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ARTICLE INFO ABSTRACT

Keywords: The High Luminosity Large Hadron Collider (HL-LHC) will require unprecedented orbit stability at the low-
Circular colliders beta experiments, ATLAS and CMS. Because the effect of seismic noise might become a relevant source of
Orbit Stabthy luminosity loss, several studies have been conducted to characterise the actual ground motion in the LHC
;}r.oundl motion tunnel. In preparation for the official groundbreaking of the civil engineering work for the high luminosity
eismology

upgrade, that started on 15 June 2018 in parallel to LHC beam operation, seismic sensors were installed to
permanently monitor the ground stability close to these experiments. Compactor work and shaft excavation
were expected to induce vibrations in the accelerator magnets that would cause orbit disturbance, beam loss
and potentially premature beam dumps. This paper summarises the observations made on the LHC beams and
uses this data to benchmark estimates of the impact of low frequency vibrations on the closed orbit at the main
interaction points and collimators. The impact of ground motion on HL-LHC operation is then estimated using
the expected operational scenario and the estimated mechanical stability of the new HL-LHC triplet magnets
that is based on recent measurements of mechanical magnet transfer functions.

Civil engineering
Transfer functions

1. Motivation

Seismic activity from natural sources (e.g. earthquakes) or cultural
(i.e. human-made) origin, including civil engineering works, excite
ground vibrations that can be transmitted onto the circulating beam
through the accelerator elements. The main effect is the change of the
beam position (orbit) all along the circumference of the accelerator
due to the displacement of the quadrupoles. If the orbit changes are
too large and too fast, beam losses on the collimators will lead to
a beam abort. Repeated beam aborts affect the integrated luminosity
performance of a collider. Smaller but frequent excitation could also
affect luminosity production by the reduction of the beam overlap at
the Interaction Points (IP).

The impact of ground motion is of concern for most accelerators
and storage rings [1]. For the Large Hadron Collider (LHC) it was
studied (e.g. in [2,3]) on the basis of the experience gained at its
predecessor, the Large Lepton Positron collider (LEP), and the Super
Proton Synchrotron (SPS). The expected orbit drift along a fill and
from fill to fill was assessed with the main conclusion being that in
quiet conditions the ground motion for frequencies above 1Hz could
be neglected, and that below 1Hz the orbit drifts were dominated by
random ground motion, which could be taken care of using a low band-
width orbit feedback. This was confirmed by the operational experience
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with the LHC [4]: with only earthquakes giving a measurable short-
term degradation of the machine performance. Note that earthquakes
are rare events and their effect on the LHC beam depends on their
magnitude and distance from the epicentre. Many such events were
observed on the LHC beams, but so far no beam dump was caused.

In the beginning of 2017 CERN deployed a seismic network (see
Section 4.1 and Ref. [5,6]) in view of future ground motion sensitive
projects that are planned in parallel to the LHC beam operation, such
as High Luminosity LHC (HL-LHC) civil engineering (CE) [7] and
geothermal exploitation in the Geneva canton (Geothermie2020 [8,9]).

The HL-LHC project requires new large infrastructures and services
for powering and cooling of the new inner triplet quadrupoles and RF
crab-cavities around the two main interaction points IP1 and IP5, where
the experiments ATLAS and CMS are located, respectively. The HL-
LHC CE campaign started in April 2018 with different types of surface
works, e.g. the construction of new infrastructure and buildings, before
the official ground breaking on 15 June. The excavation of the shafts
started mid of August 2018. The risk of vibrations up to about 100 Hz
generated by CE was evaluated carefully beforehand [6,10] and seismic
sensors were installed in critical locations.

In this framework it is also important to verify that the present low-
frequency ground motion levels are compatible with HL-LHC operation.
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This includes a review of the design of the cold mass support and an
evaluation of the need to upgrade the present orbit feedback.

The aim of this paper is to give an overview of the observations
and understanding of ground motion effects on the LHC beams and to
present the expected impact of ground motion on HL-LHC operation.

2. Theoretical background

The impact of ground motion on accelerator performance depends
on the timescale and frequency of the motion under consideration.
The power spectral density of ground motion decreases with 1/ f, thus
the amplitudes of the spectrum decrease for higher frequencies, and it
become less likely to be visible on the beam unless a strong mechanical
resonance or betatron side band is excited. At low frequency up to 1 Hz
and over long time scales, i.e. days or months, ground motion translates
in general to misalignment of the accelerators components, requir-
ing continuous beam orbit correction [2-4] and eventually machine
re-alignment campaigns. In LHC and HL-LHC, where the revolution
frequency is f., ~ 11245 Hz, and for transverse optics tune Q ~ 0.31,
the first betatron side-band frequency is at about 3.5 kHz. Noise source
at this high frequency are expected to have an impact on emittance
growth, which have been studied extensively for example in [11-13].
In this work, we aim to study the low frequency range between a few
Hz and up to about 100 Hz, which is the range of the available ground
motion sensors used in the CERN seismic network. In this range of
frequency no emittance growth is expected nor observed [11] over time
scales of up to the order of a few hours, therefore this work concentrates
on closed orbit perturbations.

The amplitude of the closed orbit perturbation due to ground mo-
tion is expected to be much smaller than the beam size (see below).
In this regime, non-linear effects, including beam-beam, which is the
main source of non-linearity in LHC, can be neglected and the LHC can
be assumed to be linear. In this case, the closed orbit Ax, and angle Ax/
variation at a location s due to a static kick ¢, generated at a location
s(, are given by:

cos(rQ, — 2 ;)

X, = 950 ﬁsﬂso ZSin(”Qx) ’
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where ¢, is the phase advance (in units of 27) from s, to s, O,
the machine tune and g, ,, are the Twiss beta-functions at s, and s,
respectively, and a, the Twiss alpha function at s. Note that ¢, , must
be positive and is computed as

if (b, = y,) > 0
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The main sources of transverse kicks due to ground motion in an
accelerator are the quadrupoles. In this case, the kick induced by the
displacement Ax, of a single quadrupole (g) is

0»‘0 = Ax,(K1L),, (&)

where (K1L), is the integrated strength of the quadrupole.
Eq. (1) with Eq. (4) at the position of s, = ¢ normalised by the local
beam size (neglecting the dispersion contribution) becomes:

Axg _ VB(K1L), cos(zQ, —27¢p,,)
Vben/rAx, Ven/r 2sin(zQ,)

where e, is the normalised beam emittance and y is the relativistic
factor.

