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Abstract

This note summarises the status of the studies on the coherent beam-beam effects in the HL-LHC project.
It is shown that the obit, tune, chromaticity and dynamic f effects due to head-on and long-range beam-beam
interactions are tolerable without dedicated mitigations in the nominal scenario. The stability of coherent
beam-beam modes under the influence of the beam coupling impedance is evaluated, as well as the impact
of the beam-beam induced tune spread on the Landau damping of single beam head-tail modes of oscillation.
Since the beam stability is marginal at the end of the squeeze for the ultimate scenario, it is suggested to
use the ATS optics to increase the effect of the octupoles at constant current, thus providing sufficient margins.
Measurements suggesting that the transverse damper noise has to be significantly reduced to allow for operation
with large beam-beam parameter are shown.
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1 Introduction

The High-Luminosity upgrade of the Large Hadron Collider (HL-LHC) [Apollinari:2284929] relies on
different aspects in order to achieve the desired increase of the luminosity which have a significant impact
on the coherent beam-beam forces, affecting in particular the bunch by bunch orbits, the optics and the
beam stability. The current knowledge of these effects as well as the plans to address the remaining un-
knowns are detailed in this note. Unless stated otherwise, all studies are based on the nominal parameters
detailed in [1].

2 Pacman effects

2.1 Orbit

Based on the dipole field generated by a long-range beam-beam interaction [2] and the corresponding
orbit distortion [3], we find that for Ny g interactions at a location s = 0 where the optics functions do not
vary significantly the orbit distortion is given by:

NirNrp — [B(s)

Ax(s) 7 sin(z0)\| 7e sin(¢(s) — wQ), (2.1)
Ax(s) o NLRNV .
o) = de s ;Q) sin(¢(s) — ©Q), (2.2)

where we have introduced the optical B(s) function with the corresponding phase advance @(s), the
relativistic Y factor, the bunch intensity N, the normalised transverse emittance €, the machine bare tune
0, the classical proton radius r, and the normalised separation between the beams at the location of
the long-range beam-beam interaction d. The optics function refer to the beam under consideration, the
optics function of the opposing beam do not impact the strength of the long-range interactions in the
approximation d >> ¢. The normalised separation is almost constant in the common chamber before
the separation dipole D1, and can be approximated by [4]:

B*y
0. (2.3)

|d| =

with 0 the full crossing angle between the beams and 3* the optical function at the IP. After the D1, the
separation increases rapidly and will therefore be neglected in this analytical estimation. Nevertheless, all
interactions in the common chamber until the D2 are considered in the self-consistent simulations. Due to
the large 8 function, the phase advance is almost constant in the common chamber except at the IP where
the phase advance varies by 7 between the two sides of the IP due to the strong focalisation at the IP. The
resulting orbit effects in a single interaction region are illustrated in Fig. 1. The peak-to-peak spread in
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orbit is maximum at the IP, nevertheless the two beams behave symmetrically around the IP, therefore the
orbit effect does not result in a luminosity loss, but rather a displacement of the luminous centroid. The
symmetry between the two beams is not fully achieved in realistic configurations, nevertheless TRAIN
simulations confirm that the residual separation remains negligible. On the other hand, the orbit spread
generated outside of the IP can be detrimental e.g. for the luminosity of other IPs. The maximum
normalised orbit spread outside of the interaction region is given by:

A)C(S) . NLRNrp
fmax ( o(s) > ~ desin(nQ)’ 4

This orbit spread is illustrated in the nominal HL-LHC configuration at the start of collision in Fig. 2,
where the effect of beam-beam interactions in all IPs is taken into account. The closed orbit of all bunches
is evaluated taking into account the non-linear coherent force between each bunch pair, using an iterative
algorithm converging to a fully self-consistent solution. The orbit distortion of each individual bunch is
expressed in normalised radial coordinates in phase space at IP1, providing an estimate of the amplitude
of effect expected elsewhere in the ring:

r? = AX? + AX"?, with AX = AV ndAx’ = 2% (2.5)
Oy Oy

The behaviour of the orbit spread in the horizontal plane is mainly driven by the long-range interactions
in IPs 1 and 8 and respectively 2 and 5 in the vertical plane due to the crossing angle plane. While most
bunches experience the beam-beam interactions in all IPs, two sets of bunches stand out since they do
not collide in either IPs 2 or 8 (slots from 800 to 990 and from 2590 to 2770). On top of that, the gaps
in between the trains leads to a variety of Pacman bunches missing one to all long-range interactions on
one side of the different interaction regions. In order to compare the amplitude of this effect in differ-
ent machine and beam configurations, we report in Tabs. 1 and 2 the maximum peak-to-peak difference
between the bunch positions along the ring taking into account the beam-beam interactions in the two
main IPs, max AXj s, as well as taking into account all interactions, max AX;,;. While the first is driven
by long-range interactions in the two main IPs, the second contains also the effect of the long-range and
the offset interactions at IPs 2 and 8. The maximum orbit spread is systematically lower than the absolute
sum of the contributions of the different IPs, due to the different phase advance between the IPs. The
contributions of the individual IPs to the orbit spread obtained with TRAIN are within +20% of the pre-
diction using Eq. 2.4, which is expected since the formula does not take into account the variation of the
orbit and of the f function in the triplets and neglects the self-consistency.
In terms of aperture, the orbit spread obtained exceeds the 2 mm tolerance for static offsets in the
triplets [5]. Detailed studies are therefore required in order to fully evaluate the impact of such effects on
the different failure scenarios.
The impact on the luminosity at the different IPs is marginal, since it depends on the r.m.s. orbit spread
at the IP rather than the peak-to-peak difference shown in Tabs. 1 and 2. The relation between the peak-
to-peak and the r.m.s. is mainly driven by the number of Pacman bunches, nevertheless for all filling
schemes the r.m.s. contribution is 20% to 25% of the peak-to-peak value, representing a marginal reduc-
tion of the luminosity.
The induced voltage in the crab cavity, as well as the corresponding power load were found to be accept-
able [6].

