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The Nuclear Science Advisory Committee (NSAC) constituted by the Department of Energy (DOE) Office 

of Nuclear Physics (NP) recommended that the proposed Electron Ion Collider (EIC) be the highest priority 

for new construction in the 2015 Long Range Plan (LRP) for Nuclear Science. The EIC requires development 

of several key technologies. To achieve high luminosity, Interaction Region (IR) designs need a high field 

quadrupole for the heavier proton beams and an almost field free path (desired magnetic field within a few 

mT) for the electron beams. The electron beam must travel very close to the quadrupole and dipole of the 

proton beams in the EIC but must be magnetically shielded from the external fields of those magnets. 

The present EIC design is based on active shielding with additional superconducting coils opposing the field 

of the main magnets to obtain a field free region for passage of the electron beam. Our Phase I proposal was 

based on an alternate technique where a field free region for the electron beam is created by passive 

superconducting shielding which naturally creates a field free region and provides a cheaper and more 

efficient solution. 

Significant progress has been made by the PBL and BNL team, including key demonstrations, some beyond 

the original scope of Phase I. In addition to analyzing the computer models of specific magnets, we also 

summarized the extensive experimental test results of several options for the superconducting shielding. These 

include 77 K tests of (a) two configurations of High Temperature Superconducting (HTS) ReBCO tape and 

(b) two orientations of tube made with HTS bulk material (Bi2223). Existing HTS coils were used in making 

a C-shaped dipole magnet to perform some of these tests. A practical advantage of HTS is that the basic 

shielding configuration can be tested at 77 K within the limited budget of Phase I.  

In addition to 77 K tests with HTS, we were also able to perform rudimentary ~4 K tests with an HTS tube 

and with an LTS tube, which was beyond the tasks listed in the Phase I proposal. This was possible thanks to 

a synergy with another ongoing magnet test at BNL which could accommodate such shielding tests. These 

limited ~4 K tests are valuable and more realistic since the EIC magnets themselves will operate at ~4 K. 

Potential Applications of the Research: 

The primary application of the research is to enable studies of fundamental physics in an electron-ion collider 

(EIC). Effective shielding of the electron beam path from the high field magnets of the proton or ion beam is 

critical to the success of the EIC. The technology developed in Phase II will also be valuable in the 

development of superconducting magnets for other research and commercial applications. 
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1.0 Introduction 

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

Research (SBIR) Phase I grant (DE-SC0018614) to Particle Beam Lasers, Inc. (PBL) and 

Brookhaven National Laboratory (BNL) to develop passive superconducting shielding as an 

alternative to the present design of an active shield with superconducting coils.  This passive 

shielding will provide a nearly field-free region for the electron beam near the high-gradient 

quadrupole for the proton beam in the Interaction Region (IR) of the proposed Electron Ion Collider 

(EIC) [1-6]. Several materials are being examined for this shielding:  tubes of low- or high-

temperature superconductors (LTS or HTS), and HTS tapes. In addition, to enhance the magnetic 

shielding, we propose employing an iron tube between the superconducting shield and beam tube to 

counter any decay in shielding currents of the superconducting shield. If successfully developed, 

demonstrated and shown to be compatible with the magnet designs of all the IR magnets, this 

technique will provide an economical and technically excellent solution that reduces the operating 

current needed by the IR magnets. The report summarizes the latest design studies and test results 

both at 77 K for the shielding by the HTS (tube and tapes) and at 4 K for the shielding by tubes of 

HTS or LTS.  

2.0 Current Technical Approach 

In the current approach, the BNL interaction region quadrupole (Q1PF) design is based on a 

conventional Cosine Two Theta design [7]. To shield the nearby electron beam from the fringe 

field of the magnet, the Cosine Two Theta design is shielded actively [7].  Nb3Sn conductor is 

needed for the main coils, to provide the required field gradient; NbTi suffices for the field-

cancelling coils that achieve the field-free region for the electron beam. The cross-section of the 

actively shielded BNL Q1PF is shown in Fig. 1. 

 

Fig. 1: The existing design of Q1PF quadrupole [7] for the BNL design of the EIC (eRHIC), 

showing the main Nb3Sn coils and the field-cancelling NbTi coils: full cross-section on the left; a 

quadrant with field contour on the surface of main and shielding coils on the right. 

3.0 Magnet Design Analysis 

Magnetic shielding is needed in the EIC IR magnets of both the BNL and the JLAB proposal. For 

the BNL-proposed EIC Interaction Region (IR), the electron beam requires magnetic shielding from 

the fringe field of the large-aperture ion-beam-focusing quadrupole (example Q1PF) [7]. We 

performed magnetic design calculations for the BNL_Q1PF quadrupole, which requires a high field 
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gradient, a low field region and a compact design, due to the nearby electron beam line. The design 

parameters of the magnets at various stages of BNL and JLAB program are shown in Tables I to III 

[6, 8]. The design optimization has been carried out for the Q1PF quadrupole with the return yoke 

of Table I. The object of this yoke optimization is to ensure that along with the field gradient there 

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

the EIC with the inclusion of passive shielding such as LTS/HTS material and low carbon 

ferromagnetic material. Various suitable materials for this application will be discussed in later 

sections of the report. The purpose to add a thin tube of ferromagnetic material of low retentivity 

between the superconducting shielding tube and the electron-beam tube is to maintain the 

effectiveness of the passive shielding despite decay currents or transient effects of the 

superconductor. 

