Report from the LBNF Primary Beamline Main Dipole and Quadrupole Preliminary Design Review
February 16-18, 2021


Introduction and Executive Summary
A committee of subject matter experts (Appendix I) convened over the period Feb 16-18, 2021 to review the preliminary designs, fabrication strategies, schedules, and QA/QC plans for the LBNF beamline dipoles and quadrupoles. The committee worked under a charge (Appendix II) provided by LBNF Project Management.  The committee heard presentations and reviewed documentation and drawings related to these magnets provided by staff from the Bhabha Atomic Research Center (BARC) in Mumbai, India. The committee appreciates the comprehensive and coherent presentations, and the responsiveness to questions by BARC personnel. This report summarizes the committee’s response to the charge provided.

The LBNF beamline transports protons from the Main Injector to the LBNF target. The beamline is required to operate over an energy range of 60-120 GeV with corresponding cycle times of 0.7 and 1.2 sec. Dipole and quadrupole magnets, each of two different lengths, comprise the majority of the beamline elements. Due to power considerations these magnets are ramped. The LBNF beamline lattice design is fully approved and currently under change control.

The dipoles and quadrupoles utilized in the LBNF beamline are based on magnets built for the Main Injector in the 1990s. These magnets will be an in-kind contribution from BARC. A total of twenty-nine dipoles and twenty-three quadrupoles will be provided by BARC, including spares. BARC has experience providing both normal- and superconducting magnets to a number of accelerator projects, including PIP-II at Fermilab. BARC relies primarily on domestic vendors in India and intends to proceed in this manner for fabrication of the LBNF beamline dipoles and quadrupoles.

The specifications and requirements for the LBNF beamline dipoles and quadrupoles are the responsibility of the LBNF Project and are documented via Functional Requirements Specifications (FRS), Technical Requirements Specifications (TRS), and Interface Control Documents (ICD). The Draft TRSs and ICDs represent the starting point of the development process. The committee reviewed these documents which exist in draft form. We found these documents to be somewhat deficient in that they lacked certain information that we would normally have expected to see. Among the information we would have expected to see, but did not, are:
· Voltage to ground 
· Core losses
· Field uniformity over a specified aperture
· Field direction
· Fiducialization requirements
· Steel quality (B vs H)
· Tolerance on integrated Bdl

We note that much of this information is contained in the Preliminary Design Reports; but it also needs to be incorporated into the requirements documents. We also note that the requirements for the dipoles and quadrupoles are contained in a single document and that this document has not been signed off by Fermilab and BARC. In addition, we note that acceptance criteria for the magnets have not yet been developed. Given that the schedule shows the completion of drawings and the initiation of vendor activities over the next few months, we offer the following recommendations:

R1: Consider writing separate TRSs for the dipole and quadrupole magnets. Either incorporate acceptance criteria into the TRSs or produce stand-alone acceptance criteria at the same time as the TRSs. 

R2: Sign off on the TRSs prior to initiation of vendor activities. 

The quadrupole magnet design is adopted from the “3Q” series of magnets built as part of the Main Injector Project. Minor changes have been introduced into the design. Motivations for the design changes are understood. However, the assembly methodology is novel and the committee cannot state at this time that it will reliably meet the performance requirements. See details in the body of the report.

The dipole magnet design also follows closely the design of the dipole magnets built for the Main Injector.  Two lengths are required – 4 meter and 6 meter. The designs of the two magnet types are being developed independently. The present intent is to down select to a common design after completion of a prototype of each type. The assembly methodology is more traditional than for the quadrupole. However, the committee has concerns about the dipole lamination shape and the thickness (0.5 mm) of both the dipole and the quadrupole laminations. Details are found in the body of the report. 

Risk analyses for both magnet types have been developed at a rudimentary level. These need to be further developed and aligned with Fermilab risk management procedures. The committee would suggest a joint risk workshop with the BARC and FNAL teams to develop a risk plan for the LBNF beamline magnets, consistent with LBNF Project requirements. 

Answers to each of the charge questions separately for the quadrupole and dipole designs in the body of this report. The majority of these charge questions are answered as “partially”, indicating that a good start has been made but more needs to be done before initiating fabrication of prototypes. The rationale for these answers are found in the Findings and Comments sections of the report. These lead to a set of specific recommendations.





