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This paper presents a simple solution to increase the stability of the large superstructures supporting
the final electromagnets of future linear particle collider. It consists of active carbon fiber tie rods,
fixed at one end on the structure and at the other end to the detector through active tendons. In the first
part of the paper, the solution has been tested on a finite element model of one half of the CLIC_ILD
final focus structure. With a reasonable design, it is shown numerically that the compliance can be
decreased by at least a factor 4, i.e., that the structure is 4 times more robust to technical noise
at low frequency. Two additional features of the active rods are that they can also actively damp
the structural resonances and realign the superstructures. The second part of the paper presents a
successful experimental validation of the concept, applied to a scaled test bench, especially designed
to contain the same modal characteristics as the full scale superstructure. © 2013 American Institute

of Physics. [http://dx.doi.org/10.1063/1.4789783]

. INTRODUCTION

In order to continue the exploration of high energy
physics, several projects of linear particle colliders have been
proposed, like the compact linear collider (CLIC),"? under
study at CERN, or the international linear collider (ILC),? un-
der study at SLAC. In these future machines, the luminos-
ity (i.e., density of the particle collisions) will be extremely
high, which has two implications. First, the instrument is
extremely sensitive to ground vibrations and environmental
disturbances.*!3 Second, it imposes to place the last electro-
magnets (called QDO) close to each other. Unfortunately, as
the size of the detector cannot be downscaled, the QDO should
be mounted inside the detector. Several designs have been
proposed in the literature.'* Currently, two detector concepts
are still under study for ILC: the SiD'” and the ILD,'® which
have been adapted for CLIC under the names CLIC_SiD and
CLIC_ILD.!"-!8 In the first one, the quadrupoles are sup-
ported inside the detector. In the second one, the quadrupoles
are supported inside big tubes, cantilevered to the tunnel
walls. These tubes are the superstructures that we propose to
stabilize.

In Ref. 3, the idea to use tie rods to hang the tube which
supports QDO was first introduced for the ILD detector. In
that case, only two vertical tie rods have been proposed to
compensate the weight of the structure. On the other hand, in
Ref. 19, it has been shown on a simplified model that the in-
troduction of active stiffeners to the superstructure, like active
cables or active tie rods, can fulfill several important tasks.
First, the additional stiffness enables to increase the robust-
ness of the end of the tube to the technical noise, by reduc-
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ing the tube compliance. Second, the resonances of the tube
can be damped actively using the active tendons mounted at
the outer end of each stiffener. Third, they can also be used
to realign the two structures, instead of the alignment stage
currently foreseen at the frame of the tube. In this paper, we
propose to use a network of active tie rods, which will both
hang the structure, but also fulfill the three tasks mentioned
here above. The solution proposed in this paper is applied on
the CLIC_ILD detector. Nevertheless, it can be easily applied
to the SiD type.

Section II presents the model of the structure supporting
one QDO quadrupole, along with a conceptual design of the
stabilization system. Section III presents the scaled test bench
developed to validate the concept of active tie rods and shows
the experimental results. Section IV draws the conclusions.

II. SUPERSTRUCTURE STABILIZATION
A. Finite element model

The model of the superstructure supporting the last
quadrupole (QDO) of the CLIC_ILD detector is shown in
Fig. 1(a). It consists of a large tube, cantilevered on the tunnel
wall, inside which QDO is mounted.

Compared to the original drawings, the analysis has been
performed using the following simplifications: (1) All parts
are made of stainless steel (E = 200 Gpa, p = 7600 kg/m3);
(2) All parts in contacts have been rigidly glued; (3) The ex-
ternal tube has been modeled with beam elements; (4) The
pre-isolator’® has been rigidly fixed on the ground; (5) the
cam system foreseen to realign the tube?' has been removed.
Table I summarizes the main characteristics of the elements
of the superstructure, along with the hypothesis used in the

© 2013 American Institute of Physics
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FIG. 1. Superstructure supporting one QDO in the CLIC_ILD detector:
(a) drawing; (b) first four resonances.

finite element model. Those which are visible in Fig. 1 are
indicated by their corresponding number.

