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Abstract
In the Compact LInear Collider (CLIC) currently under study, electrons and positrons will be accelerated
in two linear accelerators to collide at the interaction point with an energy of 0.5- 3 TeV. This machine is
constituted of a succession of accelerating structures, used to accelerate the beams of particles, and elec-
tromagnets (quadrupoles) used to focus the beams. In order to ensure good performances, the quadrupoles
have to be extremely stable. Additionally, they should also have the capability to move by steps of some tens
of nanometers every 20 ms with a precision of +/- 1nm. This paper proposes a holistic approach to fulfill
alternatively both requirements using the same device. The concept is based on piezoelectric hard mounts
to isolate the quadrupoles from the ground vibrations in the sensitive range between 1 and 20 Hz, and to
provide nano-positioning capabilities. It is also shown that this strategy ensures robustness to external forces
(acoustic noise, water flow for the cooling, air flow for the ventilation) directly acting on the quadrupoles.
In the first part, the strategy adopted is presented, and its advantages compared to other stabilization strate-
gies are discussed. In the second part, experimental validations are presented on two test benches. Both
set-ups consist of a compact mass, supported by piezoelectric hard mounts. Isolation and nano-positioning
performances are presented, and specific issues of sensor noise and resolution are addressed.

1 Introduction

The stabilization of structures at the nanometer scale is a concern in various fields of precision engineering,
like interferometers [1], microscopes [2] or manufacturing [3]. In the Compact LInear Collider (CLIC)
currently under study [4], electrons and positrons will be accelerated in two linear accelerators to collide
at the interaction point with an energy of 0.5 − 3 TeV . To acquire such a high energy, the total length of
the machine should to be up to 48 km. This linear accelerator will consist of a succession of accelerating
structures and heavy electromagnets (quadrupoles). The former are used to accelerate the particles to increase
their energy; the latter are used to maintain the beam inside the vacuum chamber (alternating gradient) and
to reach the required luminosity at the collision point. However, any oscillation of one quadrupole deflects
the beam, and reduces the luminosity. More precisely, if Φx(f) is the power spectral density of the vertical
displacement of the quadrupole, it has been estimated that the integrated Root Mean Square (RMS) σx(f),
defined as

σx(f) =

√∫ ∞
f

Φx(ν)dν (1)

must stay below 1 nm [5] above 1Hz to ensure sufficient performances. Similarly, it must stay below 5 nm
in the lateral direction. This concerns about 2000 quadrupoles per beam line. Figure 1(a) shows the typical
power spectral density in the LHC tunnel, Φw(f), and the power spectral density of the measurement noise,
Φn(f). Figure 1(b) shows the corresponding RMS integrated curves. One sees on this figure that, in order
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to reach the objective of stability, one needs to design a support that reduces the ampltitude of the ground
motion by roughly a factor four in the frequency range between 1 and 20 Hz. Below 1 Hz, the ground motion
corresponds essentially to coherent (micro-seismic) waves propagating on the surface of the terrestrial crest;
above 20 Hz, the ground motion does not provide any significant contribution to the integrated RMS at 1 Hz.

Figure 1: Typical power spectral density of the ground vibration in the LHC tunnel, and power spectral
density of the measurement noise; (b) Integrated RMS vertical displacement in the LHC tunnel calculated
using Equ.(1); Integrated RMS of the sensor noise, and objective of the stabilisation.

In addition to this requirement of stability, the support strategy has to fulfil some other requirements:

• About 80 of these quadrupoles should have the capability to move by steps of some tens of nanometers
every 20 ms [6], with a precision of +/− 1nm.

• The size of the tunnel is very restricted, and the space available for the mounts should not exceed a
height of 15 cm.

• The direct environment of the future CLIC collider is subjected to radiations and stray magnetic fields.
In order to ensure a full compatibility, this requirement excludes the use of electromagnetic equipments
(electromagnetic actuators and sensors using coils likes commercial seismometers).

• In operating conditions, the quadrupoles are also subjected to several types of disturbances, commonly
referred to as technical noise: acoustic noise, cooling system, ventilation. The supports should accord-
ingly ensure a sufficient robustness to the external forces generated by these disturbances.

• The support should allow a temperature change of about 25 K during transients. Features should be
implemented to protect the actuating system during transport and handling.

To demonstrate the feasibility to fulfil such stringent requirements, it is planned to build a mock-up of the
longest CLIC main beam quadrupole on its support. This paper shows experimental results obtained on two
simplified test benches, constituting intermediate steps toward the feasibility demonstration. The paper is
organized as follows. Section two presents the control strategy adopted to stabilize the quadrupole. Section
three presents an experimental validation of the stabilization strategy on a scaled test bench, and on a full
scale test bench. Section four draws the conclusions.
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2 Control strategy

2.1 Literature review

In a passive suspension constituted by a simple sping k in parallel with a dashpot c, an overshoot appears on
the transmissibility between the ground excitation and the payload response at a frequency corresponding to
the resonance of the payload on the suspension stiffness (see e.g. the black dashed curve in Fig.2a, tuned
to have a resonance at 20 Hz). Then, for higher frequencies, the curve is decreasing, and the isolation
(transmissibility below 1) starts at

√
2fn (where 2πfn =

√
k/m).

