& vibration

Article

Future Circular Lepton Collider Vibrational Crosstalk

Purinut Lersnimitthum !, Audrey Piccini 2, Federico Carra 2
and Nopdanai Ajavakom "

check for
updates

Citation: Lersnimitthum, P.; Piccini,
A.; Carra, F; Boonyatee, T.;
Wansophark, N.; Ajavakom, N. Future
Circular Lepton Collider Vibrational
Crosstalk. Vibration 2024, 7, 912-927.
https:/ /doi.org/10.3390/
vibration7040048

Academic Editors: Aleksandar Pavic

and Calogero Orlando

Received: 25 June 2024
Revised: 22 August 2024
Accepted: 27 August 2024
Published: 4 October 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Tirawat Boonyatee 3(, Niphon Wansophark !

Department of Mechanical Engineering, Chulalongkorn University, Bangkok 10330, Thailand;
purinutlers@gmail.com (P.L.); niphon.w@eng.chula.ac.th (N.W.)

European Organization for Nuclear Research, European Organization for Nuclear Research (CERN),

1217 Meyrin, Switzerland; audrey.piccini@cern.ch (A.P.); federico.carra@cern.ch (E.C.)

Department of Civil Engineering, Chulalongkorn University, Bangkok 10330, Thailand; tirawat.b@chula.ac.th
*  Correspondence: nopdanai.a@chula.ac.th

Abstract: CERN, the European Organisation for Nuclear Research is studying the feasibility of the
Future Circular Collider, considering both financial and technical aspects. One of the challenges is
that the performance of particle accelerators relies on the dynamic stability of structures, affected by
multiple sources of vibrations, including crosstalk vibration between two particle accelerators, the
Booster and Collider, in the Future Circular Lepton Collider. This research aims to find a methodology
for determining transfer functions, specifically crosstalk transfer functions, between the Collider
and Booster within an underground tunnel. Also, it aims to determine how significant crosstalk is
compared to the vibration from other sources, such as ground vibrations. The transfer functions of
the tunnel were independently determined from internal structures using the Finite Element Method,
employing 2D plane strain and the standard absorbing boundary to model the underground tunnel.
It was found that the overall gain of crosstalk was less than 10% of that of ground-to-magnetic axis
of either the Collider or Booster. This method may be used to optimize the tunnel layout from a
vibration point of view. It appears that vibrations from crosstalk are far lower compared to vibrations
from ground vibrations.

Keywords: FCC-ee; vibrational crosstalk; dynamic stability; vibration transmission; transfer function;
underground tunnel; particle accelerator stability; finite element analysis

1. Introduction

The Future Circular Collider (FCC) has been under study in financial and technical
aspects since 2013. It aims to receive feasibility approval in 2025/26. The FCC project
is divided into two stages. The first stage of the FCC is to build an electron—positron
collider. This machine is called the Future Circular Lepton Collider (FCC-ee). In the
second stage, called the Future Circular Hadron Collider (FCC-hh), the lepton collider
will be replaced with the hadron collider (see FCC Feasibility Study Status by Benedikt
in FCC week 2023 [1]). The FCC-ee adopts the double-ring design, which requires two
particle accelerators—Booster and Collider [2]—with a total circumference of around
91 km. Of this, approximately 77 km consists of 3000 repetitive elements known as “arc
half-cells” (Figure 1a). In the Short Straight Section (SSS), where the mass of the arc
half-cells concentrates the most, the Collider’s Quadrupole and Sextupoles mount on the
Collider’s girders and Jack supports. Above the Collider, the Booster’s Quadrupole and
Sextupole sit on the I-beam structure (Booster’s support). These structures are fixed to an
underground tunnel.