Within the assumption of a perfectly linear machine, the impact
of each quadrupole misalignment can be treated independently. The
contributions for each quadrupole can be summed up directly or in
quadrature depending on whether the motion is correlated or uncor-
related.

(5)
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The LHC is mainly made of two aperture quadrupoles with the ex-
ception of the triplets on each side of the IPs that have a single common
aperture. In both cases we assume that the transverse displacement of a
quadrupole affects both beams in a fully correlated way, which is taken
into account in the presented results.

The instantaneous luminosity is one of the key parameters to mea-
sure the performance of a collider. Assuming equal Gaussian head-on
colliding beams, it is defined as [14]:

— szreva

2
47ro'Ip

L w (6)
where N, is the number of colliding bunches, N is the number of
particles per bunch, oyp is the transverse beam size at the IP (assumed
to be equal for both beams and planes) and

,1(5)2
W =e *\p @
is a reduction factor that considers the beam orbit separation §; of
the colliding beams at the IP. Using Eq. (7) one can estimate that an
instantaneous luminosity loss of 1% has to be expected for an orbit
separation at the IP of 6, ~ 0.201p.

The orbit separation can be either static or vary along a given time
or fill, as in the case of a ground-motion driven beam orbit oscillation.

Assuming a random Gaussian beam orbit separation with rms equal to
o, the mean value (W) results to be:

V2

2 /52 '
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For small orbit separation, the luminosity reduction based on a
static separation (Eq. (7)) and a varying separation (Eq. (8)) are com-
parable, if 5; = ¢,. For an integrated luminosity loss below 1%, the rms
orbit separation stability at the IP (¢,) must be:

(W)= ®

o, < 0.201p. 9

This simple calculation does not consider emittance dilution ef-
fects, which could become dominant for large amplitude oscillations,
especially due to the strong beam-beam effect.

Considering the orbit separation calculated in Eq. (9), Ref. [15]
shows that this value lies well within the linear regime of the beam-
beam force, supporting the above made linear approximation. Because
ground-motion-induced orbit offsets at the IP will be much smaller than
the beam size, the additional closed orbit deformation from beam-beam
effects is neglected in the presented analysis.

Eq. (5) is used to compute the impact of each quadrupole displace-
ment on the closed orbit variation at a given point in the ring, e.g. at
an IP. By merging this information with Eq. (7) or Eq. (8) the impact of
quadrupole displacements on luminosity can be estimated. Both aspects
are covered in the following sections.

3. Optics sensitivity

The amplification factor between the source quadrupole displace-
ment and resulting orbit offset at a given location can be calculated
with Eq. (5). It is a powerful tool to study the sensitivity of the beam
orbit in critical locations like at the IPs and collimators. Eq. (5) only
depends on the implemented optics and some known beam parameters.
For the following analysis we consider two cases:

1. The nominal LHC optics used in 2018, which was partially profit-
ing from the Achromatic Telescopic Squeeze (ATS) concept [16]
(p* =30cm, 6.5TeV, ey =2 pm) [17].

2. The HL-LHC baseline optics at the end of the fill, i.e. for fully
squeezed optics (f* = 15cm, 7TeV, ey = 2.5 pm) [18,19].
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Fig. 1. Amplification factor of the IP1 vertical beam orbit separation induced by a
displacement of a given quadrupole as a function of the quadrupole’s location along
the LHC circumference for LHC (blue) and HL-LHC (red). The location of the IPs
is highlighted. All values are given in rms beam sigmas at IP1 (c;p;) per mm of
quadrupole rms displacement (4yp,,4)-

Table 1

Amplification factors (K, and K,, horizontal and vertical, respectively) between
uncorrelated motion at all quadrupoles or only at IR1/5 triplets and beam separation
jitter in all IPs for LHC (* = 30cm; ey = 2pm; E = 6.5TeV) and HL-LHC (f* = 15¢cm;
ey = 2.5pm; E = 7TeV). All values are given in rms beam sigmas per pm of quadrupole
rms displacement.

1P1/5 P2 P8

K, K, K, K, K, K,
LHC all quads 0.8 0.6 0.3 0.4 0.4 0.5
LHC IR1/5 only 0.8 0.6 0.2 0.2 0.3 0.4
HL-LHC all quads 1.1 1.1 0.4 0.5 0.5 0.8
HL-LHC IR1/5 only 1.0 1.0 0.3 0.5 0.3 0.8

3.1. Orbit separation at the IP

Fig. 1 shows the effect of a vertical displacement at each individual
quadrupole on the amplification factor, defined as the ratio between
the induced vertical orbit separation of the two beams at IP1 and
the generating vertical displacement of each individual quadrupole, as
computed by using Eq. (5) for both LHC and HL-LHC configurations.
The most sensitive quadrupoles are those of the inner triplet of the low-
beta IPs (IP1 and IP5), mainly due to the extremely high beta-function,
which is of the order of 7km in the LHC and above 20km in the HL-LHC.
The non-local impact of a triplet displacement is also visible: especially
for the HL-LHC, where a displacement of the IP5 triplet can induce
an orbit separation in IP1 with an amplitude comparable to the one
induced by a displacement of the local IP1 triplet. In the HL-LHC the
impact of the arcs adjacent to IP1/5 is enhanced with respect to the LHC
due to the introduction of the full Achromatic Telescopic Squeeze (ATS)
optics [16],' but it remains well below the impact of the IP1/5 triplets.
Note that this calculation evaluated at the other IPs, not shown here,
gives the same qualitative result (including the enhancement around
IP1/5) with slightly modified amplification amplitudes for IP2 and IP8
owing to the different beta-functions.

