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Abstract—The development of Nb3Sn quadrupole magnets for 
the High-Luminosity LHC upgrade is a joint venture between the 
US LHC Accelerator Research Program (LARP)* and CERN with 
the goal of fabricating large aperture quadrupoles for the LHC in-
teraction regions (IR). The inner triplet (low-β) NbTi quadrupoles 
in the IR will be replaced by the stronger Nb3Sn magnets boosting 
the LHC program of having 10-fold increase in integrated luminos-
ity after the foreseen upgrades. Previously LARP conducted suc-
cessful tests of short and long models with up to 120 mm aperture. 
The first short 150 mm aperture quadrupole model MQXFS1 was 
assembled with coils fabricated by both CERN and LARP. The 
magnet demonstrated strong performance at the Fermilab’s verti-
cal magnet test facility reaching the LHC operating limits. This 
paper reports the latest results from MQXFS1 tests with changed 
pre-stress levels. The overall magnet performance, including 
quench training and memory, ramp rate and temperature depend-
ence, is also summarized. 

* The US contributions to the HL-LHC upgrade will be under
the US HL-LHC Accelerator Upgrade Project (US HL-LHC AUP)

Index Terms—High Luminosity Large Hadron Collider (LHC), 
interaction regions, low-β quadrupoles, Nb3Sn magnets  

I. INTRODUCTION

NE of the main goals of the approved LHC upgrade, HL-
LHC [1], is to allow significant increase of the integrated 
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luminosity, 10-fold, over a period of 10 years. To achieve it a 
corresponding 5-fold increase of the instantaneous luminosity 
is planned based in part on replacing focusing magnets with 
shorter and stronger ones. Thus, requirements set for the HL-
LHC include the fabrication of Inner Triplet quadrupole mag-
nets with aperture of 150 mm and nominal operating field gra-
dient of 132.6 T/m [2]. To develop those magnets CERN and 
LARP joined efforts, fabricating and evaluating short, 1.2 m 
magnetic length models. Prototypes with 4.2 m magnetic 
length are being pursued by LARP as a next step [3]. 
    The first short model of this type, MQXFS1a, was tested at 
the Fermilab’s Vertical Magnet Test Facility in early 2016 and 
reached the operational (16480 A) and ultimate (17890 A) cur-
rents [4]. Nevertheless, potentially damaging for the coil(s) 
“un-loading” led to shortening of the test program and conse-
quent increase of magnet pre-stress levels. After the first test 
cycle the azimuthal pre-stress was increased by 35% and the 
magnet retested as MQXFS1b. A third test cycle, MQXFS1c, 
was performed where the longitudinal pre-stress was also in-
creased by 65%. This paper reports new performance results 
from the three tests cycles and summarizes the performance of 
the MQXFS1 magnet.   

II. MAGNET DESIGN AND INSTRUMENTATION

MQXFS1 is a cos-2θ design model with large 150 mm ap-
erture and short coils. Two of the coils were fabricated by 
BNL, FNAL and LBNL as part of LARP (coil 3 and 5) and 
the remaining two by CERN (coils 103 and 104). LARP and 
CERN coils used RRP 108/127 and RRP132/169 strand archi-
tectures, respectively. The magnet structure was encompassed 
by aluminum shells and aluminum rods were connected to end 
plates defining the pre- stress levels of the quadrupole. More 
detailed description of the design and parameters of MQXFS1 
can be found in [4][5].  

For convenience, Short Sample Limits (SSL) for each coil 
are given in Table 1. 

To monitor the stress evolution, both during pre-loading 
operations and during powering tests, strain gauges were 
mounted in different parts of the magnet providing stress in-
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formation in azimuthal and axial directions on coil-poles, 
shells and rods (axial only). Voltage tap signals were read-out 
defining segments inside coils per the schematics on Fig. 1a. 

A quench antenna [6] with eight-plane stack of electro-
magnetic sensor couples was inserted in the warm bore for 
improved quench location determination, Fig.  1b. Voltage tap 
and quench antenna signals were both used in quench charac-
terization and analysis. 
 

III. MQXFS1 COMBINED TEST RESULTS 
MQXFS1 went through three testing cycles with different 

pre-stress levels – in February-April 2016 (MQXFS1a), Sep-
tember-December 2016 (MQXFS1b) and May-July 2017 
(MQXFS1c). The main goals of the tests included training and 
examination of its characteristics, magnetic measurements (see 
[7]) and magnet protection studies (see [8]). 

