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Analyzing the Complex Impedances of All LHC
Main Dipole Magnets

M. Janitschke , M. Bednarek , J. Ludwin , E. Ravaioli , A.P. Verweij , and U. van Rienen

Abstract—Measuring a superconducting magnet’s complex
impedance as a function of the frequency is a promising diagnostic
tool to investigate its electrical integrity and the potential
presence of electrical nonconformities. Such transfer function
measurements (TFM) were performed for the first time on a
large number of magnets in the Large Hadron Collider (LHC).
During this measurement campaign, the impedances of all 1232
superconducting main dipoles installed in the LHC were measured
at cold in the frequency range from 1 Hz to 100 kHz. This letter
presents the measurement set-up and provides a comparative data
analysis of all complex impedance measurements. Distinct groups
of magnets showing similar behavior are analyzed, and frequency
ranges showing significant impedance variations are identified.
Variations in TFM are shown to be correlated to individual
features of each magnet, such as manufacturing tolerances in
the magnets’ beam screens, different materials used in their
coil-protection sheets, and variations in the critical current of their
superconductors. Moreover, measurements are compared to the
simulation results obtained by a recently developed and validated
lumped-element network model and show good agreement.
Finally, a few magnets are identified as outliers as their measured
impedances deviate significantly from the impedances of the other
magnets and differ from the simulated values.

Index Terms—Accelerator magnets, ac loss, data analysis, fault
diagnostics, impedance, machine learning, superconducting coil.

I. INTRODUCTION

SUPERCONDUCTING magnets in particle accelerators are
subject to various strong disturbances, such as high volt-

ages, thermal gradients, radiation, or mechanical forces, over
their lifetime. Ensuring their reliable operations is paramount for
the operation of the accelerator, as any failure can cause costly
downtime and repairs. Detecting failures or their precursors at
an early stage can significantly increase the availability and
reliability of the entire machine.
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Among many possible failures, insulation failures in the coil
of a superconducting magnet are of particular concern, as their
precursors can be very challenging to detect once the magnet
is installed in the accelerator. Impedance measurements are a
promising diagnostic tool used to assess the integrity of su-
perconducting magnets, as they provide valuable insights into
the electrodynamic characteristics of the magnet. Unexplained
changes in impedance can indicate the presence of a failure or
its precursor [1], [2], [3].

For the first time, such impedance measurements were per-
formed on a large number of magnets in the Large Hadron
Collider (LHC) during the yearly technical stop at the beginning
of 2024. During this transfer function measurement (TFM)
campaign, the impedance of all 1232 main dipoles installed
in the LHC was measured in a frequency range of 1 Hz to
100 kHz. Systematically measuring the impedances of the super-
conducting main dipoles can establish the baseline impedance
characteristics. Comparing future measurements to this baseline
will immediately indicate impedance changes.

To effectively use impedance measurements for failure diag-
nostics, it is essential to determine whether impedance variations
are due to factors like manufacturing tolerances or if they require
further investigation. This contribution will present a compre-
hensive analysis of the measurements. Frequency ranges with
significant impedance variations between the magnets are ana-
lyzed. Distinct groups of magnets showing similar impedances
within these ranges are identified. The existence of these groups
is related to different materials used for the coil-protection
sheets (CPS), different cable manufacturers, and manufacturing
tolerances in the beam-screens (BS). As a result, each main
dipole in the LHC can be assigned to one of the identified groups,
each with a comparably small standard deviation. This facilitates
the identification of outliers among the magnets.

In addition, simulations of the main dipole impedances can
enhance the understanding of measurements and assist in pre-
dicting and analyzing failures, such as insulation issues. This
article’s final part will discuss the applicability and scope of a re-
cently developed and validated physics-driven lumped element
model, which incorporates several nonlinear electrodynamic
coupling effects [4], [5].

II. MEASUREMENT SET-UP

Each main dipole magnet consists of two apertures electri-
cally connected in series, with coils using two different Nb-Ti
Rutherford cables for the outer and inner layers. The magnet
has a magnetic length of lmag = 14.3 m and generates a dipole
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Fig. 1. Schematic showing the measurement set-up for the two individual
apertures of one main dipole in the LHC tunnel. Only one aperture is powered
(P+, P−) and measured in 4-wire mode at a time.

field of BNom = 8.3 T at nominal current INom = 11.85 kA
and operating temperature TNom = 1.9 K. The superconducting
coils are covered by CPS before collaring and contain a BS tube
within their bore. Each dipole has a cold diode and a resistor
RPar = 100 Ω in parallel [6], [7]. One main dipole circuit
consists of two branches, each with 77 magnets in series. The
measurements were performed at TNom, and the branches were
not connected and were left floating.

