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Abstract 
 

The investigation of quenching in low temperature superconducting wires is of 

great relevance for a proper design of superconductive cables and magnets. This paper 

reports the experimental results of a vast measurement campaign of quench induced by 

laser pulses on NbTi and Nb3Sn wires in pool boiling Helium I. A comparison of the 

quench behavior of two typical NbTi and Nb3Sn wires is shown from different 

standpoints. Different qualitative behaviors of the voltage traces recorded during 

quenches and recoveries on NbTi and Nb3Sn wires are reported and analyzed. It is shown 

that the Nb3Sn wire exhibits a quench or no-quench behavior, whereas quenches and 

recoveries are exhibited by the NbTi wire. The two wires are also compared considering 

the behaviors of the two main parameters describing quench, i.e. quench energies and 

quench velocities, with respect to operation current and pulse duration and magnetic 

field. It is shown that the Nb3Sn wire exhibits a ‘kink’ of the quench energy vs current 

curve that makes the quench energy of Nb3Sn lower than that of NbTi at some 

intermediate current levels. Both the qualitative differences of the voltage traces and the 

different behaviors of quench energies and velocities are interpreted through a coupled 

electromagnetic- thermal model, with special emphasis on the detailed description of heat 

exchange with liquid helium.  

Keywords: Superconducting wires, Quench modeling, Thermal stability 
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1. Introduction 

The recent developments of magnet technology for nuclear fusion [1] and particle 
accelerators [2] push towards the realization of increasingly high field magnets. Low 
Temperature Superconducting (LTS) wires cooled with Liquid Helium (LHe) have been 
widely adopted for these applications, in which they often have to work at the limits of 
their current carrying capabilities. In these conditions, the deposit of very small amounts 
of thermal energy on parts of the conductor can drive the transition from the 
superconducting to the normal state. These energy deposits can be caused by several 
events, such as conductor motion, stick-slip friction, cracks of the epoxy resin used for 
impregnation, particle showers in accelerators and absorption of energetic particles in 
magnets for thermonuclear fusion experiments [1]. In some cases, an efficient heat 
removal through conduction along the wires and heat transfer towards liquid helium can 
restore the superconducting state existing before the energetic disturbance (recovery). In 
other cases, the ‘normal zone’ can expand along the conductor (quench), often requiring a 
fast de-energization of the magnet to avoid permanent damages [3].  

The experimental and numerical analyses of quench are of paramount importance for a 
proper design of superconducting devices, and have been carried out extensively since 
the 1970’s both on wires and magnets [3, 4, 5]. A correct evaluation of the minimum 
energy that determines an irreversible transition (Quench Energy, QE) and of the velocity 
of propagation of the normal zone (Normal Zone Propagation Velocity, NZPV) can allow 
the design and protection of magnets safely operating at their highest level of current 
density. 

This paper reports the analysis of an extensive experimental activity on quench 
development and propagation in LTS wires in pool boiling LHe carried out at CEA 
Saclay [6, 7]. Quench was induced in NbTi and Nb3Sn wires through illumination with a 
pulse diode laser. The QEs and NZPVs were measured at different transport currents, 
magnetic fields, and pulse time durations. The experimental data revealed remarkable 
qualitative and quantitative differences between NbTi and Nb3Sn wires quench 
behaviors. In this paper a detailed numerical model of quench development and 
propagation in LTS wires is described, which allows a deeper insight in the physical 
phenomena occurring in these wires and the interpretation of their different behaviors.          

The modeling of quench in superconducting wires requires a coupled electrical-thermal 
model of the wire itself. Several analytical or numerical analyses of quench in single 
wires reported in the literature [3, 4, 9] are based on the assumption that the temperature 
and voltage are uniform over the wire cross section, thus describing quench with a 1-D 
model. The present analysis shows that this assumption can be inadequate to  describe 
precisely quench propagation in some cases of relevance. Especially for Nb3Sn wires, it 
is necessary to account for a finite transverse electrical and thermal resistances of the 
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wire matrix to achieve a description of the quench phenomena in good agreement with 
experimental data.  