Figure 1(b) shows the eigen modes and frequencies ob-
tained under these assumptions. The first bending mode of the
tube is about 30 Hz, and the higher modes are above 60 Hz. In
order to extract the compliance from the finite element model,
we have used a sub-structuring method to obtain the dynamic
equations of the system, keeping only the first twenty reso-
nance modes. The dynamics equation reads

Ms’x + Csx + Kx = F, (1)

where M is the mass matrix, C is the damping matrix, K is
the stiffness matrix, x is the vector of structural degrees of
freedom (d.o.f.), and F is the vector of disturbing forces.

From Eq. (1), one can calculate the compliance of the
structure, i.e., the ratio between x and F. For example, Fig. 2
shows the compliance of the free end of the superstructure in
the vertical direction.

Rev. Sci. Instrum. 84, 023302 (2013)

TABLE 1. Characteristics of the main elements of the CLIC_ILD super-
structure, along with the hypothesis used in the finite element model.

Part Dimensions [mm] Volume [m?] Element type

1. Pre-isolator L=1610°
1=2510° 41 Volume
h=3.2510°

2. Quadrupole L=2.710°
=300 188.2971073 Volume
h=423.6

3. Quadrupole L=21310°

Support 1 =1266.36 44771073 Volume
h=64.26

4. Pre-alignment L=1310°

support system [=1.110° 121.661073 Volume
h=178.997

5. Tube rine = 418

fixation part Fexr = 475 295311073 Volume
L=1510°

6. Reinforcement rine = 347.825

tube Fext = 448.275 243231073 Volume

7. Reinforcement rine = 427.5

Ring Fext = 475 29.941073 Volume

8. Tube Fint = 455
Fext = 475 255.931073 Beam
L =43810°

B. Tie rods design

As mentioned in the introduction, the objectives of the
tie rods are to stiffen the superstructure, damp it actively, and
provide it with some positioning capability. Each rod is con-
nected at one end to the superstructure and at the other end
to the detector. For simplicity, the tie rods are considered as
mass-less springs. As the rods are located inside the detector,
they must be as non-invasive as possible. This means that we
should mount only a small number of thin rods. In order to de-
termine the suitable number of rods and their dimension, one
must first determine the equivalent static stiffness k., of the
cantilevered structure. In the vertical direction, it has been de-
termined by applying a static force at the free end of the tube
of F =10 kN. Itinduced a displacement of Ax = 0.2241 mm,
from which we deduced that k,, = 4.46107 N/m. Because of

No Rod
+=+= Rod

10° £ : PRI : | ===Rod +IFF |
: Rod + IFF + HPF

Frequency (Hz)

FIG. 2. Compliance of the free end of the tube superstructure in the vertical
direction.
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TABLE II. Number of tie rods and corresponding dimensions to obtain a
stiffness of k. = 13.38107 N/m.

nl—1] Ay [mm?] dy [mm]
1 2467.9 56.1

2 1234 39.64
3 822.64 32.364
4 616.975 28.03

the symmetry of the structure, the same value is obtained for
the lateral direction. With an array of tie rods, the new static
stiffness will be k., + k., where k. is the total stiffness in one
direction. As an example, consider that we want to increase
the first resonance by a factor two, i.e., decrease the compli-
ance by a factor 4 in both the vertical and the lateral direction.
Then, k! satisfies the equation

keq + kﬁ = 4keq’ (2)

which means that the additional stiffness in both the vertical
and the lateral direction should be

k' = 13.3810" N/m. 3)

For a network of n identical rods in the same direction, we
have

K== 0 o)

where E, is the Young modulus of the rods, A, the area of a
rod cross section, and L, its length. A’ the area of the sum of
the cross sections of the n rods. The material chosen for the
rods is carbon (E, = 180 Gpa) and the length is fixed by the
size of the detector (L, = 3.32 m). Thus, from Eq. (4), we get
A! = 2467.9 mm?. Table II gives the corresponding number
of rods necessary to fulfil Eq. (3), along with the rod circular
cross section area A, and diameter d,.

