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Abstract - The inner triplet (or low-β) quadrupole magnets are 
among the components to be upgraded in LHC interaction re-

gions for the HL-LHC project. The new quadrupole magnets, 
called MQXF, are based on Nb3Sn superconducting magnet 
technology, with a conductor peak field of 11.3 T. CERN is in 

charge of the fabrication of the MQXFB variant, the longest 
Nb3Sn accelerator magnets designed and manufactured up to 
now, with a magnetic length of 7.2 m. Two magnets, MQXFBP3 

and MQXFB02, reached the HL-LHC project requirements. 
However, they still exhibited a limitation at 4.5 K with a phenom-
enology similar to the one observed on the first two prototypes.  

After improvements on the cold mass (longitudinal welding) and 
magnet assembly (elimination of overstress on the conductor dur-
ing loading) procedures, a series of modifications were imple-

mented in MQXFB03 at the level of the coil fabrication to ad-
dress and/or reduce weaknesses in the coils. The magnet was test-
ed and was the first to achieve performance requirements at both 

1.9 K and 4.5 K, with no signs of conductor limitation at 4.5 K. 
MQXFB is now in the series production phase, with around 2/3 
of the coils completed and half of the magnets assembled. We 

provide in this paper an overview of the MQXFB program, with 
a summary of the main recent achievements and an overall status 
of the fabrication. 

Index Terms—Nb3Sn, Accelerator Magnets, HL-LHC 

I. INTRODUCTION

HE High Luminosity Upgrade of the Large Hadron Collid-

er (HL-LHC) aims to boost the integrated luminosity by a

factor of 10 [1].  Central to this upgrade are the triplet 

quadrupoles (Q1, Q2a, Q2b, Q3) [2]. The new magnets, called 

MQXF, will have a larger aperture (increasing from 70 mm to 
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150 mm), a higher peak field (from 8.6 T to 11.3 T), and will 

use Nb3Sn superconducting material instead of Nb-Ti [3]. The 

Q1 and Q3 quadrupoles will have a magnetic length of 8.4 

meters, divided into two 4.2-meter magnets (MQXFA) being 

produced by the US Accelerator Research Program (AUP) [4]. 

CERN is responsible for the 7.2-meter MQXFB magnets, 

which will be housed together with MCBXF corrector [5] for 

Q2a and Q2b cold masses. Both MQXFA and MQXFB share 

identical cross-sections and 3D design. The original design in 

2013 targeted a gradient of 140 T/m for 7 TeV collision ener-

gy with a nominal current of 17.46 kA [3]. To enhance the op-

erational margin, the magnetic length was extended early in 

the project from 6.80 meters to 7.15 meters. This modification 

allowed the required integrated gradient to be achieved with a 

reduced nominal current, thereby lowering the load line frac-

tion (the ratio of operational current to maximum tolerable 

current) from 82% to 77% [6]. In 2020, based on feedback 

from magnetic measurements, the nominal reference current 

for the MQXF magnets was further reduced from 16.47 kA to 
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Fig. 1. MQXF magnet cross section 

TABLE I. EVOLUTION OF MQXFB MAIN PARAMETERS FOR HL-LHC AT 

7 TEV OPERATION PER BEAM 

2014 [6] 2015  2020 [7] 

Nominal current kA 17.46 16.47 16.23 
Integrated Gradient T 952.0 948.1 948.1 

Gradient T/m 140.0 132.6 132.2 
Magnetic length m 6.80 7.15 7.17 

Load line fraction % 82 77 76 
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16.23 kA, corresponding to a gradient of 132.2 T/m at 7 TeV 

collision energy [7]. Table I summarizes the evolution of the 

main magnetic parameters. The design and assembly of these 

magnets involves using water-pressurized bladders and keys to 

pre-stress the coil pack and pre-tension the aluminum shrink-

ing cylinder at room temperature [8]. Once this is done, two 8-

mm thick stainless steel half-shells are welded around the 

magnet to form a liquid helium containment vessel. This stain-

less shell (SS) and its contents are collectively referred to as 

th  “c  d mass”. The cold mass assembly is completed by 

welding the end covers to the main cylinder made by the 

welded shells [9]. The cross-section of the cold mass is illus-

trated in Fig. 1. 