Due to the sharing of the Booster and Collider in the same tunnel (Figure 1b), it is es-
sential to optimize their configuration (i.e., the placement of pipe, wire, supporting systems,
Collider, Booster, and other equipment in the tunnel). The optimization of the configuration
involves many factors, such as radiation, integration, vibration, etc. Vibrations have a
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significant effect on the particle accelerator’s performance, as they can lead to the missed
beam interaction point (IP) [3] and beam loss [4]. Additionally, vibrations contribute to
emittance growth, which results in a reduction in luminosity [3]. The dynamic stability
of a structure, the ability to maintain stillness when subjected to vibrations, is a critical
concern. Attaining dynamic stability clearly requires the identification and mitigation of
each vibration source individually. These vibrations come from many different sources. For
instance, natural sources (e.g., ocean and valley) typically have frequencies below 1 Hz,
while cultural noises (e.g., human activities, pumps, ventilation, water pipes, other ma-
chines, structural resonances, and vehicles) usually have frequencies above 1 Hz. Moreover,
the vibration generated from the Booster can diminish the dynamic stability of the collider,
and vice versa. This phenomenon is called “vibrational crosstalk”.
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Figure 1. (a) FCC-ee arc half-cell, i.e., the most repeated parts in the tunnel, in which the Short
Straight Section (SSS) of the Collider and Booster are located. (b) The cross-section of the tunnel used
in this analysis where the arc is fixed inside. Unit is in mm. (Adapted from [5,6]).

In the design procedures, many designs of the support and the tunnel layout are
currently being studied. The Finite Element Analysis (FEA) has been used to evaluate
the designs. Carra, Baudin, et al. (2022) [7] proposed configurations of the FCC-ee arc
half-cell involving many aspects of optimization including dynamic stability and vibrations.
The vibration and dynamic stability evaluation process, including vibrational crosstalk,
was also described. The dynamic stability analysis was presented at the FCC Week 2023
conference by Piccini, Carra, et al. [1]. The details are about the Finite Element (FE) model
of the Collider which is used to assess the response of the particle accelerator due to ground
motion. It is the vibration from natural sources and cultural noise but not from components
that will be installed in the tunnel such as waterpipes, ventilations, and crosstalk vibration.
Carra, Baudin, et al. (2024) [8] explained the preliminary design concepts consisting of many
aspects of arc configuration optimization, the various designs of the supporting system
which relate to vibration minimization, and guidelines to assess the dynamic stability.
From these articles many FEAs of the supporting systems were implemented to assess the
dynamic stability due to the ground vibration; however, the vibrational crosstalk has yet to
be studied.

The vibrational crosstalk involves vibration transmission to the tunnel. Thus, the FEA
of the underground tunnel has to be implemented. There are many studies on FE model
implementation. Hatzigeorgiou and Beskos (2010) [9] studied soil-structure interaction
subjected to seismic load. Guo, Xu, et al. (2022) [10] studied the dynamic response of
the tunnel and soil layer under the tunnel induced by the metro train. Wang and Shao
(2022) [11] conducted the numerical analysis to determine long-term structural damage
from train loads. Khan, Sadique, et al., 2022 [12] performed a dynamic analysis of the
tunnel located in dry and saturated soil under seismic loading. Although the FEAs of the
underground tunnel have been studied for many purposes, they generally concentrated on
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the reaction of a tunnel or surrounding soil /rock but not the reaction of components inside
a tunnel.

This research aims to implement Finite Element (FE) models to consider crosstalk,
which is the vibration transmission between the Booster and the Collider of FCC-ee. This
research also seeks to find the significance of vibrational crosstalk compared to the vibration
due to the ground motion. This work focuses on the method to determine the transfer
function of the tunnel built by a tunnel-boring machine (TBM) between the positions where
the supporting systems are fixed. FE models were prepared for frequencies ranging from 0
to 200 Hz.

2. Research Methodology
2.1. Transfer Functions

The Collider and the Booster are subjected to multiple sources of random vibration.
To assess the total responses of the Collider and Booster, determining the transfer function
(H(jw)) of the system and the Power Spectral Density (PSD) excitation of the sources
(Pee(w)) is crucial, as illustrated in the following equations:

q)elel ((U) e q)flem ((U)
D (w) = : : , (1)
qjemel (CL)) T q)emem (C(J)

where m is the number of the sources.
@y (w) = ﬁ(jw)d)ee(a))HT(ja)), 2)

where D, is @ Cross-PSD corresponding to sources p and g, wherep, g=1,2, ..., m; ®,(w)
is a response PSD; and H(jw) and H' (jw) are the complex conjugate and the transpose of
the H(jw), respectively.