One of the crucial aspects of these analyses is the description of heat exchange with 
pool boiling LHe. Experimental and theoretical activities have been carried out to 
describe the different phases of heat exchange between a solid surface and LHe  [10, 11], 
which involve several physical phenomena, such as the Kapitza temperature 
discontinuity, the transition from nucleate to film boiling, and the characteristic thermal 
‘hysteresis’ occurring in the inverse transition from film to nucleate boiling [11]. The 
model presented here takes into account these phenomena, emphasizing the role of a 
detailed description of heat exchange with liquid helium for the correct interpretation of 
the experimental results.  A special consideration is given to the simulation of the spatial 
and temporal build up of the film boiling phase. Following [11], an energetic criterion is 
adopted to compute the time of onset of film boiling, while a spatial smearing factor is 
introduced here to account for a smoothed transition along the wire length.  

 

2. Experimental setup 

The measurements were performed on NbTi and Nb3Sn wires of 0.8 mm diameter, with 
an active sample length of 8 cm, refrigerated in pool boiling LHe at 4.2 K [6]. The wire 
was illuminated with a single-mode diode laser over a 0.8 mm region centered in its 
middle section, with variable energy inputs and pulse durations (in the range from 15 µs 
to 2 ms). The experiments were carried out at different transport currents and background 
magnetic flux densities. For each set of parameters, the wire critical current was 
measured in situ before inducing quenches through external energy input. The 
experiments were repeated with different energy inputs in order to determine the QE in 
each condition. The voltages developed along the sample were measured through a set of 
voltage taps illustrated in Fig. 1. The voltage taps to measure voltage V1 were positioned 
across the illuminated region of the wire, whereas the voltage taps to measure V2 and V3 
were attached along the wire at some distance from the illuminated zone. The relative 
distances of voltage taps for the three measurements V1, V2 and V3 are 5.9 mm, 7.2 mm 
and 7.3 mm respectively for the NbTi wire and 7.4 mm, 7.0 mm and 7.2 mm respectively 
for the Nb3Sn wire. The NZPV was evaluated from the time-of-flight of the voltage 
increase measured at the location of the voltage taps V2 and V3.  

The cross section of the NbTi wire adopted in the experiments is shown in Fig. 2a. The 
wire is an LHC-type (02), Cu/NbTi wire with 0.825-mm diameter and a Cu/NbTi ratio 
equal to 1.95. The superconducting filaments (with a diameter of 6 μm) are embedded in 
the outer Cu matrix.  

The cross section of the un-reacted Nb3Sn wire realized with Internal Tin technology is 
shown in Fig. 2b.  The wire has the same diameter of 0.825 mm as the NbTi wire and 
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consists of five different metal phases. The wire is subdivided into 19 multi-filamentary 
sub-elements with a diameter of about 110 µm, each including 198 Nb-7.5wt.%/Ta 
filaments with a diameter of 4 µm. The multi-filamentary area is surrounded by a mixed 
Nb/Ta diffusion barrier, and an outer Cu stabilizing matrix. After heat treatment, the 
copper included inside the anti-diffusion barrier turns into a Cu/Sn matrix. The thermal 
and electrical conductivity of this material at 4.2 K can be some orders of magnitude 
lower than that of pure copper.  
 

3. Numerical Model 

3.1. Thermo-electrical model of the superconducting wires  

A coupled thermo-electromagnetic model of the superconducting wire is obtained by 
subdividing the wire into Ns sectors along the length and Ne elements in the wire cross 
section. From the electrical point of view, each element is described as the parallel 
between a superconducting and a normal conducting part. The E-J characteristics of the 
superconductor is defined by the widely adopted ‘power law’ [3], with temperature and 
field dependant critical current as in [14] for NbTi and as in [15] for Nb3Sn. Since the 
characterization of the NbTi and Nb3Sn wires used in the experiments was only available 
at 4.2 K, a number of critical surface parameters were set to typical values reported in 
literature [14, 15]. The different electrical elements in each sector are connected through 
transverse electrical resistances. The general non linear electrical lumped parameters 
circuit is represented in Fig. 3. 

