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[bookmark: _Toc494454380]Comparison to Reference Design
In the 2015 CDR Annex 3A, “Beamline at the Near Site” [1], a target-horn system based upon the NuMI design was presented. The design presented in the 2015 CDR is also referred to below as the “Reference Design”. As discussed in the “Alternative Beamline Options” section of [1], there were initial studies of optimizing the target-horn system that could increase the neutrino flux at the Far Detector site and reduce the wrong-sign neutrino background, thereby resulting in a greater sensitivity to CP violation. Based upon these early studies, the target chase – the “chamber” within the Target Shield Pile, containing the target and horns, extending between the primary beam window and the upstream Decay Pipe window – was enlarged. As a consequence, the Target Hall Complex was enlarged as well. These changes, which allowed for flexibility and for improved capabilities in the future, became part of the Beamline 2015 Reference Design. Since the 2015 Annex 3A was written, the DUNE Beam Optimization Task Force (BOTF) performed studies which included engineering constraints [2]. The BOTF concluded that a three-horn system with a longer (four interaction length) target embedded within the first horn results in a greater CP sensitivity as shown in Figure 1‑1 and Figure 1‑2.

[bookmark: _Ref487620280][bookmark: _Toc494454451]Figure 1‑1: Comparison of the neutrino spectrum at the Far Detector for the reference design beam and the optimized design beam. 

[bookmark: _Ref487620292][bookmark: _Toc494454452]Figure 1‑2: Comparison of the CP sensitivity for the reference design beam and the optimized design beam after an exposure of 300 kT-MW-years. Note that the beam-power-year takes into account the estimated uptime.
The BOTF-proposed configuration changes affect only the Neutrino Beamline part of the 2015 Annex 3A and do not affect the Primary Beam and System Integration aspects of the LBNF Beamline. Naturally, the target and horn designs have changed significantly with the beam optimization. Consequently, the support infrastructures of the target and horns, the cooling systems, the horn power supply, the remote handling, the primary beam window and the upstream Decay Pipe beam window have been impacted as well and their original designs have been modified. 
Modeling of the primary beam-target interaction and the horn interaction with the secondary particles for the optimized beam design shows that the energy deposition distribution is different than the reference beam design of Annex 3A. The design of the Target Hall shielding, Decay Pipe and Hadron Absorber have been studied for the different energy deposition distribution and where appropriate the designs have been modified. 
Each Neutrino Beam WBS is presented below either as a new/modified design or as the original reference design for the systems that have been found to be sufficient for the optimized design beam. In instances where the optimized design beam is less stringent than the reference design beam (for example, for the Hadron Absorber system), the reference design is kept allowing flexibility in the future to reconfigure the beamline for running with a higher energy neutrino spectrum. Most of the LBNF Neutrino Beam will not be modifiable after running intense beam for DUNE. 
[bookmark: _Toc494454381]Overview and General LBNF Layout 
The LBNF beamline at Fermilab will be designed to provide a neutrino beam of sufficient intensity and appropriate energy range to meet the goals of the DUNE experiment with respect to long-baseline neutrino-oscillation physics. The design is a conventional, horn-focused neutrino beamline. The components of the beamline will be designed to extract a proton beam from the Fermilab Main Injector (MI) and transport it to a target area where the collisions generate a beam of charged particles. This secondary beam aimed towards the Far Detector is followed by a decay-pipe where the particles of the secondary beam decay to generate the neutrino beam. At the end of the Decay Pipe, an Hadron Absorber pile removes the residual hadrons. 
The facility is designed for initial operation at a proton-beam power of 1.2 megawatt (MW), with the capability to support an upgrade to 2.4 MW [3]. In the LBNF beamline design, extraction of the proton beam occurs at the MI-10 straight section of the MI and it requires a new installation. After extraction, this primary beam establishes a horizontally straight compass heading west-northwest toward the Far Detector, but will be bent upwards to an apex before being bent downwards at the appropriate angle—101 milliradians (5.79∘) as shown in Figure 1‑3.
The primary beam will be above grade for about 550 ft; this design minimizes expensive underground construction and significantly enhances capability for ground-water radiological protection. However, this requires construction of an earthen embankment, or hill, whose dimensions are commensurate with the bending strength of the dipole magnets required for the beamline. The embankment will need to be approximately 950 ft long and 60 ft high above grade at its peak. 
  

