
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/44105422

Active Control of Quadrupole Motion for Future Linear Particle Colliders

Article  in  Proceedings of the IASTED International Conference on Intelligent Systems and Control · January 2009

Source: OAI

CITATION

1
READS

31

6 authors, including:

Some of the authors of this publication are also working on these related projects:

PACMAN View project

Isolation of Gravitational Wave Observatories from Earth View project

C. Collette

Université Libre de Bruxelles

207 PUBLICATIONS   48,872 CITATIONS   

SEE PROFILE

Kurt Artoos

CERN

77 PUBLICATIONS   663 CITATIONS   

SEE PROFILE

Michael Guinchard

CERN

124 PUBLICATIONS   1,005 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Kurt Artoos on 05 April 2022.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/44105422_Active_Control_of_Quadrupole_Motion_for_Future_Linear_Particle_Colliders?enrichId=rgreq-9abd9ac15b48e27f71b8f7e2bc349661-XXX&enrichSource=Y292ZXJQYWdlOzQ0MTA1NDIyO0FTOjExNDE0NzkwNDA5MjU2OTZAMTY0OTE2MTIxOTE5NQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/44105422_Active_Control_of_Quadrupole_Motion_for_Future_Linear_Particle_Colliders?enrichId=rgreq-9abd9ac15b48e27f71b8f7e2bc349661-XXX&enrichSource=Y292ZXJQYWdlOzQ0MTA1NDIyO0FTOjExNDE0NzkwNDA5MjU2OTZAMTY0OTE2MTIxOTE5NQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/PACMAN?enrichId=rgreq-9abd9ac15b48e27f71b8f7e2bc349661-XXX&enrichSource=Y292ZXJQYWdlOzQ0MTA1NDIyO0FTOjExNDE0NzkwNDA5MjU2OTZAMTY0OTE2MTIxOTE5NQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Isolation-of-Gravitational-Wave-Observatories-from-Earth?enrichId=rgreq-9abd9ac15b48e27f71b8f7e2bc349661-XXX&enrichSource=Y292ZXJQYWdlOzQ0MTA1NDIyO0FTOjExNDE0NzkwNDA5MjU2OTZAMTY0OTE2MTIxOTE5NQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-9abd9ac15b48e27f71b8f7e2bc349661-XXX&enrichSource=Y292ZXJQYWdlOzQ0MTA1NDIyO0FTOjExNDE0NzkwNDA5MjU2OTZAMTY0OTE2MTIxOTE5NQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/C-Collette?enrichId=rgreq-9abd9ac15b48e27f71b8f7e2bc349661-XXX&enrichSource=Y292ZXJQYWdlOzQ0MTA1NDIyO0FTOjExNDE0NzkwNDA5MjU2OTZAMTY0OTE2MTIxOTE5NQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/C-Collette?enrichId=rgreq-9abd9ac15b48e27f71b8f7e2bc349661-XXX&enrichSource=Y292ZXJQYWdlOzQ0MTA1NDIyO0FTOjExNDE0NzkwNDA5MjU2OTZAMTY0OTE2MTIxOTE5NQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universite_Libre_de_Bruxelles?enrichId=rgreq-9abd9ac15b48e27f71b8f7e2bc349661-XXX&enrichSource=Y292ZXJQYWdlOzQ0MTA1NDIyO0FTOjExNDE0NzkwNDA5MjU2OTZAMTY0OTE2MTIxOTE5NQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/C-Collette?enrichId=rgreq-9abd9ac15b48e27f71b8f7e2bc349661-XXX&enrichSource=Y292ZXJQYWdlOzQ0MTA1NDIyO0FTOjExNDE0NzkwNDA5MjU2OTZAMTY0OTE2MTIxOTE5NQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kurt-Artoos?enrichId=rgreq-9abd9ac15b48e27f71b8f7e2bc349661-XXX&enrichSource=Y292ZXJQYWdlOzQ0MTA1NDIyO0FTOjExNDE0NzkwNDA5MjU2OTZAMTY0OTE2MTIxOTE5NQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kurt-Artoos?enrichId=rgreq-9abd9ac15b48e27f71b8f7e2bc349661-XXX&enrichSource=Y292ZXJQYWdlOzQ0MTA1NDIyO0FTOjExNDE0NzkwNDA5MjU2OTZAMTY0OTE2MTIxOTE5NQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/CERN?enrichId=rgreq-9abd9ac15b48e27f71b8f7e2bc349661-XXX&enrichSource=Y292ZXJQYWdlOzQ0MTA1NDIyO0FTOjExNDE0NzkwNDA5MjU2OTZAMTY0OTE2MTIxOTE5NQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kurt-Artoos?enrichId=rgreq-9abd9ac15b48e27f71b8f7e2bc349661-XXX&enrichSource=Y292ZXJQYWdlOzQ0MTA1NDIyO0FTOjExNDE0NzkwNDA5MjU2OTZAMTY0OTE2MTIxOTE5NQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Michael-Guinchard?enrichId=rgreq-9abd9ac15b48e27f71b8f7e2bc349661-XXX&enrichSource=Y292ZXJQYWdlOzQ0MTA1NDIyO0FTOjExNDE0NzkwNDA5MjU2OTZAMTY0OTE2MTIxOTE5NQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Michael-Guinchard?enrichId=rgreq-9abd9ac15b48e27f71b8f7e2bc349661-XXX&enrichSource=Y292ZXJQYWdlOzQ0MTA1NDIyO0FTOjExNDE0NzkwNDA5MjU2OTZAMTY0OTE2MTIxOTE5NQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/CERN?enrichId=rgreq-9abd9ac15b48e27f71b8f7e2bc349661-XXX&enrichSource=Y292ZXJQYWdlOzQ0MTA1NDIyO0FTOjExNDE0NzkwNDA5MjU2OTZAMTY0OTE2MTIxOTE5NQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Michael-Guinchard?enrichId=rgreq-9abd9ac15b48e27f71b8f7e2bc349661-XXX&enrichSource=Y292ZXJQYWdlOzQ0MTA1NDIyO0FTOjExNDE0NzkwNDA5MjU2OTZAMTY0OTE2MTIxOTE5NQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kurt-Artoos?enrichId=rgreq-9abd9ac15b48e27f71b8f7e2bc349661-XXX&enrichSource=Y292ZXJQYWdlOzQ0MTA1NDIyO0FTOjExNDE0NzkwNDA5MjU2OTZAMTY0OTE2MTIxOTE5NQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf


