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IIIINTRODUCTIONNTRODUCTIONNTRODUCTIONNTRODUCTION    

This report outlines findings of the design work performed under the Small Business Innovation 

Research (SBIR) Phase I grant (DE-SC0018615) to Particle Beam Lasers, Inc. (PBL) and Brookhaven National 

Laboratory (BNL) to develop a novel modular design for Electron-Ion Collider (EIC) quadrupoles based on 

racetrack coils, which needs less expensive tooling to build, particularly as compared to the commonly 

used Cosine Two Theta magnets in high energy accelerators.  There are two versions of the modular 

designs that we have investigated which we have named – Simpler and Symmetric.  The findings of each 

design are presented in the later section of the report. The simpler design is based on four sets of 

racetrack coils where the current is returned on one side of the magnet as shown on the left side of Fig. 1.  

It lacks the eight-fold quadrupole symmetry in the cross-section and therefore in addition to the normal 

field harmonic components that are allowed by quadrupole symmetry, one would also expect certain non-

allowed skew harmonic components. The symmetric design shown on the right side of Fig. 1 is based on 

eight sets of racetrack coils that splits the return current between the left hand and right-hand sides. This 

design has quadrupole symmetry in the cross-section. For the symmetric design to maintain quadrupole 

symmetry and achieve the needed field integration some of the modules of one of the coils must 

interleave another one at the magnet ends; details are shown in a later section. Nevertheless, both designs 

use similar length of conductor and almost double the length compare to the conventional cosine-two-

theta quadrupole design. An advantage of the modular design is that it also enables the same coils to be 

used in model magnets over a range of apertures. Such a modular design may greatly facilitate R&D and 

reduce its costs, which often dominate the total cost of magnets that are limited in numbers. We carried 

out the detailed magnetic design calculations for the quadrupoles of the interaction region (IR) for a 

future Electron-Ion Collider (EIC) as proposed by two national labs, Brookhaven National Laboratory 

(BNL) and Thomas Jefferson National Accelerator Facility (TJNAF) or simply Jefferson Lab (JLab). 

 

Fig. 1:  Sketch of modular designs proposed.  On the left is the simpler design and on the right is the symmetric design. 

MMMMODULAR ODULAR ODULAR ODULAR DDDDESIGN ESIGN ESIGN ESIGN CCCCONCEPTONCEPTONCEPTONCEPT    

The modular design shown in Fig. 1 is based on simple racetrack coils placed in a quadrupole 

configuration.  The coil configuration close to the bore is similar to the Panofsky quadrupole [1].  This 

configuration has the advantage that the conductor placed at the mid-plane in each quadrant is at the 

minimum coil radius, which is most efficient as it contributes the most field. We refer to these designs as 
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“modular designs” because these racetrack modules can be arranged for different model quadrupoles of 

the machine for a fast-turn-around and low-cost quadrupole magnet R&D program.  The modular design 

offers a unique opportunity to change the quadrupole apertures while using the same coil modules.  The 

simplified 2d drawing of the symmetric design shown in Fig. 2 demonstrates the first-quadrant coil 

translations to increase the aperture of the magnet (left) by moving coil A+/A- to the right and coil B+/B- 

upwards by the same amount.   

 

Fig. 2:  Modular designs offer a valuable R&D opportunity to increase the magnet aperture from the figure at the left to that at 

the right by moving racetrack coil A to the right and coil B upwards by the same amount. 

MMMMAGNET AGNET AGNET AGNET DDDDESIGNESIGNESIGNESIGN    AAAANALYSISNALYSISNALYSISNALYSIS    

We performed the magnetic design calculations for the following EIC quadrupoles which requires the 

high field gradient and the use of Nb3Sn coils: (a) BNL Q1PF, (b) JLab QFFB1_US, (c) JLab QFFB2_US, (d) 

JLab QFFB3_US. The proposed layouts of the interaction region (IR) for the eRHIC and JLeic designs is 

shown in Fig. 3. The design specifications of the magnets, as available at the time of proposal, are shown in 

Table I [2-4]; a design was performed for the highlighted magnets. The design approaches carried out for 

the Q1PF magnet were:  the simpler and the symmetric modular design.  These approaches will be 

discussed [5].  In the case of symmetric design, the same racetrack coil cross-section can be used as well 

for JLab’s quadrupoles with differences in field gradient, aperture and other design parameters. It is 

projected that the modular design will reduce the project costs of the EIC by minimizing the R&D and 

tooling costs required for each magnet, particularly when only one of each kind is needed. 

Another design requirement which is unambiguous, that these high field gradient quadrupoles 

(with adequate margin of at least 20 %) must also simultaneously ensure along with the field quality that 

there is a nearly field free region for the passage of the electron beam in the interaction region [IR] of 

the EIC.  
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Fig. 3:  Proposed layout of the Interaction Region of eRHIC (BNL) on the left and the JLeic (JLab) on the right. 
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TTTTABLEABLEABLEABLE    IIII: : : : RequirementsRequirementsRequirementsRequirements    ofofofof    the the the the InteractionInteractionInteractionInteraction    Region (IR) MagnetsRegion (IR) MagnetsRegion (IR) MagnetsRegion (IR) Magnets    forforforfor    thethethethe    BNL and JLABBNL and JLABBNL and JLABBNL and JLAB    EICEICEICEIC    

 

                    

 

 

 

 

 

 

 

SSSSECTION ECTION ECTION ECTION A:A:A:A:    SSSSYMMETRIC YMMETRIC YMMETRIC YMMETRIC MMMMAGNET AGNET AGNET AGNET 2D2D2D2D    RRRROXIE OXIE OXIE OXIE CCCCALCULATIONSALCULATIONSALCULATIONSALCULATIONS    

We have optimized three configurations of the symmetric design using the Roxie program [6].  

The three designs are pictured in Fig. 4 with configuration parameters given in Table II.  Design A divides 

the coils into two layers with 28 turns each (not including the return) and each turn carries 9.3 kA.  

Design B also has two layers but adds an extra turn at the pole.  Design B has 35 turns carrying 12.7 kA.  

Design C has a single layer with 27 turns carrying 17 kA in each turn.  Design D will be addressed later as 

the simpler design.  Each configuration was optimized by varying the position of, and gaps between, the 

coil blocks to reduce harmonics higher than the fundamental b2.  Also, in choosing the most appropriate 

configuration the quench margin is considered.  Fig. 5 shows the |B| field in the inner coils of the three 
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symmetric configurations.  The peak field occurs on the inner surface at the end of the coils.  Table III 

compares the peak field at the coils with the quench field for the different symmetric configurations.  

The Roxie program calculates the quench current based on the characteristics of the superconductor.  

Table III shows the values of the coil block with the largest ratio of peak field to quench field (load line 

ratio).   

 Table IV shows the harmonics calculated by Roxie for the three symmetric configurations.  The 

harmonics are given relative to the dominant quadrupole harmonic (n=2) represented by BR0 in the 

following formula used to define the field in terms of the harmonics: 

�� � ��� � 10	
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 ���� � ������� � ���/������	�
�

���
 

where Bx and By are the components of the field at (x, y) and Rref is the reference radius where the 

harmonics are calculated.  Typically, a good field design has harmonics less than one unit which is 

consistent with magnet fabrication errors.  Configuration C has the best field quality but also carries the 

largest conductor current and consequently operates closest to quench conditions as shown in Table III.  