[bookmark: _Ref418248806][bookmark: _Toc494454453]Figure 1‑3: Schematic view of the systems included in the LBNF beamline. The top of the engineered embankment (shaded in green) is 18.3 m above grade. The beam comes from the right through the Primary Beam Enclosure and interacts with the target in the Target Hall Complex. 
The target marks the transition from the intense, narrowly directed proton beam to the more diffuse secondary beam of particles, which includes pions and kaons. The focusing system (magnetic horns) directs either the positively or negatively charged secondary particles towards the Far Detector. After collection and focusing, the pions and kaons that did not initially decay need a long, unobstructed volume in which to decay. This decay volume in the LBNF beamline design is a pipe of circular cross section with its diameter and length optimized such that decays of the pions and kaons result in neutrinos in the energy range useful for the experiment. The decay volume is followed immediately by the Hadron Absorber, which removes the remaining beam hadrons. The result of decays of pions and kaons is a neutrino beam. 
The LBNF Beamline is broken into three principal systems for organizational purposes: the Primary Beam (referring to the components required for the initial, high-intensity proton beam), the Neutrino Beam (for the components used to create a high-intensity neutrino beam from the initial proton beam) and System Integration. 
It is important to note that the design and construction of high-intensity neutrino beams has been an integral aspect of Fermilab’s program for decades. The experience gained from the various neutrino projects is employed extensively in the LBNF beamline conceptual design. Most of the subsystem designs and their integration follow, to a large degree, from previous projects.In particular, the Neutrinos at the Main Injector (NuMI) beamline serves as the prototype design. 
Radiological protection is integrated into the LBNF beamline design in three important ways. First, shielding is optimized to reduce exposure of personnel to radiation dose and to minimize radioisotope production in ground water within the surrounding soil and rock. Secondly, the need to properly handle and control tritiated ground water produced in or near the beamline drives many aspects of the design. Production of tritium is unavoidable, and it is necessary to minimize its accumulation in the form of tritiated water (HTO) in the soil and rock. Thirdly, radioisotopes produced in the gas cooling systems in the target chase, Decay Pipe and Absorber Hall must be controlled. 
The primary beam and the neutrino beam designs are suitable for the initial beam power of 1.2 MW in all respects. Some aspects of the design are also appropriate for a beam power of 2.4 MW. The beamline systems that are designed from the beginning for 2.4 MW operation include:
The size of the enclosures (primary proton beamline, target chase, Target Hall, Decay Pipe, Absorber Hall);
The radiological shielding of the enclosures, the only exception being the roof of the Target Hall that can be easily upgraded later for 2.4 MW;
The primary proton beamline components;
The water-cooled target chase shielding panels;
The gas cooling infrastructure for the shield piles;
The decay-pipe, including the downstream window, and the associated cooling;
The beam Hadron Absorber;
The remote handling equipment; and
The radioactive water (RAW) system piping.

The LBNF beamline is being designed for 20 years of operation while our planning for the lifetime of the Beamline Facility is for 30 years; this takes into account facility shutdowns including the transition from 1.2 MW to 2.4 MW operation.  It is conservatively assumed that for the first five years LBNF will operate at 1.2 MW beam power and for the remaining fifteen years at 2.4 MW.  
The LBNF Beamline will become operational after the run of the NOvA experiment. With the concurrence of the Fermilab Directorate, LBNF assumes components from the NuMI Beamline will be available for removal and reuse [4].  
[bookmark: _Toc494454382]Primary Beam 
The LBNF primary beam design remains unchanged from the 2015 CDR Annex 3A [1].
Extraction from Main Injector
The primary proton beam for LBNF will be extracted from the Main Injector (MI) using a method called “single-turn” extraction, in which all the protons accelerated in the MI synchrotron ring will be diverted to the dedicated LBNF beamline within one circuit. Although the NuMI beam operates at 120 GeV, further studies on optimizing the LBNF signal-to-detector backgrounds may indicate desirability of a lower energy. The design proton energy thus ranges from 60 to 120 GeV. Approximately 7.5×1013 protons will be extracted every 1.2 seconds at 120 GeV, resulting in a beam power of 1.2 MW. The extraction point, located near the MI-10 surface building and called simply MI-10, will be a new installation, different from the one used for NuMI. 
Beam Transport
[bookmark: _Ref418249020]The design of the primary proton beam transport is driven by both the goals of the LBNF/DUNE physics program and radiological safety concerns. Primarily, the beam must be intense enough to create a flux of neutrinos at the Far Detector sufficient to meet the physics objectives of the experiment. Secondly, the beam energy must be set to optimize the energy spectrum of the neutrinos, yet not produce excess background signals that could compromise the measurements. Additionally, the system must be safe. Together these requirements imply that the beam must reach the target with very low losses to ensure both efficient production of neutrinos as well as minimal radiological activation of components in the beamline. Due to accelerator duty-cycles, some reduction of total beam power at lower energies is expected (see Table 1‑1). And of course sufficient shielding must be in place in case of any accidental mis-steering of the beam. 
[bookmark: _Ref490072997][bookmark: _Toc494454586]Table 1‑1 : Summary of Principal Beam Design Parameters
	Parameter 
	Value  

