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Summary 

The methods usually considered for closed orbit 
correction in alternating gradient machines are 
probably not satisfactory for LEP for the vertical 
plane because the harmonics created may destroy the 
polarisation. Therefore it seems a priori interesting 
to correct locally the horizontal field defects. We 
then revised a method used a long time ago to detect 
alignment errors in the ISR [l] and tried to push it as 
far as possible towards a full orbit correction. 

1. Fitting method with statistical analysis 

In a circular machine, the closed orbit is nothing 
but a discontinuous betatron oscillation which closes 
itself over one turn. The discontinuities are kicks 
associated with dipole field errors. Thus, in a region 
where there are no dipole field errors or where they 
compensate between two measurement stations (BPM), the 
closed orbit position at the ith BPM is of the form : 

yi = a&$ sinpi + bd$COScli + Di6 (1) 

where the letters with indices i are the well known 
optics functions 121. The constants a and b and the 
relative energy error 6 have to be determined by a 
least square fit of formula (1) on the BPM 
measurements. 

It is then possible to do this computation 
starting at each BPM of the machine and using a certain 
number n of downstream BPM's. For each fit, the r.m.s. 
deviation with reference to the measured positions can 
be computed, which makes it possible to estimate the 
fit quality with the formula : 
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where n is the number of BPM used to make the fit, c 
the number of constants involved in the fit, r the 
r.m.s. reading error of the BPM, yim the measured 
positions and yi the calculated positions given by 
(1). 

If the value of r is correct and if we assume that 
there is no field error in the machine, F should be of 
the order of 1, whatever the number n of BPM's used to 
make the fit. This leads naturally to computing the 
average value of F over all possible fits for a given n 
in order to obtain a statistically relevant number 
F. The F should converge towards 1 when n is 
increased provided r is correct. This convergence 
criterion makes it possible to establish that there are 
no field errors in the machine : practically the 
discontinuities of the measured closed orbit are 
compJted and their effect is subtracted from the 
measurements, then the convergence criterion is a 
sensitive mean of detecting whether all discontinuities 
have been really identified. Furthermore, if p 
converges towards a constant value when increasing n, r 
having been estimated, it is easy to adjust r so that 
the constant value is 1. This provides an estimation of 
the r.m.s. reading error r of the BPM's. 

Up to now we assumed that formula (1) is exact and 
that the BPM's have a Gaussian distribution. 

The validity of formula (1) can be tested with the 
measurement of the change of the closed orbit due to a 
known deflection. This has been done in ref. [3]. 

The hypothesis of a Gaussian distribution of the 
reading error of the BPM's - which is needed to state 
that formula (2) is a good estimator - implies that 
there cannot be too many BPM's with large reading 
errors. Practically this means that the fraction of 
BPM's with a reading error larger than R times the 
r.m.s. value is 1 - erf (R) which is evaluated in 
Table 1 : 

R 1 2 3 

fraction of BPM's 15.7 % 4.7 O/o0 2.2 1o-5 
I I I I I 

Table 1 

For instance, if the total number of BPM's is 20, the 
number of BPM with a reading error larger than 3 r.m.s. 
values should be of the order of 5.10-', i.e. the 
probability is small that there is any. In other words, 
if we find one we may consider that its reading is 
wrong. We will see in practice that the BPM's detected 
as wrong have reading errors usually larger than 
3 r.m.s. reading errors. 

The method practically used can be summarised with 
the following steps : 

make fits starting at each BPM with the maximum 
number n in order to find the largest kick, 

make fits starting at each BPM with the smallest 
number n in order to detect discontinuities or wrong 
BPM's, 

confirm these results by increasing the number n, 

compute the discontinuities, having removed the wrong 
BPM's, 

subtract the contribution of the discontinuities from 
the measurement, 

look at the evolution of F when increasing n, 

check the convergence of ? which indicates that 
all detectable field defects have been found. 

2. Test of the method with a closed orbit difference 

The results obtained by evaluating fits, starting . 
at each BPM and including n consecutive BPM, constitute 
a F-histogram, which is a set of N values of F, where N 
is the total number of monitors in the machine. The 
general rules empirically observed to distinguish 
between a wrong BPM reading and a kick can be 
summarized as follows : in the case of a fit with n 
consecutive monitors, a wrong reading induces n bad 
fits (all those which include the suspected monitor), 
whereas a kick signature would exhibit n-l large 
F-values, appearing just before the kick. However, it 
must be stressed here that, when analysing a real 
measurement, mixture of signatures occurs very often. 

