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Abstract—The full energy exploitation of the Large Hadron Col-
lider, a planned increase of the beam energy beyond the present 6.5 
TeV, will result in more demanding working conditions for the su-
perconducting dipoles and quadrupoles operating in the machine. It 
is hence crucial to analyse, understand and predict the quench levels 
of these magnets for the required values of current and generated 
magnetic fields. A one-dimensional multi-strand electro-thermal 
model has been developed to analyse the effect of beam-losses heat 
deposition. Critical elements of the model are the ability to capture 
heat and current distribution among strands, and heat transfer to 
the superfluid helium bath. 

The computational model has been benchmarked against experi-
mental values of LHC quench limits measured at 6.5 TeV for the 
MB (Main Bending) dipole magnets.  
  

Index Terms—Beam losses, Accelerator Magnets, Quench, Su-
perconductors, Magnet Stability, Rutherford cables 

I. INTRODUCTION 
HE coils of the Main Bending (MB) magnets of the Large 

Hadron Collider (LHC) at CERN are wound with Nb-Ti 
Rutherford cables [1], [2]. A relevant source of thermal disturb-
ance in the operation of the accelerator magnets is the heat re-
leased on the superconducting wires by the phenomena deriving 
from the so called beam losses. When protons deviate from the 
nominal trajectory and interact with the inner surface of the vac-
uum chamber, they generate a shower of secondary particles. 
The interaction of these particles with the coils can lead to 
quenches, especially around the mid-plane [3]-[5]. The flux of 
secondary particles is measured by Beam Loss Monitors 
(BLMs) installed outside the magnet cryostats [5]. The meas-
ured data on these particle fluxes, and the consequent amount 
of energy released on the superconducting strands, must be 
compared with the cable stability margin, i.e. the minimum ex-
ternal energy density input that drives an irreversible transition 
to the normal state at given working conditions of the magnet. 
An accurate prediction of the stability margin is of primary im-
portance for the definition of appropriate intervention thresh-
olds of the BLM system in order to dump the particle beam [6]. 
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The complexity of this modeling is related to several aspects. 
First of all, the coupling of thermal, electromagnetic and hy-
draulic phenomena, involving current and heat redistribution 
between the strands, and the inherently non-linear behavior of 
the superconducting materials, make the analytical treatment of 
this problem impractical. Moreover, the peculiar feature of the 
heat deposit due to beam losses is that this is by nature non-
uniform across the cable width [7], [8]. Modeling of the heat 
exchange with interstitial helium is particularly delicate since 
the porous LHC magnets are cooled with superfluid helium, 
which may undergo several phase transitions during a transient 
[9]-[13]. Furthermore, the heat exchange is of intrinsically 
transient nature, taking place during fast impulsive transients 
that significantly modify the coolant behavior with respect to 
steady state experiments [14]-[18]. Last but not least, the accu-
rate modeling of this problem requires the knowledge of a sig-
nificant number of parameters, such as the interstrand thermal 
and electrical conductances, the area of the cable cross section 
occupied by interstitial helium, the wetted perimeter of strands, 
the coefficients involved in the Kapitza heat transfer to super-
fluid helium, the level of heat flux leading to a boiling crisis, 
etc. In some cases, the values of these parameters reported in 
the literature are largely scattered or are included in rather broad 
ranges (see for example [19] for the interstrand electrical re-
sistances in different types of cables).  

The development of sophisticated numerical tools and a care-
ful work to retrieve the model parameters are therefore essential 
to achieve the desired accuracy in the calculation of the stability 
margin. Significant achievements in these two directions have 
been accomplished in the last two decades [20]-[27]. 

This work describes a numerical model developed to tackle 
the computation of the stability margin of the Nb-Ti accelerator 
magnets of the LHC. The subsequent phases of quench propa-
gation, detection and magnet dump are not investigated in the 
present study. This paper describes the model results, a discus-
sion on the underlying physics, and the impact of the main nu-
merical and physical parameters. 
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II. FROM THE 3-D MAGNETS TO THE 1-D MODEL 
 

The computation of the stability margin can be performed at 
different levels of approximation. The cables for superconduct-
ing accelerator magnets are by nature similar to multi-wire 
transmission lines, that are difficult to capture in a 2-D simula-
tion. Therefore, an appropriate modeling of these conductors 
should be performed either in the frame of full 3-D model, or 
by means of a topological equivalent 1-D model. In this work 
we follow the latter approach, based on the assumption intro-
duced in [28], [29] that the components in the cable have a large 
ratio of length to cross-sectional dimensions. With this ap-
proach, the cable strands and the interstitial helium are mod-
elled as parallel components and the model equations can be 
written in 1-D. The topological structure of the thermal and 
electric 1-D model is equivalent to that of the 3-D cable. The 1-
D model therefore reflects the geometric configuration and the 
pattern of contacts between electric and thermal elements of the 
real conductor.   

