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Development and First Test of the 15 T Nb3Sn Dipole 
Demonstrator MDPCT1 
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Abstract— Fermilab in the framework of the U.S. Magnet Devel-
opment Program (MDP) has developed a Nb3Sn dipole demonstra-
tor for a post-LHC hadron collider. The magnet uses 60-mm ap-
erture 4-layer shell-type graded coils. The cable in the two inner-
most layers has 28 strands 1.0 mm in diameter and the cable in the 
two outermost layers has 40 strands 0.7 mm in diameter. An inno-
vative mechanical structure based on aluminum I-clamps and a 
thick stainless steel skin is used to preload Nb3Sn coils and support 
large Lorentz forces. The maximum field for this magnet is limited 
by 15 T due to mechanical considerations. The first magnet assem-
bly was done with lower coil pre-load to achieve 14 T and minimize 
the risk of coil damage during assembly. This paper describes the 
magnet design and the details of its assembly procedure, and re-
ports the results of its cold tests.  

Index Terms— coil stress, dipole magnet, mechanical structure, 
Nb3Sn superconductor, Rutherford cable, training 

I. INTRODUCTION

ERMILAB, in the framework of the U.S. Magnet Develop-
ment Program (MDP), has developed a Nb3Sn dipole de-

monstrator for a post-LHC very high energy hadron collider. 
The main objectives of this work are demonstration of the field 
level, suitable for a future hadron collider, and study of the 
high-field Nb3Sn magnet behavior, including quench perfor-
mance, operation margins, field quality, and quench protection. 

The magnet design concept uses optimized 4-layer shell-type 
coils and a cold iron yoke [1]. An innovative mechanical struc-
ture based on strong aluminum I-clamps and thick stainless-
steel skin [2] or aluminum shell [3] was developed to preload 
brittle Nb3Sn coils and support large Lorentz forces. The struc-
ture with the stainless-steel skin was selected as a baseline due 
to its relative simplicity and lower cost.  

The maximum field for this magnet is limited to 15 T due to 
mechanical considerations. It was decided to perform the first 
magnet assembly with lower coil pre-load to achieve just 14 T 
and, in order to minimize the risk of coil damage during assem-
bly and operation. This paper presents the design and fabrica-
tion details of the Nb3Sn dipole demonstrator, called also 
MDPCT1 (Magnet Development Program Cos-Theta model 1), 
and reports the results of magnet training in the first test run. 
Results of magnetic measurements in this test run are discussed 
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in [4]. Quench protection studies for this magnet are planned 
for the second test, following magnet reassembly with the nom-
inal pre-load. 

Fig. 1. 3D view of the magnet cold mass non-lead end. 

II. MAGNET DESIGN AND CONSTRUCTION

The details of the MDPCT1 design and the magnet design 
parameters are presented in [2]. The magnet consists of a 60-
mm aperture 4-layer shell-type coil, graded between the inner 
and outer layers, a cold iron yoke, a thick stainless steel shell, 
and a coil axial support structure. Figure 1 shows the 3D view 
of MDPCT1 from the magnet non-lead end. 

A. Strand and Cable
The cable in the two innermost layers has 28 strands 1.0 mm

in diameter, whereas the cable in the two outermost layers has 
40 strands 0.7 mm in diameter. Both cables were manufactured 
at Fermilab using RRP Nb3Sn composite wires produced by 
Bruker-OST. The 0.7 mm RRP-108/127 wire and the 1.0 mm 
RRP-150/169 wire have sub-elements’ size of 41 µm and 52 
µm respectively to minimize the persistent current effect and 
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increase cable stability with respect to flux jumps. A 0.025-mm 
thick and 11-mm wide stainless steel strip was placed inside 
both cables to suppress the inter-strand eddy currents induced 
by the varying magnetic field in the coils. The cables were 
insulated with two layers of 0.075-mm thick and 12.7-mm wide 
E-glass tape.  

The RRP strand and Rutherford cable cross-sections are 
shown in Fig. 2. The cross-section of both cables was optimized 
to minimize the strand critical current degradation [5]. The re-
action cycles for both cables were optimized to achieve the 
highest possible Jc at the cable operation fields and preserve the 
copper matrix Residual Resistivity Ratio (RRR) [6].  

 
Fig. 2. Cross-sections of RRP strands (top), Rutherford cables (bottom right) 
and a view of the stainless-steel core inside the 28-strand cable (bottom left).  

B. Coils 
The 4-layer magnet coil consists of an inner coil and an outer 

coil. Each coil consists of two layers, and both layers were 
wound from a single piece of cable. The cable length in the 
inner coils is 73 m and in the outer coils 117 m. The inner coil 
poles were made of Ti-6Al-4V alloy and the wedges were made 
of a Glidcop alloy. The end spacers were made of stainless steel 
using the selective laser sintering (SLS) process. The outer coil 
poles and end parts were made of stainless steel. The materials 
for the coil components were sected using coil stress 
considerations. The cable layer jump in both coils is integrated 
into the lead end spacers.  

