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a b s t r a c t

This paper presents a simple model of the final focus of a linear particle collider. Adopting an integrated

approach, several control strategies are tested to stabilize the mechanical parts, and control the beam.

One of the key features of the model is that it has been updated using vibration spectra measured in the

CMS experimental area of the LHC. Using this model, it has been possible to estimate objectively the

performances of a final focus system, compare and propose new solutions to improve the mechanical

design.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

During the last 50 years, the energy and size of the particle
accelerators have been multiplied by five orders of magnitude. In
the future, it is foreseen to continue to explore new physics with
linear particle colliders. Two projects are currently under study:
the International Linear Collider (ILC) [1] and the Compact Linear
Collider (CLIC) [2]. In CLIC, electrons and positrons will be
accelerated in two linear accelerators to collide at the interaction
point with an energy of 0.5–3 TeV [3]. To acquire such a high
energy, the total length of the machine will be 48 km, and
constituted of a very large number (more than 20 000) of identical
modules, the function of which is to accelerate and focus
the beam of particles, towards the final section where the
collision takes place. Hand in hand with the energy, the so-called
luminosity of particle colliders (proportional to the number of
collisions per second and unit area) has also followed the same
historical trend, requiring to produce increasingly small, dense
and stable beams [4]. In linear accelerators, the beam cross
section is extremely flat, with a vertical size typically 100 times
smaller than the horizontal size. Considering only the vertical
direction (because it is the most critical), let us first define Dy as
the average vertical distance between the two colliding beams at
ll rights reserved.
the Interaction Point (IP), such as

Dy¼ yþ�y� ð1Þ

where yþ and y� are the positions of the two beams at the IP
[5,6]. It can be shown that the dependency of the luminosity, L,
with the offset Dy is approximately given by [7]

L� L0e�Dy2=16s2
y ð2Þ

where sy is the vertical beam size at the IP and L0 is the nominal
luminosity (i.e. the luminosity in a perfect machine). For both ILC
and CLIC, the nominal luminosity is L0 � 2� 1034 cm�2 s�1. Eq. (2)
shows that to mitigate the luminosity losses, the smaller the size
of the beam, the more stable the final focus of the machine, just
before the IP. For ILC, sy ¼ 5:7 nm (and 640 nm in the horizontal
direction). However, the permissible beam jitter is still about
50 nm [8,9], because it considers the possibility to recover the
luminosity with an intra-pulse feedback [10]. As a comparison, for
CLIC, sy ¼ 1 nm (and 40 nm in the horizontal direction). Addi-
tionally, as the bunch separation is only 0.5 ns (instead of 176 ns
for ILC), the intra-pulse feedback is less effective. As a conse-
quence, the permissible beam jitter is as low as 0.15 nm at 4 Hz.

During the last two decades, several strategies to control the
final focus have been investigated, and studied [5,7,11–15].
However, the performances of these strategies have not yet been
objectively compared with a simple model, using realistic dis-
turbances. In this paper, such a model is proposed, and updated
using vibration spectra measured in the CMS experimental area of
the LHC, which was identified as an environment representative
of the final focus of a future linear particle collider. In the next
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section, we provide general considerations on final focus systems
and on the opto-mechatronic approach followed in this study.
Section 3 presents the simplified model of the final focus. In
Sections 4–9, various control strategies are systematically tested
and discussed. Section 10 summarizes the results, draws the
conclusions and discusses the future work.
2. Final focus

The final focus of a particle collider is the part of the machine
constituted of strong electromagnets, dedicated to focus the
beams of particles to increase the density of the collisions. Each
lattice of electromagnets ends with a pair of focusing (QF1) and
defocusing (QD0) quadrupoles, which are often referred to as the
final doublet. As there is one final doublet for each beam before
the IP, the configuration of the magnet lattice near IP is typically
QF1–QD0 IP QD0–QF1 (in principle, sextupoles are also added to
reduce the chromaticity introduced by the quadrupoles). The
capacity of the quadrupoles to produce a high luminosity depends
on two factors: they must be extremely stable to avoid the jitters
and sufficiently close to each other to maintain small beam cross-
sections. The first one requires innovative control strategies and
will be extensively discussed in this paper. The second one is
essentially the design parameter Ln, which is the distance
between QD0 and the IP. As the size of the detector cannot be
down-scaled, machine designers have two possibilities: either
placing the final doublets at the end of the tunnel floor (i.e. large
Ln, but a stable support) [16], or trying to insert them inside the
QD0
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detector (i.e. small Ln, but unstable floor). In this paper, only the
latter case is considered, as the former one is much easier to
control. For this latter case, several solutions have been proposed.
For ILC, two configurations are currently studied in parallel: the
Silicon Detector (SiD) [17] and the International Large Detector
(ILD) [18]. In SiD, the last quadrupole (QD0) is supported by the
endcap doors of the detector. In ILD, QD0 is supported by a huge
beam, itself fixed at one end to a big pillar. Both detectors have
been adapted for CLIC [19] and have been given the names CLIC-
ILD and CLIC-SiD. The QD0 support structure will consist of a huge
beam directly cantilevered to the tunnel wall. A possible simpli-
fied layout of this final focus is illustrated in Fig. 1.

