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1 Introduction

During the 2008/2009 shutdown the so-called R-8/R-16 room temperature resistance test has been
introduced for the quality control of the LHC main interconnection splices [1]. It has been found that at
present two groups of LHC main interconnection splices can be distinguished, so-called “old” splices
produced during LHC installation, and so-called “new” splices produced during 2009 [2]. 2009
production splices are considered as the state-of-the art, which is reflected by a much smaller R-8
distribution as compared to that of splices produced during first LHC installation.

Statistical analysis of R-16 data has been reported in [3]. The main goal of the previous analysis was to
estimate the maximum R-8 excess resistances of the existing LHC main splices for the estimation of the
LHC safe energy. For this purpose the “new” splices results could be neglected and the statistical analysis
concentrated on R-16 results of “old” splices.

Here we present the statistical analysis of the R-8 results of “new” splices and compare the “new” and
“old” R-8 data sets. The main goal of the analysis of “new” splice R-8 results is to estimate the
uncertainty of the R-8 measurements and to provide fit functions that can be compared with future splice
production R-8 results in order to monitor a potential degradation in the splice manufacturing process.
The R-8 results of 2009 production are compared with R-8 of splices produced during LHC installation
and the possible reasons for the different R-8 distributions are discussed. The number of “old” splices to
be repaired because of a too high R-8 excess resistance (R-8excess) before consolidation is estimated for
different R-8c,cess threshold values.

All R-8 measurements were performed with a Digital Low Resistance Ohm Meter (Avo DUCTER DLRO
10) [4] with a voltage tap distance of 8 cm (R-8), a test current of 10 A and a resolution of 0.1 pQ. The
accuracy of the DLRO 10 stated by the manufacturer is +0.2 pQ. The inhomogeneous current distribution
due to the point like current injection close to the voltage taps causes a systematic error in the R-8 results



of approximately +10%. The influence of the splice temperature on R-8 is neglected. The estimated
temperature variation in the LHC tunnel is between 14 °C to 20 °C. This causes a maximum uncertainty
in the R-8 results of 0.21 uQ and 0.12 u€ for quadrupole and dipole splices, respectively.

For binning and curve fitting the statistical analysis software EasyFit Professional Version 5.5 from
MathWave Technologies [5] has been used.

2 Statistical analysis of “new” splices R-8 data sets
2.1 Kolmogorov-Smirnov test of “new” quadrupole splices R-8 data set

Assuming that the R-8 distribution obtained for “new” splices would be caused entirely by random
uncertainties like resistance measurement errors, voltage tap distance errors, temperature uncertainties
and random variations of the busbar stabiliser cross sections a nearly normal distribution of the R-8
results would be expected.

A Kolmogorov-Smirnov (KS) test [6] has been performed in order to verify if the “new” splices R-8 data
sets follow a normal distribution. As a first step of the KS test the data to be investigated is standardized
(z-transformed) to a standard normal distribution and is plotted as a cumulative distribution function
(CDF). The CDF of “new” quadrupole splices (M1, M2) with ¢* = 1 and p = 9.51 is shown in Figure 1
(red squares). The blue curve is a step curve called empirical distribution function (EDF), in which the
cumulative probability increases in R-8 steps of 1/n, with n being the number of measurement values
(here n=336).
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Figure 1: Comparison of the EDF and CDF calculated from the R-8 data set of “new” quadrupole splices (n=336, p =9.51 uQ,
6=0.74 uQ). D,,,,=0.22.

The larger the distance (D) between EDF and CDF, the less likely it is that the investigated data set is
normal distributed. If at any point the absolute difference between EDF and CDF (D) is larger than D,
the hypothesis of a normal distribution is rejected with a selected significance level a. For a data set with
n>40 values, the D, value is calculated as shown in Equation 1:



D, = N

Equation 1:
In case of the entire “new” quadrupole splices R-8 data set Dyax is 0.22 and Dgsy is 0.098. Since
Dmax>Do 30 One can therefore conclude with a confidence level of 99.7% (30) that this R-8 data set is not
following a normal distribution, which is obvious in the histogram shown in Figure 2.