 

For the JLAB EIC Interaction Region [8], the section enclosed by the blue dashed line is an area of 

interest in which magnetic shielding via passive superconducting material could be assumed, as 

shown in Fig. 2. In this section, shielding is required to isolate the ion beam from the stray field of 

the electron beam line quadrupole. The most critical quadrupole that needs shielding is the closest 

to the interaction point for focusing the electron beam at the front end.  The quadrupole QFFUS_1 

is the closest electron beam line quadrupole and only few meters away from the central detector 

solenoid. The magnetic design study has been performed for the QFFUS1 and discussed in detail in 

later sections of the report. In the section of the Interaction Region (IR) enclosed by the red rectangle 

the proposed scheme of using a superconducting passive shield over the electron beam tube for the 

field free region is not an option. As per current lattice designs, electron-beam focusing magnets are 

needed in those locations [6-8]. The details of the interaction region layout are shown in the Fig.2. 

In the section of the IR region enclosed by the red rectangle, large-aperture, high-field-gradient (120-

150 T/m) focusing quadrupoles are needed for the ion beam, along with the regular focusing 

quadrupole (45 T/m) for the electron beam. The design parameters of the JLEIC Interaction Region 

(IR) quadrupole magnets for the electron beam line are shown in Table III; requirements of the 

QFFUS_1 quadrupole are highlighted.  

 

 
Fig.2. JLab’s EIC Interaction Region layout (courtesy: Dr. Renuka Rajput) [8]. 

 

Irrespective of the beam type (ion or electron) that needs shielding from the stray field of the nearby 

magnets, the shielding will benefit magnet designs in the EIC IR magnets of both the BNL and the 

JLAB proposals. We performed magnetic design studies for the BNL ion beam quadrupole Q1PF 

and JLAB’s electron beam transport line quadrupole QFFUS_1.  
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Table I: Design Parameters of BNL EIC Interaction Region Magnets (October 2017) 

 

Table II:  Current Design Parameters of BNL EIC Interaction Region Magnets (October 2018) 

 

 

Hadron Forward Side

Name Beam
Position 

entrance [m]
Length [m] Strength

Full Aperture 

entrance [mm]

Full Aperture exit 

[mm]
Coil Type

B0PF hadrons 5.30 1.20 1.3 T 500 x 240 (HxV) 500 x 240 (HxV) s.c. NbTi

Q0EF electrons 5.30 1.20 -13 T/m 26.0 26.0 s.c. NbTi

Q1APF hadrons 7.00 1.46 -78 T/m 45.0 45.0 s.c. NbTi

Q1BPF hadrons 8.76 1.61 -63 T/m 65.0 65.0 s.c. NbTi

Q1EF electrons 8.76 1.61 1.7 T/m 46.4 58.0 s.c. NbTi

Q2PF hadrons 11.27 3.60 40 T/m 108.0 108.0 s.c. NbTi

Q2EF electrons 11.27 2.00 3.8 T/m 63.5 63.5 s.c. NbTi

B1PF hadrons 15.37 3.00 4.57 T 125.0 125.0 s.c. NbTi

Hadron Rear Side

Name Beam
Position 

entrance [m]
Length [m] Strength

Full Aperture 

entrance [mm]

Full Aperture exit 

[mm]
Coil Type

Q1APR hadrons 5.30 1.80 -79 T/m 20.1 27.7 s.c. NbTi

Q1ER electrons 5.30 1.80 -13 T/m 66.0 79.5 s.c. NbTi

Q1BPR hadrons 7.60 1.40 -79 T/m 30.0 30.0 s.c. NbTi

Q2ER electrons 7.60 1.40 13 T/m 83.2 93.8 s.c. NbTi

B2ER electrons 9.50 5.50 0.18 T 97.5 138.8 s.c. NbTi

Q2PR hadrons 11.00 2.00 74 T/m 50.0 50.0 s.c. NbTi
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Table III: Design Parameters of JLAB EIC Interaction Region Magnets      

 

3.1 Section A: Cosine Two Theta Q1PF Magnet 2D and 3D Design 

The Q1PF is the most critical quadrupole and is the closest to the interaction point for focusing the 

proton (ion) beam at the front end. The nearby electron beam needs shielding from the stray field of 

the Q1PF quadrupole. The OPERA simulation software from Dassault Systèmes [9] has been used 

for most electromagnetic 2D and 3D simulations supplemented by the ROXIE from CERN [10]. 

