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a b s t r a c t

Self-field quench behavior of two types of multifilamentary MgB2 wires with different numbers of fila-
ments and outer sheath materials are tested. One sample type has a Glidcop outer sheath and the other
has a Monel outer sheath. Samples are bath cooled in liquid helium at 4.2 K. A normal zone is initiated by
a heater wound around the sample. Voltage and temperature along the samples are monitored and
results from two sample types are compared. For the same transport current and end-to-end voltage,
the normal zone length is shorter in the Monel-sheathed sample than that in the Glidcop-sheathed sam-
ple, which leads to higher electrical field and temperature gradient in the Monel-sheathed sample. The
relationship between the voltage and hot-spot temperature is discussed for both samples. Quench energy
and normal zone propagation velocity are measured at different transport currents and compared with
the existing data for similar samples measured in an adiabatic environment.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

MgB2 is an emerging conductor of technical interest because it
can be readily made as an untextured wire without weak links and
with the potential for low cost [1–5]. Significant progress in con-
ductor development and prototype demonstration has been made
in MgB2 since its discovery and a number of industrial manufactur-
ers are emerging [6–20].

For successful large scale applications, quench behavior of the
conductor must be understood. Several quench experiments are re-
ported on MgB2 wire/tape of different architectures [21–26]. In
most cases, samples are cooled adiabatically; few are cooled in li-
quid helium. A normal zone is initiated by a heater attached to the
sample. In these studies, the normal zone propagation velocities
are in the range of 0.01–1 m/s and the minimum quench energies
are found to be on the order of 10–100 mJ. A normal zone is also
initiated by an overcurrent in cryocooled samples to simulate the
fault current in a power system [27]. The experimental results
are compared to several computational models and good agree-
ment is found [23–26]. The quench behavior of both multifilamen-
tary MgB2 tapes with a ferromagnetic matrix and coils wound by
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similar conductors were investigated computationally [28,29].
The effect of the materials and thickness of the stabilizer on the
stability of MgB2 wires were simulated [30,31].

In this paper, we report the self-field quench behavior of two
multifilamentary MgB2 round wires in liquid helium at 4.2 K. The
goal is to investigate the quench behavior of the evolving MgB2

conductors and its impact on the quench detection and protection
system for application based on this conductor. The experimental
approach is presented first. Typical voltage and temperature pro-
files of a quench and recovery are shown. Given the same transport
current and the voltage across the sample, the normal zone length
is estimated for both samples. Its implication for quench detection
and protection is discussed. Also discussed is the relationship be-
tween the voltage and temperature during the quench for both
samples. In the end, the results of minimum quench energy and
normal zone propagation velocity are presented and compared to
the existing data, and in particular to data on similar samples mea-
sured in-field and in an adiabatic environment.

2. Experimental approach

2.1. MgB2 wires

Two types of multifilamentary MgB2 wire samples (£0:83 mm)
are provided by Hyper Tech Research Inc. The samples were re-
ceived in July 2006 and are typical of samples of that time frame.
The first sample is oxide-dispersion strengthened Cu (Glidcop)-
sheathed (CS) and has six MgB2 filaments. The second sample is
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Fig. 1. Optical micrographs of the cross-section of (a) a Glidcop-sheathed sample
with six filaments and (b) a Monel-sheathed sample with 18 filaments. Both
samples have Cu matrix.

Fig. 2. (a) An instrumented sample mounted on the quench probe. (b) Schematic of
voltage taps and thermocouples along the sample.

Fig. 3. Insulated NiCr wire wound around the sample to make the heater. The
marker interval is 1 mm.

Table 1
Sample parameters

Name Filaments Outer
sheath

Fill
factor

Ic (4.2 K, s.f.)
(A)

Nominal filament
area (mm2)

CS 6 Glidcop 0.16 900 0.014
MS 18 Monel 0.17 1000 0.005
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CuNi (Monel)-sheathed (MS) and has 18 filaments. Both samples
have a Cu matrix. Fig. 1 shows the wire cross-sections and Table
1 lists their parameters. More details of the wire can be found in
[6,7]. The critical currents in Table 1 are measured by Hyper Tech
Research Inc. using an ITER barrel on samples that are in the same
batch of the samples tested in this study.