A total of 10 MQXFB series magnets are needed for HL-

LHC (8 to be installed and 2 spares). Up to date, six full length 

magnets have been manufactured and tested: MQXFBP1, 

MQXFBP2, MQXFBP3, MQXFB02, MQXFB03 and 

MQXFB04. Except MQXFB04, all magnets were first assem-

bled and cryostated in a standalone configuration for faster as-

sembly and test. From MQXFB04 onwards, MQXFB magnets 

are directly coupled with a corrector magnet in Q2a/b configu-

ration. The next series magnet, MQXFB05, is now ready for 

testing, the cold mass containing the MQXFB06 magnet is 

prepared for welding, and assembly of the MQXFB07 magnet 

is underway.  

The performance requirement for installation in HL-LHC is 

to reach (at 20 A/s) and hold nominal current (Inom for 7 TeV 

operation, 16.23 kA) + 300 A at 1.9 K, the so-called Itarget (Itar-

get = Inom + 300 A), with no specifications on the virgin train-

ing and up to 3 quenches to reach Inom after a thermal cycle. 

Magnets are also tested at 4.5 K to the same current level, to 

probe the margin. In the machine, at nominal condition and in 

the most exposed regions, the coil temperature is expected to 

stay below 2.22 K [10]. The first two magnets, MQXFBP1 

and MQXFBP2 were limited at 1.9 K at 93 % and 98 % of the 

nominal current. Following these results, a thorough root 

cause analysis was carried out and a 3-stage program was ini-

tiated to address the possible root causes [11]. The first stage 

addresses the mechanical coupling between the outer stainless-

steel shell and the magnet structure, which was reduced to a 

minimal in MQXFBP3 [9]. The second stage addresses coil 

overstress during magnet loading, with a new assembly proce-

dure applied in MQXFB02 [12]. Both magnets meet the HL-

LHC requirements, in particular reaching 7 TeV equivalent 

current with a 300 A margin at 1.9 K, and no retraining after 

thermal cycles. However, they still show a limitation below 

target current at 4.5 K with a phenomenology similar to the 

one observed on MQXFBP1&2 thereby indicated that the 

root-cause of the problem had not been eradicated. Results 

were presented in [11][13][14]. The third stage of the program 

addresses the coil fabrication, implementing a series of modi-

fications to reduce longitudinal, radial and azimuthal friction 

between coil and the reaction heat treatment fixture. Among 

the changes implemented the major ones are the partial com-

pensation of the coil curing cavity aimed at reducing the azi-

muthal coil size prior to reaction and the removal of the ce-

ramic binder from the outer layer of the coil [15]. MQXFB03, 

the first magnet assembled using new generation coils, is the 

first 7.2-m-long Nb3Sn accelerator magnet with no sign of 

conductor limitation at 4.5 K. A second magnet, MQXFB04, 

was built and tested using identical procedures, demonstrating 

the reproducibility of the technology. This paper provides an 

overall status of the fabrication and summarizes the main re-

cent achievements in MQXFB program. 

II. STATUS OF THE FABRICATION

A. Conductor And Cable

MQXF coils are made with a Rutherford-type cable com-

posed of 40 strands of 0.85 mm diameter and a copper to su-

perconductor ratio of 1.2 ± 0.1. The requirements establish a 

minimum strand current of 632 A (331 A) at 12 T (15 T) and 

4.2 K and a minimum Residual Resistivity Ratio (RRR) after 

cabling of 100. The cable incorporates a 12 mm wide 25 μm 

thick stainless-steel core to reduce inter-strand coupling cur-

rents. RRP® 108/127 strands from Bruker-OST will be used 

for all MQXFB series magnets. 90 % of the 2160 km of series 

wire procured by CERN has been received and accepted. In 

addition, 460 km of prototype/low performance wires was 

used as part of the prototyping program. At the end of 2022, 

CERN launched the procurement of 340 km of additional 

strand (10 MQXFB cable unit lengths) to have a strategic 

stock in case of need. The strand is expected to be delivered 

by 2025.  

In total, 8 RRP ® 108/127 prototype cables and 54 series ca-

bles have been produced so far, with only two rejected cables 

(one rejected at the early stage of production due to a strand 

cross-over [16], one rejected more recently due to strand 

breakage following a sudden increase of the tension on a spool 

of the cabling machine). The 6 remaining cables to produce 

Fig. 2. Minimum and maximum strand critical current (12 T 4.22 K) based 

on strand witness samples reacted with the coil. The vertical line indicates 

the change of duration of the last plateau during reaction.  