Configuration C does not meet the 20% adequate current margin set as a goal in the phase I proposal.  

This can be rectified by choosing a different conductor with a larger cross section area. 

Table IITable IITable IITable II    Parameters that describe the designs consideredParameters that describe the designs consideredParameters that describe the designs consideredParameters that describe the designs considered    

.  Designs A, B, and C are symmetric designs and design D is the simpler design. 
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Fig. 4:  Three versions of the symmetric design that have been optimized. 

Table IIITable IIITable IIITable III    Quench Margins for the Quench Margins for the Quench Margins for the Quench Margins for the symmetric designs A, B, and C.symmetric designs A, B, and C.symmetric designs A, B, and C.symmetric designs A, B, and C.    

Design Current  
I, Amps 

Peak |B|, T Quench 

|B|, T 
% Load Line % Short 

Sample 

A, symm 9008 9.7 15.5 62.7 58.6 

B, symm 12700 9.1 12.5 72.8 29.4 

C, symm 17000 10.4 11.7 88.2 19.4 

D, simp 17073 10.4 11.8 88.7 18.7 
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Fig. 5:  Field in inner coils at the design current for designs A, B, and C  

Table IVTable IVTable IVTable IV    Harmonics Calculated with Roxie for the three symmetric configurations.Harmonics Calculated with Roxie for the three symmetric configurations.Harmonics Calculated with Roxie for the three symmetric configurations.Harmonics Calculated with Roxie for the three symmetric configurations.    
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SSSSECTION ECTION ECTION ECTION B:B:B:B:    SSSSYMMETRIC YMMETRIC YMMETRIC YMMETRIC MMMMAGNET AGNET AGNET AGNET 2D2D2D2D    AND AND AND AND 3D3D3D3D    OOOOPERA PERA PERA PERA CCCCALCULATIONSALCULATIONSALCULATIONSALCULATIONS    

As a parallel activity, the OPERA 2D and 3D program was used to perform optimization of symmetric 

coil configuration and the optimized coil configuration is different from the design discussed in the 

section-A.   A 2D parametric finite element model was first created to minimize the time intensive 3D 

calculations. The mass of the yoke and cross-section of the superconducting coil were optimized while 

keeping field quality over the operating range. The optimized cross-section of design B of the BNL Q1PF 

is shown in Fig. 6. We proposed the use of a similar coil cross-section for the several other JLAB 

upstream magnets of the IR section. In the optimized coil configuration, the parameters of the proposed 

Nb3Sn cable are identical to the previously used cable in the fabrication of the LARP quadrupole magnet. 

The parameters of the Nb3Sn cable are summarized in Table V [7].  

Figure 6 shows an OPERA2d model of an octant of the symmetric two-layer coil design with an 

additional two-turn pole coil, iron yoke and the surrounding air region indicated for the quadrupole 

Q1PF magnet. The position of the conductor in the coil is optimized to achieve and meet the field quality 

requirements. It also shows part of the iron yoke containing a rectangle cutout for the electron beam 

pipe. The yoke cross-section is optimized to minimize the fringe field magnitude in the electron beam 

region. The center of the electron beam pipe is 180 mm from the magnet center.    

Figure 7 shows an OPERA2d field contour plot for the Q1PF quadrupole design. The design field 

gradient for Q1PF is 140 T/m (with at least 20 % margin), and the coil aperture is 96 mm. The peak field 

magnitude in the coil is around 10.2 Tesla whereas the peak magnitude of the field in the iron is around 

5.4 Tesla. It also shows a reduced field region in the cutout section of the return yoke for the electron 

beam. The yoke cross-section is optimized to minimize the field magnitude in the electron beam region. 

The Q1PF quadrupole model provides a field gradient of 150 T/m and a peak field at the pole (r =0 .036 

m) of 5.4 T. The model also provides information about the Lorentz forces on the coil, stored energy and 

the magnitude of higher harmonics in the center of the magnet. The quadrupole field components (BY 

and BMOD) profile along the radial axis are shown in Fig. 8. The linear field region in the center of the 

magnet provides the required high field gradient for the proton/ion beam. The field at 180 mm inside 

the cutout in the yoke for the electron beam is 0.306 T. 

TABLE TABLE TABLE TABLE VVVV::::    NbNbNbNb3333SnSnSnSn    Conductor ParametersConductor ParametersConductor ParametersConductor Parameters    Previously Used for LARP [7]Previously Used for LARP [7]Previously Used for LARP [7]Previously Used for LARP [7]    
 

Strand Diameter (mm) 0.8 

Cu to non-cu ratio 1.17 

Number of strands 35 

Cable insulation (mm) 0.1 

Cable width, bare (mm) 15.15 

Mid-thickness (mm) 1.437 

Keystone angle 0. 

Cable width insulated (mm) 15.35 

Mid-thickness insulated (mm) 1.637 

Cable Jc (4.4K, 13.54 T), A/mm2 2087 
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Figure.6: OPERA2d model of an octant of the symmetric modular design (configuration B) with two layers of optimized coils, in 

addition to a two-turn pole block. Return coil blocks are further away from the aperture.  The rectangle cutout in the iron 

return yoke is for the electron beam pipe. 

 

To analyze the 3D behavior of the magnet design, especially the flux distribution along the beam axis, 

the stray field in and along the electron beam pipe, the peak field in the coil area, the integrated higher 

harmonic contents, and the forces on the coil, a magnetic model for TOSCA was developed.  Figure 9 

shows the 1/16th 3D meshed model of the BNL_QIPF quadrupole with coils and the surround air region. 

Figure 10 shows a schematic layout for quadrupole magnet with coils and cutout in the return yoke 

(dimensions are in cm). Each quadrant of the magnet encompasses a set of two orthogonal coils. To 

avoid the two orthogonal coils overlapping in the end region, the length of one of the coils is made 

smaller than the other one. The outcome of this arrangement results in perfect quadrupole symmetry in 

the longitudinal center but the coils lack symmetry at the ends due to the different coil lengths. To 

overcome the lack of symmetry at the ends and achieve the desired field integral in both planes, 

segments of one of the coils have different lengths and enclose the other orthogonal coil at the ends, as 

shown in Fig. 11. (Schematic of the simplified version of the two-coil arrangement is shown for better 

understanding.) Fig. 11 shows the length of one of the coil pancakes of the double coil pancake made 

longer while the other coil pancake is made shorter so that the orthogonal coil can be inserted between 

the two pancakes.  This is one option to overcome the inbuilt lack of symmetry at the coil ends. 
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Figure 7: OPERA2d contour plot of |B| for an octant of the symmetric modular design B with two layers 

of coils, in addition to a two-turn pole block. Return coil blocks are further away from the aperture.  The 

rectangle cutout in the iron return yoke is for the electron beam pipe. 

