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INTRODUCTION
This chapter describes the reference design for the LBNF primary (proton) beamline. This system will extract protons from Fermilab’s Main Injector (MI) synchrotron, using a single-turn extraction method, and transport them to the target in the LBNF Target Hall. The nominal range of operation will be from 60 to 120 GeV. 
The principal components of the primary beamline include specialized magnets at the MI-10 extraction point to capture all of the protons in the synchrotron and redirect them to the LBNF beamline, a series of dipole and quadrupole magnets to transport the proton beam to the target, power supplies for all the magnets, a cooling system, beamline instrumentation and a beam-vacuum system for the beam tube. 
All of the LBNF primary-beam technical systems are being designed to support sustained, robust and precise beam operation. Careful lattice optics design (described in Section 4) and detailed beam-loss calculations (described in Section 14) are essential for the proper operation of the primary-beam system, as are a detailed understanding and monitoring of component alignment and development of the comprehensive beam-permit and control systems, described in Chapter 27. 
[bookmark: _Toc411265082]Design Considerations
[bookmark: _Toc411265083]Length and Elevation
As discussed in the Alternatives Analysis document [?], primary-beam extraction using the “MI-10 Shallow” design was chosen after a thorough value-engineering process evaluating shallow and deep configurations at both MI-10 and other locations.  It offers several advantages over the other designs.
The shallow beam design offers a significant cost savings for the neutrino beam facility, plus significant advantages with tritium mitigation for the near-grade Target Hall. Also, given the limited available site footprint, a deep Target Hall, as exists for NuMI/ NOvA, would require the primary-beam transport to be considerably longer to reach the depth at which sufficient structural rock cover exists above the hall. This added distance is neither necessary nor available with MI-10 extraction for a 120-GeV beam.
The target elevation of a few feet above natural grade elevation is chosen to optimize overall facility-construction technical and resource requirements [?]. It was selected as the best balance between minimizing Absorber Hall depth in the rock and the extent of the primary beam transport line above natural grade level. Additional constraints include limiting the maximum primary-beam enclosure elevation angles to 150 milliradians, and achieving the required trajectory for transport of the neutrino beam to the Far Detector site. A profile-view schematic of the target lineup for the primary-beam transport with Target Hall and decay region is shown in Figure 2-1. Colors in the figure illustrate the height of earth fill needed, including shielding for the primary-beam enclosure, along with the location of the Target Hall and decay region with respect to the underlying glacial till and rock strata. 
[bookmark: _Toc411265084]Existing Infrastructure and Shielding
The choice of a shallow beam extracted at MI-10 avoids beamline crossings, and allows for a simpler extraction enclosure, enabling a cost-effective facility design of the entire extraction region. It interferes minimally with existing beam systems in this region, reduces magnet count, and also provides some shielding separation from accelerator-tunnel beam losses at the beginning of the LBNF primary-beam transport enclosure. 
The MI-10 primary-beam layout on the Fermilab site is shown in Figure 2-1. 
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Figure 2‑1: View showing the concept of elevating the beamline, thereby minimizing the deep excavation and tunnels. The beam comes from the right through the primary beam enclosure and interacts with the target in the Target Hall Complex. Fill used to elevate the beam is shaded in green.
[bookmark: _Toc411265086]Beam Control
Techniques, hardware and control applications for accomplishing primary-beam control at the required level were developed for the NuMI proton beamline. These features have been demonstrated to perform very well during the nearly decade long operation of the NuMI beamline and are therefore being used in the design for the LBNF primary beam. Included are
· A comprehensive beam-permit system (described in Section 29) with more than 250 parameters that are to be verified prior to each beam extraction,
· Open-extraction channel and primary-transport magnet apertures capable of accepting a range of extracted beam energies,
· Primary-extraction channel and LBNF beam-transport component apertures sized to accept a beam envelope larger than the MI dynamic aperture of 360 π mm-mrad, without beam loss,
· Excellent magnetic-field uniformity to match the beam-envelope apertures, 
· Major power-supply regulation to a few parts per million to achieve good beam-transport stability, 
· A strong focusing beam optics design with excellent control of beam size and dispersion, 
· Fully automated beam position control, with no manual adjustment of beam positions required during operation, and 
· Robust beam instrumentation to enable maintenance of beam-targeting accuracy to approximately 100 μm. 
[bookmark: _Toc411265081]Reference Design Overview
The LBNF primary beamline is extracted using single-turn, or “fast” extraction, in which all the protons accelerated in the MI synchrotron ring will be diverted to the LBNF beamline within one revolution after each acceleration cycle. The train of bunches of protons in the MI extends most of the way around the ring. After extraction, the beam is controlled by a series of dipole (bending) and quadrupole (focusing) magnets collectively called the “lattice optics.” This term refers to the overall design of the system, i.e., the magnet types, strengths, order, relative placement and other characteristics. The LBNF primary-beamline lattice optics is designed to direct the proton beam toward the target and resulting neutrinos toward the downstream Far Detector, with a beam spot size appropriate for maximizing the physics potential of LBNF. 
LBNF will implement a modular optics design comprised of three distinct lattice configurations in series: the specialized MI-to-LBNF matching section, the transport section and the final focus of the beam on the production target. The layout of the beamline is shown in Figure 2-2. (For another view, see Figure 2-26 in sub-subsection 2.10, Magnet Installation)
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Figure 2‑2: View of the beamline from near the end of extraction region in the MI through the wall and up and over the apex of the hill. The Main Injector beamline is at the bottom and the Recycler at the top.
After the kicker magnets in the MI apply a horizontal kick to the beam, the beam passes through a set of three special purpose magnets, called Lambertsons, that vertically extract the beam from the MI. The Lambertsons sit in the path of the beam, both when it circulates and when it is extracted, accommodating both paths. The circulating beam passes through a field-free hole in the magnet yoke, while the extracted beam instead passes through the (separate) magnetic aperture, is bent upward and away from the MI trajectory. Each Lambertson in the line bends the beam more, such that after passing through all three (and one focusing quadrupole, a component of the MI lattice that sits between the first and second Lambertsons), the extracted beam is sufficiently separated from the MI orbit to pass through the first bending magnet external to the MI line, a C-magnet. The C magnet clears the MI beam tube downstream of the third Lambertson and provides an additional upward bend, enough so that the extracted beam can pass above the outside of the next quadrupole in the MI lattice. The C-magnet is the last element of the specialized extraction channel. 
The transport section includes a series of rolled dipole magnets (tilted about the beam axis to vary the direction of bend) interspersed with regularly spaced quadrupole magnets to ensure that transverse beam size does not exceed that in the MI. The first dipole bends the beam horizontally further from the MI and reduces the rate of vertical rise. Several quadrupoles maintain the beam size as the beam tube passes through the wall between the MI tunnel and the LBNF primary-beam enclosure. The beam is then bent to the right and up, and back down from the apex at an angle of 101 milliradians (5.79 deg.) toward the target, thus establishing the needed trajectory for the neutrino beam. 
In the last section of the primary beamline, the beam size and its angular spread are tailored to the desired distribution for hitting the production target. This is accomplished by eight independently tunable quadrupoles in the final-focus section, which can be tuned to produce a wide range of beam spot sizes while maintaining a narrow angular spread. 
Some magnets will be grouped ito a single “magnet loop” and powered by a single power supply, whereas others will be powered individually, according to the lattice optics design. In order to maintain the lowest possible power consumption, all of the larger magnet loops will be ramped. A primary water system will feed cooling water to the magnets and power supplies. Beam instrumentation will characterize and monitor important beam parameters, for example, beam positions, stability, losses, intensity and transverse emittance. A vacuum system will maintain a vacuum of better than 10-7 torr residual gas pressure in the beam tube in order to reduce the beam loss due to proton-gas interaction. 
Utilities (power, water, cabling), crates, etc.) for the beamline elements in the extraction region come from the existing MI-10 service building. Those in the primary beam enclosure are serviced from the new LBNF-5 building via the magnet access tunnel. (See Figure xx, installation coordination section.) Magnet in the extraction region will be installed from the main injector; those in the primary beam enclosure are moved from to the primary beam enclosure via the magnet access tunnel for installation.
 The remainder of the chapter is organized as follows. First we describe the lattice optics design and performance, and the component magnets. This is followed by a discussion of the magnet power supplies, the cooling water system, beam instrumentation, and the vacuum system. Installation of the magnets in the beamline enclosure is the most difficult of the installations, and we discuss this in the last section.
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LBNF will implement a modular optics design comprised of three distinct lattice configurations in series: the specialized MI-to-LBNF matching section, the transport section and the final focus of the beam on the production target.
A series of six fast-pulsed kicker magnets in the MI ring (Section 9.3.6) extract the beam. The kicker magnets have a fast ramp-up to the required current followed by a ramp-down; the ramps occur during gaps in the circulating MI beam. The kickers are followed by the set of three Lambertson magnets that bend the extracted beam away further (upward) from the MI trajectory. To match the MI optics to the optics of the transport section, a string of individually controlled quadrupole and dipole magnets is used. 
The transport section steers the beam from extraction/matching section up to and over the hill toward the Target Hall. The matching section is followed by an optical lattice consisting of a series of six periodic focusing units, “FODO” cells, which terminates 119 m upstream of the target. A set of eight independently tunable quadrupoles form the achromatic final-focus (FF) optics to obtain the desired beam size on the target. This final focus is tunable to produce a spot-size (σ) from 1.00 to 4.00 mm over the entire momentum range 60 to 120 GeV/c. 
2.4.1 [bookmark: _Toc411265091]Design Considerations
The design of the lattice for LBNE, as detailed in the next section, is constrained by the experimental needs, civil construction requirements and operational factors in transporting an intense beam over long periods of time. These include: 
· large changes in elevation in order to keep the Target Hall above grade 
· extraction and transport over a range of beam momenta (60 to 120 GeV/c) 
· beam position and focus at target which is finely adjustable 
· transport of beam with very low average losses 
These constraints drive most of the fundamental aspects of the technical design. The optics presented here were computed using Methodical Accelerator Design (MAD) and the design reflects the large amount of experience of the designers. 
[bookmark: _Toc411265092]Reference Design
Protons are extracted from the MI-10 straight section. The extraction magnets are of the standard MI design with six kicker modules at the upstream end of the MI-10 straight section to kick the beam horizontally into three vertically-bending Lambertsons plus a C-magnet straddling the MI quad Q102 located 90o in betatron phase downstream; see Figure  2-3. 
A single, rolled, long (6 m) MI-style IDA dipole (Section 9.3.1) steers the beam horizontally towards the MI enclosure wall between MI quads Q105 and Q106, while leveling the beam off somewhat to a gentle vertical slope of +0.60o, thereby bisecting the space separating the MI and Recycler Ring magnets. A 15.6-m-long carrier pipe transports the beam through the MI tunnel wall into the new primary beam extraction enclosure that houses the main body of the line. 
From that point the protons are transported a further 257.9 m to the target, located 10 ft above grade (750 ft above sea level) and aimed towards the Far Detector. In the main body of the beamline, 12 IDA dipoles plus 12 short (4-m) MI-style IDD dipoles together bend the beam -7.180o horizontally and -5.789o net vertically. Bends are grouped into twelve 4+6 meter pairs. The first three cells accomplish the horizontal alignment to the Far Detector while generating a +143-mrad vertical trajectory. This upwards trajectory continues through the subsequent empty FODO cell, reaching maximum beam elevation 30 ft above grade. This is followed by three full cells that create the 244 mrad of downward bend necessary to obtain the final -101 mrad trajectory to the Far Detector. 
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Figure 2‑3: Configuration of the LBNE Extraction Lambertsons and C-magnet Straddling MI Quad Q102
Optical properties are defined by 21 quadrupoles (grouped as 20 focusing centers) of the proven MI-beamline-style modernized 3Q60/3Q120 series (QQC/QQB) (Sections 9.3.4 and 9.3.5). All focusing centers are equipped with redesigned MI-style IDS orbit correctors (Section 9.3.5) and dual-plane beam-position monitors (BPMs) (Section 8). Ample space is available in each cell to accommodate ion pumps and diagnostic instrumentation. Parameters for the main magnets are listed in Table 2-1. 
[bookmark: _Toc411265093]Optics
This 60-120 GeV/c transfer line design is comprised of distinct optical modules, as illustrated in Figure 2-4: extraction/matching section, transport section and a widely tunable quadrupole triplet module to control beam size on target. 
The first six quadrupoles in the beamline are powered individually to perform the optical match between lattice functions of the MI and those of the LBNE transfer line; the roll angles of dipoles in the first three half-cells are selected specifically to contribute to the dispersion matching of (ηx,ηx') and (ηy, ηy'). This matching section is followed by six 120o FODO half-cells characterized by quadrupoles Q207 through Q212. Cell length and phase advance are chosen such that beam size does not exceed that of the MI 90o lattice cell structure, while also optimizing efficient use of space for the achromatic insertions. Dispersion generated by variations in the beam trajectory is corrected locally and cannot bleed out to corrupt the optics elsewhere in the line. Quadrupoles Q214 through Q221 form the tunable final-focus optics capable of producing a spot-size of σ = 1.00 to 4.00 mm over the entire momentum range 60 to 120 GeV/c. (The quadrupole numbering scheme is chosen to match the MI convention, in which even numbers are horizontally focusing and odd numbers are defocusing. This results in quad Q218 being absent).
Magnet apertures (including the impact of rolls) and beam envelopes are shown in Figure 2-5. One contour corresponds to nominal MI beam parameters of ϵ = 30π μm (99%, normalized) and Δp_99/p = 11×10-4. The larger envelope shown is calculated for ϵ = 360π μm (100%, normalized) and Δp_100/p = 28×10-4. The latter values reflect the admittance of the MI at transition (γt = 21.600), and the transfer of such a beam to LBNE could only result from a catastrophic failure of the MI and LBNE safety and regulatory systems. The maximum transverse emittance of 360π μm is determined by the restricted horizontal aperture in the Lambertson magnets seen by the circulating MI beam. The momentum spread is the maximum value that can be contained in a radio frequency bucket through acceleration. The ϵ = 360π μm and Δp_100/p = 28×10-4 envelopes, therefore, demonstrate that the LBNE primary beamline should be able to transport, without losses, the worst quality beam that the MI could transmit.
   Table 2-1: Magnet Parameters of the LBNE Proton Beamline at 120 GeV/c and β*=86.328 m. 
           [image: ]
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Figure 2-4: Horizontal (Solid) and Vertical (Dashed) Lattice Functions of the LBNE Transfer Line. The final focus is tuned to produce a spot size of σx=σy=1.50 mm at 120 GeV/c and ϵ=30π μm (99%, normalized)]
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Figure 2-5:  Magnet Apertures and Beam Envelopes. The 99% contour (dashed) with nominal MI beam parameters, and the 100% envelope (solid) corresponding to the MI admittance at transition (γt = 21.600).
2.4.1.1 [bookmark: _Toc411265094]Sensitivity to Gradient Errors
It is assumed that the optical integrity of the primary beamline will not be compromised by magnet-to-magnet variations in the integrated quadrupole fields. Experience with the MI-style 3Q120 magnets has shown that these magnets are very high quality, with a spread in gradient errors on the order of σ(ΔG/G) ∼ 0.08% or less. Such a narrow error distribution cannot appreciably impact the beam characteristics or transport capabilities. Implementing even the most rudimentary strategy for sorting production quadrupoles, such as selecting those from the middle of the distribution for installation in the FODO cells, will reduce the spread even further. For nominal beam parameters at 120 GeV/c, a simple thin-lens calculation predicts that the largest error-wave expected in the 99% beam envelope (±3.89 mm nominal at β = 64.5 m) would be less than 75 microns.  
2.4.1.2 [bookmark: _Toc411265095]Beam Size at Target
An essential design requirement of the final focusing section is the ability to tune the spot size σ over a wide range. The optimum spot size at 1.1-MW is thought to fall in the range σ ∼1.5-2.0 mm, which would grow to ∼2.5-3.0 mm for a 2.4-MW upgrade. Spot size is still an evolving parameter. Ultimately, the choice will be driven to a large extent by details of the final target design, but other factors must also be considered. In addition to the 40% difference in beam size between 60 and 120 GeV/c, under real operational conditions the beam parameters (ϵ,Δp/p) will certainly be different from the ideal nominal values assumed here. Currently, the MI 99% normalized emittance at 120 GeV/c is ∼20-22π μm, but it is not clear how this value might change in the future. It is essential that the FF design be sufficiently robust and versatile to anticipate these possibilities. 
Figure 2-6 illustrates the wide tuning range of the FF. In principle, spot-size can be tuned to a maximum of * = 4.00 mm before magnet powering limitations take over. In practice, though, the maximum attainable * is ~ 3.20 mm. This limit is imposed by the restricted horizontal aperture (1.90 in) seen by the beam in the last 4-m vertical dipole. Results are shown for the two extremes of operational requirements. Calculations were performed assuming nominal beam parameters but the plot demonstrates that the FF is clearly adaptable to any reasonable set of beam parameters. To meet the two extremes of spot-size criteria considered here, β* at the target must be continuously tunable by a factor of 21 between its minimum and maximum values. The corresponding quadrupole gradients are listed in Table 2-2. The advantages of a modular optics design are evident – variations in the extracted MI beam parameters can be accommodated solely within the FF and do not involve tuning adjustments elsewhere in the line. 