The model adopted here is based on the general electromag-
netic, thermal and hydraulic model described in [29], and im-
plemented in the THEA code [30]. The specific model features 
adopted for the computation of the stability margin, the deter-
mination of the model parameters and the simulations setup are 
described in the next sections. 

A. Electro-thermal stability model 
For stability modelling, the system is split into three main 

physical domains: electromagnetic, thermal and hydraulic, each 
composed of a set of interacting elements. The electromagnetic 
domain includes Ns elements, corresponding to the Ns composite 
wires of the superconducting cable (each made of Nb-Ti fila-
ments and copper/bronze stabilizer). The thermal domain in-
cludes Ns+1 elements, corresponding to the Ns composite strands 
plus the interstitial helium. The hydraulic model is composed 
of only 1 element, corresponding to the cooling bath. 

In the electromagnetic model, each superconductive wire is 
described assuming the Nb-Ti filaments and the metallic stabi-
lizer in parallel electrical connection, and using a power law for 
the superconductor E-J characteristics. The cable is described 
through a distributed parameters electric circuit, in which the 
strands are connected to each other through contact conduct-
ances and mutual inductances, taken uniform along the cable 
length. The electromagnetic model, applied in [31] to compute 
the long-range coupling currents in Rutherford cables, was re-
cently modified to allow the computation of short-range cou-
pling currents and corresponding losses [32].  

In the thermal model, the strands are cross linked via contact 
conductances, taken uniform along the cable length. The 
strands are also thermally linked to the helium bath and the in-
terstitial helium. By helium bath we refer here to the annular 
channel of superfluid helium located between the outer surface 
of the vacuum chamber and the inner surface of the coils, as 
shown in Fig. 1. We indicate the part of superfluid helium 
which, percolating from the bath through the electric insulation, 
gets in direct contact with each strand of the porous Rutherford 
cable as interstitial helium.  
  

 
 
Fig. 1. LHC Main Dipole cross section, with a sketch of the path of one strand 
of the Rutherford cable along the z direction.  
 

The models of the heat exchange with the helium bath and 
the interstitial helium are described in the next section. Finally, 
in the hydraulic model, the helium bath is considered as a res-
ervoir at a constant temperature of 1.9 K. 

B. Heat exchange with liquid helium 
The heat transfer through the cable electrical insulation to the 

helium bath occurs at the small side of the cable. This mecha-
nism is described here by means of a steady state heat transfer 
coefficient, since no experimental data are available for this ge-
ometry in transient conditions for very high pulsed heat deposi-
tions. Given the high characteristic time scale of thermal ex-
change between strands and helium bath, no relevant contribu-
tion to the magnet stability are expected in transient conditions. 
The heat transfer coefficient is based on experimental results on 
stacks of Rutherford cables subjected to a radially and longitu-
dinally uniform heat deposit [13], scaled to the coil geometry 
[33].  

The heat exchange between strands and interstitial helium is 
based on a transient heat transfer model, which subdivides the 
transition from 1.9 K to gaseous state into three main phases 
with different heat transfer coefficients.  