Assuming a fully uncorrelated and uniformly distributed ground
motion along the whole accelerator, the contributions of all individual
quadrupoles can be summed in quadrature, obtaining the amplification
factors reported in Table 1 for both planes and all IPs.

Note that these results are dominated by the contributions of the
triplets in IP1 and IP5, as can also be seen from Fig. 1 for both LHC and

! The main feature of the ATS optics configuration is the use of the
matching quadrupoles in the adjacent IRs to support the p*-squeeze in IP1/5.
By that a lower f* can be reached in IP1/5, with the cost of introducing a
beta-beating wave throughout the arcs.
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Fig. 2. Maximum vertical beam orbit separation at IP1 under the effect of a sinusoidal
vibration along the whole IR1 for LHC (blue) and HL-LHC (red) as a function of the
vibration wavelength. Values are given in rms beam sigmas at the IP1 (s, ,,) per mm of
triplet quadrupole rms displacement (4y, ;). The green curves give the wave frequency
(right axis) assuming two extreme wave propagation speeds.

HL-LHC. Table 1 concludes that the HL-LHC will in general be about
50% more sensitive to magnet motion than the LHC.

Assuming to set the tolerated limit to 1% luminosity loss, the
required transverse stability of the magnetic axis can be expressed as:

0.2
O-magnet [pmJ < ? (10)

where K is the relevant amplification factor from Table 1, and the 0.2
coefficient is obtained from Eq. (9).

The Interaction Region (IR), counting from the third quadrupole on
the left (Q3L) to the third quadrupole on the right (Q3R), has a length of
approximately 110m and 130 m for LHC and HL-LHC, respectively. The
length of one triplet is approximately 30m and 40 m for LHC and HL-
LHC, respectively. The values in Table 1 have been computed assuming
that each quadrupole vibrates independently of each other. In contrast
to this, Fig. 2 shows the maximum amplification from ground motion
to beam orbit separation for a single transverse wave that propagates
along the IR with no dissipation, for different wavelengths. For sim-
plicity, this amplification is computed assuming that each quadrupole
composing the IR is rigidly linked to the ground by its centre, and that
each quadrupole moves parallel to the ground. The behaviour shown in
Fig. 2 is compatible with the expectation knowing that, by definition,
the phase advance along the quadrupoles of one IR triplet is close to
zero, while the phase advance between the triplet on one side of the
IP and the one on the other side is about 180 degrees. Therefore, one
should expect:

+ a net effect close to zero for wavelengths much larger than the
whole IR region (i.e. 1> 120 m)

« a first amplification for a wavelength of approximately the length
of the IR region (i.e. A = 120 m)

« possibly higher amplification for wavelengths of the order of one
triplet length (i.e. 1 ~ 35 m) or lower.

The actual wavelengths and difference in pattern between LHC and HL-
LHC cases, as shown in Fig. 2, is due to the actual distance between the
triplet quadrupoles, that will slightly change in HL-LHC.

With respect to the values obtained in the uncorrelated case (Ta-
ble 1), the fully correlated case gives about a factor two higher ground
motion to orbit separation amplification for high frequencies. However,
in the absence of strong, single-frequency, narrow-band excitation (as
would be the case for a strong earthquake), the ground motion cor-
relation quickly drops to zero over a short distance for frequencies
above a few Hz [20,21]. On the contrary, for low frequencies, i.e. long
wavelengths, the correlation can be preserved. In this case, the triplet
or even the entire IR would move together as a whole, giving a zero
net effect compared to moving each single element independently. In
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Fig. 3. Maximum vertical Beam 1 orbit variation at the primary collimators induced
by the vertical displacement of each individual quadrupole in LHC (blue) and HL-LHC
(red). The location of the IPs is highlighted. All values are given in rms beam sigmas
at the primary collimator (o7¢p) per mm of quadrupole rms displacement (4yp,,4)-

Table 2

Amplification factors (K, and K, horizontal and vertical, respectively) between uncor-
related quadrupole motion and maximum orbit excursion at the primary collimators
(TCP). All values are given in rms beam sigmas per pm of rms ground motion
displacement.

Beam 1 Beam 2

K, K, K, K,
LHC all quads 0.4 0.4 0.5 0.4
LHC IR1/5 only 0.4 0.3 0.5 0.3
HL-LHC all quads 0.5 0.5 0.6 0.2
HL-LHC IR1/5 only 0.5 0.5 0.6 0.1

this regime, the uncorrelated estimates from Table 1 would even be
overestimated.

Depending on the wave propagation speed (), one can estimate
the corresponding frequency as f = V /A. The typical wave speeds
measured in the CERN tunnels are 990 m/s for shear and 2200 m/s for
pressure waves [4], which are compatible with measurements done
elsewhere [22]. Taking 10 Hz as the frequency separation between the
correlated and uncorrelated regimes [23], the corresponding wave-
length would be about 100 to 200 m, which is of the order of the IR
length. Therefore, in the absence of strong local ground motion sources
it is unlikely to see the large amplification shown in Fig. 2 and the
uncorrelated ground motion hypothesis seems to be most likely to be
observed.

In conclusion, taking a conservative approach, one can set K = 1
for LHC and K = 2 for HL-LHC in Eq. (10) to obtain a conservative
estimate on the threshold of the quadrupole rms transverse motion,
for both horizontal and vertical planes, above which luminosity effects
become noticeable (order of 1% luminosity drops in IP1 and IP5). With
those assumptions and in terms of luminosity, LHC and HL-LHC are
expected to tolerate up to 0.2 pm and 0.1 pm rms quadrupole motion,
respectively.

3.2. Orbit excursion at collimators

Fig. 3 shows the amplification factor between each LHC/HL-LHC
quadrupole displacement and the maximum Beam 1 (B1) vertical orbit
variation at the primary collimator (TCP) [24,25]. Similar to the values
presented in Table 1, the quadratic sum of the resulting orbit offsets at
the TCP from all quadrupoles, assuming uncorrelated ground motion
along the whole machine for each beam and plane, is reported in
Table 2. Note that, as for the IP beam orbit separation, the orbit at
the collimators is also dominated by the effect of the low-beta triplets,
and that there will be a slight enhancement of sensitivity between the
LHC and the HL-LHC.

