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Differences between MQXFAP1 and MQXFAP2
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MQXFAP2
2nd Prototype
And Pre-Series
4.2 m mag. length 
QXFA Coils
4.56 m Yoke length

MQXFAP1a/b
1st Prototype
4.0 m mag. length 
QXFP Coils
4.56 m yoke length

All MQXF magnets have 
the same cross section

Full-length G11 pole alignment 
keys were used in MQXFAP2

Stainless steel 
spacers used as 
coil extenders for 
MQXFAP1

G11 pole alignment keys 
ended at straight section 
in MQXFAP1

MQXFAP1 coil superimposed on structure with MQXFAP2 coil



Assembling the MQXFA Magnet
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§ Fuji (pressure-sensitive) paper exposures are used to examine 
the contact conditions of the coil and collar

§ Iterative adjustments of radial shimming is possible

Collars

Coil

Radial Shim and 
ground plane insulation

Pole key (with 
and w/o gaps)

Magnetic measurements 
reported in 
X. Wang, Thu-Mo-Po4.07-03
H. Song, Wed-Af-Po3.20-07



Preload Comparison of the MQXFA Magnets
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MQXFS1a MQXFS3a MQXFS1b MQXFAP1a MQXFAP2 MQXFAP1b MQXFA03

R.T.

Coil -61 -73 -77 -75 -74 -69 -80

Shell 72 102 95 72 83 62 53

Rods 0.2* MN 0.2* MN 0.2* MN 0.36 MN 0.36 MN 0.36 MN 0.58 MN

1.9K

Coil -81 -92 -101 -88** -91 -90 -103

Shell 140 178 173 140 153 130 110

Rods 0.6 MN 0.65 MN 0.6 MN 0.85 MN 0.85 MN 0.85 MN 1.1 MN

Interference 460 µm 910 µm 720 µm 640 µm 710 µm 510 µm 510 µm

Pole Key Gap# 0 -50 µm 0 50 µm 20 µm 75 µm 180 µm

§ * Short model rods are made of 7075-T6 Al; long structures use 316L SST
§ ** Lost coil gauges on cool down; using FEA estimate based on shell gauges
§ # Gap per side. Positive values indicate gap, negative values indicate interference

Short models Prototype Structures Pre-series



Prototype Magnets MQXFAP1a/b
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MQXFAP1a MQXFAP1b

R.T.

Coil -75 -69

Shell 72 62

Rods 0.36 MN 0.36 MN

1.9K

Coil -88* -90

Shell 140 130

Rods 0.85 MN 0.85 MN

Interference 640 µm 510 µm

Pole Key Gap 50 µm 75 µm

R.T.

1.9 K

* Estimated from FEA using measure shell 
gauges (lost gauges on cool down)

§ Builds used the same structure
§ Replaced coil 05 with 06 in MQXFAP1b

§ MQXFAP1a based on MQXFS1b levels
§ Do not exceed -94 MPa in any location on coil pole

§ Targeted -70 to -75 MPa
§ MQXFAP1a at R.T. using 640 µm interference
§ MQXFAP1b at R.T. using 510 µm interference

§ Pole keys
§ Fibers are transverse oriented
§ 50 µm gap per side in MQXFAP1a
§ 75 µm gap per side in MQXFAP1b



FEA: Δε @ 130T/m: 25 µε

Shell 6

Shell and Coil
Station “LE”

MQXFAP1a Strain Gauge Response
§ Shell readings matched FEA models, reached target 140 

+/- 8 MPa
§ Most coil gauges were lost (debonding) on cool down

§ Only Coil 03 retained all three azim. stations, all showing 
unloading

§ Coil 04 and 05 retained only one station, 04 seemed least 
loaded

§ Rod gauges did not match either FEA frictional/frictionless 
models
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Ultimate: 17.89 kA

Quench #10

Rod gauges 
on LE Shell and Coil

Station “MID”
Shell and Coil
Station “RE”

Coil 03 Coil 03

Coil 03

See J. Muratore
Thu-Mo-Or16-03

Coil 04

See V. Marinozzi
Mon-Mo-Po1.03-07



Shell Station “LE”

MQXFAP1b Comparison with MQXFAP1a
§ MQXFAP1b Shell readings also matched FEA models, 

reached target 125 +/- 6 MPa
§ Single coil station (“RE”) installed; 

§ Compared with available MQXFAP1a data preload of 
MQXFAP1b suggest higher preload applied, but still leveling 
off at ~13 kA