A first example is given in Table 2, with EPA 
measured data corresponding to the effect of a 
horizontal single kick [3]. In addition to the 
signature of the kick (i.e. 2 consecutive large 
F-values at BPM's MO61 and M063), we recognise the 
signature of a wrong BPM (2 large F-values surrounding 
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MOO3 
HO05 
MC11 
MG13 
MG23 
YD33 
MO41 
kill45 
F"1147 
MD49 
MO53 
MD55 
MO61 
MO63 
MO73 
HO83 
HO91 
HO15 
MO97 

COD 

---- 
3.10003 

-3.50000 
- 1,4GOOO 

3.9onoo 
2.lCOOO 

-2.80000 
~10.30000 

3.10000 
2.7C~OOO 
1.20000 

-2.00000 
-3.90000 

9.400'30 
4. 30000 
5.00000 
3.30000 

-4.ZOODO 
-3.90000 

2.90000 

All Pw91 

t?PVS removed 

MO51 M'X5 

MD23 MN3 

removed 

2.01643 
1.36623 
1.21211 
0.46365 
2.26337 
0.46707 
0.81934 
0.33812 
0.10920 
0.42830 
0.51r642 
2.20889 

15.83638 
13.62012 

3.41517 
1.20712 
2.52141 
0.11476 
0.35593 

2.91643 
1.36623 
1.21211 
0.46766 
2.26331 
0.46707 
0.51934 
0.33812 
0.10920 
0.42830 
D.5b642 
2.20889 

15.83638 
13.62012 

1.35955 
1.07425 

1.36623 
0.13649 
0.28098 

0.46207 
0.81934 
0.33812 
0.10920 

E: :;:,": 

15.83638 
13.62012 

1.35955 
1.07425 

0.11476 0.36186 
0.35593 0.44117 

Table 2 
F-values obtained for a closed orbit distortion due to 
a single kick in the horizontal plane. The two right 
columns are associated with suppressed BPM measurements 
(no F-value for the suppressed BPM). The fits are made 
with 3 BPM's. 

--- 

a smaller one at BPM's M073, MO83 and M091). If the 
F-histogram is remade without BPM 91, the latter signa- 
ture disappears (third column in Table 2). We can then 
notice that 3 F-values of the order of 2 can be found 
in the F-histogram. If the latter is remade without the 
BPM's where these values appear, all large F-values 
disappear except those associated with the kick (fourth 
c3 I umn in Table 2). In this example we see how to 
detect simply and unambiguously wrong BPM readings. 

A somewhat more tricky situation is shown in 
Table 3. A single kick has been applied in the vertical 
plane 131. The F-histogram is still made with 3 BPM's 
per fit and we notice only one single large F-value at 
BPM MOi3. If the F-histogram is made without M083, just 
downstream M073, a kick signature appears (see third 
column in Table 3). If the F-histogram is made without 
MD63, just upstream M073, it is similar to that shown 
in the second column. This shows that the reading of 
MO83 is probably wrong. If the kick effect is removed, 
no signature remains. However, the convergence test on 
F is only good if MO83 is not included. 

MO03 
MOO5 
MO11 
MU1 3 
MO23 
MO33 
MLllil 
MO45 
MO47 
MO49 
MGS? 
MU55 
MO61 
MO63 
M1173 
Ml083 
H391 
M355 
MO97 

2.40000 
1.60000 

-0.5000c 
-6.6GGGG 

0.7003c 

f%% 
-l:?oooG 
-2.00000 

1.60000 
5.10000 

-0.10000 
-4.20000 
-2.4OGCO 

6.50500 
2.403co 
4.00000 
0.50000 

-6.20000 

0.28650 
0.32953 
0.28431 
0.3t;7:1 
0.25210 
0.33513 
0.46958 
0.56010 
0.39135 
0.16841 
1.14056 
0.06371 

2 :% 
13.02677 

0.86100 
0.50901 
0.76662 
0.24749 

0.28650 
0.32953 
0.28431 
0.36751 
0.25210 
0.33513 
0.46958 
0.56010 
3.39135 
O.lciElrl 
1.14056 
0.06371 
0.16456 

13.01215 
13.24809 

0.53901 
0.76662 
0.24749 

0.28650 
0.32953 
0.28431 
0. 36.751 
0.25210 
0.33513 
0.46958 
0.56010 
0.39135 
0.16841 
1.14056 
0.06371 
0.16~56 
0.71867 
0.54150 
g: ;;.w,'y 

O.i656' 
0.24749 

-0.05923 
0.77175 

-0.03926 
-3.00060 

0.340L3 
0.29772 

-0.03406 
-0.75272 

0.28533 
-0.06687 
-0.98653 

0.013155 
-0.20869 
-0.29184 

0.45249 
-C.20077 

0.04112 
0.44679 

-0.104Y6 

Table 3 
Closed orbit distortion and F-values associated with a 
single vertical kick in EPA 3 BPM's used for the fits. 