[image: ]
[bookmark: _Ref411508917]Figure 2-6: Tuning Range of the Final Focus. The two examples assume nominal MI beam parameters. These extremes correspond to 60 GeV/c with σ* = 1.0 mm; β* = 19.184 m and βmax = 104 m (lower), and at 120 GeV/c and σ* = 3.20 mm; β* = 393 m and βmax = 483 m (upper). Vertical dispersion, shown across the bottom, rises from zero at the entrance to the dipole string, reaches a maximum of y  3 m, and is completely corrected to (y, y’) = (0,0) by the end of the bends. 







Table 2-2: Final Focus gradients for the examples in Figure 2-6
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 Beam Loss and Transport
As shown in section 2.4.3.1, a 360π mm·mrad (100%, normalized) emittance with 28.0×10-4 (100%) momentum spread can be transmitted cleanly through the beamline.  This corresponds to the Main Injector admittance at transition.  This admittance, in turn, is determined by the aperture of the Lambertson magnets as seen by the circulating MI beam.  Thus, the Main Injector acts as a collimator for the LBNF primary beam.
Although a rigorous argument can be made that the beamline will accept anything the Main Injector can send, an additional study was performed.  The front end of the extraction was modeled in MARS to allow a ray-tracing study.  In the study, the boundary of a 360π mm·mrad phase space was populated in both horizontal and vertical planes (refer to Figure 2-7).  10,000 rays were tracked through the front end.  No tracks were lost on any aperture.  Details of this study can be found in lbne-doc-8420.
[image: C:\Users\kobilarc\Desktop\CDR Refresh\PhaseSpace.PNG]
Figure 2-7.  Phase space used in front end study.  From lbne-doc-8420.

2.4.2 [bookmark: _Toc411265096]Trajectory Correction
Trajectory correction is an issue which, of course, must be addressed in the design of any transfer line, but for the ultra-clean transport requirements of LBNE it is critical that precise position control be available throughout the primary beamline. 
Correction of central trajectory errors have been simulated for dipole field errors and random misalignments assigned to all beamline elements (including BPMs). Realistic error values are on the order of (x,y) = 0.25 mm, and (roll ) = 0.50 mrad. Figure 2-8 shows the trajectory deviations resulting from randomly generated Gaussian error distributions (dashed). After correction using the LBNE trim dipoles the new orbits are also shown (solid), emphasizing the dramatic reduction in offset errors. Results of the tracking are summarized in Table 2-3.  All corrector strengths are well within the 225 rad (60% of peak) design specification for the new IDS trims. That orbit deviations are approximately twice as large in the vertical plane reflects the fact that dipole bending is predominantly vertical throughout the line. Dipole angular errors generated by B/B = 10-3 are as significant as the contributions from quadrupole misalignment. 
Beam position on the target is accurate to a few microns – far below the 150-m tolerance set by horn focusing. The worst angular error found is ~0.7 rad which, 1,300 km away at the Far Detector, translates into ~3 ft of position error, which is clearly negligible. 
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[bookmark: _Ref411512108]Figure 2-8: Uncorrected/Corrected Trajectories with Random Misalignments and Dipole Field Errors. The plot begins at the upstream end of the first extraction Lambertson at MI-Q102.
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Table 2-3: Orbit Offsets and Corrector Kicks for the Trajectories in Figure 2-8
[bookmark: _Toc411265097]Magnets (WBS 130.02.02.02)
[bookmark: _Toc411265098]Introduction
This section discusses the magnets that will be used in the primary beamline to steer and focus the beam. The set of magnets includes six extraction kickers, three Lambertson magnets, one current septum C-magnet (the first magnet that is external to the MI ring), 25 main dipole magnets, 21 quadrupole magnets and 23 dipole corrector magnets for fine-tuning. From the extraction point, the lattice optics have to transport the primary beam to the target with the highest possible intensity. The magnet counts are summarized in Table 2-4. 
[bookmark: _Toc411265099]Design Considerations
Table 2‑4: Summary of Primary-beam Magnet Specifications
	Magnet 
	Common Name 
	Steel Length 
	Nom. Strength at 120 GeV
	Count 