In a next step it has been verified if a normal distribution is obtained when excluding high R-8 results
from the data set. For this purpose it is assumed that the R-8 distribution is symmetric with p =9.23 pQ,
and that R-8 values >10.1 pQ (empty symbols in Figure 2) are caused by splice imperfections and can be
excluded from the data set when estimating the random measurement uncertainties in the R-8 data set.
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Figure 2: Histogram of “new” quadrupole R-8 results. The Gaussian fit considers only R-8 results <10.1 uQ. The empty
symbols represent the R-8 data that has not been considered because it is assumed to be caused by splice imperfections. Bin
size is 0.1 pQ.

When R-8 values >10.1 uQ are excluded, the Dy.x between EDF and CDF is reduced to 0.081 (see
Figure 3), which is equal to Ds,=0.081 (for n=280). This indicates that a normal distribution is
approached when considering R-8 smaller 10.1 pQ only, but the hypothesis of a normal distribution is
still rejected with a probability of 95 %.
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Figure 3: Comparison of the EDF and CDF calculated from the R-8 data set of quadrupole splices produced during 2009
considering R-8 values <10.1 uQ only (n=280, p =9.23 puQ, 0=0.31 uQ). D,,., is with 0.081 equal to Dsy,.

2.2 Kolmogoro

v-Smirnov test of “new” dipole splices R-8 data set

The KS test was also performed on “new” dipole (M3) splices considering all R-8 data, which is

presented in Figure 4.
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“new” dipole splices are shown in Figure 5. Dyex (0.11) is larger than Dsy, (0.080),

and equal to the Dy 3y (0.11), and it is concluded that with a confidence level of 95% this R-8 data set is

not following a normal

distribution.
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Figure 5: Comparison of the EDF and CDF calculated from R-8 data measured on “new” dipole splices (n=286, u =5.69 uQ,
6=0.29 pQ) D;,5,=0.11.

Since the R-8 distribution shown in the histogram in Figure 4 is not normal distributed it can be
concluded that the spread in R-8 results is not only due to random measurement errors, but it is also
influenced by splice imperfections. It is therefore assumed that the random uncertainties are somewhat
smaller than the variance of the “new” splices R-8 results, and that the uncertainty of the R-8
measurements performed in 2009 is smaller than =0.3 pQ (£o).

2.3 Binsize of the R-8 histograms

The bin sizes of the following R-8 histograms have been automatically determined as the best bin size by
the software EasyFit Professional Version 5.5. A comparison of R-8-histograms with manually selected
bin size of 0.1 pQ (for “new” splices and excess resistances <5 uQ) and 1 uQ (for the entire data set of
“old” splices) is presented in the appendix of this note.

2.4 Curve fitting

The EasyFit software is able to fit 60 different mathematical functions to a given data set. For each data
set the software makes a ranking of the 60 fit functions based on a KS and an Anderson Darling goodness
of fit test.

2.4.1 Probability density distribution of “new” dipole splices R-8 results

The goodness of fit ranking for different functions is shown in Figure 6. According to the KS test the best
function to fit the R-8 results of “new” dipole splices is the Johnson SU function, while according to the
Anderson Darling test the best fit is achieved with a 4 Parameter (4P) Burr function.
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Figure 6: Kolmogorov Smirnov and Anderson Darling goodness of fit ranking of “new” dipole splice R-8 data set.

