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Chapter 4 Dipole Magnet Design and 
Manufacturing
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Functional Specification
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Physics Requirement 
Document (PRD)

Magnet engineering 
specification

Magnetic and 
mechanical design

Design verification by 
beam optics analysis

Prototype magnet

No

Final design and 
documentation 
for production 

Yes

The PRD is usually prepared by physicists responsible 
for the beam optics analysis.
The specification includes:
‐ Beam energy and type of particles: electrons, 

protons, muons…
‐ Magnet type: H‐type dipole, C‐type dipole, Shell‐

type dipole, Septum, Lambertson, Quadrupole, 
Sextupole, Octupole, Bump, Kicker, Solenoid, etc.

‐ Beam aperture dimensions;
‐ Field, or gradient strength in the magnet center;
‐ Magnet effective length;
‐ Good field area dimensions, and the field quality;
‐ Integrated field, or gradient along the beam path; 
‐ Separation between beams for Septums, 

Lambertsons;
‐ Beam bending angle;
‐ Fringe field limitations.



Magnet Engineering Specification
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Physics Requirement 
Document (PRD)

Magnet engineering 
specification

Magnetic and 
mechanical design

Design verification by 
beam optics analysis

Prototype magnet

No

Final design and 
documentation 
for production 

Yes

The engineering specification is usually prepared by 
physicists and engineers responsible for the magnet 
design.
In general, the specification includes:
‐ Magnet physical aperture dimensions;
‐ Beam pipe dimensions;
‐ Magnet total length and space slot available for 

the magnet;
‐ Space and weight limitations;
‐ Magnet peak field, or gradient;
‐ Type of cooling: air, water, liquid Helium (Lhe), 

conduction;
‐ Cooling system parameters;
‐ Power supply parameters: peak current and 

voltage, AC, pulsed.
‐ Magnet protection and instrumentation;
‐ Radiation level;
‐ Number of magnets.



LBNF Beamline Dipole Magnet Specification
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Value (IDDL)Value (IDAL)Property
1.604 TMagnetic field (nominal at 120 GeV) 

6.68 T‐m10.03 T‐mIntegrated field (nominal at 120 GeV)
50.80 mmGap

47 mm x 120 mmAperture dimension
44.45 mm x 44.45 mmGood field area dimension

0.1%Field homogeneity ΔB/B
Light blueColor



Magnet Design and Fabrication Steps 
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Physics Requirement 
Document (PRD)

Magnet engineering 
specification

Magnetic and 
mechanical design

Design verification by 
beam optics analysis

Prototype magnet

No

Final design and 
documentation 
for production 

Yes

• Conceptual Design
• Coil
• Core

• Internal Review 
• Prototype Design (drawing package)
• Manufacturing Plan
• Prototype Readiness Review
• Final Design Review 
• Production



Coil Design
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g ‐ magnet gap, m
Bair – field density in the gap, T
Biron – field density in the iron yoke, T
Liron – the average flux path length in the 
iron yoke, m
Iw – total coils ampere‐turns, A
μ0= 4π x 10‐7 T⸱m/A

Given:
g = 0.0508 m, 𝐵௔௜௥  = 1.604 T

Obtain:
NIൌ ஻ೌ೔ೝ

µ଴
⸱𝑔 = 64842.3 A

I (current per turn)N (number of turns)

32,422 A2

16,211 A4

8,106 A8

4,053 A16

……

Coil Pole ShimYoke 𝑁𝐼 ≅
𝐵௔௜௥
µ0

⸱𝑙௔௜௥



Coil Design_Conductor
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English unit in the table

Solid Conductor
• I ൌ 𝐽⸱A#1 = 2.81 (A/mm2)⸱42.4 

(mm2) = 119 A
• To reach 64842.27 A, we need 

546 turns of AWG#1

Hollow Conductor
• With proper cooling, the 

conductor can carry max. 10 
A/mm2 current density 
(preferable below 4 A/mm2 . 

• I ൌ 𝐽𝑚𝑎𝑥⸱A = 4 (A/mm2)⸱13.34 
(mm2) = 53.36 A

• To reach 64842.27 A, we 
need 1216 turns of hollow 
round conductor



Coil Design_Conductor Cont.
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Square Conductor
• I ൌ 𝐽𝑚𝑎𝑥⸱A = 4 (A/mm2)⸱260.6 (mm2) = 1042.4 A
• To reach 64842.27 A, we need 62 turns of hollow square conductor

English unit in the table



Coil Design_Conductor Cont.
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Rectangle Conductor
• I ൌ 𝐽⸱A = 4 (A/mm2)⸱2445.2 (mm2) = 9780.8 A
• With 8 turns, we can achieve the target, with 𝐽 ൌ 3.3 A/mm2

• How to fabricate the coil with such a “giant” cable ? 

