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SPS Data on Tunnel Displacements and the A TL Law 

V. Shiltsev and R. Stiening 

Abstract 

In this article we analyze data from long-term measurements of quadrupole displacements in the 
Super Proton Synchrotron ring at CERN. The variance of displacement can be approximated by ATL 
law with coefficient A = (0.1-0.4) * 1O-4llm2/s/m, with T the time interval between measurements and 
L the distance between two points of the tunnel. The shape of the distribution function is found to be 
close to Gaussian. The results of the analysis are compared with other data on slow ground motion. 
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1.0 INTRODUCTION 

In an ideal accelerator with well-aligned magnetic elements, the closed orbit passes through the 
centers of the magnetic elements (bending magnets, quadrupoles, sextupoles, etc.) to provide optimal 
conditions for the operation of the machine. Any alignment errors cause a closed orbit distortion 
(COD) that leads to reduction of the dynamic aperture of the machine, additional increases in particle 
loss, limitations on the maximum current of charger particles, and-in extreme situations-an 
inability to run the machine. Usually, a correction scheme is used to counteract the errors that 
accumulate during the operation of the machine. In large accelerators, such as the Superconducting 
Super Collider (SSC), Large Hadron Collider (LHC) , HERA, and Te V linear electron-positron 
colliders, which have several hundreds or even thousands of magnetic elements, one of the most 
important sources of magnetic errors on a long time scale is the slow ground motion that displaces 
the elements from their original position. Quantitative parameters of such motion should be taken 
into account during design so that a correction system of sufficient strength is provided. 

The first such parameter is the value of displacement of the ground during the time interval T. 
Numerous measurements of the power spectral density (PSD) of the ground motion in the very broad 
frequency band 10-8-103 Hz (see, for example, References 1-7) have shown that amplitudes of 
displacement grow with a decrease of frequency (i.e., at longer 1) and the process is non-stationary 
or time-divergent. The second parameter is space and time correlation of ground motion. It is well 
understood that in the case of full space correlation of ground motion over scales of more than 
betatron wavelength of particles in an accelerator (for example, plane ground wave with large 
wavelength and low frequency, as was considered in Reference 8), the amplitudes of the COD are 
small in comparison with the amplitude of ground motion, because the magnetic elements and the 
beam move together. So, uncorrelated displacements of magnets are the most dangerous for 
accelerators.9 Correlation properties of seismic vibrations in the frequency band 0.05-1000 Hz were 
investigated in References 1, 2, 5, and 6. It was shown that depending on conditions only vibrations 
below about 2 Hz may be significantly correlated over several hundreds or even thousands of meters, 
and at higher frequencies the correlation is practically absent. Correlation of slow ground motion 
with a time scale from 100 s up to several years was usually measured in geophysical experiments 
where relative positions of two or more monuments were measured over a long time (see 
References 1-4, 6). It was found that motion due to daily and seasonal variation of ground 
temperature, atmospheric pressure variation, groundwater-level variation, earth tides, and other regular 
processes have a large correlation length but disappear if the source is removed. Besides those 
displacements, another type of diffusive ground motion was observed that has a noise character 
similar to Brownian random walle Such a motion is responsible for the non-correlated displacement 
of points of the ground. 

Because of the special interest that accelerator physicists have in the issue, several similar 
measurements were provided from several accelerator sites, including UNK in Russia, Stanford Linear 
Accelerator Center, and CERN, where displacements of magnetic elements were observed over several 
years. (See References I, 2, 10-12.) Another source of information about slow ground displacements 
is long-term data on COD in large accelerators when all other machine parameters are precisely 
controlled. (See References 13 and 14.) 

For approximation of these data an empirical formula for slow diffusive ground motion was 
proposed in References 1 and 2. It was further developed and applied to estimations of COD in 
References 12, IS, and 16, and it is now often referred to as the "ATL law." 