For both cases presented here, the result of the 
convergence test is that r should be 0.35 mm. As this 
is computed with a difference measurement, we conclude 
that the uncertainty on a single measurement is 
0.25 mm. This includes noise, reproducibility and 
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calibration error if we assume no error on the betatron 
functions. 

In addition to this, since the kicks were 
artificially introduced in the machine, it is possible 
to compare the experimental values to the computed 
ones. In the vertical plane, the estimation is in 
excess by 0.07 mrad (Bv = 13.3 m) and by 0.12 mrad 
(0~ = 13.8 m) in the horizontal plane. Once the 
contribution of the kick to the closed orbit distortion 
has been subtracted, the residual signal behaves like a 
Gaussian noise. We therefore conclude that, for the 
machine under consideration, we cannot hope to localise 
precisely kicks of about one tenth of miliradian at 
places where the betas are of the order of 13 X. 

3. Analysis of an absolute closed orbit measurement 

We have seen above that, even for an extremely 
simple case, the fit analysis can be somewhat compli- 
cated. We can imagine that for a general case where 
reading errors and kicks effects can be mixed, the fit 
analysis is far from being straightforward. The simple 
rules given at the end of section 1 must be completed 
by other tests such as suppressing systematically BPM's 
in a suspicious area and look at the evolution of the 
histograms. 

The method has been applied to the correction of 
the closed orbit of EPA in the vertical plane. A very 
large kick was detected after the monitor M095, but 
since MO97 was found to be wrong, we were forced to 
extend our search down to M003. In this range, the best 
candidate for compensating the kick happened to be the 
quadrupole QFL96 (it is worth noting that in the case 
where MOO3 would also be considered as wrong, then the 
answer of the method could not detect a single candi- 
date since there would then be more than 77 vertical 
phase advance between MO95 and the next monitor M005). 
Although the proposed compensation appeared to be very 
efficient, it was not possible - despite careful checks 
- to find any defect on the suspected quadrupole. This 
problem is still unresolved and more detailed 
information can be found in a companion paper [5]. 

In the course of the orbit correction process, the 
predicted closed orbit distortion and the measured one 
could be compared. Once the wrong EPM's were removed, 
the r.m.s. difference between the two is 0.25 mm, which 
is about the same as estimated above. This comparison 
is interesting as it is an additional confirmation that 
the optics functions computed with the MAD program [4] 
using the EPA optics model in 131 are accurate enough 
and do not introduce any error at our level of 
accuracy. 

During the exhaustive search of the defects, it 
was found that the convergence test on F is an 
extremely sensitive tool. For instance, a kick of 
- 0.08 mrad at a place where Bv is 3.5 m is enough to 
change the convergence behaviour : when this kick is 
compensated, the f starts to increase and then 
decreases when n is increased; if it is included, the 
F-values tend towards a constant for n > 9. 
Furthermore, if the contribution of the - 0.28 mrad 
kick (at a av of 3.5 m) in Table 4 is not 
compensated, it prevents the ? convergence. The 
closed orbit positions after subtraction of the kicks 
effects is given in Table 4. If we merely compare the 
positions with and without the smallest kick, we hardly 
see any difference. 

