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Abstract:

The generation and propagation of quench induced by a local heat disturbance or by
overcurrents in MgB, Rutherford cables have been studied experimentally. The analysed
cable is composed of 12 strands of monocore MgB,/Nb/CulONi wire and has a
transposition length of about 27 mm. Measurements of voltages intra- and inter-strands
have been performed to analyse the superconducting-to-normal transition behaviour of
these cables during quench. In case of external hot spots, two different time-dynamic
regimes have been observed, a slow stage for the formation of the minimum
propagation zone (MPZ), and a fast dynamics once the quench is triggered and
propagates to the rest of the cable. Significant local variations of the quench
propagation velocity across the strands around the MPZ have been observed, but with
average quench propagation velocities closely correlated with the predictions given by
one-dimensional-geometry models. For quench induced by overcurrents (i.e. with
applied currents higher than the critical current) the nucleation of many normal zones
distributed within the cable, which overlap during quench propagation, gives a
distinctive and faster quench dynamics.
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1. Introduction

Rutherford-type cables based on low temperature superconductors (LTS) NbTi
and NbsSn, have been widely used in the past years to build magnets for High-Energy
Physics [1,2]. Compared to monolithic conductors, these cables have high strand packing
and fully transposed current paths, which allows a substantial increase of current
capability together with a reduction of AC losses. Thus, by using these cables, the
magnet inductance, the operating voltage, and the magnetic energy stored in the
system can be reduced, which is of great relevance for these large-scale applications.

Initially, one of the main drivers for superconducting Rutherford cables was the
development of NbTi dipole and quadrupole magnets for particle accelerators. Later on,
the interest in Rutherford cables was extended to other superconducting materials and
applications. In this way, cables that allows higher operating magnetic fields and/or
temperatures, based on NbsSn [2,3], Bi,Sr,CaCu,0s.x [4,5,6], and more recently MgB,
[7,8] and coated conductors [9], have already been developed. Certainly, the specific
mechanical, chemical and physical characteristics of the superconducting wires or tapes
used for cabling create particular challenges and impose different cabling strategies. On
the other hand, prototypes of superconducting magnetic energy systems (SMES) [10,11]
and very high-field magnets [12], have already been manufactured using Rutherford
cables.

Braided or twisted cables are often required in many applications to achieve a
reduction of the AC losses when using appropriate transposition length and inter-strand
electrical resistance [13-16]. In the presence of alternating fields or during magnet field
ramping, coupling currents are induced that loop around a half-pitch of the cable and
through the crossover and adjacent strands. Therefore, increasing the contact electrical
resistance between strands is beneficial for decreasing AC losses, although on the other
hand, as the current transfer among strands reduces, so does the thermal stability of the
cable. Therefore, the optimization process of the cables should take into account both
mentioned opposing effects, although the optimum balance may differ for each
particular application.

The thermal stability of different designs of LTS Rutherford cables has been
analysed by several groups [17-22], where the effect on quench characteristics of strand
coating, individually insulated strands, contact resistance between strands, as well as
the presence of a resistive core inside the cable (between the upper and lower layers
of the cable) has been studied.

Since Rutherford cables based on MgB, have just been recently proposed [7,8]
and are not yet fully developed, it is important to understand their behaviour to further



optimize their superconducting properties while providing the required thermal stability
for the different applications. The present work aims to analyse the quench dynamics of
MgB, Rutherford cables, especially focussing on the quench induced by a local heat
disturbance. The analysed cable has 12 strands and a transposition length of about 27
mm and was manufactured using monocore MgB,/Nb/Cul0Ni round composite wires.
During a quench, measurements of the voltages along given strands and between
different strands have been performed and analysed to understand the
superconducting-to-normal transition characteristics during a quench induced by hot-
spots or overcurrents. A further analysis of the experimentally estimated global quench
propagation velocities in terms of simple one-dimensional conductor models has been
done.