QQD and QQE
Charge Questions
1. Does the preliminary design meet the requirements for the magnetic field and the
operational parameters (cooling, power and vacuum)?
Yes.

2. Are the proposed production techniques and methods well described and documented?
No. 
The coil production technique description was lacking and much of the documentation for coil and core design was missing.

3. Have suitable engineering analyses been performed, documented, peer-reviewed, and
approved, where applicable?
Partially.

4. Is the level of integration with other LBNF beamline entities appropriate for this stage of
the work? Are interfaces and collaborative design inputs such as power supplies, water-cooling,
beam vacuum, support, and alignment being managed appropriately?
Partially.

5. Have potential risks and opportunities been identified and documented? Are the
mitigation plans to address the risks and challenges appropriate?
Partially. 
 
6. Is QA/QC for the magnet manufacturing adequately planned?
Partially. 
There is an outline of a plan that will need be filled in before fabrication of the protypes begins.

7. Are the final measurements and acceptance testing well-defined?
Partially.

8. Is the fabrication process for the prototype well developed? (equivalent to FNAL
traveler)
No.  
The yoke design is still in flux.  Core assembly tooling and method as described in the review were judged inadequate.  The coil impregnation process was not presented.

9. Is the schedule for building the prototypes as well as the production magnets adequately
planned and credible?
Partially.


Findings
The QQD and QQE magnets utilize identical designs except for length.
Fabrication and assembly are planned to be performed by two vendors – one for the cores, including final magnet assembly, and one for the coils. The core assembly vendor is an experienced mechanical fabricator and the coil vendor is experienced with both transformers and coils. 
Main assembly drawings were provided to the committee, but no detailed drawings were available. 
The coils are made from 10mm x 10mm copper conductor with a 6mm diameter hole for water cooling.
The coils are arranged as two sub-coils, powered in series and cooled in parallel, in each magnet quadrant.
No details of coil winding or impregnation were provided.
The cores are made from 0.5mm silicon steel laminations.
Core laminations are assembled for each quadrant of the magnet, interleaved at midplanes.  The benefit of lamination interleaving on magnet performance was unclear to the committee.
Core laminations are stacked vertically around suspended coils.
The core design has recently changed from quarters being pinned at midplanes to quarters being aligned by precision vertical bars indexing into the corners of the laminations.  A hole has also been added in the pole to aid alignment.
Core laminations are continuously fuse welded along the length of the core in nine locations around the periphery and later welded in twelve locations to stainless steel bars.
No information of support or shimming between coils and cores was presented

Comments
The quadrupole magnet core is assembled from 0.5 mm thick electrical type steel. This differs from the FNAL Main Injector (MI) magnets cores that were made from 1.5 mm thick isotropic low carbon steel. The motivations for this choice are: reduced cost, reduced eddy currents, and ease of availability.  At the same time, it was shown that eddy currents have negligible influence on the field quality. There are a number of factors that should be taken into consideration prior to committing to this steel that are outlined in the dipole section of this report.  India is a center of world-known steelmakers like ArcelorMittal and others, so they may be able to produce suitable low carbon steel if the decision were made to go this route. 
Horizontal magnet assembly of magnet yokes is a technique that has proven itself on many accelerator projects around the world. The quadrupole magnets vertical assembly process proposed by BARC has been  used rarely on other projects. BARC indicated tooling of this design had not previously been utilized.
The design of the vertical assembly fixture presented in the review appears to be unsuitable. Clearances required to install lamination quarters within the fixed frame, and subsequent alignment only at exterior corners, can permit laminations to pivot around the locating areas with the result that poles and midplanes could be misaligned. Alternative solutions were discussed in the question/answer session. While worth considering, these concepts require further development and evaluation. 
A quadrupole magnet fabricated with interleaved laminations cannot be easily disassembled. Upon disassembly, any viable coils might be reclaimed but the core would most likely be destroyed. This is a critical issue during prototyping when a number of iterations are required to finalize the design and fabrication processes. Because of the difficulty in disassembly for rework of a failed magnet, if this assembly methodology is retained the number of requested spare magnets should be reevaluated. 
All interfaces requirements have been considered by BARC. However, not all of them are sufficiently documented yet. In particular, the geometrical extent of the magnet envelope with its accessories (manifolds, protection covers, interlock boxes (if any) is not available in the TRSs and does not appear to be considered in the PDRs.
In the schedule, the margin for accommodating the production learning curve of the vendors does not appear to be sufficient.