To reach the required luminosity, two types of controllers are
combined. The first one acts on the structure. Using vibration
sensors (geophones, capacitive sensors, lasers), it tries to stabilize
the quadrupoles. It works continuously. The second one acts on
the particle beams. Using the measurement of the position of each
pulse, it modifies the magnetic field applied to the next pulse
with dipole correctors (kickers) to steer the beam and maintain a
high collision luminosity. As there is only one pulse every 20 ms,
it works at 50 Hz. A general block representation of the con-
trollers is shown in Fig. 2. These two subsystems can be studied
separately. However, in order to improve the performances of the
design, the information contained in one subsystem can be used
in the other subsystem, and conversely. For example, the beam
control strategy can rely on the measurement from the geophone
measuring the vibrations of the quadrupoles (feed forward in
Fig. 2), or the information from the beam position monitor
could be used to change the position of the quadrupole
QD0

-

 feedback
rward

Stabilization
+ nano-positioning

ocus of a linear particle collider.

Beam
Plant

d
ard

Kicker BPM Collision
luminosity

Beam based
feedback

Discrete time

-
ing

nal focus hybrid system.



C. Collette et al. / Nuclear Instruments and Methods in Physics Research A 684 (2012) 7–17 9
(nanopositioning in Fig. 2). Adopting a holistic approach, the
following strategies are reviewed or proposed1:
e+
e-
�
pul

and
Pre-isolation of the whole structure.

�
 Damping of the structure with inertial feedback.

�
 Stiffening the structure with cables.

�
 Active stabilization on each side, using local inertial sensor.

�
 Beam based feedback, using the BPM, and the kickers.

�
 Feedforward, using inertial sensors to control the beam.

Their main advantages and limitations are discussed, and their
compatibility/complementarity is established.
Fig. 3. Simplified model of the final focus.
3. Simplified model

3.1. Description of the system

The model considered in this study, shown in Fig. 3, represents
the system shown in Fig. 1, where only the vertical dynamics is
taken into account. On each side of the IP, the mechanical system is
represented by a three degrees of freedom (d.o.f.) system. From
bottom to top, the huge cantilever beam is modelled as a single
d.o.f. oscillator with a mass mr, the girder is represented as an
oscillator with a mass mg, and the quadrupole is also modelled as a
single d.o.f. oscillator with a mass mq, fixed on the girder through an
active mechanical stabilization support. Of course, if there is no
girder, mg can also be seen as a second d.o.f. of the cantillever.

After the collision, the vertical displacement of the two particle
beams, yþ and y�, are measured by post-collision BPM. In Fig. 3,
the analogy with optics has been used: the kickers are repre-
sented by prisms and the quadrupoles are represented by lenses.
On each side of the IP, the BPM and kickers are attached to the
quadrupole. In practice, the distance Ln corresponds also the focal
length of QD0, in such a way that the IP is located at the focal
point of each QD0. Thus, a vertical displacement of the quadru-
pole xq induces a vertical displacement of the beam at the IP y.

The equations of the system are

yþ ¼ kþ xþq

y� ¼ k�x�q

mq €x
þ

q þkqðxþq �xþg Þþcqð _x
þ

q � _x
þ

g Þ ¼ f þ

mg €x
þ

g þkgðxþg �xþr Þþcgð _x
þ

g � _x
þ

r Þþkqðxþg �xþq Þþcqð _x
þ

g � _x
þ

q Þ ¼ F þ�f þ

mr €x
þ

r þkrðxþr �wþ Þþcrð _x
þ

r � _w
þ
Þþkgðxþr �xþg Þþcgð _x

þ

r � _x
þ

g Þ ¼ 0

mq €x
�

q þkqðx�q�x�g Þþcqð _x
�

q� _x
�

g Þ ¼ f�

mg €x
�

g þkgðx�g �x�r Þþcgð _x
�

g � _x
�

r Þþkqðx�g �x�q Þþcqð _x
�

g � _x
�

q Þ ¼ F��f�

mr €x
�

r þkrðx�r �w�Þþcrð _x
�

r � _w
�
Þþkgðx�r �x�g Þþcgð _x

�

r � _x
�

g Þ ¼ 0

8>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>:

ð3Þ

The first two lines of Eq. (3) correspond to the beam vertical
dynamics; the other lines correspond to the equations of the
structure.2 xq is the vertical displacement of the quadrupole, xg is
the vertical displacement of the girder, and xr is the vertical
displacement of the cantillever. All the masses are connected by
springs kr, kg, kq as shown in Fig. 3. Small dashpots (cr, cg, cq) are
also placed in parallel with the springs to add some damping, but
are not shown for the clarity of the figure. The superscript ‘þ ’
refers to the half part of the machine from which positrons arrive
(eþ ), and the superscript ‘� ’ refers to the other half part of the
1 The intra-pulse feedback, which tries to recover the luminosity inside each

se [10], is out of the scope of this paper, and will not be discussed
2 Throughout all the paper, y will always refer to a vertical beam displacement

x to a vertical structural element displacement.
machine from which electrons arrive (e�). kþ and k� are the
dimensionless parameters [20–22], taken as unity for simplicity.