2. Experimental

The characteristics of the Rutherford cable analysed in this study are collected in
Table 1. The cables have 12 strands and rectangular cross section of dimensions 2.7 mm
wide by ~0.7 mm thick. The transposition length, also referred to as the transposition
pitch, is ~27 mm. The cable was made from monocore wires with undoped Mg and B
precursors and CulONi alloy as outer sheath. The used wires were cold drawn down to
0.39 mm and have Nb barrier between the superconducting core and the sheath. After
the final cable manufacturing, in situ reaction of the Mg + B precursor powders to form
the superconducting MgB, phase was done at 650 °C for 30 minutes in Ar atmosphere.
The wires were manufactured by HyperTech Research and the cabling was performed in
the Institute of Electrical Engineering of Bratislava. The cabling procedure and the
superconducting properties of Rutherford cable and wire are described in detail in [8].

Table 1. Characteristics of analysed MgB, Rutherford cable (samples RC-1 and RC-2) and of one
isolated strand extracted from the cable. I, is the critical current at self-field and R the resistance
per unit length.

Sample ID Transversal (%) R (m@jem) Description
P dimensions T=35K 33K 32K T= 40K 293K P
RC-1 0.7mmx 2.7 mm 69 - 170 0.16  ----- CABLE with 12 strands
and transposition length
RC-2 0.7mmx 2.7 mm 110 220 - Lp ~ 27mm
strand ~0.12 mm? 85 19 21 1.9 16 Monocore MgB2/Nb/Cul0Ni

Both analysed samples, RC-1 and RC-2, of length 11 cm, come from the same
cable and therefore have similar manufacturing procedure, except that RC-1 was heat
treated at 650 °C with a bend diameter of 80 mm and subsequently straightened, while

RC-2 was directly heated in straight form. Before the final reaction heat treatment, a
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strand was extracted from another piece of the same cable and subsequently heated at
the same conditions (650 °C for 30 minutes). The measured critical currents of a 5-cm-
long segment of this single strand, /. strang, are also collected in Table 1. Thus, the critical
currents of cable RC-2 are about 12 times /.srand, as expected for a cable with rather
homogenous strands. On the contrary, the smaller /. values of cable RC-1 suggest a
certain deterioration of this cable, probably due to the straightening process after heat
treatment.

All measurements were performed with the samples in vacuum and cooled by
conduction from both ends (current-feeding contacts), which were thermally anchored
to the 2™ stage of the used cryocooler. A thermometer was glued to the cable to control
the initial temperature of the sample, Ty, before quench measurements. This operating
temperature was controlled with a Lakeshore temperature controller.

For quench measurements under local heat disturbances, the energy was
deposited to the cable, carrying a current, | < I(Tp), by passing a rectangular current
pulse of variable duration in a heater. This input energy is increased in small steps by
increasing either the current or the duration of the pulse, t,, estimating this way the
minimum energy able to trigger the quench of the cable (minimum quench energy,
MQE). Usually, to simulate local heat disturbances in cables, either carbon-paste heaters
attached to a single strand [17-18] or heaters that spanned over the width of the cable
[20] have been previously used. Here, a strain gage of resistance 120 Q and dimensions
3 mm x 2 mm on a 20-um-thick kapton foil is used as heater. It was glued to the surface
of the cable, at mid distance between current contacts, and overlaps 5 strands.

Several voltage taps were used to analyse the development and propagation of
the quench. Unlike most monolithic conductors, where the full cross-section at a given
position xp (0 < xo < L, where L is the length) can be considered equipotential in a good
approximation [23], for MgB, Rutherford cables this assumption is not always valid and
the measured voltages may depend on the relative position of voltage taps between the
strands, as it will be discussed later. Thus, the quench analysis may become very
complicated by using in these multistrand cables, the same voltage taps’ disposition as
in monolithic conductors [23,24]. On the other hand, global voltage taps, which are in
electrical contact with all the strands at a given cross-section, were disregarded, except
for measuring the total voltage of the cable, because they would provide additional
electrical and thermal paths and therefore, they would change the real conditions of the
cable.

