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Abstract—In the framework of the High-Luminosity Large
Hadron Collider (HL-LHC) project, 11 T dipole and MQXF
quadrupole magnets employing Nb3 Sn technology have been tested
in short and long test configurations. Nb3 Sn magnets are more
sensitive than Nb-Ti magnets to a potential degradation of their
conductors during production, testing, and cycling operation. At
CERN, new diagnostic tools and measurement procedures have
been developed to investigate, in detail, the performance of Nb3 Sn
accelerator type magnets. This is accomplished by V-I measurements extracted from voltage taps on conductor sections as well
as entire coils. A leading hypothesis for the cause of decaying
voltages on current plateaus of the V-I measurements is the presence of an inhomogeneous defect in the Rutherford cable. Current
redistribution for bypassing such defects takes place through a
current diffusion process, which leads to a decaying voltage over
the affected cable sections. Using the simulation software THEA,
the general behavior of this phenomenon has been studied. Good
qualitative agreement is found between simulation and magnet test
results.

Fig. 1. Schematic illustration of different types of voltage signals seen during
V-I measurements.

Index Terms—Nb3 Sn, superconducting accelerator magnets,
Rutherford cables, continuum model.

I. INTRODUCTION
N THE last few years, new 11 T dipole and MQXF
quadrupole magnets for the HL-LHC [1]–[4] have been
tested at the SM18 test facility at CERN. An important tool
for assessing magnet performance is the V-I (voltage-current)
measurement. During a staircase ramp, the voltage over a coil
or a section of a coil is measured with sub-microvolt level
resolution on the current plateaus. A schematic illustration of
such a measurement is shown in Fig. 1. Normally, zero voltage
is expected below the nominal operation current of the magnet.
When an anomalous voltage does appear, this indicates degradation in the coil, the severity of which can be determined by
fitting a power law to the VI-data, from which an n-value and
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Fig. 2. The cable current is ramped up to 10.5 kA at a rate of 10 A/s, then it is
kept constant. The measured voltage decay of the degraded coil on the plateau
has time constants of ∼100 to 1000 s. The simulated voltage traces (dashed
black and dotted blue) are discussed in section III.B. The vertical dashed lines
correspond to the modelling ’snapshots’ presented in Figs. 5 and Fig. 6.

critical current are determined. If the voltage on the plateau is
constant, there is no current redistribution and the degradation
is homogeneous, affecting all strands equally.
Some HL-LHC magnets with reduced quench performance
also show a premature voltage build-up on the current plateaus
that decays with time. A measured example of this behavior,
extracted from a coil of the MBHA002 11 T dipole magnet,
is shown in Fig. 2 [3]. In this case the current is ramped up
to a single plateau, below the nominal current of 11.85 kA, to
study the voltage decay. The voltage decay has rather long time
constants of the order of 100 to 1000 s. The working assumption
is that such decaying voltages are caused by a local inhomogeneous critical current degradation in the Rutherford cable, where
a subset of strands is partially or fully degraded. Current then
redistributes around the degraded spot in the strand(s) through a
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Fig. 3. The model set-up: n parallel strands are modelled over a length of
100 m with a distributed parameters model. A subset of strands is fully or
partially degraded over a length of 1 mm at the centre of the model. The current
redistributes around the degraded section through the adjacent strands.

current diffusion process, leading to a decaying voltage. This
type of current redistribution process can be classified as a
type of Boundary Induced Coupling Current (BICC) with the
degradation acting as the boundary [5]–[7].
In this paper, we discuss the main features of this current
redistribution process qualitatively with the aid of a numerical
model.
In Section II we describe the used model, in Section III we
discuss its predictions in terms of current distribution and voltage
evolution. Parametric studies are performed in Section IV and
the validity and impact of the model are discussed in Section V.

Fig. 4. The strand current as a function of time at the position of the degradation
(x = 50 m). The three degraded strands do not take up any current, instead the
neighbour carries the excess current, until it reaches its critical current after
which the excess current is taken over by the next neighbour.

II. MODEL
We simulate the current redistribution process with the THEA
software package [8]. In [9], a distributed parameters model for
a Rutherford cable is implemented in THEA, which spreads out
the inter-strand contact resistances evenly over the cable length.
The mutual inductance between the strands is similarly averaged
over the length by taking the average mutual inductance value
of several twist pitches.
To simulate the presence of an inhomogeneous defect, the
critical current of a subset of strands is reduced locally at x =
50 m, for a length of 1 mm, see Fig. 3, while the copper matrix is
left intact. The meshing around this degradation is refined using
THEA’s built-in functionality. A convergence study, not shown
here, was performed to find a suitable mesh size.
The simulated domain length of the model is long, so that in
the time frame of the simulation the current imbalance does not
reach the domain boundary.
The temperature in the model is kept constant at 4.5 K.
The magnetic flux density is uniform, proportional to the cable
current, and is equal to the peak field in the cable. The magnetic
field, temperature, and cross-sectional area of the superconductor determine the critical current of each strand. The strands all
have a diameter of 0.7 mm with a Cu/non-Cu ratio of 1.15.
III. RESULTS
A. Current Redistribution
To study the general behavior of an inhomogeneous critical
current degradation, we use a model consisting of 16 strands
with 6 fully degraded strands, where the critical current in the
degraded region is zero for strands 1, 2, 3, 14, 15, and 16, see
Fig. 3. Only the strands around the degradation play a significant
role in the current redistribution process, therefore a reduced