2.2. Measurement setup

Straight wires are cut 14 cm in length and mounted onto a
quench probe with a sample holder as shown in Fig. 2a. A 1 cm
length at each end of the sample is soldered to the Cu current leads.
Another 1 cm is left between the end of the current contact and the
nearest voltage tap to minimize the effects of current transfer [32–
34]. Six voltage taps are soldered to the sample surface with a 2 cm
spacing. Thermocouples are attached between the voltage taps. Fig.
2 shows an instrumented sample and the configuration of the volt-
age taps and thermocouples.
NiCr wire (£0:16 mm) with a single polyimide insulation layer
is wound around the middle section of the wire for 12 tight turns
to make the heater (see Fig. 3). The heater is about 3.3 mm long
along the sample. The physical dimension of the heater is con-
trolled to be as similar as possible for each sample. Epoxy (Stycast
2850FT) is used to attach the heater around the sample. The epoxy
mass is recorded by measuring the difference of the mass before
and after attaching the heater.

Type E thermocouples are used to measure the temperature
evolution during the experiment. The thermocouple junctions are
attached to the middle of each voltage section with epoxy; 0.4–
0.9 mg is used to attach each thermocouple junction to the sample.
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Fig. 4. (a) VðtÞ and (b) TðtÞ for a quench in the CS sample with It ¼ 300 A
(� 33:3%Ic), 4.2 K, self field. The DPO resolution is 10 ms/pt.
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Because the sample is covered by the heater, the thermocouple in
section V25 is attached to the heater while all the other thermocou-
ples directly contact the sample. The thermocouple junctions are
made by welding a pair of thermocouple wires (£0:127 mm). Cu
extension wires (£0:127 mm) are welded to the thermocouple
wires to make the reference junctions which are submerged in li-
quid nitrogen during the experiment. To determine the thermo-
couple error, a thermocouple junction was attached to the
bottom surface of a calibrated Cernox sensor so that they are close
enough to measure the same temperature. The thermocouple error
is around �8 K at 4.2 K and within 5 K for higher temperatures up
to room temperature.

A 53.3 cm long liquid helium level sensor is fixed along the sam-
ple holder, the end of which is seen in Fig. 2a. The helium level is
monitored every minute and is maintained at least 12 cm above
the sample. Thus the sample is always submerged in liquid helium
during the experiment.

The transport current is measured across a precision shunt
rated at 1 kA/100 mV. Both VðtÞ and TðtÞ along the sample are
monitored during the experiment. Voltages across different sec-
tions are measured by an array of digital multimeters (DMMs)
and a digital phosphor oscilloscope (DPO). The temporal resolution
is about 15 ms per data point for each buffered DMM. The resolu-
tion for each channel of the oscilloscope is 400 ls per data point
for the MS sample and 10 ms per data point for the CS sample.
The DPO monitors the heater voltage, V25, V26, and V27. The voltage
signals monitored by the DPO are isolated from each other by an
isolation amplifier with the gain set to 1. The thermocouple volt-
ages are scanned by three switch/DMMs with a scanning speed
of �16 ms per data point per channel. All the instruments are con-
trolled by a PC running LabView via an IEEE-488 bus. A bus-trigger
signal is used to synchronize the instruments.

The experiment is protected by the over-voltage protection
capability embedded in the power supply (HP 6681 A). Once the
end-to-end voltage (V28) of the sample exceeds a preset value,
the power supply shuts off and the transport current drops to zero.

2.3. Test protocol

The experiment begins by establishing a steady-state transport
current below the sample Ic given in Table 1. A normal zone is then
initiated by pulsing a voltage across the NiCr heater. The pulse
voltage has a square waveform with the duration fixed at
300 ms; the amplitude is adjusted to vary to the heat input. Ini-
tially, a small pulse voltage amplitude is used. If the sample does
not quench, the amplitude is increased until a quench is initiated
by the minimum pulse voltage. This is repeated for various trans-
port currents. After the minimum quench voltages are found for
different transport currents, the normal zone propagation velocity
at each transport current level is measured.