 

 

Figure 8: Profile of the calculated field components (BY and BMOD) along the mid-plane axis. The 

magnitude of the field at a radius of 0.036 m is 5.4 tesla whereas the magnitude of the field at 180 

mm is around 0.306 tesla. 
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Figure 9: 3d meshed model for the superconducting Q1PF quadrupole magnet with coils, return yoke 

and background air (dimensions are in cm). 

                 

Figure 10: Schematic layout for the superconducting Q1PF quadrupole magnet with full set of coils. 
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Figure 11: Schematic layout for the superconducting coils in the end region (simplified version for better 
understanding). The length of each of the coil pancakes of the double pancake coils is adjusted to 
accommodate the other orthogonal coil. This is one of the options to overcome from the inbuilt lack of 
symmetry at the ends. One can also achieve the desired field integral in both planes via fine-tuning of 
the coil length. 
 

The calculated integrated field strengths,  �!" ∙ $%  and  �!& ∙ $% at the reference radius of 36 mm 

are 8.32 T-m and 8.35 T-m respectively. The discrepancy between the two-field components is around 

0.4%.  A field plot along the longitudinal axis at a radius of 36 mm is shown in Fig. 12.  Adjustments to 

the coils may be necessary to equalize these integrated field strengths.  

 

 

Figure 12: Calculated field profile along the longitudinal axis at the radius of 36 mm. The length of the 
two orthogonal coils is adjusted to achieve the desired field integral in both planes. The difference in the 
magnitude of integral field of the components is below 0.25%. 
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Figure 13:  Field contour on the conductor surface of the Symmetric Q1PF modular design. The peak 
field magnitude in the conductor is 10.18 tesla.  
 

Based on the 2d and 3d design a detailed analysis has been performed and the important results were 

compared. The field contour on the surface of the symmetric Q1PF quadrupole conductor is shown in Fig. 

13.  Both 2d and 3d results suggest a 10.18 Tesla peak field magnitude.  Field data (BY and BMOD) along 

the mid-plane axis of the 2d and 3d model is compared in Fig. 14, and the results of the two models 

agree.  Other important design and extracted parameters from the 2d and 3d quadrupole model are 

included in Table VI. 

 

Figure 14a. Calculated field, BY (T) results from 2d and 3d model compared along the mid-plane axis.  
(Units are in millimeter and tesla).  
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Figure 14b: Calculated field, BMOD(T) results from 2d and 3d model compared along the mid-plane axis. 
(Units are in millimeter and tesla)  
 

Fig. 15 shows the relative amplitude of higher harmonics in the center of the symmetric QIPF 

quadrupole from the 2d and 3d model analysis. The harmonics were analyzed at each excitation current 

of the magnet. To limit the large value of b6 and b10 over the operating range of the large field gradient 

Q1PF quadrupole coil optimization has been performed. In the 2d model optimization achieved a value 

for the higher harmonics that is within the design specification and based on the information 3d 

modeling was performed. The values of the first few allowed higher harmonics in the center of the 

magnet at peak operating field are given in Table VII. As a different optimization procedure was 

performed for the OPERA2D analysis the harmonics are expected to be different from those in Table IV 

for the Roxie case B. The harmonics of the 3D model in Table VII were calculated at the axial center of 

the magnet.  The aspects of the 3d design such as integrated harmonics were analyzed from the data 

construed from the model.  The values of the first few allowed integrated higher harmonics and integral 

field strengths at maximum field are given in Table VIII. Along with the allowed harmonics of quadrupole 

field such as b6, b10, b14..., b(2n+2), the non-allowed octupole and its higher components are present. The 

large value of b4 in the Symmetric Q1PF quadrupoles is due to the unbalanced shape of the coils at the 

ends. The relative amplitudes of the higher harmonics (integrated and in the center) with respect to the 

quadrupole component are shown in Fig. 16. 
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TABLE TABLE TABLE TABLE VIVIVIVI: : : : DDDDesign and Extracted Parameters of the Quadrupole Calculated with Toscaesign and Extracted Parameters of the Quadrupole Calculated with Toscaesign and Extracted Parameters of the Quadrupole Calculated with Toscaesign and Extracted Parameters of the Quadrupole Calculated with Tosca    
 

Quantity Q1PF (BNL) 

Number of Magnets 01 

Max. field at 75 % of warm bore (T) 5.4 

Max. field gradient (T/m) 150 

Magnetic yoke Length (m) 1.5 

Warm bore diameter (mm) 96 

Number of turns per octant 72 

Operating current (A) 12880 

Eng. Current density (A/m2) 6.25 x 108  

Effective length (m) 1.54 

Stored energy at operating current (MJ) 1.503 

Self-inductance at operating current (H) 0.018 

 

TABLE VTABLE VTABLE VTABLE VIIIIIIII::::    CCCCalculated alculated alculated alculated FFFFieldieldieldield    HHHHarmonics in the armonics in the armonics in the armonics in the EEEEuropean uropean uropean uropean CCCConventiononventiononventiononvention    
 
 

Harmonic #        Q1PF (2D design)          Q1PF (3D design) 
B2*dL -- -- 

b6 -2.22E-05 5.50E-04 

b10 -9.45E-05 -5.61E-05 

b14 1.25E-05 1.58E-04 

b18 1.63E-04 -5.53E-05 

b22 -1.26E-04 2.36E-05 

 

Harmonics for the 3D model were calculated at the longitudinal center of the magnet.  Reference radius 

is 36 mm (75 % of the warm bore).  B2*dL is integrated field strength in T⸱m. The other components 

relative to the quadrupole field value in the center.  
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Fig.15. Relative amplitude of the higher harmonics with respect to the quadrupole component for 150 
T/m field gradient of Q1PF quadrupole.  

 

TABLE VTABLE VTABLE VTABLE VIIIIIIIIIIII::::    Calculated Calculated Calculated Calculated Integrated Integrated Integrated Integrated Field Harmonics in the European ConventionField Harmonics in the European ConventionField Harmonics in the European ConventionField Harmonics in the European Convention    
 

Harmonic 

order 

Q1PF (3D design) 

INTEGRATED 

Q1PF (3D design) 

AXIAL CENTER 

B2(x,y)*dL 8.32 / 8.35 -- 

b4 -1.76E-03 3.70E-06 

b6 3.00E-04 5.50E-04 

b10 -8.39E-05 -5.61E-05 

b14 1.55E-04 1.58E-04 

b18 -7.57E-05 -5.53E-05 

b22 2.88E-06 2.36E-05 

 

Reference radius is 36 mm (75 % of the warm bore). B2*dL is integrated field strength in T⸱m. The other 

components relative to the quadrupole field value in the center.  
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Figure 16: Relative amplitude of the integrated higher harmonics with respect to the integrated 
quadrupole component for 150 T/m field gradient of Q1PF quadrupole. Along with allowed quadrupole 
harmonics non-allowed octupole field component is present.  

 

 A full 3d model of the Q1PF along with the electron beam pipe is shown on the left side of Fig. 