	Protons per cycle  
	7.5 × 1013  

	Spill duration 
	1.0 × 10-5 sec  

	Energy 
	60 to 120 GeV  

	Protons on target per year 
	1.9 x 1021 to 1.1 × 1021  

	Beam/batch (84 bunches) 
	12.5 × 1012 nominal; (8 × 1011 commissioning)  

	Batches/spill
	6 nominal; (1 commissioning)

	Cycle time 
	0.7 to 1.2 sec  

	Beam Power
	1.03 to 1.20 MW



The primary beamline elements necessary for transport include dipole (bending) magnets, quadrupole (focusing) magnets, corrector magnets, monitoring instrumentation and vacuum equipment. LBNF will use conventional dipole and quadrupole magnets to guide the beam in the right direction and focus it on the target, respectively. Their optics will closely follow the design of the Main Injector elements. The magnets and their power supplies will be optimized for performance and cost, and will include both new and refurbished elements. The LBNF beam optics will be simulated and analyzed for optimum transport properties.  The beam trajectory points to a Far Detector positioned at the 4,850L, aligning the beam with the Far Detector location.
The general primary-beam specifications are listed in Table 1‑1 and Table 1‑2 for 1.2 MW beam power.  The accelerator complex and the LBNF Beamline are planned to deliver 1.1×1021 primary protons to the neutrino target per year at 120 GeV proton beam energy and beam power of 1.2 MW. This number includes allowances for scheduled shutdowns for maintenance and upgrades as well as unscheduled failures estimated from past experience. The fast, single-turn extraction delivers all the protons in one machine cycle (1.2 seconds for 120 GeV) to the LBNF target in 10 microseconds. When synchronized to the detector electronics, this short spill helps ensure a high rejection of background events at the Far Detector that do not originate from the accelerator beam.
[bookmark: _Ref422303731][bookmark: _Toc494454587]Table 1‑2: Beam Characteristics
	Parameter
	Value

	Beam size at target
	1.7 mm; 2.7mm (water-cooled target; helium-cooled target)

	Δp/p
	11×10-4 99% (28×10-4 100%)

	Transverse emittance
	30π μm 99% (360π μm 100%)

	Beam divergence (x,y)
	17 to 15 μrad



Beam Stability
The primary beam needs to be stable in position and direction at the neutrino production target. Deviations in the beam position, for example, affect not only the spatial distribution of the distant neutrino flux, but can also affect the energy spectrum. These systematic effects must be minimized to the extent that they become negligible in the physics analyses. Although the full physics analysis procedures will not be available for some time, guidelines from simple analyses and experience from previous experiments provide a basis for estimating the effects of a poorly positioned beam. 

[bookmark: _Ref490073205][bookmark: _Toc494454588]Table 1‑3: Beam Stability Requirement
	Parameter
	Allowed Deviation

	Position at target
	±0.45 mm

	Angle at target
	±70 μrad

	Size at target, rms
	10% of σ(x,y)



[bookmark: _Ref419494391][bookmark: _Ref411604002]Table 1‑3 lists the maximum allowable deviations from the design goals of beam position, angle and size.  A set of beam position monitors with control feedback will be installed at points along the primary beamline to ensure stability.
[bookmark: _Toc494454383]Neutrino Beam 
The neutrino beam must be optimized for direction and energy to enable the neutrino-oscillation physics at the Far Detector. The neutrino beam will be created from the primary (proton) beam in a three-step process. 
The primary beam strikes the neutrino production target in the Target Hall. 
The relevant charged products of these interactions, mostly pions and kaons, are collected in the Target Hall and focused in the direction of the Far Detector. 
Those pions and kaons that are aimed correctly enter the long pipe of the decay volume, where they decay into neutrinos forming the neutrino beam. 
The beamline elements involved in these three steps must be designed to work together to maximize the neutrino flux in the useful energy range for the experiment. 
The target will be designed to interact with the primary protons and to minimally absorb the charged pions and kaons created in those interactions. To accomplish this, the target needs to be relatively small in cross section. This requires a tight focus of the primary beam, resulting in a very dense energy deposition in the target material. The challenge is to design a long and narrow piece of material that can be adequately cooled and can survive these demanding conditions for as long as possible before it is degraded by radiation and would require replacement. 


[bookmark: _Ref411604487][bookmark: _Ref418252643][bookmark: _Toc494454454] Figure 1‑4: The probability of oscillation as a function of neutrino energy; the first and second oscillation peaks are denoted by the respective numerals. The beam design is optimized to produce neutrinos within this range. The true probability depends on a parameter, θ13.