Although different arrangements of voltage taps were tried in preliminary tests,
due to the above-mentioned reasons, the tap configuration shown in Figure 1 has been
chosen, following a procedure similar to that proposed by Willering et al [21] [22]. In
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this configuration all the voltages given in the figure are measured between two taps
soldered in a given strand (the distance between each pair of taps following the strand is
d ~1.2-1.3 cm). This way, Vp and Vo, correspond to the voltages measured in the heater
area in segments of two strands that are symmetrically crossed. The former is at the top
side of the cable, in direct contact with the heater, and the latter at the bottom. Since
taps b, g, d and i are soldered in the same strand, voltages V; and Vy are measured in
symmetric segments of the same strand sensed by V;, at the right- and the left-hand
side of the heater, respectively. At a distance of Lp/2+Ax;, (Ax; ~ 1 ¢cm), 10 strands
away from the central strand section sensed by V,, voltages V, and V5 are measured in
two different strands, which are farther away and also in symmetric positions around
the heater. Note that these two strands are not in direct contact with the heater,
neither sensed by any other tap. Finally, the total voltage of the cable, Vi, is
measured between two global taps, C’ and C, which are close to the current contacts.
These taps, separated by a distance of 8 cm, connect electrically all the strands at cross
sections C and C’ by means of Sn-Pb-Ag solder. In the experiments, all voltages are
always measured using the same polarity, left-right, in such a way that in the normal
state all measured voltages are positive.
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Figure 1. (a) Photograph of Rutherford cable RC-2 showing the heater, 10 voltage taps (a to j)
and a thermocouple (TC). (b) Scheme of the same cable (drawn wider than real for clarity
purposes) showing some highlighted strands, heater position, voltage taps and some measured
voltages: V, (between taps c and h), Vy, (g-d), Vi (d-i), V, (e-j), etc. The total length of the
measured cable is 11 cm and the distance between global voltage taps €’ and Cis 8 cm, Ax;, ~ 1
cmandd~1.2-1.3 cm.

A thermocouple was also attached to measure the temperature near the hot-
spot. The voltages between different taps and the temperature measured by the
thermocouple were recorded using a Data Acquisition (DAQ) device. The experiment is
controlled through LabVIEW graphical interface. In order to protect the cables during a



guench the power supply is switched-off via GPIB when the total voltage measured in
the cable reaches a value of 80-100 mV.

3. Results and discussion

Two similar samples RC-1 and RC-2, with different critical currents (see Table 1),
were measured at different temperatures and currents. Nevertheless, since RC-1
suffered some deterioration, in this paper the detailed analysis of the voltage
development during quench has been focussed on cable RC-2, as it is more relevant.
However some results of cable RC-1 have also been reported and analysed.

3.1 Development of quench induced by local heat disturbances

Figure 2(a) shows the time evolution of the voltages measured in cable RC-2
after a heat pulse of energy 27 mJ and duration 40 ms, which induces a quench.
Recovery is observed after applying slightly lower energy, 25 mJ, in a pulse of the same
duration. The inset of the figure shows the comparison of voltage and temperature time
evolution near the hot spot, in the events of quench and recovery. In case of quench,
the heat pulse produces a metastable state, with voltage value Vy(t) almost constant ~
30 uV for about 2 s, which eventually results in a fast increase of the voltage. During this
metastable state, the temperature measured by the thermocouple TC is about 36.5 K,
just 1.5 K above the initial temperature To= 35 K and below the critical temperature, T~
38 K. Within the strand, current sharing between the superconducting core and the
metal sheath (current sharing regime) would be present at this stage.

