
LIFETIME STUDIES OF MAGNET PROTECTION SYSTEMS FOR THE 
LARGE HADRON COLLIDER AT CERN 

E. de Nicolás†, D. Carrillo, T. Nielsen, E. Nowak, M. Pojer, CERN, Geneva, Switzerland

Abstract 
The Quench Heater Discharge Power Supplies (HDS), 

Quench Discharge Local Protection Interface Module 
(DQLIM), Linear Redundant Power supplies (LPR), and 
Power Packs (LPUS) stand as critical systems, crucial for 
the protection of the Large Hadron Collider (LHC) super-
conducting magnets.  

This paper provides an in-depth exploration of compre-
hensive lifetime studies conducted on these systems. The 
initial segment outlines the methodology employed to esti-
mate their remaining operational lifespan. This encompass-
ing approach involves a detailed analysis of failure modes, 
evaluating the criticality of electronic components, accel-
erated ageing of electrolytic capacitors, irradiation tests 
conducted both at the component and system levels and an 
inspection plan. 

The study concludes by presenting essential findings, in-
cluding the estimated remaining lifetime for critical com-
ponents. This research serves as a significant contribution 
to ensuring the sustained reliability and performance of the 
magnet protection systems of the LHC. 

INTRODUCTION 
The Quench Protection Systems (QPS) are crucial sys-

tems for the protection of the superconducting magnets in 
case of quench. In a superconductor, the quench represents 
the local loss of the superconducting state, mainly due to 
the local temperature increase in the coil windings over the 
critical value that may happen for various reasons, e.g. en-
ergy deposited by beam losses. Quench protection 
measures are in place to quickly detect a quench onset, to 
rapidly cut the current and homogeneously warm up the 
magnet coil to distribute magnet energy over a large vol-
ume, or to extract this energy when necessary [1], such that 
the local peak temperature and voltages in the magnet re-
main below the damage level. 

When a quench occurs, the HDS discharge a fast pulse 
of current into copper-plated stainless-steel strips, which 
are in thermal contact with the coils of the superconducting 
magnet, and resistively heat up to force the transit of the 
entire coil from superconducting to the normal conducting 
(resistive) state. 

The DQLIM, LPR and LPUS provide auxiliary func-
tions for the quench detection systems (QDS) (e.g. redun-
dant power supply for QDS, current measurements, power 
cycling). Thousands of these devices are in operation, 
some dating back to 2007, and any malfunction within 
these components directly affects the availability and reli-
ability of the LHC. 

The lifetime studies performed on these critical devices 
aim to forecast the end of life (EOL). Thereby, if the EOL 

were to occur before the LHC end of operation, a replace-
ment campaign should be planned; being the consolidation 
of the HDS and auxiliary equipment, a major endeavour. 
Some of the electronic components of these systems are 
obsolete, and an extensive redesign would be needed. Fur-
thermore, the production and installation of thousands of 
units within the LHC tunnel would require several years.  

While Prognosis and Health Management (PHM) is a 
broadly studied topic in nuclear industry [2, 3] and aero-
space [4, 5, 6], it is relatively understudied in particle ac-
celerators. The study of the remaining useful life [7, 8] of 
electronic equipment is common but it usually does not ad-
dress the challenges of radiation.  

In this paper, a predictive maintenance strategy is pre-
sented along with a methodology to calculate the remain-
ing lifetime of the equipment. 

METHODOLOGY 

 
Figure 1: Lifetime studies methodology. 

 ___________________________________________  
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The methodology followed in this study, shown in 
Fig. 1, aims to identify components that may limit equip-
ment’s lifetime. These critical components are affected by 
the ageing stressors, are functionally essential, and possess 
estimated lifetimes that are shorter or close to the project 
lifespan. 

Identification of ageing stressors 
The study begins with the identification of ageing stress-

ors; by doing so, the methodology focuses on components 
that are prone to ageing. Other components are considered 
not critical but attention towards failures in operation is 
maintained. 

