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This chapter discusses the conceptual design of the second main system within the LBNF Beamline, the Neutrino Beamline, which refers to the set of components and enclosures designed to efficiently convert the initial proton beam into a high-intensity neutrino beam aimed at the far detector, 1,300 km away. 
The LBNF neutrino beam would be the fourth large neutrino beam facility designed and built at Fermilab. Its design is very similar to the NuMI beam constructed in 2004 [?]. All major elements of the LBNF design have their analogs in the NuMI beamline. Thus, the experience gained in constructing and operating the current facility can be incorporated into LBNF design as improvements. The LBNF neutrino beam must necessarily be of even more robust design since the beam power is expected to be 1.2 MW at start-up, and increasing after some years of operation to 2.4 MW. For most elements, the increased capacity will be met by incremental improvements and replacement strategies. 
A proton-beam pulse from the primary-beam system enters the neutrino beamline system (from the left in Figure 3-1 and Figure 3-2) through a beryllium “window.” This window seals off the evacuated beam pipe of the primary beamline, and the protons enter the air-filled target chase (the volume surrounding the target and focusing mechanisms). Initially they pass through a small aperture in a 1.5-m-long graphite cylinder, called a baffle, which protects equipment downstream from mis-steered beam. A meter and a half past the end of the baffle, they reach the target, a long, thin graphite cylinder in which about 85% of the protons interact and produce secondary particles. The target is surrounded by the first horn, a magnetized structure which provides initial focusing for the secondary particles, predominantly pions and kaons. A second horn, a few feet downstream, provides additional focusing for the secondary particles before they enter a He-filled decay pipe, where a large fraction of the pions will decay to neutrinos, forming the neutrino beam. The final portion of the neutrino beamline is the absorber, downstream of the decay pipe. The absorber is intended to stop the protons that failed to interact in the target and the secondary particles that failed to decay to neutrinos; it must be designed to sustain the beam energy deposition under expected normal operational conditions as well as under accident situations. 
Section 2.3 presents a more thorough introduction to the Neutrino Beamline. 
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[bookmark: _Ref411931587]Figure 3‑1: A Cartoon of the neutrino beamline showing the major components of the neutrino beam. From left to right, the beam window, horn-protection baffle, target, the two toroidal focusing horns, decay pipe and absorber. The air volume surrounding the components between the window and the decay pipe is called the target “chase”. The target chase and rooms for ancillary equipment (power supplies, cooling, air recirculation and so on) is included in the area called the target complex (not pictured).
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Primary design considerations include the need to provide a wide-band beam to cover the first and second neutrino-oscillation maxima and the need to plan for an eventual upgrade in incident primary beam power from 1.2 MW to 2.4 MW without retrofitting. 
The designs for the neutrino beam components detailed in this Chapter are appropriate for a primary beam energy range from 120 GeV down to 80 GeV/c. Most of the components have already been shown to be viable for a primary beam energy down to 60 GeV, and the analysis is ongoing for the remaining ones.
All neutrino beam subsystems have been designed for 1.2 MW beam power. Subsystems which are difficult or impossible to upgrade to a higher beam power have already been designed for the potential beam power upgrade to 2.4 MW. These include the target pile, the decay pipe and the absorber as well as the main elements of the associated cooling systems. 
Radiological concerns, such as prompt dose, residual dose, air activation and tritium production are also important considerations. They have been extensively modeled, and these issues have been addressed in the system design. 
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Figure 3‑2: Schematic of the upstream portion of the LBNF neutrino beamline showing the major components of the neutrino beam. The target chase bulk steel shielding is shown in magenta. Inside the target  chase from left to right (the direction of the beam) pointing downwards: the beam window, horn-protection baffle and target mounted on a carrier, the two toroidal focusing horns (the green custom shielding blocks are part of the horn support modules that are not shown) and the decay pipe (orange). Above the chase and to the right is the work cell for horn and target system repairs. The beige areas indicate concrete shielding.
Neutrino Beam Modeling
This section describes the simulation of the neutrino beam and its effects on nearby materials using software models. All simulations of activation, dose rates and beam energy deposition use the MARS package. The MARS model of the reference design will describe the target, horns, decay pipe and absorber, as well as all of the shielding. In particular, MARS will be used for estimating: 
· Beam-energy deposition in components, required for engineering considerations and estimating cooling capacities 
· Prompt (beam-on) dose rates within halls outside of shields 
· Residual dose rates from components within or outside shielding 
· Radionuclide production in components, shielding and rock 
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The level of detail in the model will follow the reference design as it evolves. The model already provides a basis for estimating the total thickness of shielding needed. Later, for example, as the block size and stacking pattern become set in the design, these details will be incorporated into the model. Thus, the effect of voids or cracks, which are small in a good design, will be studied at a later time. An estimate for the locations of excavated rock boundaries is needed for estimating tritium production and groundwater concentrations. 
The composition of materials used in the MARS model needs to match that of the design materials to the known accuracy. The atomic mass fractions are usually sufficient for the simulations. Items to be modeled include rock, shielding materials and the materials incorporated into technical components. Components present in an engineering design or plan whose effect is negligible, e.g., bolts, will not be included. 
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A realistic MARS model has been built for the LBNE target, horns, target station and its shielding, decay pipe and tunnel shielding, and the hadron-absorber system. In the model as in the conceptual design, the proton beam is tilted down by 101 mrad, and the target station and decay channel follow this tilt while the hadron-absorber system is arranged horizontally. The hadron-absorber system includes an aluminum mask that protects the water cooling pipes, a 2.4-m long aluminum core followed by a 2.7-m long iron core surrounded by massive iron shielding in a concrete shell, all in an 18-m long service building. Horn magnetic fields and all details of geometry and materials distributions are included in the model.  Two examples of the level of detail in the model of the first horn are shown in Figure XXX3 and Figure XXX4. 
In the reference model, a 120-GeV proton beam hits a 0.95-m long cylindrical graphite target at an intensity of 8.0×1013 protons per pulse (1.2 MW). 60-GeV and 80-GeV cases are also being considered. We model in great detail both 1.2-MW and 2.4-MW normal operation 1.33-s repetition rate, 8.1×1013 and 1.7×1014 sec-1, respectively) as well as an accident scenario. The latter is a 3.07-MJ beam accident (“target destroyed”), in which a proton beam interacts with 1-atm helium in the decay pipe and hits the absorber. Substantial modeling efforts are being conducted in the primary-beamline and baffle areas. 
MARS is used to calculate energy deposition (peak values and total dynamic heat loads), integrated absorbed dose and residual activation in all the system components (target, horns, decay pipe, shielding, all the components of the hadron absorber, etc.), prompt-dose-equivalent distributions in and out of the service buildings, and radiation load on groundwater and air outside the shielding. These calculations will help in the design of optimal subsystems (target station, decay channel and hadron absorber) and will aid in the evaluation and minimization wherever possible of residual dose levels. They will also help optimize hands-on maintenance conditions, keep impact on the environment below the regulatory limits, and estimate and maximize wherever possible the component lifetime.
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Figure XXX3. An example of the MARS model detail. Shown is upsteam end of the first horn with the graphite target inserted at nominal position.
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[bookmark: _GoBack]Figure XXX4. A section of the MARS model for the downstream part of the first horn. Water cooling spray nozzles are along the top of the outer conductor and the drain with reservoir are below the horn.
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This section details the neutrino-production target and the accompanying instrumentation for commissioning, alignment and monitoring of the target and focusing system in the beam. Also, the support structures and horn protection baffle are detailed here.  The target is the source for the pions and kaons which later decay to produce neutrinos. Although the production of these particles may be increased with more beam power, engineering and material properties place a limit on beam power for a practical target. These practical concerns include removing beam heating, withstanding thermal shock, and resisting radiation damage. Target replacement strategies also play a role in design. For LBNF, a conceptual design for a target operating at 1.2MW is given, which has adequate margins for reliability in this regime. Research and development of target designs is also pursued, with the goal of greater longevity and reliability. 
The LBNF target is substantially based on the NuMI target design which has operated since 2005, with some modifications to accommodate higher beam power. The target core is graphite segmented into short rectangular segments oriented vertically, with the short dimension horizontal to the beam. The heat from the core is removed by dual titanium water lines brazed to the top and bottom of the graphite. The entire assembly is encased within a titanium containment tube. The segments are 10 mm in width and 20 mm in length. A total of 47 segments, spaced 0.2 mm apart, result in a total graphite length of 95 cm, corresponding to two interaction lengths. Drawings of the target are shown in Figure 3-3 and Figure 3-4. The target will be cantilevered into the horn and inserted via a carrier similar to that used in NuMI which also carries the baffle. 
During the initial commissioning of the beam, the Target and Horns Instrumentation (THI) discussed in Section 3.3.5, will be used to establish that the components and systems are working and will allow a beam-based alignment of their positions. Later, the instrumentation will be used to re-commission the beam whenever major components (e.g., targets, horns) are replaced. The instrumentation will also perform long-term monitoring of the beam properties to provide signs of degradation or failure.
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The neutrino-production target design is determined by balancing the ideal production of mesons for neutrino production and the survivability of the device for tens of millions of beam pulses. The target must have the following features: 
· Adequate material to convert the protons into mesons, while not absorbing too many of the produced particles 
· The ability to withstand the instantaneous thermal and mechanical shocks due to the beam 
· The ability to withstand the sustained thermo-mechanical stresses and temperatures 
· A cooling system to remove the heat deposited by the beam interaction (approximately 40 kW, or 3% of the beam energy) 
· Resistance to the effects of radiation damage so as not to encounter substantial change in mechanical properties during the run 

These considerations lead to a long, thin target design, for which the exact length must be determined by optimization of the entire beamline, but is approximately two nuclear-interaction lengths (1 m for materials with density ~2 g/cm3.  The target width must be sufficient to cover the beam spot, but is otherwise minimized, except for the practical concerns of heat removal and mechanical integrity. The primary target material must have high mechanical strength, high specific heat, high thermal conductivity, a low coefficient of thermal expansion, and good radiation properties. Although a number of single-element materials generally fit the above requirements, the two materials best fitting those parameters for neutrino beams are beryllium and graphite. Their properties are listed in Table 3-1. 

Target longevity is a major issue for the performance of the LBNF facility. Graphite, the material used in the NuMI target, has been adopted as the LBNF reference-design target material, but alternatives are under study. Whereas the NuMI target performance has been on-the-whole successful, a total of six targets have failed or shown deterioration in the neutrino-production rate over a span of months. 
Each of these incidents caused operational and experimental complications, required beam downtime for repairs or replacements, or led to a slow decrease in production efficiency. 
Table 3‑1: Material properties of graphite and beryllium
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	Graphite (POCO ZXF-5Q)
	Beryllium (S-65C)

	Apparent density
	1.81 g/cc
	1.82 g/cc

	Compressive Strength
	195 MPa
	260 MPa

	Tensile Strength
	90 MPa
	370 MPa

	Modulus of Elasticity
	12.5 GPa
	310 GPa

	Thermal Conductivity
	70 W/m/K
	200 W/m/K

	Coefficient of Thermal Expansion
	8.1 um/m/K
	10.7 um/m/K

	Specific Heat
	710 J/kg/K
	1770 J/kg/K



Features of the NuMI target were changed in later-series targets to improve lifetime. These improvements were in the cooling lines or other parts of the target assembly that were identified as potential weak points. Further features of the LBNF target are under study to reduce the failure and degradation rates. The primary target material, however, has not yet been modified and is the subject of R&D within LBNF. 
Regarding the target’s mechanical properties, deviations in size, shape or density of a few percent will impact the experiment’s measurement capabilities. The source of these changes can be structural damage (change in material strength leading to disintegration), direct decomposition of the material (radiolysis), oxidation of the material, swelling, contraction, and other changes. 
The primary target material must be integrated into a structure that provides cooling, structural integrity and environmental isolation. For LBNF, the target is positioned within the upstream portion of the horn to preferentially focus low-energy pions; this configuration has been used in NuMI and other neutrino beams. A position within the horn adds two complications: 1) the horn focuses some secondaries back into the target, increasing the heat load; and 2) the target must be supported either through cantilevering or contact with the horn conductor. The outer target structure provides either the stiffness for the cantilever or the interface with the horn inner conductor. Typically, the simplest solution is cantilevering the target. 
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The reference target design for LBNF is an upgraded version of the NuMI-LE target that was used for seven years of beam delivery to the MINOS experiment. The NuMI-LE target (NT series) was designed for 400-kW beam power. This new LBNF design takes advantage of some of the work done for the 700 kW ANU-NOvA target (MET series) that has been used in NuMI since 2013, as well as R&D done towards making the NuMI-LE target more robust. We are designating this target series LT. Figure 3-3 and Figure3-4 show the new target design. 
The target material is POCO graphite ZXF-5Q. The target consists of 47 segments, each 2 cm long. Including the space between segments, the total length of the graphite core is 95 cm. The segmentation is to prevent buildup of stress that would be found in a single long segment. The graphite segments are 10 mm wide in the horizontal (transverse to the beam) plane. They are brazed to water cooling tubes at the top and bottom of each segment; the distance between the edges of the water cooling tubes.  The cooling tubes have two parallel loops that run side-by-side across the top and bottom of the target to accommodate the increased heat deposition (as composed to the single loop for NuMI). The top and bottom of the graphite segments are sculpted to the radius of the cooling tubes; the vertical edges of the graphite are rounded to prevent stress buildup in corners. The graphite is in helium gas, slightly above atmospheric pressure. The inert atmosphere prevents oxidation of the graphite. Helium helps to cool the outer containment tube, transporting heat to the water cooling tubes. 
The NUMI LE target was designed for 4×1013 protons per pulse; this will increase to 6.5×1013 for LBNF 1.2 MW beam power. Design studies calculated the stress in the graphite segments at these intensities.   The results of this study indicate that increasing the beam spot size from the 1.0 mm RMS used in the original NUMI calculations to 1.7 mm RMS is adequate to address the issue of stress in the graphite for the more intense beam. 
The water tubes are 6 mm O.D. 0.4 mm wall titanium. The two tube loops inside the target can are made from single pieces of tubing; there are no joints or welds inside the helium vessel. The lack of joints reduces the risk of water leaking into the helium vessel, which would be fatal to the target. The water tube bends to the side of the containment tube at the downstream end for water-turn-around, so that it is not directly in the path of the remnant proton beam. 
The helium-containment tube around the target segments is 36 mm O.D. 0.4 mm wall titanium. The upstream and downstream windows are beryllium. The upstream window has a stainless steel flange. The rest of the upstream vessel is aluminum.  Beryllium has been investigated as an alternative material for the containment tube.  Fabrication difficulties and cost prefer a titanium tube, but some additional measures will be required to provide conduction to the cooling pipes.  Furthermore, active cooling may be required for the downstream window.
The base plate of the helium containment tube provides the fixed mechanical reference for the target and is flanged to connect to the upstream portion of the target can. The base plate is stainless steel, and helium containment where the water-lines penetrate this plate is supplied by a compression fitting. The base plate also holds the helium supply tube. The target vessel will be evacuated before being filled with helium. 
There are five aluminum rings spaced out along the graphite-plus-cooling-tube core to keep it aligned within the helium containment tube. 
The target will be inserted into the horn by carrier system, described in Section 3.3.6. The carrier is supported by a module upstream of the horn module. Both the baffle and target are firmly fixed to the carrier. As a unit, the target and baffle can be moved into the horn and transversely moved for alignment and beam tests. 
[image: ]Figure 3‑3: Proposed LT Target for LBNF.  Beam enters through the beryllium window on the left, encounters the graphite core, and exits through the beryllium window on the right. Units are inches unless otherwise noted.
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Figure 3‑4: Cross-section of LT Target for LBNF.  The alignment rings do not run the full length of the target. Units are mm.
One issue with water cooling is the near-instantaneous heating of the water. Water, being relatively incompressible, can produce large pressures when heated in a confined area. This is known as the “water hammer” effect. A straightforward calculation at 30 C suggests the pressure increase could be as much as 50 atm, although further study has indicated that the flexibility of the walls will reduce this factor substantially. While the pressure level itself is not of concern, the cyclic loading is. To ameliorate this problem, the plan is to introduce bubbles of a gas (probably helium) to dissipate the shock. Additionally, lowering the temperature of the water can reduce the water hammer effect, as water’s coefficient of thermal expansion decreases at lower temperatures (zero at 4 C).
 The LBNF target can be compared to the targets used or planned for the NuMI beamline. The MINOS target was inserted into the NuMI horn, but designed for a beam power of 400 kW. The MINOS target would be problematic in two ways at 1.2 MW beam power. (i) The downstream part of the outer aluminum tube that contains the helium atmosphere and holds the downstream beryllium window would overheat. (ii) At the current water flow rate, the increased differential temperature between the top and bottom water lines would increase the bending of the target between cool and operating conditions. To address these issues: 
· The outer tube will be made from titanium instead of aluminum. The titanium can withstand much higher temperatures than the aluminum. Beryllium has also been investigated as an alternative.   
· The water cooling lines will be made from titanium instead of the steel used for MINOS targets. Titanium has a lower coefficient of thermal expansion, so the allowable temperature rise of the cooling water is higher. The balance of the compensation is achieved by increasing the water flow rate via increasing the water pressure differential and including two cooling lines. 

Six out of seven MINOS targets have failed. The actual causes of failure are not understood in detail because the targets cannot be easily inspected due to residual radiation. At least five failures seem to result from weak points in the device itself: in the cooling lines or the exterior vessel. The other relevant failure is in the second MINOS target (NT-02). NT-02 had the greatest run period and showed a gradual degradation of neutrino production during its 61020 proton run. The degradation was not uniform in neutrino energy (consistent with various models) but amounted to 15% at the peak. NOvA has indicated that a 10% degradation would be an upper bound, and that 5% would be preferable. As such, target lifetimes of 4-51020 protons or less must be considered, if the degradation mode cannot be addressed. Although the larger beam spot size on target planned for LBNF may reduce the rate of degradation, the fact that the cause of degradation has not yet been identified motivates the need for some conservancy. Since the improvements identified to overcome the mechanical failures experienced in the MINOS targets are untried in service (titanium cooling lines brazed to the graphite fins; titanium outer tube cooling), assuming similar mechanical failure rates for the LBNF targets as for the MINOS targets is considered reasonably conservative. For MINOS, seven targets serviced 18x1020 protons. However, three of the targets suffered infant mortality due to poor water cooling tube welding and insufficient quality assurance. Subsequent improvements in both were demonstrated to be successful. Therefore, the expected lifetime based upon MINOS experiences is 4.5x1020 protons on target. For LBNF, taking into account both graphite degradation and mechanical failures, this implies approximately 2.5 targets per year will need to be replaced, and these replacements must be considered as part of the normal operation of the beam. 
The NOvA target was developed from a design for the MINOS medium-energy target. It is designed for 708 kW, but does not fit inside the horn, thus widening the design options. The NOvA 708-kW target makes use of long (70 mm) segments that connect to a cooling plate that is well outside the baffle aperture. This longer cooling path simplifies construction and improves the thermal characteristics of the target, thus allowing target segments to handle much higher temperatures (up to as much as 800°C). The mechanical and radiation resistance of graphite is known to improve at higher temperatures (with the exception of oxidation). Additionally, the temperature gradients within the graphite are reduced. 
The LBNF target cannot make use of all the improvements that the NOvA target includes, as it must fit inside the LBNF horn. As a result, the LBNF target is much more similar to the MINOS target, with only the above modifications of fin/beam width, dual titanium cooling lines, and a titanium containment vessel. 
Prototype titanium-water-cooling-tube-plus-graphite cores were built during the investigation of NuMI target water leaks. The second one was considered entirely successful and ready to be assembled into a target can for a production target (see Figure 3-5). The key development issues were brazing of the graphite to the tubes, bending of the tubes, and precise alignment tolerances. The LBNF-LT target core is practically identical to this. 
[image: ]Figure 3‑5:  Early Prototype of a Target Graphite Core Bonded to a Titanium Cooling Line
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The baffle, just downstream from the primary proton window, is a passive device that works similar to a collimator. It is a graphite structure intended to prevent any mis-steered beam pulse from causing damage. In particular, it protects the inner conductors of the horns from the primary beam directly striking the aluminum. The baffle design depends on the geometry of the parts it protects as well as beam size, so the reference baffle design follows from the beam, horn and target specifications. 
The goal for overall baffle position accuracy is 0.5 mm, including thermal effects, survey tolerance, and carrier instability. The construction and alignment tolerance of the hole through the baffle must be 0.5 mm or better. In general, the baffle design must withstand two thermal conditions induced by the proton beam: normal operation under ~2% continuous beam loss (DC) and a one-pulse accidental event. To accommodate both these conditions, the baffle design relies on heat transfer to the existing airflow through 18-pin radiator sections clamped along the baffle’s length. In addition, conductive filler will be used to bridge the thermal-resistance gap between each radiator pin section surface and the 61-mm-diameter aluminum tube outer surface. These thermal conditions increase for both normal operation and one-pulse accidental event going from 1.2 MW to 2.4 MW, as well, and the conductive filler may require further investigation. The baffle’s lifetime is not a concern since it will be changed out along with the target (and target carrier). 
Early detection of a beam mis-steering event and beam termination through the upstream Beam Position Monitor (BPM), described in Section 12.2.1, and baffle thermocouple instrumentation, described in Section 16.3, limit the amount of errant pulses received. The baffle will need to be replaced for 2.4 MW beam operation. 
[image: ]Figure 3‑6: Baffle Baseline Design for LBNF
The baffle baseline design consists of ten 57 mm O.D., 13 mm I.D., 150 mm long graphite R7650 grade cores which are enclosed by a 61 mm, 3 mm thick , 150 cm long aluminum tube after annealing. Eighteen 66-mm long radiator pin sections are evenly placed along its length at 11.5 mm intervals with a provision for two 33.4 mm openings supporting the baffle ~22% of the length from each end, as shown in Figure 3-6. 
Performing horizontal and vertical beam scans across the baffle and using the hadron monitor for primary instrumentation will provide an accurate check on the baffle centroid position with respect to the beam axis. However, this technique has limited sensitivity to the baffle angle. We will mount the target and baffle together as a rigid unit, so that scanning the target and aligning it on the beam center assures that the baffle angle (and target angle) will be set correctly as well. (Such a scheme was used for the NuMI target). The beam should be able to scan to at least 12 mm at low intensity. At NuMI, these scans are done with 8×1011 protons per pulse, which is 2% of full intensity; a similar intensity should also work for LBNF beam scans. 
Target Options: R&D
Target longevity is a major issue for the performance of the LBNF facility. A target R&D program will explore options of target material, geometry, cooling, and other design issues. 
As mentioned in the previous section, at 1.2 MW primary beam power, a target replacement rate of 2.5 per year is likely based on experience with the NuMI target. The logistics of target replacement in NuMI cost 2 weeks of runtime per target; the LBNF duration may be similar. 2.5 target replacements per year compromises the facility performance by 10-15%. Additionally, there is substantial additional cost in the storage facilities and radioactive handling required for that volume of targets. Reducing the frequency of target replacement could reduce the cost of the project, reduce the cost of operations and produce a more capable facility. 
At the ultimate 2.4 MW beam power that is envisaged for the facility, the primary proton beam window, target and magnetic horn systems are expected to be limiting technologies. A program of R&D is planned to identify, design and optimize a target in combination with the horn system to maximize the integrated neutrino yield, taking into account predicted lifetimes of components and shutdown requirements in addition to instantaneous neutrino flux. This will involve selection and optimization of the preferred material or combination of materials, coolant, target/horn geometry, and limitations on operating conditions and beam parameters. This will help identify infrastructure and utilities requirements of the target station. This work is necessary early in the project to ensure that all components and systems that cannot easily be modified or upgraded after construction or activation are designed to accommodate the full beam power.
The goal of the target R&D program is to be able to produce targets of greater longevity through design choices that negligibly impact neutrino production, however, the choices are somewhat limited. The R&D program of work has three major components: 
· Material studies through the Radiation Damage In Accelerator Target Environments (RaDIATE) collaboration (including radiation testing of potential target materials at the BLIP facility at Brookhaven). 
· Single pulse thermal shock testing in the HiRadMat facility at CERN.
· Physics and engineering optimization studies to evaluate alternative target concepts