The PSD of the response ®,, ;(w) (where subscript i denotes the response direction:
vertical, y; and lateral, x) is essential for determining the root mean square (RMS) of the
response, 0, ;, which is used in comparing the specification. The RMS of the response can
be written as follows:

Ur,i(w) = /woo q)rr,i(w)dw (3)

Figure 2 provides denominations of the points and the definitions of the transfer
functions. The block diagram (Figure 2b) shows that the transfer function from Collider to
Booster Hygsstalk, c—B can be written as follows:

Hrosstaik,c—B = (Hp1,c—8Hn,c—B + Hpz,cBHp,c—8)Hc, c—B- (4)

And the transfer function from the Booster to the Collider (Figure 2¢) Herosstalk B—sC
can be written as follows:

Hrosstalk,B—c = Hep—c(Hn,—cHp1,8—c + Hip—cHp2B—c) (5)

Although the tunnel and surrounding rock system are coupled with the internal struc-
ture, their transfer functions were considered independently, and transfer functions were
plugged in together, as illustrated in the block diagram. To understand this process of
calculation and its limitations, a simple 2 degrees of freedom (DOF) mass-spring-damper
system is demonstrated. Figure 3a shows the 2-DOF system with 2 masses representing the
effective mass of the tunnel with the surrounding rock and the mass of the supporting sys-
tem: M and m with springs with stiffness k; and k; and dashpots with damping coefficients
c1 and cp. Suppose that F is a harmonic force, F = F ¢/“t. Then, the coordinates x; and
X, can be assumed as x; = X1/“f and x = Xe/*, where w is forced angular frequency,
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F; X1, and X; are the amplitude of oscillation; t is time; and j denotes the imaginary
unit number.
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Figure 2. Block diagram of vibrational crosstalk. (a) Diagram of the supporting systems inside the
underground circular tunnel and the denominations of the points. (b) The block diagram of transfer
function from the Collider’s Magnetic Axis to the Booster’s Magnetic Axis. (c) The block diagram of
transfer function from the Booster’s Magnetic Axis to the Collider’s Magnetic Axis.
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Figure 3. (a) The 2 degrees of freedom (DOF) mass-spring-damper system, (b) M detached from the
2-DOF system, and (c) m detached from the 2-DOF system.

Looking first at a direct method to determine Hr, it began with the free-body diagrams
directly from Figure 3a to derive the equation of motion (EOM) of M and m. Then, substitut-

ing x; = X1/, xo = X,e/t, and F = Fel“!, the total transfer function, Hr (jw) = Xp/F,
can be derived as follows:
Hr(iw) = L j2r20o+1
r(jw) = 1 (1—r§+jrzgz)(1—r§+jrlgl) 112 (12000 +1) 6)

and {p =

- _w - _w
where r] = T b2 = ﬁkz/ngl /7 JTm
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Assuming the masses are independent, as depicted in Figure 3b,c, the transfer function
of each mass can be determined separately. Then, transfer functions of mass M and mass m
(Hy and Hy, respectively) were defined and derived as Equations (7) and (8). Total transfer
function, Ht, was obtained by multiplying H1 and Hj, as shown in Equation (9).

. . X1 N 1
Hy(jw) = F _MW2+jWC1+k1 (7)
) — X2 _ jwez + ky
Hy(jw) = X1 —mw?+ jwey + ko (8)
Hr(jw) = Hy(jw)Hz (jw) = 142 21202 o)

F X7 M(1 =13+ jrgo) (1 =12+ jrlh)

As can be seen from Hr(jw) in Equation (9), it differs from Equation (6) due to the pres-
ence of the term 577 (j2r,0, + 1). However, if m < M is assumed, {473 (j2r20p +1) — 0.
It is important to note that the results deviate more with larger mass of the supporting
systems. Furthermore, at a resonance, the term (1 — 13 + jr02) (1 — 12 4 jr1{1) becomes
less, and the term %73 (j2r2{» + 1) becomes more significant to the response. Thus, at a res-
onance, the results deviate when this assumption is set. However, the response RMS relates
to the integration of response PSD (area under the response PSD curve; see Equation (3))
rather than the level of vibration at a peak.

