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Abstract

A ground motion model based on geo-physical arguments is presented. The purpose of this
model is to predict possible beam separation in the interaction regions of the LHC due to ground
motion developing in time spans in the order of seconds to hours. Although this model can also be
used to predict statistical movement of accelerator objects on a larger time scale (yearly alignment)
its usefulness for that part of the spectrum is questionable. This is simply due to the fact that other
perturbations largely dominate basic ground motion effects.
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GROUND MOTION MODEL FOR THE LHC

A. Verdier and L. Vos, CERN, Geneva, Switzerland

Abstract off frequency of ~0.2Hz together with the acoustic speed
in water (1.5kms") suggest a limiting wavelength in the

A ground motion model based on geo-physicapceans of around ~km, not very different from the depth
arguments is presented. The purpose of this model is@bthe abyssal plain (between 3 an8 &ni6]). Clearly,
predict possible beam separation in the interaction regiofse waves are surface waves and it is very difficult to
of the LHC due to ground motion developing in timémagine geological fault structures that would cause these
spans in the order of seconds to hours. Although thigves to loose coherence over a fraction of a wavelength.
model can also be used to predict statistical movement Bius it is safe to remove the powerful ocean well spectral
accelerator objects on a larger time scale (yearBeak from the model since only the uncorrelated
alignment) its usefulness for that part of the spectrum fBovements are a concern for the problem at hand.
guestionable. This is simply due to the fact that other

perturbations largely dominate basic ground motion
Power pectrum
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The frequency range of ground motion that is of ~
interest for the LHC is extremely large. On the high 0 7
frequency side it involves frequencies in ttdz region 10?2
where the quadrupole motion couples with the lowest \\
harmonics of the betatron tune and may lead to emittance 0% |- o
growth. This effect is documented and has been taken into 107 . | |
account for the design of the transverse feedback system 10° 10° 10° 102 10° 1 10 10* 1Q°
[1]. Next there is the narrow band plane wave excitation FrequencyHz

where the ground motion wavelength matches theigure 1 : Typical ground-motion power spectrum.
betatron wavelength [4] and involves frequencies in the
order of 1Hz This effect is negligible for the LHC[1]. The remaining spectrum tends to fall with frequency
Then we must consider the uncorrelated motions as f ° at frequencies above thecean hum while the
vibrations in the range betweenHkz and 30uHz. They frequency slope reduces 6 well below this [9]. Notice
are responsible for orbit deformations which in the case tifat the wavelengths involved in the latter case exceed 25
the 2 channel LHC may lead to beam separation and Idgs. Howeverclear evidence exists on lack of correlation
of luminosity. (randomness) of very low frequency noises at distances

The performance of the LHC depends critically on thewuch less than the wavelength. The model has to fit two
orbit behaviour in the Hz to 30 uHz region. TheATL specifications. The first one is concerns the general
law [5] is not applicable for the full range. In order toformulation of the motion of a single point. The second
improve our predictive power a true physical model ofne is related to the randomization of the low frequency
ground motion[2] has been developed that covers tle@rth movements.
specified frequency span.

Then there is the frequency range in the order of 3.1 Basic model
nHz which is of interest for many machines since it
involves the need of periodic repositioning of machine The model consists of two building blocks, an
elements. Observations seem to show that the influenceegtitation source and a transfer function. They will be
local traumatisms and environmental effects dominatfiscussed below.
basic ground motion in this frequency regime. It is
gquestionable whether the model can be applied in practigel .1 Transfer function

in this range as well. The maximum seismic length of the earth is ~1500
93]. The seismic ‘depth’ of the earth is about 1/3 of this
2 GROUND MOTION MODEL [6] and hence defines eut-off frequency off ~1/500=2

mHz This is confirmed by the far awagmplitude

A typical ground motion power spectrum is sketchetesponse of earthquakes. Fig.2 is taken from [10] and is a

in Fig 1. Theocean wellspectrum that stands out andtypical example. The response is compatible with a high-
extends from less than 0.1 to Hz is known to be pass filter behaviour with an amplitude cut-aff~1/400
coherent. That is not surprising. Indeed, the high-pass ctad/s, hence a cut-off frequency fgf-0.8 mHz for power



of displacement (amplitufle This suggests an average(the Moho discontinuity[6,8]). This and the geographical
high pass cut-off | ~1.5 mHz.It is worthwhile to note at spreading of the sources may explain the fact that the
this point that the seismic wave attenuation with distanecesponse can be incoherent while, as was pointed out
is very small. before, shallow surface waves (ocean pounding on
continental shelf) are always coherent. In fact it is known
that the randomness of the differential movement at a
given location depends strongly on the fractured state of
the site. The surface behaves as a number of independent
blocks that are excited from below. That is borne out
clearly by the experimental observation on two points on
either side of a construction joint[11].
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Figure 2 : Typical faraway response to earthquake. T

fast oscillation is the response of the oceans pounding

the continents.
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2.1.2 Excitation source 1E423

