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Design of a 120 mm Bore 15 T Quadrupole for the
LHC Upgrade Phase II
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Abstract—Future upgrades to machines like the Large Hadron
Collider (LHC) at CERN will push accelerator magnets beyond
10 T forcing the replacement of NbTi superconductors with ad-
vanced superconductors such as �����. In support of the LHC
Phase-II upgrade, the US LHC Accelerator Research Program
(LARP) is developing a large bore (120 mm) ����� Interaction
Region (IR) quadrupole (HQ) capable of reaching 15 T at its
conductor limit and gradients of 199 T/m at 4.4 K and 219 T/m at
1.9 K. The 1 m long, two-layer magnet, addresses coil alignment
and accelerator quality features while exploring the magnet
performance limits in terms of gradient, stress and structure.
This paper summarizes and reports on the design, mechanical
structure, coil windings, reaction and impregnation processes.

Index Terms—HQ, LARP, �����, superconducting
quadrupole magnet.

I. INTRODUCTION

T HE potential of reaching higher fields and gradients that
go beyond existing magnets using NbTi technology made

superconductors and it’s more complex technology an
attractive choice for future accelerator magnets. In the US three
laboratories (BNL, FNAL, and LBNL) are collaborating to ex-
tend magnet technology into a design that demonstrates
an option towards the fabrication of a full scale IR quadrupole
magnet for the LHC Phase-II upgrade [1], [2]. In 2004 LARP
started developing an IR quadrupole (TQ) that could reach
200 T/m in a 1 m long, 90 mm aperture [3], [4]. Over a dozen
tests demonstrated that 200 T/m can be consistently achieved
and exceeded. Although the current plateau never went beyond
95% of its “short-sample” prediction [5], a peak gradient of
237 T/m was reached at 1.9 K. The collaboration also demon-
strated that the technology of 1 m long magnets can
be extended to 3.6 m. A subscale racetrack coil was built and
tested successfully reaching 98% of its “short-sample” limit
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Fig. 1. HQ cross-section—120 mm high gradient �� �� quadrupole.

[6]. LARP is presently weeks away from making a similar
demonstration testing magnet LQS01 [7], [8], a 90 mm bore
TQ quadrupole magnet that was extended from 1 m to 3.6 m
long.

To meet CERN’s Phase-II needs, LARP is also developing
an IR quadrupole magnet (HQ) with an increased bore size of
120 mm which will push the field in the conductor to just over
15 T. This magnet will include accelerator features such as
alignment and field quality. The HQ magnet Phase-II upgrade
will operate at a gradient (yet to be determined) above CERN’s
Phase-I upgrade of 120 T/m [9], [10]. This paper covers the
design parameters and the status of the HQ magnet.

II. MAGNET DESIGN

A. HQ—Conceptual Design and Parameters

The cross-section of the HQ quadrupole magnet is shown in
Fig. 1. The magnet components include: coils, collars,
pads, yokes and an outer shell. The effectiveness of the struc-
tural components was previously tested as part of the LARP TQ

program with the exception of the collars [11], [12]. For
the first time aluminum collars were incorporated into the design
to provide alignment and assembly control but not for pre-stress
[13].

The two layer coil uses a 35 strand Rutherford cable insu-
lated with an S2 glass sleeve. The RRP strand diameter
is 0.8 mm with 108/127 filament. Each layer of the double layer
coil is wound around a Titanium pole (island) and includes stain-
less steel end-shoes and spacers. The stainless steel end pieces
replaced previously used Bronze parts as a cost saving mea-
sure. A single Bronze wedge within each octant separates each
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TABLE I
HQ DESIGNS PARAMETERS

TABLE II
CALCULATED HARMONICS OF HQ (IN UNITS)

layer into two blocks. The overall design parameters are listed
in Table I.

B. Magnetic Design

The magnet was designed to reach a “short-sample” field,
gradient and current of 15.2 T, 219 T/m and 19.5 kA respectively
at 1.9 K (based on Jc of 3000 A/mm at 4.2 K 12 T). The good
field quality at 2/3 of the bore radius was set at a gradient of
120 T/m. Table II lists the first 4 allowed harmonics at low and
intermediate field.

The load pad laminations at the end regions were replaced
with stainless steel to reduce the conductor end peak field to the
same level as that of the straight section. The integrated field
quality over the ends will be addressed at a future date.

C. Quench Protection

A quench analysis has been performed using the program
QuenchPro [14]. The analysis evaluated the expected peak
temperature in the coil (hot spot temperature) after a sponta-
neous quench. With a stored energy of 1.4 MJ, wide protection
heaters are needed for both layers. The protection heaters are
part of a trace: an instrumentation technique adopted in all
LARP magnets relying on printed-circuit technology and based
on a Kapton sheet and a 25.4 microns thick stainless steel

Fig. 2. Final assembly of coils and structure.

foil [15]. A 65% heater coverage and a conservative approach
(low quench propagation velocity and no quench-back) result
in a hot spot temperature of around 300 K for a short sample
quench at 4.4 K but reaches 400 K at a short sample current
at 1.9 K. We consider such a rise in temperature unacceptable,
nevertheless given the limited number of options the degree
of our conservative approach will need to be experimentally
evaluated.

D. Assembly and Cool-Down

The coil-pack subassembly consists of four aluminum col-
lars that are clamped and bolted over the coils and align the
coils by compressing four keys between them (Fig. 1). The keys
are embedded in each coil’s outer layer island/pole. The collars
are used for assembly and alignment only and not to provide
pre-stress as commonly used in NbTi magnets. Surrounding the
faceted collars are four steel pads with matching facets. The
pad-quadrants are lightly bolted to each other completing the
coils subassembly.

