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Ground motion is a severe problem for many particle accelerators, since it excites beam oscillations,
which decrease the beam quality and create beam-beam offset (at colliders). Orbit feedback systems can
only compensate ground motion effects at frequencies significantly smaller than the beam repetition rate. In
linear colliders, where the repetition rate is low, additional counter measures have to be put in place. For this
reason, a ground motion mitigation method based on feed-forward control is presented in this paper. It has
several advantages compared to other techniques (stabilization systems and intratrain feedback systems)
such as cost reduction and potential performance improvement. An analytical model is presented that
allows the derivation of hardware specification and performance estimates for a specific accelerator and
ground motion model. At the Accelerator Test Facility (ATF2), ground motion sensors have been installed
to verify the feasibility of important parts of the mitigation strategy. In experimental studies, it has been
shown that beam excitations due to ground motion can be predicted from ground motion measurements on
a pulse-to-pulse basis. Correlations of up to 80% between the estimated and measured orbit jitter have been
observed. Additionally, an orbit jitter source was identified and has been removed, which halved the orbit
jitter power at ATF2 and shows that the feed-forward scheme is also very useful for the detection of
installation issues. We believe that the presented mitigation method has the potential to reduce costs and

improve the performance of linear colliders and potentially other linear accelerators.
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I. INTRODUCTION

The constantly increasing beam quality requirements
cause modern particle accelerators to be more and more
sensitive to ground motion effects [1,2]. Ground motion
misaligns the accelerator components, most importantly
quadrupole magnets that apply dipole kicks to the beam
(feed-down effect). These unwanted dipole kicks excite
beam oscillations that result in emittance increase due to
chromatic dilutions [3,4], and in beam-beam offset at the
interaction point in the case of colliders.
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Without specially designed mitigation methods, these
effects would reduce the performance of many modern
accelerators significantly, or even prohibit their operation
fully, as in the case of future linear colliders. Nowadays,
orbit feedback systems [5] and transverse damping systems
[6] are used to mitigate ground motion effects and other
dynamic imperfections. The beam position is constantly
measured via beam position monitors (BPMs) and actua-
tions for corrector magnets are calculated that resteer the
beam onto its reference orbit. The main limitation of such
systems is that dynamic imperfections can only be sup-
pressed if their frequencies are significantly smaller (factor
20 can be used as a rule of thumb) than the beam repetition
rate fp. This limit is due to considerations about the
stability and noise amplification behavior of the applied
feedback controllers. In rings, the repetition rate is usually
much higher (kHz to MHz) than the relevant ground motion
components (below 100 Hz), and the according beam
oscillations can be damped. In linear accelerators, and
especially in linear colliders, the repetition rate is much
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lower than in rings. Important examples are the Compact
Linear Collider (CLIC) [7,8] with 50 Hz, the International
Linear Collider (ILC) with 5 Hz [9], and the Accelerator
Test Facility (ATF2) [10,11] at KEK with 3.12 Hz. Because
of these low repetition rates, orbit feedbacks are not
sufficient to suppress all relevant ground motion effects
and other mitigation methods have to be added for higher
frequencies.

The topic of ground motion suppression for frequencies
not correctable with orbit feedback systems (higher than
about f/20) has already received significant attention.
The problem has been addressed by intratrain feedback
systems [12], which utilize ultrafast electronics to apply
corrections within the same beam train. These systems are
very efficient in removing the beam separation at the
interaction point in the case of the ILC. However, the
uncorrected beam oscillations in the main linac of the ILC
create bunch distortions due to wakefield effects, which
deteriorate the luminosity performance (banana effect). A
fast luminosity feedback system has been considered to
mitigate this effect [13], but it would be advantageous if the
banana effect could be avoided in the first place.

In the case of CLIC, intratrain feedback systems are not
sufficient to recover the design luminosity, since the bunch
spacing is too short (0.5 ns) to react quickly enough. Also,
the number of intratrain feedback systems that can be used
in parallel at different locations is very limited, since the
actions of the individual systems cannot be coordinated
(local system). Because of these limitations, mechanical
stabilization systems are currently the baseline for CLIC.
They stabilize the quadrupole magnets themselves instead
of steering the beam. Various active stabilization systems
have been designed and tested [14-16]. Also a very
effective passive stabilization system has been considered
[17], but its large mechanical setup (100 ton concrete block
and 20 air springs) limits its use to specific magnets, e.g., in
the final focus system.

In this paper, a novel mitigation scheme for ground
motion, or other mechanical vibration sources, with
frequencies not correctable with orbit feedbacks is pre-
sented. It employs ground motion sensors, which cover the
relevant frequency range, and which are distributed along
the beam line. Their measurements are used to determine in
real time the ground motion induced position change
x(1) = [x(2), ...,qu(t)]T of N, quadrupole magnets.
Either, each quadrupole is equipped with one ground
motion sensor, or x(¢) is computed via interpolation from
other sensor locations. The measured quadrupole motion
x(1) is then used to predict its effect on the beam orbit
b(t) = [by(t),.... by, (1)])". This prediction is done with the
help of a system model, more precisely the orbit response
matrix R,, as will be explained in Sec. III A. Finally,
actuations ¢(¢) of corrector magnets are calculated that
compensate b(¢), and these corrections are applied to the
correctors in a feed-forward fashion. The feed-forward

system can only work effectively if the time response of the
complete mitigation system [measurement, prediction of
b(t), calculation of ¢(¢), and actuation of the corrector
magnets] is fast compared to the imperfections that should
be corrected. Note that the beam orbit b() is modeled as a
continuous quantity. In reality the orbit is a time-discrete
quantity b; = b(t,), since it is only relevant at the beam
arrival times 7, = k/fg, where k € {1, ..., Np} is the beam
pulse index. For some explanations this detail will have to
be considered.

