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Effect of Strand Damage in Nb3Sn Rutherford Cables
on the Quench Propagation in Accelerator Magnets

R. Keijzer ", G. Willering

Abstract—Accelerator magnets employing Nb3Sn Rutherford
cables are more susceptible to conductor degradation than Nb-Ti
magnets. Recent measurements on a Nb3Sn accelerator magnet
have revealed unexpected behaviour such as decaying voltages at
constant current plateaus of V-I measurements, inverse ramp rate
and temperature dependence of quench currents, and anomalous
quench propagation measured by so-called quench antennas. Nu-
merical modelling has shown that these anomalies can be explained
by an inhomogeneous degradation in the Rutherford cable, in
which a subset of strands is fully or partially degraded. In this
paper, we study how this type of degradation can affect the early
stages of quench propagation. With the aid of a network model,
we show how quench antenna signals can be used to diagnose
inhomogeneous conductor degradation in the Rutherford cable.

Index Terms—Accelerator magnets, Nb3Sn, Rutherford cable,
Quench.

1. INTRODUCTION

N RECENT years, several new 11 T class accelerator mag-
I nets employing NbsSn technology have been tested at the
superconducting magnet test facility at CERN [1]. This test cam-
paign has revealed the challenges inherent to the use of NbsSn,
which is more prone to conductor degradation than Nb-Ti. The
reduced performance of these magnets was accompanied by
anomalous measurement signals captured by several diagnostic
tools. These anomalous signals include decaying voltages on
the current plateaus of V-I measurements, inverse ramp-rate
and temperature dependence of quench current, and anomalous
quench propagation observed with quench antennas.

For a better understanding of the nature of the degradation
in the Nb3Sn Rutherford-type cables, studies are done into the
physical mechanisms behind these anomalous measurements.
Previously the anomalous V-I measurement were studied [2],
[3]. In this work, the focus is on the interpretation of quench
antenna signals captured from an 11 T magnet, MBHAOQO2 [4].

Fig. 1(a) shows the lay-out of a local quench antenna system
placed in amagnet bore [5]. In the transverse plane each quadrant
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Fig. 1. (a) Cross-section of an 11 T dipole magnet showing the location and
polarity of the pick-up coils in the transverse plane. (b) Five of the eleven pick-up
coils are shown in their position along with Rutherford cable in the pole turn. A
quench front passing by these pick-up coils results in an inductive signal.
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Fig. 2. Voltage signals acquired by the coil combination C+A during the

measurements. The quench starts in front of the quench antenna array after which
the quench front moves past the different pick-up coils. In each consecutive
pick-up loop the sign of the signal changes, except for the last two. Note that
the signal saturates at 0.1 V, the signal after saturation is not shown here.

contains one pick-up coil. To compensate for noise generated by
the main field component the coils are paired up in series, with
coil C connected to A and D connected to B. The pick-up coils
of the quench antenna are arranged in an array of individual
elements that have an axial length of 40 mm and an azimuthal
width of 10 mm, as shown in Fig. 1(b), where only 5 of the 11
C-coils are shown.

In Fig. 2 the anomalous quench antenna signals are shown
acquired by the coil combination C+A. The magnet quenched
at 11.6 kA at an operation temperature of 4.5 K. The signal in
the pick-up coils is induced by the field changes due to current
redistribution in the cable. In this case, the signal alternates sign
as the quench front propagates alongside the different pick-up
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Fig. 3. Network model of a Rutherford cable consisting of 8 strands. The
strand elements are modelled as two parallel resistors representing the copper
matrix and the superconductor.

coils. This behavior is not compatible with our current under-
standing of quench propagation. According to present models
one would expect each pick-up coil in the array to acquire a
signal with the same sign when the quench front passes by [5],
[6].

Previously, a simulation study concluded that anomalous V-1
measurements observed on this same magnet are likely caused
by the presence of a local inhomogeneous degradation of the
conductor that results in a large current imbalance in the Ruther-
ford cable [3]. The current redistributes around the defect in such
a way that the adjacent strands take up all the excess current
[2], [3]. In this work, we study whether this current imbalance
can also explain the anomalous quench propagation observed
by the local quench antenna system. To this end, a numerical
thermal-electric network model is used to simulate the quench
development of a Rutherford cable with different initial current
distributions.

In Section II we explain the model, in Section III we present
the simulation results, in Section IV we discuss them, followed
by the conclusion in Section V.

II. NETWORK MODEL

Several models have been used to study the quench behavior of
Rutherford-type cable structures in the past. Notably, the CUDI
model has been used to study their thermal stability [7], [8], [9]
and the THELMA model was used to study quench propagation
[10], [11].

Here, we use a newly developed coupled thermal-electric
network model using a similar modelling philosophy as CUDI,
but with a different network layout employing fast numerical
solvers [12], [13]. The solver employs soft-coupling between
the electric and thermal sub-domains.