17. For symmetry purposes a cutout has been added in each quadrant. The location of the electron 

beam pipe is at 180 mm from the center of the magnet.  The field profile along the electron beam axis is 

shown on the right side of the Fig. 17, where the calculated field value is around 0.3 Tesla. This field is 

too large and will need to be shielded. A cylindrical superconducting shield surrounding the electron 

beam is an option being considered [8]. The integrated strength of the field in the electron beam pipe 

located at 180 mm is required to be much smaller than the integral field strength (8.32 T⸱m) of the Q1PF.  

The calculated integral field strength along the electron path in the present design is 0.52 T⸱m.  
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Figure 17: Full 3d model along with electron beam pipe at 180 mm from the magnetic center (on the 

left). Field plot along the electron beam axis (right). Units are in millimeter and tesla.  

Forces for Symmetric DesignForces for Symmetric DesignForces for Symmetric DesignForces for Symmetric Design    

TOSCA was used to calculate the magnetic forces acting on the coils. For better understanding a 

2d plot is overlapped over the coil-A and coil-B of the first quadrant. Based on the symmetry of the 

magnet system, each coil pack is divided into seven sections and each section has sub-sections along the 

beam axis (z-axis). For each section at full field, the net force vector magnitude and its orientation are 

obtained. The force vectors orientations and the corresponding magnitudes are provided in Table IX. 

The force vectors distributed over the corresponding sections were used for the structure analysis of the 

cold mass using the 2d FEA. It is important to note the coils are attracted to each other at the mid-plane. 

The resultant transverse force on each coil pack is outwards as shown in Fig. 19.  

TABLE TABLE TABLE TABLE IXIXIXIX::::    Force VectorsForce VectorsForce VectorsForce Vectors    Acting on the Sections of each CoilActing on the Sections of each CoilActing on the Sections of each CoilActing on the Sections of each Coil----PackPackPackPackssss. Units are in kN. Units are in kN. Units are in kN. Units are in kN    
 

 Coil Pack A Coil Pack B 

Section  Direction/ Magnitude  

 FX FY FX FY 

I 62.1149 -37.2973 -38.5646 64.3112 

II 1062.027 -13.4324 -16.1849 1192.9768 

III 6.3197 -69.0176 -68.1797 69.0339 

IV 59.44766 -73.8285 -74.3244 64.3956 

V -1355.45614 -281.6674 -276.6356 -1363.6656 

VI 149.4928 -80.335 -80.9568 150.68761 

VII 143.49224 -95.0351 -94.66503 144.79244 

Total Force (kN) 184.315 -650.6132 -649.511 322.532 

 

The calculated transverse forces towards the return yoke and the magnitude of the forces on 

the coil pack-A and coil pack-B are 184 kN and 323 kN, respectively, for each quadrant. This leads to an 
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unbalanced force towards the yoke side of around 140 kN in each quadrant due to different lengths of 

the two coil packs. The force vectors are shown in Fig. 19.  The resultant vertical forces on each coil are 

around 650 kN; i.e., the coils are attracted to each other. For modeling purposes, we assumed a straight 

cutout in the return yoke. The impact of a cutout at an angle is not modeled nor analyzed.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: Decomposition of each coil-pack into seven sections and each section into sub-sections along 

the beam axis. See Table IX for details of the force vectors magnitudes and orientations. 

The modular designs also offer a unique possibility to change the quadrupole apertures while using 

the same coil modules. We carried out a simulation where we moved the coil modules in the Q1PF 

magnet design to create the aperture for the Jefferson National Lab quadrupoles QFFB1_US, QFFB2_US, 

QFFB3_US designs and were able to obtain good field quality.  As an example, in the model of the Q1PF 

without return yoke (Fig.20, left) coil modules are rearranged and moved towards the center by 10 mm 

to meet the requirements of JLAB QFFB1_US (Fig.20, right). The field contour on the surface of the Q1PF 

(left) and QFFB1_US (right) quadrupole conductor is shown in Fig. 21. Based on the 2d design a detailed 

analysis has been performed for the field quality and the results were compared. The field profile (BY 

and BMOD) along the mid-plane axis of the 2d analysis is shown in Fig. 22. The required engineering 

current density in QFFB1_US is about 85 % of Q1PF whereas the achieved field gradient is 5% higher. 

The modified model of QFFB1_US provides a field gradient of 148 T/m (2.96 T at 0.02m) and a peak field 
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in the straight section of the coil of 8.1 T. Other important design data such as magnitude of the higher 

harmonic components from the two quadrupole models are included in Table X. 

 

Figure 20: In the model of Q1PF (left) coil modules are rearranged and moved 10 mm inwards to satisfy the physical 

requirements of JLab’s QFFB1_US magnet (right).  

 

Fig.21. Field contour on the conductor surface of the Symmetric Q1PF and QFFB1_US designs. The peak field magnitude in the 

conductor is 9.1 T and 8.1 T respectively.  
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Figure 22a: Calculated field, BY(T) results from the 2d model compared along the radial axis. (Units are in 
millimeter and Tesla)  

 

Figure 22b: Calculated field, BMOD(T) results from the 2d model compared along the radial axis. (Units are 
in millimeter and Tesla)  

TABLE TABLE TABLE TABLE XXXX::::    Calculated Field Harmonics in the European ConventionCalculated Field Harmonics in the European ConventionCalculated Field Harmonics in the European ConventionCalculated Field Harmonics in the European Convention    
 

Harmonic #        Q1PF (2D design)          QFFB1_US (2D design) 
B2*dL -- -- 

b6 -3.14E-04 -5.24E-04 

b10 2.32E-04 2.47E-04 

b14 -2.23E-04 -2.25E-04 

b18 2.75E-04 2.76E-04 

b22 -1.75E-04 -1.75E-04 

Reference radius is 20 mm (75 % of the warm bore). B2*dL is integrated field strength in T⸱m. The other 

components relative to the quadrupole field value in the center.  
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SSSSECTION ECTION ECTION ECTION CCCC::::    AAAASYMMETRIC SYMMETRIC SYMMETRIC SYMMETRIC MMMMAGNET AGNET AGNET AGNET 2D2D2D2D    AND AND AND AND 3D3D3D3D    DDDDESIGNESIGNESIGNESIGN    WITH WITH WITH WITH OOOOPERAPERAPERAPERA    
 

An alternate approach that we investigated was the simpler design. Rather than split the return 

of the current to both sides of the magnet, the simpler design returns all the current on one side (the 

right side in the figures shown). The simpler design is simpler to assemble but does not have standard 

quadrupole boundary conditions (symmetry) and consequently there are non-allowed skew harmonics 

present.  This can be addressed by rotating the magnet during installation as we shall discuss.  Also the 

design requires more space to contain the part of the coils returning the current, thus making the 

magnets wider. The mass of the yoke and cross-section of the superconducting coil were optimized 

within constraints while keeping field quality over the operating range. The optimized cross-section of 

the BNL Q1PF is shown in Fig. 23.  The figure shows one quadrant with the periodic boundary conditions 

that flips the sign of the vector potential AZ at 90° with respect to AZ at 0°. 