The 3 parameter (3P) Burr function (see Equation 2) can fit well the “new” R-8 data sets analysed in this
note, and only slight differences in the goodness of fit were found between the 3P and 4P Burr functions.
In the following the simpler 3P Burr function is preferred over the 4P Burr function.

ak (2) 7

Equation 2:

f(x) =

B

k+1

p(1+(3))



In Figure 7 the R-8 histogram for “new” dipole splices is shown with the 3P Burr probability density
function.
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Figure 7: R-8 histogram of “new” dipole splices (bin size= 0.27 pQ, n=286) and 3P Burr probability density function f(x).

The corresponding 3P Burr fit parameters and the values determined for mode, skewness and kurtosis of
the fit are summarized in Table 1.
Table 1: Summary of 3P Burr fit parameters and fit characterizing values mode (number of most frequent value), skewness

and kurtosis of “new” dipole R-8 results (arithmetic mean =5.69 uQ). The skewness and kurtosis of a normal density
distribution are 0 and 3, respectively.

3P Burr fit parameters |  k=0509 | «=5093 | p=5.53
3P Burr fit characterization | mode=5.60 pQ | skewness=1.12 | kurtosis=3.59

2.4.2 Probability density distribution of “new” quadrupole splices R-8 results

The histogram of the entire “new” quadrupole R-8 data set, and for the “new” quadrupole R-8<10.1 uQ
data with the 3P Burr fits are shown in Figure 8 and Figure 9, respectively.
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Figure 8: R-8 histogram of “new” quadrupole splices (bin size=0.46 uQ, n=336) and 3P Burr probability density function f(x).
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Figure 9: R-8 histogram of “new” quadrupole splices with R-8<10.1 pQ (bin size=0.18 uQ, n=280) and the 3P Burr probability

density function f(x).

The 3P Burr fit parameters and the values determined for mode, skewness and kurtosis of the entire R-8

data of “new” quadrupole splices and for R-8 < 10.1 pQ are compared in Table 2.

Table 2: Summary of fit parameters and fit characterizing values of R-8 results of “new” quadrupole splices. (a) entire R-8
data set (arithmetic mean =9.51 pQ) and (b) only R-8 <10.1 uQ (arithmetic mean =9.23 pQ).

3P Burr fit parameters a) k=0.202 0=76.22 p=8.92
b) k=0.79 0=58.7 B=9.16
3P Burr fit characterization a) | mode=9.10 uQ | skewness=2.17 | kurtosis=8.8
b) | mode=9.19 uQ | skewness 0.45 | kurtosis=1.7



3) Comparison of “new” and “old” dipole splice R-8 results
3.1 Distribution of excess resistances in “old” dipole splices

A good R-8 overview is obtained when plotting the R-8qxss results ordered by the resistance values
separately for “old” and “new” splices, and distinguishing between splices on the lyra and connection
side. The influence of the improvements in the splice production introduced in 2009 on the R-8 results [1]
is striking when comparing the R-8 distribution in Figure 10 (a) and Figure 10 (b). It can be seen that for
“old” splices a large population has slightly varying excess resistance values below 4 pQ and a strong
change in the slope of the resistance increase is seen above 5 pu€ excess resistance.
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Figure 10: Distribution of excess resistance (defined as R-8 -5.6 uQ) at the connection and lyra side of 2009 production (a)

and first LHC installation (b) M3 splices, sorted ascending by resistance values.

The cumulative distribution of “old” M3 R-8cess results is shown in Figure 11. Three excess resistance
intervals are distinguished (R-8gycess <5 n€Q labeled 1, 5 pQ<R-8eyeess<25 uQ labeled 11 and
R-8excess>25 n 111).
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Figure 11: Cumulative distribution of “old” M3 R-8,c.ss Values (n=272).



A plausible explanation for the first strong change of the slope of the cumulative distribution is that the
R-8 results above 5 puQ are all representative for splices with a complete electrical discontinuity between
the busbar stabiliser and the splice profiles, where the R-8 resistance is entirely determined by the cable
length that is not in contact with the busbar stabiliser (13 pQ per cm insulated cable length).