In this simple approach, the unmodelled dynamics and the
technical noise are represented by additional random forces Fþ

and F�, applied on the girder. Neglecting for now the first two
lines, Eq. (3) can be written in a matrix form

M €xþC _xþKx¼ BuþLFFþkrLww ð4Þ

where X¼ ðxþq ,xþg ,xþr ,x�q ,x�g ,x�r Þ
T is the vector of the degrees of

freedom of the system, u¼ ðf þ ,f�ÞT is the vector of control forces,
F¼ ðFþ ,F�ÞT is the vector of disturbing forces, w¼ ðwþ ,w�ÞT is
the vector of ground excitations, M¼ diagðmq,mg ,mr ,mq,mg ,mrÞ,

K¼
Kþ 0

0 K�

 !
; C¼

Cþ 0

0 C�

 !

Kþ ¼

kq �kq 0

�kq kgþkq �kg

0 �kg kgþkr

0
B@

1
CA¼K�

Cþ ¼

cq �cq 0

�cq cgþcq �cg

0 �cg cgþcr

0
B@

1
CA¼ C�

and the influence matrices are

B¼
1 �1 0 0 0 0

0 0 0 1 �1 0

� �T

LF
¼

0 1 0 0 0 0

0 0 0 0 1 0

� �T

Lw
¼

0 0 1 0 0 0

0 0 0 0 0 1

� �T

:

The numerical values have been chosen in such a way that
the cantillever beam has roughly the same dynamics as the
rotating shielding of the CMS experiment (Fig. 4): mq ¼ 400 kg;
mg ¼ 103 kg; mr ¼ 104 kg; kq ¼ 1:6� 106 N=m; kg ¼ 8� 105 N=m;
kr ¼ 2:5� 106 N=m. Additionally, as metallic structures have a
few percents of damping, the coefficients of the damping matrix C
have been reasonably fixed as follows: cq ¼ 2� 0:01

ffiffiffiffiffiffiffiffiffiffiffi
kqmq

p
;

cg ¼ 2� 0:01
ffiffiffiffiffiffiffiffiffiffiffi
kgmg

p
; cr ¼ 2� 0:02

ffiffiffiffiffiffiffiffiffiffiffi
krmr

p
.
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Fig. 4. Picture of the rotating shielding of the CMS experiment.
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Fig. 5. (a) Transmissibility Twxg between the ground and the girder support and

(b) transmissibility Twxg between the force F applied on the girder and its

displacement.
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In the Laplace domain, Eq. (4) can be written as

X¼GðBuþLFFþkrLwwÞ ð5Þ

where G is the plant of the system, given by

G¼ ðMs2þCsþKÞ�1
ð6Þ

and s is the Laplace variable. Defining Tux ¼ GB as the transfer
matrix between the control forces and the system coordinates,
TFx ¼ GLF as the transfer matrix between the vector of forces
applied on the system and its coordinates, and TwxðsÞ ¼ GkrLw as
the transfer matrix between the support displacement and the
system coordinates, Eq. (5) can be rewritten in compact form

XðsÞ ¼ TuxðsÞUðsÞþTwxðsÞWðsÞþTFxðsÞFðsÞ ð7Þ

In Eq. (7), each element TABði,jÞ of the matrix TAB represents the
transmission coefficient between ith element of the source vector
A and the jth element of the response vector B. For example, in
open loop, the transmissibility Twxg between the ground and the
girder support and the transmissibility TFxg

between the force F

applied on the girder and its displacement are respectively shown
in Fig. 5(a) and (b). The first two peaks are essentially the
resonances of the two lower masses (vibrating in phase for the
first mode, and out of phase for the second mode), while the third
peak corresponds to the resonance of the quadrupole.

Referring to Eq. (3), the vertical relative displacement between
the two colliding beams is given by

Dy¼RX ð8Þ

where R¼ ðkþ00�k�00Þ is the performance metrics vector.

3.2. Error budgeting and calibration

In this section, we evaluate formally how the imperfections are
transmitted in the system. This procedure is known as the dynamic
error budgeting. Three types of imperfections are considered: instru-
mentation noise, ground vibrations and technical noise. Assuming
that these three noise sources are uncorrelated random processes, we
can calculate the total error budgeting from (5) as

SX ¼GBSuðGBÞnþGLFSFðGLF
Þ
n
þGLwSwðGLw

Þ
n

ð9Þ

where Su, SF and Sw are the excitation matrices, defined as follows:

Su ¼
Ff þ 0

0 Ff�

 !