The parametric finite element model began as 2D, to minimize time-intensive 3D calculations. The 

mass of the yoke was optimized within the physical constraints; the cross-section of the 

superconducting coil is identical to the cosine two theta design.  Optimized was the return yoke 

with a cutout to minimize the fringe field magnitude while preserving field quality over the 

operating range. Fig. 3 shows the optimized cross-section of the BNL design Q1PF, with 96-mm-

aperture Nb3Sn superconducting coils providing a field gradient of 168 T/m (140 T/m + 20% 

margin), and a cutout in the iron yoke providing passage for the electron beam. The electron beam 

is at a small angle from the proton (ion) beam.  

 
Fig.3. OPERA2d model of Q1PF quadrupole design with Nb3Sn superconducting coils and the 

optimized return yoke with rectangular cutout for the electron beam pipe. 

 

The peak field magnitude in the coil is around 10 teslas; that in the iron is around 5.01 teslas. 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 calculated field in the beam region is 0.2 to 0.3 T. The maximum field in the corners of the slot 
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is around 0.85 T. The calculated field magnitude at the pole (r = 0.036 m) is 6.05 T. The model 

also provides values for the Lorentz forces on the coil, the stored energy and the magnitude of 

higher harmonics in the center of the magnet.  The quadrupole field component (BMOD) profile 

along the radial axis is shown in Fig. 4a, with an enhanced scale in the region of interest in Fig. 

4b. The linear field region (168 T/m) in the center of the magnet provides the required focusing 

for the proton/ion beam.  

 

 
Fig.4a. Profile of the calculated field component (BMOD) along the radial axis. The magnitude of 

the field at a radius of 0.036 m is 6.05 teslas.  

 

 

 
 

Fig.4b. Profile of the calculated field components (BMOD) at mid-plane along the radial axis in the 

region of the electron beam axis (150 mm to 210 mm).  

 

The exploded view of the cutout with field distribution is shown in Fig. 5. The field magnitude ranges 

from 0.2 T to 0.3 T within the electron beam region. The maximum field, in the corner of the cutout, 

is 0.85 T. The advantage of the return yoke is that it reduces, by 10% and 30% respectively, the 

operating current requirement and the fringe field along the beam axis. A comparison field plot in 

the region of electron beam for two cases, with and without return yoke, is shown in Fig. 6. 
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Fig.5. Exploded view of the cutout region. Peak field in the corners of the slot and magnitude is 

around 0.85 T. The maximum field in the electron beam region ranges from 0.2 T to 0.3 T.  

 

 

 
Fig.6. Exploded view of the cutout region. Peak field in the corners of the slot and magnitude is 

around 0.85 T. The maximum field in the electron beam region ranges from 0.2 T to 0.3 T.  

 

A 3D model has been developed to analyze the impact of the return yoke on the field quality, 

especially the stray field in and along the electron beam pipe, the peak field in the coil area, the flux 

distribution along the beam axis, the integrated higher harmonic contents, and the forces on the coil. 

Fig. 7 shows the 1/16th 3D meshed model of the BNL_QIPF quadrupole with coils and the 

surrounding air region. Fig.8 shows a schematic layout for the quadrupole magnet, with coils and 

cutout in the return yoke (dimensions are in cm). Each quadrant of the magnet encompasses a set of 

four constant-end-parameter coil blocks angularly distributed with space for keys (G10 and high-

strength material spacers) to contain the magnetic forces.    
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Fig.7. 3D meshed model for superconducting Q1PF quadrupole magnet with coils, return yoke 

and background air (dimensions are in cm). 

Based on the 2D and 3D designs, detailed analyses have been performed and the important 

extracted results compared. Field contours on the surface of the Q1PF quadrupole conductor are 

shown in Fig.8. Both 2D and 3D results suggest a peak field magnitude of around 10.7 teslas on 

the conductor surface and 4.2 T in the return yoke. Field data (BY and BMOD) along the radial axis 

of the 2D and 3D models are compared in Fig.9; results of the two models agree.  

A full 3D model of the Q1PF, along with the electron beam pipe, is shown on the left side of 

Fig.10. In order to maintain symmetry, cutouts have been included in all four-quadrant. 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.10; the calculated field value is around 0.16 teslas. 

The field in the electron beam region is significantly higher and does not meet requirement. 
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Fig.8. Schematic layout for superconducting Q1PF quadrupole magnet with full set of coils. The 

peak field magnitude in the iron is 4.2 T (left); the peak field on the superconductor is around 10.7 

T. 

 

Fig.9a. Calculated field, BY (T) results from 2D and 3D models compared along the radial axis.  
(Units are in millimeters and teslas).  
 

 
Fig.9b. Calculated field, BMOD(T) results from 2d and 3d model compared along the radial axis. 
(Units are in millimeters and teslas). 
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Fig.9c. Field (BY) plot along the longitudinal (ion beam) axis at a radius of 36 mm. Units are in 

millimeters and teslas.  

 
Fig.10. 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 millimeters and teslas.  