The 2™ change of slope in the cumulative excess resistance distribution at 25 pQ excess resistance may
be an indication that also for splices with an excess resistance >5 uQ there are two failure modes. One
failure mode for splices with excess resistance > 5 pQ is underheating at the splice extremities, which
causes an insulated cable length inside the splice profiles. A second failure mode is a transverse gap
between bushar stabiliser and busbar profiles in combination with a certain insulated cable length inside
the busbar stabiliser [1]. Radiographic examination revealed that most, if not all of M3 splices with very
high excess resistance had unmolten solder foil at the splice extremities.

A possible explanation for the relatively high occurrence of very high R-8 resistances on the lyra side is
the asymmetry of the tooling that has been used for the splice compression and inductive heating, which
can cause a non-uniform temperature gradient across the splice during the soldering process.

Below the R-8ess distribution in the three excess resistance intervals R-8gcess <5 pQ,
5 nQ<R-8excess<25 p€ and R-8gycess™>25 L2 is described.

3.1.1 Comparison of the probability density function of “new” and “old” splices with an
excess resistance up to 5 pQ

The fits of the “new” and “old” R-8 data with an excess resistance <5 u€Q are compared in Figure 12 and
Figure 13 for quadrupole and dipole splices, respectively. Both data sets have been fitted with a 3P Burr
function.
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Figure 12: Comparison of the 3P Burr probability density distribution function for “new” and “old” R-8 dipole splice results
with an excess resistance <5 uQ (R-8<10.7 pQ). Roycess Values of 3 uQ, 4 uQ and 5 uQ are indicated by the dotted vertical lines.
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Figure 13: Comparison of the 3P Burr probability density distribution function for “new” and “old” R-8 quadrupole splice
results with an excess resistance <5 puQ (R-8<14.5 uQ). Reycess Values of 3 uQ, 4 pQ and 5 pQ are indicated by the dotted
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In Table 3 the 3P Burr fit parameters for the “new” and “old” dipole and quadrupole R-8 data sets with an
excess resistance <5 p2 are compared.

Table 3: 3P Burr fit parameters for R-8 data sets with R-8.,..ss<<5 HQ obtained for “new” and “old” dipole and quadrupole
splices.

Parameter k a B
“new” quadrupole fit | 0.202 76.22 8.92
“old” quadrupole fit | 0.18 54 9.3

“new” dipole fit 0.509 50.93 5.53
“old” dipole fit 024 401 559

The corresponding fit characterizing values are compared in Table 4.

Table 4: Fit characterizing values for “old” and “new” R-8 data sets.

mode (n€) | skewness | kurtosis
Dipole “new” 5.60 1.12 3.59
Dipole “old” 5.77 2.48 12.9
Quadrupole “new” 9.10 2.17 8.80
Quadrupole “old” 9.58 2.62 13.8

Despite the fact that “old” splices of which R-8 was measured were not randomly selected, it is obvious
from the results presented above that the splice assembly procedure and/or the process parameters used
during LHC installation are not identical to those used during the 2008-2009 shutdown.

3.1.2 Influence of the R-8cxcess acceptance threshold value on the number of “old” splices to
be repaired during LS1

The baseline for the consolidation of the LHC main interconnection splices during the Long Shutdown 1
is to systematically repair “old” splices before application of shunts if R-8.,ess €XCeeds a threshold value
of 5uQ [2,7]. Below we estimate the number of splices that would need to be repaired for R-8excess
threshold values of 3 pQ, 4 uQ and 5 pQ.

11



The number of splices to be repaired because of excessive R-8 values is estimated from the entire R-8
data set for “old” quadrupole splices with the following assumptions.

e The R-8 distribution of “old” quadrupole splices measured in 2009 is representative for the entire
LHC splice population (despite the fact that some high excess resistance quadrupole splices were
found thanks to non invasive segment measurements).

o The R-8eyxcess distribution for “old” dipole and quadrupole splices is identical

e The excess resistance occurs always on one side of the splice

e The different R-8 distribution of “new” and “old” splices is neglected.