SF ¼
FF þ 0

0 FF�

 !

Sw ¼
Fwþ Fwþw�

Fwþw� Fw�

 !
:

In the matrices defined above, F denotes the Power Spectral Density
(PSD) of the quantity in the subscript. Explicitly, the PSD of a signal
x(t) is defined as

Fwþ ðf Þ ¼

Z 1
�1

Awþ ðtÞe�i2pft dt ð10Þ

where Awþ ðtÞ is the auto-correlation function, defined by

Awþ ðtÞ ¼
Z 1
�1

wþ ðtÞwþ ðtþtÞ dt ð11Þ

Similarly, Fwþw� is the cross power spectral density between wþ and
w� is defined as the Fourier transform of the correlation function
between the two signals, Awþw� ðtÞ, defined as

Awþw� ðtÞ ¼
Z 1
�1

wþ ðtÞw�ðtþtÞ dt ð12Þ

and n stands for the conjugate transposed. SX is the response matrix,
in which (i,j) element is FXðiÞXðjÞ. Using compact notations

SXðf Þ ¼ 9Tuxðf Þ9
2
Suðf Þþ9Twxðf Þ9

2
Swðf Þþ9TFxðf Þ9

2
SFðf Þ ð13Þ

and the power spectral density of the beam offset is given by

FDðf Þ ¼RSXðf ÞR
n: ð14Þ

The three terms on the right hand side of Eq. (13) are the three
types of imperfections. The first term is the control noise,
combining the sensor spectral noise transmitted through the
control operation, the ADC and DAC noises, and the noise inherent
to the actuator. All of these sources create parasitic forces applied
to the system, whose power spectral densities (PSD) are respec-
tively Ff þ and Ff� . Actually, the dominant contribution in these
forces is the sensor noise. From the computations [23], it
appeared that for the seismometers used in this paper, the PSD
of the sensor noise can be modelled as

Fnðf Þ ¼ af�5
þbN0 ð15Þ

where we take a¼ 10�18, b¼ 2� 10�4 and N0 ¼ 2� 10�25. The
evaluation of the first term of Eq. (13) depends on the type of
controller used, and will be discussed in Sections 6 and 8. The last
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Fig. 7. (a) Power spectral density of the force FþF ðf Þ calculated using Eq. (18) and

(b) corresponding integrated RMS value of the force sF ðf Þ.

Fig. 6. Vibration measurements in the CMS experiment: (a) Fwþ and Fxþg
; (b)

swþ ðf Þ and sxþg
ðf Þ; and (c) correlation gwþ w� ðf Þ and gwþ xþg

ðf Þ.

Fig. 8. Effect of Fþ on the system response: (a) PSD and (b) integrated RMS of wþ ,

xþg measured, xþg calculated without Fþ and xþg calculated with Fþ .
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two terms have been evaluated from vibration measurements in
the CMS experiment [24]. For the second one, two seismometers
have been placed on the ground floor, 6 m apart. Fig. 6(a) shows
the PSD of only one signal, as it is identical to the other one. It is
called Fwþ in the adopted notations. Fig. 6(b) shows the corre-
sponding integrated Root Mean Square (RMS) value, defined as

swþ ðf Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ 1
f

Fwþ ðf Þ df

s
: ð16Þ

Fig. 6 (c) shows the correlation between wþ and w�, defined as

gwþw� ðf Þ ¼ Re
Fwþw�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
FwþFw�
p

� �
ð17Þ

from which one can readily evaluate the second term of Eq. (13).
Basically, g represents the causality between two signals: if gC1,
then the signals are correlated (proportionality relationship and
in phase), if gC�1, then the signals are anti-correlated (propor-
tionality relationship and out of phase), and if gC0, then the
signals are not correlated [25].

To evaluate the third term, a second measurement has been
performed in CMS. One seismometer has been placed close to the
base of the rotating shielding, measuring wþ has been calculated,
and one seismometer has been placed at the end of the rotating
shielding, measuring xþg . These measurements have been per-
formed when the water cooling was turned off. The power
spectral densities of these signals, Fwþ ðf Þ and Fxþg
ðf Þ, and the

corresponding integrated RMS swþ ðf Þ and sxþg
ðf Þ are shown

respectively in Fig. 6(a) and (b). Below 2 Hz, i.e. below the first
structural resonance, Fwþ ðf Þ and Fxþr

ðf Þ are nearly identical,
which means that the rotating shielding is essentially moving as
a rigid body. However, above 2 Hz, the vibrations at the end of the
tube are much larger. Above 5 Hz, Fxþg

is already around 80 nm,
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which is more than 500 times larger than the requirement for the
vertical motion of the quadrupole. Actually, these large vibrations
of the tube are caused by the technical noise, and not by the
ground vibrations, as illustrated by gwþ xþg

in Fig. 6(c). The curve is
rapidly falling down to zero above 2 Hz, showing that there is no
causal relationship between the two signals. In the model, the
technical noise is represented by a random force, Fþ , applied on
the cantillever, and is evaluated as follows.