The thermal model computes the temperatures of each element j in sector i on the basis 
of the following set of equations:  

           ( ) jiHejiext
k kji

kiji
jicondjiJ

ji
jipiji pp
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where m, cp, and T are the mass, specific heat at constant pressure and temperature. The 
Joule power pJ couples the thermal model to the electrical model and accounts for the 
dissipation due to both longitudinal and transverse currents. The term pcond accounts for 
the thermal conduction along the strand axis, while transverse heat flux between adjacent 
elements are evaluated using a lumped thermal resistances RTH. The term pHe represents 
the thermal power towards the liquid helium bath for the external elements, and is 
computed through the model of heat exchange with pool boiling helium I, described in 
the next section. The term pext represents the thermal power from the Diode Laser and 
differs from zero only for the illuminated elements in the middle of the wire.  

The temperature dependent properties of copper, NbTi and Nb3Sn are based on the 
Cryosoft database [16]. For the Nb3Sn wire, the electrical and thermal properties of the 
Cu-Sn alloy were derived from [17]. 



  5 
 

3.2 Heat exchange with pool boiling LHe. 

The phenomenon of heat exchange with boiling liquid helium takes place in different 
regimes depending on the temperature gradient and heat flux. At low heat flux vapor 
bubbles form at different nucleation sites on the heated surface. Initially, the bubbles are 
separated from each other allowing a good thermal contact of the bulk fluid with the 
surface. This regime is referred to as nucleate boiling. As the heat flux increases, the 
bubbles start coealescing until a thin evaporated film of helium gas is formed close to the 
heated surface. This regime, where the heat exchange coefficient abruptly drops due to 
the low conductivity of the vapor film, is referred to as film boiling. Several experiments 
have been carried out to assess the transient nucleate-boiling heat-transfer coefficients 
[10, 11, 13]. The measured data are strongly dependent on several parameters, such as the 
surface material, roughness, and condition (clean, oxidized, coated, etc.). In the 
conditions considered here,  i.e. in the range of cryogenic temperature associated with the 
use of liquid helium, the Kapitza resistance [12] cannot be neglected. In the model 
adopted here, it is assumed that in the first phase of heat exchange (up to tens of μs in the 
present case, in which relevant convective motions cannot be established) the Kapitza 
effect represents the main limiting thermal resistance. The nucleate boiling heat exchange 
coefficient is estimated as 

   ( )
( )
( )Hei

wet
i

m
He

m
s

Hei
wet
i
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TTS
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−
−
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where Qkap is the Kapitza thermal flux, Ts and THe are the wire surface and helium bath 
temperatures and A is a constant coefficient. The parameters A = 242 W/m2Km and m = 
2.8 in (2) have been determined by fitting the experimental data. The values found are in 
the range of those indicated in [13]. With a given thermal flux towards helium, the 
formation of a continuous vapor film around the wire surface requires a certain time. 
Several experimental investigations have been published that correlate the time of onset 
of film boiling (ton) with the total energy transferred to the helium up to the film boiling 
formation, for a constant power flux towards helium [3, 11]. In this work, following the 
approach of [11], the experimental correlation between onset time and deposited energy 
is extended to the general case of variable flux power towards helium through the 
following formula: 
     n

ontE α=lim       (3)  