Recommendations
R3: Eliminate interleaving of laminations, dovetails, and any other features that would prohibit disassembly of the quadrupole magnet. 
R4: Consider changing the quadrupole magnet electrical 0.5 mm steel to ~1.5 mm thick low-carbon steel.
R5: Negotiate with FNAL, if needed, the current pulse parameters to reduce the eddy currents effect within the pole piece.
R6: Consider implementing horizontal quadrupole yoke stacking technology as used in the dipoles.
R7: If vertical magnet assembly is to be maintained, make significant improvements to tooling and assembly procedure to increase the reliability of the pole alignment, such as directly aligning poles over the full length of the core and/or adding interlocking male /female features at lamination midplanes.
R8: Integrate coil locating and support features within core during the assembly process.

Also see dipole recommendations R15-19, which apply to both quadrupole and dipole efforts.


IDAL and IDDL
Charge Questions

1. Does the preliminary design meet the requirements for the magnetic field and the
operational parameters (cooling, power and vacuum)? 
Partially.
The review committee acknowledges the effort of BARC to address all specific aspects of the design with extensively developed PDRs. The cooling, power and vacuum aspects seem well addressed at this preliminary design stage. However, other aspects require further development. 

2. Are the proposed production techniques and methods well described and documented?
No.
Most manufacturing methods are described with only general principles, but almost none in detail. Most of them are also not documented.

3. Have suitable engineering analyses been performed, documented, peer-reviewed, and
approved, where applicable?
Partially
Most, but not all, engineering aspects have been addressed in the Preliminary Design Report.  Although the committee was told that there were internal reviews, this was not demonstrated.  

4. Is the level of integration with other LBNF beamline entities appropriate for this stage of
the work? Are interfaces and collaborative design inputs such as power supplies, water-cooling,
beam vacuum, support, and alignment being managed appropriately?
Partially.
All interfaces requirements have been considered by BARC. However, not all of them are sufficiently documented yet.

5. Have potential risks and opportunities been identified and documented? Are the
mitigation plans to address the risks and challenges appropriate?
Partially
The level of relevant experience in large-scale accelerator quality magnet production of the considered vendors is not proven

6. Is QA/QC for the magnet manufacturing adequately planned?
Partially
There is an outline of a plan that will need be filled in before fabrication of the protypes begins.  

7. Are the final measurements and acceptance testing well-defined?
Partially
A final acceptance measurement concept was presented, which the committee does not feel will be adequate to demonstrate conformance to the specification.  The in-process acceptance criteria seem, in many cases, to be waiting for a more detailed definition of the fabrication procedures. 

8. Is the fabrication process for the prototype well developed? (equivalent to FNAL
traveler)
Partially
There is an outline of a process that will need be filled in as the tooling is designed and before fabrication of the protypes begins.  

9. Is the schedule for building the prototypes as well as the production magnets adequately planned and credible?
Partially
Given the technical difficulties that the committee anticipates, consideration should be given to starting the prototype coil and core fabrication in parallel.  


Findings
Dipole requirements are derived from the Functional Requirements Specifications (FRS), Technical Requirements Specifications (TRS), and Interface Control Documents (ICD).
BARC is developing two dipoles designs, one for the 6-meter and one for the 4-meter magnets.  The plan is to build a prototype of each, then select one design for production of all magnets.  Both designs are similar the Main Injector dipoles but differ in lamination details.  Both designs have been modelled extensively.  
The plan is to use 0.5-mm silicon steel for the laminations.  
The pole ends will be shaped by custom lamination stacked and epoxied together, as was done in the Main Injector.  The core will be stacked on a horizontal fixture that will be designed by BARC and provided to the core stacking vendor.  
The coils in both designs will be formed from 1”x4” conductor with a 0.5” diameter hole for water cooling.  The conductor comes in approximately 6-meter bars which will be induction brazed end-to-end after forming the bends.  The induction brazing machine and equipment for quality control of the joints will be provided to the vendor by BARC.  
One vendor will make and insulate the coils.  A second vendor will stack the cores and assemble the magnets.  
Magnetic measurements are planned to be conducted with an array of ten Hall probes pulled through the magnet.  
A coarse schedule was presented.  