The first phase, described by the Kapitza heat transfer coef-
ficient, expressed as in [34], is included in the temperature 
range from 1.9 K to Tλ, the phase transition temperature from 
He II to He I. When the helium temperature is below Tl, but the 
cable temperature is significantly higher, the heat flux may 
reach extremely high values, which can cause a boiling crisis at 
the interface between helium and strands. In the reference 
model, the boiling crisis criterion is set when a limiting flux of 
100 kW/m2 is reached (see [18], [35], [36]). Some variants of 
this threshold criterion for the boiling crisis are discussed in 
Section IV. The second phase is included in the temperature 
range from Tλ to the He I saturation temperature, and is de-
scribed by the heat transfer coefficient to liquid helium I re-
ported in [36]. As a third phase, for helium temperature above 
the He I saturation temperature, a heat transfer coefficient to 
helium gas is modelled, with a constant value set to 70 W/m2K 
[34]. An initial analysis on the impact of the nucleate and film 
boiling phases showed that these do not significantly affect the 
stability margin. Thus, these two regimes have been neglected 
in the model adopted here. 
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Fig. 2. Heat transfer coefficient between strands and interstitial helium vs tem-
perature difference during different quench simulations for the MB magnet 
mid-plane cable operating at 6.5 TeV. 

 
The heat transfer coefficient towards interstitial helium hint is 

plotted in Fig. 2 as a function of the difference between the tem-
perature of the strands Ts and the interstitial helium temperature 
The. The first drop of hint corresponds to reaching the critical 
heat flux in the Kapitza first phase of heat exchange. The sec-
ond drop corresponds to the helium phase transition at Tl, with 
the beginning of the second phase.  

The evolution of the boundary layer is time dependent, hence 
different profiles of hint can be observed in He I regime, depend-
ing on the considered time scale. For large temperature differ-
ences, the third phase with a very low heat exchange coefficient 
towards the helium bath is established. 

C. Simulations setup and main parameters 
The beam losses represent distributed heat depositions, taking 

place over significantly long sections of the magnets, in the or-
der of several meters or tens of meters [5].  

In the simulations the heat is deposited on the composite 
strands along the central 1 meter of a 2 meter long cable. The 
boundary conditions of the thermal model are set by imposing 
a constant temperature of 1.9 K at one cable end and an adia-
batic condition at the other end (see Fig. 3). Thanks to the sym-
metry condition, this choice is equivalent to deposit heat over a 
2 m long region around the center of a 4 m long cable. A set of 
simulations showed that using longer cable lengths leads to the 
same results, while requiring larger computation resources.  

As for the electromagnetic model, a uniform current distribu-
tion is imposed at both cable ends. The profile in time of the 
heat deposition is a rectangular pulse in the range from 1 µs to 
10 s, denoted here as heating time.  

Both the magnetic field and the heat deposition exhibit a 2-D 
non-uniform distribution in the magnet cross section. The 
model accounts for these distributions, which are assumed iden-
tical at every cross section along the magnet length.  

The simulations described hereafter are focused on the cable 
located in the inner layer at the mid-plane of the magnet (see 
Fig. 1), as this is subjected to the highest heat deposit [5], [37]. 

The magnetic field on the cable cross section decreases line-
arly across the cable width in the radial direction.  

 

 
Fig. 3. a) Region of heat deposition along the cable length and boundary condi-
tions of the thermal model. b) Adimensional profile of the heat deposition along 
the axis of one strand. 

 
The heat deposition exhibits a nearly exponential decay 

across the cable width, as described in [38]. 
Since the strands are transposed with a given pitch Lp, as 

shown in Fig.1, each of them is subjected to variable field and 
heat depositions along its length, characterized by a periodic 
oscillation with a period equal to Lp. From the magnetic field 
distribution in the magnet cross section, the magnetic field 
along a given strand is computed. Similarly, from the maps of 
heat deposit on the magnet cross-section [5], the longitudinal 
profile of the disturbance along each wire can be computed. The 
adimensional profile of the heat deposition is reported in Fig. 
3b. The ratio between the peak and the mean value of the heat 
deposition distribution is about 2.9. In the simulations with a 
non-uniform heat deposition, this adimensional distribution is 
multiplied by a given value of per unit length power. In order 
to compute the quench energy, an iterative procedure is 
adopted. The initial value of per unit length power is increased 
if the result of the simulation is a recovery, and reduced in case 
of quench, until the difference between the maximum recovery 
energy and the minimum quench energy is below 5%.   