If the sample is degraded by a quench then the pulse voltage re-
quired to initiate a quench will decrease. Thus, after each quench,
the sample is retested with a fixed transport current and the max-
imum pulse voltage from which the sample recovered previously.
If the sample still recovers, then it is assumed that the sample is
not degraded.
3. Results and discussion

3.1. VðtÞ and TðtÞ profiles

Fig. 4 shows VðtÞ and TðtÞ for the CS sample during a quench
with the transport current It ¼ 300 A (� 33:3%Ic). Voltages are
increasing across every section along the sample until the power
supply is off.
Voltage taps are distributed symmetrically around the heater.
This symmetry is seen in almost identical voltages measured at
voltage taps of corresponding symmetry. For example, V24ðtÞ and
V26ðtÞ overlap. This indicates that the normal zone, after being ini-
tiated in the middle section, propagates at the same speed to both
ends of the sample, which may also indicate that the sample Ic is
uniform along the length. Correspondingly, T1ðtÞ is close to T3ðtÞ
and T0ðtÞ pairs T4ðtÞ, as seen in Fig. 4b. Note that T2 peaks after
the power is off with a lag of �270 ms while T0 and T4 decrease
without significant delay. The further the distance from the heater,
the sooner the temperature decreases when the current is off.

Fig. 5 shows the VðtÞ and TðtÞ for a recovery measured with
It ¼ 150 A (� 16:7%Ic) in the CS sample. The normal zone is initi-
ated and voltages rise across the middle three sections, as shown
in Fig. 5a. The normal zone collapses rather than propagating; thus
there is no measurable voltage across sections V23 and V27. The
peak value of V28 reaches �24 mV. Unlike the quench case shown
in Fig. 4, the VðtÞ and TðtÞ in this case have an almost identical time
span during which they rise and fall.

3.2. Normal zone length

VðtÞ and TðtÞ profiles for both sample types during a quench are
compared in Fig. 6. In this case, It is 150 A, which corresponds to
� 16:7%Ic for the CS sample and � 15:0%Ic for the MS sample.
The maximum end-to-end voltage (V28) is set to 0.5 V. The
quenches are initiated by the minimum pulse voltage amplitudes
for each sample (4.00 V for the CS sample and 3.07 V for the MS
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Fig. 5. (a) VðtÞ and (b) TðtÞ for a recovery in the CS sample with It ¼ 150 A
(� 16:7%Ic), 4.2 K, self field. The DPO resolution is 10 ms/pt.
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sample). In Fig. 6, the VðtÞ and TðtÞ curves of the MS sample are
shifted in time so that the rising edge of the MS pulse overlaps that
of the CS pulse.

As shown in Fig. 6a, when the power supply is shut off, there is
no voltage across the end section (V27) of the MS sample, while
V27 � 50 mV in the CS sample. This indicates that when the end-
to-end voltage of both samples reach the same value with the same
transport current, the length of the normal zone in the MS sample
is shorter than that in the CS sample. The temporal temperature
profiles shown in Fig. 6b are consistent with the above discussion.

The spatial temperature profile along the samples, TðxÞ, when
the power supply is shut off, are shown in Fig. 7. Assuming that
IcðTÞ is linear and Tc ¼ 39 K, then a transport current of 150 A cor-
responds to a current sharing temperature (T cs) of 33.2 K for the
CS sample and 33.8 K for the MS sample [35]. Tcs ¼ 33:5 K is used
for both samples in the following.

Considering the TðxÞ profile in Fig. 7, the normal zone length in
the CS sample, LCS, is at least 80 mm as the temperature between
thermocouples TC0 and TC4 is higher than 33.5 K. In the MS sam-
ple, T0 ¼ 14 K and T4 ¼ 8 K, both lower than 33.5 K, even consider-
ing the uncertainty of the temperature measurement. So the end
sections in the MS sample (V23 and V27) are not normal when the
power supply is off. By linearly interpolating TðxÞ between the
temperatures at TC0 and TC4, and using Tcs ¼ 33:5 K, from Fig. 7
one derives LMS � 61 mm.