A first round of radiation testing has been performed at the Brookhaven Linac Isotope Producer (BLIP). A series of materials were tested, including different grades of graphite, a carbon-carbon composite and hexagonal boron nitride (hBN): a graphitic form of Boron Nitride that theoretically has superior mechanical properties. These materials have been irradiated to a fraction of the NuMI irradiation of NT-02, well into the range that mechanical properties should be affected. Material studies have been performed in which the samples were gauged for integrity, tensile strength, thermal conductivity, density and other mechanical properties. Figure 3.7 is a picture of the sample holder for the BLIP test. 
Initial results from the irradiated samples give support to the historical use of a small grain size, anisotropic grade of graphite from POCO (ZXF-5Q). Additionally the results invalidated previous tests that had shown quite severe radiation damage. Those sample had been irradiated directly in water. The present BLIP test demonstrated that identical samples experienced much greater degradation when irradiated in water instead of an inert environment (argon). The alternative material hBN fared poorly, seemingly ablating in the radiation. Among graphites, POCO (ZXF-5Q) was among the best in terms of its retained strength and ductility. Another grade of graphite and a 3D carbon-carbon composite also appeared attractive. The carbon-carbon composite has a very low coefficient of thermal expansion, minimizing the effects of thermal shock. However, the CTE of the carbon-carbon changes substantially upon irradiation. This change can be reversed with annealing at moderate irradiation, but it is unclear whether the changes can be withstood in a target where bulk annealing may be unachievable. Further investigations will study temperature-dependent effects, particularly annealing. 
Additional radiation testing is warranted, though few facilities can provide comparable irradiation. Reactor irradiation is available, but the effects of neutron irradiation can depart widely from that of high-energy protons. The BLIP facility was a good compromise, except for its limited exposure. 
                                           [image: ] 
                                            Figure 3‑7: BLIP Test Sample Holder. This figure shows cassettes of material samples irradiated in the BLIP facility. The beam enters from the right.
In addition to graphite, R&D activities are also underway to investigate alternative materials for the target and its support assembly. A particular aim is to consider beryllium as an alternative target material to graphite. Beryllium has some history as a target material, notably as the Fermilab MiniBooNE target, which has been exposed to in excess of 6x1020 protons at 8 GeV. A naive examination of beryllium’s basic materials properties suggests that its single-pulse resistance to damage will be much lower than graphite. However, the precise modeling of beryllium damage is somewhat more involved. Particularly, the radiation damage threshold of metals such as beryllium is substantially higher than the crystalline forms of graphite (the data are imprecise, but the difference is about an order of magnitude). Also, beryllium as a metal has substantially greater tensile strength and ductility than graphite and thus may be more immune to fracture.
While beryllium has several known advantages over graphite, it has the overwhelming disadvantage of not being the target material that has operated in the NuMI beam or other high-power neutrino beams (CNGS, T2K). Although thin beryllium beam windows have proven to be quite robust in the NuMI beam, an invaluable test would be to include thick beryllium pieces as an operational neutrino production target in NuMI and verify its performance over an appreciable run period. A NOvA target has been modified to test beryllium as a target material. The beryllium containing NOvA Target is expected to be installed in the beam later in FY2016. If successful, this material would have all the listed advantages to the LBNF Project and facility, as well as potentially being implemented for the NOvA experiment. 

The Radiation Damage In Accelerator Target Environments (RaDIATE) collaboration is a program to investigate various materials of interest in the high energy proton irradiation regime primarily using the Materials for Fission and Fusion Power group at Oxford University. This group has the capability to fully analyze small, highly irradiated samples for mechanical changes due to irradiation. In addition to Oxford and Fermilab, nine other institutions actively participate in collaborative activities. Several samples specifically chosen for LBNF are being investigated at Oxford. 
Single pulse thermal shock testing will be performed in the HiRadMat facility at CERN. The response of solid materials to short pulses of proton beam (or quickly moving targets in CW beam) is often simulated. The results of which are used to predict failure. However anecdotal evidence suggests that failure predictions are significantly conservative for certain materials (such as beryllium). Particularly, the strength and other properties of beryllium are substantially different at high strain rate, that is: at the very short duration strains caused by beam irradiation, beryllium’s mechanical properties depart from their static values such that it is more resistant to thermal shock. Testing materials in the high intensity pulsed beam available at HiRadMat at CERN will validate simulations and failure criteria, potentially proving beryllium as a valid alternative to graphite.
The physics and engineering optimization studies will take place in parallel with the fundamental material studies described above. Studies are planned to be primarily performed by collaborating institutions, with guidance from LBNF staff, with a work program anticipated to include:
· Assessment and comparison of physics performance as function of target geometry and material, such as comparison of the current reference target design (water cooled segmented fins) with a helium cooled segmented spheres concept.
· Assessment of various coolant mediums, e.g. water or helium, taking all necessary physics, engineering and activation issues into account.
· Investigation of hybrid options that incorporate higher Z-materials to maximize ratio of low-to-high energy pions.
· Optimization of the proton beam dimensions for maximum integrated yield, balancing particle production with target lifetime.
· Optimization of the relative position between the target and the first electromagnetic horn.
· Extension of target simulations to include necessary target support structures, such as the container and support spacers, and evaluating their effects on the neutrino flux.
· Initial physics and engineering optimization studies will investigate the performance and limits of the current reference design (water cooled segmented graphite target, including the outer can). This will then be extended to consideration of other water and helium cooled graphite and/or beryllium target design concepts.
Target and Horns Instrumentation
The Target and Horns Instrumentation (THI) is a set of detectors that provide measurements of the secondary beam for commissioning, alignment, monitoring, and hardware protection. It supplements the primary beam instrumentation and the neutrino detectors. The THI’s role is to provide experimental and operational information to aid in the maximization of neutrino production and to limit the experiment’s systematic uncertainties due to imperfect beam modeling and variation in the physical characteristics of the components. Furthermore, the data from the THI can also be used to switch the beam off in case of non-normal operation.   The major roles can be broken down as follows: 
· Commissioning: on initial operation of the beam, the commissioning team will perform a series of tasks to demonstrate that the beam can be delivered to the absorber, target, horn and baffle. The THI will be able to provide live verification of these tasks. For example, the primary beam will be delivered to the beam absorber before installation of the target, and the THI will measure the beam distribution at the absorber. Additionally, this instrumentation will be used to recommission the beam whenever major components are replaced. 
· Alignment: many of the neutrino beam components will have tight tolerance on their alignment at the start of and during the run. The THI measures the locations of the devices through beam-based alignment, which entails determination of the positions of the devices with respect to the primary proton beam. This alignment is particularly relevant for evaluating the uncertainties on neutrino production without propagating the uncertainties of several optical surveys. 
· Monitoring: long-term monitoring of the beam characteristics will give indications or measurements of slow variations in the beam. The most significant variation will likely be target degradation. The NuMI NT-02 target was known to degrade up to the point where 15% of the peak flux had been depleted. Monitoring this depletion is necessary for modeling the neutrino beam. 
· Hardware protection: The intense proton beam may damage equipment downstream such as the absorber if the target is compromised or beam is mis-steered off the target.  These off-normal conditions can be detected by measurement of the muons from decay of the mesons produced by protons hitting the target.  Live, automated analysis of these measurements can then switch off the beam to prevent damage to the machine. 
· Investigation: the THI can be used to investigate the failure or malfunction of beam production components. In NuMI, the THI system was invaluable in several such investigations where, on separate occasions, the target containment vessel was breeched and was infiltrated by coolant water. 
[bookmark: _Toc411265173]Design Considerations
The detailed tolerances for components, and thus the measurement requirements, must be derived from a physics-based analysis of the effects of misalignments, target degradation and other deviations. The treatment of systematic errors in the MINOS experiment provides guidance, but the nature of the measurements is not precisely the same (MINOS was primarily a muon-neutrino disappearance experiment, while LBNF/DUNE is an electron-neutrino appearance experiment; additionally, the detectors are substantially different in composition and modality). Another requirement for the Target and Horns Instrumentation is that results must be readily apparent and available. A package of software integrating the instrumentation must be available to personnel performing the above analyses online. This software must also be able to interface to primary beam instrumentation and (ideally) the neutrino beam detectors. Correlation of the various data is necessary for the THI measurements. 
[bookmark: _Toc411265174]Reference Design
The model for LBNF Target and Horns Instrumentation are the comparable NuMI systems. The suite of instrumentation planned for LBNF are as follows: 
· Crosshair monitors which detect the shower of secondary particles produced through interaction of the primary beam together with crosshair-alignment features on the horns. 
· A hadron monitor at the end of the decay pipe to measure the remaining secondary particles.
· A muon beam permit to prevent damage to the absorber by measuring the flux of charged particles within or downstream of the absorber. 
· Also, the functionality of a target decay monitor is within the scope of the tertiary beam detectors of the Near Detector. 

The crosshair monitors are the primary tools for horn alignment and are similar to primary-beamline loss monitors. They will be integrated into the horn modules. During horn alignment, the target will be removed, allowing the primary beam to pass through the horn apertures. The beam is translated across crosshair features fixed to the horn’s upstream and downstream ends, producing a modest shower of particles that is detected by these loss monitors. 
The hadron monitor resides at the end of the decay pipe, upstream of the hadron absorber and within the secondary beam. It measures the intensity, location and shape of the hadron beam just upstream of the absorber. In NuMI, the hadron monitor was used extensively for alignment by analyzing the change in the remnant beam as the primary beam was scanned transversely across the target, baffle, and horn features. It was used for commissioning, alignment, monitoring and for diagnosing failures. The NuMI hadron monitor was a 1 m2, 7 × 7 array of parallel-plate ionization chambers. The ionization medium was helium at atmospheric pressure. The NuMI hadron monitor design cannot be simply reused for LBNF, however, as LBNF will have a more intense beam and shorter decay region, producing a smaller and more intense beam spot at the hadron monitor. The hadron monitor must withstand the heating and irradiation of this more intense radiation. Additionally, it must be able to produce measurements at the higher particle fluxes. The NuMI hadron monitor was known to show saturation effects at high intensity; it also was known to show variability with temperature, pressure and impurity level in the helium supply. An evolved concept for the LBNF hadron monitor is to use argon at low pressure (~ 1 torr) to reduce the ionization intensities, and to reduce the variation with gas supply quality. A higher channel count is necessary as the pixel size will need to be at least a factor of 3-5 smaller.  Alternative technologies for robust detection of the high particle fluxes will be an area of investigation, particularly by members of the experimental collaboration.  
Long-term degradation of the target material under beam irradiation can be monitored by comparing the ratio of muon fluxes of different energies. This system is vital for monitoring the detailed health of the target while not waiting for the analysis of neutrino or other tertiary beam monitors. The functionality of a target decay monitor can be realized through appropriate use of the muon monitors planned as part of the Near Detector scope. The system will consist of two arrays of ionization chambers at different locations within the shielding downstream of the hadron absorber. These devices will be configured in such a way as to produce a live measurement of target degradation through the ratio technique, wherein the ratios of muon-monitor signals provide an immediate indication of target degradation, after compensating for other detector effects. 

The muon-beam-permit system will be a dedicated, simplified set of detectors specifically for machine protection.  It will consist of at least two small sealed ionization chambers in the muon monitor area downstream of the absorber (or within the absorber).  For each beam pulse, the hardware protection system will compare the ionization from the muon monitor with the proton beam intensity sent to the target as measured by the beam toroid.   Figure XXX1 shows data from NuMI of the correlation between the muon monitor response and protons per spill.  It also indicates signal correlations outside of the normal region which would pull the beam permit.  Figure XXX2 shows data from NuMI at low beam intensity of how the muon monitor response falls off as beam is mis-steered off target.  The principle of operation is that muon signal per proton will be changed (generally reduced) as protons which interact in the absorber instead of the target cannot produce mesons with enough potential decay length to produce muons.  
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 Figure XXX1.  Data from NuMI running of the correlation between the muon monitor response and protons/spill.


[image: ] 
[caption] Figure XXX2.  Decrease of muon monitor response as proton beam is mis-steered off target.  The data is somewhat noisy as they were collected with very low beam intensity.
The whole system of the above devices will be integrated with data from primary-beam devices and neutrino devices, if available. The software to integrate these devices will be readily available as a live accelerator-controls application, as well as recording all these data into the appropriate accelerator and experimental databases. 
Modules and Carriers
A “module” refers to the heavy shielding module that supports beam components below it. The module has motor drives to provide vertical and transverse horizontal motion for precise alignment of the component/carrier below it. Modules are described in section 3.4.3. (The target/baffle module design is basically the same as a horn module, except it does not need the stripline block). The module is expected to last the life of the facility, and its shielding thickness is designed for 2.4 MW operation. Another, much simplified module, supports the hadron monitor just upstream of the absorber.
The target and baffle are mounted on a carrier that hangs off of shafts extending through the module. The carrier supplies motion of the target along the beam direction that allows (i) insertion of the target into the horn for standard running and (ii) the flexibility to move the target up to 2.5 m upstream of its standard location for special runs. The baffle is mounted rigidly to the target, and moves with it, relative to the outside carrier frame. When a target is replaced, the carrier and baffle are replaced with it as a unit. This conceptual design copies exactly the NuMI target/baffle carrier design. 

Attachment/removal of the target+baffle+carrier unit to/from the module is done in the target hall work cell. 
For 2.4 MW operation, it is expected that the baffle will have to be ~ 1 m longer. This will impact the possible range of motion of the target, which may be reduced to ~ 2 m. The limitation comes from the worry that the carrier drive could freeze up with the baffle fully extended, and could not be extracted past the carriage beams when in the 2.5 m position, see Figure 3-8. 
[image: ]
Figure 3‑8: Target Carrier in Target Pile Shielding. The length of the baffle plus target assembly is shown in the fully inserted downstream position, and also in the furthest out position 2.5 m upstream of that. 5588 mm is taken as the maximum reasonable carrier length to extract between the carriage cross beams that are 5640 mm apart. The extra 1000 mm length of a baffle for 2.4 MW operation is also sketched in, showing that the usable range of target motion may be modestly reduced by that upgrade. 





[bookmark: _Toc411265175]Horns (WBS 130.02.03.04)
The horns are focusing devices for secondary particles produced by the interaction of the primary proton beam on the target; they act as magnetic lenses that focus these particles, primarily charged pions and kaons, toward the decay pipe. This focusing of particles is achieved through a pulsed toroidal magnetic field, which is present in the air volume between the co-axial inner and outer conductors that form the horn structure. LBNF will have two horns in series; the first of which partially surrounds the target, then extending more than 2 m further downstream in a parabolic shape, as can be seen in Figure 3-9. The second horn, shown in Figure 3-10 is located 6.6 m downstream from reference point MCZERO (defined in Figure 3-9), and also utilizes a double paraboloid inner conductor profile. 
Conductor designs used are identical to those being manufactured for the NOvA experiment, which were developed from the NuMI neutrino beam. The horns are designed to operate with a beam power up to 1.2 MW. The inner conductor profiles are designed to produce a neutrino beam with an energy spectrum appropriate for the primary physics goals of LBNF [21], subject to engineering and material constraints. The horn systems will be supported and positioned by support modules, described in Section 3.4.3, which hang from carriage rails in the target hall chase. Electrical current supplied to the horns is transported via an aluminum stripline to the downstream end faces where connections to the horn conductors are made. 
[image: ]Figure 3‑9: Horn 1 Section. The reference “MCZERO” is the point along the beam that sets the coordinate system origin for Monte Carlo simulations. Horn 1 specifications are listed in Table –3-2.

[image: ]Figure 3‑10: Horn 2 Section. Horn 2 specifications are listed in Table 3-2
[bookmark: _Toc411265176]Design Considerations
The horns (i.e., the conductors) must be able to endure the combined heat load from the secondary particle interactions in the horn material and resistive heating by the current flowing through them. To address the former, the thickness of the inner conductor should be minimized to reduce absorption and scattering of secondary particles in the conductor material. Resistive heating can be minimized by keeping the pulse length short, while water-spray cooling is used to keep the conductors at an acceptable operating temperature. Given careful design of the stripline, air cooling is sufficient for the majority of the component, with specific portions possibly requiring water cooling. In addition to the cooling requirements, the inner conductor must withstand repetitive thermal and magnetic stresses over tens of millions of current pulses. 
Lifetime expectations for horns are typically described in millions of pulses, with a safety factor associated with that rating. Stress results from finite element analysis can be used to determine the fatigue life of various components, and thus estimate horn lifespan. The component most subject to lifespan limitations is the Horn 1 inner conductor. It is important to demonstrate with analytical simulations that a horn will not fail after a minimum of 1X108 cycles due to fatigue in the inner conductor. The design will be simulated and possibly adjusted to achieve this lifetime with a minimum safety factor of 2. For this conceptual design, both horns are assumed to be replaced every two years. 
[bookmark: _Toc411265177]Cooling considerations must also extend to the module mainframe and drive components, as dimensional stability while in operation is critical. Additionally, the weight of the horn, its support module and stripline block together must not exceed 50 tons, the Target Hall crane capacity. The horn systems assembly must be removable and transferable to the target hall work cell for initial installation, end of life removal, and potential repair activities. Horns are expected to be replaced every few years, while modules are considered permanent and will be designed as such. 

 Reference Design
The focusing system will be a two-horn design, with the upstream end of the second horn (Horn 2) located 6.6 m from the reference point MCZERO (near the upstream end of Horn 1). Both horns consist of an inner conductor, an outer conductor, a current-supply stripline, a cooling system and a support structure. The inner conductor of Horn 1 has a parabolic upstream section that surrounds the target tube up to the neck of the horn. This neck is followed by a parabolic downstream profile [21] that ends at the downstream face where the stripline is mounted. Horn 2 follows this layout, although varies in parabolic lengths, placement, and wall thicknesses [22]. Both Horn 1 and Horn 2 inner and outer conductors are of aluminum 6061-T6 construction. The inner conductor shapes are generated from the parameterization shown in Figs. 3-11 and 3-12. 
Table 3‑2: Horn Parameters. The inner and outer conductor parameters are abbreviated by IC and OC, respectively. 
	
	Horn 1
	Horn 2  

	Material 
	Al 6061-T6

	Peak Current 
	200 kA

	Min. aperture “neck” radius 
	9 mm 
	39 mm  

	IC Thickness 
	2 mm 
	3 mm  

	Length 
	3.36 m 
	3.63 m 

	OC radius (outer) 
	165 mm 
	395 mm  

	OC Thickness 
	16 mm 
	25 mm  


The outer surfaces of the inner conductor will be cooled by water spray nozzles distributed along the beam axis and 120° azimuthally. Nozzles at the top of the outer-conductor cylinder will spray water to form a film running down from both sides, illustrated in Figure 3-13. The radioactive cooling water will be collected at the bottom of the horn and will return to an external heat exchanger through a closed circuit. The external surfaces of the horn will be exposed to the target chase airflow. To resist water corrosion and possibly electrical breakdown, the surface of inner conductors will be coated with electroless nickel.  [image: ]
 Figure 3‑11:  Idealized Shape of the Horn 1 Inner and Outer Conductors. z=0 is the beamsheet
 Location MCZERO 

 	[image: ]
 Figure 3‑12: Idealized Shape of Horn 2 Inner and Outer Conductors. z=0 is the insertion Point
  of horn 2, which is 6.6 m downstream of MCZERO, the z=0 point of horn 1. 