Among all the measured voltages, only those at the heater area (V, and Vqy)
shows signal above noise level before the quench triggers. Nevertheless, while Vy(t)
increases fast up to 30 uV and remains almost constant, Vo (t) increases more slowly
but continuously. Eventually, at t ~ 2.5 s, both voltages equal and increase sharply at the
same rate. This can be observed in Figure 2(b), where the same voltages are plotted in
an expanded time scale for better observation of the quench propagation dynamics. The
time interval from the initial hot-spot to quench triggering is considerably longer than
for monolithic conductors [23], which may be favoured by current redistribution among
strands.
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Figure 2. Time evolution of the different voltages, named as in Figure 1(b), measured in cable
RC-2 during quench at Ty = 35 K and / = 82 A. (a) Detail of the initial stages of quench
development. Inset: Comparison of the time evolution of voltages and temperature near the
heater for quench and recovery cases (temperature was measured by thermocouple TC ). V(t)
in case of recovery, is also shown for comparison. (b) Voltages measured during quench
propagation. At is the time delay between V,(t) and V,(t) at voltage values of 1 mV. Note that
the time- and voltage- scales are different in (a) and (b).

Attention should be paid to the coincidence of both voltages Vp and Vg, with the
total voltage Vcapie(t) from the time of quench triggering (at t ~ 2.5 s) until the onset of
Vy(t) at t ~ 2.69 s, which would be expected for parallel resistances with negligible
current transfer between them. This behaviour differs in some aspects from the results
obtained in NbTi Rutherford cables immersed in liquid helium at 4.3 K [22], although it is
important to note that the differences between both experiments are not limited to the
type of analysed samples and cooling conditions, but also to the way the heat is
deposited. Willering et al [22] used a graphite paste heater positioned in a small section
of a strand to induce the quench. They observed that the current of the normal
conducting strand section created by the hot-spot is transferred to its neighbouring
strands. Besides, voltages of several mV were measured in strands segments around the
heater before measuring voltage by the global taps of the cable.

At later stages, there are some observations that suggest complex current
transfer between strands. For example, voltage Vju(t) presents some fluctuations (it
decreases at t ~ 2.76 s before increasing again some ms later), which are not due to
current variations in the cable. Besides, there are some differences in shape among the
different V;(t) curves during quench propagation, unlike the behaviour observed in single
conductors, where all Vi(t) curves measured along the conductor during a quench are
very similar, just displaced in time [23].



The above experimental results point-out two different time scales in quench
dynamics. At the beginning, the formation of a minimum propagating zone (MPZ) is slow
and dominated by the conductive heat flow from the strands in the upper part of the
cable close to the heater, to those at the bottom in contact with them. The formation of
a MPZ, which includes several strands, triggers the quench that propagates to the rest of
the cable on a shorter time scale. It is also remarkable that although the quench
propagation is not symmetric around the heater, as there is a delay of ~ 63 ms between
the onset of voltages V;(t) and Vy(t), this delay decreases considerably, down to 15 ms,
between the filament segments more distant from the heater, which are sensed by
voltages V,(t) and Vy(t). This suggests that the presence of inhomogeneities in the local
critical current of the strands, and/or in the thermal contact resistance among them, is
evidenced mainly in the area close to the quench origin.

Further analysis of the first stages of quench evolution can be done by studying
the voltages measured between taps of different strands as seen in Figure 3(a). The
onset of voltages Vya(t) and Via(t), which correspond to taps pairs (b,c) and (h,i),
respectively, and have point of symmetry in the centre of the heater, occurs at the same
time (t ~ 2.7 s) and coincides with a change of the slope Vy(t) at ~ 15 mV. This value
corresponds to the voltage of an insulated strand of length equal to segment between
taps ¢ and h (d = 1.2 cm) when carrying a current //12 at 40 K (normal state) and thus
indicates that the quench arrives to taps ¢ and h when the strand segment (c,h) is fully in
the normal state.