Nuclear Inst. and Methods in Physics Research, A 1055 (2023) 168495
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Fig. 4. Visualisation on how a combination of transfer functions can be used to
estimate the beam response (Out(w)) from an input excitation signal (/n(w)). The arrows
indicate the points between which these transfer functions have been measured [6].
H,(w) and H,(w) give the horizontal (in LHC plane) and vertical (surface to LHC
underground level) amplifications of the input signal through the surrounding ground.
The direct ground-to-quadrupole cold mass response is given by H,(w), which has a
vertical and horizontal component (not separated in the sketch).

On the other hand, one has to keep in mind that in the HL-LHC
the total beam intensity will be about a factor of two higher than in
the LHC. Therefore for a given orbit displacement at the collimators
and assuming a comparable transverse beam distribution, the induced
losses and the corresponding deposited energy could be at least a factor
two higher in HL-LHC than in LHC. The actual particle distribution in
the beam tails in LHC has been preliminarily assessed and results are
summarised in Section 6.1.

4. Characterisation of ground motion

The oscillation of any accelerator component under the effect of
ground motion depends on the characteristic spectra of the different
sources of mechanical noise and on the mechanical transfer function
between each source and the object itself. In general, a transfer function
is defined as the ratio of the output of a system to the input of a system.
In the context of this paper, the attention is on the ground-to-cold mass
mechanical transfer functions of the accelerator quadrupoles. Assuming
that one is interested in the vibration transfer from a source of ground
motion located on the surface to the cold mass of a given magnet
underground, the global transfer function H(w) can be represented as
a combination of its components:

H@) = <Zy$3) = @igi) (Hox(@)  Hoy(@)) an
where H,(w), which has a component in horizontal and vertical di-
rection, is the transfer function between the magnet’s magnetic centre
and the slab on which the magnet is placed. H,(w) and H,(w) describe
the vibration transfer through the ground horizontally within the LHC
plane and vertically from the surface to LHC underground level. In
Fig. 4 a visualisation of the components to obtain a signal transfer from
the source of the vibration to the beam location is shown.

H,(w) and H,(w) have been measured around LHC IP1 [6] between
the locations indicated by the arrows in Fig. 4. They depend on the
distance between source and observation point and on the exact ground
formation in between. Since the ground structure to any possible source
point is in general unknown, a measurement of these transfer functions
can only give an indication of the amplification. The accuracy of
estimates is therefore improved, if the ground motion can be measured
in the tunnel close to the magnet. In that case the required transfer
function reduces to H(w) = Hy(w). As it will be shown in Section 4.1,
the ground motion is measured close to the triplet quadrupoles within
the LHC tunnel, therefore H(w) is the only transfer function relevant
for the presented analysis.

The response of the system R(w) to a single input can be computed
as

R@) = |H®)* - f(@) 12)
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where f(w) is the Power Spectral Density (PSD) input from ground
motion measurements. The rms motion at the response point can then
be calculated as

1/2

Ris = </°° R(w)dco) N 13)
0

The input PSD f(w) can be obtained by measuring the frequency
spectra of the ground motion during a given period of time, e.g. by
geophones. In general, R(w), f(w) and R, have horizontal and vertical
components that are evaluated independently.

4.1. CERN Seismic Measurement Network

The official CERN Seismic Network began its constant monitoring in
March 2017 [26] in collaboration with the Swiss Seismological Service
(SED) [27]. The aim of this network is to provide an overview of the
seismic activity in the proximity of the LHC. In total three seismic
stations were installed: one is located on the surface approximately in
the centre of the LHC ring, the other two are placed about 100 m un-
derground close to the low-beta triplet quadrupoles adjacent to IP1 and
IP5. An overview of the sensor locations is shown in Fig. 5. Each station
is equipped with both broadband and strong-motion seismometers as
described in Ref. [5]. Since March 2017, the CERN seismic network is
in continuous operation and publishes its measured data to the “C4”
network designation of the SED, making it publicly accessible from the
web.

The network was designed to be compatible with the harsh environ-
ment in the LHC tunnel. It is able to track the ground motion in a range
of 0.03-100Hz, with amplitudes ranging from the quiet underground
motion up to 2g, where g = 9.81 m/s? is the gravitational acceleration.
This wide range of measurements allows to get an accurate feedback
on the ground stability in the LHC tunnel.

While the main purpose of this system is to record the human-made
noise induced by CE in the LHC tunnel, it also catches earthquakes
originating from all around the world. Fig. 6 shows an example of
the strongest local earthquake event in the Geneva lake area in 2018
that was recorded in all three CERN seismic stations.” This example

2 The surface station is not shown in Fig. 6 due to a problem with the
recording for this event.
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shows that a signal from the same seismic source can be received quite
differently over the distance of the LHC circumference. The signal is
measured in velocity (top) and converted into displacement (bottom)
by integration.

The first year of data taking was used to collect reference measure-
ments without any CE work related to HL-LHC construction. Once CE
works began in spring 2018, the seismic activity in the LHC tunnel
was monitored constantly. Fig. 7 shows a typical PSD in the horizontal
plane measured at the three locations indicated in Fig. 5 (IP1, IP5 and
surface) not affected by CE. In order to quantify the impact on LHC
operation from an early stage, a warning system was setup to trigger
when the vibration levels exceeded a predefined threshold. As will be
detailed in the following chapters, on many occasions these warnings
were triggered and clear effects were visible on the LHC beam.

4.2. Ground-to-magnet transfer function

Depending on the support structure that connects the magnet to the
ground and how the cold mass is carried by the magnet’s outer shell,
different magnets will in general have different transfer functions. As
described in Section 3, the most sensitive magnets are the low-beta
triplet quadrupoles next to IP1 and IP5 where the beta-functions are
the largest and cause the largest orbit excursions for a given cold mass
displacement. Thus, the knowledge of the triplet transfer function is the
most relevant.

