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Abstract

The Compact LInear Collider (CLIC) aims at colliding
e+e− beams at1.5 TeV with effective transverse spot sizes
of 60 nm (horizontal) times0.7 nm (vertical). Strict stabil-
ity tolerances must be respected in order to achieve a suf-
ficient overlap of the two colliding beams. A stability test
stand has been set up at CERN, bringing latest stabiliza-
tion technology to the accelerator field. Using this tech-
nology, a CLIC prototype magnet was stabilized in a nor-
mal CERN working environment to less than 1-nm vertical
RMS motion above 4 Hz. Detailed simulations of the time-
dependent luminosity performance of CLIC are discussed.
They include the beam-beam interaction, the beam-based
feedbacks and the measured data on magnet stability.

1 INTRODUCTION

The Compact LInear Collider (CLIC) Study at CERN [1]
aims at colliding e+e− beams at1.5 TeV with a luminosity
of about1035 cm−1 s−1. In order to achieve this luminos-
ity performance the transverse beam size at the interaction
point must be as small as60 nm (horizontal) times0.7 nm
(vertical). CLIC will rely on a beam based feedback sys-
tem for the correction of magnet motion below few Hz, but
the faster motion of the quadrupole magnetic center must
be mechanically stabilized to a fraction of the beam size.
The vertical uncorrelated motion above4 Hz for the CLIC
quadrupoles must be smaller than1.3 nm (linac) and0.2 nm
(final doublets) [2]. The final goal for the CLIC Stability
Study is to demonstrate that such tolerances can actually be
met. The approach that has been followed is to bring mod-
ern stabilization technologies to the accelerator field. The
goals of the first phase of the CLIC Stability Study, as de-
fined in January 2002, are: (1) Establish vibration measure-
ments with sub-nanometer accuracy; (2) Investigate mod-
ern techniques for the stabilization of accelerator magnets;
(3) Predict the time-dependent luminosity performance of
CLIC with the achieved magnet stability. These items are
addressed in the Sections 2, 3 and 4, respectively. In Sec-
tion 5 some conclusions are drawn.

2 MEASUREMENT SETUP

A detailed summary on the sensors used for vibration
measurements in the framework of the CLIC Stability
Study is given in [2]. Here, the main characteristics of

∗PhD student at the University of Lausanne, CH, High Energy Physics
Institute (UNIL-IPHE).

Figure 1: Installation of a CLIC prototype quadrupole on
the stabilized honeycomb support structure. A doublet
without (left) and with (right) a non vibration-optimized
alignment support was used.

the sensors and the basic notation are briefly reviewed.
The vibration measurements are performed with tri-axial
geophones that measure velocities in the4 Hz-315Hz fre-
quency range. In Fig. 1 two geophones installed on CLIC
prototype quadrupoless are shown. These sensors have a
sub-nanometer accuracy in the frequency range of inter-
est. An upper limit for the resolution is given by the dif-
ference signal from two sensors placed side-by-side. At
4 Hz a 0. nm resolution was measured. The confidence
in the absolute calibration of the geophones was assessed
by comparing different vibration sensors. Two geophones
from other manufacturers available at CERN and at ESRF
[3] and a capacitive distance meter (relying on a differ-
ent physical phenomenon for the vibration measurements)
have been compared with the geophones of Fig. 1. These
comparisons have demonstrated a good agreement between
the different sensors. In a wide range of frequencies (5 Hz-
50 Hz) and vibration amplitudes (0.1nm-80nm) the vari-
ous measurements show a spread of a few percent. On the
basis of these results, the absolute error of the vibration
measurements is believed to be smaller than10 %.

A geophone provides a measure of the vibration velocity
v(n) at the discrete timesn∆t, where∆t = 0.001 s is the
sampling time andn = 1, 2, ..., N . N is the total number
of measurement points. The power spectral density of the
displacement,P (fk) is defined for the discrete frequency
fk = k

N∆t as:
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The integrated RMS displacement induced by vibrations
abovefmin = kmin
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Figure 2: Integrated RMS vertical motion on the floor and
on a stabilized CLIC prototype quadrupole(see Fig. 1, left
part). Relevant CLIC tolerances are also indicated.

where kmax corresponds to the largest measurable fre-
quency. In order to reduce the statistical uncertainty on the
measurement results,P (fk) is calculated as the average of
several consecutive data sets.

3 QUADRUPOLE STABILIZATION TO
THE SUB-NM LEVEL

The stabilization of the CLIC prototype quadrupoles is
performed with state-of-the-art stabilization devices. The
magnets are fixed on top of an honeycomb support structure
(table) that sits on a stabilizing system. The quadrupole
doublets can either be directly screwed onto the table top or
be installed on the table via an alignment support structure,
which is a non vibration-optimized support used in CLIC
Test Facility II (CTF2) for the micrometric alignment of
the quadrupoles (see Fig.1). This setup has also been used
for detailed studies of water induced vibrations [4], support
structure resonances [2] and effects of acoustical waves. A
soft pneumatic system and a piezo-based stiff system have
been used for the stabilization of the doublet. Here, only
the results achieved with the stiff system are considered. A
more complete overview of both systems is given in [2].