EuCARD-CON-2009-031

European Coordination for Accelerator Research and Development

PUBLICATION

Active Control of Quadrupole Motion for
Future Linear Particle Colliders

Collette, Christophe (CERN) et al

28 May 2010

The research leading to these results has received funding from the European Commission
under the FP7 Research Infrastructures project EuCARD, grant agreement no. 227579.

This work is part of EuCARD Work Package 9: Technology for normal conducting higher
energy linear accelerators.

The electronic version of this EuCARD Publication is available via the EuCARD web site
<http://cern.ch/eucard> or on the CERN Document Server at the following URL :

<http://cdsweb.cern.ch/record/1268422

EuCARD-CON-2009-031

http://cern.ch/eucard
http://cdsweb.cern.ch/record/1268422


ACTIVE CONTROL OF QUADRUPOLE MOTION FOR FUTURE LINEAR
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ABSTRACT
The future Compact LInear particle Collider (CLIC) under
study at CERN will require to stabilize heavy electromag-
nets, and also provide them some positioning capabilities.
Firstly, this paper presents the concept adopted to address
both requirements. Secondly, the control strategy adopted
for the stabilization is studied on a single degree of free-
dom system, and validated experimentally in a quiet envi-
ronment.

KEY WORDS
Seismic excitation, Stabilization, Position feedback, Pre-
cise positioning.

1 Introduction

In the Compact LInear Collider (CLIC) currently under
study [1], 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 is expected to be up to 48 km.
This linear accelerator will consist of a succession of accel-
erating 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 os-
cillation of one quadrupole deflects the beam, and reduces
the luminosity. More precisely, if Φx(f) is the power spec-
tral 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 [2] above 1 Hz to ensure suffi-
cient performances (Fig.1(a)). Similarly, it must stay be-
low 5 nm in the lateral direction. This concerns about
2000 quadrupoles per beam line. Additionally, about 80
quadrupoles should have the capability to move by steps of
some tens of nanometers every 20 ms [3], with a precision
of +/− 1nm (see Fig.1(b)).
To demonstrate the feasibility to fulfil such stringent re-
quirements, it is planned to build a mock-up of the longest

Figure 1. (a) Frequency domain requirements for the stabi-
lization; (b) Time domain requirements for the positioning.

CLIC main beam quadrupole with its support.