The estimated number of splices to be repaired is shown in Table 5 for the threshold values of 5 uQ, 4 uQ
and 3 puQ. As an example, 17 out of 202 (8.4%) R-8 results for “old” quadrupole splices gave an excess
resistance >=5 uQ, which corresponds to estimated 860 splices with R-8eycess>=5 uQ in the LHC. It is
further estimated that roughly 240 and 740 splices more need to be redone when the R-8 acceptance
threshold value would be decreased from the present value of 5 uQ to 4 pQ and 3 uQ, respectively. Other
reasons to repair a splice, as for instance geometrical splices distortions that prevent the installation of
shunts are not taken into account in these estimates.

Table 5: Estimated number of splices to be repaired due to too high R-8 as a function of the acceptance threshold value. *The
assumed total number of splices in the LHC is 10170.

R-8excess acceptance threshold (R-8)  Estimated number of splices to be redone*

510 (14.3 pQ) 860 (8.4%)
410 (13.3 pQ) 1100 (11%)
3 uQ (12.3 pQ) 1600 (16%)

3.1.3 Influence of the R-8...ss acceptance threshold value on the number of LS1 production
splices to be repaired

The number of splices from LS1 production that has to be repaired because of a too high excess resistance
is estimated based on the R-8 data for “new” quadrupole and dipole splices (see Table 6). At present the
baseline is to repair LS1 production splices when R-8ipoe>=7.6 HQ (R-8excess™>=2 nL) and
R-8quac>=12.3 pQ (R-8excess >=3 pn€2) [2].

Table 6: Estimated number of LS1 production splices to be repaired due to too high R-8 as a function of the acceptance

threshold value. *The assumed number of M3 splices to be produced during LS1 is 500. **The assumed number of M1 and
M2 splices to be produced during LS1 is 1000.

M3 R-8.ycess aCcCeptance threshold (R-8) Estimated number of splices to be redone*
2 nQ (7.6 Q) 0 (0%)
1 uQ (6.6 pQ) 21 (2.1%)
M1,M2 R-8,,.ess acceptance threshold (R-8) Estimated number of splices to be redone**
3 pQ (12.3 pQ) 6 (0.3%)
2 uQ (11.3 pQ) 100 (5%)

The R-8 data indicates that the quality of “new” dipole splices exceeds that of “new” quadrupole splices.
It can be seen that with the present acceptance criteria the number of LS1 production splices to be
repaired can be neglected.
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3.1.4 Excess resistance distribution for “old” dipole splices with an excess resistance >5 pQ

As shown in Figure 11, for the “old” dipole R-8.ess data set two excess resistance intervals can be
distinguished. The cumulated distribution of “0ld” M3 R-8¢ycess Values in the range 5 pOQ<R-8eyeess<25 Q2
is presented in Figure 14. The distribution of this data set can be described well by a 2" order polynomial
fit (cumulative occurrence=0.034*Reycess-1.0788* Rexcess+59.125; R?=0.992).
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Figure 14: Cumulative distribution of “old” M3 R-8,c.ss Values in the range 5 pQ to 25 pQ (n=42) and 2" order polynomial fit.

The cumulated distribution of “old” M3 R-8eycess Values >25 pQ is presented in Figure 15. For dipole
splices the maximum R-8gycess found in 5 out of 8 sectors in the LHC is 46 puQ. Because of the limited
number of only 8 data points a statistical analysis of M3 R-8eess values >25 puQ may not be very
meaningful. However, assuming that in 5 sectors of the LHC all dipole splices with R-8eycess >25 u€ have
been detected by non-invasive resistance measurements [3], and that the R-8,c.ss distribution of all M3
LHC splices in the 3 LHC sectors is similar to what has been observed so far, Figure 15 suggests a
maximum R-8cess of roughly 50 uQ as a crude estimate for the entire LHC dipole splice population,
provided that there are no other splice failure modes as those described above.
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4 Discussion and Conclusion