English unit in the table



• If a solid conductor is used in a magnet, heat is generated due to the 
magnet power 𝑃 ൌ 𝐼ଶ𝑅 ሺ𝑤ሻ, and the magnet is then air-cooled during the 
operation. Simulation may be needed to verify the magnet is not over-
heated. 

• If a hollow conductor is used, the magnet is water-cooled. The following 
formular can be used to estimate the magnet temperature rise.

– Water velocity 𝑣 ൌ ௣·ௗభ.యయ

଴.ହ௅
, where 𝑝 is the water pressure (unit in kg/cm2), 𝑑 is 

the conductor cooling hole diameter (unit in mm), and L is the length of the coil 
(unit in m), the unit for 𝑣 is calculated in m/s.

– Water flow rate 𝑄 ൌ 𝑆 ൈ 𝑣 ൈ 10ିଷ, where 𝑆 is the cross-section area of the 
cooling hole (unit in mm2),  the unit for 𝑄 is then Liter/s.

– The temperature rise ∆𝑇 ൌ ଴.ଶସൈ௉
ொ

, where 𝑃 ൌ 𝐼ଶ𝑅 ሺ𝑘𝑤ሻis the magnet power, 
the unit of the temperature is ℃.

Magnet Temperature
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Yoke Material_Soft Magnetic Materials
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• For accelerator magnets, use low carbon steel: AISI 1006, AISI 1008, AISI 1010 
with the low coercive force Hc < 2 Oe (160 A/m).

• Sometimes Vanadium Permendur is used for fields close to 2 T.
• Electrical type of steel is used in AC magnets has up to 4% Si to reduce AC 

losses. The lamination thickness for the yoke is 0.35 – 0.5 mm for 50‐60 Hz 
applications.



Ferromagnetic Material Properties
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B= μ⸱H, μ = B/H 

• The typical steel is saturated when B is greater than 1.5 T
• The magnetic properties B‐H Curve can be measured through the sample 

ring for solid yoke, and a closed magnetic circuit formed by thin steel strips 
for lamination‐stacked yoke.



Yoke Design_ Pole Dimensions
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ΔB/B < 0.1%ΔB/B < 1%Good Field 
Area Width r 

m‐2dm‐dw/o shims  

m‐d m‐d/2 with shims 

Given as requirement:
• Good field size 44.45 mm, ΔB/B < 0.1%
• Pole gap 50.8 mm
• Aperture dimension 47 mm x 120 mm

Calculate:
• r = m‐d → b = 2m = 2(r + d) = 2⸱(r+ g/2) = 95.25 mm 

(if there is no aperture requirement)
• Shim width w/g = 0.5, w = 25.4 
• b = 120 + w = 145.4 mm

For the shim size:
• The ratio of w/g is good from 0.2 to 0.6.
• Shim area S= h⸱w = 0.021*d²
• If Bair is over 0.8 T, the shim will need to be optimized 

smoothly to reduce the iron saturation effects in pole 
edges and shim areas.



Yoke Design_ Yoke Dimensions
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• Pole effective width: Xp=b + g 
• Pole effective length: Lp=Lm + g 
• Pole effective area: Sp=Xp⸱ Lp
• Total flux in yoke: Φ = Bair⸱ Sp 
• Yoke leg area: Siron=a⸱ Lm
Gauss’s Law
• Flux density in yoke leg: Biron = Φ/2⸱Siron
Given:
b = 145.4 mm, g = 50.8 mm, Bair = 1.604 T, 
Integrated field 10.03 T⸱m

Calculate:
Xp = 196.2 mm, Lp = 6.25 m, Lm = 6.2 m,
Sp = 1.226 m2, Φ = 1.97 Wb

If, a = Xp/2 = 98.1 mm 
Biron = Φ/(2⸱ a ⸱Lm) = 1.62 T (Saturated)



Define Biron in the Yoke
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• Use B‐H curve (blue) for solid yoke and B‐H curve (red) for lamination‐stacked yoke to defined
Biron needed for the magnet parameters estimation. 