The set-up for the measurements of the individual main dipole
apertures is shown in Fig. 1. The impedance was measured with
a PowerTek GP102 gain/phase analyzer that excites the magnet
with a sinusoidal voltage of amplitude VAC = 10 V. The input
current is deduced by measuring the voltage across a reference
resistor of RRef = 25 Ω [8], limiting the maximum current
to IMax,Ex. = 0.4 A at low frequencies. The maximum field
change within the aperture’s center is limited to 0.175 mT. To
limit the parasitic effects of the chain and noise, the generator’s
output signal is separated from the ground with an isolation
amplifier. Only magnets on the extremities of the branches show
slightly different behavior at higher frequencies with respect to
the other main dipoles. The measurements were performed in
4-wire mode, using different voltage taps to excite the magnet
and to measure the voltage across the aperture. to exclude the
influence of voltage tap resistance.

The complex impedance is given byZ = VAp/VRef ·RRef [Ω
] with additional compensation of internal impedances of the
measurement system. The impedance was measured for frequen-
cies ranging from 1 Hz to 100 kHz with 24 points per decade.

In total, four identical systems were used during the measure-
ment campaign. The systems were calibrated and compared on a
reference magnet in the LHC. The maximum impedance error in-
troduced by the different systems and over time is below 0.3% for
frequencies up to 10 kHz and below 3% for higher frequencies.

Fig. 2. Measured impedance magnitude and phase shift of one LHC main
dipole aperture and an ideal LC-representation (L = 49 mH, C = 160 nF), both
with a parallel resistance RPar = 100 Ω.

III. MEASUREMENT RESULTS

An example of the measured impedance of one LHC main
dipole aperture is shown in Fig. 2. The measurement is compared
to an ideal LC representation of a superconducting magnet. One
can observe that the measurement deviates at all frequencies
from the ideal representation due to dynamic coupling effects
within the magnet [5].

A set of in total more than 40 features for each aperture was
gathered to evaluate this grouping and its reasons. The features
contain information and measurements of the magnets, such as
the cable manufacturers of each layer, the measured average
magnetization MAvg [mT], and the average residual-resistivity
ratioRRRAvg [−] of the strands copper. Moreover, manufactur-
ing information is included, such as the material used for the CPS
or the surface resistances of the apertures BS RBS,surface [Ω].

The impedances were clustered into distinct groups using the
k-means clustering algorithm and a combination of the elbow
and silhouette methods [9] to identify the optimal number of
groups. The number of groups as a function of the frequency can
be seen in Fig. 3. The Fisher ratio (F-ratio) was used to select
the most important features, which describes the separability of
features. It is defined as the ratio of the covariances of a feature
between the clusters and the covariances of a feature within each
cluster, as follows [10]:
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with K [−] the total number of clusters, nj [−] the number of
elements in cluster j with mean xj , and xij the ith feature within
the cluster j. The F-ratios are shown in Fig. 3. A random-forest-
classifier (RFC) [11] was used to test classification accuracy,
only utilizing the most important features as inputs. The aver-
age prediction accuracy over a K-fold-cross-validation with ten
folds is shown in Fig. 3. As expected, the prediction accuracy
of the classifier is higher when the F-ratio of the feature is
larger.

Fig. 4 presents the measurement results for all 2464 apertures.
In total, 24 groups are identified as the combination of two
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Fig. 3. F-ratios of the features for all frequencies, where the complex
impedances of all apertures were clustered into nGroups and the prediction
accuracy of an RFC using only the identified features as input. Small F-ratios
are neglected.

Fig. 4. Measurement results of (a) impedance magnitude and (b) impedance
phase shift of all 2464 LHC main dipole apertures.

groups, visible at low frequencies around 1 Hz, three at interme-
diate frequencies ranging from 10 to 300 Hz, and four at higher
frequencies. The following subsections discuss the grouping and
their reasons in more detail.