 

 

Fig.23. OPERA2d of the simpler modular design with flux lines. The figure shows a quarter model with 

periodic anti-symmetric boundary conditions.  The location of the electron beam center is below the 

return coil block and is at 0.18 m from the magnetic center. 

 

Fig. 24 shows an OPERA2d field contour plot for the Q1PF quadrupole design. The peak field 

magnitude in the coil is around 11.5 Tesla whereas the peak magnitude of the field in the iron is around 

5.96 tesla.  It also shows the field magnitude in the region of the electron beam pipe. The yoke cross-

section is also optimized to meet the physical constraints around the magnet. The Q1PF quadrupole 

model provides a field gradient of 140 T/m and a peak field at the pole (r =0 .036 m) of 5.05 T.  
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Fig.24. Field contour on the surface of the Simpler Q1PF quadrupole design. The peak field magnitude in the conductor is 

around 11.5 Tesla.  

 

Based on the 2d optimized design, 3d modeling was performed. The 3D model provides an 

opportunity to examine the magnet in detail, especially the flux distribution along the ion/proton beam 

region, the stray field in and along the electron beam pipe, the peak field in the coil area, the integrated 

higher harmonic contents, and the forces on the coil, a magnetic model has been developed. Fig. 25a 

shows the 3D meshed model of the BNL_QIPF quadrupole with coils and the surrounding air region. 

There are a total of four coils and the advantage of this design over the Symmetric modular design is 

that is there is no interference between coils at the ends. Fig. 25b shows an OPERA3d field contour plot 

for the Q1PF quadrupole design. The field on the coil surface is shown in Fig. 26.  The peak field on the 

coil from the 3D program is 11 T which occurs where the two neighboring coils are closest.  The field 

components, BY and BX profile along the mid-plane axis are shown in Fig. 27.  Because the mid-plane axis 

is not a quadrupole symmetry axis for the simpler model the BX component does not vanish.  The field in 

the region around 0.175 m where the electron beam is located has a value ~3.5 T.  The field value in the 

region of the electron beam is significantly high and additional approaches will be needed to shield the 

electron beam from the field.  BNL/PBL has a separate grant to investigate using HTS to shield magnetic 

field [5].  The saturation of the iron in the return yoke leads to significant field outside the iron. The field 

just outside of the yoke as a function of angle is shown in Fig. 28. The calculated peak field is 0.8 T at 

~20o.  

Fig. 29a shows the relative amplitude of higher harmonics in the center of the Simpler QIPF 

quadrupole from the 2d and 3d model analysis. The harmonics were analyzed at each excitation current 

of the magnet. To limit the large value of the b6 and b10 over the operating range of the large field 

gradient quadrupole (Q1PF) coil optimization has been performed. The optimization of the 2d model 

achieved values for the allowed higher harmonics that are within the design specification but the 

magnitude of the non-allowed skew quadrupole component is around 18% relative to the normal 
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quadrupole field. We will show that the skew harmonics can be eliminated by rotating the magnet 

during installation. The values of the first few allowed and non-allowed higher harmonics in the center 

of the magnet at peak operating field are given in Table XI. The data extracted from the 3d model is used 

for integrated harmonic analysis. The values of the first few allowed integrated higher harmonics and 

integral field strengths at maximum field are given in Table XII. Along with the allowed harmonics of 

quadrupole field such as b6, b10, b14..., b(2n+2), non-allowed a6, a10, a14..., a(2n+2), are present. The relative 

amplitudes of the higher harmonics (integrated and in the center) with respect to the quadrupole 

component are shown in Fig. 29b. 

 

Fig.25a. 3d meshed model for simpler superconducting Q1PF quadrupole magnet with coils, return yoke 

and background air. 

 

Fig.25b. OPERA3d model with the field contour on the surface of the return yoke. The blue rectangle 

below the return coil block is for the electron beam pipe. 
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Fig. 26:  The 3D analysis provides the |B| on the surface of the simpler design coils.  The peak field 

occurs where neighboring coils are closest. 

 

 

Fig. 27. BY and BX calculated along the mid-plane axis from the 2d model.  (Units are in meter and Tesla).  

 

 

Fig. 28:  |B| just outside the yoke.  The figure shows field that punches through the iron. 

Electron Beam 

Position 
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Fig. 29a: Relative amplitude of the higher harmonics with respect to the quadrupole component for 140 

T/m field gradient of Q1PF Simpler quadrupole.  The 2D harmonics are from Opera2D and the 3D 

harmonics are calculated with Tosca at the axial center of the magnet. 

TABLE TABLE TABLE TABLE XXXXIIII::::    Comparison of Harmonics for Q1PF Comparison of Harmonics for Q1PF Comparison of Harmonics for Q1PF Comparison of Harmonics for Q1PF CalculatedCalculatedCalculatedCalculated    for 2D with 3D Harmonics Calculated at for 2D with 3D Harmonics Calculated at for 2D with 3D Harmonics Calculated at for 2D with 3D Harmonics Calculated at 

Axial Center of the MagnetAxial Center of the MagnetAxial Center of the MagnetAxial Center of the Magnet        
 
 

Harmonic#        Q1PF (2D design) Q1PF (3D design) 

At axial center 

 Normal 

(Bn/B2) 

Skew           

(An/B2) 

Normal 

(Bn/B2) 

Skew                

(An/B2) 

b2, a2 1.0 -1786E-04 1.0 -1713E-04 

b6, a6 -0.026E-04 -0.86E-04 0.754E-04 -0.49E-04 

b10, a10 0.281E-04 -0.15E-04 0.455E-04 -0.23E-04 

b14, a14 -0.016E-04 0.026E-04 -0.474E-04 0.018E-04 

b18, a18 -0.064E-04 0.008E-04 -0.068E-04 0.14E-04 

Reference radius is 36 mm (75% of the warm bore). The other components relative to the quadrupole field value in the center.  

Figure 30 shows the normal (blue) and skew (red) quadrupole (left) and duo-decapole (un-normalized B6 

and A6) (right) harmonics as a function of axial position measured from the magnet center.  The 

harmonics are calculated at each axial location by a Fourier transform of Br on a circle with radius 36 mm. 

These harmonics are calculated from the coils alone without iron included. The harmonics vary rapidly in 

the magnet end region. This explains the differences of the integrated and center harmonics.  
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Fig.29b: Relative amplitude of the integrated higher harmonics with respect to the integrated 

quadrupole component for 140 T/m field gradient of Q1PF quadrupole. Along with allowed quadrupole 

harmonics non-allowed components are present.  

 

Fig. 30: Left:  Normal (blue) and Skew (red) quadrupole harmonic as a function of axial position 

measured from the magnet center.  Right: Normal (blue) and skew (red) duo-decapole harmonic as a 

function of axial position. 