The tunnel and surrounding effective mass were assumed to be far higher than the
supporting system mass. Hence, Hy c—.5, Hn,8—c, Hio,c—B, and Hy p_,c can be deter-
mined without considering supporting system inside. This assumption helps to avoid the
excessively computationally intensive and difficult reduction of the supporting system
into 2D. Apart from that, there are many designs of the supporting systems under study,
including Collider’s supporting system, 6.5 m long wider steel girder 4 HL-LHC jacks,
and Booster’s supporting system, centered with Collider support, the results of which are
presented in Section 3.2. These designs can be easily compared by substituting the transfer
functions of the supporting systems into Equations (4) and (5), without the need to remodel
the entire tunnel simulation. This approach will facilitate comparing and optimizing those
designs conveniently.

2.2. Finite Element Modeling

This section describes the methodology to determine the transfer functions of the
tunnel (Hy,c— 8, Hip,c—B, Hy1,8—c, and Hypp p_,c) by FEM.

2.2.1. Domain Dimension

Considering the advantages of calculating time and disk space, the 2D-plane strain
was selected over 2.5D or 3D, although the 2D-plane strain fails to describe out-of-plane
propagating waves and limits a type of load to line excitations, leading to less accurate
geometrical damping, which involves the energy leaving the system. The 2D-plane strain is
widely used in vibration analyses of an underground tunnel, such as [12,13]. One research
study worth mentioning is by Yang, Liang, et al. (2017) [14], who compared the results from
a 2.5D- and a 2D-plane strain FE Model of the tunnel subjected to train load, taking into
account the roughness of the rail and train speed. They stated that the 2D had limitations in
modeling load sources and failed to describe wave transmission along the tunnel, leading
to less accurate results; yet, it was a conservative and efficient tool.

2.2.2. Boundary Conditions

Choosing the wrong boundary for dynamic analysis of the infinite domain model
causes stress waves to reflect from the boundary back. This reflecting wave leads to an
inaccuracy of the solution. To implement the model in ANSYS software (2022 R2), element
INFIN257 (The red color elements in Figure 4) is available. The element regards Lysmer
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and Kuhlemeyer in 1969 [15,16]. As it is accessible through the software and is simple, this
type of boundary condition was selected.

FCC—-Static Structural

Figure 4. FE Model of FCC-ee tunnel surrounded by a square shape of molasse rock and absorbing
boundary element. The colors displayed designate a type of element: the elements with color red are
INFIN 257, while those with other color are SOLID183.

2.2.3. Material Mechanical Properties

Mechanical properties, including density, elastic modulus, Poisson ratio, and material
damping ratio, relate vibration characteristics. Moreover, these properties were also im-
portant in determining the mesh size sufficient to accurately describe wave propagation
in mediums (details are provided in Section 2.2.4). Hence, they were required to input for
Finite Element Analysis (FEA), and it was essential to investigate in detail.

FCC-ee: “The Lepton Collider: Future Circular Collider Conceptual Design Report
Volume 2” [17] studied the location to place FCC-ee and to find the layout that provides the
most beneficial conditions for tunneling. It was found that a good position to place about
90% of the tunnel is in the sedimentary rock, called molasses, which comprises multiple
layers of sandstone and layers of marl [18]. Because of the composition of molasses which
is varied depending on the locations, the properties of sandstone and marl were studied
separately, and the simulations were divided into 2 extreme cases:

1. The tunnel surrounded by 100% sandstone.
2. The tunnel surrounded by 100% marl.

The mechanical properties of the materials, density, elastic modulus, and Poisson ratio
were gathered from various sources [19-21]. The damping ratio of a concrete structure
is typically 3-5% [22,23]. According to research about marls in the Algiers region, Bedr,
Mezouar, et al. (2019) [24] and Nishi, Ishiguro, et al. (1989), who studied the dynamic
properties of weathered soft rocks in Ishikawa, Tochigi, and Chiba [25], sandstone and marl
damping ratios at small strains (<10~°) are both around 1-2%.