A Kolmogorov-Smirnov test has been performed for the two data sets “new” dipole and “new”
guadrupole splices, indicating that both data sets are not normal distributed. Thus, the variance of R-8
results is not only caused by random resistance measurement errors, random uncertainties in the distance
between voltage taps, temperature variations and random variations of the splice Cu cross sections, but
also by splice imperfections that systematically cause a R-8 increase. From the R-8 distribution measured
for “new” splices it can be concluded that the precision of the R-8 measurements performed in 2009 is
better than £0.30 pQ (+ o).

A reasonable fit of all R-8 data sets up to an excess resistance of 5 pQ is obtained with a 3 parameter Burr
function. The comparison of R-8 results for “new” (randomly selected) and “old” (biased selection [3])
splices shows that the R-8 distribution below 5 pQ of both data sets differs strongly. The “old” splices
distribution exhibits a larger skewness, kurtosis and a shifted mode to higher R-8 values, indicating that
the splice assembly procedures and/or process parameters during LHC installation differed from those
applied during the 2008/2009 shutdown.

For splices with >5 u€Q excess resistance it can be assumed that they have a complete discontinuity
between busbar stabiliser and splice profiles and that they are mechanically not stable. Therefore, the
splice resistance, which is in this case determined by the insulated cable length, can be estimated from the
excess resistance. R-8 of such splices can change significantly when the splice moves slightly and
therefore these splices need to be repaired before shunts can be applied.

The influence of the R-8 acceptance threshold value on the number of “old” splices that need to be
repaired because of a too high room temperature excess resistance has been estimated from the entire
“old” quadrupole R-8 data set. For the present baseline acceptance threshold of Reycess= 5 n€Q [2,7] it is

14



estimated that roughly 860 splices need to be redone because of too high R-8 resistance. Decreasing the
R-8.xcess acCeptance criterion for “old” splices from 5 pQ to 4 pQ would require roughly 240 more splices
to be repaired before consolidation. The assumptions made for these estimates are pessimistic and the
number of splices to be repaired because of too high excess resistance may be somewhat smaller.

When applying the defined acceptance threshold values for “new” splices [2] it is estimated that in total 6
out of 1500 splices to be produced during LS1 need to be repaired because of too high excess resistance.
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Appendix: R-8 histograms of “new” and “old” dipole and quadrupole data sets
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Figure 16: Comparison of R-8 histograms for “new” dipole and quadrupole splices with different bin size: (a) manually

selected bin size 0.1 pQ (b) automatically selected bin size.
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Figure 17: Comparison of R-8 histograms for “old” dipole and quadrupole splices with excess resistance <5 pQ. (a) manually

selected bin size 0.1 pQ (b) automatically selected bin size.

16




0.44 088,
o a) dipole “old” 1 pQ bins 88 b) dipole “old” 5.3 pQ bins
0.36 07
032 0.64/
0.28 056
024 0.48
02 04
0.16! 0.3
012 0.24
0.08! 0.16!
0.04 0.08
” 8 12 16 20 24 28 32 36 40 44 48 52 2 8 12 16 20 24 28 32 36 40 44 48 52
bins R-8 (pohm) bins R-8 (uohm)
1
Oze a) quad “old” 1 pQ bins 09 b) quad “old” 5.3 puQ bins
032
08|
028 5
024 ot
0.2 05
016 4
012 03
008 o
004 0.1
d 12 TR 7 S— 2 % 4 4 4 < 12 16 20 24 28 32 36 40 a4 48
bins R-8 (pohm) bins R-8 (uohm)

Figure 18: Comparison of R-8 histograms for “old” dipole and quadrupole splices with (a) manually selected bin size 1 uQ (b)
automatically selected bin size of 5.3 pQ.
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