From Table II, we find that the compliance can be de-
creased by a factor four in both the vertical and lateral di-
rection, using two rods with a diameter d, = 39.64 mm in
each direction. The embodiment is shown in Fig. 3(a) and 3(b)
shows the first four resonance modes. Indeed, the resonance
frequencies of the first two modes have been increased by a
factor two (see Fig. 1(b) for comparison).

Including the rods, Eq. (1) becomes

Ms?x + Csx + Kx = LT +F, 3)

where T is a vector containing the tensions in the tie rods and
L is the influence matrix, to express the tensions in the struc-
tural degrees of freedom. The tension 7; in the rod i results
form the extension g; of the rod i such as

T, = eri (6)

and the extensions are also connected to the d.o.f. of the struc-
ture by the influence matrix

q=L"x. (7)

The new compliance of the free end of the superstructure
reinforced by the tie rods is also shown in Fig. 2, which clearly

Rev. Sci. Instrum. 84, 023302 (2013)

mode 2
54.15 Hz

mode 1
52.78 Hz

mode 4
122.65 Hz

mode 3 (b)
66.43 Hz

FIG. 3. Superstructure supporting one QDO in the CLIC_ILD detector, re-
inforced with a network of four carbon tie rods: (a) drawing; (b) first four
resonances.

shows that it has been reduced by a factor four in the low
frequency range.

As mentioned in the introduction, we also propose to fix
the rods on the detector through active tendons, to increase
actively the structural damping and provide it positioning ca-
pabilities. This is discussed in Sec. II C.

C. Structural control with active tendons

Now consider that each tie rod is connected to the detec-
tor through an active tendon, consisting of a force sensor in
series with a piezoelectric actuator. Thus, the tension 7; in the
rod i results form the relative displacement of the ends of the
rod ¢; minus the elongation §; of the displacement actuator i,
such as

T; = ky(qi — 6:). ®)

Next, let us also consider decentralized Single Input Sin-
gle Output (SISO) controllers in each active tendon, i.e., that
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FIG. 4. Open loop transfer function between the force exerted by a vertical

tendon on the superstructure and its vertical displacement at the same location
for two controllers: IFF and IFF filtered.

each actuator is controlled using the signal from the force sen-
sor of the same tendon. Mathematically,

i = gH ()T /kr, (€))

where H,(s) is the control filter and g is the gain. It follows
that Eq. (5) becomes

k,
Ms?x + Csx + |:K + LLT]X =F. (10)

1+ gH,(s)

From Eq. (10) one sees that the new stiffness matrix is

k, T
K+ ———LL"|.
1+ gH,(s)

In order to add some damping in the structure, let us use
an integral force feedback (IFF) strategy®* >3

1
H.(s)=-. (11)
S
In this case, Eq. (10) becomes
Msx + Csx + [K+k,LLLT}X —F. (12)
s+g

It is shown in Ref. 23 and 24 that the maximum damping of
mode i, §™* is given by

g = (13)
i - 20),'
and it is obtained for a gain g; of
8i = Qi Qi/wi, (14)

which is different for each mode. At low frequency, the re-
sponse of the structure is, to a large extent, dominated by
the first resonance, for which the optimal value of the gain is
g1 = 337 x /337/200 = 437.45 and the damping of the first
mode is ™ = 0.35.

Figures 4 and 2, respectively, show the open loop trans-
fer function between the forces exerted by the tendons and
structural displacement at the locations where the tie rods are
attached and the compliance obtained with the optimal gain.

