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Abstract

A ground motion model based on realistic spectra and cor-
relation properties has been developed in order to simulate
ground motion induced beam orbit vibration. This model
has been used to simulate the motion of the HERA proton
beam. Simulation results and comparisons with orbit mea-
surements will be presented.

1 INTRODUCTION

Ground motion induced beam jitter plays an important role
for many kinds of accelerators, like future linear collid-
ers, synchrotron radiation sources or storage rings. The re-
sulting beam orbit vibration potentially leads to luminosity
degradation in colliding beam facilities due to beam offset
at the interaction point and/or emittance growth.
The sensitivity of beam orbits to quadrupole motion de-
pends strongly on the correlation length of ground motion
at a specific frequency. Quadrupole motion with a corre-
lation length exceeding the betatron wavelength has only
little influence on beam jitter [1]. Therefore any simulation
of ground motion effects has to take into account not only
the power spectrum of motion at a single point but also the
coherence properties of ground motion.
This paper presents a ground motion simulation model
which has been originally developed for linear accelerators
[2]. It is based on measured power spectra and coherence
properties of ground motion. This model is extended to cir-
cular machines in order to simulate ground motion induced
beam jitter in the HERA proton ring.

2 THE SIMULATION MODEL

As measurements at different geographical locations show,
the power spectrumPtot(ω) of ground motion at a single
point can be roughly approximated as [3]

Ptot(ω) =
B

ω4
, (1)

whereB is some proportionality constant characteristic of
the site, andω = 2πf. According to theATL rule [4], the
power spectrumρ(ω, L) of the uncorrelated motion of two
points at a distanceL is [3]

ρ(ω, L) =
A · L
ω2

. (2)

Obviously, the uncorrelated part of motion must be smaller
than the total motion, thus

ρ(ω, L) ≤ Ptot(ω) for all ω. (3)
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According to Equations (1) and (2), this is violated for fre-
quenciesω >

√
(B/(A · L)). Therefore Equation (2) can

only be valid for frequencies below this limit, while it has
to be modified in the frequency domain above. This is
achieved by a redefinition ofρ(ω, L) as

ρ(ω, L) =
{

A·L
ω2 , ω <

√
B/(A · L)

B
ω4 , ω ≥ √

B/(A · L).
(4)

For the description of transverse motion ofN quadrupoles
in a circular accelerator, we start withN + 1 independent
time seriesxn(t), each of them having the same power
spectrumPn = Ptot = B/ω4.
The coherent part of the motion of the(n + 1)st mag-
net with respect to thenth one can be calculated by ap-
plying a first order lowpass filter with cutoff frequency
ω0 =

√
B/(A · L) to the motionyn(t) of thenth magnet.

The resulting power spectrum of this correlated motion in
terms of the Laplace variables = iω is

Pcorr,n+1(ω) =
∣∣∣∣ ω0

s + ω0

∣∣∣∣
2

· Ptot,n(ω)

=
∣∣∣∣ ω0

s + ω0

∣∣∣∣
2

· B

ω4
. (5)

The corresponding uncorrelated part of motion of the(n +
1)st magnet with respect to thenth one is calculated apply-
ing a first order high pass filter with the same cutoff fre-
quencyω0 to an independent motion signalxn+1(t) with
power spectrumPn+1, resulting in

Puncorr,n+1(ω) =
∣∣∣∣ s

s + ω0

∣∣∣∣
2

· Pn+1(ω). (6)

In the low frequency limit, this spectrum reflects theATL
rule:

lim
ω→0

Puncorr,n+1 =
A · Ln+1

ω2
, (7)

whereLn+1 is the distance between thenth and the(n +
1)st magnet.
As can be shown,Pcorr,n+1 + Puncorr,n+1 = Pn+1 =
Ptot = B/ω4, while the resulting coherence|γn+1| is cal-
culated as [2]

|γn+1| =

√
Pcorr,n+1

Puncorr,n+1

/(
1 +

Pcorr,n+1

Puncor,n+1

)