The analysis of failures during operation is key to iden-
tifying and tracking ageing stressors. This not only contrib-
utes to the lifetime estimation but remains important 
throughout the equipment's lifespan. 

Identification of ageing stressors requires a comprehen-
sive knowledge of the studied systems and their opera-
tional environment. In our case, two environment-related 
stressors were identified: radiation and temperature. Addi-
tionally, mechanical cycles are considered as system-re-
lated stressor.   

Functional failure analysis 
While many components are affected by the ageing 

stressors, only a fraction of them are functionally essential 
to the equipment.  

An extensive bibliography research was conducted to 
find the failure modes for each electronic component. Elec-
tronic simulations were carried out allowing to assess the 
consequential damage of the failure modes. Finally, discus-
sions with experts were conducted to evaluate the critical-
ity of the component’s failures within the QPS.  

Consequently, the study scope was narrowed down to fo-
cus on functionally essential components. By assessing the 
criticality of components failure, this analysis also pro-
vided useful insights about the devices studied and helped 
to prevent potential consequential damage of certain fail-
ures. 

Ageing stressors data analysis  
Once the functional essential components are defined, 

the lifetime of these components must be estimated. How-
ever, before doing so, the ageing stressor must be quanti-
fied. Measurements, environmental data reports, or opera-
tional data are the strategies for this purpose.  

In the case of radiation, the measurements in the LHC 
are continuously reported. The equipment studied has re-
ceived low radiation doses so far [9], less than 10 Gy per 
year. In the coming years, the radiation across the acceler-
ator is expected to increase one order of magnitude due to 
an increase in luminosity for the High Luminosity-LHC 
(HL-LHC) upgrade project [10]. 

The second ageing stressor, temperature, was measured 
through infrared temperature measurements and data log-
ger over extended long runs. Finally, for mechanical cy-
cles, equipment operation data were analysed.  

Lifetime estimation  
Estimating the remaining lifetime is a fundamental part 

of the methodology, as it allows to identify what compo-
nents, affected by the ageing stressors, may limit the equip-
ment lifespan. Various methods were used to estimate the 
remaining lifetime of equipment.  

For components with specified lifetimes, the manufac-
turer typically provides lifetime calculations, which is pre-
ferred when possible. In cases when no lifetime infor-
mation is provided in the datasheet, accelerated ageing 
tests can be carried out to estimate the remaining lifetime. 
For doing so, a deep understanding of the ageing mecha-
nism is needed.  

In our study, lifetime estimations for relays and most 
electrolytic capacitors were obtained from datasheets. 
However, for the main power capacitors of the HDS, no 
available data existed, so an accelerated ageing was done 
over more than one year to study the remaining lifetime 
[11].  

As radiation is the main source of ageing in electronic 
components, lifetime estimation is provided in total Inte-
grated Dose (TID) instead of years. The procedure to esti-
mate lifetime requires testing the component in radiation 
and observing degradation. The Radiation Working Group 
(RadWG), an essential part of the Radiation to Electronics 
project (R2E) [12] at CERN, coordinated radiation test 
campaigns of our equipment. They also have an extensive 
database of tested components that we have systematically 
consulted for our research. 

Significant considerations were made for irradiation 
studies, including the type of radiation, TID and fluence, 
test at component level or system level, biasing, differ-
ences in components lots, etc. It is important to note, that 
the success of a component in an irradiation test does not 
guarantee that it will not fail under different circumstances. 
For example, irradiation tests with proton beams produce 
less Displacement Damage (DD) than mixed-field radia-
tion. 

Inspection and mitigation plan 
As a result of the lifetime estimations, critical compo-

nents were identified following the methodology shown in 
Fig. 1. These components are functionally essential and 
have a lifetime estimation that is shorter or close to the pro-
ject lifespan.  

In this stage, it is important to confirm the lifetime esti-
mation through inspections over time. For instance, some 
of the estimations provided by datasheets are conservative 
due to insufficient data from manufacturers.  

