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Abstract

To achieve luminosities of some 10%*cm~2s7!, all linear collider schemes currently
under study require extremely low beam emittances to achieve spot sizes of some 10 nm
height and some 100 nm width at the interaction point. Therefore, high beam position
stability is required in order to provide central collisions of the opposing bunches. Since
ground motion amplitudes are likely to be larger than the required tolerances of 85 nm rms
for the 500 GeV and 43 nm rms for the 1 TeV S-band linear collider SBLC, some means
of active stabilization is necessary to damp quadrupole motion to the desired value.
Therefore, an inexpensive active stabilization system to be installed in the S-band test
accelerator at DESY has been developed and successfully tested. It damps quadrupole
motion in the frequency range 2 — 30 Hz by up to 14dB, thus leading to rms values
of approximately 25 nm even in very noisy environments. Since the system is based on
geophone type motion sensors with an internal noise level corresponding to 1.1 nm at 2 Hz,
it is likely that this system allows stabilization below the 10 nm level.

1 Introduction

2571 all linear collider schemes currently under

To achieve high luminosity of some 10%* cm™
study require very low emittance beams focused to spot sizes of some 10nm vertically and
some 100 nm horizontally. These tiny beam dimensions require very tight mechanical tolerances
to avoid luminosity loss due to beam jitter at the interaction point caused by mechanical
quadrupole vibrations. For any linac lattice with 3 o< v*, k < 0.8, and constant phase advance
per FODO cell, the maximum tolerable uncorrelated quadrupole jitter o, leading to a luminosity

degradation of 3% due to beam offset at the IP can be estimated as [1, 2]

o, = 0.25- 6endj;fﬁ-cosg (1)
\ q

end ° 1_k - sl

= 025-7

where €end, Bepnds
of the last FODO cell, and the total number of quadrupoles in the linac, respectively. L is the

N, are the geometric emittance at the end of the linac, the average S-function

total linac length.
Using the parameters given in table 1, one gets a vertical tolerance level of 85 nm for the 500 GeV
and 43nm for the 1 TeV S-band linear collider SBLC [3], while in the horizontal plane these

numbers relax to 380 nm and 430 nm, respectively. In the final focus system, these tolerances
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are even tighter by a factor of about 5 to 10, but they cannot be expressed by eq. (1) [4, 5].
Since ground motion measurements (fig. 1) at DESY [6] indicate that vertical vibration toler-
ances are exceeded in an active accelerator environment at frequencies higher than those the
beam based feedback systems are capable to compensate, one has to invent direct vibration
measurement and compensation techniques. Due to the large number of quadrupoles in the
main linac, the costs of each system should not exceed a limit of about 10000 %, while much
more effort can be spent in the final focus with its much smaller tolerances. Therefore, an in-
expensive active mechanical stabilization system based on geophones as vibration sensors and
piezoelectric actuators to decouple the linac magnets from ground motion has been developed.
Aim of these investigations was to demonstrate active quadrupole stabilization in a typical
accelerator environment.

This paper describes the considerations that led to the present design of the system as well as
the system itself.

2 Support philosophy

For compensation purposes, the ground motion spectrum can be splitted up into various fre-
quency domains, each of them requiring different compensation schemes [7].

As the experience at SLAC has shown, beam-based orbit correction schemes can be successfully
employed only in the low frequency region where f < fiep/25 [8]. Above this frequency limit,
the compensation capability of any beam-based method is not sufficient, and even leads to an
amplification of the beam jitter amplitudes for higher frequencies. To overcome this limitation,
the linear collider quadrupole vibrations have to be either compensated passively or measured
independently of the beam and compensated by some means in order to fight beam jitter at its
source.

The simplest passive damping system consists of some kind of “spring” with a resonance fre-
quency f, and damping constant § acting as magnet support, which leads to an attenuation of
vibration amplitudes at frequencies well above this resonance frequency proportional to 1/w?
according to the transfer function

w2

1 (s) = : (3)

5% 4+ 20w, 5 + w?

of a passive vibration absorber. Here, s = 1w is the Laplace variable, while w, = 27 f,.