According to this law, the relative rms displacement Ox of two points located at distance L grows 
with the time interval between observations T as: 



(1) 

where A is a constant. Originally it was found that Eq. (1) with factor 
A = (1.0 ± 0.5)· 10-4 J.Lm2/(s·m) is in good agreement with data from accelerator sites within a broad 
range of time intervals T, from hours to a dozen years, and distances L, from a few meters up to a few 
kilometers. (See review in Reference 9.) 

The PSD S(j) in the frequency domain that corresponds to the A TL law is inversely proportional 
to the frequency squared:9 

(2) 

and the measurements in Reference 6 (L = 48 m) confirmed this, but there was mention that slow 
drifts in a l00-m-deep mine are about 10-20 times less than the same values in the TRISTAN tunnel 
at KEK. 

This article is devoted to analysis of data from Reference 17 on displacements of quadrupoles in 
the tunnel of the Super Proton Synchrotron (SPS) at CERN, which lies at a depth of about 100 min 
rock earth. In Section 2, we give a brief description of the SPS ring and the data observed. Methods 
and results of data analysis are contained in Section 3. Section 4 presents a discussion of results, 
comparison with other data and the A TL law, and brief conclusions. 

2.0 SPS DATA ON QUADS DISPLACEMENTS 
The SPS is an alternating gradient synchrotron constructed at CERN in the mid-1970s. It consists 

of M = 744 dipoles and N = 216 quadrupoles placed practically uniformly over the ring, with a mean 
radius R = 11 00 m. 1S Primary data from an optical survey 17 represent the vertical displacement of 
two ends of each quadrupole relative to the theoretical "ideal" position of 1976. These values were 
measured three times at about 3-yr time intervals: March 1, 1985; February 3, 1988; and January 7, 
1991. Accuracy of measurements is estimated to be within a few dozen micrometers. In this article we 
will refer to the measurements by the year in which they were taken. Values of drifts of two ends of 
each quadrupole differ from each other. Therefore we used the mean value for further analysis. 
Figure 1 shows the primary measured values of displacement x (in micrometers) along the 
circumference of the ring (i.e., the point at 0 m placed close to the point at 6912 m). The values for a 
few quadrupoles at about 600 m are due to artificial displacement for the P Ii project at the injection 
point, and we didn't take these into consideration. A very few quadrupoles were especially displaced 
by much lower values during 1985-1991, and these were taken into account. 

2 



(8) (b) 
3000 rT'T'"1'T'M"TT'T'TTTTTT"rTT1rTT'T'TTTTTTTTlrTT'1'TTT"n 

1000 

- -1000 

~ 
>< 
'C -3000 

>< 
'C -3000 

-5000 -5000 

-7000~~~~~~~~~~~~~ -7000~~~~~~~~~~~~~ 

o 2000 4000 6000 8000 0 2000 4000 6000 8000 
Distance (m) Distance (m) 

(c) 

1000 

- -1000 

! 
>< 
"0 -3000 

-5000 

2000 4000 
Distance (m) 

6000 8000 

Figure 1. (a) Displacements of quads along the circumference of the SPS In 1985. 
(b) Displacements of quads along the circumference of the SPS In 1988. 
(c) Displacements of quads along the circumference of the SPS In 1991. 

3.0 METHODS AND RESULTS OF ANALYSIS 

TIP-04872 

First we checked how the variance of relative displacements (Xi - 7) of two points i and j depends 

on the distance between them. The value, found mathematically, is represented as 
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(3) 

where a summation was made over all possible N = 216 different pairs of points that are set L m apart. 
The natural quanta for L « R = 1100 m is the distance between two neighboring quadrupoles, 32 m. 
For bigger L, we took into account that an arc is always longer than a corresponding chord. It's easy 
to understand that the maximum distance that can be considered is equal to 2R = 2200 m. During the 
development of data few relative displacements were found above the "3-sigma" threshold for 
statistical analysis, and they were not taken into account. 