2 Control strategy

The stabilization of structures at the nanometer scale is a
concern in various fields of precision engineering, like in-
terferometers [4], microscopes [5] or manufacturing [6]. In
this section, only a few key experiments of quadrupole sta-
bilization are presented, and some of their characteristics
are compared in Table 1: the number of degrees of free-
dom (d.o.f.), the type of actuator, the number of stages for
the isolation (i.e. the number of spring-mass systems in se-
ries), the positioning capability, the overall stiffness of the
support and the ratio between the RMS integrated displace-
ment of the ground and the mass to stabilize at 1 Hz.
In order to understand the advantages and disadvantages of
these approaches, let us consider a single d.o.f. quadrupole
shown in Fig. 2(a). Assuming that the alignment stage
(which is not discussed in this paper) is completely rigid,



DESY CERN LAPP SLAC
Ref. [7, 8] [9] [10] [11, 12]
d.o.f. 1 1 1 6

Actuator Piezo Piezo Piezo Electro-
static

Stages 1 2 2 1
Positioning No No No No
Suspension Stiff Soft Soft Soft
σw/σx@ 1 Hz 3 3 2 50

Table 1. Comparison of several strategies adopted for the
stabilization of quadrupoles.

the transmissibility Twx(f) between the ground w and the
mass (quadrupole) displacement x is shown in Fig. 2(b)
for three values of the damping coefficient c. On the trans-

Figure 2. (a) Single d.o.f oscillator; (b) Transmissibility
Twx(f) between the ground and the mass displacement for
three values of the damping coefficient.

missibility, one sees that an overshoot appears at the res-
onance frequency of the system. The isolation properties
of the support starts at

√
2fn (where 2πfn =

√
k/m).

Above that frequency, the amplitude of the response is
smaller than the amplitude of the excitation. Increasing
the damper constant c leads to a reduction of the over-
shoot, but at the expense of a degradation of the isolation
performances. On the other side, a reduction of the stiff-
ness increases the isolation at low frequencies (Fig.3(a)).
Then, in order to benefit from the passive isolation, the first
idea is to reduce the value of fn as much as possible. It

has been shown [11, 12] that such a strategy can lead to
a very high reduction of the RMS integrated (see the last
column of Table 1). However, the main drawback is that,
as the resonance frequency of the system decreases, it be-
comes more sensitive to any external force directly applied
on the quadrupole at very low frequency. This is illus-
trated in Fig. 3(b), showing the transmissibility between
a force Fa applied on the quadrupole and its vertical dis-
placement x. Two stages configurations [9, 10] are also
based on soft supports. While efficient for the stabilization
of quadrupoles, these systems are much too soft to fulfil
the positioning requirements (Fig. 1(b)). For this reason,
it has been decided to use stiff supports like in [7, 8], and
reduce actively the transmissibility Twx(f) at low frequen-
cies (mainly the range between 1Hz and 20Hz) [13]. The
next section presents the concept studied to support the six
d.o.f. quadrupole. Then, this concept is studied in more de-
tails on a single d.o.f. system, and validated experimentally
in a quiet environment.

Figure 3. Effect of the support stiffness on (a) The trans-
missibility Twx(f) between the ground and the mass dis-
placement; (b) The transmissibility TFax(f) between a
force Fa applied on the mass and the mass displacement.



3 Six d.o.f. quadrupole

The strategy adopted to provide the required positioning ca-
pabilities to the quadrupole is inspired from the concept of
a Stewart platform [14, 15, 16]. It is a well known concept
that has been applied for both vibration isolation and pre-
cise positioning of ground and space structures. Because
of the long size quadrupole, the six legs are mounted as
depicted in Fig. 4. For reasons of simplicity, it has been
decided to fix the orientations of the legs using only two
parameters: α fix the orientation in the horizontal plane
and β the inclination with respect to a vertical axis. Their
numerical values result from a tradeoff between the follow-
ing requirements: provide a good stability in the longitudi-
nal direction, manoeuvrability in both vertical and lateral
directions, allow a sufficient resolution in the vertical di-
rection, and ensure a static equilibrium when no control
is applied. Assuming that the quadrupole is rigid, and no
damping in the legs, the dynamic equations of the system
are

M ẍ +Kx = Bf + Ew (2)

where M and K are the mass and stiffness matrices, x =
(x, y, z, θ, φ, ψ) is the vector describing small displace-
ments of the quadrupole, f = (f1, f2, ..., f6)T is the vector
of active control forces in the six legs, w is the ground ex-
citation vector,E is the excitation matrix andB is the force
jacobian matrix expressing f in the frame of the quadrupole.
M =diag(m,m,m, Iθ, Iφ, Iψ). Analytical expressions of
K and B are found as follows. First, we know from [15]
that the Jacobian matrix relating the elongations velocities
of the legs q and the velocity vector ẋ as q̇ = J ẋ is given
by

J =

⎛
⎝ ... ...

