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ABSTRACT 
  

Fermilab is developing Nb3Sn quadrupole magnets for the planned upgrade of 
interaction regions of the Large Hadron Collider (LHC).  Several 90-mm quadrupole 
models using a collar-based mechanical structure have been fabricated and tested within 
the framework of the US-LHC Accelerator Research Program (LARP) [1-5].  Two 
distinctly different approaches have been employed, one using quadrupole-symmetric and 
one using dipole-symmetric collar laminations.  This paper describes the design features of 
both collar types, collaring techniques for brittle Nb3Sn coils, and compares the advantages 
and disadvantages of the two approaches.  Results of mechanical analysis for quadrupoles 
based on dipole-type and quadrupole-type collars are presented.  Magnet construction 
issues and test results are reported.  Test results include coil and component strain and 
magnetic measurements during construction.  Plans for the completion and test of the first 
dipole-symmetric assembly are described.   
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INTRODUCTION 
 

Several technological quadrupole (TQ) models have been fabricated at Fermilab.  
These models employ a conventional collaring system similar to that used in many 
previous NbTi designs and based particularly on the LHC IR quadrupoles [6].  The collar 
has been a reliable system, providing the required coil support as well as field quality.  
Although the design is well-established for NbTi magnets, the TQ models represent the 
first attempt to use this method for Nb3Sn conductor.  Models have been fabricated and 
tested successfully, but the extended time required for construction as well as potential 
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risks to the brittle Nb3Sn conductor have motivated attempts at alternative collaring 
processes. 
 
 
DESIGN ISSUES 
 
Quadrupole Symmetric Collaring 
 

The conventional collaring process used by TQ consists of a collared coil supported 
by a yoke as shown in FIGURE 1.  The collared assembly is compressed and supported by 
the yoke through four collar-yoke radial shims. Preload is applied at room temperature 
using a hydraulic press and is contained by the stainless steel skin, which can be either bolt-
on or welded.  Stainless steel “control spacers” intercept potential excess preload from the 
yoke during cool-down. 

 Collar laminations are stamped in a “quadrupole symmetric” configuration as shown.  
Collars and tapered collaring keys are installed using a 4-jaw press as shown in FIGURE 2.   

The coil must be collared in small increments longitudinally as shown.  During the 
incremental collaring process, differential pressure is applied to the coil, with significant 
stress gradients developing between the area being pressed and adjacent area.  Although 
these stresses are not enough to damage the ductile NbTi coils, they can become significant 
enough to damage Nb3Sn coils. This process has been successfully done in the TQ program 
by limiting the stress gradients between any adjacent sections to under 10 MPa.   

 

 
FIGURE 1. Single quadrupole-symmetric lamination (left) and TQ collared assembly in yoke (right). 

 

 
 
FIGURE 2. TQ collared coil in 4-jaw press. (left).  Schematic representation of incremental collaring (right). 
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However, to achieve this, the collaring must be done in multiple (as many as eight) passes, 
with slightly more pressure applied with each pass.  This is a time-consuming process, as 
well as one in which errors during assembly can result in coil damage.    
 
 
Dipole Symmetric Collaring 
 

An alternative collar design, using dipole-symmetric collars supported by the same 
yoke as used for the conventional quadrupole collars (collar lamination and yoked 
assembly shown in FIGURE 3.), is being implemented.  This system has been used 
previously for NbTi magnets, in both UNK and SSC IR quads [7-9].  The first TQ model 
using this system is TQC02Eb.   

The dipole symmetric collar system has several construction advantages over the 
conventional system.  Collaring and keying can be done in one operation, using a full 
length press, in the same way that dipole collared coils are made (FIGURE 4).  This 
eliminates the incremental stress gradients, reducing risk of cable degradation.  The one-
step collaring operation also greatly reduces the time required to construct the assembly. 

There is one disadvantage.  The inevitable asymmetry between the vertical and 
horizontal axis will create distortions in both field quality and preload.  However, these 
distortions are minimal in the TQ design.  Differences in bore diameter between the 
vertical and horizontal axis are expected to be 25 microns or less.   Finite element analysis 
showing the expected coil preloads within the quadrupole and dipole structures is shown in 
FIGURE 5. 

 

 
FIGURE 3. Single dipole-symmetric lamination (left) and TQ collared assembly in yoke (right). 
 

 
FIGURE 4. Illustration of dipole symmetric collared coil assembly in full length press (left) and schematic 
representation of full length collaring (right). 
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FIGURE 5. Finite element analysis of TQ coils in quadrupole symmetric system (left) and dipole symmetric 
system (right) with collars and supporting iron yoke installed (stresses in MPa).  