TABLE TABLE TABLE TABLE XXXXIIIIIIII::::    Calculated Calculated Calculated Calculated Integrated Integrated Integrated Integrated Field HarField HarField HarField Harmonics in the European Conventionmonics in the European Conventionmonics in the European Conventionmonics in the European Convention    
 

Harmonic 

order 

Q1PF (3D design) 

Normal(Bn /B2) 
Q1PF (3D design) 

Skew(An /B2) 

b2, a2 1.0 -1865E-04 

b6, a6 -1.54E-04 -11.2E-04 

b10, a10 0.325E-04 -0.43E-04 

b14, a14 0.055E-04 -0.13E-04 

b18, a18 -0.035E-04 -0.54E-04 

Reference radius is 36 mm (75%) of the warm bore. The other components are relative to the 

quadrupole field value in the center.  
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Forces for the Simple DesignForces for the Simple DesignForces for the Simple DesignForces for the Simple Design    

 

Table XIII: Forces on SimpleTable XIII: Forces on SimpleTable XIII: Forces on SimpleTable XIII: Forces on Simplerrrr    Design CoilsDesign CoilsDesign CoilsDesign Coils    in Newtonsin Newtonsin Newtonsin Newtons    

 

Table XIII shows the Lorentz forces for the simpler design as calculated by Tosca.  The section numbers 

correspond to the different blocks in each coil.  Since all of the coils are identical the forces for the four 

coils sum to zero.  The discrepancies are an indication of the size of the computation errors.  One does 

expect that there should be a non-zero torque.  The axial torque is τZ = -61183 kN⋅m.  This torque would 

be transferred to the return yoke, which must be secured to external support.  This will affect the 

cryostat design.  
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SSSSECTION ECTION ECTION ECTION D:D:D:D:    SSSSIMPLER IMPLER IMPLER IMPLER MMMMODEL ODEL ODEL ODEL CCCCALCULATED WITH ALCULATED WITH ALCULATED WITH ALCULATED WITH RRRROXIEOXIEOXIEOXIE    

Table II and Table III show a configuration D which describes a single layer coil with the simpler 

geometry with the current returned on one side rather than split between the two sides.  Otherwise the 

coil configuration is similar to the symmetric configuration C.  As Table III shows it also has a similar 

quench margin where the operating current is 89% of the quench current.  A double layer coil would 

have a larger margin.  

Table XI and Table XII show a large skew quadrupole (a2) term.  The skew quadrupole term can be 

zeroed by rotating the magnet during installation.  The angle of rotation is determined by zeroing the 

rotated a2’ (rotated harmonics are primed).  The rotation angle to zero a2’ is −5.076°.  Figure 31 shows 

the rotated magnet that zeros the skew harmonics.  The figure also shows |B| in the iron with a 

maximum field in the vicinity of the return coil.  The iron saturation pattern does affect the rotation 

angle by ~0.5°.  Rotating the magnet to eliminate the skew quadrupole does not necessarily eliminate 

the higher allowed harmonics, since the rotated angle for each harmonic is multiplied by the harmonic 

order.  To minimize the higher order skew harmonics the magnitude of that harmonic, '��! � ��! , 

must be minimized.  We have used the Roxie program [7] to optimize and minimize the duo-decapole 

harmonics (b6, a6) by varying the gaps between the coil blocks.  Table XIV shows the resultant rotated 

harmonics.  The optimized duo-decapole harmonics are negligible.  The next higher allowed harmonics 

(b10, a10) were not explicitly included in the minimization fit, however the b10’ and a10’ harmonics are 

quite acceptable.   

 

Fig. 31:  Rotated simpler quadrupole.  The magnet is rotated by −5.076° to zero the a2’ harmonic. 
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Table XTable XTable XTable XIVIVIVIV: Optimized Rotated Harmonics for the Simpler Quadrupole : Optimized Rotated Harmonics for the Simpler Quadrupole : Optimized Rotated Harmonics for the Simpler Quadrupole : Optimized Rotated Harmonics for the Simpler Quadrupole     

 

SSSSECTION ECTION ECTION ECTION EEEE::::    MMMMECHANICAL ECHANICAL ECHANICAL ECHANICAL DDDDESIGN ESIGN ESIGN ESIGN AAAANALYSIS NALYSIS NALYSIS NALYSIS     

A structural analysis of the simpler design (design D) and the symmetric design (design A) were 

performed using the ANSYS 2d finite element program. For the analysis we have assumed that coils are 

held in place with a stainless steel 304 collar that has a 96 mm aperture hole for the beam. The 

mechanical analysis for the simpler and symmetric designs is given in the subsections. 

Simpler DesignSimpler DesignSimpler DesignSimpler Design        

 The procedure was to use ANSYS to calculate the field (and compare it to OPERA) to obtain the 

Lorentz forces locally at each node.  Because the simpler design does not satisfy the normal quadrupole 

mirror symmetry, an anti-symmetric 90° rotational boundary condition was used for the magnetic 

simulation. (A boundary condition on the vector potential, Az(0°) = −Az(90°) was imposed.)  Because the 

Lorentz forces are proportional to both J and B, the mechanical displacements show a 90° rotational 

symmetry.  Figure 32 shows a |B| field contour plot from ANSYS that can be compared to figure 19 from 

Opera2d. The ANSYS plot shows a peak field of 10.3 T which is slightly lower than the Opera2d value 

(11.5 T) but occurs at the same location near the coils.  The differences may be due to different BH 

tables used by the two programs.  These differences are not important for the structural calculation. 

ANSYS will use the same mesh geometry for the magnetic calculation as for the structural analysis. 

Figure 33 shows the contour of AZ which illustrates the magnetic flux lines.  Examining the lines at the 

borders shows the effect of the anti-symmetric 90° periodicity.  The flux lines in the interior of the coils 

show quadrupole symmetry.   
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Fig. 32: Contour plot of |B| calculated by ANSYS. 

 

Fig 33: Contour plot of AZ from ANSYS calculation which shows the magnetic flux lines. 
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For the structural analysis some assumptions about the materials need to be made.  The elastic 

modulus of Nb3Sn conductor is dependent on whether it is wind-and-react or react-and-wind.  Also the 

coils will be epoxy impregnated which softens the modulus.  The modulus largely affects the strain 

calculation which is important since Nb3Sn has a low strain limit.  In our calculations we used a Young’s 

modulus of 44 GPa for the Nb3Sn coils and assumed that the modulus was isotropic [8].  Figure 34 shows 

a plot of the nodal displacements.  The plot on the left superimposes the distorted magnet (blue) onto 

the undistorted.  The plot on the right presents the displacements as a contour plot.  The maximum 

displacement observed is 10.5 µm and occurs at the coil mid-planes.  As mentioned the distortions in 

the coil are dependent on the modulus used.  Figure 35 shows an enlarged view of the displacements in 

the coils.  The collars will need to supply pre-stress to suppress coil movement as the magnet is ramped 

up.  Applying pre-stress for racetrack coils is one-dimensional making it simpler than for cos(2⋅theta) 

magnets.   

  

Fig. 34: Nodal displacements of the simpler design model.  Left: Comparison of distorted model to the 

undistorted.  Right: Contour plot of nodal displacements. 

 

Fig. 35: Contour plot of coil displacements.  The distortions are exaggerated. 
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Figure 36 shows the von Mises stress for the simpler design. The peak stress occurs in the collar on 

the web between the coils. There is also a bending stress that occurs on the inner surface of the 

aperture. The peak stress is sufficiently below the limiting values for the materials.  Figure 37 shows the 

strain associated to the von Mises stress.   