A. Low Frequency Range up to 10 Hz

The impedances at low frequencies are defined by the induc-
tive behavior of the magnet and all coupling currents with large

Fig. 5. Measured impedance magnitude of the LHC main dipole apertures at
1 Hz versus the measured average magnetization of the inner cable. Clusters are
separated with the linear discriminant (solid line), and contours indicate each
cluster’s centered, normal distribution up to 3σ.

time constants [4], [5]. As shown in Fig. 3, the inner cable’s man-
ufacturer and measured average magnetization, both strongly
correlated [12], could be identified for grouping at low frequen-
cies. Fig. 5 shows the inner cable’s average magnetization versus
the measured impedance at 1 Hz. One can identify two distinct
groups,α and β, with an inverse relation between magnetization
and impedance magnitude. The larger the magnetization of the
inner cable, the larger the effect of the persistent currents on
the differential inductance of the magnet, and hence a smaller
impedance [4], [5], [13]. However, some magnet apertures with
a significantly higher measured magnetization do not show a
smaller impedance. As can also be seen in Fig. 3, other features
of the inner cable also impact the impedance, which will be
investigated more closely in the future.

B. High-Frequency Range Between 300 Hz and 10 Khz

At higher frequencies, before the resonance peak of the trans-
fer function, the impedance is mainly governed by eddy currents
in other metallic magnet components [4]. Fig. 3 indicates a
separation of all 2464 apertures into four groups due to the
material used for their CPS. The resistivities of these materials
are significantly different and range between 60 n Ω m up to
about 600 n Ω m and, therefore, the eddy currents that develop
within the CPS [4].

In Fig. 6, the average impedance magnitude μ within all
four groups, the uncertainty spread of three times the standard
deviation σ, and the coefficient of variation σ/μ are shown.
The variation of the impedance magnitude due to the different
materials in the CPS can reach up to a factor of five at a frequency
of about 5 kHz. However, after the grouping, one can notice that
the uncertainty spread around each group’s average becomes
very narrow.

C. Medium Frequency Range Between 10 and 300 Hz

Differences in the eddy currents can explain the cluster-
ing in the medium frequency range between 10 and 300 Hz
developed in the copper layer of the apertures BS [4], [14],
[15]. The BS is a copper-coated stainless steel tube inside the
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Fig. 6. (a) Measured average impedance magnitude within all four identified
groups, indicating the spread of impedances within a group with a 3σ range. (b)
Coefficient of variation σ/μ between the groups and among all magnets. The
numbers of apertures within each group are denoted in Fig. 6(a).

magnets’ aperture [7]. Due to manufacturing tolerances, the
purity and thickness of the copper coating can vary signif-
icantly between the different batches produced and installed
in the LHC [16]. A closer analysis showed a strong correla-
tion between the measured impedance of the aperture and the
measured surface resistance of this copper coating, as shown
in Fig. 7 at a frequency of 36 Hz. A larger surface resistance
correlates to a larger impedance magnitude. Copper coatings
with a higher resistivity cause less eddy currents, reducing the
magnets’ impedance. Moreover, one can notice a separation into
three groups: A, B, and C, resulting in combination with the
CPS groups in a total of 12 groups. The maximum spread of
variation in Fig. 6 of about 70% at frequencies between 10 and
300 Hz can be further reduced below 10% by including these
groups.

IV. COMPARISON TO SIMULATIONS

A recently developed and validated physics-driven lumped-
element network model was used to simulate the impedances of
all 2464 LHC main dipole apertures [4]. This model incorpo-
rates nonlinear dynamic coupling effects, including persistent
currents, interfilament and interstrand coupling currents, and
eddy currents in the strands’ copper [17], [18] and metallic
components. Each aperture model includes individual as-built
parameters of the BS and CPS. The difference between the mea-
surements and the simulations can be seen in Fig. 8. Even though
the impedance changes by orders of magnitude, the difference
between the measurements and the simulations generally ranges
below 10% for frequencies below 1 kHz, with an average error
of 3.8% and 6.7% for impedance magnitude and phase shift,
respectively. For frequencies up to 10 kHz, the agreement in the
impedance magnitude is still very good, within 4% . However,

Fig. 7. (a) Measured impedance magnitude versus phase shift at 36 Hz of
all LHC main dipole apertures, and (b) the distribution of measured surface
resistances of the apertures BS. The centerline shows the correlation between
phase and impedance and the prediction of surface resistance using ordinary
least squares [10].