On the other hand, voltages Vyg(t) and Vig(t), which correspond to tap pairs (f,g)
and (d,e) and also have point of symmetry in the centre of the heater, exactly coincide
with Vy(t) and Vi (t), respectively, during the first stages. Therefore the quench in the
strand segment sensed by V; (between taps d and i) propagates from the upper to the
lower edge but not from the cable centre towards the edges. Similarly, in the strand
segment sensed by V¢ (taps b,g), quench propagates from the lower to the upper edge.
Therefore, the quench propagation along each strand, following the “twisted” geometry
of the cable, would be predominant near the hot-spot.
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Figure 3. Time evolution of different voltages measured in cable RC-2 during the same quench as in
Figure 2. (a) Voltages measured across strands (symbols defined in the inset), and along given
strands (lines without symbols). (b) Comparison between the total voltage (V.ue) and the sum of
different voltages measured in several strand segments.

For a better understanding of the quench behaviour, it is also interesting to
compare the total voltage of the cable, Viape(t), with the sum of the voltages measured
in several strand segments, as it is shown in Figure 3(b). It must be remarked that since
not all these intra-strand voltages have common references, their sum could differ from
Veabie(t). As it is shown in the figure, the whole V pie(t) curve is almost coincident with
the sum of voltages Vu», Vi, Vop, Vi and V,; and three time intervals are clearly
distinguished. First, for t < 2.7 s, the total voltage overlaps with Vg, (and V), so that the
normal zone in this time interval would be restricted to the cable region limited by taps
¢, d, g and h, in the centre of the cable. Furthermore, V ape coincides with the sum of
voltages Vy, Vop and Vi until t ~ 2.77 s, moment when voltages V, and Vy start given
signal. These results suggest that a normal zone is first created in the centre of the cable
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around the heater, and subsequently, the normal-superconducting front propagates
towards the ends of the cable. In general terms, this is similar to the behaviour of
monolithic conductors, although the cabling structure introduces complexity in quench

propagation.
3.2 Quench propagation velocities

The quench propagation velocities can be estimated experimentally from the
time delay between measured voltages in different strand segments (see Figure 1) and
the distance between corresponding voltage taps. Global quench propagation velocities
were obtained as v, = Ax/At, where At is the time delay between voltages Vo(t) and V;(t)
at a given voltage value, Vi, and Ax is the distance between corresponding taps, Ax =
Axy, + Lp/2 (Figure 1(b)). As it is seen in Figure 2(b), Vo(t) and V;(t) curves are not
parallel during the superconducting-to-normal transition of the sensed strand segments.
The time delay At would therefore depend on the used Vjx; value, and consequently also
Vp. To analyse this effect, the values of v, have been estimated using two different
voltage levels: Va; = 1 mV, which is equivalent to an electric field of ~ 0.8 mV/cm and is
near the onset of the transition; and Vas = Vhorma/2, Where V,orma corresponds to the
voltage in the normal state of the sensed strand segment, i.e. Vx: ~ 15/2 mV = 7.5 mV
for a quench performed at operating current / = 82 A.
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Figure 4. Quench propagation velocity in Rutherford cables RC-1 and RC-2 for different operating
currents, /, and temperatures (To= 32 K and 35 K). Symbols correspond to experimental values. Two
set of data are given for each condition, corresponding to the values obtained using V,; = 1 mV
(solid symbols) or Vi = Vioma/2 (0pen symbols), as explained in the text. Continuous lines are

predictions by eq. (1), Wilson’s model; and discontinuous lines by Dresner’s formula, eq. (2).
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Figure 4 displays v, values obtained experimentally for cables RC-1 and RC-2 as a
function of the operating current at different temperatures. The differences between v,

values estimated using both mentioned Vy; levels, range between 10 to 25 %.

During quench measurements of cable RC-1, it was observed that the zone of the
cable at the right-hand side of the heater, around strand segment d-i, had lower critical
current than the rest of the cable. Therefore, in this case, the time delay between
voltages Vo(t) and Vx(t) were chosen to estimate v,. For cable RC-2 it would possible to
use either V;(t) or Vy(t) to estimate global values of quench propagation velocities, and
the differences between both values are also about 10-25% depending on the current.
Although these are global values, the quench propagation velocity may have significant
local variations, as evidenced by the time delay between voltages V; and Vi seen in
Figure 2(b). It must be remarked that this behaviour is not unique to these MgB, cables,
since differences in the local propagation velocity across the strands have also been
reported for Nb-Ti Rutherford cables [21].