2.2 Tune
The tune shift due to head-on interactions for round beams without crossing angle is given by [2]:

AQpo = —T» 2.6)

Adme’
in both planes. With nominal HL-LHC parameters, taking into account a reduction of 6% due to the
remaining effective crossing angle, we obtain a total tune shift of AQyo = —0.02 for IPs 1 and 5. The
interaction in IPs 2 and 8 are offset for levelling purposes and the corresponding tune shift is reduced
w.r.t. the one of the main IPs [1, 9].
The tune shift due to long-range interactions on one side of an IP can be approximated by [2]:

Nr,
2red?

AQrr = £Nrr 2.7)

which ranges from ~ 7- 10~ for the nominal scenario at the start of collision to = 1.2 - 1073 for the
ultimate scenario. The tune shift is positive in the plane of the crossing angle, and negative in the other.
Thanks to the alternating crossing angles in the two main IPs, their contributions to the total tune shift is
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Figure 1: Normalised orbit change due to 18 long-range beam-beam interactions at 7£/2 on each side of
the IP, for an intensity of 2.2 - 10'! protons per bunch and a transverse emittance of 2.5 um. The bunches
at the head and tail experience the long-range interaction only on one side of the IP, whereas the ones
in the core of the train experience all of them, resulting in a non-correctable peak-to-peak orbit spread
shown in dashed red. The dashed black line corresponds to Eq. 2.4.
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Figure 2: Bunch-by bunch orbit at the start of collision for the nominal configuration with the standard
filling scheme [7, 8]. The radius computed in the normalised phase space at IP1 is expressed in beam
size. While the unperturbed orbit is at 0, it is expected that the orbit will be re-optimised once in collision
such that the average separation at the IPs is minimised, thus maximising the luminosity.
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Figure 3: Bunch-by bunch tune at the start of collision for the nominal configuration with the standard
filling scheme. The unperturbed fractional tunes are 0.31 and 0.32 in the horizontal and vertical planes
respectively.

passively compensated in each plane [10]. Nevertheless the compensation is not perfect, it is therefore
expected that a fraction of the estimated tune shift remains. Also, the contribution of long-range inter-
actions in IPs 2 and 8 are not compensated. The precise values obtained with TRAIN in Tabs. 1 and 2
are consistent with these estimations. The bunch tune spread is significantly larger when considering all
IPs mainly due to the missing offset interaction in IPs 2 and 8, as well as their long-range contributions.
This effect can be observed in Fig. 3 by comparing the behaviour of the bunches in slots 800 to 990 and
2590 to 2770 which misses collision in either IP 2 or 8 due to the abort gap of the other beam, to the
behaviour of the other bunches colliding in all IPs. One observes also in Fig. 3 a category of bunches with
a significantly large tune shift difference at the edge of most of the trains. Those bunches are so-called
super-Pacman, which are missing the offset collision at IPs 2 or 8. With an exact 4-fold symmetry of
the filling scheme along with an 8-fold symmetry of the machine layout, all bunches would collide in
all IPs. While these conditions are almost met in the LHC, the imperfections in the symmetry lead to
missing head-on collision. As already visible in the orbit effect, the presence of an abort gap breaks this
symmetry and generates two sets of consecutive super-Pacman bunches that could be identified. Here we
also observed that the shift of IP8 by two slots with respect to the 8-fold symmetry point results in few
super-Pacman bunches of IP8 at the edge of the bunch trains. Also, the optimisation of the filling scheme
in order to maximise the luminosity in all experiments including the several constraints from the injector
chain does not result in a perfectly 4-fold symmetric filling scheme, thus resulting in the super-Pacman
of IP2, that consequently contributes to the bunch tune spread.

The bunch tune spreads predicted here for the different scenarios do not represent an issue as such.
The tune variations are a concern for dynamic aperture and lifetime considerations, however due to
the reduced number of long-range interactions the tolerance for Pacman and super-Pacman bunches are
higher than for bunches experiencing all beam-beam interactions. As a result, Pacman and super-Pacman
bunches were usually found to behave better than nominal bunches despite of their tune shift in the
LHC [11, 12].

2.3 Chromaticity

While the dispersion is zero at the IP, a dispersion due to the crossing angle is unavoidable at the location
of the long-range interactions. The resulting contribution to chromaticity is given by [9]:

Nr 2 )

AQ;{ing = —AQ/// = NLR#ndXing(dXing - 3d//) (2.8)
Xing

with 7 the average dispersion at the location of the long-range interactions normalised to the beam
size. The subscripts xine and ;, identify quantities in the crossing plane and the plane normal to the

crossing plane respectively. With a dispersion of 0.5 m, one finds that this contribution is negligible in all



configurations. The impact of the optics distortion due to the beam-beam interaction on the chromaticity
correction with sextupoles is however significant. Indeed, considering only the quadrupolar component
of the beam-beam interactions we can write the maximum f beating based on the corresponding tune

shift introduced [3]:
A 21A
max 2P __2mAQ (2.9)
B sin(27Q)
Since the correction is proportional to the 3 function at the location of the sextupoles [3], we may obtain
an upper bound for the resulting variation of the chromaticity corresponding to the least favourable phase

advance between all beam-beam interactions and the sextupoles:
A
A0 < ‘(Q’—Qim)Fﬁ’- (2.10)

With a natural chromaticity Q) , ~ —150, we find that a chromaticity spread up to 1.6 units for the
nominal scenario and up to 3 units for the ultimate due to long-range beam-beam interactions in IPs 1
and 5. On the other hand, a single head-on interaction may generate a chromaticity change up to 23
units. TRAIN simulations confirm that in the event of head-on collision in IPs 2 or 8, several units of
chromaticity spread is expected for super-Pacman bunches of those IPs. Also, one observes in Fig. 4
that all bunches were shifted on average by several units of chromaticity, which is due to the effect of
the head-on interactions in IPs 1 and 5. As will be discussed in Sec. 3, the tune shift due to the head-
on interaction is largely dependent on the oscillation amplitude. As a result, there will be an important
chromaticity spread within the bunch. This is not expected to be a concern for beam stability, however
it does impact the long term stability of single particle trajectories and may affect for example beam
lifetime.