	RKB Kicker
	NOvA extraction
	1.720 m
	0.0237 T 
	6 

	ILA
	MI Lambertson
	2.800 m
	0.532 / 1.000 T 
	3 

	ICA
	MI C Magnet
	3.353 m
	1.003 T
	1 

	IDA/IDB
	MI Dipole 6 m
	6.100 m
	1.003 - 1.604 T
	13 

	IDC/IDD
	MI Dipole 4 m
	4.067 m
	1.003 - 1.604 T
	12 

	QQB 
	3Q120 quadrupole
	3.048 m
	9.189 - 16.546 T/m
	17 

	QQC
	3Q60 quadrupole 
	1.524 m
	11.135 - 17.082 T/m
	4 

	IDS
	LBNF trim dipoles
	0.305 m
	Up to 0.365 T
	23 



There are two technical considerations for the beamline magnets beyond providing the integrated dipole field and quadrupole gradient to establish the design lattice. First, the magnet apertures must be large enough to allow for an upgrade of beam power to 2.4 MW and alignment of the magnets should be sufficiently precise so as to not require any further enlargement due to the relative placement of the apertures. Secondly, the magnets must support rapid ramping of excitation. Beam only passes through the magnets for 10 s of spill time out of each approximately 1 s beam acceleration cycle, so the current between spills can be turned down to save power. This reduces the cost of the magnets (by reducing the amount of conductor needed), the cost of the power supplies, and the cost of the cooling systems, though the ramping does impose additional requirements. The rates at which the magnets can be ramped affect the average power consumption, which, in turn, affects the heat load and operating cost of the beamline. 
The intention is to make use of existing magnets and designs as much as possible for both cost containment and a general commitment to recycling. For each magnet function, the existing uncommitted magnets available at Fermilab and elsewhere have been reviewed. Suitable candidates have been identified for the Lambertsons, C-magnet, QQB and QQC quadrupoles; they will be refurbished or rebuilt as needed for use in the primary beamline. Existing designs to which additional magnets can be built will be used without any design changes except to the mechanical-support system. The main dipoles and quadrupoles fall into this category. The trim dipole magnets will be constructed according to a new design based heavily on current magnets. The kickers will be a minor modification to existing NOvA kicker design. Existing tooling will be used to the extent possible for all magnets. 
[bookmark: _Toc411265100]Reference Design
[bookmark: _Toc411265101]Main Dipole Magnets
The dipole magnets are responsible for directing the primary beam to the target. As the biggest magnets in the beamline, they must be reliable and energy-efficient. They must also provide sufficient strength and aperture to cleanly transport the beam at any energy in the range of 60–120 GeV. 
The same type of magnets as used for the MI dipoles are the logical choice for this function, in particular a combination of the 6-m IDA magnet and the 4-m IDD magnet designs. They have performed successfully since the MI’s commissioning in 1998. The LBNF magnets will be newly constructed to the existing designs, as mentioned above. The basic properties of these magnets are listed in Table 2-5 and Table 2-6. The magnet cross section is shown in Figure 2-9 and the layout of an IDA/IDB pair of dipoles, as used in the MI, is shown in Figure 2-10. An IDA/IDD pair has the same interconnection. 

The MI dipoles are slightly curved to match the path of the bending particles. The sagitta (the distance between that curve and a straight line) in the 6-m dipoles is about 16 mm. 
The beam-tube cross section used in the MI dipoles is shown in Figure 2-11 for reference. The beam-tube cross section is oval, wider in the magnet’s horizontal dimension, to accommodate the width of the beam due to protons of(slightly) different momenta bending differently in the magnetic field. (Note that the magnets may be oriented at different angles depending on their locations in the beamline, so “magnet’s horizontal” may not necessarily mean horizontal in an absolute sense. “Width” refers to the bending direction, perpendicular to the gap dimension between the poles.) Under vacuum, the beam tube’s smaller dimension decreases to enough under 2.000 inches to allow its insertion into a magnet aperture and then to allow bending to match the beam sagitta. The MI tubes were cold-drawn through successive dies to produce the required shape. LBNF plans to take the less costly approach, employed in the Fermilab Recycler, of squashing round tubes to a roughly oval shape. The initial tube size will be selected based on aperture requirements. For example, a squashed 3-in (76 mm) outside diameter (OD) tube would yield an aperture width of about ±47 mm and a 3.5-in OD tube would yield a width of about ±58 mm. 
Table 2‑5: Properties of IDA Dipoles 
	Property
	Value 

	Steel length
	6.100 m 

	Magnetic field (nominal at 120 GeV) 
	1.003 to 1.604 T 

	Integrated field (nominal at 120 GeV)
	6.76 to 10.03 T-m 

	Gap
	50.80 mm 

	Number of turns
	8 

	Aperture height (with beam tube)
	47 mm 

	Aperture width (with beam tube)
	120 mm 

	Current (nominal at 120 GeV)
	5106 to 8748 A 

	Resistance (at 20oC)
	0.8 m

	Inductance (at 100 Hz)
	2.0 mH 

	Power dissipation (max, Irms = 0.5 Imax)
	16.4 kW 

	Water flow (at 100 psid)
	0.93 l/s 

	Temperature rise (max at 100 psid)
	4.2oC 

	Weight
	18,180 kg 

	Fermilab drawing numbers
	5520-ME-274896, 5520-ME-274897 

	Color
	Light blue 



Table 2‑6:  Properties of IDD Dipoles 
	 Property
	Value 

	Steel length
	4.065 m 

	Magnetic field (nominal at 120 GeV) 
	1.003 to 1.604 T 

	Integrated field (nominal at 120 GeV)
	4.51 to 6.68 T-m 

	Gap
	50.80 mm 

	Number of turns
	8 

	Aperture height (with beam tube)
	47 mm 

	Aperture width (with beam tube)
	120 mm 

	Current (nominal at 120 GeV)
	5108 to 8748 A 

	Resistance (at 20oC)
	0.52 m

	Inductance (at 100 Hz)
	1.3 mH 

	Power dissipation (max, Irms = 0.5 Imax)
	10.6 kW 

	Water flow (at 100 psid)
	1.10 l/s 

	Temperature rise (max at 100 psid)
	2.3oC 

	Weight
	12,300 kg 

	Fermilab drawing numbers
	5520-ME-274910 

	Color
	Light blue 




                      [image: ]
                    Figure 2‑9: MI Dipole Cross Section
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Figure 2‑10: Layout of one IDA and one IDB Dipole in a Half Cell
The excitation curve of a typical IDA magnet, in Tesla-meters versus Amperes, measured during production is shown in Figure 2-12. The integrated strength of IDD dipoles was measured to be 2/3 the strength of IDA dipoles to better than 0.1%. 
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 Figure 2‑11: Beam Tube Cross Section

The dipole magnets have four terminals, significantly reducing the length of inter-magnet bus work in the main arc; see the center portion of the top image in Figure 2-10. Each length of magnet (6 m and 4 m) comes in two variants that differ only in the placement of the through-bus in the magnet and in the end of the magnet that has the more complicated bus and manifolding. The 6-m magnet variants are designated IDA and IDB; the 4-m magnet variants are designated IDC and IDD. In the MI, one IDA and one IDB (or one IDC and one IDD) magnets are compactly placed back-to-back, with their yokes approximately 0.35 m apart, leaving just enough room for the electrical jumpers between magnets and an ion vacuum pump where the beam tubes are welded together. An IDA can be just as well mated with an IDD. This pairing of a 6-m magnet with a 4-m magnet prevails in the LBNF primary beamline. The water connections and the power connections for the bus around the quadrupoles are made at the outside ends of the pair of magnets. 
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[bookmark: _Ref411512767]Figure 2‑12: Typical IDA Excitation Curve 

LBNF plans to follow the procurement strategy used during construction of the MI, developed to minimize the cost and maximize the magnet quality while making extensive use of outside vendors. The major components and subassemblies were fabricated in industry, with all contracts build-to-print (except the steel, which was based on performance) and awarded through a mix of straight bids and a source evaluation board. The cores, coils and beam tubes were assembled into complete magnets at Fermilab. This approach allows Fermilab to control the critical steps in the magnet fabrication and to assume the responsibility for the final performance with confidence, rather than trusting the vendors and paying for the vendors’ potential liabilities. By taking ownership of the LBNF components, Fermilab will readily be able to make thorough inspections of the components before assembly and ensure that the final magnets meet the needs of the project. 
For the MI, Fermilab purchased the coils of coated sheet steel, as that is a critical component whose magnetic properties need close control. Fermilab contracted for the stamping of the steel into laminations for the core and exercised tight oversight and monitoring of the critical lamination dimensions. Fermilab contracted with a fabrication shop to build the magnet half cores using Fermilab-provided stacking equipment, with Fermilab specifying which boxes of laminations were used in each half core based on steel and lamination data. Fermilab contracted with two specialized vendors to produce the coils, one to fabricate the bare coils and another to insulate them, though for LBNF the coil procurements may be combined. As in the Fermilab Recycler, it is expected that the beam tube will be formed from stock dimension tubes, and Fermilab welders will attach the various bellows, flanges, pump-out ports and other features. 
Note: For quality control purposes, all magnets will be subjected to magnetic tests. 
During operation, the circuits must be ramped between beam pulses to maintain a conservative temperature rise in the magnets and avoid overheating. It is assumed that an RMS current of half the peak current can be achieved. 
  Table 2‑7: Properties of the MI Lambertson Magnets
	Property
	Value 

	Steel length
	2.800 m 

	Magnetic field (nominal at 120 GeV) 
	0.532 / 1.000 T 

	Integrated field (nominal at 120 GeV)
	1.49 / 2.80 T-m 

	Gap 
	50.80 mm 

	Number of turns
	24 

	Aperture height (with beam tube)
	50.80 mm 

	Aperture width (with beam tube)
	406 mm 

	Current (nominal at 120 GeV)
	922 - 1815 A 

	Resistance (at 20oC)
	12.9 m

	Inductance (at 100 Hz)
	3.9 mH 

	Power dissipation (Irms = 0.5 Imax)
	11.3 kW 

	Water flow (at 100 psid)
	0.96 l/s 

	Temperature rise (at 100 psid)
	2.8oC 

	Weight
	23,500 lb 

	Fermilab drawing number
	5520-ME-331492 

	Color
	Silver 


[bookmark: _Toc411265102]Main Injector Lambertson Magnets
LBNF will use three existing MI Lambertson magnets (ILA) for extraction from the MI and injection into the LBNF primary beamline. The magnets were built by Fermilab staff for the MI and NuMI projects. Due to the decommissioning of the Tevatron, a suitable pool of spares will become available, including the four ILA magnets in the Tevatron injection system. They will be inspected, with particular attention to the high-voltage insulation and the water circuits, and refurbished as necessary in preparation for long-term service in the LBNF primary beamline. The basic properties of the Lambertson magnets are listed in Table 2-7, and a sketch of the magnet is shown in Figure 2-13. A typical ILA excitation curve is shown in Figure 2-14. 
To minimize the thickness of the septum between the hole for the circulating beam and the aperture for the extracted beam, no beam tube is used. Rather, vacuum in the aperture is maintained by a stainless-steel skin that encases the inner core. The large surface area of the laminations inside the evacuable volume necessitates an in situ bake after installation, using the attached electrical heating elements. 