Fig. 3. Estimated coil RRR based on witness samples reacted with the coil. 

The vertical line indicates the change of duration of the last plateau during 

reaction 
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the baseline number of coil will be completed early 2025. The 

MQXF coils are produced according to the wind, react and 

impregnate process. The reaction heat treatment process re-

quires three 50 hours plateaus of 210 ºC, 400 ºC and 665 ºC. 

Only the coils of the first prototype magnet were reacted with 

a longer plateau at 665 ºC of 75 hours.  

As can be seen in Fig. 2, the measured strand critical current 

for the units cabled so far is on average 10 % higher than ini-

tially specified, which translates to 3 % additional operation 

margin on the load line. The operation margin on the load line 

for the MQXFB coils assembled so far is 26-28 %. Except for 

the first coils, reacted with a 75-h plateau at 665 ºC, the RRR 

measured in witness samples reacted with the coil is also well 

above 100 (see Fig. 3). Samples are installed in both ends of 

the coils to monitor the cleanliness of the reaction process, 

since a significant degradation of the RRR in the non-

connection side (outlet of the argon flow) was observed in the 

first coils [7].  

The cable is insulated by directly braiding on two plies of 

66 TEX S2 Glass filaments with 933 high temperature silane 

sizing. The target insulation thickness is 145 ± 5 μm at 5 MPa. 

Since the measured insulation was systematically above the 

target, a fine tuning of the insulation parameters was done in 

2023 increasing the pitch length form 19 mm [17] to 21 mm. 

After the iteration, the cable thickness insulation is well cen-

t r d ar und th  145 μm targ t (s   F g. 4). 

B. Coil Fabrication

MQXF coil fabrication is based on the wind-and-react tech-

nology, where the superconducting phase is formed after 

winding and during coil heat treatment. The production of 

MQXFB coils started in 2016 with two copper coils followed 

by two low performance Nb3Sn RRP conductor (CR001, 

CR002, CR101 and CR102) [18]. In spring 2017, the produc-

tion of the coils for the first prototype started (CR104-CR109) 

[19]. Following a series of critical nonconformities (see Fig. 5, 

red bars), coil fabrication was put on hold for about six 

months in 2019 to enable review of manufacturing procedures 

and improvement of manufacturing process robustness. In 

September 2019 coil fabrication was resumed, with a produc-

tion flow of approximately one coil per month [7]. In spring 

2021, following the performance limitation observed on the 

first two prototype magnets, coil fabrication was stopped, 

while launching a root-cause analysis which included destruc-

tive inspections on selected coils [11]. As explained in the in-

troduction, a series of modifications were implemented in the 

coil manufacturing process in a systematic manner [15]. Since 

the re-start of the coil production in September 2022, 21 coils 

have been completed and 3 coils are in fabrication (see Fig. 5). 

To complete the baseline number of coils, 18 more coils need 

to be wound. Coil yield is excellent, since the original baseline 

for the project assumed the construction of five coils per quad-

rupole, but in the last 2 years there has not been any critical 

nonconformity leading to coil rejection. 

C. Magnet and Cold mass assembly

Assembly of MQXF magnets relies on a system of water-

pressurized bladders and keys to pre-compress the coils and to 

pre-tension the aluminum cylinder during loading at room 

temperature (RT). The assembly of the MQXF structure is de-

scribed in detail in [20]-[27]. Table II summarizes the maxi-

mum measured stress in the coil and the aluminium shell dur-

ing bladder pressurization and the average stress after loading. 

Thanks to the use of auxiliary bladders in the yoke [12], im-

plemented from MQXFB02, the peak stress in the coil has 

been significantly reduced and stays below 100 MPa (see Ta-

ble II), which has been set as a conservative limit to prevent 

the occurrence of cracks in the Nb3Sn phase [28]. 

Fig. 5. MQXFB coil production dashboard. 

Fig. 4. Measured insulation thickness at 5 MPa. 
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Upon loading completion, the magnet is enclosed by a vac-

uum-tight stainless-steel shell for helium containment. Initial-

ly, prototypes and first-series magnets were assembled in tem-

porary cold masses and cryostats to expedite turnaround times 

and test station availability, with full commissioning to test Q2 

cold masses in their final configuration achieved in May 2023. 