=

√
ω2

0

|s|2 + ω2
0

=

√
B/(A · L)

|s|2 + B/(A · L)
. (8)
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This scheme is repeated for allN magnets, starting with
y1(t) = x1(t). To reflect the periodicity of the circular ac-
celerator, the motionyN+1(t) of an (N + 1)st magnet is
formally calculated from the motionyN(t) of theN th mag-
net by application of the corresponding filters, withLN+1

being the distance between theN th and the1st magnet.
Obviously, the motion of the(N + 1)st magnet has to be
identically the same as the motion of the1st magnet. There-
fore all magnet positionsyn(t) are corrected according to

y∗
n(t) = yn(t) − yN+1(t) − y1(t)

Ltot,N+1
· Ltot,n. (9)

HereLtot,n =
∑n

k=2 Lk is the total distance between the
1st and thenth magnet, i. e.Ltot,N+1 is the circumference
of the machine.
To get a more realistic model, the experimentally obtained
ground motion data in the HERA tunnel at DESY are fitted
as [2]

Ptot =
∣∣∣∣ B

ω4

∣∣∣∣ (10)

+
∣∣∣∣4.225 · 10−14

s2

∣∣∣∣ m2 · Hz

+
∣∣∣∣ 7 · 10−6

s2 + 9.425 Hz · s + 246.74 Hz2

∣∣∣∣
2

m2Hz3

+
∣∣∣∣ 7 · 10−7

s2 + 0.528 Hz · s + 0.774 Hz2

∣∣∣∣
2

m2Hz3.

In the low frequency limit this spectrum is dominated by
theB/ω4 term, thus leading to anATL-like behaviour of
the uncorrelated motion. The second term represents some
additional cultural noise at high frequency, while the third
and the fourth term reflect some2.5 Hz resonance of the
upper earth’s crust and the microseismic peak at1/7 Hz,
respectively.

3 RESULTS

The ground motion model described in the previous sec-
tion has been applied to the vertical motion of the HERA
proton ring, usingA = 4 · 10−6 µm2/(m · sec) as ob-
tained on the DESY site [5]. The parameterB is chosen
at B = 3 · 10−2 µm2 · Hz3, resulting in good agreement
of the power spectrum (Eq. (10)) as well as the coherence
(Eq. (8)) with measured data.
Starting with a perfectly aligned machine, the orbit change
is obtained by tracking a single particle, with initial con-
ditions being on the design orbit, while the transverse
quadrupole positionsy∗(t) are changed from turn to turn.
For this tracking, only linear elements are taken into ac-
count. The resulting beam motion is monitored at a sin-
gle point in such a way that the motion of this “monitor”
itself is subtracted. This motion signal is normalized to
a β-function of βmon = 1 m. Figure 1 shows the result-
ing power spectrum, which has been averaged over sev-
eral samples. As a comparison with measured data (Fig. 2)
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Figure 1: Power spectrum of simulated vertical beam jitter
in HERA-p, normalized toβmon = 1 m.

shows, the simulated spectrum reflects the general proper-
ties of observed beam motion. The enhancement of orbit
vibration amplitudes around2.5 Hz is clearly seen in both
spectra, but the frequency region in which this enhance-
ment occurs stretches to higher frequencies (up to50 Hz) in
the measured beam motion. This can possibly be explained
by mechanical resonances of magnet supports which are
not reflected by the ground motion spectrum used for simu-
lation. The same argument also holds for the clearly visible
50 Hz peak caused by either mechanical vibration of some
electric equipment or by direct noise on the cables.
In both spectra the microseismic peak at1/7 Hz almost
vanishes due to the large correlation length of this low-
frequency motion.
Quantitatively, both power spectra agree within a factor of
10, which corresponds to a factor of

√
10 in amplitude.

This difference can possibly be explained by the uncertain-
ties in the parametersA andB.

4 CONCLUSION

As has been shown, simulated ground motion induced
beam orbit vibration amplitudes in the circular accelerator
HERA agree within a factor of about 3 with measured data.
For a more realistic simulation, mechanical resonances of
the magnet supports, for example, should be taken into
account in order to achieve a better agreement in the fre-
quency region above a few Hertz.
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Figure 2: Measured power spectrum of vertical beam mo-
tion in HERA-p, normalized toβmon = 1 m [6].
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