where α is a constant coefficient. In our computations, we use: α = 720 J/m2sn and n = 
0.6, in the range of the values reported in the literature [13]. After Elim is reached, the heat 
transfer coefficient drops to its film boiling value, hfilm, taken equal to 250 W/m2K, a 
value compatible with most measurements performed on copper wires. 
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A final element in the heat transfer model is the observation that in steady-state 
experiments film boiling is never reached, even after a long time, if the heat flux remains 
below a threshold value, q. In these cases, the nucleate boiling can in fact remove the heat 
transferred to the helium without forming a vapor film [11]. These heat flux values 
correspond to maximum ΔT values in the range from 0.6 to 0.8 K. In the algorithm 
implemented in this work, the energy transferred to liquid helium is computed from each 
sector through numerical integration of the exchanged power. To account for the 
aforementioned threshold ΔT, this integration only starts after the sector ΔT temperature 
overcomes 0.7 K. As the integrated energy flux reaches the limit defined in (3), the sector 
would enter the film-boiling regime. The length of sectors required to achieve numerical 
convergence can be in the order of tenths of mm. A formation of stable film boiling over 
such a short length is however physically not possible. Indeed, the gas film formation is a 
collective phenomenon rather than a local transition. This problem is solved in the 
present approach avoiding an abrupt change of the local heat transfer coefficient between 
adjacent sectors. This is obtained through the introduction of a  Gaussian smearing of the 
heat transfer coefficient along the sample length. This procedure is applied by defining 
for every sector the discrete functions: 0)( =iHcheck  for nucleate boiling and 1)( =iHcheck  
when the limit defined in (3) is reached, with i = 1, Ns. The smeared value of the heat 
transfer coefficient is then given by 

     ( )
( ) ( )
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where the weight functions w (i, j) are defined as 
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where xl (j), xr (j), and xm (i) represent the left and right edges of element j and the central 
point of element i. Finally, for each sector, the heat transfer coefficient is computed as 
            

   ( )[ ] ( ) filmsmearednuclsmeared hiHhiHh +−= 1i    (6) 

with i = 1, Ns.  

This definition shows that the value of h for each sector is affected by the values of h in 
the neighboring sectors, allowing for a smooth transition from nucleate to film boiling.  
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The shape of the smearing region is controlled by the parameter σ. The effect of the 
introduction of this parameter is shown in Figs. 4 and 5, respectively referring to 
simulations performed with σ = 0  and σ = 1 mm at two different times from the 
beginning of the heat pulse. It can be noticed that without smearing factor, very small 
regions of film boiling can be attained in computations as the illuminated central sector 
reaches the energy limit (see Fig. 4a). This numerical result does not respect the physics 
of the phenomenon, as this region can be smaller than the typical diameter of one single 
helium bubble. Even with a larger film boiling region, the discontinuity obtained with 
σ = 0 in the heat exchange coefficient at the edges of the normal region defined by the 
temperature profile seems not physically realistic (see Fig. 4b). The effect of smoothing 
is illustrated in Fig. 5a and 5b that correspond to the same cases reported in Fig. 4a and 
4b with σ equal to 1 mm. This value of σ is compatible with the dimension of a few 
adjacent helium bubbles as determined by photographic studies, that show bubble 
diameters in the range from 0.2 to 0.5 mm, with a peak at 0.35 mm [18, 19, 20]. 
To account for the hysteretic behavior of the transition from nucleate to film boiling, the 
heat exchange model allows wire sectors to enter the film boiling regime, and, 
subsequently, to recover the nucleate boiling regime if the temperature decreases. In our 
parameterization, this backward transition occurs at a ΔT value that in general differs 
from the ΔT corresponding to the transition to film boiling (hysteresis). A recovery ΔT of 
0.1 K, compatible with experimental results [18], has been selected for computation. This 
feature of the model is essential to accurately describe the recoveries at long times, when 
maintaining the film boiling regime leads to an artificially low value of heat transfer 
coefficient. 
 
4. Voltage traces 

4.1 Voltage traces recorded on the NbTi wire 

Experimental data for the LHC Cu/NbTi wire sample were obtained with a background 
field in the range from 5 to 7 T and transport currents in the range from 80% to 95% of 
the wire critical current. The values of the critical currents measured in situ are equal to 
534 A at 5 T, 424 A at 6 T and 313 A at 7 T.  
The model described in section 3 was implemented in order to reproduce the 
experimental voltage traces, with very satisfactory results. However, it was found in a 
parametric study that results in agreement with experimental data could be obtained also 
considering zero transverse thermal and electrical resistances. This is due to the high RRR 
of the copper matrix (set to 95 for these calculations) which directly surrounds the NbTi 
filaments, and provides a good thermal and electrical short circuit. The thermal model 
could therefore be simplified by considering only one temperature value over the wire 
section as follows: 