 

The above calculations and analysis reveal that although iron can help to contain the magnetic flux 

within the material and reduce the stray field magnitude significantly, as shown in Fig.6, it is not 

enough to create a region that is sufficiently free of field for the nearby electron beam. To achieve 

the desired result, a passive shield that combines a superconducting and high-permeability material 

(for example, µ-metal) is being considered. Compactness and being an integral part of the cold-mass 

(magnet) are added advantages of the cold shield. The similar concept of superconducting shielding 

has been applied in previous applications, such as the g-2 experiment [11] and a cloak experiment 

[12, 13]. The concept was also considered at DESY [14]. The proposed shielding option for a high-

field septum magnet for the Future Hadron Collider is based on multi-layer (NbTi/Nb/Cu) 

superconducting material [15].  

  

Superconducting shielding works because any change in ambient magnetic field induces currents in 

the shield, and these currents oppose the change of field inside the shield. In a simplified model to 

simulate the presence of the superconducting shield we have included a thin tube of very low 

permeability material (μo <<1). The program used (OPERA) has no way of setting the strength of 
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the field trapped inside the material as it cooled through its transition temperature.  We assumed that 

shield is cooled to the superconducting state in zero external field; otherwise it would trap the initial 

field.  A thin tube of high permeability material such as μ-metal (cryoperm) between the 

superconducting shield and beam tube preserves the effectiveness of the passive shielding despite 

decay currents or transient effects of the superconductor. 

 

The computed maximum field in the upper-left corner is about 0.85 T; in the shielding region, it 

ranges from 0.2 to 0.3 T, as discussed previously (Figs. 4-6). This can be shielded by a 

superconducting shield made of either low temperature superconducting (LTS) or high temperature 

superconducting (HTS) material along with a ferromagnetic shield. Fig. 11 shows the field contour 

in the optimized BNL Q1PF model that includes the return yoke and passive shields (both 

superconducting and high-permeability material) in the cutout region. The bottom picture shows the 

field contour inside the cutout region (Fig. 12), with the passive superconducting and magnetic shield 

each 1 mm thick. The preliminary magnetic simulation results are encouraging. The model cross-

section can be optimized later for updated magnet design parameters and based on the measurement 

results. The magnitude of field distributed inside the shielded region for the electron beam (as shown 

in Fig. 12) is essentially zero. 

 

 

 
Fig.11. Field contour on the surface of QIPF OPERA2d model that includes passive shielding (both 

superconducting and magnetic) in the cutout region.  
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Fig.12. Field contour in the location of interest of QIPF OPERA2d model that includes passive 

shielding (both superconducting and magnetic) in the cutout region. The field magnitude is nearly 

zero field in the region of electron beam. 

 

 
Fig.13. Profile of the calculated field components (BY) along the radial axis. The magnitude of the 

field at a radius of 0.036 m is 6.04, whereas magnitude of the field 180 mm is nearly zero. 

 

In the coil configuration of the Q1PF design, the parameters of the proposed Nb3Sn cable are 

identical to the cable previously used in the fabrication of a LARP quadrupole magnet [16]. The 

parameters of the Nb3Sn cable are summarized in Table IV.  
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TABLE IV: Basic Conductor Parameters 

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) 1.338 

Keystone angle [degrees] 0.75 

Cable width, insulated (mm) 15.35 

Mid-thickness, insulated (mm) 1.637 

Cable Ic (4.4 K, 13.54 T), A/mm2 2087 

3.2 Section B: Cosine Two Theta QFFUS_1 Magnet 2D and 3D Design 

For the JLAB EIC Interaction region [8], the magnet QFFUS_1 for electron beam focusing is the 

closest magnet to the detector solenoid. The exploded view of the section enclosed by the blue dashed 

line is shown in Fig. 14; it is an area of interest for magnetic shielding via passive superconducting 

material. In this section, shielding is required for the ion beam from the stray field of the electron 

beam line quadrupole QFFUS_1. The quadrupole QFFUS_1 requires a peak gradient of 45 T/m; the 

distance of the center of the magnet from the central detector solenoid is 3.26 meter. Details of 

magnetic design parameters are listed in Table III; requirements of the electron beamline focusing 

quadrupole are highlighted. Fig. 14 portrays details of other large-aperture, high-gradient (120-150 

T.m) quadrupole magnets for the ion beam focusing. The design parameters of all the JLEIC 

Interaction Region (IR) quadrupole magnets for the electron and ion beam line also are listed in 

Table III.  

A 2D parametric finite element model for QFFUS_1 was created and an optimization performed 

to minimize the stray field in the ion beam region.  The mass of the yoke and cross-section of the 

superconducting coil were optimized; the cross-sections of the JLAB QFFUS_1 is shown in Fig. 

15. The coils are relatively compact and use NbTi-Cu matrix cable, with an engineering current 

density of about 280 A/mm2.  A constant perimeter end type coil configuration is used.    

Fig. 16 shows an OPERA2d field contour plot for the QFFUS_1 quadrupole design. The design 

field gradient is 45 T/m; the coil aperture is 90 mm. The peak field magnitude in the coil is around 

3.0 T, whereas the peak magnitude of the field in the iron is around (1.5 T). Fig. 16 also shows a 

reduced-field region in the cutout section of the return yoke for the ion beam. The ion beam pipe 

is conical flaring from 60 mm at its entrance (near the detector solenoid) to 90 mm and at its end. 