[image: ]Figure 3‑13: Horn 1 inner conductor water spray coverage

[image: ]Figure 3‑14: Additional support and stability for the thin inner conductor are provided  by welded struts or spider" (web) supports (thin red pieces)
The inner conductor will consist of seven segments welded together with a CNC TIG welding machine. Welds will be completed with a thicker wall at the joints, located away from the high-stress areas to compensate for the reduced strength in the heat-affected zone. Single pass, full-penetration welding will minimize the conductor distortion. Cosmetic passes will be applied if needed to achieve an overall straightness of ±0.020 in. A few sets of spider supports, illustrated in Figure 3-14 will provide the position adjustment of the inner-conductor center line and meanwhile allow free thermal expansion of the conductors along the beam direction. 
The electrical connection between the power supply and the horn is provided by a planar-design stripline, which has minimal inductance and resistance, and allows thermal expansion/contraction of the horns and transmission lines. The stripline between the horns consists of eight layers of aluminum 6101-T61 bus bars that are spaced by zirconia ceramic insulators, as shown in Figure 3-15. The stripline is flared out to connect to the horn inner and outer conductors at the downstream end and is insulated by an alumina ceramic ring. The upper portion is connected to the transmission line via a remotely controlled stainless-steel clamp assembly. The horn current pulse is a half-sine wave with a peak current of 230 kA, pulse width of 0.8 ms and a repetition rate of 1.20 s. 
              [image: ]
             Figure 3‑15: Horn 1 stripline connection at the downstream end
The horn striplines must be matched in length for pulse uniformity, and must be profile-matched to lessen the effects of magnetic loading. This profile-matching also helps to eliminate stray magnetic fields during the beam pulse that can adversely affect the beam optics. Ring-down times for the Horn striplines must be analyzed to ensure disruptive vibrations completely dissipate in the 1.2 second cycle time. Any vibration condition left past the 1.2 second period must not have the potential to develop a resonant response and decrease the service life of the horn. 
                              [image: ]                                       
                              Figure 3-19: NOvA Horn 1 stripline analysis at 1.2 MW/120 GeV
                           operation
Current analysis results of the NOvA stripline design, shown in Figure 3-19, illustrate the high temperatures present at the interior layers where air cooling is currently not sufficient. Efforts are underway to increase air cooling in the inner layers, by means of roughly doubling the gap between segments, and adding forced air cooling through the top of the stripline block. Preliminary results shown in Figure 3-20 indicate much more acceptable temperature ranges, however further refinement and redesign is required to attain an acceptable solution for the anticipated lifetime and operational requirements of a 1.2 MW horn system.

                                                  [image: ] 
                                               Figure 3-20: NOvA Horn 1 stripline analysis at 1.2 MW/120 GeV
                                            operation with increased cooling
Table 3‑3: Summary of heating loads on the horns. The results are separate for the inner conductor (IC) and the outer conductor (OC).
	LBNF
	Horn1
	Horn2

	
	IC 
	OC 
	IC 
	OC  

	Beam Heating Loads 
	15.2 kW 
	24.3 kW 
	2.5 kW 
	12.9 kW 

	Resistive Heating Loads 
	2.9 kW 
	
	0.8 kW 
	



The heating sources on the horn conductors include electrical-resistive heating by current and instantaneous beam heating due to secondary particle interactions in the material. The beam energy deposition rates in materials are calculated with MARS, a Monte Carlo code [23]. Because of its smaller radius and proximity to the target, the heating loads on Horn 1’s inner conductor are much higher than those on Horn 2’s inner conductor. Horn 1’s maximum heating-load density occurs on the neck immediately upstream of the transition to parabola. See Figures 3-21 and 3-22 and Table 3-3. 
[image: ]
Figure 3‑21: Half-symmetry, axial cross sectional view, of Horn 1 conductor temperature after beam pulse.

[image: ]Figure 3‑22: Half-symmetry, axial cross sectional view, of Horn 2 conductor temperature after beam pulse
Heating of the conductors produces thermal stresses, and electromagnetic forces generate magnetic stresses on the inner conductor during current pulsing. Thermal and structural finite element analysis (FEA) have been completed to verify the design and study the fatigue strength of the inner conductors, the alignment stability of the horns, and the temperature profile of the striplines. Modal and buckling analysis will be performed to study the vibration and buckling characteristics of the horns. A detailed temperature and stress history represented in Figure 3-23 for the conductors, has been developed for all operating & loading conditions to ensure a sufficient safety factor. Loading points of concern are: (1) Lower bound pre-pulse, (2) Start of beam pulse, (3) End of beam pulse, and (4) Upper bound post pulse.

[image: ]Figure 3-23: Detailed load points for conductor analysis. 1: Start of current Pulse, 2: Start of beam pulse, 3: End of beam pulse, 4: End of current pulse. Temperature profile of the horn neck is represented by the green line.
Completed FEA simulations indicate that with the current design and a convective heat transfer coefficient of 7,500 W-°C/m2, the horn 1 neck reaches an equilibrium temperature of 58 °C after five beam pulses. After reaching equilibrium, during each pulse at full beam power the neck’s maximum temperature would reach 75 °C at the end of current pulse (end-pulse) as shown in Figure 3-21.
Horn 2 temperatures are much lower due to the increased cooling area of the conductor surfaces and a lower current density. Utilizing a 4,000 W-°C/m2 convective heat transfer coefficient, the horn 2 neck reaches an equilibrium temperature of 23 °C after several hundred beam pulses. After reaching equilibrium, during each pulse at full beam power the neck’s maximum temperature only reaches 24 °C at the end of the current pulse as shown in Figure 3-22. These results are consistent with those expected for a horn of this size and position in the beamline.
Based on the obtained results, it was confirmed that Horn 1 is the critical focusing horn with regards to operational stresses and expected service life. From prior research and experience, Horn conductor and critical component temperatures must be engineered to remain below 100 °C, as the fatigue strength (the stress level a material can endure for millions of cycles) begins to drop as operating temperatures pass this limit. The analysis results indicate that this limit will not be reached under all operating conditions for 1.2 MW, and therefore both horns should reach there expected service life.
While the neck gets hot during current/beam pulsing, both end caps of the inner conductor remain relatively cool. Thermal gradients produce compressive stress on the inner conductor, and electromagnetic forces generate compressive circumferential/radial stresses and tensile axial stress. The combination of thermal and magnetic loading results in a range of stress magnitudes and types of stress at different locations and times on the inner conductor. Stress calculations were performed to study the scenarios of steady-state, mid-pulse and end-pulse for the normal beam operation at full power of 1.2 MW for both horn 1 and horn 2. See Figures 3-24, 3-25, 3-26, & 3-27.   [image: ]Figure 3-24: Half symmetry, axial cross sectional view, of Horn 1 magnetic pressure loading
Magnetic pressure loads are applied to the interior volumes of the inner conductors as a normal force to the surface. This pressure creates compressive hoop stress on the inner conductor as well as tensile axial stress due to the force pushing on the transition endcaps. The magnitude of these magnetic loads scales with the current pulse half sine wave which creates complex loading conditions when combined with the temperature profiles caused by beam and joule heating. These loading conditions produce stresses that vary widely depending upon conductor location and timing within the pulse width.
[image: ]Figure 3-25: Half symmetry, axial cross sectional view, of Horn 2 magnetic pressure loading


[image: ]
Figure 3-26: Horn 1 conductor stresses
Stress profiles are shown representing the load cases for varying operations of Horn 1 and Horn 2. All results are equivalent stresses (Von Mises), obtained from component stresses. Peaks and valleys of the plots correspond to wall thickness differences in the conductor profiles, as well as weld bead and stiffening rib locations.
[image: ]              Figure 3-27: Horn 2 conductor stresses
Table 3-4: Horn 1 operational safety factors at critical conductor locations.
	Up-stream Weld
	Neck
	Down-stream Weld
	Transition

	2.5
	3.5
	4.5
	9.2



Table 3-5: Horn 2 operational safety factors
	Up-stream Weld
	Neck
	Down-stream Weld

	13.1
	7.5
	8.2



The final safety factors shown in tables 3-4 & 3-5 are calculated using the Goodman Equation:
[image: ]
Where Sa and Sm are alternate stress and mean stress defined by the following equation:
[image: ]
The resultant safety factor (SF), was then modified by an environmental correction factor (.75), to account for corrosion on the interior of the horn volume, as well as a strength reduction factor (.5), to account for the halving of aluminum 6061-T6’s strength at the weld locations. Final safety factors for conductor construction, including all correction factors, were found to be sufficient to meet the expected horn lifetime of 2 years or 1X108 pulses, whichever is greater.  
[bookmark: _Toc411265178]Ancillary Components
Outside of inner and outer conductors, several other ancillary systems exist to support the horn during operation. These components include the water manifolds and collection tank, upstream and downstream support hangers, as well as “crosshair” assemblies (for beam-aided alignment) and instrumentation. 

[image: ]
Figure 3‑28: Horn cooling water manifolds
The water manifolds run the length of the horn outer conductors and provide cooling water to the spray nozzles. All water manifolds must be electrically isolated by an alumina ceramic assembly that prevents horn current from traveling back to RAW systems and instrumentation. These manifolds and water cooling passages can be seen in Figure 3-28. 
The upstream and downstream support hangers hold the horns in position, while providing a degree of freedom for vertical adjustment. Internal hanger bushings are constructed of metalized graphite, as to avoid corrosion problems experienced with other bushing materials. The metalized graphite is also radiation hard and has proven to be a very successful material in hazardous environments. Water line connections, as well as all instrumentation lines run through the hangers, which demand a well-designed layout and specialized fittings for rad-hard, leak free service. A structural analysis has been performed on hangers to ensure material scalloping for weight reduction does not affect overall dimensional stability. This analysis will undergo several iterations as loading conditions for the horns become more defined. An example of this can be seen in Figure 3-29. 
A Horn crosshair engineering analysis must also be performed to determine maximum operating temperatures. An aluminum crosshair design has been used successfully in the past, and beryllium has been specified for the NOvA Horn 1 crosshair due to the large amount of beam energy deposition. Beryllium is the most logical choice for the LBNF Horn 1, as it can withstand high temperatures with little deformation. Dimensional stability of the crosshair is the main consideration however, and additional cooling contacts or geometrical changes from their operation in the NOvA experiment might be needed. These changes would allow for a sufficiently low operating temperature, providing low thermal expansion and resistance to material creep. 

                        [image: ]
                           Figure 3‑29: Horn hanger structural analysis with tri-axial loading


[bookmark: _Toc411265179] Horn Support Modules
Horns will be supported and positioned by support modules. The intensely radioactive environment of the target chase requires that the horn-support module be adjustable and serviceable by remote control. The horn-support modules provide radiation shielding, and allow the mounting and dismounting of feed-through connections for the stripline, cooling water and instrumentation cabling from the top of the module mainframe, away from the most highly activated areas. 
The horn module support concept is shown in Figure 3-30. 
Horn-support modules are rectangular boxes open at the top for shielding block insertion, and are constructed from plate steel. The walls perpendicular to the beam at the upstream and downstream ends of the box will be up to 10-in thick. The side walls oriented parallel to the beam line will be up to 2-in thick with two plates welded together to form overhangs that create a labyrinth to shield radiation. A bottom plate will be welded to provide a heat shield for the horn, protecting it from the radiated heat of the non-cooled shielding block components inserted into the module interior.
The modules fix the horn with respect to the module in the horizontal degrees of freedom, but not in the vertical. The module is adjusted with respect to the beam for transverse horizontal position and yaw. The horn is adjusted with respect to the module for vertical and pitch alignment. This is accomplished by two separate motorized systems shown schematically in Figure 3-31. 
[image: ]
Figure 3‑30: Horn support module concept. The beam comes from the left, through the target carrier assembly, followed by the Horn 1 and Horn 2 module assemblies

The horizontal system is mounted to the carriage rails to allow the module to be pushed or pulled horizontally perpendicular to the beam with two independent five-ton screw jacks. The screw jack is powered by a radiation-hard stepper motor. The design is based on the existing hardware for the Booster Collimators installed at Fermilab. By differentially driving the horizontal motors at each end of the module, yaw is controlled. The vertical adjustment system is a simple screw-jack-gear-box-motor configuration conceptually similar to the horizontal mechanism. To allow the horn to be crane-lifted out of the beamline for repairs and then replaced without changing its position in the beam line, the module adjustment mechanism includes a kinematic mount. A standard kinematic mount is a three-point support with the third support point sitting on a flat plate to allow free horizontal motion. The modules are on four point supports, so both of the beam left support points are simple flat plates. Once the modules have been surveyed into place the first time, the motorized adjustment mechanisms can be used to scan the horn across the beam for final alignment. High-strength steels – alloys whose yield strength is above 87 ksi – have been found to be a problem in high-radiation areas because of “stress corrosion cracking”. This class of materials will not be used on any component of the modules or their adjustment systems. 
[image: ]
Figure 3‑31: Adjustment fixtures for the horn-support module concept. The modules are
 fixed only horizontally along the beam direction
Effects of module heating due to beam energy deposition will impact the dimensional stability during operation. The resultant temperatures and deformations must be well understood, so as the impacts can be accounted for in the design. A preliminary thermal analysis has been completed on the module mainframe using the conceptual cooling layout as can be seen in Figure 3-32, and efforts are ongoing to increase cooling to specific regions where temperatures are still problematic.
Heat will be primarily removed by cooling water running back to a RAW system heat exchanger, with small contributions on the module exterior by the chase air flow. Cooling water will be delivered by means of 4” diameter cartridge cooling elements that are placed on either side of the vertical position screws on the U.S. and D.S. end-walls (locations 1, 2, 3, & 4). Cooling at the bottom of the module, where the horn hangers will be attached, will be achieved through the use of cooling plates, bolted directly to the sides of the end walls (locations 5, 6, 7, & 8).
[image: ]
                     Figure 3-32: Cooling Passage layout and module subsections for analysis
Initial deformation results of the module horn supports can be seen in Figure 3-33. Continuing efforts are being made to reduce deformation, with the final goal being to remain well within the displacement limitations of the carriage rails when fully loaded. Movement at the upper end of the module and its surrounding shielding blocks is higher than cooled regions, but of no concern as it plays no part in dimensional stability of the horns.

[image: ]
                Figure 3-33: Preliminary thermal expansion results for Horn 1 Module mainframe
[bookmark: _Toc411265180]Support Module Stripline Blocks
Attached to each horn and supported by the module mainframe, the stripline block provides radiation shielding, as well as a containment structure for the striplines that supply current to the horn conductors. The blocks must have an integral labyrinth for these aluminum layers due to radiation shielding concerns, and also must remotely attach and un-attach from the horn stripline through use of a remote clamp which is mounted to the lower end of the block. The conceptual stripline block assembly can be seen in Figure 3-34. This allows a complete horn system assembly to be assembled and unassembled through remote handing, providing minimal exposure to technicians during horn change-outs.

[image: ]
Figure 3-34: Conceptual horn stripline block
The stripline block will primarily consist of steel construction, having a stainless steel outer casing to provide corrosion resistance and containment for any internal components. The remote clamp assembly will be manufactured from 316 stainless steel to resist corrosion, as it must be able to disengage the horn stripline upon release. The remote clamp can be seen in Figure 3-35. 
[image: ]
Figure 3-35: Stripline block remote clamp assembly
Horn Power Supplies (WBS 130.02.03.05)
Design Considerations
The horn power supply will be designed to supply two horns with a minimum of a 300-kA sine-wave peak, within tolerances set for a minimum beam pulse of 10 microseconds.
A damped LC discharge circuit (as shown in Figure 3–XXX32) will achieve the peak current when the silicon controlled rectifier (SCR) switch releases stored energy from the capacitor bank to the horns via a planar transmission line (“stripline”). The estimated circuit parameters are as listed in Table 3–6.
[image: ] Figure 3-XXX32  LBNF Horn PS Simplified Circuit Diagram
  Table 3-6 – LBNF Horn PS Circuit Parameters
  [image: ]
Charging Source
The capacitor bank will be charged during the quiescent period between discharge cycles by a phase controlled, made-to-order unit specified to an outside vendor via bids. Operating voltage for the capacitor bank will be nominally 3.5 kV. Calculated DC-power consumption during operation of the focusing horns is 60 kW.
Capacitor Bank
Based on the inductance and resistance value estimates, the capacitance required for the bank is 23 mF. This will be made up of an array of individual capacitors connected in parallel, but electrically separated into 32 cells. The number of capacitors in each cell will be chosen to limit the amount of energy per cell to a value that can be safely contained within an individual capacitor case in the event of an internal fault.
Discharge Resistors and Safety System
A safety system will be included to continuously monitor operating parameters during the charge and discharge portions of the cycle, safely shutting down the system if out-of-tolerance conditions are detected.  Parameters to be monitored include personnel entry, charging source over-current, over-voltage, over-current on any one cell, total load over current, out of balance conditions between cells, ground fault currents, and excessive temperatures. The loss of cooling to the charging source power supply capacitor bank, transmission line and the horns will also be monitored. When fault conditions are detected, the charging source will be shut down and the capacitor bank immediately discharged via a redundant array of dump resistors and electronic and mechanical switching devices to dissipate all stored energy.
A slow-start controller, regulating output current from zero to full over a time period of 30 s, will be included to allow the system to trip at low-level conditions during initial turn-on in the event the load has been compromised by any form of fault.
Switching Elements
The SCR switch proposed for the LBNF Horn Power Supply is a proven design used in systems MP0x supplies and the MiniBooNE Horn.  This switch is built around the IXYS UK WESTCODE – Distributed Gate Thyristor Type R1275NC18J.  This ‘Base Design’ will be built around a 10k Amp limit for each switch.
The recovery diode for the LBNF Horn Power Supply by necessity will be different than the recovery diode used in MP0x supplies and the MiniBooNE Horn.  This diode must support a much larger current due to the smaller recovery choke inductance.  After a search the IXYS UK WESTCODE – Fast Recovery Diode Type M1502NC220 was chosen for the ‘Base Design’.
Recovery Choke
The recovery choke design to reverse the capacitor voltage with minimal losses is proposed to be a shorted coaxial copper line.  After this study, the proposal is to use copper pipe for the center conductor, 4” OD x 3.5” ID.  The return conductor is also a copper pipe, 20” OD x 19.5” ID.  This choice is similar to a PBar Lithium Lens recovery choke designed several years ago.
The fundamental recovery current frequency is 440 Hz.  This yields a skin depth for copper of 0.124”.  Given the required inductance of 5.232 x 10-6 H, the length of coaxial line needed is ~54 feet.  This gives a skin depth dominated resistance of 0.3484 x 10-3 ohms with 84% of this resistance in the center conductor.
Current Transducers
Passive current transformers installed within each capacitor bank cell monitor the cell performance to 0.4% accuracy. These 12 signals are also summed to provide individual stripline currents plus total load current for over-current monitoring and readout display.
Transmission Line
A stripline consisting of a nine-layer assembly of parallel aluminum electrical bus conductors will connect the capacitor bank to the two series connected horns. The aluminum alloy of choice is 6101-T61, having nearly the conductivity of pure Al but with enhanced mechanical properties. Of the successful designs presently in service for the NuMI and MiniBooNE horn systems, the MiniBooNE design is best scaled to the higher LBNE peak current. Its balanced configuration offers much reduced electromagnetic, vibration and mechanical stress. Its cross section is shown in Figure 3–XXX33. 
[image: ]
Figure 3-XXX33: Layer Stripline
Additionally, the stripline design must have minimal inductance and resistance, allow for thermal expansion and contraction at horn and capacitor bank connections, and allow rapid reliable connection and disconnection at each horn location. In high-radiation-field portions of stripline, the conductors are spaced with alumina ceramic insulators. In minimal radiation portions, lower-cost inorganic materials will be sought. Lengths between spacers are separated by an air gap. The assembly will be held in compression by overall steel bar-clamps at each spacer location. Vertical floor-mounted stanchions will support the completed structure. Power loss in the transmission line is 422 W/m, 19 kW total, based on an estimated stripline length of 45 m. Overall ducting and filtered forced-air cooling will protect personnel and control temperatures.  It will be sized to carry the normal 7,100 Arms operating current. The connection to the horn is shown in Figure 3–XXX34.


                                                 [image: ]
Figure 3–XXX34: Upper: Connection to Horn-1, end view looking DS; Lower: Vertical section, Horn/stripline Interface
Ground Fault Protection
To protect other beamline instrumentation equipment from the possibility of Horn Power Supply high current ground faults, its energy storage capacitor bank, D.C. charging source, stripline and horn loads are, by design, isolated from earth ground.  To prevent these components from floating to potentials above ground, the common terminal of all capacitors within the system is connected via a suitably rated low value power resistor of < 1000 to Earth-ground. The chosen resistance value shall limit any such fault currents to 20 Amperes or less.  Additionally, the resistor serves as a shunt that is continuously monitored by the local controls for ground fault current detection. Detected faults initiate immediate termination of system operation and via electronic crowbar redirect of all remaining stored energy to an internal dump.