The H,(w) measurement of a magnet is performed by placing ac-
celerometers inside the cryostat, two at the extremes of the magnet’s
cold mass and one inserted in the middle of it, plus sensors placed
on the ground near the supporting feet. An external perturbation is
applied using a hammer to hit the ground at a certain distance. The
response of the magnet to the perturbation is measured and a spec-
tral decomposition is performed to extract the sensitivity to different
frequencies.

At the time of writing, two transfer function measurements per-
formed on LHC spare magnets were available. The first one was per-
formed in 2017 on a LHC Q1 final-focusing quadrupole [6]. This
particular magnet is a spare for the first quadrupole within a low-beta
triplet assembly. This magnet was chosen for the measurement because
it best represents the LHC triplet magnets around the high luminosity
experiments. Fig. 8 shows the measured horizontal and vertical transfer
functions for this magnet, measured on a stand-alone assembly in a
surface building and averaged over the three sensors along the magnet.
Several peaks are visible that correspond to the natural oscillation
frequencies of the magnet, the main ones around 21 Hz in the vertical
plane.

The structure and support of the HL-LHC triplet cryo-assembly has
been changed from that of the LHC triplet and will be similar to
the one of the LHC dipole. Fig. 9 shows the simulated amplification
factor for the LHC arc dipole and HL-LHC quadrupole as a function
of the excitation frequency in the horizontal (top) and the vertical
plane (bottom). The simulations have been obtained by a finite element
analysis of the mechanical design of those magnets assuming a 1%
overall damping ratio [28]. The two magnets are clearly different
in terms of simulated transverse response, however the number and
amplitude of the main resonance frequencies are comparable, which is
expected from the compatibility of the mechanical assembly.

At the time of writing, no fully cryostated HL-LHC triplet
quadrupoles exist. Therefore, in order to validate the accuracy of
the simulation of H,(w), a new measurement was performed on a
LHC dipole cryo-assembly in 2020, using the same ground support
configuration foreseen for the new triplet. The measurement setup and
installation of the geophones were similar to the 2017 measurement of
the LHC triplet quadrupole. Five measurements were taken in both the
vertical and the horizontal direction using the natural ground motion
observed in the test building. The results (averaged over the three
measurement locations along the magnet) are shown in Fig. 10. In
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Fig. 7. Power spectral density (PSD) in the horizontal plane measured at CERN in the
three locations that are shown in Fig. 5.

each case the amplification factor is represented as a function of the
excitation frequency. The results of the simulations (blue line) that
were shown in Fig. 9 are overlaid again for comparison. In the vertical
plane the main peaks observed in the simulation are represented in
the measurement with a compatible magnitude. The exact position and
width of resonant peaks strongly depends on the actual geometry and
the stiffness of the magnet anchoring to the ground. The observed
mismatches are believed to be introduced by the limited accuracy
of the simulation model. In the horizontal plane the results show
several peaks not represented by simulations. This might be due to
the fact that the measurement in the radial direction is more delicate
than in the vertical plane and that some coupling between radial and
vertical planes may appear. The differences observed are considered
to have a minor impact to the results presented in this paper. When
discussing expectations for HL-LHC performance in Section 6, Fig. 21

Amplification

60 80 100
f [Hz]

Fig. 8. Measurement of H,(w) the mechanical magnet transfer function in the
horizontal and vertical plane for the LHC Q1 quadrupole.

will show that the measured ground motion amplified by the different
transfer functions from Figs. 8-10 result in similar baseline triplet
motions while the largest excitation peaks are as well seen with each
amplification function. Especially the simulated and measured LHC
dipole amplification functions (Fig. 10) give compatible results.

Measurements on an actual HL-LHC triplet magnet are foreseen
when it becomes available to validate the presented estimates.

5. Observation of ground motion on LHC beams

Fig. 11 shows the typical rms ground motion measured in the un-
derground structures close to IP1 integrated over a series of frequency
bands along a fill in 2017. The variation in the frequency range from 1
to 10Hz is a consequence of the different noise levels between day and
night.
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Fig. 12. Integrated PSD of the mean (solid) and max (dashed) ground motion measured
in IP1 during a typical LHC fill on the floor (blue), and after applying the cold mass
amplification shown in Fig. 8 for f >3 Hz (red).

Table 3
Expected maximum rms beam orbit separation at the IP, consequent luminosity loss and
orbit offset at the collimators for uniform and uncorrelated ground motion of 0.04 pm

rms.

LHC HL-LHC
Orbit separation at IP1/5 [o,,] 0.01 0.03
Luminosity loss [%] <0.1 <0.1
Orbit offset at TCPs [o,p] 0.01 0.02

As explained in Section 4.2, the amplification between ground
motion and magnetic centre motion of a spare LHC Q1 magnet has been
measured for frequencies above 3Hz [6]. We assume that the motion
at frequencies below 3 Hz belong to the correlated regime that should
have a much lower impact (see Fig. 2) and/or would be taken care of
by the present orbit feedback system.

With the assumption of fully uncorrelated ground motion, this can
be used to estimate the effective motion of the quadrupole axis. The
blue curve in Fig. 12 shows the integrated PSD of the ground motion
measurement in the LHC tunnel,® the red curve estimates the movement
of the magnetic axis by applying the measured amplification (as shown
in Fig. 8) to the blue curve in Fig. 12. From this estimation the expected
rms vertical motion of the triplets should be below 0.04 pm. In such a
condition and by considering the amplification factors in Tables 1 and
2, and using Eq. (7) to compute the expected luminosity reduction, one
obtains the values in Table 3.

3 The quiet underground spectra measured close to IP1 and IP5 are very
similar and provide compatible results in terms of integrated PSD.
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During the fill under analysis the measured luminosity and orbit
variation at the primary collimators did not show any visible impact of
ground motion. The values in Table 3 represent the amount of beam
separation at the IP, luminosity loss and orbit offset at the TCPs that
can be expected from daily ground motion during operation without
any special excitation events.