Since for both samples V28 � 0:5 V and It ¼ 150 A, the total end-
to-end resistances are equal, i.e,

RMS ¼ RCS ¼
V28

It
: ð1Þ
Neglecting the contact resistance between constituent materials in
each sample, Eq. (1) can be expressed by

1
SCS

Z LCS

0
qCS½TCSðxÞ� dx ¼ 1

SMS

Z LMS

0
qMS½TMSðxÞ� dx; ð2Þ
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where S is the cross-sectional area of the sample, L the normal zone
length and qðTÞ the sample resistivity, which is a function of the
temperature along the length of the normal zone. Because the outer
diameters of the wires are the same, we have SCS ¼ S MS and Eq. (2)
can be simplified into

qCSðTCSÞ LCS ¼ qMSðTMSÞ LMS; ð3Þ

where qðTÞ is the average resistivity of the sample for a certain tem-
perature profile TðxÞ. Since LCS > L MS, we have qCSðTCSÞ < qMSðTMSÞ.
This indicates that the shorter normal zone length in the MS sample
corresponds to its higher resistivity in addition to lower thermal
conductivity. The higher resistivity in the MS sample is mainly
due to the Monel outer sheath. The effective resistivity of each sam-
ple as a function of temperature is estimated and shown in Fig. 8
with more details given in Appendix A. From Fig. 8, one sees that
at the same T above Tc, qMS > qCS, which also explains that
TCSðxÞ > TMSðxÞ for the same It and V28 limit.

The average electric field can be estimated by dividing the sec-
tion voltage by the section length. Fig. 9 shows the electric field
across the normal zone and each section for both samples. Since
the normal zone in the MS sample does not propagate as far as
the CS sample, the electric field along the normal zone is higher
in the MS sample than that in the CS sample. For example,
ENZ; MS ¼ 0:524 V=0:061 m � 8:6 V/m while ENZ;CS K 7:0 V/m. More-
over, the end-to-end voltage in the MS sample is primarily from
sections V24, V25 and V26 (see Fig. 2b and Fig. 6a) while it is more
distributed in the CS sample because of the longer normal zone.
This leads to localized and higher electric field in the MS sample.
Only the middle three sections in the MS sample are normal and
having electric fields compared to all the five sections in the CS
sample. Also E25; MS � 18:2 V/m while E25; CS � 9:4 V/m, only about
50%E25;MS.

Similarly, shorter normal zone length leads to higher spatial
temperature gradients in the MS sample compared to the CS sam-
ple. The spatial temperature gradient can be calculated by

rTi;iþ1 ¼
Ti � Tiþ1

Dx
; ð4Þ

where i ¼ 0; . . . ;3 and Dx is the interval between adjacent thermo-
couples (20 mm). From Fig. 6b, one has gradients of �7:7 K/mm be-
tween TC1 and TC2 and 10:1 K/mm between TC2 and TC3 in the MS
sample. In the CS sample, the gradients are �2:4 K/mm between
TC1 and TC2 and �0:5 K/mm between TC2 and TC3, both lower than
those in the MS sample.

From Fig. 6a, one sees that the voltage rise is slower in the CS
sample, requiring � 3 s to reach the voltage limit, compared to
� 1:5 s for the MS sample. So the longer normal zone length in
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the CS sample may not necessarily imply a faster propagation
velocity than in the MS sample. More discussion is given in Section
3.5.

From the quench protection point-of-view, quenches in a mag-
net wound using conductors with higher resistivity matrix (e.g.,
the MS sample) may lead to more localized peak voltage and tem-
perature, i.e., higher electric field and temperature gradients, than
those in a magnet wound using conductors with lower resistivity
matrix (e.g., the CS sample). The time required for quench detec-
tion and protection may also be more stringent for a magnet
wound using conductors with higher resistivity matrix as the volt-
age and temperature develop faster.

3.3. Normal zone voltage versus temperature

The normal zone voltage VNZ is one of the possible inputs for
quench detection. A higher voltage detection threshold is favorable
as the signal/noise ratio will be higher and transient voltage due to
ramping will be less problematic. The higher detection threshold,
however, may lead to higher hot-spot temperature in a magnet,
which may cause permanent failure of the magnet. Thus, the rela-
tionship between the VNZ and the hot-spot temperature TNZ may be
helpful for the design of the quench detection and protection sys-
tems [36,37].