On top of the head-on effect, a variation of the chromaticity for bunches at the head and tail of the trains
is observed in Fig. 4, signature of a dependence on the long-range effect. Its amplitude of 2 to 3 units,
however, does not match the prediction of Egs. 2.8 and 2.10. Moreover, this contribution is not present
at the end of the squeeze when the beams are separated at the IPs, indicating the contribution of head-on
interaction. This combined effect of the long-range and head-on interactions on the chromaticity can be
understood based on the chromaticity shift generated by a slightly offset collision at the IP generated by
the long-range interaction together with an uncorrected residual dispersion at the IP in the order of few

millimetres [9]:

2A0H0
—_— 2.11

with n* the dispersion at the IP normalised by the beam size. If needed this contribution can be reduced
by correcting the residual dispersion at the IP under a millimetre, however similarly to the effect of 8-
beating on the chromaticity correction, this effect is highly amplitude dependent [9] and might not need
a dedicated correction. Also, since this effect depends on the offset at the IP, it is expected to vanish for
most bunches once the orbit is re-optimised such as to obtain the best maximum luminosity. However
the chromaticity spread remains for Pacman bunches.

The chromaticity variations before the establishment of collision could be a concern for beam stability,
however the effects considered here have a negligible impact on the chromaticity before the establishment
of collision, as shown in Tabs. 1 and 2. The different orbits of the different bunches at the Landau
octupoles could result in significant chromaticity variations through feed-down effect that are currently
under investigations.

AQ ~ —

2.4 Linear coupling

Linear coupling is of interest mainly from the end of the ramp to the establishment of head-on collision
due to its detrimental impact on the Landau damping effect generated by the octupoles [13]. Linear cou-
pling is generated by beam-beam interactions with a transverse offset in both transverse planes. Starting
from the expression of the beam-beam kick for round beams Ax’ [14], we find:

OAY  — deos(at).y = dsin(a)) = 222 (x = deos(at).y = dsin(at)) (2.12)
dy dx
roN (sin(a)cos(a)? + cos(a) sin(@)?)d? +2(1 — edz/z) sin(ct) cos( )
_ / (2.13)
¥ od2/242

N 4rON sin(¢) cos( )

o4 - : (2.14)
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Figure 4: Bunch-by-bunch chromaticity at the start of collision for the nominal configuration with the
standard filling scheme. The unperturbed chromaticity is 15 units in both planes.

Operational phase ~ maxAXj 5 maxAX;,, maxAQis maxAQy maxAQ’1 P maxAQ;,,
(B*, scenario) (o] [o] [1073] [1073]
Filling scheme H \% H \" H \" H \' H A\ H \'
Injection (6m, Nominal)

Standard 025 03 042 037 02 02 22 20 00 00 0.1 0.1
BCMS 026 034 054 042 02 02 23 22 00 00 0.1 0.1
8bde 023 022 035 029 02 02 19 17 00 00 0.1 0.1
End of the ramp and squeeze (64cm, Nominal)

Standard 022 028 03 033 01 01 05 06 00 00 01 01
BCMS 0.19 032 029 037 01 01 06 06 00 00 0.0 0.0
8bde 0.16 021 022 024 01 01 04 04 00 00 01 01
Start of collision (64cm, Nominal)

Standard 022 029 031 034 07 08 34 21 42 30 51 33
BCMS 019 03 03 035 06 08 35 22 37 28 50 32
8bde 0.14 02 024 024 04 04 32 22 34 22 42 28
End of the squeeze (41cm, Ultimate)

Standard 019 026 026 03 01 01 05 05 00 00 01 0.0
BCMS 0.17 026 025 03 01 01 06 06 00 00 0.0 0.0
8bde 0.14 0.17 019 02 01 01 04 04 00 00 01 01
Start of collision (41cm, Ultimate)

Standard 027 036 036 041 11 1.1 39 21 30 32 39 43
BCMS 024 036 034 042 09 11 39 23 27 30 37 40
8bde 0.18 025 027 028 06 06 35 21 22 25 29 42
Start of collision (15cm)

Standard 021 028 029 032 06 07 33 20 18 22 26 25
BCMS 0.18 028 029 034 05 07 33 20 16 21 26 24
8bde 0.14 019 022 023 03 04 31 20 12 16 19 23

Table 1: Estimations of the maximum bunch-by-bunch orbit, tune and chromaticity spread due to head-
on, offset and long-range interactions for B1. The machine and beam parameters for the different sce-
narios can be found in [1]. An extra scenario beyond ultimate is also considered for which B* levelling
would not be used and the B* at the start of collision is 15 c¢m, the other parameters are those of the
ultimate scenario. The details of the standard and BCMS beams are also described in the note, the 8bde
scheme was considered here as well since its structure with many gaps reduces the overall spread signifi-
cantly, the bunch intensity and emittance for this beam were assumed identical to the those of the BCMS
beam.