The outlined feed-forward ground motion mitigation
system has many advantages compared to the two other
schemes. It is cheaper than active and passive stabilization
systems due to the fact that no mechanical positioning or
damping systems, e.g., tripods, are required. Even though
the number of sensors will still be large, the number of
corrector magnets can be reduced to a few very effective
ones. Additionally, stabilization systems are more difficult
to integrate into the complex accelerator modules.
Compared to intratrain feedback systems, the feed-forward
option has the advantage that it can apply corrections that
are distributed over many correctors (global scheme).
Therefore, beam oscillations can be damped already in
the main linac before they filament and increase the beam
emittance. This is especially important for CLIC, where the
filamentation is strong due to the large energy spread, but is
potentially also of interest for the ILC to suppress the
banana effect. The efficiency of the feed-forward method is
also not limited by very short bunch spacing, as is the case
for CLIC.

Another advantage of the feed-forward scheme arises
from the fact that all sensor measurements are available to
one algorithm on a central computer that computes all the
corrections. This is in contrast to other systems where each
correction is computed on the basis of only one sensor, and
no sensor information is exchanged between the indepen-
dent subsystems. The additional information allows the use
of a better optimized correction algorithm, e.g., by reducing
the sensitivity to measurement noise. Also, more reliable
error detection functionalities can be implemented. As a
result the overall system can be made more robust, since the
actions of erroneous sensors and correctors can be miti-
gated by other devices due to the global nature of the feed-
forward scheme. On the other hand, the feed-forward
system has high demands on the control system, since
the data collection and the corrector actuation have to be
performed with high speed to ensure an efficient mitigation.
Besides the hardware specifications, the system model
accuracy has to be higher compared to earlier schemes
since usually the corrections are applied fully in each time
step and not with a certain gain factor as in the feedback
options. Another limitation for the effectiveness of the
feed-forward method is that the real movements of the
quadrupole magnet centere may differ from the movements
predicted from the vibration sensor measurements,
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depending where and how the vibration sensors are
installed. Also, the feed-forward method is not capable
of correction orbit changes from other sources than ground
motion.

In Sec. II, an analytical model of the feed-forward
scheme is presented. It can be used to investigate hardware
limitations, and system specifications for the specific case
of CLIC have been derived. Sections III and IV are
concerned with the experimental demonstration of the
feed-forward system. Since the full feasibility demonstra-
tion is a rather large project, the study was split into two
parts: first, the prediction of the ground motion effect on the
beam orbit; and second, the correction of the predicted orbit
changes. Only the prediction part is covered in this paper
while the demonstration of the correction part is planned in
the near future.

To demonstrate the prediction part of the feed-forward
mitigation scheme, experimental studies have been carried
out at ATF2 and are presented in Sec. IV. ATF2 is an
important test facility for the ILC, but also for CLIC, where
recently the feasibility of an ILC-type beam delivery
system was demonstrated [11]. The ATF2 beam line
consists of an extraction line coming from the ATF
damping ring, and a final focus region that focuses the
beam to a nominal beam size of 37 nm in vertical direction.
It is 82 m long and composed of 49 quadrupoles, 5
sextupoles, 4 skew sextuples, 7 dipoles, 3 septa, 25
corrector magnets, and different types of beam instrumen-
tation equipment. Most importantly for this work are the 12
strip line BPMs at the beginning of the beam line and the 37
cavity BPMs further downstream (only 32 used for the
experiment). The nominal electron beam has an energy of
1.3 GeV and horizontal and vertical emittances of 2 nm and
12 pm, respectively.

The conditions at ATF2 are very favorable for ground
motion studies, since the beam line is relatively sensitive to
these effects compared to other machines in operation. The
necessary number of vibration sensors and their optimal
locations were determined via previous simulation studies
[18]. The simulations have also been used to evaluate the
expected signal levels at ATF2 and therefore which
prediction quality can be achieved. The results are pre-
sented in Sec. III.

II. MODELING OF THE MITIGATION CONCEPT

In this section, the analytical modeling of the feed-
forward mitigation scheme is carried out. A frequency
space model of the feed-forward mitigation scheme is
derived in Sec. Il A and is used in Sec. II B to predict the
system performance and to determine hardware specifica-
tions. The model focuses on the correction part of the
scheme, while the prediction part is assumed to work
perfectly. It is assumed that the reader is familiar with the
basic concepts of signal processing [19] and system

engineering [20] such as the Laplace transform and the
Z transform.

A. System model

The simplified structure of the feed-forward mitigation
system is depicted in Fig. 1. The ground motion x;(¢)
moves the magnetic center m;(f) of the quadrupole. The
magnetic centers can also be changed by corrector magnets
(actuators) A(s), which are assumed to be integrated into
the quadrupole magnets. In the expression A(s), s € C is
the transformation variable of the Laplace transform. The
corrector magnet is actuated by the feed-forward system
that consists of a ground motion sensor B(s) and time delay
D(s), where the latter is due to the control system and the
correction algorithm. The measured signal is applied with a
negative sign in order to cancel the effect of x;(z).

Since the feed-forward system can only correct motion
above the lower cut-off frequency of the ground motion
sensor, slower motion has to be corrected with an orbit
feedback system. To get realistic performance estimates,
the latter mitigation method is modeled in a simplified way.
The feedback controller C(z) is described as a discrete-time
transfer function, via the Z transform with its transforma-
tion variable z € C. The Z transform is the equivalent to the
Laplace transform for time-discrete signals. The feedback
controller input is in this model the magnetic center m;(¢),
instead of the BPM reading. This simplification will be
justified below. Note that the beam samples the position of
the magnetic center with the time interval T = 1/f
(indicated in the plot with a switch symbol). This sampling
transforms the continuous signal into a time-discrete series.
The orbit feedback corrections are applied to the actuator
A(s) in addition to the feed-forward actuations. The fact
that the output values of C(z) are only changed in time
intervals of T is modeled with a zero-order hold element.

The assumption and simplifications made in this model
can be summarized as follows:

(1) The model is a single-input, single-output system
(SISO) with only one quadrupole magnet, one BPM,
and one actuator. The assumption is made that the
real system (consisting of many elements) is as well

1 Tr
N 0-order
B(s)F>D ~—C
Ol L] o WV I
A(s) Tr
zi(t) A mi(t)
‘\—’y >
FIG. 1. Schematic diagram of the feed-forward mitigation

system including an orbit feedback controller C(z) for the
suppression of relatively slow imperfections.