 The coil technology is based on the wind-and-react method, 
in which the superconducting Nb3Sn phase is formed during the 
coil high-temperature heat treatment. After winding, coil layers 
were filled with CTD1202x liquid ceramic binder and cured un-
der a small pressure at 150ºC for 0.5 hour. During curing the 
coil layers were shimmed to smaller azimuthal sizes than the 
nominal sizes to provide room for the cable expansion during 
reaction due to the Nb3Sn phase formation [7]. Each coil was 
reacted in Argon atmosphere using an optimized 3-step cycles 
with Tmax=669oC for 50 hours for the inner coils (CL1) and 
Tmax=658oC for 48 hours for the outer coils (CL2). 

To control the reproducibility of the coil reaction cycles and 
estimate the magnet short sample limits, 8 to 10 witness sam-
ples (strands extracted from the cable used in each coil) were 
reacted together with coils and then tested. The Ic values of the 
witness samples, measured at 15 T and 4.2 K for 3 inner coils 
and 3 outer coils, are shown in Fig. 3. There is good reproduci-
bility of witness sample data for both inner and outer coils. The 
inner coil witness sample data are close to the target Ic and the 
outer coil witness sample data are slightly higher than the target 

Ic values. The RRR, measured using witness strands extracted 
from CL1 and CL2 cables was within 227-271 and 67-114 re-
spectively, which is consistent with the expectations. 

After reaction, the Nb3Sn coil leads were spliced to flexible 
Nb-Ti cables. The coils were covered outside with two 0.040-
mm thick layers of E-glass cloth and 0.05-mm thick Kapton 
layer with strip heaters and voltage taps in the middle, and in-
side with a 0.125 mm thick layer of E-glass cloth, impregnated 
with CTD101K epoxy and cured at 125C for 21 hours.  

The radial and azimuthal coil sizes were measured in the free 
condition in seven cross-sections along the length using a coor-
dinate measuring machine. Smaller than nominal sizes were 
compensated by Kapton shims. Coil size variations along the 
coil straight sections were small, within ±30 µm, which did not 
require shim grading along the coil straight section. Pictures of 
the potted inner and outer coils with voltage taps and strip heat-
ers on the coil outer surfaces are shown in Fig. 4. 

 
Fig. 3. Critical current of witness extracted strands at 15 T and 4.2 K. 

  
Fig. 4. Inner (left) and outer (right) potted coils with instrumentation and addi-
tional strip heaters on the coil outer surfaces. 

C. Magnet Assembly 
Pictures of the main steps of the cold mass assembly are 

shown in Fig. 5. The coils were wrapped with 0.45 mm thick 
multi-layer Kapton ground insulation.  Two main quench pro-
tection heaters, composed of 0.025 mm thick stainless steel 
strips, were placed inside the ground insulation on each coil side 
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with total Kapton insulation thickness on the coil side of 
0.1 mm. The coil assembly, surrounded by 316L stainless steel 
and iron sheets each 2-mm thick, was installed inside the 
vertically-split iron yoke. The yoke is made of AISI 1020 iron 
laminations with an outer diameter of 587 mm, connected by 
strong 7075-T6 aluminum I-clamps, and surrounded by a 12.5-
mm thick 316 stainless-steel skin. The coils were supported 
axially by two 50-mm thick end plates made of 304L stainless 
steel connected by 8 stainless steel rods 30 mm in diameter. To 
optimize the magnet mechanical structure and develop its 
assembly procedure, a short mechanical model and a full-size 
technological model were assembled and tested. The results of 
this work are summarized in [7]. The picture of the assembled 
MDPCT1 cold mass is shown in Fig. 6.  

 
Fig. 5. The cold mass assembly steps: a) insertion of coil block inside the half-
yoke; b) yoke clamping with I-clamps; c) insertion of clamped yoke inside the 
half-skin; d) cold mass inside tooling is moving to press for skin welding. 

 
Fig. 6. Demonstrator dipole cold mass. 

D. Coil Pre-load 
The coil pre-load at room temperature is provided by the coil 

mid-plane and coil-yoke shims, the yoke-clamp interference, 
the yoke-skin shims and skin tension after welding. During and 
after magnet cool-down, the coil stress is controlled by the size 

of the vertical gap between the yoke blocks. The transverse 
mechanical rigidity of the structure is provided by the rigidity 
of the iron laminations, aluminum clamps and stainless steel 
skin [2], [8].  

To minimize the risk of coil damage the first magnet assem-
bly was done with lower coil pre-load, sufficient to achieve 
14 T. The calculated distribution of the coil stress at different 
stages based on the coil stress measurements at 300 K is shown 
in Fig. 7. The coil stress in MDPCT1 is less than 150 MPa at all 
conditions. The coil-pole tension starts to develop after 13 T, 
increasing to 30 MPa at 14 T. 

