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1. Introduction 
There has been a pole keyway shift observed in the mechanical CMM measurements coils 

QXFA109-QXFA117 after coil impregnation. As seen in Figure 1, the maximum pole keyway 
shift observed has been  >200 μm at the indicated axial locations in some recent coils. 

 
Figure. 1 QXFA109-QXFA117 Pole Key Shift (Courtesy F. Nobrega, https://indico.fnal.gov/event/22742/) 

The shift of the pole key keyway causes the various contact conditions at the polekey / collar 
interface, and consequently it may cause asymmetric load conditions inside the coils after preload 
operations. Therefore, this note presents the criterion of an allowable limit of keyway shift in 
order to keep the coil stress variations within a tolerate range.   

The coil pole stress varies from coil to coil after preload even if the coil pack is assembled 
with coils close to nominal sizes. This coil stress spread between the coils in a magnet has been 
seen in all of the past QXF magnets, which could be caused by a combination of several factors: 
slightly different coil stiffness, mechanical tolerances, and initial contacts of each individual coil. 
The typical measured spread of coil stress of the successfully tested magnets is about ± 12 MPa 
after cooldown (please see the slides of SG analyses after cooldown of MQXFAP1b and 
MQXFA03). So, the logic is to keep the variations due to keyway shift within this difference 
from the nominal (± 6 MPa). As discussed, the variation of 6 MPa is used as max acceptable 
variation due to key-way shift. 

The analysis in this note is based on a set of full size 2-D simulations. The 2-D is shown in 
Figure 2. Contact elements are utilized in the models as defined below:  

• Bonded contacts --- inside coil blocks; 
• Frictional contacts in other parts; 
• Gaps in the polekey / collar interface. 

The preload is set as the baseline target of MQXFA04 magnet, and the initial pole key gap is 
set 140 μm / side.  
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Figure. 2 2-D full size model and the setting for keyway shift in quadrant 1 

2. Stress results  
The results of 2-D model represent the worst-cast because the model assumes the entire 

key way was shifted. Figure 3 shows the coil Von Mises stress with varying keyway shifts in the 
Quadrant 1 coil. With no keyway shift, the peak coil stress is about 72 MPa at the inner corner of 
the pole-turn at Room Temp (RT). With a keyway shift we begin to observe an increased stress of 
the coil in Quadrant 2. 

 

R.T. Cooldown 
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Figure. 3 Coil Von Mises stress with keyway shift in Quadrant 1 at R.T.(left column) and after cooldown (right 

column) 

 The peak stress in the Quadrant 2 coil increases by 8 MPa at R.T. and 11 MPa after 
cooldown at the inner corner of the pole-turn compared to the same location in the nominal case 
with a keyway shift of 400 μm. 

 

  

  

Figure. 4 Transfer Function (TF) plot of each quadrant with keyway shift in Quadrant 1. 

Figure 4 shows the TF plots of all the quadrants with varying keyway shift conditions, 
plotting peak coil stresses as a function of shell stress. A variation in coil stresses observed, up to 
14 MPa at cold with a key way shift of 400 μm. In this case, there is a ~10 MPa increase in the 
Quadrant 2 coil respect to the nominal case.  
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As mentioned above, the nominal coil stress variation should be limited to 6 MPa. Figure 

5 shows the plot of the coil stress variations with respect to the nominal case as a function of 
different keyway shifts. In order to meet the criterion, the maximum keyway shift should be no 
larger than 250 μm in order to remain under the 6 MPa variation limit at cold. 

 

 
Figure. 5 Coil stress variation respect to the nominal case with different keyway shifts, showing the allowed coil stress 

variation of 6 MPa. 

 
In cases such as observed in Coil 116 (see Figure 1) where the measured keyway shift is 

greater than 250 µm a method to machine the pole keys must be introduced in order to keep peak 
coil stress variations in the allowable range. The amount of material machined from a polekey 
may change from coil to coil in any given magnet, but will be based on key modifications 
described in drawing #SU-1012-3438. 

Summary and Outlook 
The impact of a pole keyway shift in the coils was analyzed with a full size 2-D model. 

The results are considered conservative because it assumes the entire keyway shifts along the 
magnet length. Based on the analysis described here, the coil stress variation has a linear 
relationship with the keyway shifts. In order to limit the coil stress variation to the nominal within 
6 MPa, the maximum allowable keyway shift is 250 μm. For cases where a keyway shift is 
greater than this a method to machine the pole keys has been introduced in order to reduce the 
peak coil stress variations below the allowable limit. 
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