Fig. 5. Current as a function of position for individual strands at 1100 s (a)
and after 2000 s (b). The strands adjacent to the degraded strands have taken up
the excess current.

number of strands is used to allow for shorter simulation times.
The adjacent and crossing inter-strand contact resistances Ra
and Rc are 5 µΩ and 180 µΩ, respectively. The current ramp
shown in Fig. 2 is used as input, scaled from a 40 to a 16 strand
cable, so the current per strand stays the same. In Fig. 4, the
current evolution over time at the position of the defect is shown.
Only the first 8 strands are shown, since the model is symmetric.
During the ramp, the three fully degraded strands, 1, 2, and 3, do
not carry any current, since their critical current is zero. Instead,
the neighboring strand 4 has to take up all the excess current.
Because of their much higher inter-strand resistance and lower
mutual inductance, the non-adjacent strands take up almost no
excess current from strands 1-3. As the cable current increases,
so does the magnetic field. The current in strand 4 will eventually
reach its critical current and the next-nearest neighbor, strand
5, takes over the excess current until it too reaches its critical
current. This current cascade effect is also described in detail in
[10].
In Fig. 5(a), the current is plotted as a function of position,
1100 s after the beginning of the ramp, that is, 50 s after
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Fig. 7. Staircase ramp sequence of a coil of the MBHA002 11 T dipole magnet
at 4.5 K, showing measured voltage compared to the simulated voltage. The
simulated voltage is scaled by a factor of 6.

Fig. 6. Voltage as a function of position along individual strands at 1100 s
(a) and after 2000 s (b). In (a) three different hypothetical voltage tap locations
are denoted to illustrate how the qualitative behavior of voltage drops across
different pairs is used to localize degraded cable sections.

the ramp has ended, see Fig. 2. The initial current imbalance
extends along about 10 meter away from the degraded location.
The ‘shoulders’ in the profile show that current transfer from
neighbor to neighbor took place. The non-adjacent strands have
also taken up a smaller amount of current through the crossing
contacts. In Fig. 5(b), the same profile is shown 900 s later,
when the profile has lowered in magnitude but further extended
in width. The widening of the profile explains the decaying
voltage, since the current bypasses the degraded region through
an increasing number of parallel resistances.
B. Voltage Trends
In Fig. 6(a) and (b), the voltage profiles corresponding to the
two current ‘snapshots’ in Fig. 5 are shown. As we approach the
defect from the left, the voltage of the degraded strands 1, 2, and 3
first starts to increase, followed by a sharp drop at the degradation
location itself. The saturated strand 4 shows barely any voltage
rise and has a softer voltage drop over the degradation location.
The other strands 5 to 8, all exhibit a gradual decreasing voltage
over the degraded region. In Fig. 6(b), 900 s later, the overall
voltage drop over the degraded region has decreased, while the
profile has widened. If we measure the voltage over the entire
domain we obtain the simulated voltage as a function of time
as plotted in Fig. 2. By scaling this voltage by a factor of 4,
we obtain a good match with the measured voltage decay in
MBHA002, showing similar time constants. We use scale factors
to make a qualitative comparison with data, because there are too
many unknowns to make a clear quantitative determination of
the degraded region. There may be more than one degradation,
or the inter-strand contact resistance may be higher.
More complex ramp sequences can be matched, as illustrated
in Fig. 7. The degradation profile was modified slightly, with

Fig. 8. Experimental V-I data of the MQXFBP01 prototype quadrupole magnet [4]. At the 14 kA plateau a positive decaying voltage appears in section
3126-3127 and a negative decaying voltage appears in section 3127-3118.

strands 1 and 16 fully degraded, strands 2 and 15 are 98%
degraded, and strands 3 and 14 are 96% degraded. The voltage
is scaled by a factor of 6 to match the measurement results.
The shape of the voltage profile, as seen in Fig. 6(a), has
implications for V-I measurements conducted on internal cable
sections of magnets. If one of the voltage taps is located on a
degraded strand the measured voltage may be negative as long
as the two voltage taps do not ‘straddle’ the local degradation.
Conversely, if the voltage taps do enclose the degradation, no
combination of strands will show a negative voltage drop. If
we consider the voltage taps as indicated in Fig. 6(a) with the
vertical dashed lines placed on specific strands, we obtain:
V1 (any) − V2 (degraded) < 0

(1a)