1Ti −1Ti p̃i
... ...

⎞
⎠ (3)

where pi is the position of the extremity of leg i, p̃i is the
antisymmetric matrix calculated from pi and 1i is a unit
vector in the direction of leg i. In details, the matrices of
unit vectorQ = (11, ...,16) and positions of legs extremity
P = (pT1 , ...,pT6 ) are respectively

Q =

⎛
⎜⎜⎜⎜⎜⎜⎝

sinβ cosα sinβ sinα cosβ
− sinβ cosα sinβ sinα cosβ
− sinβ sinα − sinβ cosα cosβ
sinβ sinα sinβ cosα cosβ
sinβ cosα − sinβ sinα cosβ
− sinβ cosα − sinβ sinα cosβ

⎞
⎟⎟⎟⎟⎟⎟⎠

and

P =

⎛
⎝ −R R −R R −R R

−L −L 0 0 L L
h h h h h h

⎞
⎠

Figure 4. Simplified drawing of the quadrupole.

3.1 Ground motion

In each direction, the coherence of the ground motion be-
tween two legs located side by side of the quadrupole is
close to one. Thus, it is assumed that the excitation is the
same for each pair of legs having the same coordinate along
the main quadrupole axis. That is, the excitation vector is
w = (uA, vA, wA, uB, vB, wB, uC , vC , wC)T . Also, the
coherence between the ground motion in perpendicular di-
rections is very low. Then, the excitation matrix has the
following bloc diagonal form

ET =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

11.ex 12.ex 0 0 0 0
11.ey 12.ey 0 0 0 0
11.ez 12.ez 0 0 0 0

0 0 13.ex 14.ex 0 0
0 0 13.ey 14.ey 0 0
0 0 13.ez 14.ez 0 0
0 0 0 0 15.ex 16.ex
0 0 0 0 15.ey 16.ey
0 0 0 0 15.ez 16.ez

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

Ground vibration measurements have been compared in
[17], and led to the choice of a quiet place to perform
the stabilization experiments. Figure 5(a) shows the power
spectral densities of the ground displacement at that place,
and Fig.5(b) shows the coherence between wA(t) and
wC(t) (located 2 meters apart). Without active control, the
stationary response of the quadrupole is given in the Fourier
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Figure 5. (a) Power spectral density of the ground displace-
ment ΦwA(f); (b) Coherence of the vertical displacement
between two points wA(t) and wc(t).

domain by

X(ω) = T (ω)W (ω) (4)

where T (ω) = [−Mω2+K]−1E and the random response
is

Φx(ω) = T (ω)Φw(ω)T ∗(ω) (5)

where Φw(ω) is the ground excitation matrix [18]. The ac-
tive control is studied on a single d.o.f. in the next section.

4 Single d.o.f. oscillator

4.1 Modeling

The experimental setup is shown in Fig.6. It consists of a
guided piezoelectric stack, clamped in a double membrane
like structure to allow only a vertical motion. Two geo-
phones 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 geo-
phone itself.
Assuming that the vertical stiffness of the guide is negligi-
ble with respect to the stiffness the actuator, and neglecting
the mass of the membrane and actuator, the dynamic equa-
tion of the system is

mẍ+ k(x− w − δ) = 0 (6)

where m is the mass of the geophone, k the stiffness of
the piezoelectric actuator, x the vertical displacement of the
geophone on the top of the actuator, w the ground motion,
and

δ = nd33V (7)

Figure 6. Picture of the experimental setup.

Twx(f)

Figure 7. Transfer function Twx(f) calculated, and mea-
sured in a quiet environment.

the elongation of the piezoelectric actuator induced by a
voltage V [19]. For frequencies below the resonance of the
geophone on the stiffness of the actuator, there exists ba-
sically two ways to decrease the transfer function Twx(f)
between the two geophones: (i) Integrate the signal of the
top geophone in a feedback loop:

Fb = kδ = Kb
px (8)

(ii) Integrate the signal of the ground geophone in a feed
forward strategy:

Ff = kδ = Kf
pw (9)

whereKb
p andKf

p are the gain of the controllers. Theoreti-
cally, both of these strategies are efficient. However, in this
study, the first one is preferred because the performances of
the feed forward are limited by the coherence between the
ground vibration measurement and the actuator. Figure 7
shows the transmissibility Twx(f) using the position feed-
back strategy. A band pass filter is applied to the control
signal between 0.5 Hz and 50 Hz. In order to test if the
top geophone can be also positioned, the feedback control
law has been transformed into a classical Proportional In-
tegral Derivative (PID) controller. Eqs.(8) and (9) become