122801-3



J. PFINGSTNER et al.

Phys. Rev. ST Accel. Beams 17, 122801 (2014)

correctable as the SISO model, which requires very
good system design and knowledge.

(2) The sensor is assumed to measure directly x;(¢),
which is only the case if the sensor is fixed to the
quadrupole magnet, and the magnet is assumed to be
perfectly rigid.

(3) Also, the corrector magnet is assumed to be installed
directly in the quadrupole magnet. In reality, only a
small number of very effective correctors may be
used to steer the beam and not every quadrupole will
have to be equipped with a corrector magnet.

(4) In the model, the input of C(z) is the magnetic center
m;(t) directly, while in reality the BPM readings are
used. This assumes that the orbit prediction part of
the mitigation scheme works perfectly.

Considering Fig. 1, the frequency response S(iw) of

m;(t) to x;(¢) can be shown to be

S(iw) = Spp(iw)Sop(er) (1)

with
Ser(iw) = 1= B(s)D($)A(S)|s=in- (2)
Sor(er) = B (3)

1+ C(2)A(D) | pori”

where Sp7(iw) and Sy (eT*) are the frequency responses
of the feed-forward and the orbit feedback system, respec-
tively. Note the combination of continuous and time-
discrete signals. As known from signal theory, the
transformation variables of the Laplace and Z transform
have to be evaluated on the imaginary axis and around the
unit circle of the complex plane, respectively, to obtain the
according frequency response functions. The model is also
capable of investigating the performance of stabilization
systems, by simply exchanging Sy (iw) in Eq. (2) with the
according stabilization frequency response, as done in [21].
The time-discrete actuator A(z) corresponds to the con-
tinuous actuator A(s) with a zero-order hold element at its
input and a sampling device at its output. The behavior of
A(z) can be derived from A(s) by performing the so-called
¢ transform, which is given by (see [21,22] for detailed
information)

A(z) = (1 —z—l)z{c—l{@}

N

1=kT } @

B. Performance predictions

For the performance predictions, two different sensor
types are considered. The seismometer CMG-6T [23] from
Guralp, with its transfer function B(s), has a lower and
upper cutoff frequency of 0.03 Hz and 100 Hz, respectively.
The second transfer function B,(s) corresponds to a

geophone proposed by the CLIC stabilization group
[24]. The geophone’s lower cutoff frequency is 0.9 Hz
and it can measure up to 1 kHz. The geophone would be
significantly cheaper than the seismometer and efforts are
ongoing to build a prototype of this instrument. For
background information about the different types of vibra-
tion sensors, please refer to [25].

Also two different types of actuators have been
considered

1
(1+Tys)*

where A;(s) and A,(s) correspond to a first and second
order low-pass behavior with adiabatic damping, respec-
tively. The time constant 7'y corresponds to the time to
reach 63.2% of the amplitude of an applied step function. In
Eq. (3), the time-discrete equivalent of these continuous
actuator dynamics is also needed. Using the ¢ transform in
Eq. (4), they can be shown to be

Ar(s) and  Ax(s) = (5)

:1+T1S

TR

l—e
Al(z)=—5% and (6)
z—e Tt
l—e ™ Te(z=1)e ™
—e T T 7z — e T
Ay(z) = T, _TR Tg 2" (7)
z—e Ti l(z—e T])

The time delay 7', can be modeled in frequency space as
D(iw) = e~ (3)

and the simplified action of the orbit controller is modeled
as a discrete-time integrator given by

@) =~ ©)

The impact of ground motion with respect to a specific
accelerator quantity, e.g., emittance increase, luminosity
loss, or orbit offset, can be estimated with an analytic model
that is developed in [2]. Including also the action of the
feed-forward system and the orbit feedback system, but
neglecting a possible intratrain feedback system, the
luminosity loss AL can be modeled as

AL = (271[)2 //_ : G2 (K)|S(ia)]?P(w. k)dwdk.  (10)

The ground motion P(w, k) is modeled via the two-
dimensional power spectral density (PSD), which is a
function of the angular frequency @ = 2zf, but also
includes spatial properties via the wave number
k =2z/A. Here f and A are the frequency and the wave-
length of a ground motion wave. Many different models for
P(w, k) are available in the literature. In this work, the
model B10 [26] is used, which is the baseline model for
CLIC. It is an adaptation of the standard model B (moderate
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ground motion), but has stronger cultural noise components
(by a factor 10) to fit recent measurements. The PSD
defines the power of independent sine waves
sin[wt — ks + ¢o(w, k)], where s is the spatial coordinate
and ¢ (w, k) is a random phase. The power of the exciting
ground motion is related to the motion of the magnetic
center m;(t) of the quadrupole magnets via |S(iw)|* [see
Eq. (1)] if the action of the feed-forward and orbit feedback
system is taken into account. Finally, the motion of the
magnetic centers is related to the luminosity loss via the
sensitivity function G7%(k), which can be determined from
simulations. The power of the individual sine waves
(different w and k) is added up via double integration.
More details can be found in [21].

In Fig. 2 the dependence of the feed-forward system
performance on the actuator dynamics is shown. It can be
seen that the first-order actuator dynamics A,(s) are
strongly preferable compared to the second-order dynamics
of A,(s). Also, the Guralp seismometer B,(s) performs
better than the geophone B, (s), which is in contrast to the
application of the sensors to stabilization systems. To keep
the luminosity loss below 2%, T'; should be below 2 ms for
B,(s) and between 2 ms and 5 ms for B (s).

Surprisingly, the use of sensor B;(s) results in an
increased luminosity loss for actuator dynamics below
2 ms. To understand this behavior the integrated root mean
square (RMS) relative luminosity loss for different con-
figurations of mitigation methods is depicted in Fig. 3,
which can be calculated as

AL(w) _ T

GZ
Lo zﬁo/ / el

D= k=—c0

k)|S(i@)|>P(®, k)dadk.