5.1. Earthquakes

Earthquakes are rare events. How they arrive at the LHC depends on
their magnitude and distance travelled from the epi-centre. The beam
response and potential resonant amplification of the induced ground
movement by (parts of) the LHC elements depends on the propagation
direction and wavelength. Many such events were observed on the LHC
beams during different parts of the operational cycle. Most earthquakes
with magnitude above 7 occurring anywhere on the planet are routinely
observed on the LHC beams. Effects were measured over timescales
from a few seconds up to one hour and with varying impact. The main
observables are orbit changes and beam loss signatures on the primary
collimators, but they can also be seen as a variation of the luminosity,
if the event happens during the collision period. An example of the
radial oscillation of the LHC ring induced by the pressure waves from
a magnitude 8 earthquake is shown in Fig. 13.

Since earthquakes are rare events and feature excitation only at low
frequencies (<1Hz), they do not impose a performance risk to (HL-
JLHC. Whether beams would be dumped for a certain orbit movement
strongly depends, among other things, on the tail population, wave
properties, collimator and BLM dump threshold settings. So far no beam
dump was caused by such an event in the LHC. Nevertheless, roughly
scaling the observed loss patterns at the TCP, indicates that some events
could have dumped the beam under HL-LHC conditions.

Because of their clear signatures on the LHC beams, earthquakes
constitute an interesting benchmark case for simulation tools and help
to correlate ground motion with observations on the different beam
measurement devices and identify observables for other ground motion
studies.

5.2. Civil engineering works

Already in 2015-2016, a study was performed to characterise the
impact of different civil engineering machines on an LHC magnet based
on a transfer function approach. Fig. 14 shows the first part of this
study, where the induced vibration of several heavy CE machines is
characterised as a function of excitation frequency along with the
vibration level in the underground cavern of the CMS detector (grey),
where the effects of human-made ground motion is strongly suppressed.
This data was confirmed in LHC Long Shutdown 2 (LS2, 2019-2020)
during the excavation of shafts, tunnels and galleries for the HL-LHC
project with the use of different types of machines [6].

During the whole period from April to December 2018 several types
of CE work were performed in parallel to LHC beam operation, using a
variety of tools inducing vibrations in different frequency ranges. Beam
observables, such as orbit, luminosity, beam intensity and losses were
analysed in comparison to ground motion activity especially when a
warning was triggered, see Section 4.1. Particularly for this purpose
the existing instrumentation of the transverse dampers (ADT) [29,30]
and the Beam Position Monitors (BPM) with DOROS readout [31]
were extended to capture and log beam spectra, allowing the ground
vibration frequencies amplified on the beam to be better investigated.

The ground motion spectra are calculated from the position data
over one minute periods and are logged three times per minute. The
ADT spectra are calculated from position data of the first 10 s of each
minute and therefore contain only snapshots of every sixth 10s window.
The partial time coverage of the ADT data has to be kept in mind when
comparing this data to ground motion spectra, because certain effects
might not be detected in the ADT data or may appear less evident.
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Fig. 13. Radial excursion of the beams (average over arc BPMs) during the passage of
the pressure waves resulting from a magnitude 8.3 earthquake in Chile on 15 September
2015. The LHC machine was at injection energy during this period. The waves took
roughly 1 h to travel from Chile to Geneva. The lower plot shows a zoom on the period
with largest amplitude, revealing a regular oscillation with a period of 20 s.
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Fig. 14. Characterisation of the vibration induced by several heavy CE machines in
comparison to (quiet) underground levels close to the CMS experiment (grey) [10].
Note the orders of magnitude difference in ground vibration levels for the selected
machines. “Vibro-Truck” (top dotted black line) refers to a vibration truck that excites
controlled frequencies with a well defined amplitude, it is used as a reference vibration
source to study the frequency response of the ground. The horizontal axis uses octave
band binning.

Fig. 15 shows the rms ground motion and ADT beam spectra mea-
surements within four selected frequency bands during LHC luminosity
production in 2018. Compressing the individual frequency information
into the rms of a frequency band helps to quickly identify when ground
motion activity is picked up by the beams. Once correlations are
identified, the full spectra and beam evolution data are investigated
in detail (the next section gives an example for LHC fill number 6757).
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The presented analysis focuses on the vertical plane, since CE activ-
ity primarily excites vertical ground vibration [32], and thus this is the
main direction in which the triplet quadrupoles will react and transmit
the movement to the beam.

Only frequency ranges between 10-40Hz are shown. This is a
critical frequency range for two reasons. Firstly, the amplification from
ground to cold mass vibrations of a triplet quadrupoles has strong
vertical modes around 21 Hz, while horizontal amplification is stronger
at lower frequencies around 10 Hz (see [6] and Section 4.2). Secondly,
CE machinery, e.g. ground compactors, operate close to these triplet
eigenmodes [6] and can therefore lead to resonant excitation.

Ground and beam excitation is observed in all four frequency bands
displayed in Fig. 15. However, only a few ground motion events are
highly amplified on the beams. Some events show activity over all
bands, others clearly excite only distinct frequencies. The strongest and
clearest events seen on the beams were generated in IP5 in the fre-
quency range between 15-30 Hz (green and orange). These excitations
lasted several minutes.

In general, in IP5 frequencies between 10-20Hz seem to be most
commonly excited, while in IP1 activity at higher frequencies be-
tween 20—40 Hz are more often observed. This can be explained by the
different equipment that has been used at the two sites.

The ground movement observed in the frequency range 1-10Hz*
is correlated in all three data sets (ground motion in both IPs and
ADT). HL-LHC CE work in IP1 and IP5 will lead to ground motion
signals limited to their source location. Only stronger or more global,
e.g. natural, sources will lead to correlated signals in both IPs, which is
not the concern of the presented analysis. Ground activity in the range
40-100Hz®> was recorded with high amplitudes especially in IP1 from
mid August. The effect on the beam was however mild to negligible.
Both outer frequency ranges have a low amplification from ground
to cold mass (see transfer function measurements and simulations in
Figs. 8-10) and are therefore less critical.