To maintain a conservative temperature rise in the magnet and to minimize the impact of any leakage field on the low-energy injected beam, the magnets will be ramped. It is assumed that an RMS current of half the peak current can be achieved. 
                         [image: Macintosh HD:Users:velev:Documents:My Documents:AD_support:LBNE:CDR-tex:volume-2-beam:figures:Fig_Magnets_5_10.jpg]
                       Figure 2‑13: MI Lambertson Magnet End and Cross Section 



                         [image: ]
                        Figure 2‑14: Excitation Curve of a MI Lambertson Magnet

Table 2‑8: ICA Main Injector C-Magnet Properties
	Property
	Value 

	Steel length
	3.353 m 

	Magnetic field (nominal at 120 GeV) 
	1.003 T 

	Integrated field (nominal at 120 GeV)
	3.36 T-m 

	Gap
	40.61 mm 

	Number of turns
	12 

	Aperture height (with beam tube)
	37.5 mm 

	Aperture width (with beam tube)
	98.3 mm 

	Current (nominal at 120 GeV)
	2679 A 

	Resistance (at 20oC)
	2.11 m

	Inductance (at 100 Hz)
	14 mH 

	Power dissipation (Irms = 0.5 Imax)
	12.6 kW 

	Water flow (at 100 psid)
	0.57 l/s 

	Temperature rise (at 100 psid)
	5.3oC 

	Weight
	8,500 lbs 

	Color
	Light blue 


[bookmark: _Toc411265103]Main Injector C-Magnets
As at the other high-energy extraction points in the MI, the Lambertson magnets are followed by a current septum C-magnet. The MI C-Magnet, the ICA, was based on the F17 C-Magnet design for the Tevatron I project. Several C-magnets were used in the A150 anti-proton beamline from the MI to the Tevatron and will be available for use in the LBNF beamline. The basic properties of these magnets are listed in Table 2-8, and a sketch of the magnet is shown in Figure 2-15. The beam tube cross section is shown in Figure 2-16. The excitation curve of a typical ICA magnet is shown in Figure 2-17. 
In preparation for use in LBNF, the C-magnets will be inspected, and refurbished as necessary, with particular attention to the high-voltage insulation and the water circuits. To maintain a viable temperature rise and avoid overheating, the magnets must be ramped between beam pulses. It is assumed that an RMS  current of half the peak current can be achieved. 
[bookmark: _Toc411265104]Quadrupole Magnets
The LBNF primary beam will be focused with 3Q120 and 3Q60 quadrupole magnets of the specific styles QQB and QQC. These styles of quadrupoles are reliable, compact, energy-efficient and suitably strong. The basic properties of the magnets are listed in Table 2-9 and Table 2-10. The magnet cross section is shown in Figure 2-18 and the excitation curves are shown is Figures 2-19 and Figure 2-20. The beam tube is round, with a 71.9-mm (2.82-in) minimum inner diameter. 
[image: Macintosh HD:Users:velev:Documents:My Documents:AD_support:LBNE:CDR-tex:volume-2-beam:figures:Fig_Magnets_7_10.jpg]
                                       Figure 2‑15: ICA MI C Magnet
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                                        Figure 2‑16: ICA Beam Tube Shown in Horizontal Bending
                                                                               Orientation

              [image: ]
             Figure 2‑17: ICA integrated Strength as a Function of Current
The 3-m QQB magnets are the main focusing quadrupoles of the primary beamline. Shorter QQC quadrupoles are used at four locations because of spacing. At the upstream end of the beamline, just following the C-magnet, the functionality of a single 3-m quadrupole is implemented with two 1.5-m quadrupoles; this avoids interference with a quadrupole in the MI ring. At the other end of the line, two of the five quadrupoles in the final focus are sufficiently weak to suggest a shorter magnet. The basic design of the 3Q120 and 3Q60 dates from the 1970s, when they were first used extensively in the external beamlines of the Fermilab fixed-target program. They are still commonly used, although the yoke and coil configuration have evolved over the years. The QQB and QQC magnets have a slightly larger yoke than the earliest versions (15 in x 17 in rather than 13 in x 17 in), providing more mechanical stability. They also use hollow, water-cooled coils, which allow a higher current density than the original indirectly cooled, solid-conductor models. The water manifolds will be of the same style as designed for the MI. The coil will be vacuum-impregnated in the core. 

For quality-control purposes all magnets will be subjected to magnetic measurements. 

The circuits will be ramped between beam pulses to maintain a conservative temperature rise in the magnets. It is assumed that an RMS current of 53% of the peak current can be achieved. 

     Table 2‑9: QQB: Hollow Conductor 3Q120 Properties
	Property
	Value 

	Steel length
	3.048 m 

	Magnetic gradient (nominal at 120 GeV)
	9.189 to 16.546 T/m 

	Integrated gradient (nominal at 120 GeV)
	28.01 to 50.43 T-m/m 

	Pole diameter
	76.02 mm 

	Number of turns
	28 per pole 

	Aperture (with round beam tube)
	72 mm 

	Current (nominal at 120 GeV)
	192 to 353 A 

	Resistance (at 20oC)
	156 m

	Inductance (at 100 Hz)
	82 mH 

	Power dissipation (Irms = 0.533 Imax)
	5.9 kW  

	Water flow (at 100 psid)
	0.35 l/s 

	Temperature rise (at 100 psid)
	4.0oC 

	Weight
	7,400 lbs 

	Color
	Orange 



      Table 2‑10: QQC: Quadrupole Magnet Properties
	Property
	Value 

	Steel length
	3.048 m 

	Magnetic gradient (nominal at 120 GeV)
	13.39 to 17.08 T/m 

	Integrated gradient (nominal at 120 GeV)
	20.41 to 26.03 T-m/m 

	Pole diameter
	76.02 mm 

	Number of turns
	28 per pole 

	Aperture (with round beam tube)
	72 mm 

	Current (nominal at 120 GeV)
	233 to 369 A 

	Resistance (at 20oC)
	156 m

	Inductance (at 100 Hz)
	82 mH 

	Power dissipation (Irms = 0.533 Imax)
	4.4 kW  

	Water flow (at 100 psid)
	0.35 l/s 

	Temperature rise (at 100 psid)
	2.1oC 

	Weight
	7,400 lbs 

	Color
	Orange 
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                                       Figure 2‑18: Cross-section of QQB and QQC Quadrupoles

                       [image: ]
                       Figure 2‑19: Typical QQB Excitation Curve


                 [image: ]
                Figure 2‑20: Typical QQC Excitation Curve    
. 
[bookmark: _Toc411265105]Corrector Magnets
A trim dipole (fine-tuning) magnet, called an IDS, is located at every focusing location. One of these locations has two quadrupoles functioning as one element and two locations are sufficiently sensitive to require steering in both planes, so the trim magnet count does not exactly match the quadrupole count. 
This is a new design based on the IDH horizontal trim dipole correctors built for the MI and subsequently used, with modifications, in the NuMI beamline. To allow operation over a wider range of excitations without overheating, the conductor size will be increased from 10-gauge square copper to 8-gauge square copper. To maintain better linearity over the extended operating range, the back leg thickness will be increased. 
The corrector magnets have the same pole width at the MI horizontal correctors, but a gap increased from 50.8 mm to 76.2 mm gap to accommodate a round beam tube matching the quadrupole aperture at any rotational angle around the beam. MI correctors with an increased gap are used in the NuMI beam. In NuMI, the increased current needed to reach the desired field strengths required attaching indirect water cooling channels to the core. In the MI, the linear range of the excitation curve has been successfully extended by strapping extra steel plates onto a few magnets to increase the flux return path. Because the water-cooling and added steel plates are cumbersome and labor-intensive to install, it was decided to address both of these issues with a new design. The basic properties of the magnets are listed in Table 2-11, and a conceptual drawing of a trim dipole is shown in Figure 2-21. Initial design work has been done assuming both a 50.8 mm to 76.2 mm gap, adjustable with back leg spacers. Figure 2-21 reflects the 76.2 mm configuration. 
The measured excitation curve of a MI trim dipole magnet with the increased gap used in NuMi is shown in Figure 2-22. Since the pole shape, length, and number of turns in the coil are the same, and the yoke is comparable, this closely matches the expected performance of the LBNF IDS. 
Table 2‑11: LBNF Trim Dipole Properties (IDS)
	Property
	Value 

	Steel length
	0.305 m 

	Magnetic field (maximum peak)
	0.365 T 

	Integrated field (maximum peak)
	0.150 T-m 

	Pole gap
	76.2 mm 

	Number of turns
	812 

	Aperture height (with beam tube)
	72 mm 

	Aperture width (with beam tube)
	120 mm 

	Current (maximum peak)
	30 A  

	Resistance (at 20oC)
	~1.4 Ohm

	Inductance (at 100 Hz)
	1.1 H 

	Power dissipation (maximum)
	315 W 

	Cooling
	Air cooled 

	Temperature rise (internal)
	32 C 

	Weight
	< 500 kg 

	Color
	To be determined 



To maintain a conservative temperature rise in the magnets during operation, the stronger circuits must be ramped between beam pulses. It is assumed that an RMS current of half the peak current can be achieved. Because heat dissipation is a primary motivation of the new design, the thermal performance has been modeled in detail. To validate the modeling, a prototype magnet will be subjected to extensive thermal tests. The prototype will also be thoroughly measured magnetically to ensure conformance with the design requirements, as will at least a quarter of the production magnets, for quality assurance purposes.  
[bookmark: _Toc411265106]Kicker Magnets
To extract the beam at the MI-10 straight section, a six-kicker-magnet system is needed. This system uses more and shorter kicker elements than the 3 2.2 m-long NuMI kicker system. The decision to use shorter kickers is dominated by the available NOvA ceramic tubes. These magnets will be similar to the recently built RTV-potted NOvA extraction kickers (“RKB” type) . Table 1-12 summarizes the parameters of these kickers. 
                                        [image: ]
                                   Figure 2‑21: Schematic of LBNF 3-in (76.2-mm) Aperture Gap Trim Dipole
                                                                                        (IDS)

                                      [image: ] 
                                   Figure 2‑22: Integrated Strength of NuMI Dipole Corrector

Table 2‑12: Specifications of the LBNF Extraction Kicker Magnet System 
	Property
	Value 

	Length (Physical beamline space)
	10.58 m 

	Integrated gradient (maximum peak)
	0.491 T-m 

	Number of turns
	1 

	Aperture height
	38 mm 

	Aperture width
	86 mm 

	Current (maximum peak)
	2750 A  

	Kick Angle (@120 GeV)
	1144 rad 

	Field rise time (1% to 99%)
	1.64 s 

	Field flattop time 
	9.44 s 

	Power dissipation (maximum)
	1600 W (800 W per magnet string/400 in the load) 