Four temporary cryostat and cold mass assemblies had to be 

disassembled to recover the quadrupole magnets, which were 

then reassembled with an MCBXF corrector in a Q2 cold mass 

and cryostat. Also, a significant effort was undertaken to up-

grade the CERN cryogenic test station, initially designed to 

test LHC magnets, but which had to be adapted to accommo-

date HL-LHC magnets having different height and He piping 

configuration. 

The first two Q2 cold masses, containing MQXFBP2 and 

MQXFBP3 magnets, have been qualified for installation in the 

HL-LHC string [29]. During the reassembly of MQXFB02 in 

a Q2 cold mass, a 3.7 kV heater-to-coil high voltage test was 

conducted, despite the MQXF magnets' electrical design crite-

ria stipulating a maximum applicable voltage of 460 V after 

helium exposure, due to potential damage from high voltage 

testing in air-helium mixture conditions at room temperature 

[30]. One of the heaters failed under these non-conforming 

testing conditions, necessitating the magnet's disassembly. The 

Q2 cold masses containing the MQXFB03 and MQXFB05 

magnets are prepared for testing, and the first fully qualified 

Q2 cryo-assembly containing the MQXFB04 magnet is ready 

for final preparation before installation in the HL-LHC, mark-

ing a significant milestone for the project. Figure 6 illustrates 

the timeline. 

III. TEST RESULTS 

A. Magnet Performance 

MQXFB prototype magnets BP1 and BP2 were limited to 

94% and 98% of the current required for 7 TeV operation at 

1.9 K. The subsequent magnets, MQXFBP3 and MQXFB02, 

with improved cold mass and magnet assembly procedures, 

met HL-LHC requirements, achieving a 7 TeV equivalent cur-

rent with a 300 A margin and no retraining after thermal cy-

cles, but still showed limitations at 4.5 K. Results were exten-

sively presented [13][14]. As discussed in the introduction, a 

series of modifications were implemented at the level of the 

coil to address the performance limitations [15]. Two magnets 

were built and tested so far using all recovery actions from the 

3 stages of the recovery program. Here the focus is the results 

from the last year: two virgin magnets (B03 and B04) and two 

Q2 cryo-assemblies containing the already tested prototype 

magnets (BP2 and BP3). 

MQXFB03 reached nominal current (16.23 kA) after five 

training quenches at the nominal ramp of 20 A/s, and the tar-

get current (16.53 kA) after eight training quenches (see Fig. 

7). The training quench location at 1.9 K is quite different 

from previous MQXFB magnets: in this magnet, all but the 

first quench are located in the coil heads; while for previous 

magnets the quenches were located in the straight section. Ex-

TABLE II. AZIMUTHAL STRESS [MPA] IN THE COIL POLE AND ALUMINUM 

SHELL DURING ROOM TEMPERATURE LOADING 

 Peak during  
bladder pressurization 

Average after  
key insertion 

 Pole Al-Shell Pole Al-Shell 

MQXFBP1 -151 96 -87 72 
MQXFBP2 -138 86 -86 54 
MQXFBP3 -138 82 -75 46 
MQXFB02 -45 142 -63 56 
MQXFB03 -87 128 -81 48 
MQXFB04 -92 154 -91 54 
MQXFB05 -64 145 -94 53 
MQXFB06 -86 145 -89 52 

 
Fig. 6. MQXFB magnet dashboard. 

 
 

 

 
Fig. 7. MQXFB03 quench history. If not specified, current is ramped at the 

nominal rate of 20 A/s. Labels indicate quench location (pole and longitudi-
nal position, SS: straight section, NCS: nonconnection side, CS: connection 

side).  

 
Fig. 8. MQXFB04 quench history. If not specified, current is ramped at the 

nominal rate of 20 A/s. Labels indicate quench location (pole and longitudi-
nal position, SS: straight section, NCS: nonconnection side, CS: connection 

side).  
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cept for the first quench, only the coils in quadrant 1 and 3 

quenched, consistent with the findings in MQXFA that coils 

that c   s wh ch w r  subj ct d t  “ v rcurr nt” du  t  the 

Coupling Loss Induced Quench (CLIQ) [31] protection system 

did not train [32]. Successive ramps at 1.9 K at the nominal 

ramp rate (20 A/s) did not provoke a quench up to the target 

current. The magnet also reached target current at 4.5 K and 

ramp rates up to 100 A/s, showing a significant improvement 

with respect to previous magnets, which all showed perfor-

mance limitation and ramp rate sensitivity. Voltage-current 

(VI) cycles did not show a voltage buildup in the coils, within 

the measurement system precision. The magnet reached target 

current after thermal cycle without quench, showing excellent 

memory.  