Another point that should be considered is fractures in the molasses, which lead to a
reduction in the elastic modulus. The elastic modulus of the molasses is then reduced from
the intact elastic modulus to the rock mass elastic modulus, which was estimated by Hoek
and Diederichs’s equation [26]:

1-D/2

1+ exp (60+151D17GSI)

Evy = Eintuct 0.02+ (10)
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where GSI is a Geological Strength Index, and D is a disturbance factor. The measurement
information [18] suggests that the GSI for marl is around 30-40, and for sandstone, it is
typically around 100 (intact). In addition, the tunnel-boring machine is not likely to disturb
the sedimentary rock [26]. Therefore, D was assumed to be 0. The material mechanical
properties considering fractures are summarized in Table 1.

Table 1. Material properties of marl, intact sandstone, and C20 concrete.

Mechanical Properties Marl Sandstone C20 Concrete
Density (kg/m?) 2500 2560 2475
Poisson’s ratio 0.230 0.225 0.200
Elastic Modulus (MPa) 80 (rock mass) 3400 (intact) 30,000
Material Damping Ratio 1% 1% 3%
2.2.4. Mesh

The models were meshed by SOLID183 element [16], which is 2D, 8 nodes (quadrilat-
eral elements) or 6 nodes (triangle-shape elements). As described in Kaeablis and Beskos
(1997) [27], the element size for dynamic analysis is limited by the elastic wavelength.
Moreover, 6-12 elements per wavelength are required. In this research, 6 elements per
wavelength were assumed. The element size of sandstone was 0.60 m, whereas, for the
marl, the rock mass elastic modulus of marl is low, resulting in a very short wavelength in
marl and a limit maximum element size. The element size of marl was only 0.09 m.

Apart from the element size limited by the wavelength, the complex shape of the
concrete tunnel influences the accuracy of the system solution. Thus, mesh independence
was performed by varying element sizes of the concrete tunnel surrounded by sandstone.
The mesh of the concrete tunnel was refined by increasing the number of nodes from 35,413
to 49,392, and we found that the results between the two meshes were minimally different,
under 0.6% of maximum gain. As a result, due to efficiency, the mesh with 35,413 nodes
was utilized to conduct this research.

2.2.5. Domain Size

Hatzigeorgiou and Beskos (2010) [9] described that if the lateral length of the rock
domain is not adequate, it leads to “erroneous results”. Based on the literature review
(Table 2), the lateral length of a domain varies from around 5 to 17.5 times the tunnel
diameter. Since the literature review used the various types of boundary conditions which
relate to domain size, the domain size was further investigated.

Table 2. Literature reviews: boundary condition and the ratio of the domain size and the tunnel.

Research Boundary Condition The Ratio *
Hatzigeorgiou and Beskos (2010) [9] studied Unified viscous 58and 17.5
soil-structure interaction. boundaries ’ ’
Gu('), Xu, et al. (2022) [10] studied fhe Free Field boundary
dynamic response of the tunnel and soil layer condition 8.1
under the tunnel induced by the metro train.
Wang and Shao (2022) [11] conducted the . .
. . . Viscous-spring boundary
numerical analysis to determine long-term .9 8.3
. condition
structural damage from train load.
Khan, Sadlque, 'et al. (2022) [12] performed a Standard absorbing
dynamic analysis of the tunnel located in dry 15
boundary

and saturated soil under seismic loading.

* The ratio = the lateral length of a domain/the diameter of a tunnel.
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Domain size (denoted with b x b; see Figure 4) was varied to 35 x 35 (ratio = 5.38),
60 x 60 (ratio = 9.23), and 100 x 100 m? (ratio = 15.38), and one load case was conducted to
compare the results from different sizes. However, if the domain size is too large, the model
will be computationally intensive. Comparing between the sizes, it was found that, for
the simulation of the tunnel surrounded by sandstone, the domain size of 35 x 35 m? was
different from 100 x 100 m? by a substantial margin of 36.0%. In contrast, the domain size
of 60 x 60 m? deviates from 100 x 100 m? below 9.5% of the maximum gain. The material
properties and mesh size of marl are different from sandstone. As a result, two simulations
with domain sizes of 35 x 35 and 60 x 60 m? were carried out for marl surrounding rock.
The results revealed consistency between the two domain sizes, difference of gain under
13.6% and lower than 1.68% of the maximum gain in the frequency range of 6-200 Hz.
Thus, the calculation adopted the 60 x 60 m? domain size for all simulations.