• For lamination‐stacked yoke, the flux density in the yoke is reduced due to the stacking factor 
kst (0.96‐0.98), the formula is ΔB = (B‐µ0H)(1/kst‐1)

B0 = 1.2T, for lamination‐stacked yoke, Biron = B0 – ΔB = 1.17 T
a = Φ/(2⸱ Biron ⸱Lm) = 132 mm



Build or transfer from the CAD 2D or 3D model geometry;
Input data for material properties and current sources;
Specify type of field analysis: steady state, transient, current 

flow, motion, levitation, particles tracking;
Specify multi physics combination: field-stress, field-thermal, 

quench for superconducting;
 Build the surface and volumetric meshes;
 Field calculation;
 Results analysis;
 Design Validation

Magnetic Field Simulations
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General 2D and 3D magnetic field simulation codes based on Finite 
Element Method. Commercial codes: OPERA, COMSOL, ANSYS, 
etc.



Yoke Lamination Drawing
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Magnet Drawing
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Drawing Package
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Hundreds of drawings for the magnet, 
not including the tooling and the 
equipment for manufacturing. 



Manufacturing Plan
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 IDAL (6 m): Qt. 13 + 2 spares
 IDDL (4 m): Qt. 12 + 2 spares



Manufacturing: Coil
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• The coil fabrication requires annealing and 
winding (conductor bending to shape), 
conductor joint brazing, insulation wrapping 
and coil epoxy impregnation. 

• Risk: Each coil has as many as 9 brazing 
joints, any defect in the brazing joint will 
result in coil failure. 

• The plan to reduce this risk is to use the 
design and in process QC, including 
approved induction brazing process, and do 
ultrasonic inspection on the brazing joints, 
helium leak check and water leak test with 
hydraulic pressure of 500 psi after the 
conductor sections are wound and brazed 
together.

• Electrical Test (Resistance and Inductance 
Measurement, Hipot Test and Impulse Test).An Impregnated Coil



Manufacturing: Core
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• The core laminations with 1.5 mm thickness 
are stamped using a stamping die. 

• More than 4,000 laminations are stacked 
using hydraulic stacker to a half core and 
then the core is welded along its sides.

• Note that the core is not straight but curved 
to match the beam trajectory with the 
sagitta of 16 mm, which makes the 
fabrication process complicated.

A Stacked and Welded Core



Manufacturing: Magnet Assembly
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• The individual coil is placed to a half core (Upper 
and Lower, pay attention to the sagitta)

• Assemble the upper core and the lower core with 
coils inside using  Hydraulic Clamping Table.

• Weld the strength plates along the two sides of 
the magnet.

• Electrical test (including coil resistance and 
inductance measurement, 5 kV Hipot to ground  
test and 100 V Ring test)

• Manifold assembly and brazing, and water flow 
test.



Manufacturing: Magnet Test and Beam Tube Install
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• The magnet is powered for magnetic measurement. 

• The oval beam tube is due to protons of slightly different 
momenta bending differently in the magnetic field.

• Under vacuum, the beam tube’s smaller dimension decreases to 
enough under 2.000 inches to allow its insertion into a magnet 
aperture and then to allow bending to match the beam sagitta.



Manifold for other Water-Cooled Magnets

7/18/2024 M. Yu | Engineering in Particle Accelerators27

ORNL SNS Chicane Dipole Magnet ORNL SNS Septum Magnet

PIP II LBHB Quadrupole Prototype 2PIP II LBHB Quadrupole Prototype 1



Chapter 5 Quadrupole Magnet Design and 
Manufacturing
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LBNF Beamline Quadrupole Magnet Specification
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Value (QQE) Value (QQD) Property
17.082   T/m16.546  T/mMagnetic gradient (nominal at 120 GeV)
26.03 T‐m/m50.43 T‐m/mIntegrated gradient (nominal at 120 GeV)

77.2 mmPole diameter
minimum 72 mmAperture (with round beam tube)

OrangeColor



Coil Design
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Given:
g = 16.546 T/m, a = 38.6 mm

Obtain:
NI ൌ ௚

ଶµ଴
⸱𝑎ଶ= 9810 A 

I (current per turn)N (number of turns)

1,226 A8

613 A16

350 A28

245 A40

……

𝑔 ൌ
2𝜇଴𝑁𝐼
𝑎ଶ



Conductor
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• 28 turns of .4096” hollow square conductor
• 𝐽= 350 (A)/80.28 (mm2) = 4.36 A/ mm2



Yoke Design_ Length
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Given:
g = 16.546 T/m
Integrated gradient: 50.43 T‐m/m

Calculate:
L=3.048 m



Yoke Design_ Yoke Pole Dimensions
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• The ideal quadrupole field is generated by a hyperbolic pole profile:  𝑥 · 𝑦 ൌ ௔మ

ଶ
• Assume the radius of the good field region is r0, initially set b= a + r0 
• Adding shims to compensate the pole cutoff. At 𝛼 ൌ 18°, the first undesired 5th order 

multipole vanished. r1=1.122a. 
• Need simulation to design the 2D shape of the yoke. 