The vertical and the horizontal RMS motion, as mea-
sured on the floor and on a quadrupole doublet, are shown
in Figs. 2 and 3. These results were obtained with the ex-
perimental setup of Fig. 1, left part. Above4 Hz the dou-
blet was stabilized vertically to (0.52 ± 0.01) nm with a
ground motion of (6.20± 0.22) nm. The quadrupole vibra-
tion is within the CLIC linac tolerance (1.3nm) and is only
a factor2.5 larger than the Final Focus tolerance (0.2 nm).
The horizontal motion above4 Hz was (0.84 ± 0.04) nm
for the quadrupole instead of (3.05± 0.07)nm on the floor,
both within the CLIC tolerances. The longitudinal mo-
tion on the quadrupole was (4.33 ± 0.28) nm instead of
(4.30 ± 0.08) nm on the floor. This direction is not critical
for luminosity considerations. It is important to point out
that this magnet stability was achieved in a normal working
environment of the CERN Meyrin site. The impact of mea-
sured quadrupole motion on the CLIC luminosity is dis-
cussed in the next section.
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Figure 3: Integrated RMS horizontal motion on the floor
and on a stabilized CLIC prototype quadrupole (see Fig. 1,
left part). Relevant CLIC tolerances are also indicated.
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Figure 4: Vertical motion above4 Hz versus time as mea-
sured on the floor and on a doublet, which was mounted on
a CTF2-like alignment support. The error bars give the sta-
tistical uncertainty (1 σ) and are omitted in the quadrupole
lines because they are too small.

The quadrupole stability was continuously monitored for
several days. On the table top, two doublets and one triplet
were mounted on three independent alignment structures
(see Fig. 1), like on a girder. The vertical motion above
4 Hz as measured on the floor and on one doublet is shown
in Fig. 4 versus time. The cultural noise, which increases
the ground motion up to12 nm in the working days, is
greatly reduced by the stabilization device: a stability be-
low the1 nm level is ensured almost independently of the
cultural noise. Some residual perturbations are induced by
people walking by the experimental setup or working close
to it.

4 CLIC LUMINOSITY PERFORMANCE

The simulations of the time-dependent luminosity per-
formance of CLIC have been performed for the beam deliv-
ery system (BDS) of [5], which provides a design luminos-
ity of 0.8 × 1035 cm−2s−1. The validity of the tracking re-
sults has been assessed in [6, 7]. The available codes agree
within a few percent for simulations without synchrotron
radiation, like the ones considered in the following. On
the basis of quoted results,Merlin [8] was used for the
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Figure 5: Time-dependent offset and luminosity for three
seconds of CLIC operation with vibrating final doublets.

particle tracking. Full beam-beam (BB) simulations at the
interaction point (IP) were performed withGuineaPig [9]
and provided the luminosity and the BB deflection angle.

Two-beam simulations are carried out with the measured
vibrational spectra of the CLIC prototype quadrupoles. The
spectra are used to generate time-dependent misalignments
of the quadrupoles at either side of the IP. Only the final
doublets are moved because they induce the main impact
on the luminosity (an additional10% luminosity reduction
is found if all other quadrupoles of the BDS are moved
according to the same vibrational spectrum). A pulse-to-
pulse feedback system for correcting the IP beam offset has
been implemented inMerlin. The relative BB offset at the
IP (to be minimized by the feedback) is calculated from the
BB deflection angle provided by theGuineaPig simula-
tions. Beam scans in the horizontal and vertical plane are
used to calibrate the deflection angle versus beam offset.
This curve is fitted and inverted to provide the offset from
the beam angle, as was done for instance for SLC [10].

A result of a time-dependent simulation with vibrating
quadrupoles is shown in Fig. 5. The BB offset (top) and the
luminosity (bottom) versus time are given. This simulation
uses the measurements of Fig. 2 to generate the quadrupole
offsets (aligned machines at time zero). The motion of the
two final doublets is taken to be uncorrelated. Without an
IP feedback the BB offset would increase by several tens
of nanometer and the luminosity would be completely lost
within a few bunches. The feedback correction compen-
sates the low frequency component of the motion and al-
lows recovering a large fraction of the nominal luminosity.

A scan of the feedback gain has been done to find the set
point that gives the best luminosity. Fig. 6 shows the aver-
age luminosity over three seconds of CLIC operation, i.e.
300 consecutive pulses. The quadrupole stability achieved
with only the table as support allows recovering66 % of
the CLIC design luminosity, to be compared with the15 %
obtained if the quadrupoled move like the ground. If the
motion of a stabilized doublet with its non vibrational-
optimized alignment support is considered, then53 % of
the design luminosity is obtained. The horizontal motion
has shown not to be critical for CLIC. Both with the hor-
izontal vibrations measured on the floor and on the CLIC
prototype quadrupoles (with or without alignment support)
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Figure 6: Average luminosity versus feedback gain when
the doublets are moved according to the spectra of floor,
quadrupole and quadrupole on an alignment support.

more than95 % of the design luminosity can be recovered
with the IP feedback (for zero vertical motion).

5 CONCLUSIONS

For the first time a CLIC prototype quadrupole was sta-
bilized vertically to the0.5 nm level. This was achieved in
a normal working area at CERN. This sub-nanometer sta-
bility allows ensuring that almost70 % of the CLIC design
luminosity can be achieved. The horizontal and longitudi-
nal vibrations of the stabilized quadrupole have proven not
to be a critical issue for CLIC. Even though some further
improvements are still required, these results demonstrate
the basic feasibility of colliding nanobeams for CLIC.
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