2.2.6. Load Cases

There were 4 transfer functions to determine: the transfer functions from the Col-
lider fixed point (CFP) to the Booster fixed point 1 (BFP1) and 2 (BFP2) and the other 2
in the opposite directions. The transfer functions from BFPs to the CFP were obtained
using harmonic analysis module in ANSYS. This allowed for the implementation of the
harmonic force excitation (HFE) at a source and the inspection of the displacement response
(DR) at the points of interest. A transfer function consists of 4 components (showed in
Equation (11)), corresponding to the 2 directions of the response and the 2 directions of the
excitation. The rotational response and its excitation were not considered. The definition to
determine each transfer function component is provided in Equations (12) and (13).

. R H, H E
R = Hyip,cE, where Hy; g, is either Hy g, c or HtZ,B—>C{ v } = { Wy x} [ Y } (11)

Ry vy  Hxx x
DR at CFP
Hp p—sclm/(N/m)] = acting at BFP1 (12
DR at CFP
Hppsc[m/(N/m)] = HFE acting at BFP2 1%

Unlike the transfer functions from the Booster fixed points to the Collider fixed point,
the transfer functions from the Collider fixed point to the Booster fixed points, Hy; c_,3,
also have the moment excitation due to the lateral movement of the Collider (Figure 5).
However, since the rotational response was not considered and the torque, 7, depended
on F, (T = hFy, where h is the height of the Collider), the H; c_,p, as a 3 x 3 matrix, was
simplified to a 2 x 2 matrix, as demonstrated in Equation (14). The definitions of the
transfer functions are written in Equations (15) and (16).

HW ny HW Fy

H H, + hH, F
Hti,C—>BE = ny Hyx Hy Fel — Ht,C—>BE = Hyy ny + hHW:| |:Fy:| (14)
Hry H,. H, M xy xx xr x
DR at BFP1
H = 1
n.co[m/(N/m)] = e acting at CEP (15)
DR at BFP2
Hpcp[m/(N/m)] = (16)

~ HFE acting at CFP
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Figure 5. The load case corresponds to the lateral movement of the Collider.

Hence, six separate simulations were conducted. Simulation 1: The vertical HFE was
introduced at BPF1, and the vertical and lateral DR at CFP were inspected. Simulation 2:
The lateral HFE was introduced at BPF1, and vertical and lateral DR at CFP were inspected.
The results of simulations 1 and 2, Hy p_, ¢, were calculated. For simulations 3 and 4, the
process was repeated with vertical and lateral HFEs introduced at BPF2 instead of BPF1,
yielding Hy, g_,c. Simulation 5: The vertical HFE was introduced at CFP, and the vertical
and lateral DR at both BFP1 and BFP2 were inspected. Simulation 6: The lateral HFE and
the moment harmonic excitation were introduced at CFP, and the vertical and lateral DR at
both BFP1 and BFP2 were inspected. Simulations 5 and 6 resulted in Hy ¢_,g and Hp p_,c-