Magnet Drawing
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Drawing Package
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Hundreds of drawings for the magnet, 
not including the tooling and the 
equipment for manufacturing. 



Manufacturing Plan
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 3Q120 (120”): Qt. 17 + 2 spares 
 3Q60 (60”): Qt. 4 + 2 spares 



Manufacturing: Coil
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• The cable is wound around the winding 
tooling in two layers to a coil (inner and 
outer).

• Wrap the inner and outer coil into a half 
coil using fiber glass insulation.

• Wrap two half coils together.

Outer Coil 
(5 turns) 

Inner Coil 
(9 turns) 



Manufacturing: Magnet Assembly
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Quadrant 2 Quadrant 1

Quadrant 4Quadrant 3

• Quadrant assembly (total 4)
• Two quadrants assembly (total 2)
• Quadrupole magnet assembly with beam tube in the center using 

Hydraulic Clamping System
• Manifold assembly and magnet impregnation



Manufacturing: Final Magnet
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3Q120 (120”) Quadrupole Magnet



Chapter 6 Solenoid Design and 
Manufacturing
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PIP II SSR Solenoid
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SSR
Solenoid

UnitsParameter

SSR1 & SSR2 Cryomodules‐Location
40mmBeam aperture, diameter

3.2 & 4.5T2⸱mSolenoid integrated focusing strength
0.185mSolenoid effective length (approximate)
5 – 100%Solenoid strength operating range
൒1A/sSolenoid ramp rate
൑1WBeam loss

x and y ‐Integrated steering correctors
Yes‐All 4 corrector coils powered independently

൒4.5 & ൒6.0mT⸱mCorrector integrated strength
24mmCorrector field good field region (diameter)
±5%Corrector field uniformity

‐100 – +100%Corrector field operating range
DC‐Corrector operational regime
൒5A/sCorrector ramp rate

Physics Requirement 

• Integrated field strength: 𝐼2 = ∫ 𝐵𝑧2𝑑𝑧 where 
Bz is axial magnetic field in a solenoid, 
calculated ~5 T. 

• Fringe field requirement: Fringe magnetic 
field on walls of superconducting cavities in 
the cryomodule must be less than 10 gauss.



Coil Design
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First, without considering the fringe field 
requirement,

N ൌ
𝐵𝑙
µ0𝐼

ൌ
5 x 0.185

4 π x 10ି଻x 50 ൌ 14722 turn

𝐴𝑟𝑒𝑎 ൌ
𝐼
𝐽 ൌ

50
2.80 ൌ 17.86 𝑚𝑚ଶ 

𝐵௜௡௦௜ௗ௘ = 
µ0ேூ
௟

Given:
• I = 50 A
• B = 5 T
• 𝑙 = 0.185 m

• AWG 4 with diameter 5.19 mm satisfies the 
max. current density. 

• 0.185 m solenoid length needs 35 turns per 
layer by 420 layers, the OD of the solenoid 
will be over 4 m.



Coil Design Continues
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First, without considering the fringe field requirement,

N ൌ
𝐵𝑙
µ0𝐼

ൌ
5 x 0.185

4 π x 10ି଻x 50 ൌ 14722 turn

𝐵௜௡௦௜ௗ௘ = 
µ0ேூ
௟

Given:
• I = 50 A
• B = 5 T
• 𝑙 = 0.185 m

• With limited space, consider the superconductor NbTi
wires with the diameter of 0.44 mm.

• 0.185 m solenoid length needs ~400 turns per layer by ~36 
layers, the OD of the solenoid will be around 78 mm. 

• The coil requires cryogenic temperature as low as 2 K.



Coil Design Continues

7/18/2024 M. Yu | Engineering in Particle Accelerators44

When considering the fringe field requirement, we need bucking coils at both ends 
of the main solenoid. (simulation) to compensate the field at 0.5 m from the end of 
the solenoid. 