The rectangular cutout in the yoke accommodates the 2.865o angle between the two bean lines. 

The half-height of the rectangular cutout is 50 mm; the width is 96 mm. The yoke cross-section is 

optimized to minimize the field saturation in the iron and consequently minimizes the stray field 

in the ion beam region. The QFFUS_1 quadrupole model provides a field gradient of 49 T/m and 

a peak field at the pole (r = 0 .032 m) of 1.57 T. The model also provides values for the Lorentz 

forces on the coil, the stored energy and the magnitude of higher harmonics in the center of the 

magnet.   
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Fig.14. Jefferson National Lab’s EIC Interaction Region layout. Electron beam line magnets in the 

exploded view of the section enclosed by the blue dashed line are close to the detector solenoid 

(courtesy: Dr. Renuka Rajput) [8]. 

 

Fig.15. OPERA2d model of JLAB QFFUS_1 quadrupole design with optimized NbTi coils and 

rectangular cutout in the return yoke for the ion beam pipe. 
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Fig.16. OPERA2d model of QFFUS_1 quadrupole design with NbTi superconducting coils and 

the optimized return yoke with rectangle cutout for the ion beam pipe. 

 

The bottom picture shows the field contour inside the cutout region (Fig. 17), based on the 

preliminary calculation. The magnitude of field distributed inside the cutout region for the ion 

beam is in the range of 10-4 T. The result suggests it meets the requirements [8], has ample 

possibilities for further optimization, and even can be reduced to nearly zero field by adding a 

passive superconducting shield if needed.  The quadrupole field components (BY and BMOD) 

profile along the radial axis are shown in Fig. 18. The linear field region in the center of the magnet 

provides the required field gradient (49 T/m) for the electron beam. Calculated field magnitude at 

ion beam axis is around 5x10-4 T. 

 

 

 
Fig.17. Field contour in the cutout of QFFUS_1 OPERA2d. The field magnitude is in the range of 

10-4 T. (units are in millimeters and teslas). 
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Fig.18. Profile of the calculated field components (BY and BMOD) along the radial axis. The 

magnitude of the field at a radius of 0.032 m is 1.57 T, whereas the magnitude of the field at 180 

mm is around 5x10-4 T. 

 

Based on preliminary 2D modeling and analysis, a 3D solid model has been created. As per design 

parameters, the 3D model presumes inner and outer radius of the cryostat at 45 mm and 80 mm 

respectively. The advantage of the compact design makes it feasible to consider warn iron design.  

This will further simplify the assembly and the maintenance of the magnet around the ion beam 

line. Fig.19 shows a schematic layout for the quadrupole magnet with coils and cutout in the return 

yoke.  Fig. 20 (left)shows schematic layout for two beam lines and (right) a 3D quadrupole magnet 

model with coils and ion beam line through the cutout in the return yoke.   

 

 

 

Fig.19. 3D solid model for superconducting QFFUS_1 quadrupole magnet with coils and warm 

iron return yoke. 
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Fig.20. Schematic layout of the electron and ion beam lines with QFFUS_1 coils (left).   Warm 

iron QFFUS_1 quadrupole magnet with ion beam pipe in the cutout (right). 

4.0 Superconducting Shielding Options 

Various superconducting shielding materials and shapes are being considered for this application. 

A return yoke and the passive superconducting shielding will be an integral part of the magnet 

cold-mass.  Material such as low temperature superconductor (LTS) either in the form of sheet/ 

tubes and high-temperature superconductor tube/tapes (either Bi2223, a first-generation 

superconductor, or rare-earth barium copper oxide (ReBCO), a second-generation superconductor) 

have been investigated as part of this program and are materials of interest. A practical advantage 

of HTS is that an experimental program in liquid nitrogen (LN2) is simpler and more economical 

that in liquid helium.   
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5.0 Superconducting Shielding Tests 

This section summarizes the experimental test results [17] of several options for the 

superconducting shielding during Phase I. These include 77 K tests of (a) two configurations of 

the High Temperature Superconducting (HTS) ReBCO tape and (b) two orientations of tube made 

with the HTS bulk material (Bi2223). A practical advantage of HTS for Phase I is that its basic 

configuration can be tested at a relatively low cost at 77 K.  

PBL/BNL team collaborated with conductor manufacturers and was able to obtain conductor free 

of cost in return for sharing data and acknowledging their contributions. Fig. 21 shows a Bi2223 

(HTS) tube 80 mm long, ~1.5 mm thick and 10 mm inner diameter, provided by CAN 

SUPERCONDUCTORS, s.r.o., a Czech company [18].  

 
Fig.21. Bi2223 tube provided by CAN superconductor [18]. The tube and test holder will be 

inserted inside the bore of a coil providing background field. 

In addition, limited shielding tests for both an HTS tube and an LTS tube were also performed at 

~4 K, which was beyond what was promised by the Phase I proposal. This was possible thanks to 

a synergy with another ongoing magnet test at BNL which could accommodate such shielding 

tests. The ~4 K tests are very valuable to EIC, because the magnets will operate at ~4 K. As 

expected, 4 K provided shielding to much higher fields. 