	Flattop stability 
	<1% 

	Cooling
	Air cooled 

	Drawing number 
	N/A 

	Color
	Silver 

	Number of kickers 
	6



Kicker Fluorinert System
A temperature-regulation system is needed for the loads of the kicker magnets to meet the stability requirement on kicker amplitude and to remove heat from the loads. A regulation of ±0.5oC is needed on the fluid to meet the stability requirement. Fluorinert is used because it has good high-voltage insulation and thermal conduction, and low viscosity. 
The LBNF Fluorinert recirculation system will be very similar to the one currently located in MI-10, which is used for the MI Injection kickers. It will replace that Fluorinert system, once the Mi injection kickers are removed.  The current skid at MI-10 will be replaced with one similar to that being designed for the Muon Campus 30, sized for 12 gpm and only 4 kicker loads. It will terminate at the LBNF kicker loads just downstream of MI Q-100. The skid will be cooled by LCW with a temperature-control valve as if it were simply another power supply load. The skid will also have a heater for fine-tuning of the load temperature. 
System schematics will be created and should include a piping and instrumentation diagram (P&ID). Piping installation drawings and specifications will be created from this, with sufficient documentation to provide for outside bidding practices. (It may be more cost-effective to use T&M labor rather than bidded contract.) Both piping and vessels will adhere to FESHM Chapter5031, as well as the Fermilab Engineering Manual. Piping will be designed and installed in accordance with ASME B31.3 Code for Process Piping. Pressure vessels shall be designed in accordance with ASME Boiler and Pressure Vessel Code Section VIII Division 1.
[bookmark: _Toc411265108]Magnet Power Supplies (WBS 130.02.02.03)
[bookmark: _Toc411265109]Introduction
This section describes the power supply system for the magnets that comprise the lattice optics of the primary beamline.  Fermilab has a long history of developing and procuring power supplies for large magnet systems and this experience will guide the design of the LBNF magnet power systems. Some magnets will be grouped and powered by a single “magnet loop” (many magnets powered with one set of supplies), the rest will be powered individually, according to the lattice optics design. The power supply system design seeks to minimize power consumption, and reuse existing supplies from the Tevatron and the NuMI beamline, whenever possible, to better manage the cost. 
Table 2‑13: Dipole (Bending) Magnet Loops
	Magnet Loop Name
	Number of Magnets 
	Power Supply Location
	Power Supply Type
	Power Supply Voltage
	Peak Magnet Current
	RMS Current
	Average Power 

	E:LAM1 
	1 
	MI-10 
	500 kW 
	50 
	922 
	432 
	8,259 kW 

	E:LAM12 
	2 
	MI-10 
	500 kW 
	200 
	1,815 
	882 
	64,702 kW 

	E:V1001 
	1 
	MI-10 
	500 kW 
	50 
	2,649 
	1,212 
	16,587 kW 

	E:H202 
	1 
	LBNF 5 
	375 kW 
	50 
	7,339 
	3,601 
	24,256 kW 

	E:H204 
	2 
	LBNF 5 
	2x375 kW 
	100 
	5,878 
	4,640 
	72,473 kW 

	E:H206 
	6 
	LBNF 5 
	2x375 kW 
	100 
	5,320 
	3,724 
	72,473 kW 

	E:H208 
	4 
	LBNF 5 
	500 kW 
	200 
	5,320 
	2,975 
	35,368 kW 

	E:H214 
	12 
	LBNF 5 
	2.8 MW 
	420 
	8,510 
	4,406 
	124,735 kW 


[bookmark: _Toc411265110]Design Considerations
Power consumption is a cost driver during operation, and thus a design driver. In order to maintain the low power consumption, all of the magnet currents will be ramped. Each power-supply design will be selected to provide the best balance between the voltage stresses on the magnet and average power consumption. Also, each power supply will be constructed to use the maximum voltage necessary to reach the peak current and settle into regulation before the beam is extracted from the MI. 
[bookmark: _Toc411265111]Reference Design
[bookmark: _Toc411265112]Power-supply Loops
The primary beamline will contain a kicker supply, three extraction power-supply loops, five major bending-magnet loops, one large quadrupole loop, eleven minor quadrupole loops and a series of corrector-magnet power supplies. A simplified diagram for a power supply loop is shown in Figure 2-23. Table 2-13 shows a complete listing of the dipole magnet loops, and Table 2-14 lists the quadrupole-magnet loops and the assumed locationof the equipment. Table 2-15 shows the corrector-magnet system, which will use “Booster-style” corrector supplies. 
A kicker system, two extraction Lambertson magnet loops and a C-magnet will be placed at the beginning of the beamline. The power supplies for these magnets will need to be powered from the MI-10 service building and will be part of the MI electrical safety system. This ensures that during access to the MI that these supplies are de-energized using the normal MI procedures. The magnets and the power supplies will be removed from the NuMI beam line extraction and installed at MI-10. The large magnet supplies will be located in the MI-10 service building and will be powered using a relocated, existing transformer from the MI pulse power feeders. 
Magnets located in the LBNF Primary Beam Enclosure will be powered from the LBNF-5 Service Building. 
[image: ]
Figure 2‑23: Magnet Power-Supply Block Diagram
[bookmark: _Toc411265113]Power Supply Topology
The ramped power supplies will be constructed using 12-pulse rectifiers with a passive filter connected to the output. Only supplies using 12-pulse rectifiers will be connected to the pulse power feeder because a tuned harmonic filter is installed on the feeder to reduce the voltage stress on the 13.8-kVAC components. The feeder will be extended to connect to the MI beamline feeder system (under the Conventional Facilities scope), which has a harmonic filter with the capacity to power the LBNF beamline. The feeder will need to be extended from MI-10 to the new LBNF-5 service building. The details of the feeder and filter construction are given in Volume 5 of this CDR. The on/off switch for the 13.8-kVAC feeder system will be controlled locally at the LBNF-5 Service Building using a motor-driven disconnect to make access to the MI and LBNF easier for the operation crews. This will allow for access into the LBNF enclosure without turning off the MI. 
Table 2‑14: Quadrupole Magnet Loops
	Magnet Loop Name 
	Number of Magnets
	Power Supply Location
	Power Supply Type
	Power Supply Voltage
	Peak Magnet Current
	RMS Current
	RMS Power 

	E:Q201/2 
	1 
	MI-10 
	75 kW 
	150 
	234 
	110 
	2.6 kW 

	E:Q203 
	1 
	LBNF 5 
	75 kW 
	150 
	263 
	125 
	3.3 kW 

	E:Q204 
	1 
	LBNF-5 
	75 kW 
	150 
	194 
	96 
	1.9 kW 

	E:Q205 
	1 
	LBNF-5 
	75 kW 
	150 
	275 
	132 
	3.7 kW 

	E:Q206 
	1 
	LBNF-5 
	75 kW 
	150 
	285 
	138 
	4.0 kW 

	E:Q207 
	1 
	LBNF-5 
	75 kW 
	150 
	340 
	173 
	6.3 kW 

	E:Q208 
	1 
	LBNF-5 
	400 kW 
	800 
	333 
	190 
	48.5 kW 

	E:Q216 
	11 
	LBNF-5 
	75 kW 
	150 
	341 
	186 
	8.2 kW 

	E:Q217 
	1 
	LBNF-5 
	75 kW 
	150 
	283 
	140 
	4.7 kW 

	E:Q218 
	1 
	LBNF-5 
	75 kW 
	150 
	361 
	153 
	1.9 kW 

	E:Q219 
	1 
	LBNF-5 
	75 kW 
	150 
	224 
	178 
	7.5 kW 

	E:Q220 
	1 
	LBNF-5 
	75 kW 
	150 
	339 
	172 
	6.2 kW 

	E:Q221 
	1 
	LBNF-5 
	75 kW 
	150 
	288 
	109 
	1.6 kW 


[bookmark: _Toc411265114]Dipole Power Supplies
The dipole power supplies will all be re-used Tevatron and NuMI existing equipment, relocated to LBNF. Most of the equipment being moved from either the Tevatron or NuMI will be usable as is, however the large Tevatron dipole supply will operate at a higher current than in the Tevatron so it will need a new current-regulation system. 
[bookmark: _Toc411265115]Quadrupole Power Supplies
None of the Quadrupole power-supply equipment has an equivalent component in the Tevatron, but NuMI has just installed five new quadrupole supplies. LBNF will relocate and use these supplies and procure six new copies for the Quad magnet loops. A single current-regulator card will be installed in the voltage regulator, just as in the present system for the magnet loops. These supplies have proven to be reliable and will continue to be used. 
[bookmark: _Toc411265116]Corrector-Magnet Power Supplies
The LBNF primary beamline will utilize upgraded MI-type correction-element magnets. These magnets will all be IDS style, oriented horizontally or vertically, and placed at one end of each Quadrupole magnet in the beamline. The power supplies will use the newly designed Booster correction elements regulator board to provide the fastest ramping operation. These are individual switch-mode units that utilize a common bulk supply similar to those used in the present MI installations. A single bulk power supply installation is capable of driving all of the proposed 23 individual magnets. The power supply is intended to be used as a ramping supply and will provide full four-quadrant operation. The magnets will be ramped to the 40-A peak as needed to achieve the longest life in the magnets, and to minimize high-current DC operation and system heating.    
Table 2‑15: Corrector Magnet Power Supplies
	Magnet Loop Name 		 
	Number of Magnets
	Power Supply Location
	Power Supply Type
	Power Supply Voltage
	Power Supply Current