Coil OD 
(mm) 

Total 
Layers

Total 
Turns

137 mm4618550Main Coil 

203 mm203600Bucking Coil

300 Corrector Coil

To steer the beam or quadrupole correction

10 Gauss



Magnet Design
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1. A non‐magnetic magnet bobbin with Cu plating for good surface thermal conductivity.
2. Main coil is wound around the bobbin. Correct coils are housed inside an accurately 

machined cages. Bucking coils are wound on top of the cages. Room temperature epoxy 
is applied during coil fabrication.

3. C‐shaped clamps surrounding the magnet, providing the stiffness to contain the 
electromagnetic forces.

4. Thermal straps and heat sinks around the magnet are the cooling paths. 

Conduction‐cooled
SSR magnet 



Manufacturing_Main Coils Winding 
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Manufacturing_Dipole Corrector Coil Installation 
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Manufacturing_Bucking Coils 
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Prototype Magnet Assembly
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Connect all the current leads

Install the thermal heat sink 

Install the diode racks for magnet protection



Prototype Magnet Prepare for Test
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Install the magnet to the top head of the test stand
• Connect the HTS leads to the magnet and the test stand
• Install temperature sensors and voltage taps to monitor the magnet
• Connect the thermal straps from the magnet side to the thermal strap from the cryocooler side
• Install the instrumentations (VTs, RTDs and hall probes)



Magnet Test
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MLI 
Dewar 

Vacuum Pump

Power Supply & DAS Rack

Instrumentation Rack Cryocooler with Heat Exchanger

Install the magnet to Cryocooled Test Stand
• Put on the multi‐layer insulation (MLI)
• Lower the top head into the test Dewar
• Vacuum pump down the magnet to 1x10‐4 mbar
• Cool down and Test

Top Head

Instrumentation Rack
• 8 channels for temperature sensors
• 2 channels for magnetic hall probe

Data Acquisition System
• Voltage & Current



Test Results
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• The prototype magnet was powered with 
the ramp rate 0.01 A/s and quenched at 
~21 A (nominal current ~45 A). The axial 
magnetic field was ~3.5 T.

• A quench is an abnormal termination of 
magnet operation that occurs when part 
of the superconducting coil enters the 
normal (resistive) state.

• Analysis pointed out that the 
temperature of the magnet current leads 
very likely were above the 
superconducting critical temperature. 



Improvement
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• The current leads were directed 
bolted to the thermal heat sink plate

• Change the thermal straps to copper 
bar at the cryocooler side.

!! Thermal transfer is very crucial to this magnet!! 

• The temperature at the current leads was 
improved to 8.1 K, still losing ~4 K due to 
the joints.

• The prototype magnet was powered with 
the ramp rate 0.01 A/s and quenched at 
~23 A (nominal current ~45 A). 



Pre-series Magnet 007 Quench History at FNAL
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• DC: DC1‐DC3 and DC2‐DC4 were powered up to 
42 A, with 5 A/s ramp rate, no quench.  

• MC‐BC: After each quench, the system need ~2 
hrs for recovery. 

• Start with ramp rate of 0.01 A/s, 3 quenches up 
to 30 A. The first quench was at 27.5 A.

• Increase the ramp rate to 0.05 A/s,  22 quenches 
up to 43.5 A. The magnet was under quench 
training.

• Increase the ramp rate to 0.1 A/s, 2 quenches, 
little detraining. 

• Power the magnet to 40 A with 0.05 A/s, holding 
for 2 hrs (the temperature for the coils stabilized 
after ~2 mins), no quench. Then power DC1‐DC3 
coils with 5 A/s to 22.1 A, MC2 quenched.

• Power the magnet to 40 A with 0.05 A/s, holding 
for 5 mins, no quench. Then power DC1‐DC3 coils 
with 0.05 A/s to 32.5 A, MC2 quenched.

• Warm up and cool down the magnet 007 (0.7 K 
warmer than the 1st thermal cycle temperature 
on the coils)

• 2nd thermal cycle test, power MC‐BC coils with 
0.05 A/s to 28.2 A, MC2 quenched.