Figure 2: Various passive and active control strategies. (a) Transmissibilities Twx(f) between the ground
and the quadrupole; (b) Compliance TFx(f) between a force applied on the quadrupole and the resulting
displacement.

In order to increase the passive isolation, the first idea is to reduce the value of fn as much as possible
[7, 8]. However, as the resonance frequency of the system decreases (e.g. resonance tuned at 2 Hz in Fig.2a),
it also becomes rapidly unacceptably sensitive to any external force directly applied on the quadrupole at
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very low frequency, and especially at the resonance frequency. This is illustrated in Fig.2(b), showing the
transmissibility (compliance) between a force applied on the quadrupole and its vertical displacement x. This
is a reason why we are restricted to active isolation. A velocity feedback (so called sky-hook damper [9])
can remove the overshoot at the resonance (Fig.2), but does not reduce the compliance at very low frequency
(Fig.2b). Figure 3 shows three other configurations of active isolation strategies. The first two ones are
based on the use of a reference mass, mounted either on the payload (Fig.3a [10, 11]) or directly on the
ground (Fig.3b [12, 13, 14, 15]). The feedback law is based on the measurement of the relative displacement
between the reference mass and the payload. The transmissibilities are also shown in Fig.2a. At very low
frequency, and for comparable plant, the strategy (b) has the advantage over (a) to be more robust to external
forces (see Fig.2b).

Figure 3: Three strategies used for active vibration isolation.

The third strategy (Fig.3c [16, 17, 18]) is an example of two-stages active mount. It is constituted of an
intermediate mass mounted on a stiff piezoelectric stack, and in series with an elastomeric layer. In this
case, the feedback is based on the combination of a measurement of the relative displacement between the
two masses and the absolute velocity of the intermediate mass. The typical transmissibility and compliance
are also shown in Fig.2. This strategy has already been used in previous studies on quadrupole stabilization
[19, 20]. While efficient for the stabilization of quadrupoles, these systems are still much too soft to fulfil
the positioning requirements. For this reason, it has been decided to use the strategy (a), using a geophone
for the reference mass, stiff piezoelectric actuators, like in [21, 22], and reduce actively the transmissibility
Twx(f) at low frequencies (mainly the range between 1 Hz and 20 Hz) [23]. Many details of the strategy
can be found in [24].

2.2 Quadrupole dynamics

The strategy adopted to support the quadrupole is inspired from the concept of a Stewart platform [25, 26, 27].
It is a well known concept that has been applied for both vibration isolation and precise positioning of ground
and space structures. To tackle with the large length of the quadrupole, the six legs are mounted as depicted
in Fig.4. The orientations of the legs result from a tradeoff between the following requirements: provide
a good stability in the longitudinal direction, manoeuvrability in both vertical and lateral directions, allow
a sufficient resolution in the vertical direction, and ensure a static equilibrium when no control is applied.
Assuming that the quadrupole is rigid, the dynamic equations of the system are

M ẍ = F (2)
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where M =diag(m,m,m, Iθ, Iϕ, Iψ) is the mass matrix, x = (x, y, z, θ, ϕ, ψ) is the vector describing small
displacements of the quadrupole, and F is the vector of resulting forces and torques applied by the legs on
the quadrupole. F is related to the axial forces in each leg by

F = Bf (3)

where f = (f1, f2, ..., f6)T is the vector of active control forces in the six legs and B the force jacobian
matrix. Assuming that there is no damping in the legs, fi is given by

fi = ka(−qi + ∆i + wli) (4)

where ka is the axial stiffness of each leg, qi and wli are respectively the displacement of the quadrupole
and the ground in the direction of the leg. ∆i is the elongation of the leg due to a voltage Vi applied to the
piezoelectric stack

∆i = nd33Vi (5)

where nd33 is a characteristic of the actuator.

Replacing (3) and (4) in (2) gives

M ẍ +Kx = kaB∆ + kaBwl (6)

or again

M ẍ +Kx = kaB∆ + kaBEw (7)

where K = kaBB
T is the stiffness matrix, w and wl are the ground excitation vector and the ground

excitation vector in the legs, and E is the excitation matrix projecting w in the directions of the legs.

Figure 4: Simplified drawing of the quadrupole: (a) Perspective view; (b) Top view.

Let J be the Jacobian matrix relating the elongations velocities of the legs q̇ and the velocity vector ẋ as
q̇ = J ẋ. According to the virtual work principle, we have

FT δx = fT δq = fTJδx (8)
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After identification, we have F = JT f . Comparing with (3) leads to B = JT .