3. Results and Discussion
3.1. The Transfer Functions of the Tunnel

Figures 6 and 7 depict Hyy c—5, Hio c— 8, H11,8—c, and Hy p_,c. Each transfer function
contains four components corresponding to the two load cases (load causing by movement
of magnets moving in vertical direction and horizontal direction) and two directions of
response. The graphs described gain, |H(jw)|, and phase, angle(H(jw)), as a function
of frequency and the parameter of the graphs as the types of surrounding rock (100%
sandstone and 100% marl). The trends indicate that the vibration level of the tunnel
surrounded by marl, with a significantly lower rock mass elastic modulus compared to
sandstone, far surpassed those surrounded by sandstone almost throughout the frequency
range of consideration. This implies that, in the tunnel section located in an area that has a
high content of weathered marl, the crosstalk affects more than in an area that has stiff and
intact rock. Additionally, the vibration gain generally dropped over frequency, except for
Hu,cB,xx, Hi,c—B,yx, Hi, B xx, and Hy psc vy, where the gains decreased until 120 Hz
and then increased again after that. This was caused by the load that induced mode 3 of the
concrete invert shown in Figure 8. Mode 1 and mode 2 of the concrete invert did not appear
to contribute to the transfer functions. Furthermore, the gains for diagonal components
were higher than those for the off-diagonal components.
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Figure 6. Transfer functions from Collider fixed point to Booster fixed points (Booster fixed point
1 (a—d); Booster fixed point 2 (e-h)) (force excitation with displacement response) of the tunnel in
various types of rock—sandstone and marl. BPF stands for Booster fixed point, and CPF stands for
Collider fixed point (see also Figure 2). The matrix displayed in each graph indicates a component of
the transfer function (see Section 2.2.6).
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Figure 7. Transfer functions from Booster fixed points to Collider fixed point (Booster fixed point
1 (a—d); Booster fixed point 2 (e-h)) (force excitation with displacement response) of the tunnel in
various types of rock—sandstone and marl. BPF stands for Booster fixed point, and CPF stands for
Collider fixed point (see also Figure 2). The matrix displayed in each graph indicates a component of
the transfer function (see Section 2.2.6).
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Figure 8. Modal analysis of the fixed concrete invert. (a) Boundary condition of the concreate invert
modal analysis. (b) Mode 1: 155 Hz. (c¢) Mode 2: 249 Hz. (d) Mode 3: 317 Hz.

3.2. The Vibrational Crosstalk Transfer Functions

This section elaborates on the results of the transfer functions of the tunnel incorporate
the transfer function of example designs of Collider’s supporting system, 6.5 m long wider
steel girder 4 HL-LHC jacks, and Booster’s supporting system, centered with Collider
support, to find Heyosstalk, c—s5 and Herosstalk, B—>c, @s defined in Equations (4) and (5).

The diagonal components, Hy, and Hyy, of the transfer function are explained in
detail. (All components of the crosstalk transfer functions are plotted in Appendix A). The
transfer functions used in this calculation were the transfer functions of the tunnel, the
transfer function of the Collider with the 6.5 m long wider steel girder 4 HL-LHC jacks,
and the transfer function of the Booster with the Centered with Collider support. The
crosstalk transfer functions were compared to the amplification of ground motion, which is
represented by the transfer function from the ground, where a supporting system is fixed
to a magnetic axis.

Figure 9 illustrates the gain of the Booster and vibrational crosstalk from the Collider to
the Booster occurring in the tunnel surrounded by sandstone and marl. The Booster, which
was subjected to displacement excitation at both fixed points, exhibited high vibration
levels at 21.4, 33.9, 49.8, 77.9, and 93.9 Hz. The trends remained in vibrational crosstalk,
but the gains were far lower. For instance, at frequency 21.4 Hz, the gains of the two
components of the Booster were at approximately 20 m/m, while crosstalk occurring in
the tunnel surrounded by marl only around 2 m/m (10% of the Booster H,;, gain) for the
component H,,, and around 0.7 m/m (3.5% of the Booster H,, gain) for the component
Hyy. Even lower levels of vibration could be seen from the crosstalk occurring in the tunnel
surrounded by sandstone, where the gains of Hy, and Hy, were around 0.2~0.5 m/m
(1~2.5% of the Booster Hy, gain).