MQXFB04 reached the target current of 16.53 kA after 

three training at 1.9 K (see Figure 8). The training pattern was 

similar to that of MQXFB03, with quenches occurring near 

the coil ends in the first and third quadrants. Following the 

training at 1.9 K, the magnet successfully maintained the tar-

get current for 5 minutes and the nominal current for 1 hour at 

1.9 K. It also reached the nominal current at higher ramp rates 

of 50 and 75 A/s at 1.9 K. At 4.5 K, the magnet experienced 

four quenches close to the target current. These quenches, 

which are localized in the coil head, were considered as train-

ing quenches. Subsequently, the magnet was able to sustain 

the nominal current for 1 hour and to achieve nominal current 

with a ramp rate of 100 A/s without quenching. After a ther-

mal cycle, the magnet reached the target current at 1.9 K after 

one training quench and at 4.5 K with no additional training 

quench. At the end of the test campaign, the magnet was able 

to maintain the nominal current for 8 hours at 1.9 K. Two 

voltage-current (VI) cycles [33] were performed to detect any 

indications of superconductor limitations when approaching 

the critical surface, showing no measurable resistive transition 

in the conductor. Additionally, several ramps were conducted 

to measure the field, with the magnet operating for a total of 

28 hours operating at nominal current or above. 

Two more cryo-assemblies containing the previously tested 

magnets MQXBP2 and MQXFBP3 were evaluated in the past 

twelve months. In both cases, the power performance of the 

magnets was consistent with previous tests, in particular with 

a good repeatability in the level of performance limitation, 

with no degradation. This demonstrates that full disassembly 

and reassembly of the cold mass do not impact magnet per-

formance. MQXFBP3 successfully sustained the current of 

16.23 kA for 8 hours at 1.9 K, while for MQXFBP2, the 8-

hour holding current test was conducted at 15.8 kA to avoid a 

natural quench due to conductor limitations. Figures 11 and 12 

illustrate the powering history, including only the ramps at the 

nominal ramp rate of 20 A/s. Higher ramp rate tests were also 

systematically conducted. Figure 11 summarizes the maxi-

mum current reached at 4.5 K as a function of the ramp rate 

for all the magnets tested so far. MQXFB03 and MQXFB04 

did not quench up to the maximum current tested at 100 A/s, 

whereas MQXFBP2 was limited to 13.9 kA at 100 A/s and 

MQXFBP3 at 16 kA at 75 A/s. 

B. Endurance 

An endurance campaign was performed on MQXFB02, in-

cluding 4 cool downs from room temperature to cryogenic 

temperature, 36 quenches at nominal current or above, and 

more than 500 current cycles up to nominal current or above. 

The magnet performance appears repeatable, including the 

limitation at 4.5 K, confirming that the cycling did not result 

in performance degradation. None of the MQXFB magnets 

tested to date have shown any degradation in performance fol-

lowing thermal or current cycling. All magnets successfully 

operated at the maximum achieved current without experienc-

 
Fig. 9. MQXFBP2 quench history, assembled first in a temporary cold mass 

and then in a Q2 final cold mass. Only ramps at 20 A/s, all quenches were in 

the straight section of pole 1.  

 
Fig. 10. MQXFBP3 quench history, assembled first in a temporary cold mass 
and then in a Q2 final cold mass. Only ramps at 20 A/s, all quenches except 

the first one were in the straight section of pole 4.  

 

 
Fig. 11. Ramp rate studies at 4.5 K in MQXFB magnets. Empty markers in-

dicate that the current is reached without a quench 
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ing flattop quenches. Table III summarizes, for each magnet, 

the number of thermal and current cycles, the number of 

quenches at currents above the nominal level, and the total op-

erating hours at or above the nominal current. 