	E:xT201 thru E:xT221		 
	23
	LBNF-5 	
	FNAL Booster 40 A Trim
	180
	40


[bookmark: _Toc411265117]Kicker Power Supplies
New kicker magnets and a kicker-magnet power supply will be needed to extract the beam from the MI. The present NuMI extraction kicker magnets at MI-60 use three long magnets, but six shorter magnets are planned for the MI-10 extraction (see Section 9.3.6). This change has little effect on the power supply, but it affects the number of cable terminations on/at the loads. This power supply system will be copied from the NuMI extraction kicker, a proven and reliable design, with few changes. The power-supply design consists of a pulse-forming network (PFN), charging supply, resonant charger, switch tube in an oil tank and terminated transmission-line loads. To maintain regulation, high-resistance cooling liquid is circulated through the loads, requiring a heat exchanger to maintain load temperature. All of the controls for this system will be identical to the latest design installed for the NoVA upgrade to the MI and any usable equipment from the NuMI extraction will be relocatedto the MI-10 service building. 
[bookmark: _Toc411265118]Power Supply Control
The power-supply control system will use the latest design of the controls interface from the Electrical Engineering Support department of the Fermilab Accelerator Division (AD E/E Support). This controller includes a built-in transient recorder and a single E-Net connection that provides the status and control back to the front-end computers. The current reference design is similar to the ramp generator series commonly used today and referred to as a C46x card. However in the future LBNF will be moving to a VME-based control system that will provide a ramp generator that emulates the present system. The current regulation and controls can support either system without any changes. 
[bookmark: _Toc411265119]Voltage Regulator 
A standard voltage-regulator chassis was developed to improve maintenance and operation of power supplies in the accelerator complex. This Fermilab voltage regulator is specified in 12-pulse supply procurements. This has reduced the maintenance load on Fermilab’s engineering staff because, having over 150 copies, the lab is not subject to unique designs supplied by different vendors. The primary beamline will continue to use this chassis design in all of the 12-pulse high-current supplies in the line as well as in the Fermilab high-stability current-regulation system. All of the regulators will come with the Tevatron and NuMI supplies, and LBNF will procure additional units for the seven new quad supplies. 
[bookmark: _Toc411265120]Current Regulator 
The ramps for the beamline magnets move very quickly to high currents, so for the magnet loops with two supplies, both must be programmed to operate at the same voltage. This is in contrast to the MI where, instead, a controller MECAR (the Main Injector Excitation Controller and Regulator) removes supplies from the magnet loop to reduce feeder-loading during the ramp. MECAR regulation and control is currently installed in the NuMI beamline for HV101 (two supplies) and V118 (three supplies). 
The current-regulation system for the large supplies will use the latest version of the BuLB v2.0 current regulator that is a subset of the MECAR regulator and will have a response in current regulation comparable to the MI. These regulators have been installed in the present NuMI beamline high-current supplies to improve the accuracy from pulse to pulse. This regulator is used to provide the highest pulse-to-pulse stability in the LBNF current-regulation system design. It is constructed with a built-in learning system that is used to correct the systematic errors in the current. The power supplies will have filters; the fast changing voltage will ring during the step-down and affect flattop current. It will be impossible to “learn out” the effect of the ring, so the shorter the flattop is, the more structure will be seen in the current. The learning system will make this repeatable ramp-to-ramp and should not affect beam transfer any more than the changes in MI bend-magnet current do. This regulation limit is not unique to LBNF but is fundamental to ramped-power systems, including that of the MI. In addition to providing the current regulation, this system has a built-in transient recorder to capture single-event trips, allowing for faster analysis of random events. 
[bookmark: _Toc411265121]Series Power Supply Controller 
Connection of multiple power supplies in series or parallel increases the risk of back-feed from the other devices. A system of knife switches and disconnect switches will be used to isolate the supplies from the load and the beamline for maintenance of the H214 magnet loop. The knife switches, taken from the Tevatron, will be installed in the large dipole-magnet systems to improve the maintainability of the supply and magnet load. 
For the series-connected supplies, a new, custom controller will provide the voltage drive to both supplies and manage their ON/OFF status as a single supply. Controllers of this type, used on three magnet loops in NuMI with up to three 500-kW supplies in series, use a commercial controller (based on a Programmable Logic Controller, PLC) during operation. This controller will also manage the magnet-loop monitors, temperature, voltage-to-ground, bus-water differential pressure and ground current. 
All of the high-current power supplies will use a distributed ground system to check for excessive ground current (ground fault) in the power supplies and magnet, and if detected will trip off the supplies. The ground-fault system is built into the smaller supplies but will be part of a separate controller in the series-connected supplies. All of the support hardware in the existing power supplies will be relocated with the supplies and used with the new controller. 
[bookmark: _Toc411265122]Power Feeder Loading
The feeder system that provides power to the primary beamline supplies will be routed from the Kautz Road substation, via an extension of the MI beamline feeder 96/97 to both of the LBNF service buildings (as part of the Conventional Facilities scope). This feeder system already incorporates a harmonic filter to reduce the voltage stress on the 13.8-kVAC devices. The peak loading on the feeder is expected to be 6.8 MVA and the harmonic filter has 5 MVARS of correction to the beamline-feeder system. Beam will not be sent through the NuMI or F-sector beamlines during LBNF pulses, so the supplies in the MI beamline will be at ‘idle’ and not drawing high power. This will allow the needed pulse power to be drawn from the existing capacity of the MI, and continued running with a mix of beamline choices on a time-line generator mix, as is done now, without changes to the feeder system. 
[bookmark: _Toc411265123]Power Supply Large Equipment Installation
The large power supplies consist of multiple sub-assemblies that will need final assembly in place in the service buildings. The outdoor equipment is large and will be put in place by a local rigging company. As equipment is taken from the Tevatron and NuMI it will be disassembled using a combination of Fermilab labor and local contractors. All electrical work will be performed by local contractors. Fermilab will locate and assemble the large subsystems and perform all testing and integration into thecontrols system. Fermilab will act as the general contractor to have the large sub-assemblies constructed and complete the final assembly work on site for only the large supplies, new and MR/Tevatron size equipment. The smaller, high-current supplies will be constructed off-site and come in fully operational. They will be installed by Fermilab personnel and the power connections will be made by local contractors. The final testing and integration to the controls will be done by Fermilab staff. 
[bookmark: _Toc411265124]Primary Water System (WBS 130.02.02.04)
[bookmark: _Toc411265125]Introduction
The primary water system will feed cooling water to the magnets, power supplies and other equipment of the primary beamline. The system will include a heat exchanger, filtration systems, pumps, expansion tank, instrumentation, buswork, and piping, valves, fittings and other hardware. 
This system will supply low-conductivity water (LCW) of a resistivity in the range of 16 to 18 MΩ*cm, at a nominal supply temperature of 95°F. (Operationally, when conditions allow most of the year, the system will be operated at 90F, due to the savings in lower electrical resistive losses caused by heat.) The majority of the system’s components will be located in the pump room at ground-level in LBNE 5. From there, LCW will be fed to components in LBNE 5, as well as into and throughout the beamline enclosure, and finally to LBNE 20 Service Building and Target Hall horn power supplies. This system may be used to supply the make-up water to the Target Hall radioactive water (RAW) systems. Beamline components at the extraction point in the Q-100 area of the MI will be fed from the MI Global LCW System, and are covered under MI Extraction, section XXXX.
[bookmark: _Toc411265126]Design Considerations
Full system modeling needs to be accomplished once all component requirements are well understood and all configuration options are decided. System schematics will be created in parallel and should include a piping and instrumentation diagram (P&ID). Piping-installation drawings and specifications will be created from this, with sufficient documentation to provide for outside bidding practices. Both piping and vessels will adhere to FESHM Chapter5031, as well as the Fermilab Engineering Manual. Piping will be designed and installed in accordance with ASME B31.3 Code for Process Piping. Pressure vessels shall be designed in accordance with ASME Boiler and Pressure Vessel Code Section VIII Division 1.
[bookmark: _Toc411265127]Reference Design
[bookmark: _Toc411265128]Heat Loads and Heat Exchanger
Total heat loads for the system due to components (magnets, power supplies, bus runs) will be about 800kW. Add to that, the heat loads from the LCW pumps, and a margin for efficiency, and final heat exchanger sizing will be for 1.2MW. Final removal of this heat will be through transference to pond water via an LCW – to – pond water heat exchanger, to be located at LBNE 5. This will be a tube-and-shell style exchanger, with pond water on the tube side and LCW on the shell side, to facilitate the cleaning of the pond-water side. The Hx size of 1.2MW gives room for inefficiency due to plating / blockage over time, caused by pond water scum and debris. Heat loads for the LCW are not expected to change significantly with the future upgrade from 1.2 to 2.4MW beam. The LCW heat loads are as in Table 2-16.
Table 2‑16: Summary of Heat Loads
	Component
	Heat Load, kW
	Location

	Dipole / Quad magnet Power Supplies
	108
	LBNE-5

	Magnets
	452
	PBE

	Bus from LBNE to PBE Dipoles
	198
	LBNE-5 & PBE

	TH Horn Power Supplies
	60
	TH

	LCW Pumps
	108
	LBNE-5

	20% Hx Extra, Cushion for Efficiency
	185
	LBNE-5

	Total
	1111
	LBNE-5



[bookmark: _Toc411265129]Pumps
LCW will be supplied to the magnets in the enclosure with a pressure differential of 100 psid or greater. This will require pump output at 170 psid to compensate for losses along the route and equates to a dynamic head of 395 ft. Flow will be determined by the final system configuration, but is estimated at this time to be about 950 gpm. LCW pumps will be located in LBNE 5. The tentative arrangement will be for four 50-hp pumps to be piped in parallel, with normal configuration as three pumps in operation and one offline in standby mode. It may be possible to reuse pumps from the Tevatron LCW system, although this is not included in the current scope. In case the TeV pumps would be sufficient, a request has been made to have 6 reserved from the TeV decommissioning. However, further design study may suggest a preference for two 125Hp pumps instead, 1 on line with 1 hot spare.  .
[bookmark: _Toc411265130]Piping, Valves, Fittings and Hardware
Piping for LCW will be schedule 10 304/304L stainless steel, with full penetration welds. Because the total run length in the direction of the beamline will be about 750 ft, as well as runs to and from the service buildings of roughly 230 ft additional, thermal stresses and the need for expansion should be addressed in the design. At this time, it appears that a 6” iron pipe size (IPS) will be adequate for enclosure flows, requiring 8” from the LBNE 5 pump room to the tunnel connection. 
Piping for the pond water lines to and from the heat exchanger within the LBNE 5 pump room are to be schedule 40 carbon steel. These will have a strainer upstream of the heat exchanger (Hx) and a bypass around the strainer. In addition, building isolation valves will be necessary. Ponds, pond water pump vaults, and piping from the pond vaults to the pump room are to be supplied by Conventional Facilities. 
Individual magnet and power-supply component connections will have ball valves on both supply and return taps wherever possible. Where standard FODO cells provide magnets in a dipole-quad-dipole string, secondary manifolds such as used in the MI would be a very good consideration, and are included in the estimate. When this is not possible, such as for the bus lines feeding the dipoles, suitable valving to ensure local isolation will be implemented. At this time, all LCW connections to all magnets are planned to be hosed connections, and will be separate from the electrical connections of the bus. 