Figure 2(a) shows L dependence of the variance of quads motion that occurred from 1985 until 
1988-i.e., we investigated values X = x1988 - x1985 for all magnets. The function that we found is 
well approximated by linear law BL. (See dashed line at Figure 2(a).) The best fit gives a coefficient 
B = 1190 Jlm 21m for L smaller than 1000 m. (Best fit for L smaller than 500 m gives 
B = 1830 Jlm2/m.) The corresponding coefficient A in the AlL law may be calculated as A = Bn 
(T = 35 months) and is equal to A = 0.13 . 10-4 Jlm2/(s·m). (A = 0.2 . 10-4 Jlm2/(s·m) for 500 m 
best fit.) 

Figure 2(b) presents the same function for motion during T = 3 yr, from 1988 to 1991. The best 
linear fit gives A = 0.13 . 10-4 Jlm2/(s·m). This curve has significant deviation from the best linear 
fit. For example, the variance of relative displacements at 200 m is 3 times larger than the value of the 
best fit line (corresponding to A = 0.4 . 10-4 Jlm2/(s·m». 

Similar calculations for motion during T = 6 yr, from 1985 to 1991, are summarized in 
Figure 2(c). Here the best linear fit with A = 0.1 . 10-4 Jlm2/(s·m) (see corresponding dashed line) 
perfectly approximates experimental data up to 1500 m. 

Finally, a similar analysis was done for the 12-yr time interval from 1976 to 1988. (See 
Figure 2(d).) It was assumed that in 1976 all quads were set at "ideal" orbit positions. In spite of the 
fact that the best fit coefficient, B = 3700 Jlm2/m, is much bigger than that for the 3-yr measurements, 
the corresponding coefficient A in the A TL law has practically the same value, 
A = 0.1 . 10-4 Jlm2/(s·m). 

Let us consider effects that may interfere with our analysis. Let us assume that a big part of the 
ring has a constant trend in magnet displacements due to measurement errors or tilt (or even that all 
the ring is tilted on some angle). It is easy to see that in this case the variance (Eq. (3» will be 
proportional to the squared distance between points. L2. especially at L more than R. None of the 
pictures presented in Figure 2 shows such a behavior; therefore. we may conclude that this effect is 
negligible. The second effect occurs if one erroneously takes into account one or a few points that 
strongly dropped from the array of other data and have no natural origin (like a big drop in Figure 1 
around 600 m). This drop increases the variance at all values of L on the same value (even at small 
distances), and the best fit approximation will predict an unnatural non-zero value of the variance at 
L = 0 m. Again. Figure 2 shows that even if this effect exists it is pretty minor. Finally. a distortion of 
analysis may come from an absence of uniformity of quad settings along the circumference, which 
we took as an assumption. But in the case of SPS, where the number of non-regularly settled quads is 
negligible, the errors caused by them are also minor. 

Figure 3 presents results of a Fourier transformation of the 1988 data-power of harmonics vs. its 
number m (the m-th harmonic has m wavelength over the circumference of the ring). For example, 
the harmonics number 1 with wavelength equal to the SPS circumference has rms amplitude of about 
1 mm = 1000 Jlm, i.e., its power is equal to 106 Jlm2 (see Figure 3). This figure is interesting for two 
reasons: at first, it shows that the power of m-th harmonics is approximately inversely proportional 
to m 2, as it must be according to AlL law predictions.9 (See dashed line at Figure 3.) Then, as was 
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analytically shown in Reference 9, the COD is determined mostly by harmonics with numbers [v] and 

NI2-[v], where v is the tune of the machine, N is the full number of quadrupoles, and the brackets 
mean the closest integer. Therefore, Figure 3 allows us to compare the strength of these two 
harmonics. The resonance harmonics for the SPS with v = 26.6 (see Reference 18) are numbers 27 

and 81. Resonant harmonics for the sse with tune v = 123.65 at this plot have effective numbers 10 
and 64. 