 

 
Fig. 36: Contour Plot of the von Mises stress for the simpler design.  Stress units are pascal. 

 

 
Fig. 37 Contour plot of the strain associated to the von Mises stress. 
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Figure 38 shows the von Mises strain in the coils.  Nb3Sn conductor can be degraded if the strain reaches 

the irreversible limit. The maximum strain in the coils for the simpler design is 0.1% which is sufficiently 

below the acceptable limit.  Column 2 in Table XV summarizes the peak values for this design.  The 

limiting values are listed in column 4 of the same table. 

 

 
Fig. 38: Von Mises strain in the coils for the simpler model. 

 

We have used a Young’s modulus of 44 GPa for the Nb3Sn conductor in order to calculate the strain 

on the conductor from the Lorentz forces. Table XIV summarizes the peak values for this design in 

column 2. The limiting material values are shown for comparison.   

AssemblAssemblAssemblAssemblyyyy    of of of of the the the the Simpler Design MagnetSimpler Design MagnetSimpler Design MagnetSimpler Design Magnet    

An important engineering issue is how to assemble the simpler magnet.  Fig. 39 shows a 2D sketch of 

the assembled magnet.  The design uses four double racetrack coils.  Each single coil is wound onto a 

stainless-steel form and mated to the second coil.  The inner coil lead splice is located inside the support 

form.  The arrangement simplifies the lead design and has been used previously at BNL.  Instead of using 

interlocking keyed collar laminations, the coil supports are a series of solid stainless-steel bars that run 

the full length of the coil, offering the same radial and azimuthal support to the coil ends as well as their 

straight section.  The bars are screwed together through holes in the coil forms.   Inner support is 

offered by the square bore center insert while coil axial torque is restrained by the octagonal inner 

surfaces of the steel yoke.  The coil assembly is expected to be a precision running fit against the yoke, 

thereby offering additional radial support to the coils as well as permitting their complete removal from 

either end.   

Coil replacement is a simple matter of disassembly involving no pressing, un-keying, or cutting.  Coil sets 

of different dimensions would be accommodated by a different set of support bars dimensioned 
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appropriately.  The four large voids inside the iron provide space for four stainless steel tie-rods which 

along with a pair of end plates, provide restraint against axial Lorentz forces. 

 

 
Figure 39:  Sketch of the collaring support structure for the simpler magnet design. 

 

Finite element analysis was performed on the 2D cross-section using ANSYS Maxwell to generate the 

Lorentz forces at full power (140 T/m). Flux and field plots are shown in Figures 40.  

  

 

Figure 40: Flux (left) and |B| plot [right] for the simpler magnet with the stainless steel bar support. 
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The structural analysis is preliminary and conservative at the time of this writing.  However the results 

so far are encouraging.  Figure 41 shows the x-component of the normal stress and strain on the coils 

which shows the compression of the coil conductors. The coil stresses and coil strains are manageable 

and do not exceed 0.21%.  Stresses in the support structure including the yoke do not exceed 93 MPa 

and deflections are small (Figures 42).  

 

 
Figure 41: X-direction normal stress (left) and strain (right) on the coils. 

 

 
Figure 42: Deflections (left) and von Mises equivalent stress plots of simpler magnet support structure. 

Symmetric Symmetric Symmetric Symmetric DesignDesignDesignDesign    

 

A similar analysis has been performed for the symmetric design. The boundary conditions for this case 

are simpler. The magnetic field is normal to the mid-plane, and the perpendicular displacement on the 

mid-plane is zero. Fig. 43 shows the displacement contour plot, which indicates that the maximum 

displacement occurs at the coils. The maximum displacement is only 9.3 µm, which is quite acceptable. 

Fig. 44 shows the von Mises stress for this design. The region with the largest stress is on the collar in 

the vicinity of the space between the coils.  The strain associated to the von Mises stress is shown in 

Figure 45.  The strain in the coil is shown in Figure 46.  The peak values of displacement, stress and strain 

for the symmetric design are summarized in Table XV. 
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Fig. 43: Nodal displacement plot for the symmetric design.  Left: Comparison of distorted magnet to the 

undistorted magnet.  Right:  Contour plot of nodal displacements. 

 

Fig. 44:  von Mises stress for the symmetric design. 

Table XTable XTable XTable XVVVV    
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Fig. 45: Contour plot of the strain associated to the von Mises stress for the symmetric design. 

 

Fig. 46:  von Mises strain in the coils for the symmetric design. 
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SSSSECTION ECTION ECTION ECTION FFFF::::    CCCCONCLUDING ONCLUDING ONCLUDING ONCLUDING RRRREMARKSEMARKSEMARKSEMARKS    

    We have examined designs using racetrack coils for the IR quadrupoles for both the eRHIC and JLeic 

EIC colliders.  This modular concept where the magnet can be reconfigured by moving the racetrack coils 

can lower the costs of an R&D program to develop a new magnet where the parameters can change.  In 

this case it has allowed us to use a single design with small modifications for both the eRHIC and JLeic IR 

quadrupoles. Two versions of the modular concept were studied: The symmetric version which has 

quadrupole symmetry and the simpler version which breaks that symmetry to make magnet fabrication 

and assembly easier. 

    There are advantages and disadvantages to each of these designs. The simpler design requires four 

simple identical racetrack coils.  No interleaving between pancakes is required to assemble the magnet.  

Although the simpler design allows skew harmonics the skew quadrupole can be eliminated by rotating 

the magnet during installation.  The higher order skew harmonics can be managed by minimizing the 

duo-decapole harmonic.  This was shown to be feasible.  In the design examined, the simpler design has 

higher saturation of the return yoke because of the close proximity of the coil to the iron.  The 

symmetric design generally has smaller overall dimensions since the current return is split.  The 

symmetric design allows the placement of the electron beam inside the iron flux return yoke which 

would supply partial shielding of the beam.  In the simpler quadrupole design for the proton or ion 

magnets for the parameters examined, it was difficult to find a low field position for the electron beam 

in the simpler design.  This may be overcome by using superconducting shielding around the electron 

beam [8].    