Most importantly, all high-voltage equipment enclosures will be connected directly to an Earth ground utilizing low-impedance techniques. This protects personnel making incidental contact with the exterior of any of the system enclosures from transient “ground bounce” should such faults occur during routine operation or maintenance activities.
Water Cooling
The SCRs and series charging source inductors will require low-conductivity water (LCW) cooling at a combined total flow rate of 15 gpm. Water flow rates for the charging source supplies will be determined and specified by the vendor.  Dump resistors are sized to absorb the maximum stored energy of the capacitor bank by a safety margin of two and can be convection cooled as a consequence of their infrequent operation.
Enclosure
The enclosure design, as used by both the NuMI and MiniBooNE experiments, is well suited for LBNE. The heavy steel design provides additional safety for energy containment in the event of internal faults. Its pan-style base serves also for capacitor oil containment in the event of impregnant leakage and allows access to internal components on all four sides.
[bookmark: _Toc411265205]Target Hall Shielding (WBS 130.02.03.08)
[bookmark: _Toc411265206]Introduction
Target Hall shielding (also called the target pile) is designed to (1) keep the accumulated radionuclide concentration levels in the surrounding soil below standard detectable limits; (2) keep prompt radiation levels low enough for electronics in the Target Hall to have adequate lifetimes; and (3) keep residual radiation rates on top of the shield pile low enough to allow personnel to access the top of the steel shielding pile for maintenance with beam off. 
[bookmark: _Toc411265207]Design Considerations
Target pile size cannot be modified or upgraded after completion. Therefore, this part of the neutrino beam has been designed for 2.4 -MW beam-power operation, corresponding to the maximum anticipated power. 
[bookmark: _Toc411265208]Reference Design
[bookmark: _Toc411265209]Target Hall Shield Pile
The Target Hall shield pile refers to the steel shielding surrounding the beamline components (baffle, target, Horn 1, Horn 2, and the decay pipe upstream window) installed in the target chase. The target chase is the central rectangular open volume that runs the entire length of the steel shield pile. The chase extends from the primary-beam window down to the decay pipe. The chase is 54-inches wide at the water-cooling panels in the region of the horns and 64-inches wide elsewhere. Its height varies along the length of the shield pile; the chase floor has one vertical step. The beamline in the Target Hall region slopes downward at 0.101033 radians (5.78876°) from upstream to downstream, as illustrated in Figure 3-44. 
The chase acts as a collimator for pions from the target and horns that are not well-focused. This collimation reduces the beam power deposited in the decay pipe. 
The shield will consist of two main layers. An inner, steel layer will absorb all of the stray particles from interactions of the primary beam, except neutrons below a few MeV energy. The outer layers are used to moderate and absorb most of the neutrons that escape from the steel layer. These outer layers consist of concrete, marble, or borated polyethylene plates, depending on location. 
The shielding is divided into two sections: (1) the bottom and side shielding which must appropriately shield the surrounding earth and ground water from tritium activation; and (2) the top shielding which must shield the upper Target Hall. The shielding is illustrated in Figure 3-45, which is the lateral cross section of the target pile at MC-ZERO.
The LBNF steel, concrete, marble, and borated polyethylene shielding requirements are given in Tables 3-7 and 3-8.  Additionally, there is a 120-in-thick concrete wall and 9-inch thick steel slab at the upstream end to separate the target pile from the pre-target tunnel. For comparison, NuMI has 1 m of concrete and 52 in of steel shielding on the bottom and sides and 73 to 82 inches of steel and 18 in of concrete on the top. 




 Figure 3‑44: Beamline Elevation View – Beam direction is left to right
[image: ]Figure 3‑45: Cross Section of Target Chase Steel Shielding (Cross-hatched Areas). The secondary beam is confined to the rectangular opening in the center.

Table 3‑7: Shielding Requirements for the Top of the Target Chase
	
	Iron (in)
	Marble+ Borated Poly (in)
	Concrete (in)

	Top of chase- All regions
	18 	
	0
	0

	Baffle
	92
	6
	0  

	Horn 1
	106
	6
	0

	Between horns Sec. 1
	116	
	6
	0

	Between horns Sec. 2
	92 	
	6
	0

	Horn 2	
	106  
	6	 
	0	 

	Downstream Horn 2
	116
	0
	36  











Table 3‑8: Shielding Requirements for the Walls and the Floor of the Target Chase
	
	Iron (in)
	Concrete (in)

	Upstream wall 
	12 
	140  

	Baffle floor 
	72 
	40 

	Baffle right wall 
	72 
	96 

	Baffle left wall 
	72 
	40 

	H1 floor 
	72 
	40 

	H1 right wall 
	72 
	85 

	H1 left wall 
	72 
	112 

	Between Horns floor Sec.1 
	72 
	40 

	Between Horns right wall Sec.1 
	52 
	112 

	Between Horns left wall Sec.1 
	52 
	112 

	Between Horns floor Sec. 2 
	72 
	40 

	Between Horns right wall Sec.2 
	52 
	112 

	Between Horns left wall Sec .2 
	52 
	112 

	H2 floor 
	52 
	40 

	H2 right wall 
	52
	85 

	H2 left wall 
	52 
	40 

	DS of H2 floor 
	52 
	40 

	DS of H2 right wall 
	52 
	85 

	DS of H2 left wall 
	52 
	40 



The open space between the steel shielding and the floor and walls of the Target Hall concrete pit form air cooling channels for the exterior surface of the steel pile. The channels are named “bottom” for the floor and “side” for the walls. The space between the top of the steel shielding pile and the poly layer is called the “top” channel. The poly layer is the cover over the Target Hall pit. The cooling airflow, discussed below, flows through these channels to enter the chase. 
Shielding steel is stacked in a staggered and interlocking fashion so there are no line of-sight cracks through the steel shielding pile. Vertical gaps between pieces are filled with steel shim stock to the required maximum gap size. Two methods are used to close the top of chase. Removable, specially made steel blocks called “T-blocks” are used where beamline components are installed. Steel blocks and slabs are used in the other areas.
A view of the bulk steel shielding after roughly two-thirds of it has been installed is shown in Figure 3-46.

[image: ]
Figure 3-46 View of the bulk steel shielding after the large steel pieces have been installed and installation of the downstream end has started
[bookmark: _Toc411265210]Target Hall Air-Cooling 
 Energy deposited in the shielding pile and the beamline components by the 2.4-MW beam or the 1.2 MW beam is removed by water-cooled shielding, an air-cooling system and cooling systems on the beamline components. The water-cooled shielding, i.e., carbon steel chase panels, T-blocks and module bottoms, intercept approximately half of the beam energy leaving the chase. The air-cooling system and cooling systems on the beamline components remove the balance of the deposited beam energy. The air cooling flow rate is 35, 000 scfm. The airflow rate is obtained by scaling the 25,000 scfm airflow rate for the 46-inch NuMI chase to the 64 to 54-inch LBNF chase using the cross sectional chase flow areas. 

The discussion below describes the air-cooling system. The equipment needed for air cooling is provided by Conventional Facilities at the Near Site, and discussed in Volume 5 of this CDR. The flow schematic for the target pile air cooling system is illustrated in Figure 3-47.
A single air handler, located in the Air Handling Room, provides 35,000 scfm of cooled and dehumidified air to help cool the shielding pile. Starting at the “Target pile air handler” box in Figure 3-47, the cooling airflow enters the target pile at the downstream end above the steel shielding and flows upstream in the top, bottom and side channels. All of the air exits the bottom and side channels at the upstream end of the pile, turns 180 degrees, and enters the chase. All of the air flowing in the top channel flows vertically downward through clearances between the T-blocks and into the chase. The 35,000 scfm cooling airflow exits the chase at the downstream end and enters the air return duct back to the air handler to be cooled and dehumidified. Approximately 20,000 scfm flows in the top channel, 5,000 scfm flows in each of the two side channels, and 5,000 scfm flows in the bottom channel. A welded, stainless steel duct is embedded in the steel shielding, called the “air block”, to separate the supply and return air flows in the target pile. The supply and return ducts have labyrinths and steel shielding where the ducts enter or leave the shield pile to attenuate radiation leakage out through the ducts. 
There are two studies in progress that could eventually affect which gas is selected for use in the target pile cooling system: (1) LBNF Corrosion Task Force, and (2) LBNF Air Releases to the Atmosphere. The conclusion from either one or both of these studies could require that the oxygen concentration in the target pile cooling system be minimized to mitigate the possible problems of (1) corrosion of the steel shielding, destruction of the primer coating, and corrosion of the stainless steel air block due to ozone production, and/or (2) radionuclide emission to the atmosphere. Compliance with a requirement to minimize the oxygen concentration will be accomplished by changing the cooling gas from air to nitrogen gas. Using nitrogen gas instead of air as one of the target pile coolants will impact the target pile fluid handler and the room it is in. The impacts are the fluid handler must be sealed very well to minimize nitrogen gas leaks and the room might need to be classified as an ODH, Oxygen Deficiency Hazard, area.

[image: ]Figure 3‑47: The Flows for the Target Pile and Decay Pipe Air-cooling Concept are Shown Schematically
 Supply and return air ducts connected to the target pile are shown in Figure 3-48. The ducts are provided by Conventional Facilities at the Near Site and are discussed in Volume 5 of the CDR.

Figure 3‑48: Supply and Return Air Ducts for the [image: ]Target Pile
[bookmark: _Toc411265190]Helium-filled Concentric Decay Pipe (WBS 130.02.03.06)
[bookmark: _Toc411265191]Introduction
The helium-filled decay pipe is the region where the pions and kaons generated from the target decay into neutrinos. The length is determined by the distance at which most of the pions decay, producing neutrinos near the maximum energy required by the physics goals of LBNE. The pipe must be of sufficient diameter to allow for decay of the lowest-energy pions required by the experiment. The decay-pipe reference-design length is 203.7 meters and the diameter of the inner pipe is 4 meters. 

Concrete radiation shielding surrounds the decay pipe to minimize activation of surrounding ground water. Heat generated in materials due to beam reactions will be removed by airflow through the decay pipe. A geomembrane system surrounds the decay-pipe concrete to act as a barrier for minimizing ground-water inflow. Any ground water that penetrates the barrier system will be collected in pipes and conveyed to sumps located in the Absorber Hall, described in Section 21. 
The scope of work described in this section includes specifying (1) the length, material, diameters and wall thicknesses for the concentric decay pipe, (2) specifying the thickness for the shielding concrete, (3) specifying the cooling parameters, and (4) designing and providing the downstream window. Conventional Facilities at the Near Site (see Volume 5 of this CDR) designs and provides the corrosion-protected concentric decay pipe, shielding concrete and the geomembrane ground-water barrier and drainage system. 
[bookmark: _Toc411265192]Design Considerations
The decay pipe and its shielding are built underground and their size cannot be modified or upgraded after completion. Therefore, this part of the neutrino beam is being designed for 2.4-MW beam-power operation, corresponding to the maximum anticipated power. The concentric decay pipe and shielding concrete are illustrated in Figure 3-XXX35, which shows the system designed by Conventional Facilities at the Near Site to satisfy the Beamline requirements. The CF design is described in detail in Volume 5 of this CDR. 

[image: ]Figure 3‑XXX35: Typical Cross section of Concentric Decay Pipe and Shielding Concrete
The decay pipe must be built to meet these requirements: 
· 203.7-m length 
· 4-m inside-diameter steel pipe installed concentrically in a 4.43-m inside diameter steel pipe; the radial annular gap between the  pipes is 0.2 m 
· commercial-grade pipe with thickness of 12.5 mm 
· spacers welded between the two pipes to maintain concentricity and to not interfere with the airflow 
· a geomembrane ground-water barrier system to drain water away from the decay pipe as part of the overall tritium-mitigation strategy, discussed in Section 24 
· alignment accuracy maintained at 20 mm 
· external and internal corrosion protection 
· concrete radiation-shielding thickness of 5.5 m 

3.5.3	Reference Design
The decay-pipe region begins 17.3 m downstream of the beamsheet coordinate MC-ZERO which defines horn 1 position. A standard pressure vessel head is welded to the upstream end of the inner decay pipe. The head has a 1.5-meter diameter opening at its center. A 1.5-meter diameter pipe is welded at the center of the head to cover the opening. The pipe extends 2 meters into the target pile chase and is referred to as the decay pipe snout. The decay pipe upstream window is installed on the upstream end of the snout. The upstream decay pipe window is discussed in Section 3.2. The snout is open to the inner decay pipe and is filled with helium. The snout is shown in Figure 3-XXX36 using target pile layout drawing 487105.  
[image: ]
Figure 3‑XXX36: Concentric Decay Pipe Snout and Upstream Window
Heat generated by beam interaction has been calculated to be 834 kW, distributed non-uniformly along the length of the decay pipe. Approximately half of this heat is generated in the inner steel pipe, with the remainder generated in the outer steel pipe and concrete. An air cooling system is employed to cool the decay pipe. The cooling airflow schematic is shown in Figure 3-XXX37.

[image: ]Figure 3‑XXX37: Cooling Airflow Schematic for the Concentric Decay Pipe and Shielding Concrete
The following discussion describes the air-cooling system. The equipment needed for air cooling are provided by Conventional Facilities at the Near Site and are discussed in Volume 5 of the CDR.
A single air handler, located in the Air Handling Room, provides 35,000 scfm of cooled and dehumidified air to cool the steel decay pipes and the shielding concrete. Starting at the “Decay pipe air handler” box in Figure 3-XXX37, the cooling airflow enters the annular gap of the concentric decay pipe at its upstream end and flows downstream. At the downstream end the air flows out of the annular gap into the four 28” diameter return pipes, after turning 180 degrees, and flows upstream. At the upstream end the 35,000 scfm enters the air return duct back to the air handler to be cooled and dehumidified. The supply and return ducts have labyrinths and steel shielding where the ducts enter or leave the shield pile to attenuate radiation leakage out through the ducts. For the cooling airflow of 35,000 scfm and an air supply temperature of 15 °C, maximum temperatures at the point of peak energy deposition are estimated to be 90 °C for the steel pipes, 95 °C for the shielding concrete, and 42 °C for the geomembrane water-proof barrier. Air return temperature to the “Decay pipe air handler” is 57 °C. The upstream and downstream ends of the decay pipe must be closed as part of the air cooling system of the pipe. 
There are two studies in progress that could eventually affect which gas is selected for use in the decay pipe cooling system: (1) LBNF Corrosion Task Force, and (2) LBNF Air Releases to the Atmosphere. The conclusion from either one or both of these studies could require that the oxygen concentration in the decay pipe cooling system be minimized to mitigate the possible problems of (1) corrosion of the thin-walled decay pipe base metal and welds, and destruction of the primer coating due to ozone production, and/or (2) radionuclide emission to the atmosphere. Compliance with a requirement to minimize the oxygen concentration will be accomplished by changing the cooling gas from air to nitrogen gas. Using nitrogen gas instead of air as the decay pipe coolant will impact the decay pipe handler and the room it is in. The impacts are the air handler must be sealed very well to minimize nitrogen gas leaks and the room might need to be classified as an ODH, Oxygen Deficiency Hazard, area.
The decay pipe ends in the upstream wall of the Absorber Hall. The Beamline L2 Project will design and provide the window at the downstream end of the decay pipe. The downstream window is a 6-mm thick aluminum, dished cylindrical plate, 1-meter in diameter. It is centrally set in a hot-rolled steel pressure vessel head. The head is welded to the inner pipe of the concentric decay pipe. The head and aluminum window are cooled by natural convection with air on the exterior, and by natural convection with helium on the interior. The downstream window is not replaceable. The downstream decay pipe steel head and aluminum window are shown in Figure 3-XXX38. Three energy deposition cases are considered for the heat transfer and stress analyses: normal operation, on-axis accident, and off-axis accident; these cases are illustrated in Figure 3-XXX39. For normal operation, the maximum steel temperature is 67°C, the maximum aluminum temperature is 56°C, and the maximum stress is 52 MPa; the maximum stress occurs in the aluminum. The highest temperature and stress for the accident cases are 120 °C and 110 MPa; both maxima occur in the aluminum. The following beam energies and powers were analyzed for each energy deposition case: 120 GeV @ 2.4 MW, 80 GeV @ 2.13 MW, 60 GeV @ 2.06 MW, 120 GeV @ 1.2 MW, 80 GeV @ 1.065 MW, and 60 GeV @ 1.03 MW. For all of the cases, the temperatures and stresses are below the allowable values. All of the temperatures vary little per pulse so fatigue can be neglected. All of the temperatures are also below the creep temperature limit so creep can be neglected.  
[image: ]
Figure 3‑XXX38: Downstream Decay Pipe Steel Head and Aluminum Window

[image: ]Figure 3‑XXX39: Downstream Decay Pipe: The Three Energy Deposition Cases for Heat Transfer and Stress Analyses
The concentric decay pipe has a design pressure of 5 psig as required by the helium system to purge, fill and operate the decay pipe. The helium system is discussed in Section 3.2.
Supply and return air ducts connected to the concentric decay pipe are shown in Figure 3-XXX40. The ducts are provided by Conventional Facilities at the Near Site and are discussed in Volume 5 of the CDR. 


[image: ]            Figure 3‑XXX40: Supply and Return Air Ducts for the Concentric Decay Pipe




[bookmark: _Toc411265161]Beam Windows (WBS 130.02.03.02.02 and 130.02.03.02.03)
Introduction
This WBS includes two objects; the primary beam window (the window through which the primary proton beam exits the vacuum beam pipe before hitting the target) and the decay pipe upstream window (the large diameter window that the secondary beam passed through after the second horn and before entering the decay pipe).  

Both windows will be exposed to unprecedented levels of beam power and are expected to have lifetimes significantly shorter than the anticipated operational lifetime of the facility.  Therefore, both windows will need to be replaceable.   Because both windows will become significantly activated as a result of beam operation, means to replace the windows with minimal human exposure to activated components is part of this design effort.
[bookmark: _Toc411265163]Design Considerations
Design inputs for both windows are for a primary proton beam of energies 60, 80 and 120 GeV with beam power levels of 1.2 megawatts and 2.4 megawatts (at 120 GeV).  Preliminary primary proton beam spot sizes at the primary beam window are beam spot size of 1.7 mm sigma in both x and y directions for 1.2 MW and normal condition; 1.3 mm sigma for an accident condition at 1.2 MW and larger spot sizes for the 2.4 MW beam power.   Cases to consider for both the primary beam window and the decay pipe upstream window include:
· 120 GeV beam with 1.2 and 2.4 MW power levels
· 80 GeV beam with 1.07 and 2.14 MW power levels
· 60 GeV beam with 1.03 and 2.06 MW power levels
· All cases run for: 
· Beam centered on window (hitting target for the decay pipe window) 
· Beam missing target, centered on target (an accident condition only applicable to the decay pipe window, the primary beam window always has un-interacted protons on it)
· Beam hitting window off centered (an accident condition) with the beam missing the target for the decay pipe window.
Design lifetime for the both windows should exceed 1 year of operation.   Obviously longer lifetimes are advantageous.  
The upstream beamline enclosures are separated from the target chase by a 3.9-m-thick concrete shielding wall to isolate the upstream (evacuated) beamline vacuum pipe from high radiation dose rates. The primary protons enter the target chase through a window in the wall; it is a beryllium foil that seals the evacuated primary beam pipe. 

Experience from NuMI shows that the primary-beam window has an estimated lifetime limit of three years at 708 kW. The 708-kW primary-beam window design validated by NOvA considers an air cooled, 0.25-mm-thick, 25.4-mm-diameter beryllium grade PF-60 foil. 
Lastly, the window itself (also referred to as the beryllium foil) may require active cooling at the 2.4-MW value. 
[bookmark: _Toc411265164]Reference Design
Primary Beam Window Assembly: 
The embedded 273-mm O.D., 6.4-mm-thick, stainless-steel stepped liner pipe implemented during the civil construction is shown in Figure –3-XXX48(a). The primary beam pipe cartridge consists of an internal 76-mm O.D., 1.5-mm-thick beam pipe suspended within an outer 260 mm O.D. stepped pipe housing, both constructed from stainless steel as shown in Figure –3-XXX48(b). Spider collars at each end provide adjustment between the cartridge housing and internal beam pipe. These collars will lock following pre-alignment and the annular void between cartridge inner housing and outer beam pipe surfaces is filled with shielding material to prevent up stream (US) radiation back-scatter. Silver plating the exterior cartridge surface and implementing a 550-mm O.D., 25-mm-thick, stainless-steel cartridge extraction flange eases removal. This extraction flange also provides indexing of the cartridge to establish longitudinal position and fixed rotation. 
Alignment of the primary beam pipe is a multi-step process. First, the embedded liner is measured and mapped from the upstream (US) beamline enclosure prior to beamline commissioning. Remote pre-alignment of the cartridge is necessary relative to the mapped liner. Then, after securing the primary beam pipe position within the cartridge (locking end collars and filling void with shielding material), a cart and cable system transports the assembly to the US beamline enclosure for installation. Insertion of the cartridge involves a combination of support from the cart and overhead rigging operation while moving axially. 
Initial alignment of the beam pipe cartridge and attached window is obtained by using a DS docking feature shown in Figure –3-XXX49 and attachment at the upstream (US) extraction flange. This support-alignment system provides repeatable positional alignment within a final alignment resolution of approximately 0.5 mm. There is a provision for the insertion of an US and downstream (DS) aperture shielding plug used for protection during primary beam pipe cartridge replacement. These aperture shielding plugs would be constructed from steel and moved into the US beamline and target chase only during periods of cartridge replacement.  DS remote handling of the aperture shielding plug within the target chase is possible through a rail/cable system, which attaches to an embedded stainless-steel plate within the concrete wall at the target chase US face. 

[image: ]Figure 3‑XXX48: (a) Shielding Wall with Embedded Stepped Liner. (b): After Cartridge Insertion

[image: ]
Figure 3‑XXX49: (a) Section View of Replacement Window Assembly. (b): End View of Window Assembly


The 1.2 MW primary beam beryllium thin window design is able to withstand the stress waves and also pressure and thermal loading given a 1.3-mm spot size while periphery air-cooled. At 2.4-MW beam energy, a 50-mm diameter partial hemispherical beryllium window with a 3.5-mm spot size and natural convective cooling also is sufficient. A 1.3-mm spot size at 2.4 MW is not acceptable since the combined maximum shock stress, transient stress and transient temperature induced within the window are above the ultimate tensile stress for beryllium. Optimization of a periphery air-cooled, hemispherical tapered beryllium window shape with a thin center and gradually thicker outer crown which allows greater conduction is worthy of further investigation.
We disregard the fine structure inside the beam pulse. Hence for time distribution the beam pulses are square pulses of length 10 microseconds, one pulse every 1.2 second. 
Beam energy deposition in window material is provided by MARS simulation. We can fit the energy deposition data by exponential function 


For E0 = 9.3e-3 GeV/g, and  = 1.8 mm, it is very close to MARS data, as shown in Figure 3-XXX2.