(8) 
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Figure 2. (a) The variance of relative displacements of quads that occurred 1985-1988 vs. 
distance between quads. (b) The variance of relative displacements of quads that 
occurred 1988-1991 vs. distance between quads. (c) The variance of relative 
displacements of quads that occurred 1985-1991 vs. distance between quads. 
(d) The variance of relative displacements of quads that occurred 1976-1988 vs. 
distance between quads. 
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Another result of data processing is distribution functions (probability densities) of relative 
displacements, for which the variances (Eq. (3)) were discussed above. This information is very useful 
for designing maximal strength of correctors for a machine. The distribution function of relative 
displacements for points distanced at 192 m and for motion from 1988 to 1991 is shown in 
Figure 4(a). Gaussian fit with the rms value found from this distribution function is also plotted. The 
lack of statistics (only 216 samples) allows us to make only general conclusions about the 
distribution. Nevertheless, if one assumes that the distribution functions have the same character for 
all distances L, then one can increase statistics by averaging all the distribution functions. However, 
each should be normalized on its own variance (as shown in Figure 2). As a result one can obtain the 
distribution function like that in Figure 4(b), but when the random variable is measured in units of 
rms value. The Gaussian fit in Figure 4(b) approximates well the 1985 experimental data. For a more 
detailed presentation of tails of distribution above 3 sigma, see Figure 5, where we present densities of 
probability for 1985. 1988. and 1991 measured values in logarithmic scale. One can see that the 
Gaussian function satisfactorily describes the core of the distribution, but the experimental results 
have tails above 3 sigma that are at least 2 times more populated. 

1 10 
Periods/circumference 

100 
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Figure 3. Spectrum of space harmonics found by Fourier transformation of primary 1988 data 
(I.e .• FFT of Figure 1(b». 
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Figure 4. (a) Probability density vs. relative displacements of quads that occurred 1988-
1991 for pairs of quads placed 192 m apart. (b) Probability density vs. normalized 
relative displacements of quads that occurred 1988-1991 for pairs of quads placed 
from L = 32 m to L = 2200 m apart. For each L, relative displacement was 
normalized on Its own rms value (see Figure 2(b». 
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Figure 5. (a) Probability density vs. normalized relative displacements of quads that 
occurred 1976-1985 for pairs of quads placed from L = 32 m to L = 2200 m apart. 
For each L, relative displacement was normalized on Its own rms value. 
(b) Probability density vs. normalized relative displacements of quads that 
occurred 1976-1988 for pairs of quads placed from L = 32 m to L = 2200 m apart. 
For each L, relative displacement was normalized on Its own rms value. 
(c) Probability density vs. normalized relative displacements of quads that 
occurred 1976-1991 for pairs of quads placed from L = 32 m to L = 2200 m apart. 
For each L, relative displacement was normalized on Its own rms value. 
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4.0 DISCUSSION, COMPARISON WITH OTHER DATA, AND 
CONCLUSIONS 

Analysis of data from SPS has shown that the A TL law can be used to satisfy the model for the 
slow ground motion. The coefficient A was found from the range (0.1-0.4) . 10-4 Ilm2/(s·m), with 
mean value of approximately Asps = 0.14 . 10-4 Ilm2/(s·m). 

In Figure 6 we present SPS data from 3 yr of observations (1985-1988), together with data from 
other accelerator sites (taken from Reference 9). Because of different times of observation for these 
data, they are presented as functions of the variance of displacement divided by time of observations 
vs. distance L between points of the ground. For comparison, the A TL law with coefficient 
1.0 . 10-4 Ilm2/(s·m) is also shown by a dashed line. One can see that diffusive ground motion at the 
SPS is several times less than at other places. This can be explained by the comparably low depth of 
the SPS tunnel and the relatively hard rock at the CERN site. No measurements have yet been made 
in the SSC tunnels. When such measurements are made, we would expect that the value of A will lie 
between the value 0.14 . 10-4 Ilm2/(s·m) measured at the SPS and the value 1.0 . 10-4 Ilm2/(s·m) 
measured at the Positron-Electron Project (PEP) ring at Stanford. 
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Figure 6. The variance of relative dlaplacementa divided by time of obaervatlona va. 
dlatance between polnta for SPS and other accelerator altea. SLC, UNK, and PEP 
data are taken from Reference 10. 
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