   We were able to achieve good field quality in all coil configurations examined. For the cable 

parameters chosen, the single layer coils carry more current and operate closer to the quench limit than 

the double layer design which operate at lower current and a healthy quench margin. We plan to 

optimize design parameters more in the Phase II where in addition to evaluating a wide range of 

parameters for studies, we will carry out the detailed magnetic, mechanical and engineering 

optimization of the designs with the parameters available at that time. 
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AAAAPPENDIXPPENDIXPPENDIXPPENDIX::::    AAAA    

CCCCOIL WITH OIL WITH OIL WITH OIL WITH SSSSPLIT PLIT PLIT PLIT TTTTURNS URNS URNS URNS DDDDESIGNESIGNESIGNESIGN    

Shailendra Chouhan 

A new concept is proposed to achieve high field-gradient with low field region for the nearby electron 

beam. In the design, coil blocks are optimized angularly and radially in a manner that results in the 

desired high field gradient for ion beam and a large low magnitude fringe field area for the electron 

beam. This design has standard quadrupole boundary conditions (symmetry) and consequently there 

are no non-allowed normal (skew) harmonics present.  Due to the large size of the electron beam pipe 

(diameter of 60 mm) and to contain the stray field magnitude in the electron beam region, the overall 

width of the coil is slightly wider compared to the known width of a cosine-two theta design magnet but 

is within present physical constraints. The advantage of the new concept is that there is no need of a 

bulky iron yoke or actively shielding coils. The main coil provides simultaneously the high-field gradient 

and the low field region. The superconducting coils were optimized within physical constraints while 

keeping field quality over the operating range. The optimized cross-section of the BNL Q1PF is shown 

above. To keep the simulation simple, rectangular coil blocks of realistic superconductor cross-section 

are considered. With the split turns coil design optimization is possible for a coil of any shape, including 

a cosine-two theta design as shown in Fig. A-2.  Irrespective to the coil shape, this method provides a 

wide region of low field magnitude (in the range of 10-4 T) as shown in Fig. A-1 and Fig. A-2a.  

 

 

 

Fig. A-1. OPERA2d analysis of the split-turns design with field contour. The figure shows 1/8th of a model 

with symmetric boundary conditions.  The location of the electron beam center is below the radially 

distributed coil block and is at 0.18 m from the magnetic center. Field magnitude in the range of 10-4 T. 
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Fig. A-2a. OPERA2d analysis of the split-turns design with field contour. The figure shows 1/8th of a 

model with symmetric boundary conditions.  The location of the electron beam center is below the 

radially distributed coil block and is at 0.18 m from the magnetic center. Field magnitude in the range of 

10-4 T. 

 

In both cases (Fig. A-1 and Fig. A-2) inner coil aperture is 96 mm and the achieved field gradient from 

the model is 140 T/m. It also shows a reduced field region for the electron beam enclosed by the circle 

(radius = 30 mm). The quadrupole field components (BY and BMOD) profile along the radial axis are shown 

in Fig. A-3. The linear field region in the center of the magnet provides the required high field gradient 

for the proton/ ion beam.    

 

 

Fig A-2b: Magnetic flux, Bmod lines distribution with low field region for electron beam. 
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Figure A-3a. Calculated field, BY (T) at mid-plane from 2d model along the radial axis.  (Units are in 
millimeter and Tesla).  

 

 

Figure A-3b. Calculated field, |B| (T) at mid-plane from 2d model along the radial axis.  (Units are in 
millimeter and Tesla).  

 

Based on the 2d optimized design, the 3d modeling was performed. The 3D model provides an 

opportunity to examine the magnet in detail, especially the flux distribution along the ion/proton beam 

region, the stray field in and along the electron beam pipe, the peak field in the coil area, the integrated 

higher harmonic contents, and the forces on the coil, a magnetic model has been developed. Fig. A-4 

shows the OPERA3D meshed model of the BNL_QIPF quadrupole with coils and the surrounding air 

region. 
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Figure A-4: 3d meshed model for the BNL Q1PF quadrupole magnet with superconducting coils with Split 

turns and background air. 

 The calculated field components, BY and |B| profile at mid-plane along the radial axis from the 3d 

model are shown in Fig. A-5.  Because the mid-plane axis is a quadrupole symmetry axis, consequently 

the resultant BX component is zero.  The calculated field profile along the longitudinal axis at a radius of 

36 mm is shown in Fig. A-6. The calculated integral field strengths,  �!" ∙ $%  and  �!& ∙ $% at the 

reference radius of 36 mm are both 9.3 T⸱m and the resultant effective length, Leff is 1.55 m. The 

calculated field profile along the longitudinal axis at a radius of 180 mm is shown in Fig. A-7. The 

calculated field magnitude in the center of the electron beam line is 5.0 x 10-3 Tesla and the integral field 

strength,   �& ∙ $% along the electron beam axis is 8.1 x 10-3 T⸱m. 
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Figure A-5a. Calculated field, BY (T) at mid-plane from 3d model along the radial axis.  (Units are in 
millimeter and Tesla).  
 

     

Figure A-5b. Calculated field, |B| (T) at mid-plane from 3d model along the radial axis.  (Units are in 
millimeter and Tesla).  
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Figure A-6. Calculated field, BY (T) at a radius of 36 mm along the longitudinal axis.  (Units are in 
millimeter and Tesla).  

 

 

Figure A-7. Calculated field, BY (T) at a radius of 180 mm along the electron beam axis.  (Units are in 

millimeter and Tesla). 

In order to further reduce the field magnitude in the electron beam region a 2.0 mm thick magnetic 

tube (1010 steel) is considered in the model. Fig. A-8 shows the exploded view of split-turns coil in the 

first quadrant with 2.0 mm thick magnetic tube around electron beam pipe. The field magnitude 

reduces significantly to ~ 5.0 x 10-4 T in the electron beam region as shown in Fig. A-9. 

The 3d model is optimized to achieve 168 T/m (140 T/m + 20% margin). Around ten-percent 

additional current is required to achieve 168 T/m. The required operating current for a 168 T/m field 

gradient is 9.9 kA which is around 45% of the 8.7 T critical current field in the conductor. The design 

provides ample operation and safety margin. The field on the coil surface is shown in Fig. A-9.  The peak 

field on the coil from the 3D program is ~8.7 T which occurs on the surface close to the pole where most 

of flux concentration takes place.   
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Figure A-8: 3d model of the superconducting coil with split-turns in the first quadrant along with 

magnetic tube around the electron beam. 

               

 

Figure A-9. Calculated field, BY (T) at a radius of 180 mm along the electron beam axis.  (Units are in 
millimeter and Tesla). 
 

The advantage of this design over a cosine-two theta design with return yoke or actively shielded coils 

is that it has a naturally low field region (simp. A-2b), there is no need of bulky iron yoke, and no need to 

increase the current of the main coil to maintain the required field magnitude.  Its advantage over a 

Symmetric modular design as discussed in section A and section B is that the new design has perfect 

quadrupole symmetry both in the center and at the end. In the symmetric modular design there is 

quadrupole symmetry in the center but at the end modules (pancakes) of the two orthogonal coils in 

each quadrant it must interleave and thus it breaks symmetry at the ends and generates higher order 

non-allowed harmonics such as octupole and its higher components. Whereas in the simpler modular 
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design prior rotation of the magnet (Fig. 31) is an essential precondition to minimize/ eliminate the skew 

quadrupole (and its components) and there is a non-zero torque, special provisions will be required in 

the cryostat to contain the rotational force.  Additionally, in both designs even with iron return yoke, the 

fringe field magnitude is significantly high for electron beam (Fig. 17, Fig. 27) and the return yoke is 

highly saturated (Fig. 31). 

  

                                   

Fig. A-10:  The 3D analysis provides the |B| on the surface of the coils.  The peak field occurs on the 

inner face where flux concentration is high. The large size opening at the mid-plane for the electron 

beam pipe.  

 