Microseismic noise and earthquakes are blended intc 3 L [ k-
single family and constitute the excitation source of th 17108 a7 ka6 LEaseiol ol 601 “6x Lo oo Hoo0
problem at hand. The examination of a substantial body or

phenomenological material concerning earthquakes hl%s Figure 3 : Comparison with basic ground-motion
. lan rvations. The line marked ‘empirical law’
lead to the Gutenberg- Richter law[3,6]: 0del and observations e line marked ‘empirical la

is related to the model proposed in [7].

log(n) =-M, @ This then leads naturally to the notion of coherence

) ) _ . lengthL . That length has to be understood in a statistical
wheren is the number of earth quakes in a given timgapse: two points at a distance smaller thamre likely
and a given area with a magnitudleor larger. It is €asy 1, move coherently, while two points which are further
to see that this law formulated in that way correspon%\,ay are likely to move incoherently. The notion of

. 3 .
with 2 f~ power density spectrum. Indeed:1/f a”_g’ coherent length is well suited for accelerators where local
X~M’, hence differentiating with respect tgields thef differences will average out.

dependence. The response of the earth to the seismicThe conerence length can be determined from orbit

excitation in terms of a power density can then bgeasyrements. The only assumption to be made concerns
expressed by the following function which combines thg |+ \was put ak, = 10™ nf/g. The integration of Eq. 2

high-pass filter transfer function and the source spectrum, frequency from infinity tof=1/t yields the power of
displacement of a single element:

dx? k
— (f) e ———— [mZ/Hz]. (2)
df 2 [f2 2 k
o e o e (t) = ﬁju(fcot)2 -1 3)
The factork,, is a non-local quantity that varies with f2

time from ~10° n’/s’ to ~10"° m’/$ depending on the

state of global excitation. This power spectrum is shownhe orbit deformation can be found simply by multiplying
in Fig.3 together with a number of observations takeRq. 3 with the optical amplification factor

from [7]. 0,= (BKI/2sin(m))’N, where 3 is the optical function at a
guadrupole andl its integrated focalisation forc&l is
2.2 Randomness the number of uncorrelated blocks around the accelerator

which is at the maximum the number & or D
The question now arises how two points, closgquadrupoles. From [12] (known effect of superconducting
together (much less than a wavelength), can moasertion quadrupoles removed) it was possible to
independently? From earthquake observations it &stimate the local value bf, in LEP at 130m.
known that the depth of the sources is very often k0



Eq. 3 allows the computation of thems half [13] it is shown below that the processing of the
separation between the beams as a function of time. Thignment data and the effect of random measurement
can be expressed in terms of thas beam sizeo. In  errors mimic theATL conjecture.
normal, quiet conditions the rate of separation is such that
0.5 o is reached after nearly lours (Fig 4). It is to be 3.1  Processing the data
expected that once in a while the global system is highly
excited k,,= 107 nf/S). In that case the rate of separatiorThe raw alignment data are first referred to the best plane,
is about a factor of 10 larger (Fig 5) and the samiee. that which minimises the distances to it. This is
separation is reached in 58@vhere the effect is linear in innocuous. Then they are corrected in order to obtain the
time. Clearly procedures must be ready in order to cogame position of the first magnet after one turn (correction

with such a rate of separation. of the closure error). Another processing has been applied
to these data in [13]: the lowest five Fourier harmonics

half sep. lo are subtracted. This is probably equivalent to measuring
1 T T T T the misalignments with respect to a smooth curve. The

two last processings are not innocuous.
0.8 -

The effect of a subtraction can be estimated as follows.