5.3. Example: Fill 6757

During the first period of the CE campaign, when surface work using
compactors were performed in IP5, some of the strongest reactions of
the circulating beams were observed. Compactors compress the ground
by vibrating in a variable frequency range around 20-30 Hz. The triplet
is very sensitive to these frequencies because of the proximity to its
eigenmodes.

4 Not shown in Fig. 15.
5 Not shown in Fig. 15.
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Fig. 16. Seismic activity in IP5 (top row) and beam evolution during Fill 6757 (4 June
2018). 2nd to 4th row: ATLAS and CMS online luminosity, calibrated losses on primary
collimator, vertical rms orbit. Several ground excitation periods are clearly visible on
each data set. The orbit rms is calculated with respect to the operational orbit feedback
reference, defining the rms to zero when taken at the beginning of collisions at 7 = Oh.
At1=89h and 7 = 10.3h a p*-levelling step was performed in IP1 and IP5, before which
the orbit reference was updated, resulting in the rms going back to zero. The short
luminosity dips at t=6.2h, 9.1h and 11.3h are induced by luminosity optimisations.

Fig. 16 shows the time evolution of several key observables on the
example Fill 6757 (4 June 2018). The seismic activity measured un-
derground close to the IP5 triplet quadrupoles (top row) shows several
clear vibration periods that were transmitted with varying impact to
the LHC beams (bottom three rows). The CMS luminosity dips down
by up to a few percent and the beam losses on the primary collimators
and the rms of the vertical beam position around the ring increase on
both beams. Even though the beams had a considerable reaction to the
CE work, the highest loss spike only reached about 5% of the beam
abort threshold.

The ground vibrations are of similar amplitude for the first five
excited periods, while at # = 4.7h, 6.5h, 8.6h and 9.7h the luminosity
dips and beam losses are much stronger compared to + = 9.2h. This
varying reactions of the beam to excitation of similar strength can
be explained by the frequency content of the ground movement as
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Fig. 17. Ground motion (top) and beam (from ADT, bottom) spectra during five CE
working periods, showing the changing ground excitation frequency and its presence
on the beam. Black: reference measurement without CE excitation.

illustrated in Fig. 17. This figure selects individual spectra out of
the mentioned periods in Fig. 16. The black line shows a reference
spectrum during a calm moment without CE work. The red spectrum,
recorded at + = 9.2h, excited around 25Hz and had only very little
impact on the beam. The orange, green and purple lines, recorded at
t = 6.5h, 8.6h and 9.7h and exciting around 21-22 Hz, had the largest
effect on the beam, since these almost exactly hit the triplet resonance
at 21 Hz. The two periods around 7 = 10.5-11.5 h feature about half the
seismic amplitude and excite around 30 Hz, with the effect on the beam
hardly above the noise level.

Similarly to Fig. 15, where the rms of the floor motion is obtained
from an integration of the measured ground motion spectra, Fig. 18
estimates the triplet quadrupole motion in IP5. The measured ground
motion PSD is amplified by the measured triplet transfer function (as
shown in Fig. 8) to estimate the corresponding magnet motion PSD
before the integration over selected frequency bands provides the rms
quadrupole motion. This calculation is performed for all spectra over
the full duration of Fill 6757. From the optics model, the triplet offset
leading to a 1% luminosity loss is calculated in Section 3 and indicated
as the red dashed line in Fig. 18. The four periods at t = 4.7h, 6.5h,
8.6h and 9.7h exceed this 1% luminosity-loss threshold, which is in
good agreement with the luminosity data measured by CMS as shown
in Fig. 19.

Figs. 18(bottom), 19 and 20 show zooms to the strongest exci-
tation event at + = 6.5h. The observed beam motion close to IP5
(Fig. 20(top)) and at the primary collimators (Fig. 20(bottom)), as well
as the luminosity evolution measured by CMS (Fig. 19) are compared
to the expectations calculated from the observed ground motion in
combination with the measured transfer functions (see discussion in
Section 4.2). The expectations show a good qualitative and quantitative
agreement to the data, which gives confidence for the validity of the
model when scaled to HL-LHC conditions.

6. Expectations for HL-LHC

The measured transfer function along with the measured PSD during
a particular time can be used to evaluate the impact on the actual
magnet motion and how this translates into luminosity loss. In Fig. 21
the expected magnet motion is shown as the convolution of the differ-
ent transfer functions (measured or simulated) and the ground motion
recorded during the 2018 operational run (which includes several
peaks associated to the civil engineering works carried out in parallel
to the LHC operation). The expected motion is well below the 1%
luminosity loss threshold represented by the red dashed horizontal
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Fig. 19. Luminosity spikes (slow exponential decay subtracted in the plot) detected by
CMS during the strongest excitation event of fill 6757.

line. Therefore, it can be concluded that ground motion is not ex-
pected to impose strong limitations in the future HL-LHC instantaneous
luminosity performance.

On the other hand, sudden movements of the beam orbit at the colli-
mator might lead to losses that could trigger beam dumps and therefore
strongly impact the integrated luminosity. This aspect calls for addi-
tional considerations on the tail population, which are described in the
following section.
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Fig. 20. Vertical orbit measured during the strongest excitation event of fill 6757 for
Beam 1, top: at the most sensitive BPM of the ring (with respect to motion of triplets,
located in cell 5 right of IP5), bottom: at the primary collimators (BPM located in cell 6
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6.1. Beam tail population

The total energy stored in the HL-LHC beam will be of about
700 MJ. Even a small fraction of the beam lost in the superconducting
regions may induce a magnet quench. For that reason, it is of particular
interest to determine the beam tail population since this will be the
region most likely to suffer from beam scraping at the primary collima-
tor (TCP). From past experience [33], it is known that the transverse
beam distribution is not a perfect Gaussian, but rather a composition of
two Gaussian distributions, one representing the core and another one
representing the tails. This double-Gaussian distribution is given by,

Il xz 12 x2
expl —— | + expl —— |-
270y 207 2710, 20,

The tail population has been investigated in dedicated measure-
ments using controlled collimator scraping [34]. Those investigations
could only be performed either at injection energy or at high energy
with a single bunch, and therefore with conditions far from nominal
colliding beams. Moreover, it is not clear whether the LHC beam
distribution will be representative for HL-LHC. Nevertheless, since this
is the only experimental evidence available to make a guess on the
beam distribution, it is used to estimate the number of protons scraped
on the TCP by a ground motion induced orbit offset.