The electric domain is treated with a network analysis, the
electrical network is depicted in Fig. 3. Each strand element
is modelled with a current sharing model, where the copper is
treated as a temperature and magnetic field dependent resistor
and the NbsSn superconductor is modelled with a power-law.
The self and mutual inductances between elements are calcu-
lated using the expressions from [14]. The scaling laws for the
critical surface of Nb3Sn are taken from the ITER parametriza-
tion [15]. The adjacent and crossing electrical inter-strand con-
tact resistances, respectively R, and R, are assumed to be
constant, the values are taken from [9].
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TABLE I
CABLE PARAMETERS FOR SIMULATION

Parameter Value
R.J/R. 0.5/200 pQ
o 0.2 W/m/K*P
b 1.54
Cable twist pitch 0.1 m
Number of strands 40
Cable width 15 mm
Strand diameter 0.7 mm
Copper non-copper ratio 1.15
Copper RRR 100
L@1.9K/12T 585 A

The boundary conditions impose a fixed current and are placed
sufficiently far away as to not influence the quench process, this
requirement leads to a modelled length of 0.5 m.

The thermal domain is modelled with a lumped element ap-
proach. Itis assumed that each element has a homogeneous tem-
perature throughout its cross-section. The thermal inter-strand
contact conductance is calculated with a temperature dependent
empirical relation from literature [18], [19], [20]:

k= aT’W/m/K] (1)

Unless stated otherwise, the model parameters are as listed in
Table 1. The thermal and electric material properties are taken
from [17]. The field gradient in the cable is calculated with
ROXIE, where it is assumed that the quench occurs in the pole
turn of the magnet [12]. During each time step the contribution
of the cable self-field is updated.

Quench simulations depend on a number of empirical material
parameters that are subject to a significant degree of uncertainty,
notably the inter-strand contact parameters. Heat treatment de-
tails, pre-stress, and surface oxidation, among others, all af-
fect these parameters. For this reason, measurements on cable
samples may not be representative if even one of these factors
is different. Therefore, also a sensitivity analysis was done to
understand the cable behavior within physically meaningful
limits.

The results of the quench simulation are then used to calculate
the rate-of-change of the flux linkages in the quench antenna seg-
ments with a Biot-Savart-type of integral. The field is evaluated
at the center points of a 20x10 grid on the surface spanned by
the pick-up coils.

III. RESULTS
A. Quench With a Homogeneous Current Distribution

First, we study the quench behavior of a Rutherford cable with
a homogeneous initial current distribution, all strands carry the
same current. All simulations are done with a cable current of
11.6 kA at a temperature of 4.5 K. In Fig. 4 the current evolution
is shown as a 2D color plot providing a ‘top view’ of the 3D
Rutherford cable model. The quench is initiated with a small heat
pulse at the high-field edge of the cable. After all strands have
quenched in the transverse direction the quench front propagates
longitudinally in a uniform manner. Note that the gradient in the
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Fig.4. 2D plots of the current evolution in the plane of Rutherford cable during

aquench with a homogeneous initial current distribution. The quench is initiated
at the cable edge marked by the arrow.
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Fig. 5. Voltage signals from pick-up coils in quench antenna array for the
homogeneous case. The quench starts in a location before the quench antenna
array. The small spike at 2 ms is caused by the culmination of the quench in
the transverse direction. As the quench front approaches the first pick-up coil
(top-graph) its voltage starts to rise at 4 ms. The same voltage rise is seen in the
other coils (graphs below) at a later time indicating the passing quench front.
Note also that the voltage becomes negative as the quench front moves away.

current level over the cable width is caused by the magneto-
resistivity of the copper.

The calculated quench antenna signals are shown in Fig. 5.
The propagating quench front is registered by successive pick-up
coils with the voltage rise having the same sign for each pick-up
loop, as is expected for a fully developed quench front. The
quench propagation velocity in this case is about 10 m/s.

B. Quench With an Inhomogeneous Current Distribution

Next, we study how an inhomogeneous current distribution
in the Rutherford cable affects these results. From V-1 mea-
surements we have a strong indication that an inhomogeneous
current distribution is present at the quench onset [2]. From
simulation studies we know that in case of ahomogeneous defect
the adjacent strands take up the excess current [2], [3]. Once
these strands reach their critical current, they are saturated, and
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Fig. 6.  Quench front for the inhomogeneous case. The longitudinal QPV of

an overloaded strand is much greater than the transverse QPV between strands.
Therefore, the overloaded strands lead the quench front, followed by a ‘wake’
of quenching strands.

the next adjacent strands takes up the excess current. For the
simulation we opt for a current distribution where two strands
are in the saturated state on either side of the defect. This current
distribution is imposed as the initial condition of the model. In
the conductors of an actual magnet this current distribution may
be expected to vary in space, but since only a few twist pitches
are considered in the model it is kept constant here. This state is
denoted as the inhomogeneous case.