[image: ]         Figure 3-XXX2 Spatial Distribution of Beam Energy Deposition
If we consider the 1.2 MW case, there are 7.5x1013 protons in one pulse. The maximum energy deposition is (9.3e-3)*(7.5e13) = 69.75e10 GeV/g = 111.6 J/g. Divided by the specific heat of beryllium, we have maximum temperature increase during the beam pulse 111.6/1.829 = 61 C. 
The Thermal Cycles
An axial symmetric finite element model is built. Beam heating is applied to get the temperature distribution and its change with time. Figure 3-XXX3  shows the temperature history at the center of the window. Figure 3-XXX4 shows temperature distributions at valley and peak when temperature cycles are stabilized.

[image: ]          Figure 3-XXX3 Temperature history at the center of beam window

[image: ]
Figure 3-XXX4 Temperature Distributions at Valley and Peak


Dynamic behavior of the primary beam window when one beam pulse passes through the window is shown at:   https://lbne2-docdb.fnal.gov:440/cgi-bin/RetrieveFile?docid=9612&filename=model-2-mech_uy.avi&version=2
A conceptual section view of a 50-mm diameter, 0.2-mm-thick, partial-hemispherical beryllium window whose periphery is water-cooled given the 2.4-MW (1.5 to 3.0 mm spot size) case, is shown in Figure –3-XXX50. The primary beam window design is constructed from a 117.5 mm O.D., 19.1 mm thick 316 stainless-steel vacuum flange. This flange is a bolted connection which attaches to the primary beam pipe mating vacuum flange with a knife edge seal. The window construction and knife edge seal must be shown to have no detectable leak to achieve primary beam pipe design pressure. 





[image: ]Figure 3‑XXX50: (a) Section View of 2.4-MW-Capable Beryllium Window. (b): End View of Window Assembly

Upstream Decay Pipe Window

                         [image: ]
                        Figure 3-XXX51: Upstream Decay Pipe Window from NX Solid Model:
The upstream decay pipe window (see Figure 3-XXX51) is comprised of a beryllium or a beryllium - aluminum alloy foil welded to a heavier aluminum ring.  This heavier ring includes a seal groove for an all metal seal.  The center portion of the decay pipe window through which the proton beam will pass will be made of either beryllium or a beryllium - aluminum alloy.  The annular disc outside of the center region will be made of a beryllium - aluminum alloy or aluminum.
It is likely that the material selections will be different for the 1.2 MW beam compared to the 2.4 MW beam.  The lower power beam may alloy use of more beryllium-aluminum alloys while the higher power beam may require beryllium in the center section.  Requirements based on MARS energy deposition and thermal stress analysis have been completed and the minimum material property requirements are known.  What remains to be completed in the advanced conceptual design effort is to understand the cost implications.
The metal seal will be a commercially produced metal seal available from at least two suppliers and is used because elastomer seals are understood to be sufficiently degraded due to radiation exposure that the seal would leak before the window foil requires replacement.
Seal requirements include:
1) 5 psig (0.3 bar) maximum internal decay pipe helium pressure, 
2) 1.5 psig normal working internal decay pipe pressure, 
3) survive a high radiation and a corrosive atmosphere, 
4) remote actuation (area will become too radioactive for a person to access)
5) An allowable leak rate of approximately 10 cubic centimeters per minute.
The foil will be held in a frame which will be removable from above, consistent with the other target pile components.  This frame will include provisions for applying the load on the seal.  One feature of the all metal seals is that they require significantly higher forces applied to attain a leak tight seal.   The goal seal leak rate is approximately 10 cubic centimeters per minute.  This is equivalent to 200 cubic feet per year, about one standard gas cylinder.
Several mechanisms are candidate designs for applying the seal load and include a wedge system, a four-bar mechanism, and a compressed gas system.  Evaluation of the candidate seal loading designs and selection of an optimal design are part of the advanced conceptual design phase.
Removal of heat deposited by the beam in the window and has been considered in the completed work.  Convection heat transfer has been applied to both surfaces using forced convection values.  Actively cooling the heavier outer ring which houses the seal has considered and will likely be incorporated into the final design.  The provisions for this cooling will be included in the advanced conceptual design.
Results from temperature calculations for normal running conditions for different primary proton energies and beam powers are shown in Table 3-XXX1.


Table 3-XXX1:                Temperature Result for 120 GeV, 80 GeV and 60 GeV on the Decay Pipe Upstream Window with no cooling on the flange and convection cooling on both surfaces of the window foil.  Normal beam (not accident) conditions.
	Be (s-65)
	Cycle time
	 The center of the window Be section
	        Flange Aluminum T6061

	
	
	Tave(Steady state)_C
	Tmax_C
	Tmin_C
	∆T _C
	Tmax_C
	∆T _C

	
120 Gev-
2.4 MW
	
1.2 sec
	
68.46
	
71
	
67.77
	
3.24
	
87.4
	
0

	
120 Gev-
1.2 MW
	
1.2 sec
	
53.4
	
54.74
	
53.07
	
1.66
	
61.9
	
0

	80-Gev
2.14 MW
	
0.9 sec
	
64.48
	
65.72
	
63.97
	
1.75
	
80.92
	
0

	80-Gev
1.07 MW
	
0.9 sec
	
51.44
	
52.08
	
51.19
	
0.894
	
58.67
	
0

	60-Gev
2.06 MW
	
0.7 sec
	
62.99
	
63.76
	
62.60
	
1.15
	
77.32
	
0

	60-Gev
1.03 MW
	
0.7sec
	
50.71
	
51.1
	
50.51
	
0.59
	
56.87
	
0



Accident conditions for the decay pipe upstream window have been considered for the primary beam missing the target but being centered on the window and for the primary beam missing the target and being miss-steered so as to hit the decay pipe window off center.
Helium Decay Pipe Purge and Helium Recovery:
The decay pipe will be filled with normal air during construction and at the completion of the construction activities.  Design prohibits evacuation and backfilling with helium gas.  Therefore, a method of purging the air out of the vessel with inexpensive, relatively heavy, carbon dioxide and then displacing the carbon dioxide with helium has been developed.  This system will allow 99% helium concentration to be achieved and offers the possibility of increasing the helium purity by absorbing the carbon dioxide.
When the decay pipe upstream window is changed, the default solution will be to reverse the helium fill process; that is recover the helium, replace the decay pipe gas with carbon dioxide, and then purge the carbon dioxide with air (so as to avoid and oxygen deficient hazard condition) prior to removing the upstream window.  Alternative methods of installing a temporary seal to isolate the window from the decay pipe during window replacement activities will be considered during advanced conceptual design.
[image: ]Figure 3-XXX1 Finite element model to simulate the helium fill of decay pipe
A finite element model is built as shown in Figure 3-XXX1. Using symmetry, only half of the decay pipe is modeled. At the two ends, we have a cylinder of 1 meter diameter and 2 meters length for inlet and outlet. The model is initially filled with CO2. Helium is pumped in from the inlet at the speed of 0.444 m/s (except for the first 800 seconds, the speed is 0.111 m/s). The carbon dioxide content is calculated and plotted in Figures 3-XXX2 and 3-XXX3.

[image: ]Figure 3-XXX2 CO2 Mass Fraction at 1358 s

[image: ] Figure 3-XXX3 CO2 Mass Fraction at 6758 s
The cross sectional area of the inlet is 1/16 of the decay pipe. The average velocity in the inlet is 0.444 m/s, so the average velocity in the decay pipe is 0.02775 m/s. To fill the 200 m decay pipe, we need 7207 seconds.
After 12355 seconds, the CO2 content is only in the lower corner. Its maximum value changes with time as shown in Figure 3-XXX4.
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Figure 3-XXX4: maximum CO2 content during the Decay Pipe purging process as a function of time in seconds.
From our simulation, at the end of 25510 s there is no detectable content of CO2. 
If we move the outlet to the lower corner of the end of the decay pipe, we may accelerate the purge process. 
[bookmark: _Toc411265194]Hadron Absorber (WBS 130.02.03.07)
Introduction
The hadron-absorber structure (also called simply the “absorber”) is located directly downstream of the decay pipe. The absorber, a pile of aluminum (Al), steel, and concrete is designed to absorb the residual energy from protons and the secondary particles (hadrons) which have not decayed. Approximately 750kW of the 2.4MW beam power is deposited into the absorber and must be properly contained to prevent activation of soil and groundwater.  The absorber is designed for the worst case condition at 2.4MW operation: shortest helium-filled decay pipe (204m long) and the shortest target envisioned at 2 interaction lengths. 

The absorber consists of two major sections, as shown in the left image of Figure 3-XXX16.  The core, a section consisting of replaceable water-cooled blocks, is shown inside the green box.  It is enlarged in the right image of Figure 3-XXX16.  The core consists of an aluminum spoiler block to initiate the particle shower, aluminum mask blocks with air space in the center to allow the shower to spread, a sculpted aluminum region of reduced central density to further distribute the heat load, solid aluminum blocks, and solid steel blocks.  The beam power deposited into the core is 519kW, which is the majority of the incoming beam power into the absorber.  Outside of the core is forced-air cooled steel and concrete shielding.

[image: ]
[bookmark: _Ref413659716]Figure 3‑XXX16: Left, cross section of absorber through beam axis.  Right, cross section of absorber core.
Requirements
The absorber must provide radiation protection to people and groundwater for the life of the experiment with minimal maintenance.  However, the water-cooled core blocks must be replaceable to handle any unforeseen circumstances.  The absorber will have the ability to handle two accident pulses without damage or loss of function.  An accident scenario is where the beam is mis-steered or the target is removed from the beam, resulting in the full proton beam traveling down the decay pipe and into the absorber.  An interlock system shall be designed to pull the beam permit after no more than two accident pulses (see target hall instrumentation section).  Additional requirements can be found at LBNE DocDB #10148.
Energy Deposition Calculations
The energy deposition calculations were performed using a unified computer model that includes the target hall, target chase and absorber hall.  The incoming beam for the absorber was calculated with the MARS15 code in the exclusive mode using the LAQGSM hadron generator.  Interactions in both the target and decay channel were taken into account, so that one studied the effect due to replacement of the air with helium in the decay pipe.  In current model, the sculpted aluminum blocks shown in Figure 3‑XXX16   are described using a rectangular approximation.  The studied cases—normal operation, accident with a mis-steered beam, and no-target on-axis accident— are described in the following subsections.  In all the cases, the calculated three-dimensional distributions of deposited energy were provided as input for subsequent analysis with ANSYS code.  
Normal Operation
The calculated distributions of the incoming particle flux over the entire decay pipe cross section at the downstream end of the decay pipe are shown Figure 3-YYY17, while the data for the central region is shown in Figure 3-YYY18.  In order to properly describe the distribution of deposited energy, a double grid shown in Figure 3-YYY19 was employed in transverse direction for the energy deposition calculations in the aluminum core blocks.  For the steel core blocks in the downstream part, a simple uniform grid was used due to substantial shower spreading in the transverse direction.  In the longitudinal direction, each studied core block was divided into four parts.  The calculated three-dimensional distributions of the deposited energy in the most important core blocks were represented as distributions over the corresponding set of small volumes defined by the used grid.  A distribution of total power deposited in elements of the central region of the absorber is shown in Figure 3-YYY20, and a detailed two-dimensional distribution of power density over the absorber is shown in Figure 3-YYY21.
[image: ]
[bookmark: _Ref415241510]Figure 3-YYY17: The distribution of the incoming flux at the downstream end of the decay pipe.
[image: ]
[bookmark: _Ref415241583]Figure 3-YYY18: The calculated incoming flux at the downstream end of the decay pipe in the central region in radius, and the results of fitting with two Gaussians (σ1=0.9 cm and σ2=5.3 cm).  
 
[image: ]
[bookmark: _Ref415241642]Figure 3-YYY19: The double grid employed in transverse direction for MARS15 energy deposition calculations in the sculpted core aluminum blocks.  In the outer grid, the bin size is 2cmX2cm, and this linear bin size is three times as large as that in the inner grid.    
[image: ]
[bookmark: _Ref415241922]Figure 3-YYY20: Distribution of total power deposited in the central part of the absorber (see Figure 1).
[image: ]
[bookmark: _Ref416188283]Figure 3-YYY21: Calculated two-dimensional distribution of power density over the absorber at 120 GeV.

Accident with a mis-steered beam
In a scenario with a mis-steered beam, the region with the highest energy deposition is expected to be right above the sculpted regions in the aluminum core blocks.  In order to correctly describe this case, another transverse and longitudinal grid was used as shown in Figure 3-YYY22.  

No-target on-axis Accident
In a scenario “target disappears,” the beam hits the absorber core on-axis, so that for energy deposition calculations one used the same grid developed for normal operations with the only modification: for the inner grid the bin size in transverse direction was 0.5cm X 0.5cm.  A detailed calculated two-dimensional distribution of deposited energy for this case is shown in Figure 3-YYY23. 

[image: ]
[bookmark: _Ref415242103]Figure 3-YYY22: A longitudinal view of the grid employed for MARS15 energy deposition accident calculations in the core aluminum blocks.  The yellow regions show the water-cooling channels.    
[image: ]
[bookmark: _Ref416189681]Figure 3-YYY23: Calculated two-dimensional distribution of deposited energy over the absorber for the case of “No-target on-axis” accident at 120 GeV.

FEA and Analysis
Using the MARS energy deposition results as a basis for heat load on the absorber and its core blocks, many iterative simulations between MARS and ANSYS have been carried out to determine the final configuration of the absorber.  The main driver of this optimization is reduction of temperature and stress to acceptable levels for the materials in both normal operation and accident scenarios.  Creep and fatigue effects have been considered when applicable.
Aluminum core blocks are all water cooled via four 1” diameter gun-drilled channels in the aluminum with 20 gallons per minute (gpm) volumetric flow rate through each channel.  The water will be cooled to 10°C.  Steel blocks are cooled via two 1” diameter stainless steel lines along the perimeter of the block with 20 gpm flow rate each.  A full set of absorber operating parameters can be found at LBNE DocDB #10095.
Steady State Normal Operation – Core Analysis
A number of requirements were kept in mind during the analysis of the steady state operating condition.  The material must survive fatigue conditions from beam off/on cycles.  Creep criteria for aluminum 6061-T6 must be considered due to elevated temperature and stress.  The block must also be temporarily operable with a malfunctioning water line.
Steady state temperatures and stresses were evaluated at the locations shown in 





[bookmark: _Ref413659647]Table 3-YYY4 for both 120 and 60 GeV operation.  The blocks shown in the table are the worst case conditions for each area: spoiler, mask, sculpted block, full Al blocks and full steel blocks.  The most challenging locations at 120 GeV are the 3rd sculpted Al block and the 1st steel block.  120 GeV operation is by far the worst case due to the lower amount of beam scattering and higher overall beam power compared to 60 GeV operation.  Stresses were not evaluated for 60 GeV operation for this reason.  
Table 3-YYY4: Steady state operating temperatures and stresses for 120 GeV and 60 GeV.
	 
	Steady State Maximums - 120 GeV
	60 GeV

	
	Max Temp (°C)
	Max VM Stress (MPa)
	Max Temp (°C)

	Spoiler
	60
	34
	39

	1st Mask
	25
	 
	 

	3rd Sculpted Al - Center
	88
	103
	44

	3rd Sculpted Al - Water Line
	25
	74
	18

	2nd Solid Al
	84
	48
	39

	1st Steel
	225
	199
	104



Contour plots of temperature and Von-Mises stress for the 3rd sculpted block are shown in Figure 3-YYY11.  Maximum temperature occurs in the center of the block, where the beam interacts directly with the aluminum.  Compressive stress is also concentrated in this area due to the arch shape provided by the sculpting cut, with a maximum of 103 MPa.  Stress at the water line also needs to be considered.  This location is in tension, with a maximum Von-Mises stress of 74 MPa at roughly room temperature.
[image: C:\UserData\!-Projects\LBNE\Absorber\Presentations\2015-1-X Absorber Review\Images\Accident Conditions\On-Axis\Sculpt2\sculpted_block3_fourline002.png][image: C:\UserData\!-Projects\LBNE\Absorber\Presentations\2015-1-X Absorber Review\Images\Accident Conditions\On-Axis\Sculpt2\sculpted_block3_accident_multipulse007.png]
[bookmark: _Ref413659775]Figure 3‑YYY11: Temperature (°C) and Von-Mises stress (Pa) for 3rd sculpted block.
Since this block has the largest stress and highest temperature, it will be used as a basis for fatigue and creep calculations.  The temperature rise per pulse in this block is about 0.8°C, so the effects of each beam pulse on fatigue life can be ignored.  Assuming a conservative 5 cooldowns per day during the life of the experiment, this results in 36,500 cycles (3.6e4).  Referring to fatigue tables for both room temperature and elevated temperature testing at 150°C (Kaufman, 1999), safety factors can be computed at both the water line and maximum stress locations and are shown in Table 3-YYY5. 
Creep must also be considered since the aluminum is being held at an elevated temperature under stress – 103 MPa at 88°C in the worst case.  Creep data for 6061-T6 aluminum bus conductors (Kirkpatrick, 1989) shows an average stress required to produce 1% creep at 100°C for 10 years to be 172 MPa.  Other data (Kaufman, 1999) indicates the stress values are well below the 250 MPa needed to produce even 0.1% creep at 100°C, although this data only extends to 1000 hours.
Another possible concern is losing the T6 temper of the material due to elevated temperature.  After 100,000 hours (11.2 years) at 100°C, there is no change to tensile strength, yield strength, elastic modulus, or elongation (Kaufman, 1999).
Another consideration is the effect of a down water line.  In the case of the 3rd sculpted aluminum block, the downstream end of the block has a larger energy deposition than the upstream side.  For this analysis, convection in the downstream inner water line is removed and the analysis is re-run.  Figure 3-YYY12 shows contour plots of temperature and Von-Mises stress, with maximums of 109°C and 174 MPa respectively.  At these temperatures and stresses, the block would be at least temporarily operable while a replacement is fabricated, and could possibly be run longer if necessary.
[image: ]
[bookmark: _Ref413661367]Figure 3‑YYY12: Effect of a down water line on sculpted block 3.  Left, temperature (°C).  Right, Von-Mises stress (Pa).
Using the previously presented stress values, safety factors can be calculated for each location.  These values are shown in Table 3-YYY5, and are not compensated for any additional load or uncertainties.  The lowest safety factors are for fatigue to the center of the sculpted block, and to yield for the steel block.  The fatigue limit set for the center of the sculpted block is very conservative from the actual case.  It uses nearly 3 times the number of cycles to failure (1e5) and the test temperature is 60°C higher (150°C).  Also, this area is in compression, so concerns about opening a crack are small.  The steel block does have a low safety factor to yield, although yielding the material does not necessarily indicate failure.  Many design options have been presented to increase this safety factor including alternate materials, alternate cooling line routing, and design changes.

[bookmark: _Ref413827540]Table 3-YYY5: Steady state normal operation safety factors.
	
	Steady State Maximum
	Safety Factor to Yield
	Safety Factor to Fatigue
	Satisfies Creep Criteria?

	
	Temp (°C)
	Stress (MPa)
	
	
	

	Spoiler
	60
	34
	6.8
	7.6
	Y

	Sculpted, Center
	88
	103
	2.3
	1.6
	Y

	Sculpted, Water Line
	25
	74
	3.7
	3.5
	Y

	Solid Al
	84
	48
	4.8
	3.4
	Y

	Steel
	225
	199
	1.4
	-
	-



Accident Conditions
The absorber must be able to handle, without loss of function or damage, an accident condition where two pulses of the full proton beam do not hit the baffle or target and travels down the decay pipe.  Two accident scenarios were considered.  First, an on-axis accident, in which the beam travels down the center of the absorber and strikes the region that already has the highest temperature and largest stress from normal operation.  Second, an off-axis accident where the beam strikes the absorber offset from the on-axis accident and passes directly through the water lines, where the water-line geometry might induce stress-risers and where one does not have the shower-spreading advantage of the central sculpting region.  These two accident scenarios are shown visually in Figure 3-YYY13.
[image: ]
[bookmark: _Ref413738730]Figure 3‑YYY13: Locations of absorber accident conditions.
For the on-axis accident case, temperatures and stresses were simulated for the spoiler, 2nd sculpted Al block, 2nd solid Al block, and 1st steel block.  Results from these simulations are summarized in Table 3-YYY6.  For a point of reference, the yield strength of 6061-T6 aluminum at 150°C is 190 MPa.  All of the stress values shown are under this yield strength.  The thermal portion of the model was also run out to 10 pulses to determine if any melting would occur.  Maximum temperature after 10 pulses occurred in the spoiler.  It reaches about 270°C, which is well below the melting point of 660°C.
[bookmark: _Ref413742809]Table 3-YYY6: On-axis accident temperature and stress results.
	 