Cryomodule Installation 
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Chapter 7 Superconducting Magnet Design 
and Manufacturing
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LHC Nb3Sn Superconducting Quadrupole Magnet
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(10 CryoAssemblies with 20 Magnets)



LHC Nb3Sn Quadrupole Magnet Specification
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DescriptionID
The MQXFA coil aperture at room temperature without preload is 149.5 mm…R‐T‐01
The MQXFA nominal outer diameter without preload is 614 mm…R‐T‐02
The MQXFA magnet must be capable of operating at steady state providing an integrated gradient of 556.9 T in superfluid helium at (HeII) bath at 1.3 bar
and at a temperature of 1.9 K

R‐T‐03

The MQXFA cooling channels shall be capable of accommodating two (2) heat exchanger tubes running along the length of the magnet in the yoke cooling
channels. The minimum diameter of the MQXFA yoke cooling channels that will provide an adequate gap around the heat exchanger tubes is 77 mm.

R‐T‐06

At least 40% of the coil inner surface must be free of polyimide.R‐T‐07
The MQXFA structure shall have provisions for the following cooling passages: (1) Free passage through the coil pole and subsequent G‐11 alignment key
equivalent of 8 mm diameter holes repeated every 50 mm; (2) free helium paths interconnecting the four yoke cooling channels holes; and (3) a free cross‐
sectional area of at least 150 cm2

R‐T‐08

The MQXFA magnet shall be able to survive a maximum temperature gradient of 50 K, during a controlled warm‐up or cool‐down, and to experience the
thermal dynamics following a quench without degradation in its performance.

R‐T‐10

The MQXFA magnets shall be capable of operating at any ramp rate within ±30 A/s.R‐T‐11
MQXFA magnets must be delivered with a (+) Nb‐Ti superconducting lead and a (‐) Nb‐Ti superconducting lead, both rated for 18 kA and stabilized for
connection to the LMQXFA cold mass electrical bus.

R‐T‐13

Splices are to be soldered with CERN approved materials.R‐T‐14
Voltage Taps: the MQXFA magnet shall be delivered with three redundant (3x2) quench detection voltage taps located on each magnet lead and at the
electrical midpoint of the magnet circuit; and two (2) voltage taps for each internal MQXFA Nb3Sn‐NbTi splice. Each voltage tap used for critical quench
detection shall have a redundant voltage tap.

R‐T‐15

The MQXFA magnet coils and quench protection heaters shall pass the hi‐pot tests…R‐T‐16
After a thermal cycle to room temperature, MQXFA magnets shall attain the nominal operating current with no more than 3 quenches.R‐T‐17
MQXFA magnets shall not quench while ramping down at 150 A/s from the nominal operating currentR‐T‐18
All MQXFA components must withstand a radiation dose of 35 MGy, or shall be approved by CERN for use in a specific location…R‐T‐20
MQXFA magnets will operate in the HL LHC era for an order of magnitude of 10000 cycles. The long‐term reliability of the design will be proven by having a
short model magnet submitted to 1,000 powering cycles during individual test.

R‐T‐30

The MQXFA magnets shall meet the interface specifications with the following systems: (1) other LMQXFA Cold Mass components; (2) the CERN supplied
power system; (3) the CERN supplied quench protection system; and (4) the CERN supplied instrumentation system. These interfaces are specified in
Interface Control Documents.

R‐T‐22

The MQXFA magnets must comply with CERN’s Launch Safety Agreement (LSA) for IR Magnets (WP3).R‐T‐23
All travelers must be completed and delivered to CERN, and all NCR must be closedR‐T‐24
Splice resistance must be less than 1.0 nΩ at 1.9 K.R‐T‐29
MQXFA magnets must survive at least 50 quenchesR‐T‐31



Superconductor Cable 
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Cable Parameter
40Number of Wires in Cable

1.525 ± 0.010 mmCable Mid‐Thickness
18.15 ± 0.05 mmCable Width

0.40° ± 0.1°Cable Keystone Angle
LeftCable Lay Direction

109 ± 3 mmCable Lay Pitch
316 L Stainless SteelCable Core Material

12 mmCable Core Width
0.025 mmCable Core Thickness

Biased towards the major edgeCable Core Position
150°/mMaximum Cable Residual Twist

Cable fabrication

Cable Insulating



• The cross-section of the MQXFA is based on the cos2θ-
layout with two conductor blocks in each layer.