In open loop, and considering only the left part of the final
focus, Eq. (13) can be transformed into

FF þ ðf Þ ¼ 9TF þ xþg
ðf Þ9�2

fFxþg
ðf Þ�9Twþ xþg

ðf Þ92Fwþ ðf Þg ð18Þ

from which the third term of Eq. (13) can be determined,
assuming that FF� ðf Þ ¼FF þ ðf Þ, and no correlation between Fþ

and F�. The resulting PSD and integrated RMS of Fþ are shown in
Fig. 7(a) and (b).

It is interesting to note that the RMS value is as small as 1N. In
order to validate the calculation, Fig. 8(a) and (b) shows respec-
tively the PSD and integrated RMS of wþ , xþg measured, xþg
calculated without Fþ and xþg calculated with Fþ . One clearly
sees that if Fþ is not considered, at 4 Hz, the model under-
estimates the value of xþg by nearly two orders of magnitude.
Fig. 9. Validation of the model. Comparison of predicted and measured: (a) PSDs,

(b) integrated RMS, and (c) correlations.
On the other hand, when Fþ is considered, the predicted and
measured PSD of xþg are in very good agreement.

To complete the validation of the model, we now consider the
whole system. Fig. 9(a)–(c) shows respectively the PSD, Integrated
RMS, and correlation of relative displacements: wþ�w�, xþq �x�q .
One sees that when F is not considered, gxþq x�q

is close to gwþw� ;
when F is considered, gxþq x�q

very close to the measured gwþ x�g
,

which is a much more realistic assumption. The importance to
consider F will clearly appear in the following sections.
Fig. 11. Effect of a pre-isolator on the motion of the quadrupole: (a) transmissibility

Twþ xþq
between the ground and the quadrupole and (b) Fxþq

.

Fig. 10. Simple model of the pre-isolator.



Fig. 13. Effect of vibration dampers on the motion of the quadrupole: (a)

transmissibility Twþ xþq
between the ground and the quadrupole and (b) Fxþq

.
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4. Pre-isolator

In the previous section, it has been shown that a major
disadvantage of the cantilevered configuration is that the vibrations
at the end of the tube are much larger than close to the end of the
tunnel (see Fig. 8).

To minimize this effect, an idea is to decouple the last quadru-
poles of each line (QD0 and QF1) from the ground. To this purpose,
the solution proposed is to mount these quadrupoles on a massive
concrete slab (about 50–100 tons), itself mounted on air springs
(Fig. 10) [26]. The resonance frequency of the concrete slab on such
spring can be tuned around 1 Hz.

Fig. 11(a) shows the transmissibility Twþ xþq
between the ground

and the quadrupole. One sees that the passive pre-isolator has a
clear effect of decreasing Twþ xþq

above its resonance frequency, at
the cost of an amplification at its resonance. The overshoot can
further be demagnified actively as follows. In parallel to the air
spring, we place a soft actuator, e.g. a shielded Lorentz actuator (see
Fig. 10). Provided that a signal proportional to the absolute velocity
of the concrete slab can be measured at low frequency, and using a
proportional control, the force fi delivered by the actuator is

f i ¼�gi _xi ð19Þ

where gi is the gain of the controller. Using such a velocity feedback,
often called a sky-hook damper [27], the resonance peak can be
removed, without any degradation of the isolation at high
frequency.

Such a solution has been already adopted at several places
where a very stable vibrational environment is required, and thus
could theoretically lead to a great improvement of the stability of
QD0 and QF1. Fig. 11(b) shows the effect of the passive and active
pre-isolator on the Fxþq

. One sees however that above 2 Hz, none
of the pre-isolators can reduce the vertical displacement of the
quadrupole. Actually, this solution is based on the assumption
that the vibrations at the end of the rotating shielding are caused
by the vibrations of the floor, i.e. that gwþ xþg

¼ 1. However, we
fa
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know from Fig. 6(c) that above 2 Hz, there is no causal relation-
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realistic evaluation of the pre-isolator performances. Similarly,
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port: (b) stiffening the cantilever support; and (c) stabilizing the final quadrupoles.
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high frequency spurious modes can also substantially affect the
isolation property of the pre-isolator [26].
Fig. 14. (a) Transmissibility between the ground and the quadrupole and (b)

compliance between Fþ and xþq .
5. Damping the cantilever support

In order to increase the stability of the final focus, one solution
consists of damping the cantilever support. One solution consists
of appending small oscillators on the structure, and tune their
parameters on target modes of the structure. A possible config-
uration is shown in Fig. 12(a) for one half of the final focus, and in
the absence of the controller. As an illustration, Fig. 13(a) shows
the reduction in the transmissibility Twþ xþq

