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Abstract—As part of the LHC Accelerator Research Program 
(LARP) to build a high performance quadrupole magnet with 
Nb3Sn conductor, a pair of 3.6 m-long Nb3Sn racetrack coils 
has been made at Brookhaven National Laboratory (BNL) and 
installed in two shell-type support structures built by Lawrence 
Berkeley National Laboratory (LBL). These magnet assemblies 
have been tested at 4.5 K at BNL to gauge the effect of extended 
length and prestress on the mechanical performance of the long 
structure compared to earlier short models. This paper presents 
the results of quench testing and compares the overall performance 
of the two versions of the support structure. We also summarize 
the shell strain measurements and discuss the variation of quench 
current with ramp rate. 

Index Terms—LARP, Nb3 Sn, racetrack, superconducting mag
nets. 

I. INTRODUCTION 

T HE first long racetrack coils wound with NbaSn cable 
have been manufactured and tested at Brookhaven Na

tional Laboratory (BNL). This work is part of a US LHC Ac
celerator Research Program (LARP) project to ultimately build 
long, high gradient, cos #-type quadrupole magnets with NbsSn 
for a future luminosity upgrade of the LHC. The advantage of 
using NbsSn, with its increased critical current, field, and tem
perature, over the presently used NbTi, is well known; but the 
ability to wind, react, and support long models of such mag
nets had not been demonstrated. A series of short (0.3 m long) 
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subscale magnets (SM Program) has been successfully built and 
tested by Lawrence Berkeley National Laboratory (LBL) [1 ]. A 
short SM-type racetrack magnet SRS01 has also been built and 
successfully tested at BNL in order to transfer the LBL tech
nology before building the long models at BNL [2], [3]. The mo
tivation for building and testing long racetrack-style magnets is 
to demonstrate that long NbaSn coils, significantly longer than 
the SM series, could be manufactured and operated. In addition, 
it is important to verify that the shell-based support structure 
used in the shorter models could also be up-scaled from the short 
models to the longer versions without adverse length-depen
dent effects during cooldown and operation. With these goals 
in mind, two versions of the long racetrack magnet have been 
tested at BNL using coils fabricated at BNL and support struc
tures supplied by LBL. The first magnet, called LRS01, had a 
full-length, one piece support shell and it demonstrated a nom
inal quench plateau of 9596 A, with a maximum quench cur
rent of 9663 A, 91% of the calculated short sample prediction 
Iss = 10600 A, and corresponding to a peak coil field of 11 T 
[4], [5]. This compared favorably with SRS01 reaching 96% Iss. 
Due to high axial stresses, asymmetrical and variable azimuthal 
stresses, and shell slippage measured in LRS01, a second ver
sion with a segmented shell has been built and tested. This paper 
reports on the quench performance and strain test results for the 
second magnet, called LRS02, with comparisons to the LRS01 
results. 

II. MAGNET DESCRIPTION 

A cross section of the LRS01 and LRS02 magnets is shown 
in Fig. 1, which depicts the coil subassembly and the compo
nents of the shell-based support structure. Both magnets used 
the same pair of 3.6 m long double layer NbaSn racetrack coils 
in a common coil configuration [6], and kept the same char
acteristics as the short model SRS01 as much as possible, but 
were longer in length. There were 21 turns per layer with the 
layer transition between the innermost (pole) turns. Each coil 
was wound continuously around a segmented iron island, en
closed in stainless steel side rails and end shoes, and reacted 
individually in special fixtures in an argon atmosphere oven 
NbTi leads were then soldered to the reacted coils and each coil 
was vacuum impregnated with epoxy. The coil sets were then 
clamped together with a minimal gap by two bolted iron pads to 
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Fig. 1. LRS cross-section (left) and end design (right). 

form the coil subassembly, which was then inserted into the sup
port structure, consisting of a laminated iron yoke and 12.7 mm 
thick aluminum shell with 305 mm outer diameter. Gaps be
tween the pads and yoke allowed the insertion of stainless steel 
high pressure bladders, which could be pressurized with water 
to increase separation between pad and yoke so that iron inter
ference keys and shims could be inserted for preloading the coils 
to the target pre-stresses determined by 3D model computations 
and data from the short magnet program [5]. Details of the sup
port structure assembly and loading process have been discussed 
elsewhere [5]. A more detailed description of the coil fabrica
tion, along with cable and strand characteristics, can be found 
in [4]. 