Coil Magnetic Design
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unit
75.000mmCoil aperture radius
93.653mmLayer 1 outer radius
0.660mmInter‐layer thickness
94.313mmOuter layer inner radius
112.966mmOuter layer outer radius
0.375mmMid‐plane shim thickness (per coil)
17Number of turns in block 1
5Number of turns in block 2
16Number of turns in block 3
12Number of turns in block 4

18.150/18.363mmBare unreacted/reacted conductor width
1.525/1.594mmBare unreacted/reacted conductor thickness

0.40degNominal keystone angle
0.145mmNominal insulation thickness



Coil Magnetic Simulation
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Roxie Model

InomInom+marginIultIssUnitsParameters

16.2316.4717.4917.8921.24kACurrent
76788284100%I/Iss

132.2132.6142.1143.2168.1T/mGradient
11.311.412.112.314.5TCoil peak field
1.151.181.321.381.89MJ/mStored energy
7.06.86.05.81.9KCurrent sharing 

temperature
8.268.218.238.188.13mH/mDifferential 

inductance
15731596169517342059A/mm2Superconductor 

current density (jsc)
715726771788936A/mm2Engineering current 

density (jeng)
2.412.472.742.853.83MN/mForces x
‐3.41‐3.48‐3.94‐4.08‐5.68MN/mForces y
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Coil Design Optimization
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Return End (RE) 

Lead End (LE) 

• Following the feedback from winding and inspection of the 1st generation coil, the coil
ends (RE & LE) has been optimized

– to limit the peak field enhancement in the ends;
– to keep the coil end as compact as possible in order to increase the magnetic

length for a given coil length;
– to minimize the multipole content of the integrated field.

• Coil cross section has also been optimized to minimize the multipole field components.
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• The QXFA coil is a two-layer cos-2𝜃 coil with saddle-shaped ends. The two-layer coil is wound 
continuously, without a splice at transition between the inner and outer layers, using the double-
pancake technique. Both layers of the coil is temporarily cured to keep the compact shape as much as 
possible for the next fabrication process. 

• The cured coil goes through a heat treatment cycle (reaction), the CuSn and Nb are heated to about 
650-700 deg. C (require temperature homogeneity within +/- 3 deg. C) in inert gas (argon) 
atmosphere, and the Sn diffuses in Nb and reacts to form Nb3Sn.

• The cable of Nb3Sn is brittle after reaction, so the coil is vacuum impregnated with epoxy.

Coil Mechanical and Fabrication Process Design
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Magnet Structure Design_2D
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ANSYS Model

‐94 MPa ‐158 MPa
Keep the pole turn under compression

Room Temp. Assembly Cool Down to 1.9 K Magnet excitation at 16.5 kA 



Magnet Structure Design_3D
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‐102 MPa ‐165 MPa ‐125 MPa

σy (MPa)Von Mises Stress (MPa)Principal Stress (MPa)MaterialPart 1.9 K293 K1.9 K293 K1.9 K293 K
550420273121‐‐Al 7075Collar
37528927782‐‐SS 316SS Pad
‐223 ‐‐15298ARMCOIron Pad
‐223 ‐‐306246ARMCOYoke

550420573320610280Al 7075Shell
1120517333137‐‐Nitronic 50Endplate



• The requirements for MQXFA magnets protection in operating conditions are: hot-spot 
temperature < 350 K, coil-ground voltages < 670 V and, turn-to-turn voltages < 160 V. 

• The MQXFA is protected with a combination of quench heaters (QH) and Coupling-Loss 
Induced Quench (CLIQ) system. Upon quench detection, both QH and CLIQ units are 
triggered simultaneously. 

• The QH units introduce a current through the QH strips attached to the coil and heat up the 
conductor by heat diffusion through a thin 50 µm insulation layer. 

• The CLIQ units introduce oscillations in the magnet transport currents.

Quench Protection
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Coil Manufacturing: Winding and Curing

7/18/2024 M. Yu | Engineering in Particle Accelerators67

• Coil winding tension is 15-25 kg depending on turn. Ceramic binder 
used at end turns to increase cable stability. 

• Curing cycle 150° C for 90 minutes in closed cavity with ceramic 
binder.

• Hydraulic cylinders apply load to close the mold.
• Heated with electric cartridge heaters to cure the coil.

QXFA coil winding FNAL curing press

QXFA Coil



Coil Manufacturing: Reaction
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• Reaction cycle is in an argon atmosphere and lasts ~11 days 
including ramp up and cool down. 

• Witness samples are at the end of the coil.
• Reaction tooling volume is identical to impregnation tooling.