Analytical predictions for quench propagation in superconductors have been
given by several authors. Wilson’s model [25] assumes one-dimension geometry of the
conductor, which is represented during a quench by a normal conducting region
adjacent to a superconducting region, with the transition between both at the
temperature T. The temperature profile along the conductor is supposed to propagate
at constant velocity, v,, which in adiabatic conditions is given by:

I 1 k 1/2
Vp - = L (1)
Ac, (T, -T,

where A is the area of the cross section (mz), k the thermal conductivity (W/m K), c, the
heat capacity per unit volume (J/m? K), and pn the resistivity of the composite in the
normal state (2 m). To is the initial temperature and T, = (T, + Tg)/2, is the mid-value
between the critical temperature, T, and the temperature T, which is defined as the
temperature at which the critical current equals the transport current, / = I(T;). Note
that since T, depends on the applied current, so does Ts. In Wilson’s model, ¢, and p, are
assumed constant (or averaged).

Similar equation is given by Dresner in [26], but it in this case the strong
temperature dependence of the specific heat is taken into consideration:

| k 1/2

Pn
v, =—| - 2
P A[Auscvj @
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where Aus = u(Ts)- u(To) is the internal energy variation in the conductor, and k, p, and ¢,
are values at the transition temperature.

In the cables analysed in this study, the predictions given by Wilson and Dresner
show rather good agreement with the experimental values. It is worth noting that
despite of the simplifying assumptions of these models, they give valuable estimations
of propagation velocities, at least as first approximations, not only for wires and tapes
[23] but also for cables [27]. For example, recent studies by Manfreda et al [27] in
qguench propagation along Nbs3Sn Rutherford cables concluded that predictions by
Wilson’s and Dresner’s analytical models give close approximations, although they tend
to overestimate the experimental values, mainly at lower temperatures (1.9 K), whereas
at 4.2 K they give more accurate predictions, especially when using Dresner’s equation.

There are some aspects to consider in the analysis of the experimental
estimations of v,. Ideally, it is preferable to estimate quench propagation velocities
farther away from the heater, which is even more relevant in Rutherford cables, as
during the first stages of quench development different velocities can be obtained from
different individual strands [21][27]. Nevertheless, in real experiments if longer
distances from the heater are sensed to estimate v,, the temperature of the hot-spot
may also increase considerably depending on the sheath properties, and may cause the
irreversible damage of the cable. In our experiments, maximum temperatures in the
range between 50 K and 65 K, depending on the operating current, have been measured
by the thermocouple (TC) during quench, without any apparent degradation of the
cable. Nevertheless, the high electrical resistance of CulONi alloy and the quasi-
adiabatic conditions (sample in vacuum) result in an insufficient thermal stability of
these cables, which are prone to deteriorate if transition to the normal state occurs
during high current operation. Therefore the introduction of higher conductive sheaths
would be beneficial in terms of thermal stability and robustness during operation. For
example, RC-2 was damaged irreversibly during critical current measurement at 33 K
(this test was performed after having measured all quench measurements at 35 K).

3.3 Quench induced by overcurrents

As previously mentioned, the observed inhomogeneities in quench propagation
could be caused by small inhomogeneities in the cabling structure and/or in the local /.’s
of strands. In order to analyse this effect, we have measured quench induced by
overcurrents in sample RC-2. In this experiment there is not any external heat source,
and the cable eventually quenches when a current higher than /. is applied. In contrast
to the quench activated by local heat sources at / < I, for overcurrents the transition to
the normal state would initiate in unknown regions and it will propagate from there to

the rest of the cable. Ideally, the quench would occur in all strands almost
12



simultaneously if the current is distributed uniformly in all them and if there is
homogeneity in temperature, cable structure and local critical currents. On the contrary,
a lack of homogeneity or the existence of a temperature gradient in the sample would
cause the quench to initiate at the weakest points of the cable.