Fb = Kb
dẋ+Kb

p(r − x) +Kb
i

∫
(r − x)dt (10)

Ff = Kf
d ẇ +Kf

pw (11)



whereKb
d, K

b
i , K

f
d are the gains of the controller, and r(t)

is the requested position.
Figure 8 shows a short time history simulated with the con-
trol law, when the requested position is a square function
with an amplitude of 10 nm and steps of 20 ms. The fol-

Figure 8. Simulation of the time history of the geophone
motion x(t), subjected to a ground excitation w(t) and a
requested position r(t).

lowing section presents the experimental results obtained
for the stabilization.

5 Experiment

The piezo actuator is a P − 753.21C [20]. It works in a
closed loop configuration together with a built in capaci-
tive sensor and an amplifier (Fig. 9). The calibration factor
for the piezo actuator system is 400 μV/nm. In the closed
loop configuration the actuator has a maximum stroke of
25 μm and a resolution of 0.1 nm. The geophones (Gu-
ralp CMG-6T [21]) have a differential sensitivity of about
2000 V/(m/s) and a frequency range between 30 seconds
and 100 Hz. The real time control system is based on a
card PXI − 6289 [22] for data acquisition. The charac-
teristics of the card are as follows: 32 single ended or 16
differential input channels (18 bit resolution), 4 analog out-
puts (16 bit resolution).

Figure 9. Description of the experimental setup.

A high-pass Butterworth filter with cut-off frequency of
0.1 Hz was applied to the input signal in order to remove

its low frequency component, which appears in the signal
due to air temperature changes. To avoid membrane ex-
citation at high frequencies, a low-pass Butterworth filter
with cutoff frequency of 60 Hz to the output is imple-
mented. The range of the signal for the piezo actuator
has the low limit of −2 V . In order to protect the actua-
tor and to ensure that the signal is not exceeding this limit,
an offset of 1 V is added to the output signal of the con-
trol system. The sampling rate of the card is guaranteed
by the producer and can be set up to 625 kSample/s. On
the other hand, the program loop rate can vary depending
on many factors (CPU load, amount of calculations in the
loop, amount of information to be updated during the loop
run). These two processes have to be well synchronized. In
order to evaluate the performances of the stabilization, the
geophones signal are sent to a second acquisition system in
parallel with the PXI. This system has a better resolution,
and better performances are delivered by the PXI when it
does not save data. The system used was the MKII made
by Müller-BBM. It contains 16 input channels with DSP
(Digital Spectrum Processing) for each four channels with
a sampling frequency up to 204 kHz. The dynamic resolu-
tion is 24 bits, and it can be used in a range between 10mV
and 50 V with a noise level lower than 1pV . The transfer
function Twx(f) is compared with the theoretical curve in
Fig.7. It has been calculated as

Twx(f) =

√
Φx(f)
Φw(f)

(12)

Figure 10 shows the RMS integrated displacement calcu-
lated from Φw(f) and Φx(f). At 1 Hz, one sees that the
feedback control has reduced σx(f) from 2 nm down to
1.2 nm. This value is close to the requirements (Fig.1(a)).
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Figure 10. RMS integrated of the ground displacement
σw(f) and the top displacement σx(f).

Better results are expected from an optimized combination
of the feedback and feed forward, and a more adapted hard-
ware.

6 Conclusions and future work

First of all, some key experiments of quadrupole stabiliza-
tion have been compared. In order to fulfil both the stabi-



lization and positioning requirements, it has been chosen
to mount the structure on stiff supports. Then, a concept
of six legs derived from a Stewart platform has been pre-
sented. The stabilization and positioning strategies have
been studied on a single d.o.f. system. Finally, the stabi-
lization has been validated experimentally in a quiet envi-
ronment. This experiment has shown that the transfer func-
tion between the two geophones can be divided by nearly
a factor two. The RMS integrated of the mass has been re-
duced at 1.2 nm at 1 Hz, showing also that the geophone
is capable to measure low frequency vibrations with ampli-
tudes close to the nanometer.
Before stabilizing and positioning experimentally the long
quadrupole, the next step will be to consider first a heavy
compact objet, in order to address all the difficulties of the
stabilization and positioning of the long quadrupole (ex-
cept its flexibility), which are mainly load compensation,
jointure design, control optimization.
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