(11)
40
——FF Bi(s), A1(s)
35]-e-FF By(s), As(s)
30 |—==FF Ba(s), Ai(s) g
-«-FF By(s), As(s)| _e-™"" ._,_.--v"’
=
=3 X ﬁ,"
3 20} / -
S
< st L
10} i
/ s
S N
’ ll
% 5 10 15 20

T of actuator [ms]

FIG.2. Relative luminosity loss with the feed-forward and orbit
feedback system with respect to the actuator dynamics for the
case of CLIC.

10
——no mitigation
—-—QFB
10° ——OFB, FF with T} = Oms |}
S OFB, FF with T} = 3ms
ST
Q
<
o
° 1
© 10 F
=
e
10°
10 b ' 3
10° 10" 10° 10' 10°
Frequency [Hz]
FIG. 3. Integrated root mean square of the relative luminosity

loss AL/L, including the effect of the orbit feedback system
(OFB) and the feed-forward system (FF).

The additional factor 2 compared to Eq. (10) comes from
the fact that the integration over @ is only carried out for
positive values. Without any mitigation methods, the
luminosity decreases strongly for frequencies below
0.5 Hz. The plotted luminosity losses higher than 100%
are due to the limitations of the used model, which is only
accurate for losses below 40%. However, the curves still
indicate frequency ranges causing high luminosity loss.
When using an orbit feedback, the luminosity loss can be
limited to about 35%. The remaining loss is mainly caused
by ground motion of frequencies between 10 Hz and 50 Hz.
These frequencies can be mitigates by the use of the feed-
forward system [first-order actuator A;(s) and Guralp
seismometer B;(s)]. The system suppresses higher
frequencies more efficiently with an actuator with low-
pass behavior (T of 3 ms) than with an ideal actuator
(T of 0 ms). This is due to the fact that the low-pass
behavior compensates partially the strong phase distortions
of the seismometer B (s), which turns out to be beneficial
for the real-time control. For the geophone B,(s) such an
effect is not observable, since the phase distortions of this
sensor are smaller at high frequencies.

The dependence of the performance of the feed-
forward system on the system delay 7, is depicted in
Fig. 4. Since actuator A, (s) has already turned out to be
superior compared to A,(s), only the former one is used
for the evaluation. As expected, an infinitely fast actuator
(T = 0) performs in general better than one with realistic
dynamics. To limit the luminosity loss below 5% (instead
of 2%, since now two imperfections are considered), the
delay time T, has to be below 1 ms for B,(s) and 4 ms
for B(s), when assuming an actuator time constant 7T
of 3 ms.
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FIG. 4. Relative luminosity loss with the feed-forward and orbit
feedback system as a function of the system delays for the case of
CLIC. Only a perfect actuator (7; =0 ms) and A,(s) with
T, =3 ms are considered.

II1. SIMULATION STUDIES FOR THE
EXPERIMENT AT ATF2

Since the experimental conditions at ATF2 are very
different compared to the case of future linear colliders,
simulation studies have been performed (see also [18]) to
evaluate the expected performance of the feed-forward
mitigation method. Even though ATF2 is relatively sensi-
tive to ground motion, the expected effects are still small
compared to the measured orbit changes originating from
other imperfections. Therefore, it has to be verified if an
experiment is feasible.

A. Tools, models, and data processing

The simulations have been performed with the tracking
code PLACET [27] and in parallel with the ATF2 Flight
Simulator [28]. The results have been checked against each
other and only negligible differences could be observed.
The beam was tracked through the lattice of version 5.1,
which corresponds to the nominal beam optics with the
horizontal beta function increased at the interaction point
by a factor 10, which was in use at the time the experiment
was conducted.

To evaluate the effect of ground motion on the beam
orbit, a ground motion generator was used to create realistic
element misalignments on a pulse-to-pulse basis. The
generator originates from the work in [2] and has been
integrated into PLACET [26]. The applied ground motion
model has been established from measurements along the
ATF2 beam line [29]. To simulate the measurement,
seismometers of the type Guralp CMG-6T have been
added to the beam line. Two different setups are utilized
to evaluate the necessary number of sensors: one with 14
and one with 30 seismometers. The locations of these

sensors have been determined (more details later) in order
to best cover the areas in which most orbit jitter (due to
ground motion) is created.

Besides the pulse-to-pulse ground motion, other imper-
fections have been included. Field errors of the quadru-
pole magnets of 0.01% and BPM scaling errors of 1%
have been modeled. The BPM resolution was set to 5 um
for the stripline BPMs (beginning of the beam line) and to
0.1 ym for the cavity BPMs (further downstream in the
final focus region). Also, initial orbit jitter with an
amplitude of 10% and 25% of the beam size in horizontal
and vertical direction, respectively, have been included in
the simulations. This is consistent with current measure-
ments [30]. The sextupole magnets in the final focus
region were turned off during the whole simulation (as in
the experiment) to avoid nonlinear effects due to large
orbit changes.

As a first step in the simulation procedure, the initial
survey is modeled. All quadrupole magnets and BPMs are
misaligned with Gaussian noise of zero mean and with a
standard deviation of 100 um. Afterwards, the beam orbit
is steered with the corrector magnets to the center of the
BPMs. Next, the orbit response matrix R, is computed. The
elements of this matrix are orbit changes at the BPM
locations due to quadrupole misalignments in linear
approximation: r;; = db;/dx;. The main part of the
simulation consists of tracking 200 beam pulses, while
applying ground motion and the other imperfections. The
resulting sensor and BPM readings are recorded and
processed as discussed below. To acquire sufficient sta-
tistics, the results of 20 random seeds have been averaged.

The numerical tool Octave [31] was used for the
processing of the simulation data. The original BPM
readings b, are not analyzed, where k € {1,...,Np} is
the pulse index. Instead, the difference between two beam
pulses Ab, = b, — b;_; is used, which is referred to in the
following as orbit jitter. Using the orbit difference corre-
sponds to the application of a high-pass filter to the original
data. This allows one to suppress the influence of lower
frequencies that would be corrected by an orbit feedback
system in reality.