Hangers and brackets will be stock, such as Unistrut or B-Line, where possible. Custom 3-in-a-row vertical brackets may make the best use of enclosure space, and have been costed for the enclosure run. All nut-bolt-washer hardware is to be 304 stainless steel. All brackets not stainless steel will have a rust-preventing finish such as paint or plating. 
[bookmark: _Toc411265131]De-ionizer / Filter Loop
Cooling water will require filtration and deionization polishing to maintain the “low-conductivity” status. This filtration will be located in LBNE 5 and will include pre- and post-filters, as well as several 3.6 cu.ft. bottles of mixed-bed de-ionizing (DI) resins in parallel between the filters. 
This system will require a fill line to make up water using LCW supplied from the MI. This water will come into the system through the filtration loop. This system will also require a storage and expansion tank, of around 1,000 gal, that will be an ASME U-stamped coded vessel, supplied with a level indicator and a pressure-relief device. LCW is cycled by passing a small part of the pump discharge stream through the filtration loop and into the expansion tank. This flow then exits the tank as a mix and returns to the main system on the suction side of the pumps. This ensures that the LCW in the tank remains as polished as it is in the remainder of the system. 
[bookmark: _Toc411265132]Instrumentation and Control
A three-way valve setup will be used to control the LCW temperature, by directing LCW flow either to the heat exchanger or to bypass the heat exchanger. This will regulate the temperature of the LCW supply leaving the pump room. Flow on the pond water side will remain at full throughput.
The pumps will require Motor Control Centers (MCCs) in the LBNE 5 pump room. Variable-frequency drives (VFDs) will be investigated for this purpose. These, and the Temperature Control Valve (TCV) power, are high-voltage devices, requiring panels similar to what is used in the MI pump rooms. 
Both LCW and pond-water systems should have suitable pressure, temperature and flow-measuring instruments, and LCW will require at least two inputs for DI status. All readings should feed to ACNET (described in Section 2.9?) for remote reading and data-logging. 
In late 2013, due to feedback from the ANU Lessons Learned panel, it was found that instrumentation had been inadequately estimated for NOvA RAW and LCW Systems. Therefore, a thorough study was completed for all of LBNE LCW and RAW instrumentation. The information was presented to project leadership, and suggested to be implemented as a Change Request. Although agreed upon by Project Management to do this, timing left it out of project action until now. It is hereby included as part of the CD1 Refresh estimate.
[bookmark: _Toc411265133]Buswork
The primary purpose of electrical bus is to carry current to the magnets. However, since buswork must be leak-tight and is installed similar to piping, its installation is included within the scope of the LCW systems. This will include the acquisition and installation of the bus that runs from the power supplies into the enclosure and to the magnets, as well as the end connections and flex flags that connect to the dipoles. Final connections between the bus and magnets are addressed in Section 2.6.3. 
Dipoles will require 5 circuits of bus, and be fed from power supplies at LBNE 5. This is made up of an average run in LBNE 5 of 60’, and 135’ through the penetration and Vehicle Access Enclosure, to the alcove in the PBE. From there, one pair turns downstream, and 4 pair head upstream. The total length of bus required is just under 4000’ for the runs, and should include an additional 20% for connections, waste, custom fit-up, etc.
At this time, 5000 feet of 2” square bus is slated to be reclaimed from the TeV, via the TeV Decommissioning Efforts. The repurposing of the TeV bus saves the project about $300k in material.
This bus should be water-cooled as well, using LCW. In addition, all exposed bus between the power supplies in LBNE 5 and the enclosure must be contained in aluminum shielding panels such as those used in the MI Service Buildings. Once into the enclosure, it will be behind the Controlled Access point, requiring LOTO to enter, and shielding will no longer be a necessity. Since the shielding and enclosed bus will weigh around 5000 pounds, it should be subjected to a separate Engineering Review.
Where standard FODO cells provide magnets in a dipole-quad-dipole string, 1-in X 4-in rectangular bypass bus lengths such as used in the MI will be required. Existing MI designs may be sufficient to clear the quads. Since many of the sets of dipoles are rotated, either special mounts and/or end adaptions will be required to match the dipoles. These details cannot be dealt with until far later in the design process. Bus discard from the magnet-building process could be used as material. 
[bookmark: _Toc411265134]Other Considerations
Because of the large vertical hump in the beamline trajectory, significant fluid-dynamics modeling of the entire system will need to be done, representing all the components as completely as possible, before committing to a final design. 
Because the installation in the enclosure is on a slope, carts for transporting pipe, bus, and gear are to be used. Current designs include these uses in the carts being designed for magnet installation, and will include safeguards to secure loads, and to prevent against run-away conditions. Additionally, argon will be used to purge lines for welding and brazing. Argon dewers for purging will need to be located in or before the Vehicle Access Enclosure. Hard-piped lines for compressed air, nitrogen, and argon are included in Vacuum, section 2.9, Primary Vacuum (WBS 130.02.02.06). The argon line will need installed in advance of the welding.
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[bookmark: _Toc411265135]Beam Instrumentation (WBS 130.02.02.05)
[bookmark: _Toc411265136]Introduction
The LBNF primary beamline includes instrumentation and diagnostics to characterize important beam parameters, for example, beam positions, stability, losses, and intensity. It also continuously monitors the operation of all the beamline elements under operating conditions, i.e., with a high-power beam. During the first commissioning and machine studies, the diagnostics systems also have to operate with a low-intensity beam (approximately 3 x 1011 protons per batch). 
The four core instrumentation systems for the primary beamline are as follows: 
1. Beam-Position Monitors (BPM): 26 dual-plane BPMs for beam-trajectory measurement, based on button-style pickups and digital-receiver read-out electronics 
2. Beam-Loss Monitors (BLM): 30 ion-chamber BLMs for local beam-loss monitoring, and four long (approx. 250-ft) total-loss monitors (TLM) 
3. Beam-Intensity Monitors: two toroidal transformer-based beam-intensity monitors 
4. Transverse-Beam Profile Monitors: six dual-plane secondary emission monitors (SEM) to measure the transverse beam profile (effectively a 2D intensity plot of the beam at a given location), from which the beam emittance can be calculated.  

BPMs and BLMs are part of an integrated machine-protection system (MPS), where a beam-based technical interlock is used to prevent damage from a mis-steered or out-of-control, high-power beam. 
Possible additions (not part of the current design) to this set of beam instruments include, for example: 
· A broadband wall-current monitor for beam-timing measurements 
· An imaging system to monitor the 2D beam profile at the exit window 
· Non-invasive transverse beam-profile monitors, for example, IPMs or e-beam scanners, as required 
[bookmark: _Toc411265137]Reference Design
Table NNN summarizes important beam parameters, to which all installed beam diagnostics must be sensitive. All read-out hardware (signal processing, data acquisition, timing, triggers, power supplies, and so on) will be located outside the enclosure and wired using low-insertion-loss, high-shielding cables for the detection elements in the tunnel. Housing these electronics systems in service buildings MI-10 and LBNF-5 will minimize the cable length. Wherever feasible, components from existing NuMI instrumentation will be re-purposed for LBNF to reduce costs. 
[bookmark: _Toc411265138]Beam-Position Monitors
The BPM system will be based on simple electrostatic “button-style” pickup detectors. The measurement of integration time will be a few 100 nsec, which allows for observation of beam displacements within the batch. The anticipated resolution is 25 to 30 m in a beam pipe with a 3 inch circular cross section. The read-out system is based on digital downconverter and signal-processing technologies very similar to the existing installations at other Fermilab accelerators, for example, the Tevatron, MI, Recycler, transport beamlines and experimental beamlines (e.g., NuMI, BNB). An automatic gain-correction system will continuously monitor and calibrate the electronics, and correct slow drifts due to temperature and aging effects of electronics components.
[bookmark: _Toc411265139]Beam-Loss Monitors
The BLM system will be very similar to the installation in the NuMI beamline. Figure 2-24 shows an ion-chamber beam-loss detector, the basic element for the 30 BLMs in the primary beamline for detecting local beam losses. These sensors will be placed on the dipole and quadrupole magnets. They offer a 106 dynamic range, and will be operated in a window between 10-8 fractional beam loss (lower limit) and 10-2 fractional beam loss (saturation). The current plan is to re-purpose the existing ion chambers from the NuMI beamline. A digital FPGA-based read-out system may also be considered, similar to the one in the Large Hadron Collider (LHC) at CERN.  Table 2-17 lists the specifications for the loss monitors.
A set of four TLMs, based on argon-filled Heliax cables, will complement the BLMs and monitor the integrated beam loss along the beamline. The readout and gas-monitoring systems for the NuMI TLMs will be re-purposed for LBNF. 
Table 2‑17: Specifications for the Ion Chamber Loss Monitor                       	Comment by Lakshmi Nayar x2324 30607C: I moved this table back to this sub section as it appeared to go with the figure above.
	Materials 
	Glass, Nickel  

	Volume 
	110 cm3 Argon gas at 1 Atm  

	Calibration 
	70 nC / rad  

	Response time 
	1-2 sec  

	Leakage current 
	< 10 pA  

	Operating range 
	1 mrad -100 rad  



[image: ]
Figure 2‑24: Ion Chamber Loss Monitor
[bookmark: _Toc411265140]Beam-Intensity Monitors
Two beam-intensity monitors are needed for the primary beamline and will be based on 3.5-in Pearson toroidal transformers. Monitors used for NuMI will be re-purposed for LBNF. The analog gain and filter stages may need to be located in the enclosure and the digital signal-processing and calibration systems will be located in the service building. 
[bookmark: _Toc411265141]Beam-Profile Monitors
The beam-profile monitors are based on the secondary-emission principle. Two orthogonal arrangements of 48 thin titanium wires or foils are used, spaced 0.5-1 mm apart, mounted on a fork-like ceramic carrier substrate, as shown in Figure 2-29 (left). A rotary-motion system sweeps the SEM wire or foil frame into the beam and performs a pulse-by-pulse measurement of the transverse beam profile. Figure 2-25 [right] shows an estimation of the heating using thin, 5 m by 150 m titanium foils with 1 mm pitch as target for a 708-kW beam. With the inserted SEM foil, the maximum tolerable fractional beam loss is limited to 2.5 x 10-6. Monitors used for NuMI will be reused in LBNF. For operation at a higher beam power, carbon filaments may need to be used as the SEM target or non-invasive monitoring techniques may be necessary. 
                           [image: ]
                       Figure 2‑25: SEM Beam Profile Monitor.  Left: Rotary Mechanics with Ti Multiwire
                       Frame; Right: Ti Foil Heating Estimation for 708 kW Beam Power
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[bookmark: _Toc411265142]Primary Vacuum (WBS 130.02.02.06)
[bookmark: _Toc411265143] Introduction
The Primary Beamline vacuum system will maintain better than 1 x 10-7 Torr residual gas pressure in the beam tube in order to reduce beam losses from proton-gas interaction. The entire system is approximately 1,200 feet long from the extraction at MI-10 to the Target Hall, and it will be divided into several independently evacuated sections to accommodate the physics requirements, civil structures, and the overall pumping scheme.  No section shall exceed 400-ft, and each will have about 20 ion pumps to achieve and maintain the required pressure level.   The downstream end of this system concludes with a beam window inside the Target Hall, which is covered by the Neutrino Beam WBS.
[bookmark: _Toc411265144]Design Considerations
LBNF’s vacuum system design is typical for a single-pass beamline. The specified residual gas pressure for the beam tube is not technically challenging to achieve, and the design will be similar to existing systems installed for the Main Injector transfer lines and NuMI.  Experience from operating and maintaining these vacuum systems validates that a highly reliable, low-maintenance vacuum system is critical for minimizing outgassing and the potential for leaks, and thus for improving the overall operational efficiency of the beamline. 
[bookmark: _Toc411265145]Reference Design
The system will consist of more than 70 45-L/s ion pumps; five section valves and eight gauges will be used for for separation and safety interlocks (see Table 2-18).  All beamline devices to be installed in the vacuum system must comply with standard UHV practice regarding material choices, cleaning, and handling in order to minimize out-gassing and contamination. Although there is no plan to bake the entire Primary Beamline, pre-baking may be required for some devices. The following pumping scheme will be applied at each section: (1) pump down to 10-6 Torr solely by turbo stations at two pumping ports within the section, and perform a leak check with a minimum sensitivity of 2 x 10-10 Torr-L/s, (2) start all ion pumps, and (3) valve out turbo stations (i.e., close the valves and remove the temporary turbo pumps) when 10-7 Torr average pressure is achieved. 
Welding is the preferred method for making vacuum connections and will be used wherever possible, especially where the expected frequency of beamline device maintenance is low.  Beam instrumentation devices such as BPM’s and multi-wires will be connected using conflat flanges.  Vacuum valves, pumps, and gauges will also be attached using conflat flanges.
 Table 2‑18: List of Major Vacuum Components
	Ion Pumps 		 
	Section Valves
	Instrumentation and Access Ports
	Bellows
	Beam Tube

	~70				 
	5
	8
	~65
	550 feet

	Distributed pumping, distance should not exceed 20 feet.	 
	Interlocked gate valves.  Section length should not exceed 400 feet.
	Pirani pressure gauges and pumping/venting ports.
	Mostly elliptical and 3” round.
	Mostly 3” round stainless steel.  Also six ceramic tubes for kicker magnets.