§ LE Rod gauges still did not match FEA models, but 
§ RE gauges mounted on the same rods match FEA frictionless 

model
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Ultimate: 17.89 kA

Rod gauges 
on LE Shell and Coil

Station “RE”

See J. Muratore
Thu-Mo-Or16-03

Rod gauges 
on LE

Quench #10
Rod 1 LE

Rod 1 RE
Matches FEA 
De of ~25 µe

Quench #10, De Quench #10, De

New rod stations
on two RE rods

Comparison of MQXFAP1a/b Coils



MQXFAP2 Shell Fracture
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Ultimate: 17.89 kA

See J. Muratore
Thu-Mo-Or16-03

§ First quench started around 13 kA
§ Reached maximum of 15 kA 

§ Fracture of the non-lead-end shell
§ Not directly seen by strain gauges (closest gauge stations ~1m away)
§ Possible “global event” observed on first 12 kA current ramp at ~7 kA

§ Despite low training performance
§ Strain gauges behaved as in previous magnets
§ Shell readings matched FEA models, reached target 150+/- 6 MPa
§ Coil stations showed comparable preload (not indicative of low training)

§ LE Rod gauges still did not match FEA models

See H. Pan
Mon-Mo-Po1.03-02

Coil Axial,MID
Plotted vs. time

Offset of De 5-10 µe when 
current passed 7 kAQuench #10 De compares 

to earlier behavior



Lessons Learned, Applied to Pre-Series

§ Shell Design Criteria has since been 
implemented
§ 10-15 mm radii in the cutouts, end 

shells modifications
§ Class AA UT inspection of forgings
§ Dye penetrant inspections post-

machining
§ Reducing shell stress by increasing 

the pole key gaps
§ Targeting 100-150 µm per side

§ Change in Preload operations
§ Evidence suggests a possible path-

dependent damage of coil wedge-end 
spacer interface

§ Preload operations to now incorporate 
initial axial end load contact, followed 
by 50% azimuthal & 50% axial, then 
final azimuthal and full axial preload
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Pole Key Gap 
(each side)



MQXFA03 and Outlook for Pre-Series
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Data	point,	
14	hr after	the	operations

Remove	shell	gap	keys

MQXFS1a MQXFS3a MQXFS1b MQXFAP1a MQXFAP2 MQXFAP1b MQXFA03

R.T.

Coil -61 -73 -77 -75 -74 -69 -80

Shell 72 102 95 72 83 62 53

Rods 0.2* MN 0.2* MN 0.2* MN 0.36 MN 0.36 MN 0.36 MN 0.58 MN

1.9K

Coil -81 -92 -101 -88** -91 -90 -103

Shell 140 178 173 140 153 130 110

Rods 0.6 MN 0.65 MN 0.6 MN 0.85 MN 0.85 MN 0.85 MN 1.1 MN

Interference 460 µm 720 µm 640 µm 710 µm 510 µm 510 µm

Pole Key Gap 0 0 50 µm 20 µm 75 µm 180 µm

§ Increased the pole key gaps
§ Machined pole keys
§ Targeted 100-150 µm per side, achieved ~180 

µm (no pole key case)
§ Preload operations

§ Axial contact made before start of azimuthal 
preload operations

§ 50% azimuthal target
§ 50% axial target
§ 100% azimuthal target
§ 100% axial preload
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MQXFA03 Gauge Readings at Preload
Target:	760	µε @RT
(53	MPa)

Axial	Preload	Operations
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Target:	-580	µε @RT
Target:	-79	MPa	@RT

Total	R.T.	rod	
force	is	~0.58	MN	
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Pole Stress vs. Axial Force Comparisons
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MQXFA03



Summary
§ MQXFAP1 and MQXFAP2 are the first prototype 4.5 m structures

§ MQXFAP1a developed a short to ground
§ MQXFAP2 experienced a fractured shell
§ MQXFAP1b virgin coil reached nominal in 3 quenches, but another 

(already tested) coil limited performance from reaching ultimate
§ The prototype magnets have provided lessons learned

§ Changed shell end design to meet the Structural Design Criteria
§ Increased pole key gap to help reduce shell stresses

§ Targeting 100 µm to 150 µm per side
§ Changed operation order of azimuthal and axial preloads

§ MQXFA03
§ The first of four Pre-Series magnets; lessons learned were applied 
§ Completed, ready to be tested starting Fall of 2019
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