The voltage and temperature of the normal zone are approxi-
mately correlated by linearly interpolating the measured VðtÞ
and TðtÞ quench traces at the same time stamp. Using Fig. 4 as
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an example, V26 � 60 mV and T3 � 69 K at 0.7 s. Fig. 10 shows the
T–V correlation for the CS and MS samples with different transport
currents. Only section V26 is used because (1) less time lag between
the VðtÞ and TðtÞ compared to the middle (V25) or the end-to-end
section (V28); (2) voltage and temperature are higher in this section
than those in the end sections.

As shown in Fig. 10, the voltages do not rise until the tempera-
tures reach �25–30 K, which correspond to the current sharing
temperatures for different transport currents. For voltage higher
than 20 mV, T3 is nearly a linear function of V26 for both CS and
MS samples. For the same transport current, the CS curve is steeper
than the MS curve. Thus when T3;CS ¼ T3; MS, V26; MS > V26; CS. For
example, when T3 ¼ 100 K and It ¼ 150 A, the voltage on the MS
section is 93 mV while it is only 42 mV in the CS section. This indi-
cates that for the same temperature limit and transport current,
the normal zone voltage may be higher in a magnet wound using
conductors with higher resistivity matrix (e.g., the MS sample)
than in a magnet wound using conductors with lower resistivity
matrix (e.g., the CS sample). Thus quench detection based on the
normal zone voltage may be easier in a magnet wound using the
MS type conductors. For the same normal zone voltage and trans-
port current, the temperature of the CS sample is higher than that
of the MS sample, which is consistent with Fig. 6.

With higher transport current, the slope of the T–V curves of
both samples decreases. Using the CS sample as an example, the
slope reduces from � 1:8 K/mV at 150 A to � 0:7 K/mV at 300 A.
For the same temperature, the normal zone voltage increases with
constant temperature when the TðVÞ curve becomes flatter. This
indicates that quench detection and protection may be easier for
a magnet running at high transport current than at low transport
current [38]. Note however that the MS TðVÞ curves measured at
300 A and 400 A overlap which implies that the TðVÞ curves may
converge at higher transport currents. For the MS sample, the
curves start converging at It ¼ 400 A (� 40%Ic). So one could still
limit the transport current in a magnet for enough stability margin
and at the same time take advantage of the flatter TðVÞ curve.

3.4. Quench energy

The minimum quench energy (MQE) used to quench the sample
is measured as a function of transport current. In this case, MQE re-
fers to the resistive energy generated by pulsing the heater as de-
scribed in Section 2. The actual heat into the sample is seen in Eq.
(5), where the heat absorbed in the epoxy and the helium are sub-
tracted from the heater energy. Since the sample and heater geom-
etries are identical, one can directly compare the behavior of the
MS and CS samples. Note that the heat generated by the samples
themselves due to current sharing is also not accounted for here
[38]

Esample ¼ Ehtr � Eepo � Ehelium; ð5Þ

Here, we neglect Ehelium. The quench energies of both samples are
comparable because Ehelium will not vary. The energy absorbed by
the epoxy is found to be generally less than 10% of that generated
by the heater and is also neglected (see Appendix B). So the quench
energy reported here is simply E htr. Note that these values are high-
er than the intrinsic MQE that would quench real magnets, espe-
cially when the magnet quench is initiated by heat in a location
with no direct contact to cryogen.

Fig. 11 shows the MQE versus normalized transport current
(It=Ic) for the MS and CS samples. Two samples of each type are
measured and the results are reproducible. The MQE decreases
with increasing transport current. The MQE of the CS sample de-
creases 80% from 2.36 J to 0.46 J when It increases from 0.13Ic to
0.28Ic; the MQE of the MS sample decreases 48% from 0.79 J to
0.49 J for a similar It increase. For It > 0:39Ic, the CS sample has a
MQE decreasing at � 0:55 mJ/A while the MS sample has a slower
rate of � 0:26 mJ/A. At higher current, the MS sample has a MQE
slightly higher than that of the CS sample, which may be due to
the larger number and smaller diameter of the filaments in the
MS sample.