	Temperature after 2 accident pulses (°C)
	Von-Mises Stress after 2 accident pulses (MPa)
	Temperature rise per accident pulse (°C)

	Spoiler
	146
	121
	50

	2nd Sculpted Al
	140
	148
	38

	2nd Full Al
	120
	63
	18

	1st Steel
	242
	199
	10



The off-axis accident case was modeled for sculpted Al block 2, where the peak energy deposition occurs.  Water in the line and the energy deposition into it are included in this model.  After two pulses, the maximum temperature reaches 170°C as shown in the left image Figure 3-YYY14.  At this temperature, a possible concern is a localized loss of the T6 temper.  Tensile data at elevated temperature (Kaufman, 1999) shows no change in 6061-T6 mechanical properties after 0.5 hours at 177°C.
The induced stress exceeds the yield point of 6061-T6 aluminum after a single pulse, and a temperature dependent bilinear kinematic plasticity model was introduced to model plastic strain. A plot of plastic strain after two pulses is shown in the right image of Figure 3-YYY14.  The maximum plastic strain achieved is 0.7% while the plastic strain to failure for 6061-T6 aluminum is 16%.

[image: C:\UserData\!-Projects\LBNE\Absorber\Presentations\2014-10-06 Multiple off-Axis\sculpted_block3_accident_multipulse000.png][image: C:\UserData\!-Projects\LBNE\Absorber\Presentations\2014-10-13 Multiple off-Axis\sculpted_block3_accident_multipulse004.png]
[bookmark: _Ref413746757]Figure 3‑YYY14: Contour plots after two off-axis accident condition pulses.  Left, temperature (°C).  Right, plastic strain.
When beam strikes a water line, the induced water pressure spike from the thermal expansion of water must be considered.  A simplified model was constructed to examine this effect.  The maximum pressure achieved is 1.7 MPa (246 psi), shown in Figure 3-YYY15.  This pressure spike would most likely be attenuated by any gas in the system and the 90 degree bends formed by the gun drilled cooling channels, but still must be considered when constructing the water piping system and its joints.
[bookmark: _Ref413747758][image: C:\UserData\!-Projects\LBNE\Absorber\Presentations\2014-08-18 Off-Axis Accident\water_press.png]Figure 3‑YYY15: Water pressure (Pa) in cooling channels of sculpted Al blocks 2 (right) and 3 (left) during off-axis accident
Steel Shielding Air Cooling
While the bulk of the beam energy reaching the absorber is deposited in the core, the outer steel shielding still receives a significant portion of the energy deposition at 223kW.  However, this energy deposition is not as concentrated as the core, and lends itself well to air cooling.  The proposed routing method for the cooling air is shown in Figure 3-YYY16.  Air from the air handling room flows over the top of the absorber, then flows downward through 5mm gaps in the steel shielding.  After passing through the 5mm gaps, the air flows through a duct on the bottom of the absorber formed by a gap in the shielding and then is fed back to the air handling room.
[bookmark: _Ref414349807][image: ]
Figure 3‑YYY16: Routing method for air cooling of outer steel shielding
The NuMI target chase air cooling system operates at 25,000 cfm and removes approximately the same heat load, so this flow rate was selected for calculations in the absorber air cooling model.  A simplified model of the absorber is constructed using 34 CCSS blocks at 9.11” thick each, with dimensions of 6m wide and 6m tall.  The blocks are spaced 5mm apart, and the air passes through these gaps.  This simplified model is represented in Figure 3-YYY17.  With these parameters, the pressure drop through the 5mm gaps is 10” water gauge (approximately 2490 Pa gauge).  
[bookmark: _Ref414351307][image: ]
Figure 3‑YYY17: Simplified model of absorber steel shielding for air cooling calculations.
To model temperatures, an axisymmetric version of this model is implemented in ANSYS.  This method slightly overestimates heat generation in the shielding at 240kW.  Air cooling in the gaps is modeled as convection with an applied convection coefficient of 55 W/(m2-K) using 25°C air, and the blocks are assumed to be independent of each other.  The resulting maximum temperature is 63°C as shown in Figure 3-YYY18, occurring in the shielding near the first sculpted Al block.
[bookmark: _Ref414352104][image: ]
Figure 3‑YYY18: Absorber shielding temperatures (°C) with air cooling
This model does not account for the temperature rise of air through the absorber.  Bulk temperature rise of the air through the absorber is 16°C.  For air going through the hottest gap between the last core block and the first sculpted Al block, the temperature rise is 66°C.  Taking a simple sum of maximum temperature in the core and temperature rise of the air flowing through the hottest gap, 130°C is the maximum temperature the steel could achieve.  This is well within limits for steel and the paint applied to it (see LBNE DocDB #10264).
Mechanical Design and Remote Handling
The mechanical design of the absorber is based off the proven design of the NuMI target hall shown in Figure 3-YYY19, utilizing remotely handled T-blocks to support the core.  These T-blocks are supported by the steel shielding, and are fully encapsulated by steel and concrete shielding for radiation protection.  The T-Blocks are removable via an overhead crane with a lifting fixture attached.
[bookmark: _Ref414002985][image: ]
Figure 3‑YYY19: NuMI target hall chase with T-block and lifting fixture
Water cooling of the aluminum core blocks is achieved by gun-drilling intersecting holes for water to flow through and plugging the remainder of the hole that is not needed, as shown in the left image of Figure 3-YYY20.  Aluminum pipes are then welded to the entry and exit ports of the gun-drilled water channel and routed up the T-Block to make connections with a manifold, shown in in the right-hand images of Figure 3-YYY20.  The final T-block assembly in the absorber is shown in the left image of Figure 3-YYY21, including a cover for the pipes coming into the core block to prevent any straight line paths.  The right image of Figure 3-YYY21 shows the water line connections for each T-block to the 10” manifold to the RAW room.  
[image: ][image: ]
[bookmark: _Ref413998745]Figure 3‑YYY20: Left, cut-away cross section through a water line in a sculpted absorber core block.  Upper right, connections to the aluminum tubes.  Lower right, connections to the manifold.
[image: ][image: ]
[bookmark: _Ref413999243]Figure 3‑YYY21: Left, core block assembly with T-block.  Right, T-blocks assembled into absorber showing water line connections.
There are 23 core blocks that require water cooling, with each of the aluminum blocks requiring 80 gpm of total flow.  The steel core blocks require 40 gpm each.  With the addition of 80 gpm for filtration purposes, the total system flow rate is estimated to be 1760 gpm with a total volume of 1810 gallons.  Additional optimizations to the core are planned to reduce this required system flow rate.
Active temperature monitoring of select core blocks will be necessary to determine if any accident pulses arrive at the absorber and to aid in beam and target diagnostics.  A design for a thermocouple array in a solid Al block is shown in Figure 3-YYY22, with thermocouples spaced to allow the detection of an accident pulse.  These thermocouples fit in removable bars that slide in T-slots to allow easy access for replacement as necessary.  Jack screws are implemented on both sides of the bar to facilitate removal.
[bookmark: _Ref414001649][image: ]Figure 3‑YYY22:  Left, thermocouple assembly in T-block.  Center, thermocouple tip locations.  Right, thermocouple mounting and routing
The absorber design incorporates three different sized morgues to accommodate failed radioactive core blocks and hadron monitors, shown in Figure3-YYY23.  The most upstream is the mask morgue and can accept a total of two mask or spoiler blocks.  Next is the core block morgue and it can accept a total of two sculpted Al blocks, full Al blocks, or steel blocks.  The hadron monitor morgue is sized for three hadron monitors.  All morgues are covered with concrete shielding blocks.
[bookmark: _Ref414002832][image: ]
Figure 3‑YYY23: Cross section of the absorber showing morgues
[bookmark: _Toc411265233]Remote Handling Equipment (WBS 130.02.03.11)
[bookmark: _Toc411265234]Introduction
Technical components installed in the Target Hall enclosure are subjected to intense radiation from the primary or secondary beam. The level of irradiation in some LBNF environments will reach levels that are unprecedented at Fermilab. These radiation levels will be too high for workers near such components. The failure of some of the technical components (such as target or horns) is likely over the lifetime of the LBNF experiment. Therefore remotely operated removal and handling systems are an integral part of the Target complex design. Because the remote handling systems are integrated into the infrastructure of the Target complex and cannot be upgraded after irradiating the Target complex areas, they must be designed to be sufficient for 2.4-MW beam power. 
[bookmark: _Toc411265235]Design Considerations
Components to be handled, serviced and/or stored range in size (from 0.20 m3 to 26 m3), range in weight (from 10 kg to 30,000 kg) and range in estimated dose rate (from 5 R/hr to 8,000 R/hr on contact), as described in the Remote Handling Component Lists [?]. Shielding requirements for work cells and storage areas have been determined to be 48 inches of concrete or 12 inches of steel to reduce dose rates to workers to below 5 mrem/hr at 1 ft (from the shielding surface). Storage and work cell areas must have redundant sump systems with emergency back-up power systems to mitigate contamination of in-flow water by radioactive particulate from serviced and/or stored components. Steel casks used to transport radioactive components will be sized to reduce dose rates to workers to below 5 mrem/hr at 1 ft where possible (limited by the crane capacity of 50 tons). Where not possible, it is expected that casks should be of sufficient thickness to allow brief hands-on access by radiation workers, if absolutely needed (300-500 mrem/hr at 1 ft maximum). 	Comment by Patrick Hurh: This was citing a reference spreadsheet in the LBNF DocDB (2193)
The design is based upon a conceptual design study performed by the Remote Systems Group at Oak Ridge National Laboratory. Since the study was performed, remote handling plans were revised significantly resulting in reduced scope and reduced cost. The final report of this study is available [?], and the applicable portions of that study are reflected in the following sections. 	Comment by Patrick Hurh: Reference to LBNF DocDB #2483
[bookmark: _Toc411265236]Reference Design
The LBNF remote-systems reference design includes equipment and systems in two functional locations. These are the surface Target complex (Target Hall enclosure and neighboring service areas) and the underground Absorber Hall. Along with shielded, remote-capable work areas, each of these locations will have the variety of equipment, lifting fixtures and vision systems required to carry out needed operations. 
[bookmark: _Toc411265237]Target Complex Remote-Handling Facilities
The Target Hall enclosure contains the components for generating neutrinos and focusing them toward the near and far detectors. The beamline component arrangement is shown in Figure 1. The remote handling of components in the Target Hall enclosure chase will be accomplished with long-reach tools, a bridge crane and a shielded work cell. The high levels of radioactivity within the Target Hall while running beam restricts access to facility shut downs after a short cool-down period. The conceptual design closely resembles the layout for the NuMI Target Hall. Since this layout eliminates the possibility for personnel to access any portion of the Target Hall during facility operation, it will require a separate beam-on accessible service area for temporary storage of radioactive components and staging area for remote handling activities. 	Comment by Patrick Hurh: I am numbering figures sequentially within this section independently.
The main hallway for transport of equipment shielding, and components is located at the upstream portion of the Target Hall enclosure and connects to the Morgue/Maintenance areas (floors of both Target Hall and Morgue/Maintenance areas are at the same elevation). It is through this hallway that radioactive components must pass to get from the Target Hall to the maintenance and morgue (short-term storage) areas. Since most of the service areas are planned to be occupiable with beam on, a shield door must be provided to shield the service areas from the Target Hall. In addition, the air volume of the Target Hall enclosure and the air volume of the neighboring service areas must be separated to avoid radioactive-air contamination of the service areas. The shield door will incorporate an air seal to achieve this air-volume separation. This Target Hall shield door is included in the scope of the remote systems WBS. The layout of the Target Complex is shown in Figure 2 with an expanded view in Figure 3. 

[image: ]Figure 1: LBNF Target Hall Enclosure Beamline Elevation Section 
The Target Complex remote operations plan incorporates one hot storage rack in the Target Hall enclosure, designed to provide short- or long-term storage for Horn Module “T-blocks” during component replacement activities. The hot storage can also provide temporary storage of other components that the Morgue cannot accept at the time of removal from the chase. The T-block storage rack is configured as a pit with T-block mounts similar to the carriage mounts that exist in the chase. It is located in the Target Hall floor next to the chase with removable shielding covers. 
The work cell is located at the upstream end and the hot-storage rack is located at the downstream end of the Target Hall enclosure on the beam-right side of the chase. The work cell is primarily used to remotely remove a horn, target/baffle, or decay pipe window that has reached its end of life from an activated module and attach a new replacement component. Other remote handling activities such as emergency repairs will have to use the work cell in an ad-hoc way as current operations in NuMI target hall are conducted, or repair operations can use the remote handling facility at C-0 if over-road transport is available. See Figures 2 and 3. 

The chase is covered with shielding composed of steel, marble and borated polyethylene. The borated polyethylene functions as a neutron shield. The marble functions as a residual radiation shield to help reduce the dose to workers during beam-off access. These chase shield covers shall be designed to be stackable such that, when accessing the target chase, the removed covers can be temporarily stored on an un-accessed section of the chase. The replacement of a horn or target is likely to require the greatest number of shield blocks to be removed. One should note that at this point in the conceptual design, Horn 1 with the module attached is the tallest item moved during operation. The shield blocks cannot be stacked so high as to block access of the horn to the work cell. It is not expected that shield blocks from the chase will be occupying the needed set-down space in front of the work cell, but if this situation arises, additional set-down space is available at the US end of the enclosure. 
[bookmark: _Ref411956508][image: ]Figure 2: Target Complex Plan View







[image: ]Figure 3: Target Complex Plan: Expanded View of Figure 2
Similar to the NuMI work cell design, the Target Hall work cell conceptual design uses three shield walls fit together into a “U-shape” with a sliding shield door on the side facing the downstream end of the Target Hall. One of the side walls is incorporated into the Target Hall enclosure side wall to save on space and shielding. The door allows a horn module with horn attached to enter into the cell. The sliding shield door is fabricated from steel with a thickness of 12 in. The door translates using a v-groove track and multiple v-groove rollers along with an additional set of rollers at the top of the door to prevent door tipping. The shield door is moved by a power screw driven by an electric motor located outside the cell, which is similar to what has proven successful with NuMI. The large work cell shield door is fitted with a smaller shield door that allows removal and insertion of a horn or target assembly into the work cell without having to remove the hot module from the work cell. This allows for a much shorter horn/target replacement time as it alleviates the need to temporarily place the hot module back into the chase and replace chase shielding mid-way through the change-out procedure. Proper controls will be added to allow the shield door to be remotely operated via the control area. The control area is in a shielded concrete “cave” built into the US end of the work cell. The control cave will allow operators to remotely view and operate activities in the target facility and work cell. The control cave has a secondary means of egress out of the target facility so that workers can exit without entering the target chase area when radioactive activities are being performed. The top of the work cell is covered with removable shield blocks that fit around the top of the module. The design of this cell minimizes construction cost while maintaining all required capability for completing a horn or target/baffle replacement operation. This cell is approximately 25-ft long, 12-ft wide and 19-ft tall (excluding the personnel safety railing). On the bottom of the cell is a lift table to accept failed components and mount replacement components to their mating modules.
[image: ]Figure 4: Target Hall Work Cell Concept
Lead glass windows will be utilized in the upstream and beam left walls to allow remote viewing and alignment activities (similar to NuMI) as needed. Two additional window openings will be provided (one in the work cell beam left wall and one in the control cave beam left wall), filled with concrete plugs, that offer the opportunity to add lead glass windows in the future.

Before the horn/target replacement operation begins, the shield cask must be placed in the Target Hall, at the upstream end of the enclosure. The shield cask is designed to provide maximum shielding while maintaining a total loaded weight under 50 tons, the capacity of the service areas and Target Hall bridge cranes. The shield cask comprises a shield container, and an end load shield door (shutter type). The cask includes a drive system to push/pull a failed component into and out of the cask on a cart system. 
With the cell and cask prepared, the module with failed horn attached can be removed from the chase. The steel and borated polyethylene shielding about the failed horn is removed. The utilities connected to the failed horn are disconnected by hand or using long-reach tools. The marble and steel module shielding (T-blocks) are remotely removed from the module, placed in the T-block storage pit, and covered with the T-block storage pit shield covers. Multiple top shield blocks are removed from the cell using the bridge crane. Then the sliding shield door is remotely opened from the control room. The bridge crane remotely lifts the module and horn and transports them to the cell, placing the module on alignment feet located on corbels inside the cell. The work cell top shielding can be placed around the module, the shield door is closed and the shielding above the chase is returned. 

After all the shielding is properly returned, personnel access to the Target Hall enclosure can be granted, and the failed component can be removed from the module. This is accomplished by locating the lifting table under the failed horn in the cell and then elevating the platform until the horn’s weight is fully supported. Using a long-reach tool through openings in the shielding, the connections between the failed horn and module are released, similar to what has proven successful with NuMI. With the component disconnected from the module, the elevating platform is lowered. Now, the shield cask is positioned in front of the small work cell shield door using the crane and the end shutter cask door is removed. The small work cell shield door is opened remotely and the cask cart system is used to pull the horn out of the work cell and directly into the waiting cask. The cask cart systems utilizes a flexible push/pull mechanism called a serapid chain which enables remote motion of the cart. Shield doors are closed on both the work cell and the cask and the cask can now be moved by crane to the motorized cart on rails system for exit to the service building morgue. In the service building, the cask is positioned in front of an open morgue bay, the cask shutter door is removed and the hot horn can be pushed into the morgue again using the serapid chain and cart mechanism. Shield doors are replaced and the cask is moved to the service building main area to be loaded with the replacement horn.
The replacement horn in the cask is transported into the Target hall and positioned in front of the small work cell shield door. The cask shutter door and the small work cell shield door are opened and the serapid chain and cart system are used to push the replacement horn onto the lift table in the work cell. The work cell door is closed and the cask is removed using the crane. Now, personnel can safely access the top of the work cell and use long-reach tools to connect the replacement component to the module. The module and replacement component are now ready to be returned to the chase and personnel must leave the Target Hall enclosure. The shielding above the chase and work cell are removed along with the marble and steel (T-block) shielding in the module. Then the sliding shield door is opened. The bridge crane transports the module with replacement horn to the chase, and the marble and steel shielding can be returned. 
The cell’s removable shield blocks are then returned, and the shield door is shut. With all the shielding in place, personnel access is allowed. The technicians can enter the Target Hall enclosure and connect the component utilities by hand or using a long-reach tool. Once the utilities are connected, the component’s alignment can be checked and adjusted if needed. Then the steel and borated polyethylene shielding above the chase can be returned and air seal established. With all the shielding in place and the component functioning properly, the facility can return to operation. 
The work cell conceptual design provides a basic method for horn replacement while also providing a work area for ad-hoc repairs. This concept is not capable of quickly replacing the horn or target if the situation arises. However, this concept’s minimal size and limited use of expensive equipment results in a very cost-effective solution. 
The specifications for a remotely operated crane can be driven by either regulatory requirements or operational or mission requirements. Facility safety assessments will determine issues such as whether airborne contaminants are a concern if a crane failure were to occur, or whether significant radiation exposures to personnel or the public could result. These types of situations might cause the crane to be considered to be a Credited Engineered Control, which would impose higher design and operational standards. If that type of environment or risk is not applicable, then operational or mission requirements could also impose these higher crane standards. This would be the case if the risk to the Project were such that if a load was dropped or a crane failure occurred with a suspended radioactive load, then the consequences would be extremely severe in terms of personnel safety or recovery time and expense. 
In general, cranes used in radiation environments have features that are driven by requirements in one or more of these areas: 
· Being able to support and hold a load during and after a defined seismic event 
· Having dual load paths and redundant mechanisms to ensure loads cannot fall 
· Having features that allow recovery from a crane failure by being able to manually lower a load and move the crane to a safe area for repair 

For LBNFLBNF, the use of the crane to lift a radioactive load will occur only after facility start-up has begun. After that point, crane usage will be intermittent, with potentially weeks or months between uses. With that type of usage, the probability of a seismic event occurring while holding a load becomes extremely small, so from this standpoint a fail-proof (ASME NOG-1) crane is not considered necessary. However, when dealing with unshielded radioactive loads, the incorporation of redundant emergency drive systems is desired to enable putting unshielded radioactive loads in a safe condition in the case of a crane drive failure. In addition, some custom provisions to prevent “two-blocking” and removing the crane electronics from the Target Hall enclosure (to avoid exposure to beam-on conditions) are recommended. These features and other crane specifications are listed in Table 1. 
Table 1: Target Hall Crane Characteristics 
	Feature
	Value or Description 

	Capacity 
	50 tons in a true vertical lift configuration 

	Lift
	50 ft 

	Speed
	Creep modes for all axes of travel 

	Reeving
	Double reeved, single-failure-proof with provisions to prevent "two-blocking" 

	Radiation Environment
	Total Absorbed Dose: 1 x 104 rads - Maximum Dose Rate: 1 x 102 rads/hr 

	Hook Rotate Capability
	Continuous 

	Hook
	Supported by two independent drive systems 

	Auxiliary Hoist 
	5T capacity, 50ft lift, no powered hook rotate 

	Brakes
	Shall restrain all loads without slip or overtravel 

	Electronics
	All electronics, including axis drive amplifiers, control circuits, and memory devices shall be located outside the Target Hall 

	Load Sensing with Overload Alarm/Interlock
	Capability required 

	Cable Slack Detector
	Capability required 

	Video Cameras (by Others)
	Mounts and cable accommodation required 

	Lights (by Crane Vendor)
	Mounted on bridges 

	Variable-speed Control
	Local pendant and wired remote from control room 

	Recoverability Features
	Custom redundant drives and/or manual winch for bridge recovery 


With no personnel allowed in the Target Hall enclosure during many maintenance operations, a remote viewing system is essential. Similar to current NuMI operations, the Target Hall viewing system will consist of several cameras on PZT mounts that can be placed in multiple locations (including on the crane bridge). The system includes transceivers for signal and control communications and a portable control station consisting of video monitors and camera controls 
CCD cameras have a limited radiation tolerance, approximately 103 rads total integrated energy, and if it weren’t for the neutron radiation could potentially be left in the Target Hall during beam-on. However, the neutron exposure would render the cameras inoperable, so during remote operation, the cameras will be removed from the Target Hall and placed in a protected area. Given the relatively low background radiation levels expected in the Target Hall during maintenance operations, the high cost (>$60,000 each) of radiation hardened tube cameras is not justified, so the CCD cameras will be considered disposable. 
The Morgue and Maintenance area of the Target Complex is an area for short-term storage of spent components. In addition, it will serve as a maintenance area for in-beam components. These facilities are described in this section from the perspective of remote handling activities and equipment that will occupy this area. The building, including the cast-in-place concrete shielding for the morgue, will be provided by Conventional Facilities (see Volume 5 of this CDR for construction details). 	Comment by Patrick Hurh: Need to make sure the Volume number is correct in final full draft

The services areas of the Target Complex will be constructed with thick concrete walls sized to reduce the dose rate external to the building (i.e., the residual dose rate from radioactive components being serviced/stored inside) to acceptable limits. Some pertinent characteristics of this facility include: 
· Integrated truck bay for surface-level loading/unloading 
· Overhead bridge crane accessing both a truck bay and Morgue/Maintenance areas 
· Shielded storage and repair areas for activated components, referred to as the morgue 

Figure 2 provides a plan view of the services areas of the Target Complex. It is a dual-level facility with a ground-level truck bay of approximately 1,200 ft2 and an elevated morgue maintenance level of approximately 7,200 ft2.  From a radiation protection perspective, the truck bay is expected to be open access for personnel, while the morgue will be limited access. Each level is covered with the same 50-ton overhead bridge crane. The Target Hall enclosure is connected through a large hallway at the upstream end. As the Target Hall enclosure ventilation system must be separated from the neighboring service areas, a sealed shield door in this connection hallway is required during beam-on operations. 
It is assumed that the Morgue will be a radiation buffer area, which requires that radiation levels in personnel-accessible areas are less than 5 mR/hr. A calculation was made to determine the thickness required to reduce the radiation from an assumed unshielded dose rate of 1,100 R/hr to a shielded rate of 5 mR/hr. The result showed that 4 ft of concrete or 12 in of steel is needed between the component and personnel in the facility or to the exterior of the building. All transport activities of radioactive components in the Morgue area will be shielded to the extent possible with the crane capacity of 50 tons.
Groundwater activation is not a concern for components being handled at the Morgue because they will not have enough energy to activate the water. However, surface water contamination due to collection of activated dust and loose particles in a flood scenario will be a concern, and the morgue level will require a redundant sump system and back-up power generator. 
The LBNFLBNF Target Hall Complex is configured to provide short-term storage space of spent components in a 6-cell morgue for about 2 years of 1,200 kW operation, with the expectation that, after 2 years of decay time, radioactive components could be moved to a long-term storage location. If the morgue storage requirements increase (due to shorter than assumed component lifetimes), the morgue could be expanded by storing components, shielded with concrete blocks, on top of the existing morgue. The expected storage requirements for the morgue are shown in Table 2 for both the 1,200 kW and 2.4 MW cases. Because the horns are the largest components (with Horn 2 being somewhat larger than Horn 1), storage cells are designed to accommodate one Horn 2. For the 1,200 kW 2 year storage space requirement, a total of six cells are allocated to the facility concept. 