   ( ) iHeicondiextiJ
i

ipi pppp
dt

dT
Tcm ,,,, −++=    (7) 

where cp and k are respectively the weighted averaged values of specific heat and thermal 
conductivity of the copper matrix and the NbTi filaments. Moreover, the solution of the 
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electrical circuit in Fig. 3 could be simplified by removing transverse resistors REL. These 
simplifications led to faster code execution, still providing results in good agreement with 
the experimental data. 
The calculated voltage traces are compared in Fig. 6 with the experimental ones for Iop = 
85% IC, 6 T background field and three different light pulse durations: 50, 100 and 2000 
μs. The voltage traces relative to the voltage taps located across the illuminated region 
(V1) are reported for both quench and recovery. The curves relative to V2 and V3 only 
refer to the quench case. The trace relative to the laser pulse refers to the voltage across 
the diode laser, and is reported in arbitrary units to show the period of illumination of the 
wire. 
The computed and experimental voltage traces show a very good agreement over the 
whole range of pulse lengths. The model can also reproduce the propagation of quench 
along the wire, as seen from the V2 and V3 curves. Similar agreements have been found 
over a wide range of transport currents and background fields. 
As a general remark, it is worth noting that in most of the recovery cases analyzed, the 
numerical model did not show any transition to film boiling. In a few cases, with low 
power inputs and long pulse durations (2 ms), a local transition to film boiling over a 
very small region was observed, not able to drive the quench. It was found that the actual 
development of film boiling over a significant wire length is the key factor that prevents 
the wire recovery after the end of the heat income due to laser illumination. An accurate 
modeling of the heat exchange process with liquid helium during the transition from 
nucleate to film boiling is therefore of paramount importance for a correct reproduction 
of the experimental data. 
Figure 7 shows the time evolution of the heat fluxes from the laser and towards the 
helium for the middle wire sector in the quench case reported in Fig. 6b. When the total 
energy transferred to helium at the central sector reaches the energy limit defined in (3), 
the heat flux transferred to the helium starts decreasing in successive small steps. These 
steps correspond to the onset of film boiling in neighboring sectors and result from the 
smearing factor described in Section 3.2, which avoids the abrupt variation of heat 
exchange coefficient that would be obtained with σ = 0. 
The introduction of the smearing factor σ in the LHe model was the key improvement to 
correctly reproduce experimental data. A small value of σ leads to an abrupt drop in the 
heat exchange coefficient and consequently to a too fast quench development (Fig. 8). On 
the other hand, a value of σ ≈ 1 mm leads to results in a very good agreement with the 
experimental data (see Fig 6a for the same case). Values of σ higher than 1 mm led to a 
worse agreement with experimental data, but with less influence on the simulation results 
than lower values. 
 