06 Ky = 107 (misf . By definition [13], the r.m.s. over the circumference of
length C of the height difference at two positions
oal _ separated by the lengthis :

C 2
dHZ(L)= [ [y(s+L)-¥(9)] ds
If some functionf(s) is subtracted from the positiogts),
we obtain :

0.2 1

! ! ! ! 2
0 50 100 150 200 dHZ(L) :J';: [y(s+ L)- f(s+L)-y(s9) + f(S)] ds
e / i
pme fmin @(panding the square and noting that :
the functiond(s) andy(s)are uncorrelated
the integral ofy(s)is zero

Figure 4 : Expected half separation of the beams in t
LHC for normallevel of excitation of ground motion.

half sep/ o we obtain eventually : ,
C
1 . . . . dHE(L) = dHE(L)+ [ [f(s+ 1)~ F ()] ds (4)
For the case of the correction of a closure error of value
08 - cl, the functionf(s) is given by f(s) = cIx § C. From Eq.

2

4 the error ondHZ(L) is given by clé. It is worth
Kgm = 107%° (m/s§ r noting that it is quadratic ih, so such an error would
produce a curvature in the "variance curve" [13] which is
not observed.

For the case of the subtraction of an harmonic of order
02 = n and amplitudea, f(s)is given by ax sin(2mg C)and
the correction tdH (L) is given by 2’ sin’(rmL/C).

For n=5 it is easy to see that the curve representing this

0.4 1
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time / sec function has a quasi-linear behaviour in a large part of the
Figure 5 : Expected half separation of the beams in thange of {0,1km}. Depending on the value &f in the
LHC for highlevel of excitation of ground motion. range of millimeters, this subtraction, which is different

for different measurements,can make a difference as large

3 GROUND MOTION MODEL IN THE nHz as that attributed to a random variation with time in [13].
REGION?
3.2 Random walk effect
It is worth to note that the ground motion model _ -

presented above is to a large extent compatible with the The random errors in the measurements of the position
ATL law for frequencies below inHz [10]. Indeed, Of a given magnet with respect to the previous one add up
observing thatf~1/T and noticing that for propagating like a random walk, i.e. proportional to the square root of
ground wave&~T, henceL~1/f theATL law is equivalent the number of measurements. This of course was not
to a 1/f* dependence[10]. Contrary to what is argued ifgnored in [13].



The random measurement error can be estimated by
inspecting the closure errors measured at different
periods. From 1993 to 1998 they are 4.0, 0.8, 3.0, 08]
0.8,2.8mm. The average is 2mm with an r.m.s. deviation
of 2.2mm. The random walk coefficient associated wit{p]
the average is’26.66mnikm, i.e. the number in [13].
This makes anA coefficient for 6 months of [3]
0.9x107° un’skm'* i.e. the value obtained [13].

Furthermore, it has been shown that the random walk
effect can produce an apparent spatial low frequen¢d]
displacement in the millimeter range (see Fig. 9 in [14]).

[3]
3.3 Are the basic very low frequency ground motion
power spectra completely absent from alignment data?

In [14] a massive amount of alignment data for LEF6]
are presented and analysed and they are found to be in
agreement with the previous paragraphs for most of ttié
data. From the basic low frequency basic ground motion
rms differential displacements of¢ = 0.04,,, mnf are
expected, wherd,, is the time counted in years, the[8]
typical time scale of machine alignmetit.is clear that
most of the measured displacements are quite a bit lar¢@¥
than this[14]. Nevertheless, it is interesting to note that
signs of basic ground motion activity of the right order of10]
magnitude may be spottedduietareas of LEP, typically
between IP4 and IP5 as apparent in some of the figures in
[14].

[11]
3.4 To be kept in mind for LHC
[12]

The history of the LEP tunnel, in which LHC will be
installed, is well known. A decisive step forward was
accomplished in 1993 when the consequences of propo$&d]
LEP realignments were directly analysed. The procedure
consisted of converting the survey data into MAD [15]
commands and computing the consequences they had on
the LEP optics.For LHC it is essential that this
procedure be automated from the beginning of the [14]
LHC life.

A code to analyse the closed orbit distortions has be€&lb]
developed for LEP [16]. It made it possible to detect the
large ground motion between IP7 and IP8 in spite of the
bad alignment of the machine in 199%or LHC it is
essential that this program be implemented in the [16]
LHC control system from the beginning of the LHC
life. This will make it possible to detect quadrupole
misalignments with confidence and to follow up more
easily the deformations of the tunnel.
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