Operational phase  maxAXj 5 maxAX;,, maxAQs5 maxAQ,, max AQ’1 5 max AQ,,,
(B*, scenario) (o] (o] [1073] [1073] '
Filling scheme H \% H v H v H \Y% H \Y% H \%
Injection (6m, Nominal)

Standard 026 031 039 066 01 02 21 23 00 00 0.0 0.1
BCMS 031 035 049 071 02 02 21 23 00 00 0.0 0.1
8bde 021 024 032 049 02 02 17 19 00 00 0.0 0.1
End of the ramp and squeeze (64cm, Nominal)

Standard 024 029 027 038 01 01 05 06 00 01 01 01
BCMS 024 032 029 041 01 01 06 06 01 01 0.1 0.1
8bde 016 022 021 029 01 01 04 05 01 01 01 01
Start of collision (64cm, Nominal)

Standard 023 029 028 043 08 07 37 22 32 37 40 45
BCMS 023 03 029 043 06 07 39 23 30 34 43 43
8bde 0.15 021 022 032 04 04 37 24 22 30 36 39
End of the squeeze (41cm, Ultimate)

Standard 021 026 024 035 01 01 05 06 01 01 01 01
BCMS 021 027 025 034 01 01 06 06 01 01 0.1 0.1
8bde 0.14 0.18 0.18 024 01 01 04 05 01 01 01 01
Start of collision (41cm, Ultimate)

Standard 028 036 032 048 12 1.1 42 22 38 33 47 39
BCMS 029 037 035 048 10 11 43 23 36 31 57 44
8bde 0.19 026 025 036 06 06 40 24 29 26 49 3.7
Start of collision (15cm)

Standard 022 028 026 041 07 07 35 21 25 22 35 29
BCMS 022 029 028 041 06 0.7 37 21 24 21 37 28
8bde 015 02 021 031 04 03 35 23 18 16 29 23

Table 2: Estimations of the maximum bunch-by-bunch orbit, tune and chromaticity spread due to head-
on, offset and long-range interactions for B2.

with o the roll angle of the interaction w.r.t. the horizontal plane. The last approximation holds for
long-range interactions. This leads to a linear coupling strength [15]:

Nio -
roN f sin(a;) cos( )

2
me & d;

k=2 . (2.15)

Before establishing collision, i.e. at the end of the ramp or of the squeeze for the nominal and ultimate
scenarios respectively, the combination of the parallel separation and crossing angle bumps generate long-
range interactions on a skew plane, generating potentially a closest-tune-approach of |C~| ~2.5- 10~ per
IR side, and therefore could generate a bunch coupling spread of the same order of magnitude. Since this
is significantly smaller than the tune separation this effect does not represent an issue for beam stability
if the orbit is well controlled. Nevertheless, recent measurements showed a long-range generated linear
coupling up to 2- 103 in the LHC, which is =10 times larger than expectations in the configuration of the
experiment [16]. Orbit errors such as a roll angle error on the crossing angle plane could result in such an
effect and could become unacceptable in the HL-LHC era. It is therefore crucial to understand the source
of this discrepancy and gain control over it, since the bunch-to-bunch variation cannot be corrected using
skew quadrupoles. Consequently, such a Pacman coupling effect could reduce the Landau damping of a
subset of bunches and eventually lead to coherent instabilities.

3 Dynamic f effect

Based on Eq. 2.9, we find that a 3-beating up to 14 % can be expected due to head-on beam-beam inter-
actions at IPs 1 and 5 in the nominal scenario. MAD-X computations including head-on and long-range
beam-beam interactions in all IPs are shown in Fig. 5. The amplitude of this effect was measured in the
LHC by colliding high brightness bunches at injection energy [19] using AC-dipole measurement on col-
liding beams [20]. A correction scheme was proposed anticipating a potential need for correction [21],
however its effectiveness could not yet be demonstrated experimentally.

Indeed, the contribution of the beam-beam interactions is close to the tolerance of 20% imposed by aper-
ture and losses considerations [5] and does not leave sufficient margins for the remaining f3-beating after
correction of the bare optics [22]. Those tolerances are driven by the behaviour of particles at large
amplitudes. For head-on beam-beam interactions the tune shift vanishes at large amplitude, the linear
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at the start of collision, corresponding to a worst case senator. Nevertheless, since this effect is mainly
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theory is therefore not appropriate to describe this effect. A new method based on the singular value
decomposition of single particle tracking data was developed in order to extend the optics functions to
effective ones describing the non-linear, yet integrable, behaviour of the trajectory of particles oscillating
at large amplitude [23]. Figure 6a shows the result of such an analysis for the LHC, using the parameters
of the 2016 run. The effect of head-on interaction can be linearly scaled with the variation of the beam-
beam tune shift in the HL-LHC with respect to the LHC. The effective 3-beating vanishes along with the
tune shift for particles oscillating at large amplitudes, due to the fact that the head-on beam-beam force
vanishes away from the beam centre. In other words, despite the large tune shift for small amplitude par-
ticles, the effect on the tail is marginal, therefore a correction is not necessary to maintain the collimation
performance in the tail. On the other hand the force due to long-range beam-beam interactions do not
vanish away from the beam centre, therefore its impact on the particles oscillating at large amplitude may
remain significant. Moreover, while the tune shift due to long-range beam-beam interactions is passively
compensated by the alternating crossing angles in IPs 1 and 5 [10], the remaining 3-beating depends on
the phase advance between the IPs and can not be entirely mitigated. This effect is shown for the LHC
in Fig. 6b. As opposed to the head-on interaction, the long-range interactions are not stronger in the
HL-LHC w.r.t. the LHC since the crossing angle is adjusted to maintain the same dynamic aperture, con-
sequently this effect is not expected to exceed a few percent of effective B-beating in the 6 ¢ transverse
tails with nominal parameters. In pushed scenarios, e.g. with flat beams and/or compensating wires, such
effects would need to be re-evaluated.

The distortion of the optics due to the beam-beam interaction at the IP may lead to a difference in the
luminosity delivered to the two main experiments. Such an imbalance is unwanted and can, in both the
nominal and ultimate scenarios, be mitigated by adjusting the levelling procedure individually in the two
IPs, either with the B* or with a transverse offset at the IP.