A drawback of this controller is that the structural damp-
ing is obtained at the cost of a degradation of the compliance
at low frequency. Indeed, taking s — 0 in Eq. (12) clearly
shows that, at low frequency, the tie rods do not participate in

Rev. Sci. Instrum. 84, 023302 (2013)

(a) Impulse Response

6 T

No Rod
—— IFF
—— IFF + HPF

(m)

6 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3

Time (sec)

No Rod

b) Step Response
—— IFF L
—— IFF + HPF

AL AT
A

I I I
0 0.05 0.1 0.15 0.2 0.25 0.3
Time (sec)

(m)

FIG. 5. Time response of the free end of the superstructure in the vertical di-
rection, excited at the same location: (a) impulse response; (b) step response.

the stiffness matrix anymore. To improve the low frequency
behavior, one can add a high pass filter (HPF) to the controller
and Eq. (11) becomes?

H,(s) = 5)

S
(s +a)?

where a is a design parameter limiting the effect of the IFF at
low frequency. If s > a the controller is the same as Eq. (11).
Again, Figs. 4 and 2, respectively, show the open loop trans-
fer function and the compliance for an intermediate value of
a = 0.6w}, and the same value of the gain as before. The filter
allows to recover a low compliance at low frequency, but at
the cost of a slightly reduced damping. This is a fundamental
tradeoff of the controller.

In order to illustrate the performances of the two con-
trollers in the time domain, Figs. 5(a) and 5(b) show the im-
pulse and step response of the free end of the superstructure,
excited at the same degree of freedom, without and with tie
rods.

The impulse response shows that the active tie rods al-
low a rapid stabilization of the structure, even faster with non
filtered IFF than with the filtered one (because of the higher
level of damping). On the other hand, the step response il-
lustrates that the filtered IFF is more robust to low frequency
external disturbances.

In order to validate experimentally the concepts proposed
in this section, a test bench has been developed, representing
the superstructure at roughly a quarter scale. It is described in
Sec. 111
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mode 2
31.42 Hz

mode 1
29.95 Hz

mode 3

368.66 Hz (b)

mode 4
387.74 Hz

FIG. 6. Scaled test bench: (a) drawing; (b) first four eigen modes.

lll. SCALED TEST BENCH
A. Modeling and simulations

Figures 6 and 7 show the drawing of the test bench with-
out and with rods, along with the first four eigen modes for
both configurations. Compared to the full scale superstruc-
ture, the ratio between the length of the tube and its diameter
has been modified to keep the first resonance frequency in the
same range of values. The set-up is made of aluminium (&,
=70 Gpa, py = 2710 kg/m?). The values of keq and k%" have
been determined by following exactly the same procedure as
in Sec. II B. For convenience, it has been chosen to reinforce
the structure with carbon fibre cable dyneema (E ~ 70 Gpa).
In tension, cables play exactly the same role as rods. The
length of the cables has been fixed at L, = 20 cm. With a
diameter d. = 0.767 mm the theoretical equivalent stiffness is
k. = 1.6210° N/m.

B. Structural control

The procedure to assess the performances for the scaled
test bench is similar to the procedure developed for the full
scale superstructure in Sec. II C. The compliance at the free
end of the scaled tube is shown in Fig. 8.

Compared to the full scale superstructure, the response
is more dominated by the first resonance. Here again, the
two controllers are tested: IFF and IFF filtered with a HPF.

Rev. Sci. Instrum. 84, 023302 (2013)

(a)

mode 1 mode 2
55.06 Hz 55.96 Hz
mode 3 mode 4
369.02 Hz b 388.08 Hz

FIG. 7. Scaled test bench with carbon rods: (a) drawing; (b) first four eigen

No éable

=== Cable
10" b BT T S| = = =Cable + IFF H
: ‘ i i Cable + IFF + HPF

Frequency (Hz)

FIG. 8. Compliance of the scaled test bench at the free end of the tube in the
vertical direction.