The vibration sensor measurements at the beam arrival
times are used to find the estimated position changes AX;
of all quadrupole magnets. Since the locations of the
quadrupole magnets and vibration sensors are not always
the same, the quadrupole magnet positions are determined
via linear interpolation from the sensor measurements.
Other interpolation methods, e.g., cubic or spline inter-
polation, did not reduce the position errors noticeably and
were less reliable. The interpolated quadrupole jitter Ax;
is then used to predict the ground motion effect on the

beam orbit Ab, by

Ab, = R, A%,. (12)
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For the following explanations, it is convenient to
combine the orbit jitter of all BPMs and time steps
(1 to Np) in one matrix

ABT
AB=| : |, (13)
AT,

In the same way, AB can also be formed out of the
ground motion effect predictions Al;k. The ith column of
AB corresponds to the effect in the ith BPM and will be
referred to in the following as AB;.

Using this definition, it can be quantified how well the
ground motion effect predictions can be observed at ATF2.
As a measure, the correlation coefficient r is utilized, which
is given for the ith BPM by

AB;, AB;
y, = COV(AB;, AB;) (14)
o(AB;)o(AB;)
where o(b;) is the standard deviation of any vector b;, and
cov(b;,b;) is the covariance of two vectors given by

1 N

Cov(bi’bj> = mz (b;[k] _Bi)(bj[k] _I;j)- (15)

In this expression, b; symbolizes the mean value of b;. The
correlation coefficient r of two signals is equal to 1 (or —1)
if the signals are fully linearly dependent. If the two signals
are statistically independent, the correlation coefficient is 0.

B. Results

Figure 5 shows the contribution of ground motion and
BPM noise to the overall vertical RMS orbit jitter, which is
currently observed, by considering the effects independ-
ently in simulations. In the beginning of the beam line
(lower BPM numbers), the BPM noise is much larger than
the orbit jitter due to ground motion. In this area, the strip
line BPMs with a resolution of about 5 ym are used, with
the exception of the three cavity BPMs (numbers 10, 11,
and 12). Further downstream in the final focus region
(higher BPM numbers) the ground motion effect becomes
larger and the BPM noise smaller (cavity BPMs with
0.1 ym resolution are used [32]). Only this region is
sensitive enough for the ground motion effect prediction,
since the ground motion effect is large compared to the
BPM resolution. The BPM with number 34 has a low
sensitivity, due to the low beta function at the location of
this instrument. This will be considered in the data analysis,
by excluding this device.

Even though the BPM noise in the sensitive region is
significantly lower than the ground motion effect [30], the

) ——BPM noise
10 ——Meas. jitter
— ——GM effect
é Jitter removal
g 10
=
o
—
°© 0
®w 10
=
~
10 '}
0 5 10 15 20 25 30 35 40 45
BPM number
FIG. 5. Vertical RMS orbit jitter at the BPM locations due to

different contributions compared to the BPM noise.

measured orbit jitter [30] is still much larger than the orbit
jitter induced by ground motion. The signal levels differ by
a factor 100 and 20 in horizontal and vertical direction,
respectively. This fact poses significant problems for the
experiment at ATF2. Even if the ground motion effect could
be perfectly predicted from the sensor readings, hardly any
correlation with the BPM readings would be observed,
since the ground motion effect is very small compared to
the full orbit jitter.

To overcome this problem a technique was developed
that is capable of subtracting most of the incoming orbit
jitter (which is assumed to come from other sources than
ground motion) from the downstream BPM measurements.
This technique is based on the assumption that the ground
motion effects are (according to simulations) still very low
at the locations of the three upstream high-resolution cavity
BPMs (number 10, 11, and 12, located just after the
quadrupole magnets QD10X, QF11X, and QD12X), where
the incoming parasitic orbit jitter can be well observed.
Therefore, all downstream BPM data are decorrelated from
the measurements of the mentioned three BPMs in order to
subtract the incoming beam jitter. In [33], it is shown that
such a decorrelation of a BPM data set AB; from another
set of BPM data AB,, is given by

AB!") = AB, - K,,AB, (16)
K,, = AB,,AB},. (17)
AB,, = [ABy, AB|;, AB);], (18)

where ABEr) are the decorrelated data, and ¥ symbolizes the
pseudoinverse of a matrix. After applying the jitter
removal, the RMS values of the decorrelated orbit jitter
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FIG. 6. Correlation coefficient r calculated from the BPM

readings and the predicted ground motion effect for the vertical

direction. For the prediction of the ground motion effect, either

the true quadrupole positions have been used, or the positions are

interpolated from the readings of 14 or 30 vibration sensors. Also

the result with the orbit jitter after removal of the incoming orbit
jitter (JR) is shown.

are close to the ones of the ground motion induced orbit
jitter (see Fig. 5).

In Fig. 6, the simulated correlation coefficients r [see
Eq. (14)] are shown first for the vertical direction. Up to
BPM 20, r is very low and no clear signal dependence can
be observed. This is due to the small ground motion effect
and the large BPM noise. Downstream of BPM 20,
consistent correlation with a value of 0.25 can be observed
if 14 seismometers are used. If 30 seismometers are
installed, r increases to 0.35. This is basically the same
result as with true quadrupole position knowledge. The
mentioned correlation values can only be reached when
the incoming beam jitter is removed according to
Egs. (16)—(18). Without the application of this procedure,
only correlation of 0.07 can be observed. The correlation
coefficient r for the horizontal direction is depicted in
Fig. 7. In general, the correlation values are smaller than in
the vertical direction. This is specially true for the option
with 14 vibration sensors. In both directions, the values of
the correlation coefficients are limited by the measurement
noise of the BPMs that are used for the orbit jitter removal.