III. MAGNET INSTRUMENTATION 

All magnet instrumentation was made from 0.0254 mm thick 
Type 304 stainless steel foil, bonded onto a 0.0254 mm thick 
Kapton substrate, and formed into the desired configuration 
by an etching process to create quench protection heaters, spot 
heaters, voltage taps, and their connections to the outside, all 
of which share the limited surface area of the Kapton strip. 
The quench protection heaters in particular were shaped to 
provide energy deposition to all turns of all coil surfaces. This 
composite strip is known as a flexible circuit, or instrumentation 
trace. Details of the quench protection heater design and the 
flexible circuit configuration and its successful performance in 
LRS01 have been described elsewhere [4], [7], [8]. For each 
of the inner layers, there were three voltage taps on turn 12, 
where the local field is maximum, for quench propagation 
studies. Voltage taps were also placed on turns 1 (innermost), 
10, 15, and 20. However, the outer layers had taps only on turns 
1 and 20. The splices to the leads and the splice between the 
upper and lower coils were instrumented with taps, as were the 
transition ramps between layers. Taps were also placed on the 
superconducting leads and gas-cooled copper leads in order to 
monitor their voltages during testing. 

An analysis of the mechanical behavior of the support struc
ture, performed with a 3D finite element model, showed that the 
contact friction with the iron laminations prevents the aluminum 
shell from shrinking longitudinally during cooldown, thus gen
erating an increasing tensional strain in the shell from the ends 

towards the center of the magnet [5]. In order to check the nu
merical predictions, half bridge strain gauges were mounted in 
6 stations on each side of the LRS01 shell along the mid plane. 
Each station included two active gauges, one at axial orientation 
and one at azimuthal orientation, for a total of 24 active gauges. 
Each active gauge had an associated "floating" gauge for tem
perature compensation. The gauges in stations 1 and 2 were used 
to monitor end effects, whereas the ones in stations 3-6 mea
sured strain variations in the central part of the magnet. Data 
taken during cool-down confirmed the high tensional strain pre
dicted by the computations [5]. However, when the magnet was 
ramped to 6000 A for the first time, the shell suddenly slipped 
axially with respect to the yoke. This was evidenced in the data 
by a sudden drop in axial tension. The slippage did not induce 
any quench in the coil. In addition, significant left-right asym
metries and longitudinal variation in the azimuthal strain were 
observed. In order to reduce the axial strain, improve azimuthal 
strain uniformity, and demonstrate scalability to longer lengths, 
it was proposed to segment the shell in 4 sections 0.9 m long 
and retest the magnet as LRS02. 

After the test of LRS01, the magnet was completely disas
sembled, and the shell segmented and re-instrumented. The 
shell was again instrumented with half-bridge strain gauges 
placed on the right side and left side of the magnet mid-plane. 
The gauges measured the azimuthal and axial strain at 5 stations 
longitudinally along the shell on each side for a total of 20 
active gauges: station 1 was near the lead end and stations 2-5 
were at the center of each shell segment. As we will show in the 
results section, stress/strain uniformity along the length of the 
structure was significantly improved through the segmentation 
of the shell, thus resulting in a better mechanical stability. 

IV. EXPERIMENTAL PROCEDURES 

LRS02 was tested at the BNL Magnet Division Vertical Test 
Facility in a 6 m-deep test dewar with a liquid helium bath at 
an average helium vapor pressure of 1.321 atm, corresponding 
to a temperature of 4.523 K. Temperatures during testing ac
tually fluctuated from 4.454 K to 4.607 K, as dewar pressure 
was varied to provide adequate lead cooling flow. Quench tests 
were performed by ramping the magnet at a specified ramp rate 
until a quench occurred spontaneously. The standard ramp rate 
was 20 A/s, but the ramp rate was varied during some tests to 
measure the effect of eddy current heating. For every ramp, a 
stop was made at 6000 A to change the quench detector (QD) 
threshold from 3.6 V to a lower voltage, typically 1.6 V, so 
as to decrease the time delay between quench start and detec
tion so as to lower the total amount of energy deposited by 
the quench, as given by the quench integral J [I2dt] in units of 
106 A2s (MIITS). The higher threshold before 6000 A was nec
essary to minimize false QD trips due to the frequent flux jump 
spikes which occurred during ramps prior to quenches. Such 
spikes never resulted in a spontaneous quench, but the QD trip 
caused the quench protection heaters to fire, thus quenching the 
magnet and resulting in delays needed for cryogenic recovery. 
For ramps slower than 20 A/s, the rate was 20 A/s until 9000 A, 
where a stop was made to change to the lower rate. Strain was 
measured throughout cooldown, testing, and warmup (by taking 
reads with the strain gauges described above) automatically in 
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Fig. 2. LRS01 and LRS02 quench history. 