4.2 Voltage traces recorded on the Nb3Sn wire 

Experimental data for the Cu/Nb3Sn wire sample were obtained with a 7 T background 
magnetic field and transport currents in the range from 80% to 95% of the wire critical 
current, equal to 431 A. The voltage traces recorded on the Nb3Sn strand show a different 
qualitative behavior of the quench development with respect to NbTi. 
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A first difference is the fact that in the case of Nb3Sn wires, it is not possible to measure 
any significant voltage trace in the absence of quench. When the sample is subjected to a 
heat pulse with an energy lower than the quench energy, the voltage practically remains 
equal to zero. This result significantly differs from the results obtained with NbTi wires 
under the same conditions. As shown in Fig. 6, the recovery voltage traces recorded on 
NbTi strands with pulse energies slightly smaller than the QE, are clearly measurable and 
closely follow the voltage traces of quenches up to a ‘quench decision time’ at which the 
bifurcation occurs.  
A second important difference between the voltage traces recorded with the two wires is 
the remarkable delay between the beginning of the laser pulse illumination and the rising 
of the voltage measured across the heated region in the Nb3Sn wire during quenches. The 
rising of the voltage actually occurs almost at the end of the illumination period. 
The simplified model that was successfully applied to the NbTi wire assuming an 
uniform temperature in the wire cross section and neglecting the transverse electrical 
resistance between the superconducting filaments and the copper matrix could not 
reproduce the peculiar behaviors of Nb3Sn. As shown in Fig. 9, the calculation results of 
the simplified uniform temperature model applied to the Nb3Sn wires are in blatant 
disagreement with the experimental voltage traces. This is also witnessed by the 
computed value of QE, which is about four times higher than the experimental value. 
The agreement between computation and experiment could be remarkably improved by 
subdividing the cross section of the Nb3Sn wire into two sub-elements and introducing 
appropriate values of transverse thermal and electrical resistances. In particular, in order 
to keep low computation times, only two sub-elements were considered at different 
temperatures T1 and T2, corresponding to the outer copper stabilizing matrix and the inner 
filaments/bronze area. This improvement in the modeling was sufficient to obtain results 
in good agreement with the experiments. 
Figure 10 reports the voltage traces computed with the two-temperature model (broken 
lines) in comparison with the experimental ones (continuous lines) for Iop = 85% IC, 7 T 
background field and three different light pulse durations: 50, 100 and 2000 μs. As in 
previous figures, the trace relative to the laser pulse refers to the voltage across the diode 
laser, and is reported in arbitrary units to show the period of illumination of the wire. The 
voltage traces computed with the two-temperature model show a rather good agreement 
with experimental ones over the whole range of pulse lengths.  
As illustrated in Fig. 11, the two-temperature model computes extremely low voltage 
traces in case of pulse energies slightly lower than the QE, in accordance with 
experiments. Moreover, the model correctly describes the delay between the beginning of 
the laser illumination and the rising of the voltage traces. Figure 12 shows the evolution 
of the temperatures T1 (stabilizing copper) and T2 (inner Nb3Sn filamentary area) of the 
central illuminated sector for the quench simulation reported in Fig. 10(b). The 
temperature of the superconducting filaments reaches the current sharing temperature of 
Nb3Sn at the end of the heat pulse, with a delay from the laser pulse initiation. 
On the basis of these observations, a physical interpretation of the phenomena occurring 
in the Nb3Sn wire can be given. The low conductivity of the bronze matrix compared to 
pure copper prevents the good thermal end electrical contact of the superconducting 
Nb3Sn with the stabilizing Cu matrix. This affects the stabilization effect of the outer 
matrix, that cannot effectively remove heat from the inner filaments when a quench 
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occurs. The QE provided by the diode laser therefore practically corresponds to the 
energy needed to heat the illuminated wire sector up to the onset of the superconducting 
to normal transition. Once the superconducting filaments reach their current sharing 
temperature, joule losses develop in the superconductor, but this heat cannot easily be 
removed by the copper stabilizer due to the thermal resistance mentioned above. This 
phenomenon explains the abrupt transition from the ‘no quench’ behavior without 
recordable voltage signals to the full quench development with the deposition of a 
slightly higher energy. The same phenomenon explains why the voltage across the heated 
region rises after a given delay from the pulse initiation, just when the total amount of 
energy needed to reach the current sharing temperature has been deposited. On the 
contrary, the embedding of NbTi filaments into the copper matrix improves the heat 
exchange and explains the different stability behavior of the two wires. 
 
 
5. Quench Energy 

5.1 Computed and measured quench energies on the NbTi wire 

The Quench Energies (QE) calculated at 6 T and 85% of critical current for different light 
pulse durations are reported in Fig. 13. The same plot reports the total energy emitted by 
the optical fiber illuminating the wire. As expected, QEs increase with increasing pulse 
duration due to the partial heat removal through conduction and heat transfer to LHe 
during the illumination period itself. The computed QEs for long pulses are in the order 
of 55 to 60% of the total energy emitted by the laser. This result can be considered as a 
reasonable estimation of the amount of energy actually absorbed by the wire. The 
calculated QEs tend towards the total emitted energy for short pulses, which may be too 
high. This discrepancy could be due to the energetic criterion chosen for the transition 
from nucleate to film boiling (see Eq. (3)). This experimental criterion was in fact 
established for pulses in the 100-to-1000-µs range [11]. Another possible mechanism that 
could lead to the absorption of different fractions of the emitted energy depending on the 
pulse light duration is the formation of bubbles before the end of the illuminating period 
for long pulses. This could cause diffusion of the incoming light due to the different 
refractive index of cold gaseous helium with respect to liquid helium. Further 
investigations are needed to better understand and describe this phenomenon. 
 