C. Magnetic Measurements 

Specific instruments, together with a comprehensive strate-

gy, have been developed for the magnetic measurements both 

at ambient and cryogenic temperatures [34]. The results of the 

magnetic characterization of eight magnets show that the 

transfer function, defined as the ratio between the integrated 

gradient and the current, is reproducible from magnet to mag-

net within 20 units of 10−4, as summarized in Table IV. The 

field quality, after magnetic shimming, is under control and all 

multipoles are well within the required range of variation, as 

shown in Fig. 6. 

D. Electrical Integrity 

 

Electrical integrity is important for machine operation. Two 

critical non-conformities were recently identified during cold 

powering test. The first issue, located in the Q2 cryo-assembly 

containing the MQXFBP2 magnet, was a short circuit between 

the main circuit and ground at the level of the cold mass end-

covers. This fault was repaired without disassembling the cry-

ostated cold mass, as removing the cold bore was sufficient to 

address the damage. The assembly was subsequently retested 

to validate the repair, and the design was modified to prevent 

similar issues in the future.   

The second non-conformity was an electrical weakness be-

tween the heater and the coil. Coil-to-heater high-voltage tests 

are conducted in air at 300 K after fabrication, in liquid helium 

(He) at 1.9 K, and again at 300 K after He exposure. In 2019, 

an additional conservative test at 100 K in 1.3 bar He gas was 

introduced to ensure margin after training and thermal cycling, 

applying 850 V [35]. One of the heaters in MQXFBP3 failed 

this test. Consequently, the heater was disconnected, and the 

assembly will be used as is for the HL-LHC string, as the pro-

tection system provides sufficient redundancy to operate with 

up to two quench heater circuit missing. The test procedure 

was modified to limit the risk of damage in future magnets, 

keeping the same test voltage and conditions (850 V, 100 ± 

20 K and 1.3 ± 0.2 bar). 

IV. CONCLUSIONS 

MQXFB program has made significant progress in the de-

velopment of Nb3Sn superconducting quadrupole magnets for 

the High Luminosity LHC. The successful resolution of key 

technical challenges, particularly in coil fabrication and scal-

ing up the technology to produce 7.2-meter-long accelerator-

quality magnets, marks a significant milestone. The program 

has now advanced into the series production phase. The con-

sistent performance of the most recent magnets, MQXFB03 

and MQXFB04, particularly their ability to operate at the 

nominal current at both 1.9 K and 4.5 K, demonstrates the ef-

fectiveness of the modifications introduced. As the program 

continues, the focus will remain on maintaining the high quali-

ty of production and ensuring that the remaining magnets meet 

the HL-LHC's rigorous operational standards paving the way 

for enhanced performance in future collider operations. 

ACKNOWLEDGMENTS 

The authors wish to thank the CERN TE-MSC technical 

staff for the construction and cold powering tests of the mag-

nets and for the strong and continuous support of the CERN 

TE and HL-LHC project managements.  

TABLE III. SUMMARY ON THE NUMBER OF CYCLES, QUENCHES AND HOURS 

OPERATING AT OR ABOVE NOMINAL CURRENT IN MQXFB MAGNETS.  

 # Thermal 
 Cycles 

# Cycles 
 t  I ≥ Inom 

# Quenches 
 at I ≥ Inom 

Hours 
at ≥ Inom 

BP1 2 0 0 0 
BP2 5 17 7 14 
BP3 4 70 10 44 
B02 4 508 36 38 
B03 3 50 18 24 
B04 2 44 7 28 

Total 20 1378 156 298 

 

 
 

TABLE IV. TRANSFER FUNCTION MEASURED IN MQXFB MAGNETS  

 Transfer function (T kA−1) 

 300 K 1.9 K at Inom 

MQXFBP1 63.394 58.562 
MQXFBP2 63.359 58.708 
MQXFBP3 63.328 58.616 
MQXFB02 63.407 58.649 
MQXFB03 63.458 58.571 
MQXFB04 63.426 58.654 
MQXFB05 63.434 – 
MQXFB06 63.396 – 

Average 64.000 58.627 
Range (units) 20 25 

 
Fig. 6. multipoles measured on the prototypes and first series MQXFB 

quadrupoles. The solid lines show the expected range of random variation 

computed from random movements of 30 𝜇m of the conductor 

blocks in the coils. The reference radius is 50 mm.  
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