A. Magnet stress monitoring 
The main reason for performing several test cycles with 

MQXFS1 is visualized on Fig.2 where potentially harmful coil 
“un-loading”, separation of the coil from the pole, was ob-

served too early in current ramps. As seen, in the first test cy-
cle it was at ~15 kA. To correct that, the azimuthal pre-stress 
was increased for the second test cycle. The axial pre-stress 
was increased for the third test cycle because of multiple train-
ing quenches in the end sections of the magnet suggested in-
adequate axial stress balance. The stress was monitored with a 
“LARP” and a “CERN” type strain gauge systems in parallel 
allowing a close cross-validation. The two systems were in-
trinsically different: from strain gauge manufacturers and 
gauge material dependence, through gauge configurations, 
current source characteristics, DAQ systems, teams involved; 
overall different technologies and techniques. Measurements 
from both were later compared to a 3D finite element analysis 
(FEA) estimates for the magnet and were used in mechanical 
validation and monitoring during the tests. Detailed mechani-
cal analysis of the support structure and from the first 
MQXFS1 test were reported earlier in [9]. 
   Whereas Fig. 2 is about stress dynamics during magnet 
powering, Fig. 3 gives the azimuthal stress behavior on the 
shell following different steps in MQXFS1b, assembly and 
test. Data are compared to FEA estimates. Similarly, strain 

TABLE I 
SHORT SAMPLE LIMITS AND CORRESPONDING GRADIENTS 

Coil number SSL at 4.3/1.9 K 
(kA) 

Gradient at 4.3/1.9 K  
              (T/m) 

 
Gradient at 1.9 K (T/m)  

 

Coil 3    20.12/22.28          159.2/174.6  1 Mx  108 Wb = 108 V·s  
Coil 5    19.73/21.85          156.4/171.5   
Coil 103    19.55/21.50          155.2/169.1   
Coil 104    19.78/21.78 

 
         156.8/171.0    

MAGNET    19.55/21.50          155.2/169.1    
  

    The magnet SSL is the same as the lowest SSL found in coils. 

a) 

 
b) 

 
 
Fig. 1.(a) Voltage tap locations in the inner (left) and outer (right) coil lay-
ers; (b) Quench antenna with variable distance between sensor elements to 
insert in the warm bore 
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Fig. 2. Azimuthal strain (“T”) measured by a gauge attached to the inner layer 
of coil 5. It is representative of dynamics in coils during ramp up operations. 
Quenches toward the “end” of training are shown (number indicated after “Q” 
in the legend). The peaks in the curves indicate “un-loading”. As seen, in the 
first test cycle it was at ~15 kA, and in MQXFS1 -b and -c it shifted to ~17 
kA. Operational and ultimate current levels are shown with dotted lines. 
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Fig. 3. Azimuthal strain on the shell in MQXFS1b in various phases. 
Comparisons between “LARP” and “CERN” readings on one hand and FEA  
calculations on the other indicate acceptable level of understanding. 
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gauge data from other gauges were monitored in all test cycles 
of MQXFS1 with acceptable level of consistency between 
model expectations and observations. The few percent devia-
tion is thought to be due to k-factor (temperature) corrections, 
influence of lead resistances in the signal wires and thermo-
couple effects. Overall the two independent stain gauge sys-
tems gave consistent results which were largely in agreement 
with calculations.  More general mechanical analysis for short 
QXF magnets is found in [10]. 
 

B. Magnet Training 
In all tests quench training was performed at 1.9 K with 

several “control” quenches at 4.5 K to assess the quench cur-
rent temperature margin. Fig. 4 presents the training summary 
of MQXFS1. In all cycles the magnet reached operational 
(IOP) and ultimate (IULT) current levels. IULT is the ultimate cur-
rent that these magnets may reach in LHC if it will operate 
above nominal energy (7 TeV), and it provides 8% margin 
above nominal gradient.      

MQXFS1a showed comparatively quick training with mul-
tiple quenches in all the coils. The magnet was not fully 
trained and saw no significant detraining quenches. 
MQXFS1b in contrast continued with somewhat slower train-
ing with several detraining quenches observed, all in a loca-
tion likely close to the transition between the end-part and the 
wedge in the inner layer lead-end of coil 3 – a “weak spot” 
(detailed analysis in [11]). Despite the increased azimuthal 
pre-load the magnet demonstrated good memory starting re-
training just below the last quench current from the previous 
cycle. This confirmed the conclusions from the earlier 
memory test in MQXFS1a with a thermal cycle. MQXFS1c 
instead saw over 2 kA drop at the start of re-training and con-
tinued with slow training and detraining quenches with most 
of the quenches in the suspected “weak spot” in coil 3, simi-
larly to MQXFS1b. As can be seen in Fig. 5, a detraining 
quench of large magnitude occurred in coil 104 as well sug-
gesting the effect was not localized. The cause detraining 
could be in the axial un-loading (loss of coil pre-stress) before 
increasing the axial prestress. It should be noted that there was 
no “un-loading” when the azimuthal prestress was increased 
for MQXFS1b. In addition, the axial prestress may have been 
increased too much for a magnet that already developed some 
weak spots in the previous test. Overall the magnet performed 
well reaching 95.8% of the magnet SSL at 4.5 K and 88.4% of 
the magnet SSL at 1.9 K. 