Based on the available measurements, here it is assumed that % =

p(x) = 14

% and o, = 20, = 20 in Eq. (14). A graphical representation of the
resulting distribution is shown in Fig. 22. To determine the fraction of
the beam that might potentially be scraped an estimate of the maximum
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dashed line represents the value for which a 1% luminosity loss is estimated for HL-LHC
as computed in Section 3.

expected orbit jitter at the TCP is required. As shown in Table 3, the
maximum orbit offset at the TCP expected from ground motion is 0.02¢
rms in the case of the HL-LHC. From the model of the tail population
in Eq. (14), the number of protons stored in the region between the
collimator cut nycp and npcp — n0.020, can be estimated, where n is
the margin factor considered to estimate the maximum displacement.
In this study » = 3 is set, which represents a maximum orbit at the
TCP of about 100 ym. According to the collimator specifications for the
HL-LHC [35], the collimator cut will be set to nycp = 6.740 for a beam
emittance of ¢, = 2.5 pm. Performing the integral of Eq. (14) within the
integration limits explained above and taking into account the rotation
of the phase space, the fraction of the beam that is scraped can be
obtained:

N 6.740
P2 _y /
1, (6.74-0.06)c

In absolute terms, for a beam intensity of I, = 6.35 - 10'* protons
(assuming HL-LHC 2760 bunches of 2.3 - 10!! protons per bunch [18]),
this computes to 1.9 - 10'0 scraped protons.

Comparing this result to the present LHC dump threshold for fast
losses (10ms) at the TCP, which is of the order of 1-10'' lost pro-
tons [36], this would correspond to about a factor five below the given
dump threshold. However, as stressed before, these numbers strongly
depend on the tail population measurement results, which might vary
with beam conditions and it is unknown to what extend those actually
describe the HL-LHC physics beams.

Also note that the fastest orbit jump observed so far is about
10ms [37], but such jumps correspond to magnet failures just before
the beams are dumped or to transients during beam dumps. No fast

p(x)dx =3-1073. (15)
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(grey) is shown.

transient of the orbit due to ground motion was ever observed at the
LHC on the millisecond time scale. The fastest orbit transients that
have been observed on the 0.1 second time scale were due to orbit
oscillations at frequencies close to 10 Hz.

The estimates made in this section should underline how difficult
it is at the present stage to draw conclusions on the dump potential
and performance reduction from ground motion excitation for the HL-
LHC. Assumptions must be made on the transverse beam distribution
as well as on the collimator settings and dump thresholds. Especially
the knowledge of the tail population is highly uncertain, but crucial to
obtain a meaningful result.

7. Conclusion and outlook

Ground motion effects on the LHC beam orbit and their impact on
performance have been studied since the accelerator’s design phase
(e.g. in [2-4,11,23,38,39]). In this paper we use recently developed
monitoring options to study and compare ground excitation from differ-
ent sources (perpetual ground motion, earthquakes, civil engineering)
and look at their effects on the LHC and HL-LHC beams.

In preparation for the installation of HL-LHC equipment in Long
Shutdown 3 (LS3), civil engineering (CE) work, like building surface
infrastructure and excavating new shafts, have been executed close
to the two low-beta interaction points IP1 and IP5 from June 2018
in parallel to LHC beam operation. In view of this HL-LHC CE work,
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the CERN seismic measurement network started operation in 2017
with three seismic sensors installed in critical locations. A warning
system has been put in place to trigger an alarm in case the measured
ground motion close to the LHC triplet magnets exceeds predefined
thresholds. On multiple occasions this alarm was triggered by ground
motion linked to the CE surface activity. These events caused orbit
disturbances, beam losses and luminosity dips of the order of a few
percent. The effects were however hardly noticeable during daily LHC
operation. No premature beam dumps were induced. The reaction of
the beams strongly depends on the frequency content of the exciting
ground vibrations. The surface work with ground compactors around
IP5 had the most significant impact as they excited at frequencies
around the triplet eigenfrequency of 21 Hz.

The HL-LHC triplet quadrupole ground anchoring will be similar
to that of the current LHC main dipole. Since a fully cryostated HL-
LHC triplet magnet is not yet available, transfer function measurements
using a spare LHC arc dipole have been carried out and compared to
a preliminary simulation of the HL-LHC triplet transfer function. The
results show a reasonable agreement, which allow this data to be used
for scaling between the LHC and the HL-LHC.

Based on these triplet transfer functions and optics simulations,
a model was developed that is able to quantitatively reproduce the
observed orbit and luminosity effects induced by a given ground motion
signal. After validation with LHC data, this model was used to estimate
the impact of ground motion on the HL-LHC beam performance.

The presented analysis shows that the HL-LHC will be approxi-
mately a factor 2 more sensitive to ground motion than the LHC. The
IP1/5 triplets are the most critical elements and cause the largest orbit
disturbance when vibrating. Nevertheless, the estimation suggests that
no luminosity loss due to orbit jitter should be expected.

One of the major concerns is that ground motion could reduce the
HL-LHC performance due to high beam losses at the primary collima-
tors inducing frequent beam aborts. The risk of this strongly depends
on the tail population, which is not well known. Small variations can
have a large effect on the loss rate. Therefore, it is important to better
study the tail population in order to improve the evaluation of the
performance reduction from ground excitation and decide whether
mitigation measures are necessary.
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