It is clear that, once all the defects 
contributions have been subtracted, the wrong BPM's 
appear at a single glance to the list of closed orbit 
positions. In Table 4. the BPM's 33, 63 and 97 emerge. 
If they are removed from the calculation, the r.m.s. 
amplitude of the distortion is 0.28 mm, whereas the 
convergence test on F leads to a value of r of 



1.15402 

2.09934 
1.64779 

0.40393 
0.28596 
0.45759 
0.05899 
0.11987 
1.06948 
0.02487 

-0.29993 
-0.02122 
-0.43410 

1;. :;g; 
-0:23858 

2.95029 
-0.04136 

Table 4 

:GD (mm) 
ill kicks but 

last one shtracted 

0.61517 
0.32882 
0.35506 

-0.19413 

Z% 
-0:04655 
-0.37015 

0.00427 
-0.31307 
-0.11026 
-0.32884 
-0.41857 

2.71829 
-0.23767 

E:::; 
-0:43421 
-3.24442 

Vertical closed orbit distorsions computed after 
subtraction of defects. The kicks subtracted for the 
middle column are : 

0.56 mrad on QFLH96 -0.28 mrad on QFNH32 
0.18 mrad on QFLH54 -0.08 mrad on QFNH62 
0.33 mrad on QFLH56 

0.29 mm. This concordance is quite remarkable and 
contributes to justify the convergence conjecture. For 
what concerns the wrong BPM's, two of them have an 
offset of 10 times the r.m.s. error reading, and one 
3 times. The distribution histograms of the BPM's 
considered as good is shown on Fig. 1. They are far 
from being Gaussian : the standard deviation of the 
Gaussian fits of the histograms are respectively 
0.42 mm and 0.37 mm for the left and right histogram. 

number 

of BPhl 
f 

number 

B PM 

6 

0 12 
BPM reading 

/r.m.s = 0.28 

0’ i 2 
BPM reading 

/r.m.s = 0.30 

Fig. 1 - Distribution histogram of good BPM's readings 
for the two closed orbit positions given in 
Table 3. 

These values are larger than the computed r.m.s. errors 
which are respectively 0.28 mm and 0.30 mm. 
Nevertheless, even when using the standard deviations 
of the Gaussian fits, the reading of BPM's 63 and 97 
are still substantially larger than 3 standard 
deviations, and the reading error of BPM 33 is at the 
limit of 3 times. 

Knowing both the r.m.s. reading error and the 
r.m.s. error due to noise and calibration (0.25 mm from 
Sect. Z), and remembering that the errors related to 
the optical model were found to be negligible, it is 
then possible to calculate the r.m.s. alignment ert;ro; 
of the BPM's. Assuming a quadratic addition 
accounting for an uncertainty of 0.01 mm on the errors 
mentioned above, one obtains r.m.s. alignment errors of 
0.14 f 0.04 mm and 0.2 + 0.04 mm respectively. These 
estimations compare fairly well with the value. of 

!l!gn%YitvoeferaXce. 
b the survey people for the VertlCal 

Three exhaustive searches have been done with 
three vertical closed orbit measurements performed in 
May 1987 (from which Table 4 was obtained), 
November 1987 and March 1988. The values of r 
associated with these three searches are comprised 
between 0.32 mm and 0.34 mm. In the first two 
measurements, the same defects (around QFL96 and QFL56) 
emerged from the calculations, but the additional small 
kicks (angles less than 0.3 mrad) were found at 
different locations, without any clear relationship 
between them. In the last measurement of March 1988, 
the strongest kick (QFL96) had been fully compensated 
with a quadrupole displacement. The other kicks were 
found at locations still differing from the previous 
ones, probably related to the quality of the orbit 
measurement. 

The differences found in the locations of small 
kicks (which are responsible for an oscillation 
emittance of the order of 3 l 10e7 m), indicate the 
limitations of the search method for the system of 
monitors under consideration (with an r.m.s. absolute 
reading error of about 0.3 mm). 

After correction with a quadrupole displacement of 
the strongest kick found by the method, the resulting 
closed orbit distortions were found to be already 
satisfactory 151. For this reason no attempt was made 
to further compensate for the remaining kicks. However, 
when considering the predicted closed orbit, resulting 
from the compensation of all the computed kicks, we 
feel that it might be worth to try this scheme once and 
check experimentally the level of correction which 
could be indeed achieved in the machine. 

4. Conclusion 

The fitting method is a powerful tool to predict 
both the location and the correction of field defects, 
provided the latter are large enough and the 
neighbouring beam position monitors are properly 
functionning. A major ingredient of this approach is 
its ability to check the correctness of the BPM 
readings, which is fundamental for a precise location 
of the compensation. A convergence criterion is used to 
ensure that all detectable defects have been removed. 
The application and the limitations of the method have 
been discussed for the case of the EPA machine. An 
interesting by-product of this so-called exhaustive 
analysis is the determination of the various 
contributions to the monitor reading errors. It opens 
also the possibility of checking the optics model of 
the machine in the particular case of the analysis of 
the effect of a known kick. 
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