Quench behavior of similar samples were measured in an adia-
batic environment [24]. When It=Ic increases from 0.5 to 0.8, the
MQE of a similar MS sample decreases from 8 mJ to 5 mJ at 5 K,
4.80 T and the MQE of a CS sample decreases from 30 mJ to
15 mJ at 5 K, 3.51 T [24]. Note that these values are 20% of the total
heat input generated by the heater used in the experiments [24].
Because of the cooling provided by the liquid helium in this study,
the actual energy that initiates the quench will be lower than Ehtr. A
one order-of-magnitude difference between the MQEs of NbTi and
Nb3Sn measured in an adiabatic condition as compared to liquid
helium is shown in [39]. The 300 ms pulse duration may also con-
tribute to the higher MQE reported here [40].

In contrast to the MQE difference between the samples mea-
sured adiabatically [24], the MQE of the MS sample is marginally
higher than that of the CS sample for It=Ic J 0:3 in this study. This
indicates that the Glidcop outer sheath may have limited impact
on the stability, which is consistent with what Tsukamoto et al.
found in a numerical comparison of the MQEs of a multifilamenta-
ry NbTi tapes with a Cu matrix and a Cupronickel matrix [41].
Musenich et al., however, found that a coil wound with lower ma-
trix resistance has a higher quench current [11].

Compared to the typical MQE of low-Tc superconductors, e.g.,
10–100 lJ for NbTi conductor [40], the MQE of the MgB2 samples
is much higher and hence more stable. It is expected that MgB2

coils may be less sensitive to the energy release associated with
epoxy cracking or conductor movement that are thought to be
one of the common quench triggers for low-Tc magnets.

3.5. Normal zone propagation velocity

The normal zone propagation velocity (NZPV) is estimated by
dividing the distance between the voltage taps by the time delay
between the voltage traces for a fixed reference voltage (V ref )
[42,43,38]. This is the average speed of the normal zone propaga-
tion in the section between the two voltage taps. Linear interpola-
tion is used to estimate the data point for the specific V ref . The
voltage traces for the NZPV measurements are all initiated by the
MQE at each transport current level as shown in Fig. 11. Traces
of V26 and V27 are used to estimate the NZPV. The resolution for
the CS sample is 10 ms/pt and 400 ls/pt for the MS sample. The
NZPV error due to the resolution can be expressed by r=ðt þ rÞ,
where r is the resolution and t is the time for the normal zone to
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travel the section. The estimated NZPV will be a lower bound be-
cause the actual time interval is not greater than the estimated
one. So for a velocity of 1 m/s and a section of 20 mm long, the
NZPV based on a resolution of 10 ms/pt could be at most 33% lower
than the actual value. An error of 9.1% corresponds to a velocity of
0.2 m/s with a resolution of 10 ms/pt.

The beginning of the voltage rise of a section indicates a normal
zone enters that section. Thus the V ref should be as low as possible.
However, because of the noise level and the limited time resolu-
tion of the measurement, a fixed V ref ¼ 1 mV is chosen to report
the NZPV values for both samples. To show the V ref dependence
of the NZPV, Fig. 12 gives an example of the NZPV of the MS
sample as a function of V ref with a step-size of 0.05 mV. When
V ref varies from 0.2 mV to 1.0 mV, NZPV decreases from 0.95 m/s
to 0.87 m/s, a 8.4% variation.

To illustrate the V ref dependence of NZPV, error bars are used to
denote the lower and upper bounds of the NZPV given by the cor-
responding V ref ; min (� 0:1–0.2 mV) and V ref; max (1 mV), as shown
in Fig. 13.