The time evolution of the voltages measured in the different parts of the cable
RC-2 is plotted in Figure 5(a). In this experiment, the temperature of the cable was set to
35 K and, once stabilized, the current was increased up to 130 A > /(35 K) = 110 A at the
maximum rate allowed by the power supply. At t = 0.4 s the set current was reached and
kept constant. The apparition of a voltage of ~ 50 uV, which becomes unstable due to
self-heating, eventually produces a quench. The whole cable does not quench at the
same time, instead the quench was first detected in the central part of the cable by the
coincident onset and values of Vy(t), Vob(t) and Vepie(t) curves. Shortly thereafter (~ 5
ms), the simultaneous onset of Vy(t) and Vy(t) marks the transition to normal state of
these strand segments at the left-hand side of the cable. This is followed by the onset of
V,(t) and finally by V4(t).

Remarkably, some voltages measured between two different strands, could be
negative, as seen in Figure 5(a), behaviour also observed for cable RC-1. This is caused
by the unequal quenching of the strands or strand segments, which causes local
differences in E(J) between them (being E the local electric field and J the current
density). In these cases, it is possible to measure transient negative voltages that will
turn positive due to redistribution and transfer of current between strands and by the
eventual transition to the normal state of the full sensed region.

Figure 5(b) shows the overall voltage in the cable, V pie(t), together with the sum
of the voltages measured in several strand segments. Unlike the case of quench induced
by a hot spot, shown in Figure 3(b), the overall voltage of the cable is not equal to the
sum of these voltages in the full time interval. This is in agreement with the
measurement of negative values for inter-strands voltages, thus indicating that the
guench does not propagate form the centre towards the ends, but instead it is produced
by the nucleation of many normal zones distributed within the cable, i.e. different
strand segments would quench almost simultaneously in different parts of the cable.
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Figure 5. Time evolution of voltages measured in cable RC-2 at To= 35 K and overcurrent / = 130 A >
I. = 110 A. (a) Voltages measured across strands (symbols defined in the inset), and along given
strands (lines without symbols). (b) Comparison between the total voltage measured in the cable
(Veable) With the sum of different voltages measured in several strand segments.

4. Conclusions

The analysis of the quench behaviour of MgB, Rutherford cables has been
presented. By careful measurement of the voltages measured along given strands and
between strands, it is possible to analyse the quench dynamics in these cables under
local hot-spots and due to overcurrents.

In the case of quench induced by a local heat disturbance, we have observed two
different time scales in the quench development. First, a slow dynamics for the
formation of a minimum propagating zone (MPZ), dominated by heat flow from the
strand segments in contact with the heater to those at the bottom of the cable in
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contact with them. During this stage the heated strand segments are in the current-
sharing regime, with the current shared between the superconducting core and the
metal sheath. This time interval is considerably longer than for single conductors, which
may be favoured by current redistribution among strands. Once a MPZ is developed,
which is formed by segments of several strands, the quench propagates towards the
ends of the cable in a shorter time scale.

The average quench propagation velocities estimated experimentally show a
close correlation with the predictions given by one-dimensional-geometry models
proposed by Wilson [25] and Dresner [26]. Nevertheless, there are important local
variations of the quench propagation velocity across the strands near the hot-spot, also
observed in LTS Rutherford cables. The presence of some inhomogeneities in the cable
structure or local differences in E(J) among strands could cause these variations, which
have also been observed in the case of quench produced by overcurrents.

For quench induced by overcurrents, we observed almost simultaneous
nucleation of many normal strand segments surrounded by superconducting ones in
different parts of the cable. These normal regions grow and collapse, resulting
eventually in the transition of the entire cable.

The high electrical resistance of CulONi alloy and the quasi-adiabatic conditions
result in an insufficient thermal stability of these cables, which are prone to deteriorate
if transition to the normal state occurs during high current operation. The introduction
of a higher conductive sheath in the strands would be beneficial to make these cables
more robust during operation.
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