the background with control software at intervals of 110 min

utes, and also at more frequent intervals of 5 s during magnet 
excitation ramps and specific strain measurement runs. 

V EXPERIMENTAL RESULTS 

A. Spontaneous Quench Tests 
Fig. 2 provides a plot showing all 27 quenches in LRS02 with 

ramp rates specified. The first 18 quenches of LRS01 (all at 
20 A/s) are also included in order to compare the relative per

formance between the two versions of support structure. As can 
be seen, there was some training in LRS02 at 20 A/s before 
it reached a nominal "plateau" of average 9852 A (93% Iss), 
but the quench currents varied over a range of 90 A, 0.9% of 
the average. This contrasts with LRS01, which at 20 A/s had 
an average "plateau" of 9596 A (90% Iss) and variation of 161 
A, 1.7% of average. (The "plateau" averages given are for the 
20 A/s quench tests and do not include training quenches or the 
low outer layer quench in LRS01 that can be seen in the plot.) 
The highest quench current achieved in LRS02 was 10154 A 
(96% Igs) at 5 A/s, with a computed peak field of 11.50 T. For 
LRS01, highest reached was 9663 A (91% Iss), at 10 A/s. It 
should be noted that for LRS01, there were no measurable dif

ferences of the quench currents among ramp rates of 20 A/s and 
slower. For LRS02, lower ramp rates resulted in higher quench 
currents but there was still variation in quench current at each 
ramp rate. The most variation in quench current for LRS02 was 
at the 50 A/s "plateau", where the average of the three quenches 
at that ramp rate was 8607 A and the range was 509 A, 5.9% of 
the average. LRS01 at 50 A/s exhibited an average of 8717 A 
with a range of 247 A, 2.8% of average. 

This behavior implies the presence of mechanical motion as 
the cause of the quenches. Even though there is clear ramp rate 
dependence in LRS02, continued quench current variation oc

curs after training at lower ramp rates due to motion generated 
by the higher Lorentz forces at the higher currents possible with 
the reduced eddy current heating at the lower ramp rates. There 
was no correlation between quench current and test temperature 
variation. 

For most quenches in LRS02, the quench started simultane

ously in different regions of the magnet, typically in the turn 10 

10600 
10400 
10200 
10000 
9800 
9600 
9400 
9200 
9000 
8800 
8600 
8400 
8200 

y » -0.23xT- 17.48X ♦ 10304 

O 8 " §. 

■ - $ " 

-*;-

OLRSO2]-

_ea.Rsoi_| 

10 20 30 40 50 
R a m p Rate (A/s) 

60 

Fig. 3. Quench current vs. ramp rate from 10 A/s to 50 A/s with quadratic fit. 

left straight sections and also independently somewhere in turns 
1215. These are regions of high local field. There were a few 
quenches in the innermost turn and close to the outer turn, areas 
of lower local field, but these were also accompanied by inde

pendent quenching in other parts of the coil. Interestingly, the 
highest quench of 10154 A at 5 A/s was in an innermost turn, 
an area of relatively low local field. LRS01 quenches had mostly 
originated in multiple regions of high local field but there was 
an outer layer quench in an outermost turn, and there was more 
variability of locations, with a greater percentage of low field re

gion quenches. In LRS01, 48% of quenches after training were 
in high field regions. In LRS02, 74% were in high field regions. 