The area available for the interstitial helium is computed from 
the geometry of the Rutherford cable cross section and derived 
from indirect experimental investigations [40]. The wetted pe-
rimeter is also derived from geometric considerations and by 
rescaling the results obtained in [27] with neutron tomography. 
 In a simplified version, the 1-D model takes only one strand 
as representative of the whole conductor behaviour [38]. In this 
case, a fraction 1/Ns of the available interstitial helium is con-
sidered in the simulations. In the 1-strand model, the only ther-
mal elements involved are the strand and the interstitial helium. 
The strand can transfer heat to the interstitial helium and the 
helium bath, but cannot exchange current and heat with the 
other wires. The magnetic field and heat deposition profiles are 
the same as those adopted for the N-strand model.  
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III. RESULTS AND DISCUSSION  
The model was benchmarked against experimental values of 

the LHC quench limits reconstructed from the machine opera-
tion quenches at 6.5 TeV of beam energy for the MB (Main 
Bending) dipole magnets [38]. The model was able to repro-
duce the experimental results over a wide range of heat deposi-
tion times (as shown in Section IV.B), and was therefore ap-
plied to compare different beam energies and to the analysis of 
the LHC Main Quadrupole [41].  

In this Section, we apply the validated model to analyze the 
physical mechanisms occurring during the initial phases of 
quench at different operating conditions of the LHC MB di-
poles. The simulated quench energy density, or simply quench 
energy, expressed in mJ per cubic centimeters [mJ/cc], is pre-
sented in Fig. 4 as a function of the heating time. We compare 
the results obtained for the MB magnet at the transport current 
corresponding to a beam energy of 6.5 TeV (Iop = 11 kA) with 
those computed at a low operating current level, corresponding 
to the beam injection in the LHC (Iop = 761 A).  

The stability margins in the figure are computed as the peak 
power of the heat deposition in the mid-plane cable inner radial 
position, multiplied by the heat deposition time, and divided by 
the total cable volume. The same computations were also per-
formed by applying a uniform heat deposition along each 
strand, i.e. a constant heat deposition profile across the cable 
width. The computed stability margins are compared with the 
sum of the enthalpies of the strands (indicated as strands en-
thalpy) and with the sum of the enthalpies of the strands and the 
interstitial helium (indicated as cable enthalpy). The enthalpy 
reserve is computed between the initial temperature of 1.9 K 
and the current sharing temperature corresponding to the peak 
field applied to the strands.  

At nominal operation current and fast pulses, the stability 
margin overcomes the enthalpy of the strands, due to the heat 
exchange with interstitial helium in the Kapitza regime. This 
holds true both considering the non-uniform and the uniform 
heat deposition computations. In these conditions the ratio be-
tween the results obtained with non-uniform heat deposition 
and with uniform heat deposition is much less than 2.9.  

 

 
Fig. 4. Values of the stability margin of a LHC MB dipole inner layer cable at 
nominal current and nominal field (6.5 TeV) and injection current (Iop = 761 A) 
in the magnet mid-plane. 
 

For these heating times, the local heat deposition peaks are 
driving the magnet stability.For pulse durations in the range 
from 1 ms to 0.1 s, and a uniform heat deposition, the boiling 
crisis impedes the full exploitation of the available enthalpy up 
to the current sharing temperature Tcs, which is therefore only 
reached with longer heat deposition times.  

At injection current, for heat deposition times below 0.1 s, the 
stability margin computed with a uniform heat deposition prac-
tically corresponds to the value of the cable enthalpy. 

For heat pulses longer than 0.1 s, the cooling from the helium 
bath starts playing a role, and the stability margin significantly 
overcomes the cable enthalpy. At low current, the results of the 
peak curve lie above those of the uniform deposition case. The 
ratio between the two curves is almost constant along the heat-
ing time scale and equal to 2.9, which corresponds to the ratio 
between the peak value of the non-uniform heat deposition and 
its mean value, as shown in Fig. 3b. In other words, at low cur-
rent the stability is driven by the total amount of deposited en-
ergy, regardless of its distribution.  

Further information can be derived from the analysis of the 
temperature curves. Fig. 5a reports, for the single-strand model, 
the strand and interstitial helium temperatures at the hotspot 
(where the adiabatic condition is applied) for the two extreme 
cases of highest energy input leading to recovery and lowest 
energy input leading to quench at the nominal operation current 
of the MB inner layer cable, with a 1 µs heat pulse. The com-
puted strand temperatures in these two cases practically overlap 
until a given quench decision time, after which the temperatures 
decrease in case of recovery and run away in case of quench. 