ðf Þ achieved with an
oscillator tuned on the first mode, and ma ¼ 100 kg. The major
disadvantage of this method is that it requires as much oscillators
as the number of structural resonances to damp, or multi-degree-
of-freedom oscillators [28]. A solution to damp several resonances
with a single device is provided by an active mass damper [29,30],
also shown in Fig. 12(a). In this case, however, the parameters are
chosen such as f A5 f 1, where fA is the resonance frequency of the
actuator, and f1 is the first structural resonance, and the active
mass damper works as a perfect force generator above fA.

Using perfect velocity sensor and a simple proportional control
H(s)¼g, the force delivered by the actuator is

f a ¼�g _xþg

The performances of the active mass damper are also shown in
Fig. 13(a). One sees that higher order modes are also damped by
the active mass damper. Fig. 13(b) shows Fxþq

for the two
dampers. The amplitude of the motion is slightly reduced at the
first resonance, but not elsewhere, and will obviously not lead to
any significant reduction in the global motion of the quadrupole.
Again, the disturbing forces are the root causes for the poor
performances.

In order to increase the robustness of the system to technical
noise, it is necessary to decrease its compliance, i.e. increase its
dynamic stiffness, which is developed in the next section.
6. Stiffening the support

The solution proposed to stiffen the support consists of fixing
active cables between the end of the cantilever tube and stable
points. Ideally, the points are outside the detector, but the cables
can also be attached to the solenoid cryostat, like the carbon fibre
tie rods used to suspend the QD0 support structure in the ILD.
One possible configuration is shown in Fig. 12(b) where, for
each side, a single cable connects the cantilever to the ground.
Because of their low natural damping, the cables are connected
to an active tendon at one end, consisting of a displacement
piezoelectric actuator in series with a force sensor. Neglecting the
dynamics of the active cables, Eq. (4) becomes

M €xþC _xþKx¼ BuþLF
ðFþTÞþkrL

ww ð20Þ

where T¼ ðT þ ,T�ÞT is the vector of tensions in the active cables,
given by

T þ

T�

 !
¼ kc

xþq
x�q

 !
�

wþ

w�

� �
�

dþ

d�

 !" #
ð21Þ

where kc is the axial stiffness of the cables and dþ and d� are the
elongations of the piezoelectric actuators. Combining Eqs. (20)
and (21), we get

M €xþC _xþ½KþkcLF
ðLF
Þ
T
�x¼ BuþLFFþðkrL

w
þkcLF

Þw ð22Þ

This equation indicates that KþkcLF
ðLF
Þ
T is the new stiffness

matrix of the structure, which has been increased by the stiffness
of the cables. Then, the tension in the cables is measured by force
sensors, and used to modify the elongations of the actuators
according to

d¼ gHðsÞk�1
c T ð23Þ

where g is a gain and H(s) is the controller applied to the cable. In
order to increase the damping without softening the system, the
following controller is used [31]:

HðsÞ ¼
s

ðsþaÞ2
ð24Þ

where a is a constant.
Fig. 14(a) and (b) shows respectively the transmissibility

Twþ xþq
ðf Þ and the compliance TF þ xþq

ðf Þ for both passive and active
cables, and kc ¼ 240 MN=m. One sees that above 5 Hz the isola-
tion has been significantly reduced by the presence of the cables.
However, at the same time, the compliance has been reduced by
more than a factor 100.

Fig. 15(a) and (b) shows the PSD and integrated RMS value of
the relative displacement between the last two quadrupoles. Even
though it is significantly decreased in a broad frequency range
between 2 Hz and 30 Hz, the RMS is only decreased by a factor 2,
essentially because of the high excitation at 10 Hz. The active
tendons remove the big overshoot at 80 Hz, which also locally
reduce the RMS value of the quadrupole relative displacement.

Apart from the increased robustness to the technical noise, the
cables also allows to change the position of the cantilever tube,
and can potentially replace the alignment stage currently fore-
seen inside the tube [32].