The longer-term storage location is assumed by LBNFLBNF to be provided by Fermilab. This facility is required to be available to accept LBNFLBNF components after the LBNF Beamline has been running for about 2 years, presently scheduled to be approximately 2027. At the present time, the Fermilab Directorate has approved the construction of a long-term radioactive storage area located at the C-0 Remote Handling Facility. The new storage area began construction in 2014 and is anticipated to be ready to accept radioactive components starting in 2018.
Table 2: Morgue Storage Requirements
	Component
	Replacement Frequency at 1,200 kW, #/yr
	Storage Quantity at 1,200 kW, 2 yrs
	Replacement Frequency at 2.4 MW, #/yr
	Storage Quantity at 2.4 MW, 2 yrs 

	Target/Baffle carrier
	2.5
	5

	5
	10 

	Horn 1
	0.33
	.67
	0.3
	.67

	Horn 2
	0.33
	.67
	0.3
	.67



Spent components would be transported from the Target Hall enclosure to the Morgue/ Maintenance area of the Target Complex in a shielded steel transport cask. The cask thickness would be determined by crane capacity in the Target Complex (50 ton) rather than the thickness required to reduce dose rates to a level that allows long-term direct human contact with the container. For horns, an estimated cask thickness is 4 in. Because hands-on contact may be limited, the casks must be able to be remotely loaded and unloaded. The casks and morgue cells will be side loaded, enabling the radioactive component to be transferred from one to the other largely under shielding. For NuMI and NOvA components, a system that achieves this has been already designed and used in operation. 
Figure 5 shows a picture of the morgue/cask transfer system in place at C-0 Remote Handling Facility. The component in the cask is supported by a rolling cart and pushed/pulled by a serapid chain mechanism mounted to the back of the cask. Temporary shielding is set around the gap between the cask and the morgue when the morgue and cask doors are removed. 

                                                      [image: ]
                                            Figure 5 Photo of Cask-to-Morgue Cell Transfer System 
                                            Used at C-0 Remote Handling Facility 

The cask and morgue doors are designed to be remotely operated using the building crane, as is the temporary shielding. The area above the morgue cells may be used for storage or for storage cell upgrade (to provide an additional 6 cells in a second layer). The above floor design reduces the possibility of water contamination issues due to flooding. 
To separate the air volumes of the Target Hall enclosure and the service areas of the Target Complex, a Target Hall-connecting hallway shield door and air seal must be constructed. The door is expected to consist of 6 inches of steel and 1 inch of borated polyethylene mounted on rails to allow motorized movement. The exterior side of the door will be lined with galvanized steel sheet to form the air barrier. The air seal at the edges of this barrier is conceived to be either double O-rings with toggle clamps or a double inflatable air diaphragm with passive clamps. An air monitoring station, located in the Power Supply Room, to monitor the air activation on the Target Hall side of the door will provide information needed prior to granting removal of the cover. 
[bookmark: _Toc411265238]Absorber Hall Remote Handling Facilities
The Absorber Hall remote handling facilities are similar in concept to those for the Target Hall in that they will include a bridge crane, cask system and long-reach tools to enable the replacement of the hadron monitor upstream of the hadron absorber. However, unlike in the Target Hall, replacement of components will not require a work cell and all hadron monitor replacement crane operations are planned to incorporate shielding that allows for some minimal hands-on access. In addition to hadron monitors, water-cooled absorber modules and steel shielding may fail, and some provisions must be made to allow replacement. Although the absorber components are designed to last the lifetime of the facility and will include redundant water-cooling lines, the consequences of complete failure are significant. Therefore, provisions will be made in the design of the Absorber Hall components and shielding to allow future replacement. However, because of the low probability of complete failure, final design and construction of remote handling equipment for absorber modules and water-cooled shielding will not be included in the LBNFLBNF project. If complete failure occurs during operation, a long downtime (6 months to 1 year) would then be required to final design, build, develop procedures and safely replace the failed component(s). 
The conceptual design of the Absorber Hall is shown in Figures 6 and 7. The hadron monitor and the absorber modules are located under steel and concrete shielding blocks. The hadron monitor is the furthest upstream component in the absorber assembly. Directly to the beam-right of the absorber assembly is an empty, shielded pit volume called the morgue (see Figure 8). This morgue has been designed to accept three hadron monitors and two absorber core (or mask) modules. In order to replace a hadron monitor, first, with shielding in place, utilities to the component must be disconnected by hand at the top of the absorber pile. After disconnecting utilities, the top cover plate of a shielding tower (called a “castle”) is opened allowing the crane to lift the hadron monitor and module into the castle. On the side of the castle, a special cask and monitor exchange system is installed on a horizontally moving platform for removing the spent hadron monitor (see Figure 9).  The platform and extraction cask are then remotely moved into the castle and under the hadron monitor. The hadron monitor and module are lowered so the hadron monitor is within the extraction cask. Now working from above, workers can disconnect the instrumentation and gas lines from the hadron monitor and the hadron monitor is disconnected from the module. The module is lifted back up within the castle and the platform can be moved carrying the cask with hadron monitor within it out the side of the castle. Working remotely with the crane, the top of the extraction cask can be installed. With all shielding back in place, the cask containing the spent hadron monitor can be moved to a storage location (the side morgue) or out of the Absorber Hall as appropriate. The new monitor is installed in the reverse order and all shielding is replaced. Finally, after a system check-out procedure, utilities can be re-connected and operation can be resumed. 







                                              [image: ] Figure 6: Absorber Hall Section 
The beam comes from the left. The downstream end of the decay pipe is bottom left. Absorber is not     shown in this figure.

                   [image: ] Figure 7:  Absorber Hall Section Showing Details of the Absorber Core and Shielding Arrangement                
There are no plans within the Project to provide support for removal of radioactive items from the Absorber Hall morgue to the surface. However, nothing in the Project plan precludes doing so in the future should it be necessary. Shielded casks could be built to shield radioactive components during transport, and the Absorber Hall bridge crane could be used to load and unload those casks. 
The Absorber Hall bridge crane has a very similar function as the Target Hall bridge crane. LBNF. The use of the 30 ton crane to lift a radioactive load will occur only after facility start-up has begun. After that point, crane usage will be intermittent, with potentially weeks or months between uses. With that type of usage, the probability of a seismic event occurring while holding a load becomes extremely small, so from this standpoint a NOG-1 crane is not considered necessary. In addition, because the hadron monitor exchange system incorporates shielding casks (castle) at every step, recovery systems in case of crane failure are not necessary. A standard, industrial 30 ton bridge crane (with provisions to remove electronics from the Absorber Hall during beam operation, if deemed necessary) is sufficient. In addition, since true remote operations using the crane are not planned for hadron monitor exchange, a control room for the Absorber Hall is not required. 


                                                        [image: ] Figure 8: Cross Section of Absorber Hall Beam View Showing Morgue Storage Area 
                                                        [image: ]Figure 9: Cross Section of Absorber Hall Beam View Showing Hadron-monitor Replacement Concept 
[bookmark: _Toc411265211]RAW Water Systems (WBS 130.02.03.09)
[bookmark: _Toc411265212]Introduction
Many components in Target Hall as well as the core of the absorber are water-cooled. Since these elements are operated in an environment with a high flux of energetic particles from the beam interacting with the target, the cooling water itself will be activated and cannot be allowed to mix with unactivated water. Therefore, these components are cooled using a closed-circuit water system; the heat being moved by conduction and convection to secondary water heat-exchanger/chiller system connected to the outside world. The closed-loop Radioactive Water Systems (RAW systems) are used extensively at Fermilab in removing heat from high-flux particle environments. They are generally of modular design with integral secondary containment systems, and easily transportable into their final location. 
[bookmark: _Toc411265213]Design Considerations
In general, all NB RAW systems will follow layouts similar to those used and proven with NuMI / NOvA experience. These will benefit from maturity of design from lessons learned during years of operational support and maintenance.

All RAW equipment skids will have suitable containment for RAW leakage and tritium capture, and all should be designed with an intermediate loop between the RAW system and exposure to systems outside of the enclosures. All the RAW systems will require radiographic inspection of welds. 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.
Most RAW system volumes are expected to fall into the range of 100 to 200 gal each, except for the Chase Shielding, which will be around 600 gallons, and the Absorber Pile, which will be around 1200 gallons. RAW skids will have sufficient containment to capture these volumes. (System design of both the Chase Shielding and Absorber Systems leave most of the RAW contained in the component in the event of a system leak on the skid.) Also, Fermilab’s guideline is to limit RAW activity to 670,000 pCi/ml; LBNF will design the system to operate around an activity level of 500,000 pCi/ml. The activation limit is expected to be reached on a monthly basis for the target and horn systems, and biannually or so for the remainder of the systems. Because of this, the addition of RAW capture and drainage systems are included. Their purpose is to help with the capture of RAW waters from each of the skids in such a way as to limit manpower exposure and frequency of water change-out. Similarly, the Target Hall and Absorber Hall will have adequate space for the local storage of hot de-ionization (DI) bottles and components. 
The RAW systems must be capable of removing heat at the original design loads for 1.2MW beam, and easily upgradable for sufficient heat removal for a 2.4MW beam. In addressing system heat loads versus design parameters, the following strategy is used: 
Heat exchange through a component or within a heat exchanger is proportional to both flow and the change in fluid temperature. For our RAW and LCW systems, desired ranges for flow velocity (v) in the system piping is in the range of 7 to 10 feet per second (fps), and for temperature change (delta-T or dT) of 10F to 15F. Using these preferred limits, we can design RAW systems using target values of v = 7fps and dT = 10F for 1.2MW beam. Then, when upgraded to a 2.4MW beam, 10fps and 15F is used. This would mean the vast majority of the system would meet the needs of either beam power, and upgrading for future higher beam power would mainly be an issue of increasing pump size and heat exchanger capacity. The same strategy is used for the Intermediate Systems. The RAW Exchange Systems remain unchanged, as they are unaffected by heat load.
[bookmark: _Toc411265214]Reference Design
[bookmark: _Toc411265215]Target Hall Systems
Located outside the Target Hall will be a RAW equipment room, which will hold the majority of the equipment for RAW skids, for cooling of the Target, Horns 1 and 2, and the Target Chase Shielding Panels. 

The estimated overall heat load due to components is around 475kW (at 1.2MW beam power). Due to the distance from the Central Utility Building (CUB), a local system will prove advantageous. Local chillers were selected for the reference design and the load is included in the CF Target Complex design.
The reference-design Target Hall RAW systems are as follows: 
· Target and Baffle RAW System
· Horn 1 RAW System
· Horn 2 RAW System
· Target Chase Shielding & US Decay Pipe Window RAW System
· RAW Exchange and Fill System 
· Intermediate Cooling system 

Anticipated heat loads for the various systems are as shown in the chart below, and include added heat from pumps, and heat exchanger efficiencies:

Insert new table:

	System	Comment by Lakshmi Nayar x2324 30607C: Missing table caption
	Heat Load kW @ 1.2MW
	Heat Load kW @ 2.4MW

	Target and Baffle RAW skid
	28
	56

	Horn 1 RAW Skid
	64
	128

	Horn 2 RAW Skid
	49
	98

	Target Chase Shielding / Window Skid
	332
	664

	RAW Exchange System
	none
	none

	Intermediate Cooling System 
(RAW total + 10%)
	592
	1080



[bookmark: _Toc411265216]Absorber Hall Systems
Located outside the main Absorber Hall will be a RAW equipment room, which will hold the majority of the equipment for RAW skids for cooling of the absorber. 
The estimated total heat load for the Absorber Hall RAW systems is approximately 260 kW (at 1.2MW beam power). The most likely source of outside cooling water would be for a chiller system at ground level and a recirculation and cooling system to supply the enclosure. While possible, a local pond water-cooling system would most likely prove too expensive for consideration. 
There is a possibility that further design work could point to greater utility of space and efficiency being achieved by breaking this system into two or three smaller systems. This is left for further study at this time. It is felt that the current estimate should be sufficient to cover this case, should it arise.

The reference-design Absorber Hall RAW systems are as follows: 
· Absorber RAW System
· RAW Exchange and Fill System 
· Intermediate Cooling system 
Anticipated heat loads for the absorber systems are as shown in the chart below, and include added heat from pumps, and heat exchanger efficiencies:
Insert new table:	Comment by Lakshmi Nayar x2324 30607C: Missing table caption
	System
	Heat Load kW @ 1.2MW
	Heat Load kW @ 2.4MW

	Absorber RAW System
	375
	660

	RAW Exchange System
	none
	none

	Intermediate Cooling System 
(RAW total + 10%)
	425
	740


RAW Exchange Systems
Most of the systems are closed-loop high-purity radio-activated water systems. IE, the Target, Horns, Shielding, and Absorber skids.  A “lessons learned” from the NuMI operation and maintenance of these systems is that the handling of the RAW was problematic under 2 recurring conditions: First, that of regular skid maintenance, requiring draining of a percentage of the system, from a few gallons to nearly the full volume. Second, the RAW is constantly flowing through components and conditions that raise its activation levels. In order to maintain reasonable levels, a portion of each RAW system was drained off on occasion, and replaced with fresh LCW, thereby diluting the activation concentration.

Both of these conditions had techs exposed to radiation and hazards more than desirable, crawling around systems and handling RAW, all in hot areas. These procedures also required down time for access to the RAW rooms. As a way to reduce this exposure, and make the entire procedures less bothersome, easier to perform, easier to do safely, and better from a containment viewpoint, RAW exchange & fill systems were devised. Since their installation with NOvA upgrades, they have proven quite useful in both the TH and AH. Therefore, similar systems will be designed for use in the LBNF RAW areas.
Recent Additions, Modifications
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 LBNF LCW and RAW instrumentation. The information was presented to project leadership, and suggested to be implemented as a Change Request. Although agreed upon to do this, timing left it out of project action until now. It is hereby included as part of the CD1 Refresh estimate.

Not included in the original CD1 was the Target Chase Shielding & US Decay Pipe Window RAW skid. As a recent addition to the scope of TH RAW Systems, the estimates for it are very preliminary. All of the associated design issues are not fully understood. This is a relatively large RAW system, and more than triples the total heat load to be removed from the Target Hall RAW systems, and has repercussions for the Intermediate Cooling System, which has chillers outside of the LBNF-5 service building. It also influences the design of the RAW Exchange System, as requiring a much larger capture tank for disposal of RAW, and a much larger fill/expansion tank to supply make-up water to the RAW skids.

A change in the Absorber Hall systems is that the flow desired for the heat load for the Absorber Pile is over double what was originally estimated. This translates into larger piping, heat exchangers, pumps, and overall system volume. Chillers for that system are located outside of LBNF-20. Similar to the 
Chase /Window system in the Target Hall, this increase in system size has influence on the Intermediate and RAW Exchange Systems as well. In addition, at this time the Absorber RAW system is over-designed for worst-case scenario. Optimization of the system may lead to separation into two or three smaller systems, for better temp control while increasing overall efficiency.

All of these changes have been incorporated into the latest Cost and Effort Spreadsheet. There are significant increases due to larger heat exchangers and pumps as required. Some of this work has large 60% contingencies, as thorough design work has not yet been accomplished, and more confident numbers are not available. However, where either greater design maturity, better quotes, and/or estimates allowed, contingencies were adjusted downward, as low as 20% for some items.


Volume 2: The Beamline at the Near Site		
image86.png
Core block pipes

Support Bar

Aluminum insert

Aluminum core block





image87.png
10in Tube Manifold

2" pipes





image88.png
Steel
shielding p

Core block

Thermocouples bar
assemblies

Thermocouples in
bar slots

Thermocouple tip
locations

Mounting plate

Connectors

Thermocouples

Thermocouples bar

Al Base plate

Al Cover plate





image89.png
C-block

3 Hadron Monitor

Morgue

2 Core blocks

2 Mask or 2 Spoiler module morgue

modules morgue





image90.tiff
CEILING
TO HOOK:

WORK CELL:

START OF
4M DIA DECAY PIPE
STA 11435

LBNF HORN 2
MODULE '

LBNF TARGET
MODULE

b





image91.tiff
EGRESS
DOOR—

THEDK |,

LTCSH X 88620 24306". 5
. “LTCSH Y 56850 91075,

LTCSH H 744 21455

TARGET HALL LTCSH Y 96a80.73506'
W1 50 TON LTCSH H 74985722
BRIDGE CHANE m
(81 x91) i
(REQUIRED TO BE AIR-TIGHT) g :
£ F; |
B I B A 7 %
j I L I o : 24" DIATH
| I 70 0 lod o s | e [so i EXHAUST
: 5 TN — t i DUCT TO NuMI
| 1 I [ % |
A RAWRoOM 'POWER $UPPLY b 3§ V33 ] |
i (36'x37) || Roam - (A o RaL i
| (1332SQFT) X (38 x 30) 9&%’3‘9‘ L SYSTEM !
NDED [ -1 s | G7rosarmr 2 oD | rdunpeD
' THICK MAT g AN L TQ ' THICK MAT
NDATION ! o - !l FQUNDATION
S T uaomers ¥ 100 < 2 :
Sep ~ = .L(AI‘ = = i ik = He o
NDED : ol ©" FOUNDED
HALLOW I35 ~ f | TosHALLOW
NDATION | jov -CONDENSATE . SHIELD :
¥ T EVAPORATOR PLUG ! |
N ) ENCLOSURE DOOR | i
: |
i i MORGUE AND L
ST T [ LAY DOWNAREA — —-—-l—- - = — CRANE
| | W/ 50 TON BRIDGE CRANE ! | i COVERAGE
| |REPTROCIM (60" x 119.5), HEIGHT =42' | | 6 CELL MORGUE
76505, b
N L, / > | P
| 5 : : 11
=+ ) | Ml RS
TRUCK BAY BELOW 10 20 o ses | i ofo |
Py : vl i
L
|
|