QXFA Coil after Reaction

Reaction Oven & Coil in the Reaction Fixture

6
8



Coil Manufacturing: Impregnation
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 The coil is vacuum epoxy impregnated at 50 C
 Epoxy cure is in the vacuum tank at 110 C for 5 hours then 

125 C for 16 hours using external heaters mounted on the 
tooling.

 Material and process control is critical to reduce the coil failure. QXFA Coil after 
Impregnation

Vacuum Tank & QXFA Coil in the Impregnation Fixture  

6
9



Coil Manufacturing: Handling and Shipping
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Handling 
 <500 micro‐strain
 dedicated lifting fixtures 

Shipping 
 dedicated shipping fixtures
 <500 micro‐strain,  shocks <9 g 
 2 accelerometers on the LE and RE
 5g and 10 g shock watches 
 Air ride dedicated truck



Magnet Assembly
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Shell‐Yoke Assembly



Magnet Assembly Cont.
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Coil Prep Radial Shim 
Prep

Fuji Paper 
Exposure

Key 
shimming

Coil Pack Assembly



Magnet Assembly Cont.
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Fully assembled magnet Preloading Splicing and 
Connectorization

Coil Pack Insertion



Shipping
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HL LHC AUP: around 150 domestic shipments 
(coils + magnets)



Magnet Testing
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Vertical Test Stand at BNL 

Test Plan
At room temperature before cool down
– Electrical checkouts and tests
– Magnetic measurements: integral field strength and field harmonics
After cool down to 1.9 K
– Electrical checkouts
– Quench test training – to 16.53 kA (nominal current plus 300 A
– Magnetic measurements
– Holding the nominal current plus 300 A margin for an extended period

of time
– Quench Protection Heater tests to verify nominal operation
– Splice measurements
At room temperature after warm-up
– Magnetic measurements
– Electrical checkouts before shipping to FNAL

About magnet quench: 
 When a superconducting magnet loses its 

superconducting state and abruptly 
transitions to a resistive state, leading to a 
rapid release of stored magnetic energy 
and a significant rise in temperature. 

 This transition can be triggered by various 
factors such as excessive current, 
magnetic field fluctuations, mechanical 
disturbances, or temperature variations.



Cold Mass (CM) Assembly
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Wrap with MLI and Insertion in Cryostat

CM ready for Long. Welds CM End Plate Welds

CM ready for Ultrasonic Inspection



Cryo-assembly Testing
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Installation in FNAL TS4

• Room temperature electrical checkout and initial setup 
• Cool down and electrical checkout at 4.2 K, and high 

voltage test at 1.9 K. 
• Perform magnetic measurements at 1.9 K for 

alignment.
• Setup for testing at 4.2 K and test the magnet at 1.9 K 

for quench(es).
• Holding current test at 1.9K.
• Magnetic field measurement using hall probe.
• Quench current temperature dependence study.
• Warm up and cool down, and then repeat the previous 

process as the 2nd thermal cycle verification. 



Failure Case during Coil Winding
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Cable roped and lost, ~$250k



Failure Case during Coil Reaction
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• Repaired by shifting the 
splice 75 mm into the 
coil.  

• Tooling was replaced 
for future coils.



Failure Case during Coil Impregnation
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• Black object was 
impregnated into the 
coil, which may cause 
electric short in between 
the QH and the coil. 

• Repaired by peeling off 
this section of 
impregnated cloth, 
patching a new 
insulation cloth and re‐
impregnation.



Failure Case during Magnet Assembly 
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• In the process of shipping preparations, it was discovered that the GPI of Q2 Coil that was 
supposed to extend into the bore appeared to be folded in between Q3 Coil in two 
locations.

• These two coils were replaced in the magnet due to possible high stress during the 
assembly.



Failure Case during Magnet Shipping
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• The truck transporting the MQXFA11 magnet from LBNL to BNL was rear ended by another truck in 
2022. The main hit took place on the right back corner. During the incident the truck rear axle 
disengaged as displayed. 

• The magnet was moved to FNAL. Upon arrival a visual inspection was performed followed by electrical 
checkout, metrology survey, analysis of the fiber optic sensors and accelerometer data analysis (6‐10 g 
vertical shock)

• All tests and analyses were OK. Magnet was shipped to BNL for magnet testing.  



Delivery
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• Failure paves the way to success!
• It teaches us valuable lessons, strengthens 

our resilience, and provides opportunities 
for growth and improvement. 

• Embracing failure as a natural part of the 
journey can lead to innovation, creativity, 
and ultimately, achievement.

Leaving FNAL Arriving at CERN