Since in the case of the SBLC with a repetition rate f., of 50 Hz the limiting frequency for beam
based orbit correction schemes is some 2 Hz, it would be necessary to build a passive quadrupole
support with a resonance frequency f, of approximately 1 Hz to achieve an attenuation by a
factor of 5 at 2Hz. If one assumes a magnet weight of 100kg, this corresponds to a spring
constant D of 4000 N - m~!.

Though such a system would be capable to damp ground motion to the desired value due to its
small transmissibility, it would nevertheless be very sensitive to any force acting on the magnet
itself (high compliance). For example, a static force as small as 4- 107N would lead to a static
magnet displacement of 1ym. In the frequency domain, the resulting amplitude A(s) per unit
force F'(s) as function of the Laplace variable s can be written as

Als) = D F(s) (1)

52 4+ 20w, 5 + w?
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= H(9) (5)

(6)

D is the spring constant and ¢ the damping constant of the magnet support “spring”.

Using s = 1w, figure 2 shows the modulus of this transfer function for forces acting on the
magnet itself and resulting in vibration amplitudes, like for example coil vibrations due to
cooling water pressure fluctuations, for three different resonance frequencies f., = 1 Hz, 10 Hz
and 100 Hz.

These considerations led to the development of an active stabilization system with a vibration
sensor on top of each magnet and some means of actuator to move the magnet in order to keep
it at rest.

At this point, again a decision has to be made about the mechanical resonance frequency of
the active support. One might think of an intermediate frequency of about f, = 10 Hz, which
would lead to an attenuation of higher frequencies just due to its passive mechanical behaviour,
while slow vibrations have to be compensated actively using for example an electrodynamic
transducer. Assuming a motion sensor with a lower frequency limit f; and transfer function
H,, together with the transfer function H, of the support

w2

H, = g (7)

5% 4 20w, 8 + w?

and a feedback algorithm F, one gets the transfer function

H,
Hy=—" 8
ST 14 FHH, (®)

which describes the transfer of ground motion amplitudes to the magnet. On the other hand,
the transfer function for exciting forces acting on the magnet directly becomes

1

H,=—2L——"
1+ FH,H, )

Since lims_,o Hs(s) = 0 due to the finite lower frequency limit f; and lims_,o H,(s) = 0 (eq. (7)),

: ) 1

lim Hy(s) = lim Hu(s) = 5, (10)
the effective spring constant H>' in the limit of low and high frequencies equals the passive
spring constant D of the magnet support. Therefore, the mechanical resonance frequency and
correspondingly the spring constant of the support are chosen as high as possible.

3 Vibration sensors

The noise of geophone type vibration sensors measuring the velocity of ground motion has been
determined to ensure their applicability in the active stabilization system [9].

This is not trivial because it is very difficult to provide a perfectly quiet environment as a
noise-free reference. Instead, two sensors of the same type have been placed side-by-side, so
both of them measured the same ground motion signal, as schematically shown in figure 3
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[10]. The output signals x(¢) and y(¢) of both sensors with transfer functions H; and H, where
simultaneously sampled and digitized at 1kHz. As indicated in fig. 3, these output signals
consist of the input signal u(t), transferred to the corresponding sensor, and a certain amount
of noise ny(t) and ny(t), respectively.

Using the Laplace transformation, these relations can be written as

X(s) = Hi(s)-Uls) + Ni(s) (11)
Y(s) = Ha(s)- Uls) + Nofs), (12)

where X(s) is the Laplace transform of x(¢), etc.
Resolving eq. (11) for U(s) and inserting this into equation (12), this yields

Y(s) = H(s) - X(s)+ N(s), (13)
with

H(s) = ng (14)

N(s) = Ny(s)— H(s)  Ni(s). (15)

The corresponding scheme is shown in figure 4.
From the two output signals x(¢) and y(¢), the power spectrum density of both the ground
motion and the internal noise of the sensors can be obtained using the correlation function [11]

o,

’Y:\/T%a (16)
with

¢, = X(w)X*(w), (17)

by, = Y(w)¥*(w), (18)

by = X(w)V*(w), (19)

where X (w) is the Fourier transform of x(), etc.

The averaged power spectra ® have been calculated dividing each time series into overlapping
segments, the overlap being 62.5% [12], and Fourier-transforming these segments using a Han-
ning window.