EGRESS PASSAGEWAY/TUNNEL

< < < TO HARD STAND

(EMERGENCY ASSEMBLY AREA)





image92.tiff
EGRESS
DOOR—7

EGRESS
DOOR

UP,

= — Rt
|
WORK CELL F/F=7654+/-
Mczero M
LTCSH_X 98673.11666"
TARGET HALL LTCSH_Y 96880.73586"
W/ 50 TON LTCSH_H 749.93722 |
L BRIDGE CRANE Il
- (51'x 91" I
- (REQUIRED TO BE AIR-TIGHT) W |
S





image93.tiff
CONCRETE SHIELD

BEAMLINE L2 PROJECT-

STAIRS TO UPPER
PLATFORM

HOT HANDLING
WORK CELL-





image94.jpg




image95.tiff
Service building

Penetration to the Absorber Hall

Absorber location

Beam line

Absorber concrete shielding





image96.tiff
Concrete “R” blocks

Hadron Monitor Remote
Handling Facility

Hadron Monitor

Thermocouples

S

Steel Shielding

Absorber Core

Concrete Shielding





image97.tiff




image98.tiff
Platform

Platform Drive
Extraction Cask

Hadron Monitor Module /

Hadron Monitor





image1.jpeg
Target Hall

Absorber





image2.emf

image3.png
cm

-70-
cm
-50 0 50 100
v
LZ

Yz =1:1.025e+00




image4.png
cm

I

=]
ol |8
-25-
50- /
-75-
I I I
245 280 315

y
L z

Yz =1:9.739e-01

cm




image5.png
N om0
I 19.99 mn.
N .
[T T
TR s
) .51 nm WINDOW

50,50 o




image6.png
26.75mm /

21.86 mm
20.73mm

Helium Supply Lines

Omm

Helium Containment Tube
Alignment Ring

Helium

Graphite Target

Water

Water Cooling Tube

@3Bmm X .4mm WALL

@6mm X

L4mm WALL




image7.jpg




image8.jpg
3.34 cm

149.6 cm





image9.jpg




image10.jpg
180

e mzcnt
Shimi 1o
150 }
120 .
100
Muon
o
Monitor :
permit
Response s
4
7
’
28 —-
’ 2
Ry
0 .
e
T4 = i cu-Nov-zais 0:azen T2 = Mo oe-DEC-za14 0:s0ie
165083 "Nt TR ee 00

POT/spill (€12, from toroid)




image11.jpg
Muon Monitor Response (scaled), or proton fraction

12

NUMI data during low power targetscan, Oct. 24, 2014

Majority of beam threading
hole between target and baffle

= Muon Mon. 2 pad / POT

m Muon Mon. 2 tot. / POT

® - - Proton fraction hitting target,
gaussian calc. from profile
monitor data

Beam hits baffle instead,
baffle acts as target

BEAM POSITION RELATIVE TO TARGET CENTER (mm)





image12.png
R

~

N ~ ~ A ~ N ~ N g ~ ~
N N N Y Y ~ N Y N N S
N N \k Y ~ \‘ N\ \‘ ~ N\ ~

AN

N\

SN

~
N

R\
_w—

BAFFLE
2.4 MW
UPGRADE

mm
e —
3169.565 —-_\_{ - 3169.565 mm
BAFFLE + 1.2 MW TARGET FARTHEST OUT BAFFLE + 1.2 MW TARGET INSERTED
{— 5588 mm MAX IMUM ALLOWED SIZE FOR EXTRACTION

\ OO N





image13.png
Target Outer Conductor
Inner Conductor

336m

1.2 MW Horn # 1




image14.png




image15.jpg
Horn 1 Upstream transition Neck transition Downstream | Equalization

(700 kw section

version)

Z (cm) 00 44.047 44.047 to 80 80to 83.982t095.128 | 95.128t0300 | 300 to 331.437
83.982

I.C. Rin [85.7091-2 0.9 fm 9.843

(cm) 7.0483 V' 2.1850

I.C. Rout 135 7 10.795

(cm) 2.1850

0.C.Rin 14.92 Varies, > 14.92

(cm)

0.C. Rout 16.51 Varies, > 16.51

(cm)





image16.jpg
Horn 2 Upstream Neck Downstream Equalization
section
Z (cm) 01t097.617 97.617 to 104.803 104.803 to 300 300 to 353.515
1.C. Ripn (cm) ‘\m7 3.90 m 03 26.801
V0.1351 V02723
1.C. Rout (cm) [100-7Z 4.40 [z=100 27.753
0.1351 V02723

0.C.Rin (cm) 37.00 varies

39.54 varies

O.C. Rout (cm)





image17.jpeg
Outer Conductor Chase air cooling
X on outer surface

W

Interior water spray coverage

on inner conductor Spent Cooling water

exits to water tank
Inner Conductor




image18.jpg
Spider Supports

Inner Conductor





image19.png




image20.png
GO I
‘“é?
Thperature

5'72 i 1%3 PM

180.96

163.29
145.61
127.93
110.25
92.574
74.896
57.218
39.54

21.862

0.000




image21.png
fe chanﬁﬁ 2 to Sextra 5% EDEP

%), Lfmpemtuve
Mo 1418

m'/zgﬁﬁ 9223 P

141.82

128.49
115.16
101.83
88,504
75177
61.849
48.521
35193

21.865




image22.emf

image23.png
1 ANSYS
NCDAL SCLUTICN

Temperature Distribution after Heating Pulse R15.0
STEP=59 NOV 10 2014
SUB =15 14:14:19
TIME=22.8008 PLOT NO. 1
TEMP (AVG)
RSYS=0
SM =21.2749
SMK =25.6286

| T BN Eaa— |
21.2749

1449
. 25.6286
LENE, Horn 2 Model





image24.emf

image25.emf

image26.png
1 ANSYS

ELEMENTS R15.0
PRES Magnetic Load as Pressure (Pa) NOV 11 2014
10:18:57
PLOT NO. 1
| T BN Eaa— |
196130 291646 387163

5098.06 100614
52856.1
LENE, Horn 2 Model

434921





image27.emf

image28.png
ANSYS

Stress Se along Transition and Inner Conductor R15.0
NOV 12 2014
Stress Se (MPa) 11:22:55
1 PLOT NO. 1
12 SE2
SE3
10
8
6
4
2 SE1
o SE4
0 .74 1.48 2.22 2.9 3.7Dist (m)

LENE Horn 2 Model





image29.png




image30.png




image31.jpg
E= A

H

=== \Water Manifolds

] | 21 TS\ P AN O S U | . A o o R A





image32.jpg
oo e g




image33.jpg




image34.jpg




image35.png
Green surfaces are
Convection Cooling Surfaces

h = 1000 W/m2-C
Tb=22C

Inside surfaces of small
holes (9 ~ 12) have
h=25W/m2-C
Tb=22C





image36.png
B: Static Structural
Directional Deformation
Type: Directional Deformation(Y Axis)
Unit: mm

Global Coordinate System
Time: 1

1/27/2015 1:43 PM

0.022609 Max
-1.012
-2.0466
-3.0811
-4.1157
-5.1503

-6.1849
-7.2195 -0.10645

-0.52476

. -8.2541
-0.2887 Min 0.00 1500.00 3000.00 (mm)
750.00 2250.00





image37.png




image38.jpg




image39.png
ipli Horn #2
Section #1 Section #32 9 layer stripline orn #

— — TN
—

L R
Horn #1

Recovery Choke

Icy





image40.emf
Inductance Resistance

[Henries] [ohms]

Horn_1

1.43E-06 3.20E-04

Horn_2

6.36E-07 8.50E-05

Stripline (45 meters)

4.50E-07 3.80E-04

PS (10 merters stripline)

1.00E-07 8.44E-05

System total

2.616E-06 8.694E-04

[Farads]

Storage C

2.2910E-02


image41.png
)

—osmo

saio0
+

7
sat0

o000





image42.png




image43.emf

s/
/ s
/ s/ / s s s
s/ / /
///////////////
A // 4 //// ayd ////
s 7 s S /S S /
s s s s s s L7
A A A A4 A
//// s/ A A
//// s/ P
P / A A s
P / A IIIIIIIAIIIIII? Ve
P A / A A AN K
P v P A A AR LLLLI%:
// // d // // g // // // // // L AN
P 7
R 7 d A A / K A
A e P A / AR Ay v 7
L R 7 v v Xk T Bk 7 e e R iy
0 9.9.9.9.9.9.9.9.9.9.9. VaVaVaVey /
//////////// G ////////////////
//////////// ////////////
P /////// | /////////////
//////////// //////////////
// // // / /// // // // // // // TAIIIY,; 4 /// 4 /// 4 // 7 // ////
7 KL Yo% % %% %% %% %% / / / /
PR ey A e s s T E ek soos S s/ s / s A
e e e A e e e L e e OCUAKAKAKRS e O s A 000 e //// //// Ry d
- / / / / / / /
//////////// < 'o"vvv-... s 7 s/ d ad s/ A
P A A e A AAIAIAIIIAIIIIIAIIAILY s Rayays ey Py ey P A e
e A s AR A A pd P P P Ve S
//////////// XS s ////////// ///////
- ////////////////////// /////////////////////// //////////
—-— % /
~\//////////// //////////////////////
el /’47/\/;_\/ /7 e , /7 /7 , /7 S A7 /7 7 S
s /
P A —/,////// ///////////
/////////7/\/4/////// ///////// s
— / /
////////*,%/\// /////////
//////////////////~ /////// ////
7 s/ /
/////////// ////////
// // // / /// // // // // // // // /// /// //
/
/////////// ///// s
/////////// BEAM D /////////
P ////// B DRmeriey ////////
/////////// //// P
/////////// ////////
P ////// /////// s/
/////////// b ////////
/////////// /////////
A ////// s e e /////////
/////////// ////////
/////////// ; /////////
/// ////// d ME]]]];]]IF /////////
/////////// /////////
/////////// G /////////
/////////// S AN /////////
P ////// —f=r I ////// s 07
/////////// *_ PBe- / /////////
/////////// -®4 /////////
P ////// s — | | ///// ////
/////////// A /////////
/////////// /////////
P ////// //// /////
/////////// ////////
//////////// /////////
Y /////// <[] | ////////
//////////// //////
//////////// P
P /////// S
//////////// 7
///////// s/ I
P /////// |
////////////
////////////
0 s 7 ///////
//////////// — T -
///////// P —_—
0 s 7 /////// — —_
P A ///// —_—
s/ Y s/ - —_
s s 7 % P - —_
////// VAR / —
//// /s 7 s /7
% 4 —_—
s 0 ////// —
// ////// s /// p /// // _
P / Y A s -
S0 ///////////// ///// P -
/ /S / /S / —_——_—
/ ;o7 v s s s I
///////// ////////// s S S ———
A A4 Va /s / /S J //// /
///////// ///////// -
;7 v v v L S 0 % —
0 ///////// ///////// ///////////////// ////////// / / T
s
AN // // /// // // // // // // // // /// // // /// // //// /// -
L L7 /// // /// // // /// // // // // // /// 7 // // g // s/
s S s/ /S S s/ /S / v / /
/s / /S J /S / v / /s / /
/ /S J / /S J
s/ s/ s s /
///// ///// ///// /
e
% %
//// /
e
s/
s s ss
J J //////
/S / //////// /
/// ///////// Z ///
s s / / s
// // J /// / // // / // // / // / // // / v / // // // e
/ // // / // // 7 // // / // // // // / // // // // // // a 7 / // // // //
s/ s/ s 4 s / s/
% / s % s/ % / /
. // o0 // ya // s // // s // // . // // / // // . // s
/////////////////////// ////////
i // // 4 // // // // // // // /// // s 7
s / / s
s s s/ /s /s
s 7 ////
e //////
////
////
/////
P
////
////
////
////
/////
P
P
/////
/////
///
//////
A A A4 /
A /S S
/////
/////
/////////
/
P s/
//// ////
///////
//////////
///////
//////////
////////
/////////
%
////////
A A
P A A
/////
0 SO0
S0
//// /
/// /
P
s
Creat
ed: .
19:34:07 on 11-09-12 (D
-M-Y) By: st .
stefanik Stgte
D 1= INITIAL






image44.jpg
222.000 18.0
120.000 60— 90
. TARGET HALL FLOOR
| 6" THICK POLY
95 ALY T N
X ) BN TR BT 4 Vi, ?
/ / / | / / vl / MINIMUM TARGET
A ard Ty o = —‘E;LO v 36.0 Pee i Ceatss
7 //// HaReLe " == . i 48.3 /// s
 — v 7
ad v
s 3 7 4
s L T | = 40.0
7 /%Nc%’s‘ﬁi R Ao ;-O I ] / / /// %ég‘§§ESE‘E%MEKTL%E%EES
/ " 2O s e /
s 000 ———+ £ savos” s
i 94.o‘| Y v
/ d N
s | 275 .
/ 4.0
s ‘ 59028l 7 s,
ad _ | \ LT /
e 20/.0) P
s ! ad
Y P4
P £ R
a4 | P
/ / 48.0 e /
and [ Ry
ar L s
g 7 .8 s
P Pl
g 7 P
ad P
s/ . Va4
. P
T s/
ad P
a4 Va4
S l— 54 .0 —= s
e 7
i s/
Y P
P ) 64.0Q Py
Y 2
7 A s
P 2.0 7 S
P R
ad g
Y 2 7
7 A 1% v
/ s/
// 4 Y
PV AR A AR AR R A A N A
PR AT AR aF S b O AF AP A A A A A A AP
P A AN A A A A A S A A A A A A A S A 4
AR A AW AW A A A A A A A

HORN 1 SECTION (T-BLOCK UPSTREAM OF MODULE NOT SHOWN)

Created: 17:16:40 on 07-08-12 {D-M-Y)

By:

stefanik

State: 1-INITIAL




image45.png




image46.png
Clean cooling air Vent to atmosphere
supply: 950 scfm

Target Pile
air handler,
35,000 scfm

* Helium purge and fill connections

Helium-filled
Decay Pipe

20 cm annular gap

Decay Pipe
air handler,
35,000 scfm

NOTE: The target pile air cooling system
and the decay pipe air cooling system

are two separate systems.




image47.png
BLUE IS AIR SUPPLY. RED IS AIR RETURN




image48.png
/— Concrete shielding

- ‘4‘ <€—— Water-proof barrier
(Geomembrane)

4 - 28”¢ cooling air
return pipes

Cooling air supply in the
annular gap of the
double-wall decay pipe.

32 clean cooling air
pipes (8 pipes on
each side). 950
scfm airflow total.




image49.png
SHIELDING

P

THICKNESS

LBNE HORN 2
MODULE |

HALF-WIDTH_HORN
STRIPL|INE BLOCK

4

<
.

PLACEHOLDER FOR
REDUCED APERTURE

DECAY PIPE EXTENTION
FOR HEL UM WINDOW.
MINIMUM INSIDE DIAMETER
IS 1.5 METER.

| EeE

SHIELDING |

23,904 11

|
a3t ()
] Il

¥ TTTT——

T
|
| UPSTREAM DECAY
_ _PIPEHEAD

DECAY PIPE SNOUT

HORIZONTAL LINE/
THROUGH MC-ZERO/ |

—START OF DECAY
PIPE: BEAM SHEET, |
COORDINATE TH2DK' |

20.124
[511.16]

(=
(52

| THICKNESS





image50.png
‘COLOR CODE: STEEL IS TAN. ALUMINUM IS BLUE.

INTERIOR VIEW SIDE VIEW EXTERIOR VIEW




image51.png
N\ seel steel steel

L beam beam beam

aluminum aluminum aluminum

Three operation cases
(L: normal operation, M: on-accident operation, R: off-accident operation)




image52.png
UPSTREAM HEAD AND SNOUT -
NOT SHOWN FOR CLARITY. o

BLUE IS AIR SUPPLY. RED IS AIR RETURN.




image53.jpg
4.6m
US Beamline

Enclosure Extraction Flange

Embedded Stepped Liner

Cartridge:

T

() )




image54.jpg
DS docking
feature

(a)

Water cooling

feedthrus

(b)




image55.wmf
÷

÷

ø

ö

ç

ç

è

æ

-

=

2

2

0

2

exp

s

r

E

E


oleObject2.bin

image56.png
E (GeV/g)

100E02

B.00E03

6.00E03.

400803

200803

0.00E200

A}

= MARS Data

— Fitted Curve

12

4 Radius (mm)





image57.png
Temperature at Center of Window

Temp (C)

130 130

120 120

110 20 Pulses 110 1 pulse
100 100

90 90

80 80

0 0

60 60

50 50

40 40

30 30

0 10 20 Time(s) © 125 .25

IRE window model, 120 GeV beam, 1.2 MW

ANSYS

R145
AUG 77 2014
10:32:41
PLOT NO. 1





image58.png
ANSYS

R14S

NCDAL SCLUTICN

STEP=80
SUB =1
TIME=24
TEMP (AVG)
RSYS=0
gWMET :29.9863 Temperature at valley

NCDAL SCLUTICN

STEP=78

SUB =1
TIME=22.8
TEMP (AVG)
RSYS=0

SMY =30

SMK =98.7071

AUG 77 2014
10:35:18
PLOT NO. 1

Temperature at peak

IRE window model, 120 GeV beam, 1.2 MW,





image59.jpg
19.1mm

©117.5mm

© 84 mm

74mm

—— @6mm
©102.5mm

e 84 mm

() ®)




image60.png




image61.png
Horizontal Line

000 2500 50,00 (m)

1250 37.50




image62.png
View1 v 2700_full at 1357.76s

carbondioxide.Mass Fraction
Contour 1

1.000e+000
9.000e-001
8.000e-001
7.000e-001
6.000e-001
5.000e-001
4.000e-001
3.000e-001 .
2.000e-001

1.000e-001

0.000e+000





image63.png
View1 v 13500_full at 6757.76s ~

carbondioxide.Mass Fraction
Contour 1

1.000e+000
9.000e-001
8.000e-001
7.000e-001
6.000e-001
5.000e-001
4.000e-001
3.000e-001 .
2.000e-001

1.000e-001

0.000e+000





image64.png
70

30

20

10

5000

10000

15000

20000

25000 30000

——Series1





image65.png




image66.png
Flux per 1.25¢14 p/s

=

—
S

Normal, He in DK

Binarea =4 cm®

-
S
@

S
<)

10"

1010

Al particle flux (cm?s™)

Proton flux (cm?s™)

Total energy flux (GeV/cm?/s)

10

L L
=250 -200 -150 -100

!
50 0 50 100 150 200 250

x (cm)

Horizontal particle/energy flux distributions at dwn DK, lyl<2cm




image67.png
Incoming flux (arbitrary units)

5e+05

4e+05

3e+05

2e+05

le+05

o——o MARSIS (energy flux)
—— 2-Gaussian fit (energy flux]
©o——0 MARSIS5 (particle flux)
—— 2—Gaussian fit (particle flux

3 4 5
Radius (cm




image68.png




image69.png
spoiler

5 Masks 4

9Al
Seulpted |
Blocks

anl
solid
Blocks
45Steel
Solid o
Blocks

FTRT

| 37.26

— ]
[ 2674

3337

34.92

| a7.26

- _]

[ 2427
2012
| 1651
I 13.52
[ 1554
I 12.22

RN

3337

1 37.90

| 3661

35

40

45 50





image70.png
cm = _r:
R N
-2.00x103 . 5 ]
-2.20x103 - "
h
;
-2.40x103 ’

i ot

2.20x10% 2.24x10%
Lde-+03 e ——— ——
10 10° 0”10t 10f
Power density (mW/cmA3)





image71.png
cm
-2190.000

-2205.000

-2220.000

-2235.000

-2250.000

-2265.000

i
22300.000

i
22350.000

1
22400.000

cm




image72.png
-2.22x103 -9

-2.25x103 -

-2.28x103 -

-2.31x103 -

22350.000 22500.000 22650.000
si6es0t
I 10 10* 10° 10’ 10! 10’ 10’ 10° 107
- ml/cm3 per pulse





image73.png
R BLOCK 3 SCULI

IENE ABSORBE]

ANSYS

R15.0

PLOT NO. 1
NCDAL SCLUTICN

TEMP (AVG)

FFACET=1





image74.png
ANSYS 14.5.7
OCT 20 2014
09:17:51

PLOT NO. 1
NCDAL SCLUTICN
STEP=20

SEQV (AVG)
PowerGraphics
FFACET=1

L103E+09





image75.png
[ANSYS]

HN0omEon

BER ELOCK 3 |SCUNSIADS ORISR

WL OFF

[ANSYS]





image76.png
Off-axis "to cooling pipes" accident with 35-cm offset
\
\

cm \ ‘
\
-2.16x103 -
.l
\
=~ | (-
-2.22x103 - =
st B
|
/
-2.28x103 B/
// —
// |
-2.34x103 -
g ] "
22000000 |/ 22200.000 22400.000 cm

/
g3eso0  No-target on-axisaccident





image77.png
ANSYS

R145

IENE ABSORBER BLOCK

PLOT NO. 1
NCDAL SOLUTIC
STEP=4

SUB =10
TIMF=1501.2
TEMP (AVG)
RSYS=0
PowerGrarhics
FFACET=1




image78.png
ANSYS|

R14)

LERIE, AZEOlE=R BIOCK 3 SCULPTED CFF-AXTS ACC

PLOT NO. 1
NCDAL SOLUTIC
STEP=35

SUB =5
TIMF=1501.2
EPPLEQV ~ (AVG)
PowerGraphics

.830E-03
.001659
.002489
.003319
.004148
.004978
.005808
.006637
.007467




image79.png
C: Static Structural
Masimurn Principal Stress 2
Type: Maximurn Principal Stress
Unit: Pa

Time: L.e-005

7.1414e5 Max.
8247665
353865
L0466
-L1566e6
1267266
137756
1488526
1589126
-1.7097¢6 Min

0000

0050

0.100

L6391e +006

0.150

0200 ()





image80.png
cm
-1.80x103 -

-2.00x103 -

Air flow through
gaps in blocks

-2.40x103 -

3 Air Return
-2.60x10° -

; ; ;
2.22x104 2.25x104 228x10%  cm
000e+00





image81.png
Air Flow
25000 cfm

6m

6m

8m
34 blocks, 35 gaps for air flow




image82.png
ﬂl

L

A
2
1 T

8

\ﬁ

g
7
-

.

.

.





image83.png




image84.png
1” diameter gun drilled
waterlines





image85.png
Welding

Core block pipe

Compression Fitting

with Aluminum Ferrule.

Metal flexible hose

2in. pipe