Fig. 22 (right) shows the NiTi rod provided by J. Parrell from Bruker [19] and Fig. 22 (right) the 

NbTi rod provided by H. Kanithi from Luvata [20]. Tubes for superconducting shielding tests were 

made from these rods by boring axially with a ½" (12.7 mm) drill as shown in Fig. 23. Both tubes 

were annealed at a temperature of 400 C for 4 hours in vacuum better than 10-5 torr at BNL. 
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Fig.22.  NbTi rods for making LTS shielding tubes provided by Bruker [19] (right) and by Luvata 

[20] (left). 

 

Fig.23.  LTS tubes made from the NbTi rods provided by Bruker [19] (left) and by Luvata [20] 

(right). The inner diameter of both tubes is 12.7 mm. 
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The additional activities and tests demonstrate the interest and commitment of the PBL/BNL team 

towards developing the shielding technology for EIC magnets and other applications. It has 

allowed us to make a strong Phase II proposal to demonstrate this shielding development alongside 

a real superconducting quadrupole. 

5.1 Shielding Tests with Spirally Wound HTS Tape at 77 K      

The first configuration is a spirally wound HTS tape. We used 12 mm tape from SuperPower [21] 

wound on a stainless-steel tube, as shown in Fig. 24.  Each spiral creates a small dipole with 

shielding current running parallel to the tube and in opposite direction on two sides, with the circuit 

completed with current running along the spiral using a partial width of the tape.  The direction of 

current in two nearby spirals is opposite to each other and thus the axial field created by them 

essentially cancels out. Many small dipoles add together to provide complete shielding until the 

induced current in the tape reaches its critical value. Fig. 25 shows an insulation wrap, which also 

holds the tape together. Fig. 26 shows two views of a C-shaped dipole built specifically for this 

experiment with the leftover HTS coils from another project. Fig. 27 shows the demonstration of 

the shielding at the center of the tube against the applied field. A single wrap of ~12 mm wide 

HTS tape from SuperPower [21] is able shield a field of ~20 mT at 77 K.  

 

Fig. 24: 12 mm wide HTS tape spirally wrapped around a tube. 
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Fig. 25: 12 mm wide HTS tape spirally wrapped around a tube and then further wrapped with 

insulation to hold it securely. 

 

 

Fig. 26: Two views of a C-shaped dipole built with HTS coils for applying field primarily 

perpendicular to the tube for the test of shielding. 
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Fig. 27: Test results of field inside the tube as function of applied field, to simulate the beam tube 

in a dipole field with superconducting shielding. 

 

5.2 Shielding Tests with Axially Wrapped HTS Tape at 77 K      

We also examined the HTS tape wrapped around the tube axially. The widest tape available from 

the most HTS manufacturer is 12 mm wide, but American Superconductor Corporation [22] can 

provide it in ~40 mm width on special order. Fig. 28 shows the configuration when this 40 mm 

wide tape is placed on the tube with length parallel to the tube. It can create a long dipole with the 

shielding current running along the length of the tape if it rolls over the vertical axis to 

accommodate currents in opposite directions on the two sides. For shielding to work properly, the 

minimum width of the tape should be ½ the circumference to shield a dipole field, and ¼ the 

circumference to shield a quadrupole field.  Fig. 29 shows the results of our shielding experiment. 

The tape was folded in a tight radius (<10 mm) which might have degraded the shielding current 

it could support and therefore the shielding it could provide. The field inside the shield region, as 

shown in Fig. 29, was non-zero at the start. That is because the iron had been magnetized from the 

previous run, and generated an offset to the field applied from powering the coil. Superconducting 

shielding resist changes in field, and therefore can trap field, not merely exclude it. Fig. 29 shows 

several cases of different starting conditions.  
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Fig. 28: HTS tape placed on a tube to simulate the shielding test of a primarily dipole field along 

the beam axis.  

 

 
Fig. 29: Test results of shielding experiment when HTS tape placed on a tube to shield a primarily 

dipole field along the axis. This test demonstrates that a superconducting shield resists changes in 

field.  

 

5.3 Shielding Tests with HTS Tube at 77 K  

Measurements provided by an HTS tube were carried out at 77 K. Fig. 21 shows the Bi2223 (HTS) 

tube (80 mm long, ~1.5 mm thick and 10 mm inner diameter) from CAN Superconductors [18] in 

a holder. The shielding properties of an HTS tube depend on the direction of applied field. For a 

field that is primarily parallel, a copper coil was wound directly on the Bi2223 tube to create an 

axial field (see Fig. 30). 
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Fig. 30. Copper windings on the HTS tube to immerse it in a field that is primarily axial. 

 

An existing 100 mm diameter double pancake HTS coil (see Fig. 31) was used to apply field in 

primarily the transverse direction to the tube when it is inserted inside and kept parallel to the 

double pancake. 

 

 

Fig. 31. HTS double pancake coil used to generate a field which is primarily in transverse direction 

over much of the volume of shielding tube. 