A second subassembly is the structure which consists of an
iron yoke and an aluminum shell. The shell and yoke are locked
together following a bladder operation that stretches the outer
shell by pushing the inner iron yoke against it. During this op-
eration, alignment dowels are inserted in precision-machined
grooves between the yokes and the shell inner surface in four
places. Interference “gap-keys” are placed between the yokes to
lock, unitize and preload the subassembly.

During the final assembly, the coil-pack assembly is inserted
into the shell-yoke structure on faceted “master keys” (an align-
ment feature) which engage matching profiles in both coil-pack
and yoke structures. Bladders and interference load keys (Figs. 1
and 2) are inserted between the master keys. Bladder pressuriza-
tion operations are performed to, outwardly, push the yokes (to
stretch the shell) and, inwardly, compress the coil-pack. Once
the target azimuthal strain on the instrumented shell is attained,
the load keys are interference shimmed. The bladders are de-
flated and removed along with the gap keys, collapsing and
locking the shell-yoke structure onto the keys and coil pack. The
tension in the outer aluminum shell is now balanced by the az-
imuthal compressive stress in the coils. The final coil pre-stress
is achieved during cool-down as the aluminum shrinks over the
yoke and pads due to the thermal expansion differences between
the two.
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TABLE III
AVERAGE AZIMUTHAL STRESS

TABLE IV
AVERAGE AZIMUTHAL STRAIN

TABLE V
AVERAGE AXIAL STRESS

TABLE VI
AVERAGE AXIAL STRAIN

E. Mechanical Analysis

2D and 3D Finite Element Analysis were performed with
ANSYS to predict the stresses in the windings and structure.
The analyses were done in 3 steps a) during room temperature
loading (bladder operation BO), b) cool-down (CD) and c) ex-
citation (LF). Tables IIIto VI summarize the average stress and
strain in the coil-island, coil pole turn, shell and axial rods from
assembly to 219 T/m. A maximum local stress of 209 MPa was
predicted after cool-down in layer 1 third turn from the island.
Such a local high stress was previously predicted in TQ with
minimum impact on its performance.

III. HQ COILS

A. Practice Coil—Winding Test

Preliminary winding tests were carried out to determine the
cable lay around the ends. The islands, spacers, end-shoes and
wedges used in the tests were made from plastic rapid-proto-
type (RP) parts (Fig. 3). The RP parts were manufactured di-
rectly from CAD ProE models and included various holes and
the layer-to-layer transition. The use of RP parts during magnet
design proved to be very useful and cost effective.

Fig. 3. Lead end components using RP parts (bottom), Stainless-Steel parts
(top) and Titanium island.

Fig. 4. Inserting PC 1 into the curing cavity. The process sizes the coils, bonds
the turns and makes coil handling more manageable.

Fig. 5. The bound inner layer of coil 3 after curing.

B. Coil Fabrication

Winding Nb3Sn coils undergoes several steps: winding,
curing, reacting, impregnating and require 3 sets of different
tooling. Following the winding of the first layer (inner) the coil
is treated with a matrix solution and placed inside a curing
cavity, pre-sized under 11 MPa of compression and cured at
150 . The curing process bonds the turns together, shapes
the overall coil size and creates a uniform outer surface on to
which the outer layer can then be wound (Figs. 4 and 5). Com-
pleting the second layer winding the coil is treated again with
the matrix solution, placed once again into the curing cavity,
aligned and cured. After curing the preset 0.7 mm axial gap
between island segments (administered by the winding tooling)
is removed, the gap closes and the coil relaxes its winding
tension. The coil is then placed into a reaction cavity (Fig. 6)
and reacted at 665 following intermediate temperature steps
at 210 and 400 . The reaction time from start to finish is
approximately 10 days.
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Fig. 6. PC1 inside reaction tooling ready for reaction.

Fig. 7. Lead end of practice coil 2 showing NbTi leads after splicing. Also
shown are voltage taps and layer 2 heaters.

Fig. 8. Impregnated coil showing the inner layer trace and the protection heater.

Fig. 9. A set of the structure laminations showing the outer iron yoke, the iron
pads and Aluminum collars. The space between yoke and pads will house the
masters that hold the bladders and interference keys.

Following reaction, voltage taps (installed during winding)
are attached to instrumentation traces that include the integrated
coil protection heaters. The to NbTi lead splice is sol-
dered (Fig. 7) and the coil is placed into the impregnated tooling
and then vacuum impregnated with CTD101k epoxy (Fig. 8).
After impregnation two full bridge (temperature compensated)
strain gauges are bonded to the inner surface of the island at the
magnet center to measure and determine the azimuthal and axial
coil stress.

All coils are being wound and cured at LBNL. Half of the
coils are then reacted and impregnated at LBNL and the second

half is sent for reaction and impregnated at BNL Design and
manufacturing of all end parts, islands and wedges are taken
care of by FNAL.

C. Structure

All the structure components have been manufactured and
waiting assembly (Fig. 9). The plan is to complete the structure
assembly with an aluminum dummy coil-pack and align the iron
yokes to the aluminum shell.

IV. FUTURE PLANS

Presently two impregnated practice coils (PC-1, 2) have been
completed and two reacted coils (Coil-3 and Coil-4) are waiting
reaction. Four coils (Coils-3 to 6) will be used in the first HQ01
magnet test. Assembly will commence in early 2010 and testing
shortly after.

V. CONCLUSION

The manufacturing of the first four coils for a large aperture
(120 mm, 219 T/m at 1.9 K) quadrupole magnet (HQ) is near
completion. The sub-assemblies of the structure and coils and
the final assembly will take place in early 2010.
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