4 Coherent beam-beam modes

4.1 Stability

While inherently stable, the coherent beam-beam modes of oscillation may become unstable under the
influence of the beam coupling impedance. In particular, it was demonstrated that strong mode coupling
instabilities may arise when the frequency of the in-phase and out-of-phase dipole oscillations of the
two beams (so-called ¢ and m-modes) reach the frequency of higher order head-tail modes [24]. This
condition is already met in the present LHC, as the beam-beam parameter is larger than the synchrotron
tune and will be met in the HL-LHC as well. Nevertheless a transverse feedback acting on the individual
dipole mode of each bunch is sufficient to stabilise such instabilities in the LHC [24]. The efficiency of
such a transverse feedback on the coupling of higher order mode head-tail is however not demonstrated
and needed to be quantified. In particular, the HL-LHC relies on a low B* in the two main IPs, result-
ing in significant synchrobetatron coupling due to the hourglass effect, allowing higher order head-tail
modes to couple via the beam-beam forces [25, 26]. Alternative scenarios without crab cavities addition-
ally feature a large crossing angle, with an even larger impact on synchrobetatron coupling. Excluding
Landau damping, the stability of such modes can be estimated by numerical evaluation of the eigenvalue
of the transverse one turn matrix, including coherent beam-beam forces, of the dynamical variable of a
discretised longitudinal distribution, implemented for example in the code BimBim based on the circulant
matrix model [27]. Figure 7 shows such estimations in the nominal configuration of the HL-LHC, along
with self-consistent macro-particle simulations featuring a new parallelised implementation of the 6D
coherent beam-beam kick extending Hirata’s weak-strong model [28]. The implementation as well as
discussions on the parametric dependence of this instability are detailed in [29]. While the agreement
between the two models is clear for small beam-beam tune shift, the tracking simulations show a stabil-
isation of the coupled instability of the beam-beam 7-mode and the azimuthal head-tail mode -1 when
its frequency reaches the centre of the first lower side band of the incoherent spectrum. Such a stabili-
sation mechanism through Landau damping between synchrotron side bands was predicted theoretically
without being quantified in the presence of beam coupling impedance [25]. For beam-beam parameters
beyond the stabilisation by the lower side band, the Landau damping is sufficient to stabilise the beams.
While encouraging, detailed analysis of the different configurations is still ongoing in order to ensure
that such instabilities are stabilised in the presence of chromaticity, of a transverse feedback and of the
crossing angle remaining due to the lack of crabbing strength after the re-baselining of the project in
2016 [1].
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Figure 7: Real and imaginary tune shift of the coherent beam-beam modes of oscillation computed with
circulant matrices (dots) and self-consistent macroparticle tracking simulations (spectrogram for the real
part and blue line for the imaginary part). The upper boundary of the incoherent tune spectrum generated
by the beam-beam interaction is represented by a horizontal black dashed line starting at 0 on the real
part. The lower boundary is represented by a black dashed line starting from O and descending as the
beam-beam tune shift increases. The synchrotron side bands of the incoherent spectrum are represented
by repeating this pattern with a shift of +nQ;, alternating dashed and solid lines. The configuration
corresponds to obsolete HL-LHC nominal parameters with $* = 0.2 and a single IP.
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Figure 8: Measurement of the emittance growth due to a controlled external source of noise for beams
colliding in IPs 1 and 5 in the LHC in 2016 (non-ATS optics, B*=40 cm), with a beam-beam tune shift
slightly above 0.02, and two different damper gains corresponding to a damping time of 50 (blue) and
200 (red) turns, for the vertical plane of B1. The details of the experiment can be found in [30]. The data
are in coarse agreement with the weak-strong (W-S) model, but far from the strong-strong (S-S) model
predictions, as expected since the phase advance are such that the coherent beam-beam modes are within
the incoherent spectrum.
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Figure 9: Comparison of the emittance growth simulated with COMBI [27] in the strong-strong (S-S)
regime for two similar configurations, where the coherent beam-beam modes are moved out and in of the
incoherent spectrum by implementing symmetric tunes in the two beams (green line) and by mirroring the
tune of the two planes in the two beams (blue line). The expected mitigation of the emittance growth in the
S-S regime (solid black line) [25] is obtained in simulations only in the symmetric configuration, whereas
the emittance growth follows the analytical model based on the weak-strong (W-S) model (dashed black
line) [31], as well as the COMBI simulations in the weak-strong regime (red line), in the configuration
where the tunes are exchanged for the other beam, despite the strong-strong nature of the beam-beam
interaction. The LHC is expected to behave according to the weak-strong prediction concerning the
emittance growth even though the tunes are not mirrored for the two beams: Several other symmetry
breaking parameters (phase advance between IPs, chromaticity, multiple IPs) lead to a similar behaviour.
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Beam 1 Beam 2
Horizontal Vertical Horizontal Vertical
8 [1077] 3.8 5.3 4.4 5.6
Sgpy [107°] 220 250 190 210

Table 3: Fitted r.m.s. noise floor of the bare machine &y and the ADT pickups dppys normalised to the
beam size.

4.2 Noise

An external source of noise, e.g. due to power converter ripple or ground vibrations, on a beam with
a tune spread results in emittance growth. In the HL-LHC, the crab cavities are a potential source of
noise in the transverse plane. The tolerances for the design of those cavities are based on a given maxi-
mum emittance growth and therefore on a beam dynamics model [31, 32]. Dedicated studies at the LHC
demonstrated that the weak-strong model is appropriate to describe the behaviour of the emittance in
nominal configurations of the LHC (Fig. 8), which can be interpreted as the result of the strong sensi-
tivity of the strong-strong model to the machine and beam configuration. Figure 9 illustrates the change
of regime from strong-strong to weak-strong when the coherent modes of oscillations are outside and
inside of the incoherent spectrum. This effect was predicted analytically in [25] and detailed for LHC
configurations in [33].
We can assume that the beams behave according to the following formula [31]:

lde 1 an? (1-9)* AQ>
—— = _ (8 +G*8} < 2 , (4.1)
car =2 T e  ag (97

where € is the transverse emittance, 0y the r.m.s. noise floor of the machine normalised to the beam
size, Oppp the r.m.s. noise floor of the transverse feedback pickup normalised to the beam size and G
the transverse feedback gain, with 2/G the corresponding damping time. AQ is the tune shift of a single
particle dependent on its actions, the average is then performed on all particles. In the following, we will
evaluate this formula assuming that the tune shifts are normally distributed with an r.m.s. value corre-
sponding to 0.168&, with & the beam-beam parameter [34]. Figure 10 shows the emittance growth rate
measurement for different damper gains, showing a behaviour compatible with Eq. 4.1, the correspond-
ing fitting parameters are reported in Tab. 3. Assuming that the noise arising from the damper is driven by
the measurement noise of the signal of two pickups combined, the corresponding noise floor of the latter
would be around 0.9 um, which is compatible with their specifications [35]. The machine noise floor
may be induced by ripple of the dipoles power converter, ripple of the quadrupole power converter with
an offset of the beam orbit leading to feed down or vibrations of the quadrupoles. A detailed analysis
of the different contributions combined with beam based estimations are needed to properly extrapolate
the effect of the different sources to the HL-LHC, due to the various modifications with respect to the
present LHC, in particular the increased 8 function in the arcs and in the triplet, as well as the introduc-
tion of crab cavities. Yet, assuming optimistically that the noise floor remains identical to the LHC, the
contribution of the feedback noise becomes prohibitive with large beam-beam tune shifts, as shown by
Fig. 11. Based on these considerations, it is clear that an upgrade of the damper pickup, reducing their
noise floor by at least a factor 4, is needed to bring the emittance growth below the tolerated value of
1% integrated luminosity loss [1]. Since those estimates do not take into account the additional effect
of the crab cavity noise, the performance of the ADT pickups have to be further improved to reach this
goal [36]. Currently, it is planned to upgrade the acquisition electronics of the ADT pickup in order to
achieve a reduction of the noise floor by a factor 10 [35].

S Landau damping of single beam transverse instabilities

While the stability of coherent beam-beam modes of oscillation was covered in Sec. 4.1, we focus here
on the effect of the beam-beam induced tune spread on the Landau damping of single beam instabilities
driven by the impedance. In other words, the coherent aspects of the beam-beam force are neglected,
to evaluate the incoherent effects on the beam stability. Such an assumption is valid in the presence of
beam-beam interaction without synchrobetatron coupling, such as long-range beam-beam interactions or
head-on interaction without crossing angle and in the presence of a strong feedback acting on the dipolar
motion, thus suppressing the coherent interactions of the two beams.
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Figure 10: Measured relative emittance growth rate of the different bunches experiencing different gains
(crosses) [37]. The contribution from IBS is subtracted based on the emittance growth of the non-
colliding bunch. Since the non-colliding bunch of B2 experienced blow-up during the ramp, the growth
rate of the non-colliding bunch of B1 is used instead. The curves show a fit using the weak-strong model
(Eq. 4.1). The fit parameters are reported in Tab. 3.
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Figure 11: Extrapolation of the emittance growth due to the measured noise floor averaged over the
beams and planes (Tab. 3) for the HL-LHC (dashed blue line), which correspond to the configuration
of the test performed with a beam-beam parameter of 0.02. The large tune spread introduces a fast
decoherence time and consequently reduces the feedback efficiency at mitigating the effect of the noise.
In particular, at large gain, the noise introduced by the amplification of the pickup noise overcomes the
beneficial effect of the ADT. With a reduced tune shift corresponding to the LHC in run II (solid blue
line), the decoherence time is slow enough to allow the damper to mitigate the emittance growth to
values compatible with observations [38, 39]. A vertical black line mark the operational damper gain
in the LHC. The red dashed line show the HL-LHC extrapolation assuming an upgrade of the damper
pickups leading to a reduction of their noise floor by a factor 4.
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Figure 12: R.m.s. tune spread generated by the octupoles at their maximum strength and by long-range
beam-beam interactions as a function of f* for different configurations of the HL-LHC, as defined in [1].
These estimates are based on the smallest transverse emittance, i.e. 2.1 yum for the nominal scenario with
standard filling scheme and 1.7 um for the ultimate scenario with BCMS beams. The areas shaded in
yellow correspond to the part performed during the ramp. The tune spread is kept constant during the
ramp at its minimum value at the end of the ramp by adjusting the octupole current. The areas shaded in
grey corresponds to the squeeze performed in collision. During this phase, the model including octupole
and the long-range interactions is no longer valid for bunches colliding head-on or with a small offset
in one of the IPs. This approach remain valid considering pessimistically bunches that do not collide
head-on in either of the IPs, yet experience the effect of the long-range interactions. The horizontal black
and red dashed lines highlight the threshold derived for the single beam stability for the nominal and the
non-upgraded collimators respectively [1].
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Figure 13: Tune footprints and stability diagrams with different normalised separation between the beams
at the IP in the nominal configuration of the HL-LHC at the start of luminosity production. The stability
diagram corresponding to head-on collision (blue curve) is significantly out of scale.

5.1 Long-range

The amplitude detuning generated by both octupoles and long-range beam-beam interactions can be rea-
sonably well approximated by their linear contribution with the action [2, 40]. The resulting r.m.s. tune
spread is then proportional to the strength of Landau damping for the head-tail modes driven by the
impedance. Figure 12 shows the evolution of these contributions, including the effect of the sextupoles,
to the tune spread during the cycle, evaluated by tracking with MAD-X, using the HL-LHC thin lens
optics V1.3 and with the octupoles powered at their maximum strength. This quantity therefore repre-
sents the maximum of the Landau damping that can be obtained with the available hardware during the
process, which has to be compared with the estimations of single beam requirement. The most critical
point of the cycle from the point of view of coherent stability occurs before the collisions are established,
since the contribution of the head-on beam-beam interactions then dominates over the contributions of
the octupoles and of the long-range interactions. The part of the cycle shaded in grey in Fig. 12 does not
consider this important contribution to Landau damping which will be discussed in the next section.