It increases from � 15%Ic to � 90%I c, the NZPVs of both sam-
ples increase from 15 mm/s to � 1 m/s. This trend is also found
in Refs. [6,7,21–23,25]. The results are close to those reported at
4.2 K with similar current ratios [21,23]. A similar MS sample, mea-
sured at 5 K and 4.80 T, has a NZPV ranging from 160 mm/s to
390 mm/s when It=Ic ranges from 0.5 to 0.8. A similar CS sample
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dependence of NZPV.
measured at 5 K and 3.51 T gives 75 mm/s to 175 mm/s [24]. These
values are less than 20% of those in this study at similar normalized
current. The difference may result from the significantly lower Ic in
a background field and slightly higher measurement temperature.
For example, Ic ¼ 45 A at 5 K and 4.80 T for a MS sample in [24]
while in this study, Ic ¼ 1000 A in self-field and at 4.2 K. Thus,
the Joule heating that drives the growth of normal zone is much
lower in-field than that of the self-field case even though the wire
is close to its critical surface in the adiabatic case (It=Ic ¼ 0:8) [24].

Since the Ic of MgB2 is strongly field-dependent, it indicates that
for an application like MRI where the wire sees a field of 1–3 T, the
NZPV may be lower than that in for example, a transformer, where
the field may be as low as 0.15–0.20 T [6]. The NZPV may increase
however with higher applied field as the in-field critical current in-
creases. For example, if the in-field transport current is higher than
550 A (55%Ic) based on Fig. 13, the high NZPV (� 1 m/s) may still be
achievable for some applications.

From Fig. 13, one also sees that the NZPV of the MS sample is
higher than that of the CS sample, consistent with the discussion
in Section 3.2. This is also consistent with the results given by
the adiabatic experiments [24]. The difference, however, tends to
become smaller with the increasing current, given the increasing
uncertainty due to the low sampling frequency on the CS sample
at higher current level.
4. Conclusion

Self-field quench behavior of two types of multifilamentary
MgB2 round wires are measured in liquid helium. One type of

sample has six filaments and a Glidcop outer sheath. The other
has 18 filaments and a Monel outer sheath. Both samples have a
Cu matrix. The normal zone is initiated by a heater wound around
the sample.

For the same transport current and end-to-end voltage, the nor-
mal zone is shorter in the Monel-sheathed sample with higher ma-
trix resistivity than the Glidcop-sheathed sample, which leads to
higher electric fields and spatial temperature gradients in the Mon-
el-sheathed sample during the quench. The time required for
quench detection and protection may also be more stringent for
a magnet wound by conductors with a higher resistivity matrix
as the voltage and temperature develop faster. For the same nor-
mal zone temperature and transport current, however, the voltage
across the normal zone is higher in the Monel-sheathed sample
than that in the Glidcop-sheathed sample, which may make the
quench detection based on normal zone voltage easier in a magnet
wound by conductors with higher matrix resistivity.

The quench energies of both samples decrease with increasing
transport current. For transport current greater than 300 A
(� 30%Ic), the quench energy of the Monel-sheathed sample is
marginally higher than that of the Glidcop-sheathed sample. The
role of the lower matrix resistivity in the Glidcop-sheathed sample
for stability and protection may not be significant. The normal zone
propagation velocities of both samples are similar and increase
from 15 mm/s at 150 A to � 1 m/s at 550 A (� 55%Ic).
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Appendix A. Resistivity and resistance of the wire sample above
Tc

In this section, we estimate the effective resistivity of each sam-
ple above the Tc, 39 K. For temperature below the Tc, the sample
effective resistivity depends on the T cs and hence the It. When
T P Tcs, the effective resistivity is determined by the normal metal
in the conductor; when T < Tcs, the effective resistivity is zero. The
contact resistance between adjacent constituent material layers is
neglected and each material is assumed to be electrically in paral-
lel. Uniform temperature on the sample cross-section is also as-
sumed. The effective resistivity of the CS sample is given by

qCS ¼
qPC qGC qSC S

qPC qGC SSC þ qPC qSC SGC þ qGC qSC SPC
; ðA:1Þ

where ‘‘PC” stands for the pure Cu matrix, ‘‘SC” for superconductor,
‘‘GC” for Glidcop, ‘‘S” the sample cross-sectional area. Typical Glid-
cop has a resistivity higher than but close to that of Cu. For example,
Glidcop C15715, with 0.3% wt Al2O3, has a resistivity of 8.8% higher
than that of Cu (C10200) from room temperature to 77 K [44]. Thus
with qGC JqCu, Eq. (A.1) could be simplified to

qCS ¼
qCu qSC S

qCu SSC þ qSC SCu

¼ qCu qSC

qCu kCS þ qSC ð1� kCSÞ
;