Figure 10 displays the gains of the Collider and the vibrational crosstalk from the
Booster to the Collider, occurring in the tunnel surrounded by sandstone and marl. When
examining the Collider magnet’s response to displacement excitation at the fixed point, two
distinct peaks in the Hy, gain at 13.8 and 18.2 Hz were observed. The values of the gain at
these peaks were at 10 and 15.6 m/m, respectively. The Hy, gain peaks notably at 64.1 Hz,
with a value of 34.6 m/m. The crosstalk from Booster to Collider maintained a shape
similar to the Collider gain. The gain of Hyy of the crosstalk occurring in the tunnel with
marl was approximately 0.2~0.3 (2~3% of the Collider Hy, gain) at the 13.8 and 18.2 Hz
peaks. Those occurring in the tunnel with sandstone were lower, at 0.03~0.07 (0.03~0.07%
of the Collider Hyy gain). The gains of Hy, of the crosstalk were negligibly low, from 50 to
100 Hz, fluctuating around 10 x 10~* m/m. In contrast, the gain of H,, of the crosstalk



Vibration 2024, 7 924

reached a peak at 64.1 Hz. Those occurring in the tunnel with marl at the frequency were
at around 0.64 m/m (1.8% of the Collider Hy, gain). Those occurring in the tunnel with
sandstone at the frequency were at 0.32 m/m (0.9% of the Collider H,, gain).

Vibrational crosstalk transfer function from Collider to Booster
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Figure 9. Total transfer function from the Collider magnetic axis to the Booster magnetic axis and the
transfer functions from ground to the Booster magnetic axis (ground motion amplification).
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Figure 10. Total transfer function from the Booster magnetic axis to the Collider magnetic axis the
transfer functions from ground to the Collider magnetic axis (ground motion amplification).

In short, the gains crosstalk both from the Booster to Collider and from the Collider
to Booster with this specific design of supporting system were relatively low, each being
under 10% compared to the gain from ground to the magnet level of the Collider and the
Booster. Nonetheless, the PSD of the Collider and Booster (®,.(w) in Equation (1)) should
be measured in order to determine the accumulated response PSD (®,,(w) in Equation (2)),
which can indicate how much the crosstalk contributes to the overall vibration.

4. Conclusions

The objective of this analysis was to predict vibrational crosstalk transfer functions
between the Collider and the Booster by simulations for use in comparative designs.
Also, the transfer functions of these components were determined through three separate
simulations, namely the Collider, the Booster, and the underground tunnel, and were
integrated using block diagram. This research focused on modeling the FE model of the
underground tunnel, which adopted a 2D-plain stain with the standard viscous boundary.
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Upon reviewing the literature, it was found that the natural geological material under the
CERN site was molasses—sandstone mixed with marl. Therefore, two extreme cases were
conducted: the transfer functions of the tunnel surrounded by 100% intact sandstone and
surrounded by 100% weathered marl. The results revealed that the vibration level of the
tunnel surrounded by marl was higher than that with sandstone across almost the entire
frequency range of interest. Moreover, the transfer functions of the supporting systems
and the tunnel were incorporated into crosstalk transfer functions from Collider’s magnet
to Booster’s magnet and from Booster’s magnet to Collider’s magnet. It is observed that
the gains of the crosstalk transfer functions were below 10% of the transfer functions from
ground to Booster magnet or Collider magnet (ground motion amplification). Furthermore,
as the vibration of the particle accelerators can also be caused by other sources, such as
water pipes and ventilations, despite focusing on crosstalk, this research could potentially
be adapted to include the vibration induced by other components inside the tunnel, which
is also essential to find the optimal layout of the tunnel and achieve high-performance
particle accelerators.

The research could be extended further by measuring the vibration produced by
operating both the Booster and Collider to understand the response of a particle accelerator
induced by the other.

Remarks

1.  The accuracy of the methodology for determining crosstalk was promising yet limited,
as it assumed the mass of the Collider and Booster to be negligible compared to the
effective mass of the tunnel. This discrepancy might affect the accuracy of the results.

2. Due to geological uncertainty, the sensitivity of material properties may need fur-
ther investigation.

3. Further investigation into the rotational excitations of the Collider may be necessary,
as they could potentially increase crosstalk vibration from the Booster to the Collider.

4. The simulation could also be refined using 2.5D or 3D simulations of the tunnel to
consider geometric damping more accurately.
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Appendix A

This section provides information about all components of the crosstalk transfer func-
tions. Figures Al and A2 displays the four components of Hyosstalk,c—B and Herosstalk B— ¢
respectively, with the types of surrounding rock as a parameter.
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Vibrational crosstalk transfer function from Collider to Booster
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