 
Fig. 7. Calculated distribution of the target pre-stress in the four magnet layers. 

E. Magnet Parameters 
The MDPCT1 parameters are summarized in Table 1. The 

magnet short sample limits were estimated based on the witness 
sample measurement data shown in Fig. 3. 

 
TABLE 1:  

MDPCT1 PARAMETERS 
Parameter Value 
Magnet aperture 60 mm 
Magnet outer diameter 612 mm 
Geometrical length including splice box 1.46 m 
Total magnet weight 2390 kg 
Short sample bore field Bssl at 4.5 K  15.2 T 
Short sample bore field Bssl at 1.9 K  16.8 T 

III. TEST RESULTS 
MDPCT1 was tested at Fermilab’s Vertical Magnet Test Fa-

cility in June 2019. The first test results are reported in [9]. The 
magnet test program in the first test run was focused on the 
magnet training and magnetic measurements. All the inner and 
outer coils were equipped with voltage taps to record quenches 
and their location in a coil. To measure mechanical stresses in 
various elements of the structure, stain gauges were placed on 
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the inner coil surfaces, inner and outer coil pole pieces, end bul-
lets, clamps and skin. Some elements of magnet instrumenta-
tion are seen in Figs. 4 and 6. Quench antennas, sensitive only 
to quenches in the innermost coil layer, were installed in the 
magnet aperture. 

The magnet training was performed at 1.9 K to the target field 
of ~14 T. The final quench was made at 4.5 K. MDPCT1 
quench history is plotted in Fig. 8. The first quench at 1.9 K was 
detected at a current of 7550 A, which corresponds to a field in 
the magnet bore of 11.3 T. After four quenches the magnet cur-
rent reached ~9 kA (at a bore field slightly above 13 T) and the 
training rate slowed down. The target field of 14 T for this test 
was achieved after 11 quenches, after which the magnet reached 
its quench plateau. Then, the magnet was warmed up to 4.5 K 
and quenched again. This last quench was at 9742 A, which cor-
responds to a bore field of 14.112 T, based on the 3D calcula-
tions, and 14.13±0.02 T based on the magnet B/I measurements 
[4]. This was the highest bore field reached in this test run.  

 

 
Fig. 8. Quench current (top) and quench bore field (bottom) vs. quench number 
for MDPCT1. 
 

Most of the quenches were detected in outer coils 4 and 5. 
The location of quench #6 was not identified. The training per-
formance of coil 4 and 5 is quite similar. The quenches were 
almost equally distributed between the two outer coils and were 
seen in both layers. The more precise localization of quench 
origin in the outer coils was not possible due to damage of the 
coil instrumentation traces. Only two quenches, #12 and #15, 
were detected in inner coil 2, whereas no quenches were de-
tected in inner coil 3. 

Quench field Bq at 1.9 K and 4.5 K, normalized to the magnet 

short sample bore field Bssl at the same temperature, vs. quench 
number is shown in Fig. 9. The magnet training started at 67% 
of the Bssl at 1.9 K, and the maximum quench current at 1.9 K 
was at 83% of the Bssl at this temperature. At 4.5 K the magnet 
reached 93% of its Bssl and 94% of its ultimate design field of 
15 T. 

 
Fig. 9.  Normalized quench bore field vs. the quench number. 

The RRR values, measured for MDPCT1, are 249 and 259 for 
the two inner coils, and 81 and 95 for the two outer coils. These 
numbers are in a good agreement with the corresponding wit-
ness sample measurements. The resistances of splices between 
the Nb3Sn coil leads and the Nb-Ti cables, measured in the cur-
rent range of 2 to 9 kA, are within 0.3-0.8 nOhm. 

IV. CONCLUSION 
The Nb3Sn dipole demonstrator MDPCT1 for a post-LHC 

hadron collider was developed and tested. This work is an im-
portant MDP milestone to understand the limits of Nb3Sn ac-
celerator magnet technology. The graded 4-layer coil design, 
the innovative support structure and the magnet fabrication pro-
cedure were tested.  Whereas the maximum field for this design 
is 15 T due to mechanical concerns, for the first test the magnet 
was assembled with lower coil pre-load sufficient to achieve 
14 T and minimize the risk of coil damage during assembly and 
operation.  

The goals of the first test have been achieved. After a short 
training at 1.9 K, MDPCT1 reached 14.1 T at 4.5 K or 94% of 
its design limit, setting a new world record for accelerator mag-
nets at 4.5 K. The magnet training was stopped at this point. It 
will continue after the magnet re-assembly to increase the coil 
azimuthal pre-load to a level sufficient to achieve the goal of 
15 T, and to improve the axial support of the coils. The magnet 
second test is planned for February 2020. 
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