From these simulations, it can be concluded that due to
the small ground motion effect on the orbit jitter compared
to other orbit jitter sources, only relatively small correlation
values can be expected, and the removal of incoming beam
jitter is necessary. This is in contrast to the situation at
future linear colliders, where the ground motion effect is the
most important jitter source. However, the sensitivity in the
final focus region in the vertical direction seems to be high

0.4

——true pos. w/ JR
0.35 30 sens. w/ JR ]
0.3]——14 sens. w/ JR 1

0.25 ——true pos. W/O JR 4

0.2
0.15
0.1

Correlation coefficient r

0.05

0 5 10 15 20 25 30 35 40 45
BPM number

FIG.7. Correlation coefficient r at the BPM locations along the
beam line in horizontal direction. The prediction results for
known quadrupole positions (true pos.) are shown with and
without removal of the incoming orbit jitter (JR).

enough to justify the experiment. Using 14 seismometers is
enough to predict the quadrupole magnet motion to a
sufficient level. The locations of these sensors, listed in
Table I, have been chosen to be close to the quadrupole
magnets that are most sensitive to misalignments with
respect to their effect on the beam orbit. This sensitivity can
be studied by comparing the standard deviations of the
columns of the orbit response matrix R,. An exception to
this choice is sensor S14, which is placed next to QDOFF,
which is the last magnet of the beam line. To monitor its
vibration is important, since it can create significant orbit
jitter at the interaction point, which cannot be observed by
any currently operating BPMs.

It should be mentioned, however, that the experiment
relies on an efficient removal of the orbit jitter from other

TABLE I. Overview of the 14 chosen sensor locations.

Sensor name Sensor location Distance from sensor S1

S1 on QFIX Om

S2 on QD2X 20m
S3 beside QF3X 3.0 m
S4 beside QF4X 73 m
S5 beside QD5X 8.2 m
S6 beside QF11X 22.0 m
S7 beside QD12X 23.4 m
S8 beside QF13X 24.5 m
S9 beside QD14X 255 m
S10 beside QF15X 26.5 m
S11 beside QD16X 27.6 m
S12 beside QD18X 314 m
S13 beside QD19X 324 m
S14 beside QDOFF 80.8 m
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sources than ground motion. The developed removal
technique only works if this parasitic orbit jitter is produced
upstream of the BPMs used for the jitter subtraction, which
are located around sensor 6 and 7. This assumption, in
combination with the expected small correlation values of
only 0.25, makes the experimental prediction of the ground
motion effect (presented in the next section) a very
challenging task.

IV. EXPERIMENTAL STUDIES AT ATF2

In this section, the experimental demonstration of the
prediction of ground motion effects from vibration sensor
measurements are presented. The experiments have been
conducted at ATF2 [10] at KEK. The ATF2 beam line is
very well suited for ground motion experiments due to its
relatively high sensitivity compared to other machines. This
sensitivity to ground motion effects originates from the
very small beam emittances. Additionally, the available
high-resolution BPM system makes it possible to observe
the small transverse beam oscillations induced by ground
motion.

A. Measurement setup and data analysis

The experimental setup at ATF2 is depicted in Fig. 8. It
consists of three parts: (1) BPM system to measure the orbit
jitter; (2) ground motion data acquisition system; and
(3) synchronization signal.

Two types of BPMs are installed: strip line BPMs and
cavity BPMs. For the experiment mainly the cavity BPMs
[32] are used, since the stripline BPMs are not sensitive
enough for the ground motion effects. The BPM data are
made available via the distributed control system EPICS
[34]. The collected data are then used in the offline data
analysis.

To measure the ground motion vibrations, 14 seismom-
eters (GM) of the type CMG-6T from Guralp have been
installed along the beam line. These seismometers are
specified to measure in a frequency range from 0.03 Hz to

BPM data sent every
pgam pulse (3.12Hz)

EPICS [—
46 BPM
BPM BPM14 oM BPM
EXT & FF
beamline QP QP QP
PXI ADC
f, = 1kHz
QP - quadrupole
BPM - beam position monitor
GM - ground motion sensor Offline data
C - beam charge analysis
K - kicker trigger

S - signal stretching

FIG. 8. Overview of the experimental setup at ATF2. The
beam passes from left to right through the quadrupole magnets
and BPMs.

100 Hz [23]. The number and the locations of the sensors
have been chosen with the help of simulations (see Sec. III).
The seismometers have been either installed directly on top
of certain quadrupole magnets, or close to them depending
on the available space and security considerations (see
Table I for details). The vibration sensors are connected via
well shielded cables to a National Instruments controller of
the type PXI 8109 RT. This device is equipped with the
digitizer card 6289, also from National Instruments. Here
the analog vibration signals in the horizontal and vertical
direction are recorded. A Labview program was developed
that controls the acquisition process. The stored ground
motion data are used in the offline analysis together with
the BPM data. It should be mentioned that below 0.2 Hz,
the sensor noise contributions are high [25]. Therefore,
lower frequencies have been suppressed by applying a
second-order Butterworth high-pass filter in the offline
analysis.

The BPM measurements are triggered by the beam
arrival that occurs at a repetition rate fr of 3.12 Hz.
The ground motion digitization, on the other hand, is
triggered by the internal clock of the National Instruments
at a repetition rate of 1024 Hz. It is necessary to select the
recorded ground motion data that are closest in time to the
beam arrival times. Therefore, a synchronization signal was
set up that is also recorded by the National Instruments
digitizer. The synchronization signal indicates the beam
arrival time, and it is used for the ground motion data
selection.

To achieve a secure synchronization the experiment is
conducted in the following way. The beam is only turned
on after the data acquisitions of the BPMs and ground
motion sensors with synchronization signal have already
been started. This switching on of the beam is clearly
visible in the data of both measurement systems, due to the
following reasons. In the BPM system, the missing beam
will result in very large measurement noise that can be
easily identified in the offline analysis. With the National
Instruments equipment, the ground motion measurements
as well as the synchronization signal are recorded. As is
shown in Fig. 8, the synchronization signal has pulses at the
kicker trigger times, only if the beam charge is above a
certain threshold value. In the offline analysis, these
recorded pulses can be detected and the corresponding
ground motion data can be extracted (downsampling from
1024 Hz to 3.12 Hz).