ðA:2Þ

where SCu ¼ SPC þ SGC, kCS ¼ 0:16 the fill factor. Similarly, the effec-
tive resistivity of the MS sample is given by

qMS ¼
qCu qMo qSC S

qCu qMo SSC þ qCu qSC SMo þ qMo qSC SCu

¼ qCu qMo qSC

qCu qMo kMS þ qCu qSC bþ qMo qSC ð1� kMS � bÞ ;
ðA:3Þ

where ‘‘Mo” denotes Monel and kMS ¼ 0:17. The ratio between the
area of the Monel sheath and that of the sample’s cross section is
defined as b and b ¼ 1� ð1� 2nÞ2, where n is the ratio between
the thickness of the outer sheath and the diameter of the sample.
n is found to be 0.1 by measuring directly in Fig. 1b using GIMP [45].

The resistivity data for Cu (RRR = 100) and Monel from 10 K to
295 K can be found in [46]. The resistivity of MgB2 is from [28].
For simplicity, we assume Tcs ¼ Tc (It ! 0) and the effective resis-
tivity is set 0 below 39 K. The effective resistivity of each sample is
estimated using Eqs. (A.2) and (A.3) as a function of temperature
and shown in Fig. 8. Note that because the Glidcop outer sheath
is replaced by pure Cu in Eq. (A.2), the actual effective resistivity
of the CS sample will be higher.

One can estimate the normal zone resistance in the sample by

R ¼ 1
S

Z L

0
q½TðxÞ� dx � Dx

S

XN

i¼0

q½TðxiÞ�; ðA:4Þ

where L the length of the normal zone. The normal zone length is
found by crossing the temperature criterion and the temperature
profile as shown in Fig. 7. The temperature criterion is set to
33.5 K, the current sharing temperature for a transport current of
150 A. Let Dx ¼ 1 mm, the resistance between TC0 and TC4 in the
CS sample is 2.195 mX and the normal zone resistance in the MS
sample is 1.154 mX. The estimated values are on the same order
as those indicated by the measurements (RCS ¼ 3:707 mX and
RMS ¼ 3:493 mX). The error may result from the material properties
and the accuracy of the temperature profile.

Appendix B. Estimation of the quench energy

The energy input by the heater is calculated by

Ehtr ¼
Z tp

0
VðtÞ IðtÞ dt; ðB:1Þ
where tp is the heater pulse duration (300 ms), VðtÞ the voltage
across and IðtÞ the current flow into the heater. Both VðtÞ and IðtÞ
are measured by the DPO with a data rate of 2.5 kHz. In practice,
Eq. (B.1) is calculated by numerical integration of the measured
VðtÞ and IðtÞ traces. The uncertainty of the pulse width measure-
ment (�10 ms) translates into � 7%Ehtr. Since the heater voltage
is varied with the highest resolution of 0.01 V, the resolution in
MQE is less than 10 mJ.

The energy absorbed by the epoxy is calculated by

Eepo ¼ m
Z T1

T0

CepoðTÞ dT; ðB:2Þ

where m is the epoxy mass, T0 is the initial temperature, and T1 is
the peak temperature of the epoxy due to the heat pulse. Since ther-
mocouple TC2 is fixed atop of the epoxy, its reading may be used as
T1 [38]. The reading of TC2 is usually higher than the actual T1 due
to the heat generation from the sample when in current sharing.
Thus, T1 is used for the case with a heat pulse just below the
MQE that corresponds to the maximum recovery energy. Another
assumption is that the temperature inside the epoxy is relatively
uniform and there is no temperature gradient between the epoxy
and the sample [38].

The mass of epoxy used to glue the heater to the MS samples is
2.2 mg while it is about 6.5 mg for the CS samples. Using the same
method discussed in Ref. [38], we found the energy absorbed by
the epoxy is less than 10% of the energy generated by the heater.

Similarly, the peak temperatures due to the maximum recovery
energy for both samples are found to be similar and thus we as-
sume similar heat transfer to the helium for both samples.
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