 

Fig 32 shows the tube (with Hall probe installed at the center of the tube) in a flask into which 

liquid nitrogen can be poured.  
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Fig. 32: Bi2223 tube with copper windings on the HTS tube to apply a field that is primarily along 

the axis placed in the jar that is to be filled with liquid nitrogen with Hall probe placed at the center 

of the tube. 

 

Fig. 33 shows the results of two hysteresis runs (1) with an ambient field primarily axial (blue) 

simulating the case field primarily parallel and (2) primarily radial (red) simulating the case field 

primarily perpendicular. The field inside the tube increases in step with the applied field once the 

field has reached the maximum that the tube can shield. When the applied field is decreased, the 

field inside the tube initially remains unchanged, because shielding currents oppose the change. 

Field inside the tube is trapped, leaving a residual field when the applied field has become zero. 

 

 
Fig. 33: Measured field at the center of the Bi2223 tube at 77 K with an ambient field primarily 

axial (blue) or primarily radial (red). 
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5.4 Shielding Tests with HTS and LTS Tubes at 4 K 

The HTS (Bi2223) tube used in this experiment was provided by CAN SUPERCONDUCTORS, 

s.r.o., a Czech company [18]. It is 80 mm long and ~1.5 mm thick, with an inner diameter of 10 

mm. The NbTi tube used in this shielding experiment was made from the ~20 mm diameter NbTi 

rod sent by Luvata [20]. It was clad with ~3 mm of copper and included a thin (<< 1 mm) Nb 

barrier. Fig. 34 (left) and Fig. 34 (center) show views of the tubes of HTS (black) and LTS (copper 

clad). The two superconducting shielding tubes are off-axis, with the center of each tube located 

at r = 20 mm to 30 mm. Three Hall probes are installed, two at the center of each tube and one at 

the center of the HTS coil applying the background field. The shielding tube measurements were 

performed at several temperatures ranging from 4.2 K to 77 K. 

 

 

Fig. 34: Pictures on the left and center show the two views of the HTS and LTS tubes and a center 

tube holding a Hall probe on the axis of the disc. The picture on the right shows the HTS and LTS 

shielding tubes inside an HTS coil with several Hall probes. 

 

Fig. 35 shows the field at the center of the NbTi tube as a function of the applied field; the NbTi 

tube shields completely to about ~1.5 T. Beyond that, the current density needed to fully negate 

the applied field exceeds the superconducting properties of NbTi, and the tube quenches. However, 

the NbTi tube recovers and becomes superconducting again, resisting changes in field from 1.5 T; 

the tube traps field even if the applied field is turned off. The tube also resists further increases in 

field until the required current density exceeds the critical current density at a field that is higher 

by ~2.6 T – 1.5 T = 1.1 T. The second field increment is smaller than the first because the critical 

current density decreases with increasing field. The thicker the tube, the greater its ability to shield 

fields, because the required current density decreases. Of course, at fields exceeding the critical 

field of NbTi, the tube is not able to provide any shielding at all, whatever its thickness. The IR 

magnets of EIC need not shield a field as high as 1.5 T, so a thinner shield should suffice. 

The 76 mm (3") long LTS tube was centered at the midplane of the coil. The applied field across 

the volume of the tube was far from uniform, varying across the radius and falling to nearly zero 

at the ends of the tube. We define the applied field as its maximum value. 
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Fig. 35.  Field inside the NbTi tube as a function of applied field. The shielding is complete up to 

~1.5 T, thereafter trapping field. Steps are due to quenches in the NbTi tube, temporarily zeroing 

the trapped field trapped. 

 

Fig. 36 shows the shielding properties of the Bi2223 HTS tube. Because the tube is much thinner 

(~1.5 mm), it shields much less (~0.12 T). However, because the current density of HTS at 4 K 

decreases very little with field, an HTS shield of sufficient thickness could, in principle, shield 

fields even higher than LTS. 

 

Fig. 36.  Field inside the Bi2223 (HTS) tube as a function of the applied field. The shielding is 

complete up to ~0.12 T. 
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6.0 Prospects of Shielding in Various EIC Magnets 

We have evaluated the prospects of shielding in various EIC magnets. The subject has been partly 

discussed in section 3 (magnetic design analysis). Computer models of the critical quadrupoles of 

both BNL and JLAB designs have been made and evaluated. In addition to the extensive evaluation 

of the Q1PF quadrupole in the BNL eRHIC design, we also reviewed the quadrupoles QFFUS1 

and QFFB2. The models of these quadrupoles with shielding (as made at JLAB and reported in 

the recent ASC2018 paper [8]) are shown in Fig. 37. The picture on the left shows the OPERA3d 

model of QFFUS1, with passive shield over the electron beam (left-most green cylinder), 

quadrupole coils for ion beam, and active shield over quadrupole coils. The picture on the right 

shows the OPERA3d model of JLAB Quad QFFB2 (right) with the Quadrupole coil for ion beam, 

passive shield (green), active shield over the passive shield (green) and the iron yoke (blue) [8]. 