Fig. 15. (a) Power spectral density of the relative quadrupole displacement xþq �x�q
and (b) integrated RMS value of the curves shown in (a).
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7. Active stabilization of the quadrupoles

Several control strategies have been tested to stabilize actively
the final doublets [29,33–35]. For example, in Refs. [33,34], the
control force is proportional to the absolute velocity of the
quadrupole. In Refs. [6,30], the control force is proportional to
the relative displacement between the quadrupole and a refer-
ence mass. Another class of solutions consists of installing a
network of interferometers, sometimes referred as optical anchor,
to measure the distance between the final focus magnets and a
reference point [16]. In this section, we will consider only the
simple case of an absolute displacement feedback for each
quadrupole. One half of the system is shown in Fig. 12(c). The
control forces are given by

f þ ¼ gHðsÞxþq , f� ¼ gHðsÞx�q ð25Þ

where g is the gain and H(s) is the controller, including the sensor
dynamics, a lag at 0.5 Hz to reduce the overshoot and a lead at
100 Hz to improve the stability. Again, the transmissibility Twþ xþq
and the compliance TF þ xþq

are shown in Fig. 14(a) and (b). Both of
them are reduced between 0.2 Hz and 30 Hz, leading to a reduc-
tion in the RMS value of xþq �x�q limited essentially by the sensor
noise, as shown in Fig. 15.
Fig. 16. (a) PSD and (b) integrated RMS of the residual motion xþq �x�q , the beam–

beam offset Dy with feedback only (FB) and with both feedback and feed forward

(FBþFF), the BPM noise ny and the vibration sensor noise nx.
8. Beam based feedback

8.1. Corrector dipoles

The two beams are constituted of pulses containing the
particles, arriving at the IP at a frequency called the repetition
rate. For CLIC, the repetition rate is 50 Hz. The basic principle
of the beam-based feedback is to minimize the beam–beam
offset, measured with the Beam Position Monitors (BPMs), by
deflecting the beam with the corrector dipoles (Figs. 1 and 2).
Then, by subtracting the first two lines of Eq. (3) and assuming for
simplicity that kþ ¼ k� ¼ 1, we get

DyðnÞ ¼DxðnÞ�DbðnÞ ð26Þ

which expresses that at the discrete time n, the beam–beam offset
DyðnÞ is approximated by the relative vertical displacement
between the quadrupoles DxðnÞ, minus the compensation DbðnÞ

imposed by the correctors

DbðnÞ ¼HðnÞ½DyðnÞþnyðnÞ� ð27Þ

where H(n) is the controller and ny the BPM noise. Combining Eqs.
(26) and (27) and using the Z-transform (because the signals are
discrete), the beam offset is

DyðzÞ ¼
1

1þHðzÞ
DxðzÞ�

HðzÞ

1þHðzÞ
nyðzÞ: ð28Þ

To compensate for low frequency ground motion, a second order
controller is necessary, which has the general form

HðzÞ ¼
a1þa2z�1þa3z�2

a4þa5z�1þa6z�2
: ð29Þ

Fig. 16(a) and (b) shows the PSD and integrated RMS of the
beam–beam offset, using the following numerical values of the
parameters in Eq. (29) [36]: a1 ¼ 0; a2 ¼ 1; a3 ¼�0:5, a4 ¼ 1;
a5 ¼�1:5; a6 ¼ 1. The BPM noise has been assumed as a white
noise with a RMS value of 20 pm.

One sees that good rejection at very low frequency is obtained
at the cost of an amplification of the technical noise. In Ref. [37],
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an adaptive controller is presented, but the performances are
always traded off by the Bode integral, between good rejection at
low frequency and amplification in the mid frequency range
around half of the repetition rate.
8.2. Quadrupole positioning

In this section, we briefly consider the possibility to use the
final doublets as kickers, by mechanically moving them between
each pulse (Figs. 1 and 2). In this case, QD0 have to be mounted on
extremely stiff actuators, e.g. piezoelectric stack actuators. For
example, let us consider that kn

q ¼ 5000kq ¼ 7:9 GN=m. The force
delivered by the actuator will be

f þ ¼ ghDx ð30Þ

where g is the gain and h is the control filter. Taking a simple
integral controller, Fig. 17(a) shows the open-loop transfer func-
tion between the control force and the displacement of the
quadrupole, where the nominal value of kg is gradually multiplied
by a factor up to 5. One clearly sees that to obtain a stable
configuration and modify the position of the quadrupoles
between each pulse (see Fig. 17(c)), an extremely stiff quadrupole
under-support is required. If such an option can be used on a rigid
ground, where the vibration level is low, it is not a realistic option
for the final focus.
9. Feed forward with vibration sensors

In order to further improve the performances of the beam
based feedback, one can in principle use the relative vertical
displacement of the quadrupoles measured by the vibration
sensors, and deflect the beams to minimize the beam–beam
offsets. In this case, Eq. (27) becomes

DbðnÞ ¼HðnÞ½DyðnÞþnyðnÞ�þFðnÞ½SðnÞDxðnÞþnxðnÞ� ð31Þ

where F(n) is the feed forward controller, S(n) is the sensitivity of
the vibration sensor and nx(n) its noise. Using Eq. (31) in Eq. (26),
Eq. becomes (28)

DyðzÞ ¼
1�FðzÞSðzÞ

1þHðzÞ
DxðzÞ�

HðzÞ

1þHðzÞ
DnyðzÞ�

FðzÞ

1þHðzÞ
DnxðzÞ: ð32Þ

The resulting Dy is also shown in Fig. 16(a) and (b). It has been
obtained with a proportional controller for F(z), and the sensitiv-
ity curve of the seismometer Guralp 40 T [38]. The seismometer
noise nx, given by Eq. (15), is also shown for comparison.