For nominal transport currents in the MB dipole mid-plane 
inner layer cable, the quench decision time is around 100 µs, 
which is greater than the heat deposition time. The cooling by 
the interstitial helium is not limited to the very short time of the 
heat pulse, but can act over longer times and thus contribute to 
increase the stability margin with respect to the strands en-
thalpy. At the quench decision time at high transport currents, 
the helium is still relatively cold (generally below 2.16 K). 

The thermal runaway occurs due to the fact that the tempera-
ture difference between the helium and the strands gets so high 
that a boiling crisis takes place.  

At the low operation current level corresponding to injection 
(Iop = 761 A), the Joule power to be extracted from the cable is 
much lower, and even the helium in gaseous state can effec-
tively extract it, notwithstanding the low heat transfer coeffi-
cient. As shown in Fig. 5b for a 100 µs heat pulse, the quench 
decision time in these working conditions is generally higher, 
around 0.1, and the bifurcation between the quench and recov-
ery curves of the strand occurs for helium temperatures signifi-
cantly greater than in the case of high transport currents. This 
separation generally occurs when the helium temperature ap-
proaches the current sharing temperature. At that point, the tem-
perature difference between the interstitial helium and the cable 
strands becomes too low for an efficient heat extraction, and the 
thermal runaway takes place. 

This phenomenon sets the quench energy very close to the ca-
ble enthalpy, as already observed.  
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Fig. 5. Time dependence of the strand temperature and interstitial helium tem-
perature at the hotspot in the stability simulation of a LHC MB inner layer cable 
for a) a 1 µs heat pulse at nominal current (Iop = 11 kA) and b) a 100 µs heat 
pulse at injection current (Iop = 761 A). The pulse starts at t = 0 s. 

IV. PARAMETRIC STUDIES 

A. Numerical parameters 
To ensure the consistence of the numerical results, a conver-

gence study was carried out to identify the impact of the numer-
ical parameters on the simulation results, namely minimum and 
maximum integration time steps and mesh size. The simulations 
were performed with a Euler Backward time integration 
method, uniform mesh of 400 nodes including linear mesh ele-
ments, and with an adaptive time step between a minimum and 
a maximum value. The convergence study was performed both 
with and without electrical connection between the strands. 
Since the results obtained are similar, it can be stated that, due 
to the shorter time constants of thermal diffusion, in the range 
from µs to ms, (see [28]), this is the dominant phenomenon in 
determining the conditions for numerical convergence.  

Analysing the dependence of the stability margin on the max-
imum integration time step, it was found that the convergence 
is reached for all simulations with a maximum step of 10-7 s. As 
shown in Fig. 6, the request on the maximum integration time 
step can significantly be relaxed at higher values of the heating 
time. For heat depositions longer than 1 ms, maximum time 
steps in the order of 10-6 s are sufficient to reach convergence. 
As for the minimum time step, the convergence is reached for  

 

Fig. 6. Impact on the error with respect to convergence of the a) maximum time 
step and b) mesh element size set for the numerical integration. 
 
the shortest heat pulses of 1 µs with minimum steps below 10-8 

s. This condition can be relaxed for longer heat deposition 
times. 

The simulations presented here were therefore performed 
with variable minimum and maximum time step, subdividing 
each run at given working conditions in different phases in time, 
to reduce the computational effort without affecting the results 
[42].  

A convergence study concerning the mesh element size, re-
ported in Fig. 6b, showed that the numerical convergence is 
reached for mesh elements smaller than 5 mm, which were 
therefore selected for all simulations presented here. 

B. Physical parameters 
As already mentioned in the introduction, the model results 

are strongly affected by the values of the main physical param-
eters. A set of simulations were run to assess the impact of these 
physical parameters on the model results.  

The most crucial parameters affecting the stability margin at 
short pulse durations are those related to the heat exchange with 
interstitial helium, such as the wetted perimeter, the interstitial 
helium area, and the criterion selected for the onset of the boil-
ing crisis. For longer heat deposition times, the pivotal param-
eters are those intervening in the description of the heat ex-
change with the helium bath.  

In order to quantify the impact of the heat exchange between 
the strands and the interstitial helium, different variants of the 
model were adopted, and the results are presented in Fig. 7.   
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Fig. 7. Impact of the heat exchange between strands and interstitial helium and 
helium bath on the stability margin of the MB LHC dipole at 6.5 TeV. 