Utilizing the power spectra ®,,, ®,, and ®,,, one gets the following relations:

iiJ

H = =Y 20
®17177 ( )
Gun = B,y [H}D,,. (1)
;s = (I)yy'|7|27 (22)

CI)M|H|2
= 23

ks

= 24
1_ |7|27 ( )

where @,,,,, ;. 5 are the noise power spectrum, signal power spectrum, and the signal-to-noise
ratio, respectively.



This method has been applied to geophone type motion sensors manufactured by KEBE Sci-
entific Instruments having a transfer function shown in figure 5.
The rms value o, in a certain frequency band fy to f; can be calculated by integrating the
noise power spectrum ®,,,, over this frequency band:
9 w1=27f1
ol = P, (w)dw. (25)
wo=27 fo
Figure 6 shows the rms noise level of the KEBE sensors in the frequency band fy to infinity as
function of the lower frequency fy :

olf > =\ el (20
WO:27Tf0

The resulting rms noise level in the frequency band from 2 Hz to infinity has been determined

at 1.1+ 0.3 nm, which is well below the quadrupole jitter tolerance even for the 1 TeV machine.

Therefore, these sensors have been considered useful for the active stabilization system.

4 Design of the active stabilization system

For simplicity reasons as well as cost limitation, the mechanical design is based on a single
piezoelectric actuator tilting the quadrupole around its transverse horizontal axis thus keeping
its center at rest, as schematically shown in figure 7. As can be easily shown, the magnet optics
effect of this tilt can be neglected compared to the corresponding offset of its center.

The opposite end of the magnet is placed on two massive ball-ended feet to reduce dry fric-
tion. To fix the magnet’s horizontal position, two horizontal “arms” with sufficient vertical
compliance but high stiffness in the horizontal directions have been placed on one side of the
quadrupole. The KEBE sensor is mounted on top of the magnet just above its center.

The lowest mechanical resonance frequency of this support has been measured to be f, =
143 Hz, which, together with the magnet mass of approximately 100 kg, corresponds to a spring
constant D of about 80 Nym™".

The whole system is placed on a very stiff concrete support with high internal damping to avoid
amplification of ground motion due to mechanical resonances. As experimentally confirmed, it
has no mechanical eigenmodes in the frequency range up to 300 Hz. The triangular cross section
ensures the transfer of horizontal ground motion without amplification.

The complete active quadrupole support is shown in figure 8.

For this first prototype of the active stabilization system, the feedback circuit has been realized
on a PC with 16 bit A/D board. The algorithm consists of a 100 sec highpass filter to cut offsets
of the input signal, an integrator to get the displacement from the velocity signal, and several
digital filters, as schematically shown in fig. 9.

5 Results of active stabilization

The active stabilization system has been set up in DESY hall 2, an experimental hall close to the
DESY synchrotrons which has been chosen for the installation of the S-band test linac. Since
there are two accelerators, several transformers and some other technical equipment operated
nearby, it is considered as a typical example of an operating Linear Collider environment.
Therefore, the results obtained in this place should be comparable to those to be expected in
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the future accelerator.

To determine the performance of the system, a second KEBE sensor was placed on the floor
just below the magnet. The signals of the feedback sensor as well as this second one where
simultaneously sampled at 400 Hz to exclude artefacts in the results due to the statistical
behaviour of ground motion. Sets of 1024 data points each were integrated to obtain the
displacement from the velocity signal, multiplied by a Hanning window and Fourier-transformed
in order to determine the power spectra ®,, and ®,, of the two signals. From these power
spectra, the rms values o, and o, of the displacement in the frequency band fy to infinity can
be calculated as

o(f > fo) = ¢ /w :;Wfo O (w)dew. (27)

To ensure the reliability of this method, signals of both sensors where processed with the
feedback system switched off. In this case, the transfer function is expected to be unity. As
shown in figure 10, this is indeed the case in the frequency region below approximately 30 Hz,
while amplitudes of vibrations beyond this limit appear to be higher on top of the magnet than
on the floor. This latter effect results from the lowest mechanical resonance at 143 Hz, but
due to the small ground motion amplitudes in this frequency region its contribution to the rms
value is negligible. With the feedback switched on, this effect is slightly amplified (fig. 11) but
still does not appear to be harmful. Below 30 Hz, the damping effect is clearly visible.