Before the end of the data acquisition the beam is turned
off, which leaves a second clear signature in the measure-
ment data. In the offline analysis, the data with beam
presence can be selected. Some additional tests are per-
formed to verify the consistency of the data. Afterwards,
the orbit jitter due to ground motion is predicted from the
seismometer measurements. Finally the predictions are
compared with the real measurements with the help of
the correlation coefficient, for details see Sec. III.
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B. Ground motion measurements

The seismometer recordings over 20 min have been
used to calculate its power spectral density and its
integrated root mean square motion. The results are
depicted in Figs. 9 and 10 for three different sensors.
Each PSD is calculated with Welch’s method [35] and the
IRMS is created via an integration of the power density
(see [21] for more details). The measurements are
compared with the ground motion model of type
ATF2, which has been used for the simulation studies
in Sec. III. The location of the sensors and their distance
from each other are given in Table I.

The PSDs of the sensors 7 and 14 are very similar, as
it is also the case for all sensors that are not plotted. The
measurements also fit well with the model, even though
the real vibrations are slightly weaker than expected in
the frequency range from 2 to 6 Hz. A deviation in this
frequency range is normal, since the corresponding
vibrations are created by changing crustal motion (crustal
resonance). Also below 0.2 Hz, the measurements deviate
from the model, since the seismometer cannot measure
below this frequency. The corresponding motion is
however of little importance for the experiment. This
is mainly due to the fact that the impact of slow
movements get suppressed strongly by the use of the
differential motion between two beam arrivals Ax; for the
correlation studies instead of X;. Only the motion
measured by sensor 2 deviates strongly from the data
of the other sensors. Strongly increased vibrations in a
broad frequency range from 8 Hz to about 100 Hz are
observed that have two pronounced maxima at 9.94 Hz
and 24.25 Hz. This strong motion localized around
sensor 2 was unexpected and has not been included in
the simulation studies in Sec. III. Therefore, the ground
motion effect at ATF2 is probably stronger than

10—12_% |
10 \'\
5 s
= -6
~ 10 f
£
2
a 10t
——sensor 2
——sensor 7
20
10 7 ——sensor 14
model ATF2
22
10 7 L
107" 10° 10' 10°

Frequency [Hz]

FIG. 9. Power spectral densities of the ground motion sensor
measurements and model data in vertical direction.
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FIG. 10. Integrated root mean square motion (IRMS) of the

ground motion sensor measurements and model data in vertical
direction.

predicted. This surprising finding also indicates that there
are strong ground motion contributions from the begin-
ning of the beam line. Therefore, the removal of the
incoming jitter [according to Eqgs. (16)—(18)] might not
work as expected, since the BPMs used by the removal
procedure are located further downstream around sensor
6 and 7 (as in the simulations).

In Fig. 11 the correlation spectra (see [2] for a definition)
of sensor 1 with three other sensors are depicted and
compared to model predictions. The distances of these
sensors from each other are listed in Table L. It can be seen
that for frequencies below 0.2 Hz the correlation drops
quickly due to the large noise content in the seismometer

e
%)

—v—sensor 2 meas.

Correlation spectra

L|-+- sensor 2 model

=
o - 0T

oz

—*—sensor 7 meas.

- %- gensor 7 model

|
e
)

—e—sensor 14 meas

-%- gensor 14 model

—0.4L— '
107 10°

Frequency [Hz]

FIG. 11. Correlation spectra of the ground motion sensor 1 with
other sensors’ measurements in vertical direction. The measure-
ments are compared with model predictions.
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measurements. At higher frequencies, the measurements
show lower correlation than predicted by the model. A
possible explanation for this model mismatch could be that
the ground motion behavior has changed since the gen-
eration of the model, e.g., due to earth settlements or
earthquakes. For sensor 2 in particular the measured
correlation drops at much lower frequencies than the
corresponding model, but this is due to the additional
unpredicted vibrations observable in Fig. 9.

C. Correlation studies

The seismometer measurements are used to predict their
effect on the orbit jitter according to Eq. (12). The
predictions are then compared with the BPM data with
the help of the correlation coefficient [introduced in
Eq. (14)]. The data sets were acquired in parallel for about
15 min. Prior to the correlation calculation, dispersive
effects have been removed from the BPM data. This was
achieved by identifying the dispersive modes with the help
of a singular value decomposition (SVD), and subsequently
removing the corresponding motion from the data via a
decorrelation procedure. The removed dispersive orbit jitter
was small. After the dispersion removal the RMS orbit jitter
in horizontal direction was only reduced by 1.8% on
average and by 4.8% at maximum. Vertically, the RMS
orbit jitter reduction was 1.0% on average and 2.9% at
maximum.

The results of the correlation of the predicted and
measured orbit jitter are shown in Fig. 12. Correlations as
high as 0.26 horizontally and 0.80 vertically can be
observed if the technique to remove the incoming orbit
jitter [introduced in Egs. (16)—(18)] is not applied to the

——horiz. w/o JR
——vert. w/o JR
——horiz. w/ JR
vert. w/ JR

o
o0

<o
=
T

Correlation coefficient r

0.4}
0.2F ,1\ . ]
[
ik e M
025 10 20 30 20

BPM number

FIG. 12. Correlation coefficient calculated from the BPM
measurements and the predictions from the ground motion
sensors. The results are shown with and without removing the
incoming orbit jitter (JR).

BPM data. Even some strip line BPMs show correlation
values clearly above the noise level. If the removal
technique is applied, the correlation reduces drastically,
which suggests that the main orbit jitter source is located
upstream of the high-resolution cavity BPMs (located
around sensor 6 and 7) used by the technique. This was
expected after the ground motion analysis in Sec. IV B.
These results are in strong contrast to the simulation
results, where lower correlations have been predicted
when no jitter reduction is applied. This discrepancy is
due to the vibration source around sensor 2. The origin of
the vibration source will be investigated in the next
section. It is also interesting to note that the correlation
results of the experiment in vertical direction with the
application of the jitter removal technique (correlation
coefficients of 0.22 in the final focus region) are very
similar to the expectations from the simulations depicted
in Fig. 6. This correlation in the measurements is
however not due to the effect of other quadrupole
magnets, but due to orbit jitter created by source 2,
which has not been removed by the jitter removal
procedure. This can be verified by not including the
data from sensor 2 in the data evaluation.