5.2 Computed and measured quench energies on the Nb3Sn wire 

The Quench Energies (QE) computed for the Nb3Sn wire at 7 T and 85% of critical 
current for different values of light pulse durations are reported in Fig. 14. In the same 
plot, we also report the value of the total energy emitted by the laser. The computed QE’s 
are in the order of 45% to 70% of the total energy emitted by the laser. Also for Nb3Sn 
the quotes of absorbed energy in short and long pulses differ, but these variations are less 
relevant than for NbTi. 
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5.3 Comparing  quench energies of the NbTi and Nb3Sn wire 

The validated model was used for the evaluation of NbTi and Nb3Sn wires thermal 
stability at different values of background field and engineering current density. The 
comparison of results (see Fig. 15) shows that at 4.2 K the Nb3Sn wire always performs 
better than the NbTi wire for background fields higher than 7 T. For lower fields, the 
Nb3Sn presents higher QEs only for high or low current densities, but there is a region at 
intermediate current values where the NbTi wire shows better stability. It was found that 
the Nb3Sn performance drop at these intermediate current densities is due to the 
transverse thermal and electrical conductances. Considering infinitely high transverse 
conductivities (uniform temperature on the cross section and perfect electrical parallel 
between Nb3Sn filaments and stabilizing Cu) made the QE “kink” disappear, with Nb3Sn 
always showing better performances than NbTi. 
 

6. Quench Velocities 

The last relevant parameter in the quench analysis is the velocity of quench propagation. 
As shown in Fig. 6 and 10, the propagation of the voltage front across voltage taps V1 V2 
and V3 as calculated by the model is in good agreement with experimental data, so that 
the estimated quench velocities are comparable. Therefore, Figure 16 only reports the 
measured quench velocities at different engineering current densities. From the data 
reported for the NbTi wire, it can be noticed that the quench velocity increases with 
current density and background field (by extrapolation of the plotted data) as observed in 
previous experiments [21] and predicted by the analytical formula for adiabatic quench 
propagation [3]: 

     
bs

s

p
ad TT

TL
c
Jv

−
= 0

γ
    (8) 

where J is the engineering current density, γ the density, L0 the Lorentz number, Ts the 
average between current sharing and critical temperature and Tb the helium bath 
temperature. The Nb3Sn wire at 7 T shows lower NZPV than NbTi at 7 T extrapolated at 
the same current densities. This could be due to the fact that )/( bss TTT −  decreases with 
increasing Ts (which is higher in Nb3Sn with respect to NbTi at 7 T), while the variation 
of the specific heat in (8) should not be very significant in this case. 
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Conclusions 
A wide database of quench experiments on NbTi and Nb3Sn wire in pool boiling He I 
has been collected. An accurate modeling of these experiments has shown the relevance 
of a detailed description of the heat exchange with liquid helium to achieve a correct 
reproduction of the experimental results. An effective description of the transition from 
nucleate to film boiling has been obtained through the combination of an energetic 
criterion and two heat flux criteria. The energetic criterion computes the total amount of 
energy required to transit from the nucleate boiling regime to the film boiling regime. 
The heat flux criterion defines two main threshold values of the temperature difference 
between the wire surface and the helium bath. A first threshold value defines the 
temperature difference below which the transition does not occur even after a long time 
of heat deposition into the helium, in agreement with stationary heat flux experiments. 
The application of the energetic criterion alone cannot account for this experimental 
result, as the energy limit would in any case be reached after a certain time. A second 
threshold temperature difference defines the reverse transition from film to nucleate 
boiling that can occur in the case of recovery. This reverse transition occurs at a ΔT that 
differs from the one corresponding to the transition from nucleate to film boiling, 
accounting for the hysteretic behavior found in experiments. Another relevant feature of 
the model is the smearing of the heat exchange coefficient along the wire length, that 
describes this transition as a collective phenomenon rather than as a local discontinuity. 
A comparison of the quench behaviors between two typical commercial wires of NbTi 
and Internal Tin Nb3Sn has been carried out, considering the mechanism of development 
and propagation of the normal zone, and the two main parameters describing quench 
(Quench Energies and Normal Zone Propagation Velocities). The thermal and electrical 
transverse resistances of the wire matrices, made of copper for NbTi and partly made of 
low alloy bronze for the Nb3Sn wire, play a relevant role in determining the qualitative 
differences between these two wires. The thermal resistance hinders the heat removal 
from the inner multifilamentary area, and leads to an abrupt transition from recovery to 
quench in the Nb3Sn wire, not exhibited by the NbTi wire. This mechanism reduces the 
QEs of the Nb3Sn wire used for these experiments, that in certain conditions can become 
lower than that of the NbTi wire. The comparison of quench velocities reveals a faster 
normal zone propagation in the NbTi wire than in the Nb3Sn wire, a feature that can ease 
the magnet protection. 
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Figure 1. Schematics of the voltage taps location. 