Comments
The review committee acknowledges the effort of BARC to address all specific aspects of the design with extensively developed Preliminary Design Reports. The cooling, power, and vacuum aspects seem well addressed at this preliminary design stage. However, the review committee has comments and recommendations in other design aspects:

Pole profile
The committee believes that design efforts would be more effective if they were concentrated on a single lamination design for both the 6 m and the 4 m long dipoles, rather than developing two designs in parallel. The present yoke designs feature pole profiles which can be sensitive to the permeability of the iron.  Starting with the 4 m pole profile, smoothing the pole edges with a ~5 mm radius, rather than a 1 mm chamfer, will help reduce the design sensitivity to the iron B-H characteristics. This pole profile with flat large pole shims is also very close to the original MI dipole which proved to perform well in terms of field quality in a synchrotron. 

Field quality specifications
The field quality acceptance criteria (field deviation over good field region geometrical extent) should be specified to be met over the whole operational dynamic range, and that range should be explicitly stated.  

Electrical steel grade
The choice of the 0.5 mm silicon steel grade proposed appears to be driven by material cost considerations, due to the availability of such steel via transformer manufacturers. The committee is concerned with the selection of this steel for several reasons:
· Reaching the needed tight mechanical tolerances over the magnet lengths will be much more challenging, due to the much larger number of laminations. 
· The lamination punching costs will increase, and the steel sorting procedure and relating sample measurements (mechanical and magnetic) will be more difficult to handle.
· The half-yoke welding will be more difficult with such silicon steel, due to the larger number of coated interfaces between laminations.
· The magnet assembly time and manpower costs will increase due to the larger number of laminations to handle. 
· The proposed steel grade is better suited for transformers as it has been developed to minimize losses at 50 Hz, while the IDAL and IDDL magnet will operate at 1 Hz. 

Integrated field repeatability
The tolerance on the integrated transfer function deviations from one magnet to another in the same magnet design (6 m or 4 m) should be specified. If this tolerance is considered not achievable with the sole mechanical tolerances, an adjustment system may have to be considered.

Drawing tolerancing
The PDR documents were missing the lamination contour, half yoke assembly and magnet general assembly drawings, all annotated with the corresponding tolerances. 

Fabrication and Assembly Procedures
Most manufacturing methods were described in the review with only general principles, but almost none in detail. Most of them are also not documented.  For example, it would be beneficial to:
· Develop a sketch showing where the laminations will be punched on the 1.2 m width of the electrical steel mother coil. This should take into account the thickness reduction typically observed at the mother coil edges regions.
· Detail the steel batches management, lamination sorting plan (if any), and associated sample measurement plan.

BARC is considering using two parallel rails to guide the lamination stacking along the sagitta curvature. The committee considers that any misalignment of these two rails with each other could lead to improper/uncertain positioning of the lamination and generate deviations of the pole and mating faces straightness in some locations along the stacks.

BARC could also consider closing the yoke magnetically in addition to the hydraulic press for welding the half-yoke assembly tie plates. This would help distribute more uniformly the pressure over the mating faces and increase the closing force. This can be done with a cable wound around the back-leg of the yoke, from the aperture to the outside of the yoke, as to provide 1000 to 2000 ampere-turns.  A similar circuit can sometimes be used to hold the lamination parting plane surface to the stacking plate to ensure a tight fit.  


Magnet Rigidity
The rigidity of these long dipoles, which presently relies on welded straight tie-bars as well as on 0.5 mm thick laminations, may not be sufficient to accommodate the magnet own-weight deformation. This could result in field distortions and mechanical aperture reduction, which would in addition vary with the roll angles of the magnets as installed in the LBNF beamline.

Interface Documentation
All interfaces requirements have been considered by BARC. However, not all of them are sufficiently documented yet. In particular, the geometrical extent of the magnet envelope with its accessories (manifolds, protection covers, interlock boxes (if any) is not available in the TRSs and does not appear to be considered in the PDRs.