In the nominal scenario (Fig. 12a), B* levelling starts right at the end of the ramp, where the long-range
contribution is still weak. For this configuration, the two beams considerations on the octupole current do
not differ significantly from the single beam ones. We consider now the most critical scenario in terms
of beam stability, the ultimate scenario with a reduced emittance thanks to the BCMS beam. In such
a configuration, the upgrade of the collimators with low resistivity coatings is critical to maintain the
beam stability through the squeeze down to B* = 41 cm (Fig. 12b). Nevertheless, experience at the LHC
suggests that the operation is robust with a factor 2 margin in the octupole current [41]. The ultimate sce-
nario with the collimator upgrade lies just below this margin. The operational margins are mainly driven
by the uncertainty on the impedance model itself as well as the tight control of the linear coupling and
of the lattice non-linearities needed to ensure the required tune spread. As detailed in the next section,
the margins are further reduced when collapsing the separation bumps. The latter can be recovered by
introducing the telescopic part of the ATS optics [42] during the energy ramp, as the normalised physi-
cal aperture in the arc increases, thus allowing for a boost of tune spread for the same octupole current
already at the end of the ramp (Fig. 12¢).

5.2 Head-on with an offset

When bringing the beams into collision, the beam-beam force at the IP varies significantly from a long-
range type of interaction to a head-on type of interaction, with a strong impact on the amplitude detuning
illustrated on Fig. 13a. The r.m.s. tune spread is not sufficient to provide an accurate estimate of the
Landau damping effect in these conditions, as illustrated by the corresponding stability diagrams com-
puted numerically from the tracking simulation [43] shown in Fig. 13b. In order to accurately represent
the margin in terms of beam stability in these configuration where the shape of the stability diagram
varies significantly, we use the coherent stability factor which corresponds to the multiplicative factor
that would bring the tune shift of all the coherent modes of oscillation obtained with the linearised model
to the stability area. This factor was estimated during the process of bringing the beams into collision
based on the tune footprint estimated with MAD-X and the corresponding stability diagram computed
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with PySSD, along with the coherent modes of oscillation obtained with DELPHI with the impedance
model of the HL-LHC at flat top including the crab cavity impedance and the low impedance colli-
mators [1]. The results are summarised in Fig. 14. The estimations on the right-hand side of the plots
correspond to the configuration studied in previous section up to the establishment of collision (Gray area
in Fig. 12). The reduction of the separation between the beams constitutes the transition to the regime
dominated by the tune spread of head-on beam-beam interaction characterised by large stability margins,
visible on the left side of the plot in all configurations. In all cases, this transition goes to a minimum of
stability when reaching a total separation of ~ 1.5 o, which is driven by the change of sign of the tune
spread within the core of the beam producing the largest contribution to Landau damping [43]. In the
nominal configuration, the stability factor for this minimum of stability remains below 0.5, i.e. sufficient
margins w.r.t. the instability threshold only if the crab cavities are switched on before the collapse of
the separation bumps. Another minimum of stability is visible at a total separation of ~ 6 o, which is
due to the increase of the strength of the long-range beam-beam interactions as the separation bump is
collapsed leading to a reduction of the tune footprint visible in Fig. 13a and consequently of the stability
diagram as the separation between the beams decreases. This effect is counter balanced by the effect of
the beam-beam interaction with a small offset at the IP, which starts to dominate the tune spread below
this separation. In the nominal configuration, this minimum of stability still leaves enough operational
margins.

The ultimate configuration is more critical, since as discussed in previous section, the margins are already
critical at the end of the squeeze. The increase of the strength of the long-range beam-beam interaction
due to the collapse of the separation bumps already leads to an unstable configuration around 8 to 10 o
total separation (Fig. 14c). The second minimum at smaller separation also requires the crab crossing to
be enabled before the collapse of the separation bumps, nevertheless the operational margins are again
reduced.

Figures 14b and 14d show the same two configurations, where the current in the octupoles was artifi-

cially increased beyond their capacity in order to obtain sufficient margins with respect to the instability
threshold through the whole cycle. This increase of the tune spread, and therefore of Landau damping,
can be obtained by increasing of the 8 function at the octupoles thanks to the ATS optics, to overcome
the limitation of theirstrength. Such an effect can reasonably be achieved thanks to a small telescopic
index of ~ 1.7 [44] in the nominal and ultimate scenario. Larger telescopic indices are needed in absence
of the low impedance collimator upgrade.
The minimum of stability at large separation is fully suppressed by this measure since the effect of the
long-range interaction is largely overcompensated by the octupoles. While such an overcompensation
might have an detrimental effect on the dynamic aperture, an intermediate telescopic index adjusted to
compensate the effect of the long-range interactions on the tune spread would be sufficient and meet
dynamic aperture requirements. Thus, for the ultimate scenario an equivalent current of -750 A, cor-
responding to a telescopic factor of ~ 1.6 would be sufficient to maintain the operational margin. The
minimum of stability at smaller separation is not as strongly affected by this mitigation since it is mainly
driven by the presence of the head-on beam-beam interaction, which affects the amplitude detuning in
a very different way w.r.t. the octupoles. Nevertheless, the increased tune spread in the tails thanks to
the stronger octupoles is beneficial and brings the minimum to an acceptable level. In order to maintain
strictly the operational margin, an equivalent octupole strength of -1000 A would be sufficient, corre-
sponding to a telescopic index of ~ 2.2. Since this implies a significant increase of the tune spread, a
verification of the impact on dynamic aperture is required.