Magnitude (abs)

Phase (deg)

Frequency (Hz)

FIG. 9. Open loop transfer function between the force exerted by a vertical
tendon on the scaled tube and its vertical displacement at the same location
for two controllers: IFF and IFF filtered.
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1. Cantilevered tube
(corresp. to superstructure)

2. Rigid frame R \ @
(corresp. to detector structure) s
3. Carbon cables (| q
.6 (®
4. Piezoelectric actuator s \ )
5. Force sensor O

(corresp. to carbon tie rods)
6. Dedicated fixation/tension system

FIG. 10. (a) Picture of the experimental set-up. (b) Active tendon.

Figures 8 and 9, respectively, show the compliance at the end
of the tube and the open loop transfer function.

The optimal gain chosen to maximize the damping of
the first mode is g = 365 * \/365/198 and the corresponding
damping is £ = 0.42.

In the time domain, the performances are also found to
be very similar to those obtained for the full scale model
(Fig. 5).

C. Experimental results

Figure 10(a) shows a picture of the experimental set-up
and Fig. 10(b) shows a zoom on an active tendon. The detec-
tor has been represented by a rigid frame. The compliance has
been measured in the vertical and lateral direction by exciting
the structure with an instrumented impact hammer and mea-
suring the displacements at the same locations. It is shown in
Fig. 11 for the vertical direction.

A characteristic of the cables is that they have a non-
linear phenomenological law between the tension and the ex-
tension, i.e., that their stiffness is increasing as a function of
the static tension. In the experiment, the tension has been

—— No cable !
10° L.::ioof === Cable : w - Ben x|
—— Cable + IFF + HPF

Frequency [Hz]

FIG. 11. Measured compliance of the end of the tube in the vertical direction.

Rev. Sci. Instrum. 84, 023302 (2013)

Amplitude [m]

~o 0.05 0.1 0.15 0.2 0.25 0.3
Time [s]

FIG. 12. Time history of the vertical displacement of the free end of the
tube, excited by a sinusoidal extension of the actuators, with an amplitude of
30 pm and a frequency of 30 Hz.

gradually increased until the first structural resonance has
been multiplied by a factor three (Fig. 11). One sees that
the compliance has been divided by a factor 30 at low fre-
quency and, around 30 Hz, by more than two orders of mag-
nitude. Theoretically, a higher reduction of the compliance
could be obtained by an additional tension in the cables. How-
ever, too high a value of the tension becomes risky for the
force sensors. The filtered integral force feedback has also
been implemented in four decentralized loops, as described in
Sec. IT C. One sees that the controller adds damping on all the
modes.

Finally, in order to verify the capability of the actuators
to move the free end of the tube, out of phase sinusoidal sig-
nals have been injected in the two vertical actuators, with an
amplitude of 30 um and a frequency of 30 Hz. An exam-
ple of the resulting time history of the vertical displacement
of the tube is shown in Fig. 12. It has been measured with a
laser Doppler vibrometer. One sees that the tube follows the
motion imposed by the actuators, even though the amplitude
is slightly smaller than 30 pwm, because the motion is partly
compensated by structural deformations.

IV. CONCLUSIONS

The high luminosity constraint imposed to future lin-
ear particle colliders implies that the last electromagnets
(quadrupoles QDO0) are placed inside the detector. One pos-
sibility is to mount them on large superstructures cantilevered
to the tunnel wall, which unfortunately do not constitute very
stable supports. In this paper, it has been proposed to reinforce
the superstructure with a network of active tie rods. Using
a simple and realistic design, it has been shown numerically
that the compliance of the superstructure can be reduced by
a factor 4, with only four tie rods. In addition to stiffening,
it has been shown that the structural damping can be signifi-
cantly increased with the active tendons. A third property of
the active tendons is that they can also be used to realign the
superstructure. These results have been confirmed experimen-
tally on a scaled test bench. It has been shown that a network
of four cables decreased the compliance of the test bench by
a factor 30. The capability of the active tendons to increase
the structural damping and to reposition the structure is also
confirmed experimentally, and found to comply with the the-
oretical predictions.
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