As seen in the above results, greater mechanical stability is 
evident in the performance of LRS02 with the segmented sup

port shell compared to that for LRS01 with the original one 
piece shell. Nominal plateaus were higher in LRS02 and the 
maximum quench current increased by 5%. Lower ramp rates 
resulted in better quench performance due to less eddy current 
heating, an effect that was not measurable in LRS01 due to its 
lower quench performance. Most quench origins were located 
in high field regions in LRS02, but varied much more in LRS01 
between high and low field regions. 

The highest MIITS value generated was 3.3, corresponding 
to a hot spot temperature of 160 K, and was from the highest 
current quench in an innermost (pole) turn. Most quenches gen

erated less than 3 MIITS. As with the previous test of LRS01, 
the quench protection system of energy extraction and quench 
protection heaters was able to provide a comfortable margin to 
the 5 MIITS (300 K) limit of safety [4]. 

B. Ramp Rate Study 
In order to measure the effects of eddy current heating on 

quench performance, the magnet was ramped at different rates, 
as shown in Fig. 3. Since there was variation in quench currents 
for all ramp rates, the highest current reached for each of the 
ramp rates of 10, 20, 35, and 50 A/s was plotted as a function 
of ramp rate, and different fitting curves were used to extrapo

late to zero ramp rate, corresponding to no eddy current heating. 
Linearity of quench current with ramp rate has been observed at 
the lower ramp rates in previous superconducting magnet testing 
[9], and a linear fit of the lower ramp rates shows that the extrap

olated current is about 10400 A (98% Iss) [10], while a quadratic 
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Fig. 7. LRS02 measured azimuthal shell microstrain vs. time during cooldown 
and test (gauges STRl and STL4 appear to be damaged). 

fit including the 50 A/s data (Fig. 3) give an extrapolated current 
of 10300 A (97% Iss). 

C. Strain Gauge Measurements: LRSOl vs. LRS02 

The evolutions of the shell axial strain during cooldown 
and excitation in LRSOl and LRS02 are shown respectively 
in Figs. 4 and 5. Only the central stations, where the axial 
tension is expected to reach its maximum value, are considered 
(i.e., stations 3 to 6 for LRSOl and stations 2 to 5 for LRS02). 
During the cooldown of LRSOl, the contact friction with the 
iron laminations prevented the aluminum shell from shrinking 
longitudinally. As a result, the average axial strain in the central 
part of the shell increased from +44±110 microstrain(l xrms) 
to +1820 ± 175 microstrain. When the magnet was ramped 
to 6000 A for the first scheduled quenchheater test, the shell 
suddenly slipped axially with respect to the yoke. This was 
evidenced in the data by a sudden drop in axial strain down 
to 17 ± 314 microstrain. In LRS02, the segmentation 

of the shell reduced the average strain after cooldown to 
+498 ± 219 microstrain. Similarly to LRSOl, a slippage of 
the shell was also recorded in LRS02. Nevertheless, in LRS02 
it occurred before the beginning of the first ramp and with the 
magnet uniformly at a temperature of 4.5 K. Moreover, the 
resultant drop in axial strain was significantly smaller. 

The evolutions of the shell azimuthal strain during cooldown 
and excitation in LRSOl and LRS02 are plotted respectively in 
Figs. 6 and 7. All the stations are considered. During the cool

down of LRSOl, the average shell azimuthal strain increased 
from +461 ± 202 microstrain to +1666 ± 413 microstrain. 
In LRS02, the average shell azimuthal strain increased from 
+432 ± 86 microstrain to +1719 ± 87 microstrain, showing 
that an improvement of the azimuthal strain uniformity along 
the length has been obtained through the segmentation of the 
shell. The strain measurements also showed that, during exci

tation to 10 kA, the electromagnetic forces induced an increase 
of tensional strain of about 35 microstrain in the shell azimuthal 
strain [10]. 



VI. CONCLUSIONS 

The results presented in this report have led to the following 
important conclusions: 

1) Magnets made with racetrack-type NbsSn coils and 
shell-based support structures can be manufactured and 
perform successfully when extended in length from the 
short models. 

2) The segmented shell approach results in improved stress 
distribution and behavior and better quench performance. 
(A more detailed explanation of the mechanisms behind 
this result can be found in [4] but it should be noted that 
this behavior is not completely understood yet.) 

The long racetrack program has thus successfully shown what 
it set out to do: to demonstrate that long NbsSn magnets can be 
built and operated with good performance. 
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