A different perspective of the same training data is present-
ed on Fig. 5 – coil training. Quench numbers are arranged per 
their occurrence in each coil separately. CERN coils behaved 
somewhat similarly to the LARP coil #2 tested in a mirror 
configuration [12] with a steady though not constant training 
rate. They never reached a plateau. “LARP” coils demonstrat-
ed very fast initial training but the curve flattened with multi-
ple detraining quenches. The stability of quench current at 4.5 
K, over two test cycles with otherwise erratic training behav-
ior, implies cable degradation at the level of 5-6%. The analy-

sis of training quench locations revealed that coil 3 and 5 may 
have the same “weak spot” and large amount of quench data 
with repeatable matching characteristics from coil 3 supports 
the idea of such a ”weak spot”. “CERN” and “LARP” coils 
were developed and fabricated independently [13] and differ-
ences in wedge material (“softness” and thermal expansion) 
are candidates to explain some performance differences be-
tween the two types of coils.   

C. Ramp Rate Dependence 
Fig. 6 presents the ramp rate dependence of the quench cur-

rent in MQXFS1. This dependence was very weak for ramp 
rates up to 300-350 A/s after which there was a sharp decline 
of the quench current. There was not such a clear border re-
gion in the mirror-magnet test due to different closure of mag-
netic flux lines, in particular in the mid-plane area. The 
quenches at the ramp rate plateau were similar in characteris-
tics to the training quenches. Beyond that point all quenches 
developed in the mid-plane area, exclusively in coil 5 in the 
last two cycles. This behavior did not change with different 
pre-stress levels nor pointed to indications of cable degrada-
tion after multiple magnet tests with extended programs. 
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Fig. 4. Quench training current histories from the three test cycles performed 
with MQXFS1. IOP and IULT are represented as dashed lines. The few 4.5 K 
quenches explicitly are shown on the plot with filled markers 
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Fig. 5. Coil training in MQXFS1 (test cycles indicated after the coil numbers) 
and MQXFM1 (the mirror magnet, “m”, with coil #2). The current depend-
ence is normalized to the temperature dependent SSL of each coil; no quench 
occurred in coil 103 in the last test cycle; all 4.5 K quenches done are clearly 
visible at a level of ~ 95% of SSL.  
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D. RRR and training 
Higher RRR, within given limits, is associated with better 

conductor stability [14]. We investigated the relation between 
the first quench current in a coil and the measured RRR and 
observed an unexpected (negative) correlation, Fig. 7. Similar 
observations were reported for other magnet series in [15] as 
well. Although the correlation observed cannot lead to direct 
conclusions it is a factor to consider and further explore. A 
more general observation that low RRR coils in MQXFS1 per-
formed better is of lesser importance as it seems apparent oth-
er magnet-specific factors contributed to that. 

E. Holding current tests 
The magnet was ramped to ultimate current (17890 A) and 

the current held for two hours in MQXFS1b. In MQXFS1c 
there was no explicit holding current test but during magnetic 
measurements the current was at flat top of 16480 A for up to 
two hours. Those tests demonstrated the capability of the 
magnet for stable operation. The magnet operated at high cur-
rent for eight hours during tests in MQXFS1a [4].  

F. Splice resistance measurements 
Splice resistance measurements were performed in all the 

test cycles with consistent results. Although for all Nb3Sn-
NbTi splices in the magnet Tin-Silver soldiering material was 
used, the splice tooling for “LARP” coils (3 and 5) did not al-
low for optimal heat-flow. This affected the splice quality 
leading to the expectation of higher resistance for “LARP” 
splices. Fig. 8 presents the measurement results. The splice re-
sistances were safely below an acceptable value of 1 nΩ but 
“CERN” splices had consistently lower resistance.  

IV. CONCLUSION 
The first short model large aperture Nb3Sn quadrupole 

MQXFS1 underwent three successful test cycles. Despite 
changes to pre-stress levels after the first cycle the magnet did 
not train faster and instead showed some detraining behavior 
associated almost exclusively with a single quench location in 
one of the coils. Nevertheless, the magnet reached 88.4% of 
SSL at 1.9 K and 95.8% of SSL at 4.5 K. In all cycles LHC 
operational and ultimate current targets were met.  The magnet 
exhibited stable operation at currents up to the ultimate level 
(17890 A) for extended periods of time. The magnet demon-
strated good training memory though temporal prestress re-
lease before the third cycle was the likely cause of some initial 
detraining. No changes in quench current ramp rate depend-
ence was observed between test cycles at high ramp rates.  

RRR measurements showed (negative) correlation with the 
first quench current in coils. Splice resistances in MQXFS1 
were well below acceptable limits. 
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Fig. 6. Quench current ramp rate dependence in MQXFS1 and MQXFM1. It 
should be noted that only MQXFM1 was fully trained when quenches at dif-
ferent ramp rates were performed. 
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Fig. 8. Splice resistance measurements in MQXFS1. Resistance is extracted 
as the slope of the measured V-A dependence as given on the plot, instrumen-
tal offsets are irrelevant in the context. “LARP” and “CERN” splices corre-
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