V2 (any) − V3 (any) > 0

(1b)

These relations are useful when trying to determine the degradation location with internal voltage taps. A practical example
is given in Fig. 8. The voltage of two internal segments of a
coil of the MQXFBP1 quadrupole magnet is shown here for a
staircase-type V-I measurement [4]. At the final 14 kA plateau
we observe a positive decaying voltage in one segment and a
negative decaying voltage in another segment, which is highly
unusual after ramp up. The negative decaying voltage can be
explained by the presence of an inhomogeneous local critical
current degradation with one of the voltage taps located on a
degraded strand. Following equation 1b, the degraded region
cannot be in section 3127-3118. This does not necessarily mean

4001105

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 32, NO. 6, SEPTEMBER 2022

Fig. 9. Modelled dependence of the profile length of the current imbalance
as a function of inter-strand resistance (a) and the number of broken strands.
The profile length is shown for two time instances. A square root dependence
between Ra and the profile length is found, whereas the number of broken strands
does not have a significant influence.

Fig. 10. Current at the position of the degradation (x = 50 m) in most overloaded strand adjacent to the degradation for different ramp rates. The current
in this strand is driven to higher values at lower ramp rates.

V. DISCUSSION
the degraded region is in section 3126-3127, a section without
degradation can also show a positive voltage. In this case, the
strand(s) are partially degraded, in contrast to Fig. 7, since the
voltage only appears above 14 kA.
IV. PARAMETRIC STUDIES
The amount of current carried by a strand has a strong impact
on the cable’s stability [11], [12]. Therefore, we performed a set
of parametric studies to study the dependence of the range and
magnitude of the current imbalance on selected parameters.
In Fig. 9(a), the length over which the current imbalance
extends is plotted as a function of adjacent inter-strand contact
resistance Ra . For this study a cable model with 12 strands was
used that had a fixed defect of three fully degraded strands. The
same current ramp as in Fig. 2 is used, scaled down so the current
per strand is the same. The profile length is defined as the length
between the degradation location and the position at which the
largest difference in current between the strands is less than 1 A.
The modeled profile length has a square root dependence on the
inter-strand contact resistance Ra . In Fig. 9(b), we fixed Ra at
5 µΩ and varied the amount of fully degraded strands in a cable
model consisting of 40 strands. In this case there is no significant
influence on the profile length.
To study the influence of the ramp rate on the current distribution, a modified simulation was run on a 16 strand cable. The
degradation in the strands was changed to a partial degradation.
Six strands have a symmetric degradation pattern with a degradation of 97% in strands 1 and 16, 94% in strands 2 and 15,
and 90% in strands 3 and 14. In Fig. 10, the current of the most
overloaded strand 4 adjacent to the defect is plotted as a function
ramp rate. The strand does not get overloaded from the start as
in Fig. 4, but only above 6 kA, because the degraded strands still
have some current-carrying capacity.
At a ramp rate of 1 A/s the current in this strand is for some
part of the ramp 20 to 30% higher than at a ramp rate of 50 A/s.
At lower ramp rates the current also reaches a higher maximum
value and reaches it earlier. This indicates that at higher ramp
rates, where inductive effects are more dominant, the current gets
forced more through the degraded strands leading to a smaller
current imbalance.

Even though the current redistribution process can be described well on a qualitative level and the phenomenology is
clear, making a quantitative determination of the degradation
level and location is more difficult. The magnitude depends
on multiple parameters including adjacent inter-strand contact
resistances, the degradation size and shape, and the number
of degraded locations along the monitored cable length. In
this work, we applied scale factors to the simulated voltage to
match the measurement results, but a more robust method of
quantitatively matching measurements is needed.
It also seems that the time constants at the start of the plateaus
in Figs. 2 and 7 are shorter in the simulation than in the measurement.
In the future, also more complex degradation patterns need to
be considered, as well as defects with different lengths.
In a next step, an experiment on a model coil with purposefully introduced defect will be conducted to verify the model
experimentally under controlled circumstances.
VI. CONCLUSION
We have modelled the behavior of a Rutherford cable with
an inhomogeneous critical current degradation. The simulations
are in good qualitative agreement with the measurement results,
showing decaying voltages on the current plateaus with similar
decay time constants. Current redistribution around the degraded
strands takes place almost exclusively through the adjacent
strands.
The voltage profiles along the different strands allow for the
presence of negative voltages when measuring internal segments
with voltage taps placed on degraded strands.
The current imbalance between strands extends up to tens
of meters away from the degraded spot, with the length of
the affected region showing a square root dependence on the
adjacent inter-strand contact resistance, but no clear dependence
on the number of degraded strands.
Ramp rate studies show that a greater current imbalance arises
at lower ramp rates.
The results from this investigation will be used to study how
the current imbalance due to an inhomogeneous degradation
affects other aspects of the magnet, such as stability, quench
development, and ramp rate dependency of quench current.
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