Ideally, inspections should be conducted by the regular 
equipment monitoring systems during operation. For ex-
ample, the output voltage of the LPRs is continuously mon-
itored, providing measurements of the linear regulator’s 
voltage drift under radiation. When this is not feasible, an 
inspection campaign is needed, which may require signifi-
cant manpower and careful planning.   
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We took advantage of the few devices that experienced 
a non-reparable failure to perform destructive measure-
ments and gain further insight into the component’s ageing 
evolution. For instance, removed components were useful 
for checking the capacitance loss of the electrolytic capac-
itors.  

When a component is identified as a limiting factor for 
the equipment operation within the lifespan of the LHC, 
mitigation actions must take place. For example, a rotation 
policy will be implemented for selected equipment placed 
in high-radiation areas, that will be replaced periodically 
with equipment from low-radiation areas to prevent rapid 
degradation of these units.  

Additionally, if there is sufficient data about operational 
failures a dependability analysis can be conducted to pre-
dict an increase in failures in the coming years.  

RESULTS 
Over a hundred components were studied to identify the 

ones that could limit equipment lifespan. In this section, an 
overview of the applied methodology to selected compo-
nents is presented. 

Electrolytic capacitors studied presented a lifetime esti-
mation in the range 21 to 46 years, being affected by tem-
perature as the main ageing stressor. However, this estima-
tion is quite conservative as inspections in failed units 
proved that the remaining capacitance is higher than theo-
retically foreseen in the manufacturer ageing curves. The 
divergence is caused by the ideal environmental conditions 
and underrated capacitors' operation.  

It is important to note that, among all the capacitors stud-
ied, the lifetime of two models of electrolytic capacitors 
was found to be limited by the ageing of the sealing rubber 
of the capacitor rather than by a capacitance loss.  

A small number of capacitors were identified as critical 
components. Further inspection campaigns will verify and 
monitor the ageing evolution. 

HDS, LPR and DQLIM were irradiated at system level 
and information from irradiation tests at component level 
was used to estimate the lifetime under radiation. Among 
all the semiconductor-based components, thyristors, linear 
regulators and bipolar transistors were considered critical.   

Power thyristors were found to be the most critical com-
ponent regarding radiation, as they consistently fail in the 
range of 320-450 Gy, being the failure mode always short 
circuit. Linear regulators presented a voltage drift of ap-
proximately 10% after 300 Gy, while bipolar transistors 
lose approximately 60% of the collector-base current gain 
after 500 Gy. 

Mechanical cycles are the primary ageing stressor of re-
lays. However, since the number of cycles performed will 
be less than the equipment’s lifespan, relays were not con-
sidered as a critical component. 

The equipment studied demonstrated solid performance 
during operation, with minimal failures per year, except for 
a specific type of capacitors of the LPR. For this model, a 
sufficient number of failures were observed to perform a 
dependability analysis [13], leading to corrective replace-
ments. 

CONCLUSIONS 
 In this paper, a methodology developed to estimate the 

remaining lifetime of essential equipment, that has been in 
operation for more than 15 years, was presented.  

The fundamental concept of the methodology is that 
only a small number of components determine the equip-
ment’s lifespan. Thus, the purpose of the methodology is 
to identify these critical components, monitor them and 
mitigate ageing whenever possible.  

Preliminary results suggest that 15 more years of opera-
tion is achievable for the majority of the equipment. Nev-
ertheless, for critical components identified as possibly af-
fected by the ageing stressors, this must be confirmed 
through operational failure analysis and further inspection 
campaigns. The conclusion from these campaigns will al-
low us to plan a potential consolidation project in case it is 
required. 

The equipment studied has demonstrated a solid and re-
liable performance in operation, and dependability anal-
yses are conducted whenever sufficient data is available.  

A rotation policy will be implemented in the coming 
years to mitigate the effects of radiation. 

This research serves as a significant contribution to en-
suring the sustained reliability and availability of the mag-
net protection systems of the LHC. 
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