In Fig. 6, the current evolution with time is shown for this
case. The inhomogeneous current distribution is visible from
the start. The quench front looks markedly different from the
homogeneous case presented in Fig. 4. The overloaded strands
are leading the quench front followed by a gradually expanding
‘wake’ of quenching strands. For a correct prediction of the
quench propagation velocity, it is no longer possible to treat the
cable as a homogenized entity, as often done in quench prop-
agation velocity calculations [21], [22]. Instead, thermal and
electrical inter-strand contact resistances will play a significant
role.

In Fig. 7 the corresponding voltage signals of the quench
antenna array are shown. In this case, the passing of the quench
front is not as well-defined as it was in the homogeneous case.
The sign of the signal changes for several consecutive quench
antennas, as also observed in actual measurements (Fig. 2).
Moreover, the quench propagation velocity has increased sig-
nificantly to about 29 m/s.

C. Parametric Studies

A sensitivity analysis involving the electrical and thermal
inter-strand contact conductance is carried out to study how
they influence the quench propagation under inhomogeneous
conditions. In Fig. 8, the quench propagation velocity (QPV)
is shown as a function of R,, for different numbers of saturated
strands. In this case, we fix the value of « (the scaling factor for
the thermal conductance) at 0.2 W/m/K!*P.

The quench propagation velocity is higher for lower values
of R,. In case of one saturated strand the QPV matches the
homogeneous case for R, values greater than 7 12, this does not
happen with two or more saturated strands. The QPV is affected
this way because the length scale of electrical diffusion increases
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Fig. 7. Voltage signals from pick-up coils in quench antenna array for the
inhomogeneous case. In this case the quench front is less well defined, the signal
shapes differ between pick-up coils, and the sign of the signal changes between
consecutive pick-up coils. The signal amplitude is also much larger than in the
homogeneous case.
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Fig. 8. Quench propagation velocity as a function of R, for different numbers
of saturated strands. o is kept constant at 0.2 W/m/K'+P.

with an increasing R,. The electrical current redistribution from
the overloaded strand into the neighboring strands then precedes
the thermal quench front. Consequently, for a higher R, more
of the current will already have flown out of the saturated strand
when the thermal quench front reaches a certain part of the strand
resulting in a lower QPV. The QPV for the homogeneous case
is not affected by the value of R,,.

A similar study is done for the thermal inter-strand contact
parameter ov. All other parameters are kept as they are in Table I.
The results are shown in Fig. 9. For the homogeneous case
we again see no relation between the QPV and the thermal
contact resistance. With one saturated strand, there seems to
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Fig. 9. Quench propagation velocity as a function of « for different numbers
of saturated strands. R is kept constant at 1 p€2 for each simulation.

be two regimes with a sudden transition between them around
0.18 W/m/K'*?_ This transition is no longer present when two
or more strands are saturated.

It should be noted that the quench propagation velocity is not
constant in the non-homogeneous case. Due to the twist pitch the
quench front in the saturated strand(s) will eventually move into
the low-field part of the cable. Here the quench will slow down
due to the larger thermal margin, and the other strands might
even catch up depending on the inter-strand contact resistances.

IV. DISCUSSION

Qualitatively, the anomalous behavior of the quench antenna
signals can be explained reasonably well. However, quantita-
tively, the simulated quench propagation velocity remains well
below the measured value of about 55 m/s. This quantitative dis-
crepancy between model and experimental data may be caused
by some assumptions in the model. In particular, it is assumed
that a strand element has a homogeneous temperature throughout
the strand’s cross-section. For the high current densities that are
present in the saturated strands the time constants may be too
short for this assumption to be valid. It has been noted on the
past that treating the strand elements in a homogenized way may
not be accurate in certain strand stability regimes [9], [23]. The
copper in-between the embedded NbsSn filaments may have to
be modelled as separate entity from the rest of the copper. This
could result in the strand quenching much faster than is predicted
with the assumptions made in this study.

V. CONCLUSION

Anomalous quench antenna signals observed in Nb3Sn ac-
celerator magnets have been investigated with a simulation
study using a thermal-electric network model. The unexpected
behavior can be explained by the presence of degraded strands
and a resulting inhomogeneous current distribution at quench
onset. The overloaded strands quench much faster than the
other strands, which causes a non-uniform quench front and
an increased quench propagation velocity.
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These model predictions are compatible with the results
of a previously conducted study of anomalous V-I measure-
ments from the same magnet, where such a current distri-
bution caused by a local inhomogeneous degradation was
also shown to be the likely cause of the unexpected voltage
signals.

On a more general note, we conclude that local quench
antennas are thus a useful tool to detect the presence of such
inhomogeneous current distributions present before the quench
and can serve as an important performance indicator.
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