[bookmark: _Toc411265146]Pumps
There will be more than 70 ion pumps distributed along the beamline with spacing of 20 feet or less. Once a section is evacuated to 10-6 Torr by two portable turbo pump carts, and the section is thoroughly leak-checked, the ion pumps in that section will be turned on. 
[bookmark: _Toc411265147]Beam Tubes
The shape and size of beam tubes will vary along the beamline. The vacuum interface between dipoles, between dipoles and quadrupoles, and between adjacent beam tube sections will be welded. The interfaces for beam diagnosis instrumentation will use conflat flanges with a copper gasket. There is approximately 650 feet of beam tubes that reside in the dipole and quadrupole magnets, which will be supplied as part of the magnet. Dipole beam tubes have an elliptical cross section of 2 inches by 4.8 inches, and quadrupole beam tubes have an outer diameter of 3 inches. To accommodate the beam optics and corrector magnet design, most of the connecting beam tubes will have an outer diameter of 3 inches. Ceramic beam tubes with a resistive coating will be developed for use in the six kicker magnets.  Various quantities of bellows, flanges, tees, crosses, stands, vacuum-grade bolts, nuts and gaskets are also needed.  
[bookmark: _Toc411265148]Valves and Gauges
Five 4-inch, pneumatic gate valves will be used to protect adjacent sectors from failures as well as to assist installation and maintenance. They will be interlocked with beam operation and triggered by Pirani gauges in each segment.  A compressed air system will be installed for operating the pneumatic valves.  About eight all-metal right-angle UHV manual valves will be used for pumping ports. 
[bookmark: _Toc411265149]Instrumentation and Control
Standard 8-ft racks for the controllers of ion pumps, gauges, and valves will be located in service buildings MI-10 and LBNF-5. All the ion pumps, gauges and valves will be remotely controlled, and their outputs will be logged via ACNET.  For diagnosis and maintenance, a leak detector, a residual gas analyzer, and local controllers for ion pumps, gauges and valves will be used. 
[bookmark: _Toc411265150]Baking and Cleaning
In-situ vacuum baking for the whole beamline is not required, but pre-baking some components may be necessary, especially for beam instrumentation components. All components must follow UHV cleaning procedures before installation. Equipment includes heat tapes, sheets, foils, UHV gloves, lint-free wipes, cleaning fluids, etc.  Additionally, the Lambertson magnets require a bake after installation to drive out the large volume of gas trapped in the laminations; a special electrical system will be installed in the tunnel at that location to accommodate the necessary equipment.
[bookmark: _Toc411265107]Magnet Installation
The lattice design specifies installation of 56 major magnets (listed in Table 2-1), six kicker magnets, and 23 corrector magnets.  The total length of the Primary Beamline is approximately 1,200 feet from the extraction at MI-10 to the Target Hall. An image from the preliminary 3-D model is shown in Figure 2-16 and depicts an overview of the Primary Beamline. Based on experience with NuMI and other MI projects, LBNF will use a combination of magnet installation methods. Although the methods for transporting and positioning magnets will vary by location, the scheme for supporting and adjusting them will be the same. Each magnet will have a stand that provides three-point support and six degrees of freedom for precise adjustment.  The magnet installation parameters are shown in Table 2-19.

[image: MacHD:Users:lvalerio:Desktop:Overview of Primary Beamline.png]
 Figure 2-26: Overview of the Primary Beamline

 Table 2‑19: Magnet Installation Parameters
	
	Main Injector Enclosure
	Primary Beam Enclosure

	Section Length 
	~300 ft 
	~900 ft 

	Enclosure Notes 
	Co-existing with other beamlines.
	New enclosure with sloped floor up to 150 mrad. 

	Major Magnets 
	15 
	41 

	Support/Adjustment
	Mixture of new and modified designs.  
	Modified MI designs. 

	Transportation Method 
	Tugger and dolly via MI. 
	Winch and dolly via LBNF access tunnel. 

	Positioning Method 
	Existing MI equipment.
	MI hydraulic carriage with modification.



This section focuses on the technical aspects of installation. Chapter 4, System Integration, explains how to best sequence the installation steps relative to each other and all related tasks. Because magnet installation is a significant part of the beamline installation, it must be integrated into the overall plan to ensure it is done safely and efficiently, but the detailed process of magnet installation is developed within its own WBS. 
In the Main Injector enclosure, the magnets will be lowered into the tunnel by the crane at MI-60, and then a tugger and dolly will move each magnet to its designated tunnel location.  For the Primay Beam enclosure, flatbed trucks will transport the magnets to the magnet installation tunnel just downstream of LBNF-5, and then they will then be moved into the primary beam enclosure.  There is currently no tugger that can be used on the sloped floors, so each magnet and its loading dollies will be moved by a winch system in the new enclosure.

The winch system will have a similar line speed (35 feet per minute) as the one that was used in NuMI for a similar installation.  The LBNF system will have a larger capacity (exceeding 40,000 lbs), a longer range (1,100 ft), and new features such as variable speed control, self-guidance, and dual-directionality. After installation is finished, the winch system will be removed from the tunnel and will be reinstalled only as necessary for future use.  The existing MI dollies require redesign so they are able to work with the winch system on the sloped floors in addition to retaining their current functionality.
[image: MacHD:Users:lvalerio:Desktop:Screen Shot 2015-03-25 at 4.33.45 PM.png]
Figure 2‑27: Magnet Installation on Sloped Surfaces
Before transporting a magnet to its specified location, the positions of the beamline and magnets will be marked on the floor with direction from a survey crew. Each stand or hanger will be installed within ±0.25 inch of its ideal position; a mounting template may be necessary to achieve this. The stands will be set to the proper position to receive the magnets. Each magnet will then be transported to its location along the beamline and secured in the aisle while the hydraulic carrier is set and secured in the beamline position. The carrier will extend its carriage underneath the magnet waiting in the aisle and transfer the magnet transversely to its beamline location. The stands will be adjusted to engage with the magnet and remove the load from the carrier. At that point, the magnet dollies and the carrier can be removed. Then the stands will be adjusted to coarsely position the magnet, and a survey crew will perform the final precise adjustment. A schematic for this method is shown in Figure 2-27.
In general, MI magnet stands will be used. Their features include a thrust bearing for heavy magnets (up to 40,000 lbs), a low-friction insert for controlled sliding, and a bronze bearing for easy adjustment. The stands have a transverse axial adjustment of ±0.75 inch and a longitudinal axial adjustment of±2 inch to offset any deviation of the tunnel floor from its nominal elevation due to construction tolerances and settlement. Cradles will be designed to restrain magnets in their rotated positions. 
Wedges will be used under the base plates for all supports installed on sloped floors to coarsely ensure that the vertical adjustors are upright.  Fine shims will also be used to level the wedges due to imperfections in the floor.  This method will ensure the forces from gravity will remain vertical despite the slope and removes concern about lateral forces in the adjustors. However, the addition of cradles at the bottom of the magnets and wedges at the bottom of the stands requires seven more inches than the nominal MI distance between the beamline and the floor. 
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@205 30120 | 5088 | —1352413
FvaosA oA 609981 | 138347 | a1z
V2058 1D a0s6sa | 138347 | —aa1z6
@206 30120 | 3028 | +1636931
V2058 150 406653 | 110813 | —as179
V2068 [ 609981 | 110813 | —ss179
FODO CELLS.
@207 30120 | 30e8 | 1583280
V207A ) 609981 | 110813 | —asaze
V2078 10 206654 | 110813 | —asaze
Q208 30120 | 3028 | 1583280
V2058 150 aosesa | 100297 | 56109
Hvaoss oA 609981 | 100297 | 56109
@205 30120 | 5088 | 1583280
V2098 DA 609981 | 100297 | 56109
V2088 [ 206654 | 100207 | 56109
Q2105212 | 30120 | 3,048 | *15.89280
244 mr ACHROMATIC DOWN BEND & FINAL FOCUS ON TARGET
vaiza 100 206654 | 160431 | +90.000
vaizs oA 5.09981 | 160831 | +90.000
@13 30120 | 3088 | —1396520
VaiA ) 605981 | 160431 | +90.000
V2138 100 206654 | 160431 | +90000
@1e 30120 | 5088 | 1658570
VaieA 160 G654 | 160431 | ¥90000
Vaiss oA 609981 | 160431 | 90,000
@15 30120 | 3088 | 1526576
VaisA DA 509981 | 160431 | +90.000
V2158 100 206654 | 160431 | 490000
Q216 30120 | 3088 | +138108
vaie 100 aosesa | 1e0ss1 | +90000
Q217 3060 | 1524 | 1708018
VairA oA 605981 | 160431 | 790,000
Vaize 1A 609981 | 160431 | +90.000
Va1 100 206654 | 160431 | 490000
@1 30120 | 5088 | 1053138
Q220 30120 | 3085 | +15.80320
Q221 3060 | 1526 | 1330482
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120 GeV/c Beam Envelope & Magnet Apertures
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image8.jpg
©=1.00mm @ 60 GeV/c

0 =3.20mm @ 120 GeV/c

B*=19.184m B*=392.80m
QUAD TYPE L G G
(m) (1/m) (T/m)

Q213 30120 3.048 -6.97624 -12.01223
Q14 30120 3.048 +8.40581 +17.38185
Q215 30120 3.048 -7.64787 -14.48899
Q216 3Q120 3.048 +7.03514 +7.68385
Q217 3060 1524 -8.56034 -3.99561
Q219 30120 3.048 -6.66201 -11.74485
Q220 30120 3.048 +10.76572 +15.68461
Q221 3060 1524 -10.11021 -12.62987
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image11.jpg
ORBIT CORRECTORS ORBIT CORRECTORS
(mm) (pr) (mm) (pr)
Xmax | XRMS | Omax Orvs | Ymax | YRMS | ®max | ®RMS
UNCORRECTED | 6.200 | 1.614 - - 14.732 | 3.414 - -
CORRECTED 0.996 | 0.285 | 110.670 | 26.653 | 1.101 | 0.281 | 114.430 | 37.901
BEAM JITTER ON TARGET
X X Y Y
(nm) (ur) (um) (ur)
Xmax | XRmMS | X'max | X'rRms | Ymax | YRMS | Y'max | Y'RMS
CORRECTED 1.079 | 0.400 | 0.694 0.230 | 0.437 | 0239 | 0.330 0.110
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Integrated magnetic field (T-m)
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Integrated Gradient vs Current QQC
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