The measured feedback gain calculated as the square root of the ratio of the two power spectra
is shown in figure 12, together with the theoretically expected curve.

As already mentioned in the introduction, the aim of active stabilization was to reduce the
(uncorrelated) quadrupole jitter to an rms value of less than 43 nm for the 1 TeV S-band linear
collider. Fig.13 presents the rms value o of simultaneously measured ground and magnet
motion as a function of the lower cut-off frequency fy, as has been calculated from the power
spectra shown in fig. 11. Although a vertical ground motion rms value of 100nm at f, = 2 Hz
is considered a noisy environment, the active stabilization system is capable to damp magnet
motion to an rms value of about 26 nm in this frequency band. Taking into account the very
low internal noise of the sensors, one can expect even lower values in less noisy environments.
To investigate the influence of cooling water pressure fluctuations known as a main source of
high frequency quadrupole vibrations for example at SLAC [14], magnet motion power spectra
have been obtained with cooling water switched on and off. While the design water flow is
1201/h, these data were taken at an increased flow of 2201/h. It turned out that the influence
of cooling water is almost negligible. The only difference in both power spectra is a small
enhancement around 100 Hz which practically does not contribute to the magnet motion rms
value.

Nevertheless, all data presented in figs. 11 to 13 were obtained at a cooling water flow of 2201/h.

6 Conclusion

As has been experimentally demonstrated, active stabilization of mechanical quadrupole vibra-
tions is possible down to approximately 25 nm for vibration frequencies higher than 2 Hz even
in quite noisy environments with ground motion amplitudes of 100 nm in the same frequency
range. In less noisy places, an rms value of less than 10nm is likely to be achieved due to the
very low noise level of the motion sensors. Therefore, the system presented in this paper might
be even applicable in the final focus system of the S-band linear collider SBLC, provided that
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the final focus is located in a less noisy environment.

At present time, the complete active stabilization system costs approximately 10000 $, which
will surely reduce for a large number of systems.

Though the required tolerances might be achievable even without any active stabilization, a
retrofit of the machine with the system described in this paper can be considered as a luminos-
ity upgrade option.

Compared to any correction scheme based on dipole correctors to compensate magnet motion
detected by a geophone, a mechanical system has two advantages. First of all, the unexpensive
sensors used in the system presented in this paper would not be applicable because of the large
range in the phase shift of their transfer function. Therefore, more sophisticated motion sensors
have to be used, usually being more expensive.

Secondly, the performance of the presented system can be monitored online by taking data
from the geophones on top of each quadrupole.
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Figure 1: rms values of ground motion measured in HERA Hall West.
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Figure 2: Transfer function for forces F'(f) acting on the magnet itself and resulting in displace-

ment A(f) according to equation (4) with m = 100kg and é = 0.3 for three different resonance
frequencies f, = 1 Hz, 10 Hz and 100 Hz.
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Figure 3: Schematic view of two sensors measuring the same input vibration.
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Figure 6: rms value of the internal noise of the KEBE sensors in the frequency band fy to
infinity as function of the lower frequency fy.
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Figure 7: Schematic view of the active stabilization system.
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and a piezo actuator below it to tilt the quadrupole around its horizontal transverse axis. A
match-box in the front indicates the size.

17



HP Int LP - D—

BP ;
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digital filters (lowpass LP, highpass HP, bandpass BP).
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Figure 10: Measured transfer function for ground motion acting on the magnet with the feed-
back system switched off.
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Figure 12: Measured feedback gain (thick line) in the frequency band from 0 to 30 Hz, calculated
from the square root of the ratio of the two power spectra shown in figure 11. The smooth
thinner curve shows the theoretical transfer function.
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Figure 13: rms value of ground (solid) and magnet motion (dashed) with the feedback system
switched on in the frequency band fy to infinity as function of the lower frequency fy, fo ranging

from 0 to 10 Hz.
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| | SBLC |

E [GeV] 500 1000
By ena [M] 165 233
B end IM] 165 233

Y €yend|m-rad] || 2.5-1077 | 0.5- 1077
Y- €hend[m-rad] | 5-107° 5-107°

k 0.5 0.5
/2 m/2v/2
5 L [km)] 294 29.4

Table 1: Parameters of the S-band linear collider SBLC relevant for the estimation of quadrupole
jitter tolerances.
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