 

 

 

         
Figure 2a. Figure 2b. 

Metallographic cross section of the NbTi wire (a) and of the un-reacted Nb3Sn wire (b) 
adopted in the experiments. 
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Figure 3. Schematics of the non linear electrical circuit adopted for the simulations. Each 
non linear resistor in the circuit in general represents the parallel of a normal and a 
superconducting part. 
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Figure 4(a). 

 

 
Figure 4(b). 

 

Temperature and heat exchange coefficient profiles computed with σ = 0 mm at the 
beginning of the resistive transition (t = 200 μs, (a)) and after full development of a film 
boiling region (t = 800 μs, (b)). 
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Figure 5(a). 

 
Figure 5(b). 

 

Temperature and heat exchange coefficient profiles computed with σ = 1 mm at the 
beginning of the resistive transition (t = 200 μs, (a)) and after full development of a film 
boiling region (t = 800 μs, (b)). 
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Figure 6(a). 
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Figure 6(c). 

Measured (solid) and computed (dashed) voltages at 6 T, Iop = 85% IC, tpulse = 50 μs (a), 
100 μs (b) and 2000 μs (c) for the NbTi wire. 
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Figure 7. Heat fluxes exchanged with the environment by the central wire sector in the 
quench case reported in Fig. 6b. 
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Figure 8. Improvement of the agreement with experimental data obtained changing σ 
from 0 mm (a) to 1 mm (b). 
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Figure 9. Disagreement between simulation and experiment in the application of the 
uniform temperature model to the analysis of quench development in the Nb3Sn wire. 
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Figure 10(a). 
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Figure 10(b). 
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Figure 10(c). 

Measured (solid) and computed (dashed) voltages at 7 T, Iop = 85% IC, tpulse = 50 μs (a), 
100 μs (b) and 2000 μs (c) for the Nb3Sn wire. 
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E = 22.3 µJ (quench) 

E = 22.2 µJ (recovery) 

pulse 

 
 

Figure 11. Magnification of Fig. 10(b), showing the abrupt transition between quench and 
no quench behavior with slight variation of the input energy (0.1 μJ) in Nb3Sn wire. 
 
 

 
 

Figure 12. Evolution of T1 and T2 of the central illuminated wire sector for the quench 
simulation reported in Fig. 10(b). 
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Figure 13. Measured and computed QEs for NbTi wire at 6 T, Iop = 85% IC, and different 
values of tpulse. 
 

 

Figure 14. Measured and computed QEs for Nb3Sn wire at 7 T, Iop = 85% IC, and 
different values of tpulse. 
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Figure 15. Comparison of the calculated QEs for the NbTi and the Nb3Sn wire at 
different background fields and engineering current densities. 
 

 

Figure 16. Comparison of the measured NZPVs for the NbTi and the Nb3Sn wire at 
different background fields and engineering current densities. 
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