This feed forward strategy is attractive, as it can in principle
reduce the beam jitter down to the noise of the displacement
sensor in the frequency range where the beam based feedback
cannot work. However, the practical implementation is not
straightforward, essentially because of system knowledge issues,
and second order effects [39].
10. Conclusions and future work

In this paper, we have presented a simple model of the final
focus of future linear collider. A key feature of the model is that it
includes both the model of the beam and the structure, and that it
has been updated using data measured in a representative
accelerator environment. Using this model, several strategies to
improve the stability have been objectively tested, and have led to
important conclusions and guidelines for future designs. In
summary, it has been shown that
�
 A pre-isolation of the whole final focus system can reduce
beam jitter only if the mechanical vibrations of the final
quadrupoles are caused by the ground motion (i.e. if the
coherence between the two signals is very good), which is
not the case for the rotating shielding of the CMS experiment,
probably because of the high technical noise.

�
 For the same reason, an improvement of the structural damp-

ing has only a marginal effect on the reduction in the final
quadrupoles vibrations.

�
 On the other hand, if a cantilever type structure is adopted, it

has been found that a network of cables can drastically
improve the robustness to the technical noise, and improve
the stability of the final focus. Another interesting property
of the active cables is that they can be used to realign the
final quadrupoles, and replace the cam system currently
foreseen.

�
 The controller implemented to actively improve the stability of

the final quadrupoles consists of two independent systems
(one for each side) chosen for simplicity and performances
considerations.

�
 The dynamics of the cantilever does not provide a sufficient

rigidity to use the quadrupoles as dipole correctors. As a
consequence, it is better to adopt a soft strategy to actively
stabilize the quadrupoles, and benefit from the passive isola-
tion at high frequency.

�
 A second order controller has also been implemented to

reduce the beam–beam offset.
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�
 A feed forward strategy has also been tested successfully.
However, a more advanced treatment would be required to
address the issues of system knowledge and non-linearities.

In a future work, the theoretical results presented in this paper
will be transposed to design a full scale final focus system,
including a finite element model of the structure, an active
stabilization system, a network of cables, and a MIMO controller.
An experimental validation is also planned on a quarter scaled
test set-up, representing one half of the final focus.
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University of Savoie, 2007.

[31] A. Preumont, Vibration Control of Active Structures: An Introduction, third
ed., Kluwer Academic Publishers, Dordrecht (The Netherlands), 2011.

[32] F. Lackner, K. Artoos, C. Collette, H. Mainaud Durand, C. Hauviller, J.
Kemppinen, R. Leuxe, Development of an excentric cam based active pre-
alignment system for the CLIC main beam quadrupole magnet, in: Proceed-

ings of the Sixth International Workshop on Mechanical Engineering Design
of Synchrotron Radiation Equipment and Instrumentation (MEDSI00),
Oxford, United Kingdom, 2010.

[33] S. Allison, L. Eriksson, L. Hendrickson, T. Himel, A. Seryi, Active vibration
suppression rþd for the next linear collider, in: Proceedings of the Particle

Accelerator Conference, Chicago, 2001.
[34] J. Frisch, L. Hendrickson, T. Himel, A. Seryi, Active vibration suppression r & d

for the nlc, in: Proceedings of Eighth International Conference on Accelerator
and Large Experimental Physics Control Systems (ICALEPCS 2001), San Jose,
CA, 2001.

[35] R. Greenall, Nanovibration Control, University of British Columbia, 2001.
[36] C. Collette, S. Janssens, K. Artoos, A. Kuzmin, P. Fernandez-Carmona,

M. Guinchard, R. Leuxe, C. Hauviller, Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and

Associated Equipment 643 (1) (2011) 95.
[37] B. Caron, G. Balik, L. Brunetti, A. Jeremie, Vibration Control of the Beam of the

Future Linear Collider, 2011, in2p3-00638748.
[38] Guralp, Guralp catalogue.
[39] Y. Renier, Possibility to detect ground motion at ATF2, in: International

Workshop on Future Linear Colliders, Granada, Spain, 2011.

http://clic-stability.web.cern.ch/clic-stability/
arXiv:0911.0006
arXiv:1006.3396

	Control strategies for the final focus of future linear particle collider
	Introduction
	Final focus
	Simplified model
	Description of the system
	Error budgeting and calibration

	Pre-isolator
	Damping the cantilever support
	Stiffening the support
	Active stabilization of the quadrupoles
	Beam based feedback
	Corrector dipoles
	Quadrupole positioning

	Feed forward with vibration sensors
	Conclusions and future work
	Acknowledgments
	References




