

is
a

pr
ep

ri
nt

—
th

e
fin

al
ve

rs
io

n
is

pu
bl

ish
ed

w
ith

IO
P

9th International Particle Accelerator Conference IPAC2018, Vancouver, BC, Canada JACoW Publishing
ISBN: 978-3-95450-184-7 doi:10.18429/JACoW-IPAC2018-MOPMF041

01 Circular and Linear Colliders
A01 Hadron Colliders

MOPMF041
191

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

18
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.