In case the measures proposed to maximise the beam stability could not be put in place and a critical
point has to be crossed during the process, the speed of execution of the collapse of the separation bumps
has to be maximised in order to prevent the development of an instability. The speed of the collapse of the
separation was estimated at 1.6 to 2.0 o/s in the nominal and ultimate scenario respectively [45]. A few
seconds are therefore spent at the first minimum of stability in the range ~ 10 to 6 o, which is comparable
to the fastest instability rise time expected With such a speed, it is expected that the minimum of stability
at small separation is crossed in less than a second, much faster than the expect instability rise times
of a few seconds [45]. While the second minimum is narrower in beam separation, ~ 2 to 1.5 o, the
speed of the separation bump reduces towards the end of its execution to allow for a smooth operation
of the superconducting magnets, the speed is reduced to ~ 0.3 o/s [45]. Thus also about a second is
spent in the critical configuration, assuming that the reproducibility of the separation bump is sufficient
such as to ensure a collision below 1.5 ¢ at the end of the process. If this condition is not met, minutes
can be spent in this configuration until the luminosity optimisation process, allowing for an instability to
develop. The study presented here considers the most critical configuration where the separation bumps
are collapsed in the two IPs simultaneously. In case of issues, past studies suggest that collapsing the
separation bumps asynchronously in the two IPs, or introducing separation bumps in the same plane for
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Figure 14: Coherent stability factors varying the separation between the beams at IPs 1 and 5 simul-
taneously for different configurations of the HL-LHC. The impedance model includes the crab cavity
impedance and the upgraded collimators. The area represent the error bar due to variations of the chro-
maticity (both due to the reproducibility of the machine and to bunch to bunch variations). The blue areas
correspond to simulation with a full crab crossing enabled since the beginning of the process, the green
area to a maximum crab angle of 180urad (nominal) and the red to the absence of crabbing. Consistently
with the estimations in [1], Gaussian transverse distributions corresponding to an emittance of 2.5 um
and cut at 3 ¢ are considered.

the two IPs may lead to a beneficial effect on the beam stability thanks to the different behaviour of the
amplitude detuning in the two planes [43]. Based on those arguments, it seems that improvements of
the implementation of the separation bumps, in terms of speed or shape, could allow for a mitigation of
the minimums of stability. However those solutions are not considered as robust as an increase of the
effective octupole strength.

6 Conclusion

The bunch-by-bunch variations of orbit, tune and chromaticity are mostly within tolerances for both
the nominal and ultimate scenarios. The orbit effect in the triplet was identified as a potential issue as it
exceeds the tolerance for static offsets. Nevertheless, the bunch-by-bunch variations of the orbit may have
a reduced impact with respect to static offsets depending on the failure scenarios considered, therefore
this effect has to be further detailed in order to define a tolerance on this type of effect specifically. In case
the tolerance had to be increased to account for this effect, this would have an impact on the B* reach. The
linear coupling variations were also identified as potential issue to maintain the beam stability. Since this
effect depends strongly on the alignment of the crossing angles bumps in the different IPs, its control will
rely on measurement and correction of the orbit in the interaction region with tolerances to be defined.
While large for particles oscillating at small amplitude, the optics distortion due to the head-on beam-
beam interaction vanishes at large amplitude and is therefore not a concern for beam cleaning and does
not impact significantly the estimations performed in the various failure scenarios. The effect of the long-
range beam-beam interactions on the particles at large amplitude is expected to be tolerable.

The beam stability is mostly critical at the end of the ramp or at the end of the squeeze for the nominal
and ultimate scenarios respectively, as well as during the process of bringing the beams into collision.
In the ultimate scenario the beam stability is marginal due to the compensation of the tune spread of the
Landau octupoles by long-range beam-beam interactions and to the offset collision at the IP when brining
the beams into collision. While acceptable on paper with the low-impedance collimator upgrade, this
scenario does not leave any operational margin. These margins are currently needed for operation of the
LHC. Their understanding and possible reduction are the topic of numerous theoretical and experimental
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Separation [o] Equivalent octupole current [A] (Telescopic index)

Nominal Ultimate
CFC LS2 upg.  Full upg. CFC LS2 upg. Full upg.
6-10 -1250 (2.6) -1000 (2.2) -750(1.7) -1020(2.2) -900 (2.0) -780 (1.7)
1.5-2 -2500 (3.9) -1000 (2.2) -750(1.7) -2750(4.2) -900 (2.0) -780 (1.7)
(a) e=2.5um
Separation [0] Equi\{alent octupole current [A] (Telescopic i'ndex)
Nominal Ultimate
CFC LS2 upg. Full upg. CFC LS2 upg. Full upg.
6-10 -1500 (2.9) -1200 (2.5) -1000 (2.2) -1500 (2.9) -1250 (2.6) -1100 (2.3)
1.5-2 -2300 (3.8) -1300 (2.8) -1000 (2.2) -2600 (4.0) -1250 (2.6) -1100 (2.3)
(b) € = 1.7um

Table 4: Minimum octupole current requirement to maintain the beam stability through the collapse of
the separation bump with operational margins, for the nominal and ultimate scenarios with CFC and
upgraded low impedance collimators. The LS2 upgrade corresponds to a replacement of 4 secondary
collimators (TCSGs) of IR7 with new designs based on a Molybdenum coated Molybdenum-Graphite
bulk (TCSPMs) and 2 primary collimators (TCPs) of IR7 with an uncoated Molybdenum-Graphite bulk
(TCPPMs). The full upgrade includes the replacement of the remaining 5 CFC secondary collimators
in IR7. Consistently with the estimations in [1], Gaussian transverse distributions corresponding to an
emittance of 2.5 um (upper table) and cut at 3 ¢ are considered. In the lower plot, it is assumed that the
smallest transverse emittance of 1.7 m can be maintained until collision. A margin of a factor two with
respect to the estimated stability threshold is taken into account.

investigations. Nevertheless, it is worth noting that the margins can be recovered by anticipating the
telescopic squeeze during the ramp, such as to increase the effect of the octupoles during the critical
phases. The requirements for the different scenarios are summarised in Tab. 4.

The transverse dampers both mitigate the emittance growth caused by various noise sources present in
the machine and introduce additional noise by feeding the pickup measurement noise into the beam.
Its operation at high gain is therefore optimal only with a low measurement noise. While acceptable
in the LHC due to the reduced beam-beam tune shift w.r.t. the HL-LHC, a dedicated experiment with
high brightness single bunches shows that the noise from the damper will lead to a significant emittance
growth, unless an upgrade of the pickups is performed in order to reduce their noise floor by at least a
factor 4.
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