 
The reference model (shown also in Fig. 4 as 6.5 TeV-Peak) 

considers the boiling crisis onset, at helium temperatures below 
Tl, for heat fluxes exceeding 100 kW/m2. Given the scattering 
of the boiling crisis onset criteria found in the literature, a dif-
ferent model was defined by imposing an upper limit to the tem-
perature difference between the strands and the helium. This 
limit was set to 3 K, according to [35].  

The black and the grey lines in Fig. 7 define the margin of 
uncertainty on the mechanism of heat exchange between 
strands and interstitial helium. It is possible that other combina-
tions of the model parameters result in even greater margins of 
uncertainty. Fig. 7 also reports quench and no-quench energy 
data points reconstructed from the LHC machine operation in 
the three years from 2016 to 2018, as explained in detail in [41].   

Despite the uncertainties, the model is able to predict with a 
good accuracy the MB magnets quench limits. 

Still, it is important to analyse the impact of the main physical 
parameters affecting the stability margin of the cable. The ab-
sence of a boiling crisis criterion in the model at helium tem-
peratures below Tl can lead to unphysical heat exchange, result-
ing in an overestimation of the stability margin by one order of 
magnitude for fast pulses, as indicated by the dotted red line 
with triangles.  

Furthermore, the wetted perimeter (WP) between strands and 
interstitial helium is assumed uniform across the cable width 
and, for the reference model, it is the average value of the dis-
tribution measured in [27]. For highly compressed cables, the 
wetted perimeter could be further reduced to lower values. In 
addition, it is very difficult to assess a reference value for all the 
Main Dipoles in the LHC, since quenches, cool down and pow-
ering can modify the internal geometry of these porous cables.  

To evaluate the effect of possible wetted perimeter reductions, 
the simplified model without helium crisis has been simulated 
with half of the reference WP and Fig. 7 shows that the stability 
margin suffers a severe decrease (dotted red line with squares).  
We can state that the heat exchange between strands and inter-
stitial helium strongly affects the stability margin for heating 
times up to about 10 ms. 

For longer deposition times the details of the heat exchange 
with interstitial helium do not affect the results, and the curves 
obtained with the various models overlap.  

In order to evaluate the impact of the heat exchange with the 
helium bath, the reference model was adopted to describe the 
heat transfer to the interstitial helium, but no heat exchange with 
the helium bath was assumed. Comparing the results obtained 
with and without helium bath in Fig. 7, we can conclude that 
the helium bath starts improving the cable stability only for dep-
osition times greater than 0.1 s.  

V. CONCLUSION 
The computation of the stability margin of the LHC magnets 

is a complex task which requires sophisticated analysis tools 
and a great care in the selection of the model parameters. A 
model, and its corresponding parameters, have been identified 
that reproduce satisfactorily the quench energy values recon-
structed for the MB magnets from the operation data of the LHC 
machine.  

Three main aspects have been found crucial for the model ef-
fectiveness. The description of the heat exchange with the in-
terstitial helium is of great importance for the determination of 
the stability margin with respect to fast pulses. In particular, the 
heat exchange coefficient in the Kapitza regime must be limited 
below a critical value leading to the boiling crisis. A second 
relevant aspect is to account for the non-uniformities of the 
magnetic field and of the heat deposition in the magnet cross 
section, which translate into non-uniformities along the length 
of each cable strand. Finally, the modelling of the current and 
heat redistribution between strands plays a significant role for 
intermediate pulse durations and high transport currents in the 
LHC MB magnet.  

The model allows a better qualitative and quantitative under-
standing of the phenomena occurring during the quench in the 
LHC MB magnets. The quench at high current levels occurs 
mainly due to the boiling crisis, with the helium still at temper-
atures below the lambda transition temperature and quench de-
cision times of the order of hundreds of microseconds. At low 
current levels, the quench occurs at much higher helium tem-
peratures, corresponding to the current sharing temperature of 
the superconductor (about 9 K). The quench decision time in 
these cases is much greater than for high currents, and is in the 
order of seconds.  

This detailed model allows one to identify working condi-
tions, such as the low current level corresponding to injection, 
or the very long heat deposition times, at which the details of 
the heat deposition profile have no impact, so that simpler mod-
els can be adequate for a fast and accurate calculation of the 
magnet stability margins.  
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