The analytical expression of J is found as follows. First, let us split the velocity vector ẋ into translational
and rotational components such as ẋT = (vT , ωT ) where vT = (ẋ, ẏ, ż) and ωT = (θ̇, ϕ̇, ψ̇). Then, the
velocity of the fixation point of leg i is

vi = v + ω × pi (9)

where pi is the coordinate of the extremity of leg i in the reference frame fixed on the quadrupole. If 1i is a
unit vector in the direction of leg i, the velocity of the extension of the leg is obtained by projecting vi along
1i

q̇i = 1Ti vi = 1Ti (v + ω × pi) (10)

or

q̇i = 1Ti vi = 1Ti (v − pi × ω) (11)

Proceeding the same way for each leg, we have finally

J =

 ... ...
1Ti −1Ti p̃i
... ...

 (12)

where p̃i is the antisymmetric matrix calculated from pi to express the cross product.

2.3 Quadrupole stabilization

After integrating the lateral and vertical ground velocities measured by the geophones (G4 and G5 in Fig.4),
there is a linear relationship between the sensor output and the coordinates of the quadrupole

y = Cx = CJ−1q (13)

where y is the measurement vector, C a matrix containing the sensor dynamics. Then, the forces exerted by
the actuators on the quadrupoles are

F = kaB∆ = kaBH(f)C−1Jy (14)

where H(f) is the controller.

3 Experimental validations

3.1 Scaled test bench

In order to test experimentally the stabilization strategy described above, a scaled test bench has been de-
signed to represent one sixth of the quadrupole mounted on one active leg. The experimental setup consists
of a guided piezoelectric stack, clamped in a double membrane like structure to allow only a vertical motion.
Two geophones are used to measure the vibrations at both ends of the actuator. The aim of the experiment is
to stabilize a small mass laying on the top of the membrane, i.e. the geophone itself (Fig.5a).

It is located in a tunnel where the amplitude of the ground motion is similar to the values measured in the
LHC tunnel. The nano-positioning capability of the leg has been tested with a square command, with an
amplitude of 10 nm and a frequency of 50 Hz. On sees in Fig.5b that the actuator follows the request very
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Figure 5: (a) Picture of the scaled test bench; (b) Nano-positioning experiment.

well. For the stabilization of the top geophone, the controller is based on the measurement of the absolute
velocity and is designed as follows: a proportional gain, a Butterworth high pass filter at 0.5Hz, introduced
in the controller to remove the drift in the signals, and a lag at 30Hz to improve the stability. Figure 6 shows
the RMS integrated displacement of the top geophone for two experiments, one performed during the day
and one performed during the night. During the day, at 1Hz, one sees that the feedback control has reduced
σx(f) from 4.7 nm to 1.4 nm, i.e. a reduction by a factor 3.5. During the night, when the ground motion is
even lower, σx is reduced from 1.8 nm to 1 nm at 1 Hz.

[n
m

]

[Hz]

[Hz]

[m
]

sensor
noise

Objective

Figure 6: Comparison of RMS integrated of the top displacement σx(f) when the controller is ON and OFF,
during the day and during the night.

Although this value corresponds to the requirements, the controller still needs to be improved to reach this
required value during the day, i.e. in conditions similar to a realistic, active accelerator environment. Better
results are anyway expected from an optimized combination of the feedback and feed forward, and a more
adapted hardware. As an intermediate step between this extremely simple, scaled test bench, and the full
scale quadrupole (400 Kg weight), it has been decided to construct a full scale setup, in order to address
specific issues. This bench is briefly presented in the next section, along with preliminary results.
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3.2 Full scale test bench

The test bench presented in this section is a tripod, inspired from [21, 22], but designed to be modular, in
order to be able to address a certain number of difficulties including: the stabilization in both vertical and
lateral direction, the nano-positioning in both vertical and lateral direction, mounting, jointure and guide
design. Figure 7a shows a picture of the test bench. It is constituted of a compact mass of 100Kg, supported
by three legs, two passive mounts and one piezoelectric stack actuator.

Figure 7: Full scale test bench (tripod): (a) Picture of the tripod; (b) Time history of the actuator stroke
resulting from a square wave command.

The nano-positioning capability of the active support is presented in Fig.7b. The stabilization performances
are similar to those obtained with the scaled test bench, but have not yet been tested in a quiet environment.

4 Conclusions and future work

First of all, a concept of six legs has been presented to support the quadrupole in order to fulfill alternatively
the different requirements. Then, the strategy has been tested experimentally on two single d.o.f. set-ups. It
has been shown that both can fulfill the nano-positioning requirements.

It has also been possible to stabilize the scaled set-up at the requested value, when it is placed in a quiet
environment. The next steps are to test the control strategy, in both vertical and lateral direction, on the full
scale set-up. Then, the stabilization of a long dummy quadrupole will be addressed.
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