Vendors
The level of relevant experience in accelerator quality magnet production of the considered vendors is not proven for magnets of this scale. In particular, the dipoles will require specific know-how in precision stacking and welding of laminated long curved yokes, induction brazing of large conductors, and large size coil winding and impregnation. This requires specific competences which can be lengthy to acquire for manufacturers that do not have them and can significantly delay the production planning.

Acceptance Criteria
Acceptance criteria are often missing for measurements and tests.  These will need to be defined for every step in the fabrication procedures.  

Schedule
The margin for accommodating the production learning curve of the vendors does not appear to be sufficient. Some schedule margin could be created by moving to a unified design prior to prototyping.

Magnetic Measurements
The 10-element Hall probe array will not be able to demonstrate compliance with the field uniformity specification unless it rotates at each point in z.  Numerical integration of the Hall probe data through the length of the magnet will not have the precision to demonstrate compliance with the field integral requirements.  




Recommendations
R9: Adopt a unified dipole design prior to prototyping.

R10: Develop a common pole profile design for both dipole magnets, starting with the 4 m design pole profile and smoothing the pole edges with a ~5 mm radius, rather than a 1 mm chamfer.
R11: Consider using at least 1 mm thick steel, or if available, 1.5 mm thick, with a high permeability grade for the dipole laminations.

R12: Use a single rail to guide the lamination stacking along the sagitta curvature.

R13: Complete a sensitivity analysis to check the acceptable tolerances on B-H characteristics deviations regarding the field homogeneity over the whole operating range. The pole profile can then be updated accordingly.

R14: Perform FEM mechanical simulations, considering realistic values of elastic modulus of the lamination pack, to check the deformation amplitudes for various roll angles. If needed, the magnet mechanical design could be updated with angular plates to improve the lamination pack rigidity, as is commonly done for long magnets.


The following recommendations apply both to the dipole and quadrupole efforts:

R15: Provide 3D CAD of full magnet with all accessories (manifold, connection terminals, interlock box, protective covers) to the Fermilab integration team to check any interference that could be generated with surrounding equipment, in particular around the extraction region from the MI.

R16: Provide a drawing with the position of each fiducial reference to be validated by the Fermilab survey team.

R17: Select manufacturers with relevant experience in the manufacturing techniques required to assemble the dipole magnets. BARC should also closely follow-up the prototype production at the manufacturer’s premises.

R18: Review all measurement and acceptance test criteria based on the TRS provided by Fermilab.  Reach agreement between the project and BARC the final magnet acceptance criteria and document the agreement with approvals.  Work with the project to develop a magnet measurement plan, including both measurements at BARC and at Fermilab.  

R19: Evaluate the delays that could result from learning curves at the vendors and add any needed contingency in the production schedule.  Consider starting the prototype half core production in parallel with the coil production. 
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Appendix II: Committee Charge

FNAL is collaborating with BARC, India, on the LBNF beamline. BARC will build and deliver to FNAL the primary beamline main dipole and quadrupole magnets (including spare magnets). The magnets consist of the following types:
1. IDAL – 6m-long dipole
2. IDDL – 4m-long dipole
3. QQD – 120”-long quadrupole
4. QQE – 60”-long quadrupole

The LBNF Primary Beamline Magnets are currently in the Preliminary Design phase at BARC, India. In order to ensure that the level of preliminary design is sufficient to move to prototype magnet fabrication, the panel is asked to perform a Preliminary Design Review of all four magnets.

The review is scheduled for February 16-18, 2021, 7:30am-10:30am each day.

The specific charge questions are:
1. Does the preliminary design meet the requirements for the magnetic field and the operational parameters (cooling, power and vacuum)?

2. Are the proposed production techniques and methods well described and documented?

3. Have suitable engineering analyses been performed, documented, peer-reviewed, and approved, where applicable?

4. Is the level of integration with other LBNF beamline entities appropriate for this stage of the work? Are interfaces and collaborative design inputs such as power supplies, watercooling, beam vacuum, support, and alignment being managed appropriately?

5. Have potential risks and opportunities been identified and documented? Are the mitigation plans to address the risks and challenges appropriate?

6. Is QA/QC for the magnet manufacturing adequately planned?

7. Are the final measurements and acceptance testing well-defined?

8. Is the fabrication process for the prototype well developed? (equivalent to FNAL traveler)

9. Is the schedule for building the prototypes as well as the production magnets adequately planned and credible?