Fig. 8. (a) Relative difference of the impedance magnitude |Z| and (b)
absolute difference of the impedance phase shift φ between simulations and
measurements.

due to differences at which the resonance peaks are simulated,
the error in the phase shift increases to 38% .

The simulations show very good agreement with the mea-
surements. Future simulations could also include more available
information about the individual magnets, such as the measured
magnetization or RRR. This could, for example, improve the
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Fig. 9. In total, 20 LHC main dipole apertures (A, B) which were detected as
the most significant outliers using unsupervised and supervised outlier detection.
The outlier scores for each method were standardized to be within 0 and 1.

accuracy of the simulations of groupα (compare to upper blocks
in Fig. 8). As such, the simulations can be used for two purposes.
First, to enhance the understanding of the impedances. A direct
mapping of physical parameters to the model makes it possible
to explore the effect of different coupling effects directly onto
the magnets’ impedance. Second, the model could simulate the
impact of faults, such as interturn shorts on the impedance and
assess the magnets’ performance.

V. OUTLIER DETECTION

The impedance measurements of the main dipole apertures
were analyzed for outliers using a two-fold approach. First,
a supervised algorithm based on the standard score identified
outliers when the measured impedance magnitude deviated by
more than 3σ from their group average at a given frequency.
This algorithm detected 50 outliers: six deviated by more than
5σ and five by more than 4σ. Four of the six exceeding 5σ were
known nonconformities, and two were from a unique refurbished
magnet with a different CPS material. The remaining 44 outliers
will be further investigated.

Second, outliers were found with an unsupervised analysis.
This analysis combined multiple unsupervised outlier detection
methods, such as density-based methods (Local Outlier Fac-
tor), cluster-based methods (K-nearest neighbors), and bagging
methods (random forest) to increase the robustness of the overall
algorithm [19], [20]. Each method was applied to the same
dataset multiple times with different initializations, and the
overall average was used to make the outlier decision. Moreover,
this approach was also applied to the relationship between
the impedance- and phase-derivatives over the frequency. The
unsupervised approach detected 86 outliers, with 29 overlapping
with those identified by the supervised method, including those
deviating by more than 5σ. The 20 outliers with the highest
outlier scores are shown for the two approaches in Fig. 9.

The impedance magnitudes of selected outliers among the
highest outlier scores are shown in Fig. 10. The first outlier
aperture shows a significantly larger impedance at low frequen-
cies. This is due to a different wiring connection on the voltage
tap level and hence includes parts of the resistances of the
measurement cables. Another aperture, from magnet C14L8,

Fig. 10. Five selected LHC main dipole apertures that were classified to be
among the most significant outliers by the unsupervised algorithms. Shaded
areas indicate the four identified CPS groups, as shown in Fig. 6. Impedance
magnitudes of the outliers are only highlighted in the frequency range, where
they are considered an outlier.

shows a different behavior at frequencies above 300 Hz. Based
on prior knowledge, an investigation of this magnet showed that
it is a refurbished magnet, in which another, different material
was used for the CPS. For the remaining three magnet apertures
that are shown in Fig. 10 no explanation is known yet. All three
are classified as outliers from low frequencies up to 300 Hz.
These magnets and the remaining magnets from both detection
algorithms will be investigated more closely. In this analysis,
previously identified outlier magnets in [21] were not identified
as outliers.

VI. CONCLUSION AND OUTLOOK

This article presents the first comprehensive study of the
impedances of all LHC main dipoles measured during the TFM
campaign. The analysis identified 24 distinct impedance groups
and behaviors correlating with magnet data: at low frequencies,
the inner cable magnetization; at intermediate frequencies, the
BS surface resistance; and at high frequencies, the CPS ma-
terials. Variations in coupling currents were found to be not
significant between the magnets. A set of outliers was found,
with known nonconformities or other known reasons for their
deviation. The remaining outliers will be investigated more
closely in the future.

With a reproducibility error of less than 0.3% , future mea-
surements can be directly compared to the acquired impedance
data to detect changes and identify potential fault precursors.
Comparing the impedance measurements to models of all 2464
main dipole apertures showed a very good agreement, with
an average error in the magnitude below 5% up to 10 kHz.
The validated models can be used to investigate the impact
of electrical nonconformities on the magnet performance and
highlight how specific faults or precursors would manifest in
the data.
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