The correlation of the predicted and measured orbit
jitter data is also visible in frequency space, as depicted
in Fig. 13. Since the beta function is significantly higher
at BPM 30 compared to BPM 19, also the orbit jitter is
higher. The PSDs of the predicted and measured data fit
better for BPM 19, which was expected since the
measured correlation coefficient in Fig. 12 is significant
higher for BPM 19 than for BPM 30. If the two peaks at
9.94 Hz and 24.25 Hz in the ground motion PSD of
sensor 2 in Fig. 9 are downsampled by the beam

PSD [m?/Hz]
5\

——BPM 19 measured data
——BPM 30 measured data

10 ——BPM 19 predicted data
BPM 30 predicted data
10" =
10 10
Frequency [Hz]
FIG. 13. Power spectral densities of the BPM measurements

and the predictions from the ground motion sensors in vertical
direction for the BPMs 19 and 30.
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repetition rate of 3.124 Hz, they are located at aliasing
frequencies of 0.56 Hz and 0.74 Hz. At these aliasing
frequencies, an increase of the PSDs of the predicted and
measured BPM data can be observed in Fig. 13. This is a
further indication for the high correlation between the
data sets.

In summary, it can be stated that the feasibility study of
the prediction of orbit changes from ground motion
measurements was successful. The prediction quality
was better than initially expected thanks to a strong
vibration source that was not included in the model. It is
assumed that the observed correlation values are limited
due to orbit jitter from other dynamic imperfections. No
indications were found that there are any principle or
practical problems that would prohibit the implementation
of the system.

D. Orbit jitter reduction

A careful data analysis has shown that most of the orbit
jitter due to ground motion originates from the region
around sensor 2, which is located on top of QD2X. At a
detailed inspection of the beam line, two vibration sources
could be identified. The first source was a metal pipe that
was touching a leg of the girder of QD2X. The pipe
transports cooling water and vibrations were transmitted
from the pipe to the girder. The second source was a plastic
tube also transporting cooling water. It was mounted in the
cable tray above QD2X, but got lose and was hanging
down. It was not touching QD2X directly, but a dipole that
is mounted on the same girder.

Both vibration sources were removed, and as a result
the orbit jitter level in vertical direction was reduced by
about a factor of 1.4, as depicted in Fig. 14. It can be

40 T T T T
——horiz. w/ vibr. source
351 ——vert. w/ vibr. source
——horiz. w/o vibr. source
30F 1
vert. w/o vibr. source

N
W
T
!

RMS orbit jitter [%]
[}*)
S
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5
0 2I5 3I0 3I5 4IO
BPM number
FIG. 14. RMS orbit jitter relative to the beam size before and

after the removal of the vibration sources.

claimed that half of the jitter sources have been removed,
since a reduction of the amplitude by a factor 1.4
corresponds to halving the orbit jitter power if the jitter
sources are assumed to be independent of each other. The
RMS orbit jitter values of the different BPMs are quite
consistent, with the exceptions of BPM 23 in horizontal
and BPM 25 in vertical direction. The increased orbit
jitter in these two BPM measurements is due to some
spikes in the data, which are not observable in the data of
the adjacent BPMs. It is therefore assumed that these
spikes are measurement artefacts of unknown origin. Also
the observed RMS orbit jitter values in BPM 34 differ
strongly from the values observed in the other BPMs. This
deviation can be explained by the specific location of
BPM 34, which is in a region of very small beta
functions. Because of these small beta functions, the
beam oscillations are also small and the noise content
in the corresponding measurements is large, and the
relative beta function measurement at this location has
a high relative error.

The result of the vibration source removal is also
clearly visible in the correlation plot in Fig. 15, where
the measured and predicted orbit jitter data points at BPM
19 (MQF11X), i.e., ABg and ABq, are plotted. With the
vibration source a clear correlation between the two data
sets is visible. After the removal, the correlation is
strongly reduced, but still visible. A week after these
measurements, a second set of measurements was per-
formed, which confirmed the reduction of the RMS orbit
jitter. This shows that the feed-forward scheme is not only
useful to suppress beam oscillations but also to identify
error cases and to improve the site-specific ground motion
knowledge. From Fig. 15 it is also clear that there is a
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FIG. 15. Predicted and measured orbit jitter at BPM 19, before

and after the removal of the vibration sources.
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scaling error between the measured and predicted data,
which is due to a model mismatch. Such scaling errors
will be a problem for the planned correction of the
predicted data and have to be addressed in future work.

V. CONCLUSIONS AND FUTURE WORK

Ground motion is a severe problem for the operation of
future linear colliders. For that reason, a novel mitigation
scheme is presented, which uses a distributed ground
motion measurement system to perform feed-forward
control. It is able to damp orbit oscillations of higher
frequency than orbit feedback systems can access. With
respect to stabilization systems, it is significantly cheaper
and easier to integrate into accelerator modules. In contrast
to intratrain feedback systems, it is a global scheme that can
correct distributed ground motion effects. In general, the
global structure of the scheme allows for better optimized
correction algorithms and error detection mechanisms that
make the system more robust. However, the presented
scheme will have higher demands on the control system
and the corrector dynamics.

An analytical model has been developed for deriving
hardware specifications and performance estimates of this
system for a specific accelerator and ground motion
model. Experimental studies at ATF2 have been per-
formed, which prove the feasibility of the prediction of
orbit changes due to ground motion. Surprisingly, a
correlation as high as 80% between the predicted and
measured orbit jitter has been observed. In the course of
these studies, an orbit jitter source could be identified. Its
removal halved the orbit jitter power at ATF2. This shows
that the feed-forward scheme has also great potential to
discover complex installation issues and model mis-
matches. Following up this work, the obtained orbit
predictions will be used to correct the ground motion
effects in a feed-forward fashion. Such a full system
implementation is planned in the near future at ATF2.
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