 

 
Fig. 37: (a) OPERA3d model of JLAB Quad QFFUS1 (left) [8] with passive shield over the 

electron beam (left-most green cylinder), quadrupole coils for ion beam, and active shield over 

quadrupole coils; (b) OPERA3d model of JLAB Quad QFFB2 (right) [8] with the Quadrupole coil 

for ion beam, passive shield (green), active shield over the passive shield (green) and the iron yoke 

(blue). 

 

In addition to the quadrupole magnets, incorporation of superconducting shielding is particularly 

attractive in a spectrometer dipole (B0 in the BNL proposal of eRHIC) [23], in which an electron 

beam must traverse through the same dipole the proton or iron beam passes, but the electron beam 

must be shielding from the strong dipole field and be focused by the gradient of the quadrupole. 

Fig. 38 shows the basic design of spectrometer dipole B0 in the BNL proposal. The compensation 

dipole coil needs to be inside the magnet, with an appropriate field profile needed for both the 

electron beam and the proton or ion beam. Fig. 39 (left) shows the contour plot of field in the 

spectrometer dipole B0 for the eRHIC EIC proposal; Fig. 39 (right) shows the field profile outside 

the dipole coil, with the influence of the cancellation coil. 
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Fig. 38: Conceptual design of the spectrometer dipole B0 [23] for eRHIC EIC proposal. Shown on 

the left are the main coil, yoke and compensation dipole coil (also referred to as the active shield 

coil). In detail on the right are major elements of the quadrupole for the electron beam. 

 

Fig. 39: Contour plot of field in the spectrometer dipole B0 [23] for the eRHIC EIC proposal, and 

field profile outside the dipole coil, with influence of the cancellation coil. 
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7.0 Planning of the Shielding Tests in Phase II 

To perform the superconducting shielding experiments in Phase II at ~4 K in a long length magnet 

with shielding extending beyond the length of the magnet, we propose to use an existing 

quadrupole magnet at BNL which is shown in Fig. 40. The assembly has both quadrupole and 

sextupole windings; however, only the quadrupole windings will be energized. The picture on the 

left shows the two windings before the insulating wrap; the picture on the right shows the 

completed magnet with wrap, which also serves as the outer support structure to contain the 

Lorentz forces.  

 

 
Fig. 40: Superconducting coil windings before (left) and after insulating and structural wrap (right) 

that will be used in providing the test field in Phase II. 

 

The magnet does not have any yoke iron over the coil. A 3-D model of this magnet is shown in 

Fig. 41 (left); the field profile at the midplane as a function of distance is shown in Fig. 41 (right). 

The location of the superconducting shield can be adjusted during this experiment; in one of the 

tests it will be placed inside the magnet. 

 

 

Fig. 41: 3-D model of the quadrupole magnet (see left) chosen for the shielding experiment in 

Phase II, and field profile at the midplane as a function of distance (right). 

 

Fig. 42 and 43 shows the CAD models of the quadrupole, superconducting shield (with heaters 

shown over the superconducting shield to quench it during the experiment) and inside iron or low-

retentivity material tube as mentioned in the proposal.  
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Fig. 42: CAD model of the quadrupole, superconducting shield with heaters over the 

superconducting shield (to quench it during the experiment) and inside iron tube along with the 

adapter plate. 

 

 

Fig. 43: Sketches and different views of the quadrupole, superconducting shield with heaters over 

the superconducting shield, inside iron tube with the adapter plate. The separation between the 

quadrupole and the shield can be adjusted by using different adapter plates. 
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8.0 Summary 

We have evaluated the benefits of using passive superconducting shielding in several magnets for 

the proposed Electron Ion Collider (EIC). In addition to quadrupoles, it can also play an important 

role in the spectrometer dipole in the interaction region. The machine designs of both options 

(JLEIC being pursued at the Jefferson Lab, and eRHIC at BNL) are still evolving, and therefore it 

was appropriate to develop and demonstrate the technology in the range of interest rather than a 

specific magnet. Phase II, also, is planned with that consideration. 

Significant progress has been made by the PBL and BNL team, including key demonstrations, 

some beyond the original scope of Phase I. In addition to analyzing the computer models of 

specific magnets, we also summarized the extensive experimental test results of several options 

for the superconducting shielding. These include 77 K tests of (a) two configurations of the High 

Temperature Superconducting (HTS) ReBCO tape and (b) two orientations of tube made with the 

HTS bulk material (Bi2223). A practical advantage of HTS for Phase I is that its basic 

configuration can be tested at a relatively low cost at 77 K. Existing HTS coils were used by 

themselves and in making a C-shaped dipole magnet (see Fig. 9) to perform these tests.  

PBL/BNL team collaborated with conductor manufacturers, who generously donated a shielding 

tube made of bulk material (Bi2223) from CAN SUPERCONDUCTORS, s.r.o., a Czech company 

and NbTi rods from which to make LTS tubes at BNL from Oxford Superconductors and Luvata.     

These additional activities and tests demonstrate the interest and commitment of the PBL/BNL 

team towards developing the shielding technology for EIC magnets and other applications. It has 

also allowed us to make a strong Phase II proposal to demonstrate this shielding development 

alongside a real superconducting quadrupole. 
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