 
MECHANICAL MODEL 

 
Before building the first TQ model with dipole-style collars, a mechanical model 

(TQM02Ebmm) was completed.  Four coils that had been previously tested in TQ models 
were used.  Strain gauges were located at various places on the metal poles and the inside 
surface of the coils, at positions shown in FIGURE 6 (not all coils had gauges in all places).  
The coil configuration and shimming were identical to that used in earlier quadrupole-
symmetric TQ models, so strain gauge readings in the two structures could be compared.   
 
Collaring 

 
TQC02Ebmm was collared in May 2009.  TABLE 1 lists the average coil stresses at 

various positions for the quadrupole-symmetric collars in previous TQ models and dipole-
symmetric collars in the dipole style mechanical model.     
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FIGURE 6. Gauge positions on inside surface of TQ coils. 

 
TABLE 1. Average coil stresses (MPa) of gauges after collaring in quadrupole symmetric and dipole 
symmetric collars.  Negative sign denotes compression and positive sign denotes tension. 

 Quadrupole symmetric collar Dipole symmetric collar Axis 

Pole -36 -12 Vertical 
+9  Horizontal 

Coil (near pole) -55 -44  
Coil (near midplane) -40 -66  



 
There are several observations which can be made from the stress distribution shown 

in TABLE 1:   
 
1.  Average readings of gauges on metal poles are lower (less compressive) for the 

dipole-symmetric system than for the quadrupole-symmetric system. 
2.  In the quadrupole-symmetric system, all gauges bonded to the metal pole are 

compressive as expected, whereas in the dipole-symmetric system readings of gauges on 
the horizontal plane show a tensile load.   

3.  Relative values of gauges bonded to the coil (near pole vs. near midplane) are 
reversed for the two styles.  With standard (quad) laminations, mean coil preload is higher 
near the pole than near the mid-plane, with the opposite being true when the dipole-style 
laminations are used.   
 

  This result implies that in the dipole-symmetric system, the coils are shaped in a 
vertically oval pattern, while the quadrupole-symmetric system yields a round pattern.  
This conclusion is supported by collar deflection measurements and analysis as shown in 
FIGURE 7.  A small amount of ovality was expected, but analysis predicted that it would 
not more that 25 microns.  FIGURE 8 shows a finite element analysis of the coils in the 
dipole-style collared assembly with the same vertical ovality as seen in TQC02Ebmm 
measurements, and although all values are not identical to those read by the strain gauges, 
the same pattern is clearly evident.      

The extreme ovality in the dipole system can be explained by the shape of the 
stamped laminations.  The slots which accept the tapered keys are out of tolerance in the 
vertical direction by 50 microns, and the exterior sides are small by 25 microns, as shown 
in FIGURE 9.  The inspection report also shows that the inside and outside radii in the area 
where the collar-yoke shim is placed are at their nominal values.  Therefore the coil should 
return to the nominal (expected) shape after yoking is complete. 

 
Yoking 

 
TQC02Eb was yoked in June of 2009, using a yoke identical to that used for the 

quadrupole symmetric system. Stresses read by the strain gauges on the inside surface of 
the coil indicated that the shape had returned to the expected configuration (TABLE 2).  
Stresses read by gauges at the pole, although compressive, are moderately lower than those 
gained from the quadrupole configuration.  This may be due to the fact that the dipole-style 
collar is stronger in the pole areas, allowing less bending at the poles.  This may be 
acceptable, or a minor modification to the cross section area, by shimming inside the collar 
cavity, may be desired to increase the pole preload in the assembled state. 

 
FIGURE 7.  Collar deflection measurements of a quadrupole-symmetric model (left), of TQC02Ebmm as 
measured (center) and TQC02Ebmm after lamination stamping errors have been subtracted out (right).  
Numbers represent radial deflections in microns. 



 
 

 
FIGURE 8.  Finite Element Analysis of coils in TQC02Ebmm showing expected stresses after collaring with 
the shape measured by the collar deflections.  

   
FIGURE 9.  Inspection report of stamped collar lamination.  

 
TABLE 2. Average coil stresses (MPa) of gauges after yoking in quadrupole symmetric and dipole symmetric 
collars.  

 Quadrupole symmetric 
collar 

Dipole symmetric collar 

Pole -117 -84 
Coil (near pole) -96 -87 
Coil (near midplane) -32 -61 

 
 

NEXT STEPS  
 
After construction of another mechanical model to verify all preloads and magnetic 

field components, the first short model, TQC02Eb, will be built and tested.  Testing is 
expected to be completed by October 2009.    
 
CONCLUSION 
 

The TQC program at Fermilab has demonstrated that the yoke-supported collared coil 
assembly can be used with brittle Nb3Sn coils.  Further refinements of the collaring design 
and construction techniques are being implemented, shortening the construction time and 
increasing reliability.  Results of the initial mechanical model have been consistent with 
analysis and have shown that the system is viable.  The dipole symmetric collaring system 
will be tested in a short model.     
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