The neutrino-beam energy spectrum must be tailored to maximize the signal in the νe appearance oscillation experiment, in which muon neutrinos oscillate to electron neutrinos. There are in effect, two predicted energy intervals of interest in this experiment, referred to as the first and second oscillation maxima. The beam must provide a concentrated neutrino flux at the energies bounded by these oscillation peaks, shown in Figure 1‑4. The higher-energy regime, 1.5 to 5 GeV neutrino energy (“1” in Figure 1‑4, corresponds to focused pions of approximately 3.5 to 12 GeV, and is relatively straightforward to reach with toroidal, or horn, magnetic focusing elements. The lower-energy part of the neutrino spectrum (“2” in Figure 1‑4) is more challenging to produce with high efficiency; it corresponds to pions and kaons of less than a few GeV that are scattered more and emerge at large angles making a sharp focus difficult. LBNF’s on-axis design, with the beam pointing directly to the detectors, optimizes the neutrino flux over the broad energy range needed to cover both oscillation maxima. 
The focusing of pions and kaons within the broad energy range of 2 to 12 GeV requires at least two horn magnets. The target and horns will be mounted inside a heavily shielded chase that abuts the Decay Pipe at the downstream end. Low-energy pions and kaons usually pass through a large section of the magnetic field in the first horn and are focused back towards the primary beam direction. One or more subsequent horns act to refine the focusing. Most of the higher-energy pions and kaons are collected with the last horn, due to the small angles at which the pions and kaons are produced. The shape, length, magnetic field and location of the horns determine the neutrino spectrum. The parameters have been optimized for the physics of LBNF, subject to material and engineering constraints. 

Over the lifetime of the experiment, the target and focusing horns will need to be routinely replaced. Accommodating the safe and routine replacement of parts in a radioactive environment is an essential part of the Target Hall design, and remote-handling procedures for replacing activated targets and horns are being developed.
After collection and focusing, the pions and kaons that did not initially decay are allowed to decay in a long volume. This decay volume (Decay Pipe) in the LBNF design is a helium-filled pipe of circular cross section, oriented toward the Far Detector. Its diameter and length are optimized to allow decays of pions and kaons such that they produce neutrinos in the useful energy range. In general, a longer pipe allows for the decays of higher-energy particles. These occur naturally at smaller production angles and are thus distributed close to the beam axis. Therefore, longer pipes with smaller diameters are desirable for higher-energy beams. Lower-energy pions and kaons are not as well collimated and hence require a larger-diameter pipe. The two extrema in energy, as required by the physics measurements, provide the basis for optimization of the Decay Pipe geometry. The reference design calls for a 194 m long Decay Pipe of diameter 4 m, well matched to the physics of DUNE [5]; this design choice was recomfirmed during studies by the BOTF [2].
A considerable fraction of the beam power is deposited within the decay region. This heat energy will be removed by nitrogen gas convection with a system of blowers and heat exchangers.  The beam power deposited in the decay region implies creation of radioisotopes within the walls surrounding the pipe, requiring shielding and sealing from the surrounding ground. The design uses a minimum of 5.6 m of concrete between the pipe and the native rock or soil (engineered fill or glacial till). 
The fraction of protons that do not interact with the target, along with the residual pions and kaons, must be absorbed to prevent them from inducing radioactivity in the surrounding rock or soil. This is accomplished with a specially designed aluminum, steel, and concrete pile, called the Hadron Absorber, that transforms the beam’s kinetic energy into heat, thus protecting the rock or soil from beam-activated nuclides. The Hadron Absorber occupies an excavated enclosure at the end of the Decay Pipe. 
[bookmark: _Toc494454384]System Integration 
The LBNF system integration design remains unchanged from the 2015 CDR Annex 3A [1]. Integration of installation plans and procedures across the Beamline sub-project is an essential task given the complexity and interconnectedness of the beam systems. The System Integration group is responsible for a variety of controls, monitoring, alignment, installation coordination and other elements that must ensure safe and proper operation of the beam. Control systems will be built specifically for the LBNF Beamline, but will be based on and must integrate into Fermilab’s present accelerator-controls system.  
[bookmark: _Toc494454385]Estimation of Protons on Target 
The goal for accumulating 120-GeV protons at the neutrino target with beam power of 1.2 MW is 1.12×1021 protons-on-target (POT) per year. This assumes 7.5×1013 protons per MI cycle of 1.2 sec [3]. The total LBNF efficiency used in the POT calculation and discussed below includes the total expected efficiency and up-time of the accelerator complex as well as the expected up-time of the LBNF Beamline. 
The total accelerator operational efficiency is the product of efficiencies of the Proton Source, Linac, Booster and MI. The product of the first three stages (Proton Source, Linac and Booster) is expected to have average efficiency of 0.85 [6]. The number of protons delivered from the MI to NuMI has been limited by delivery to other programs (e.g.,, Antiproton Source for collider operations and test beams). The MI efficiency is expected to be approximately 0.93 in the PIP-II era [7]. The annual scheduled maintenance has averaged 60 days on the basis of historical data (annual fraction of 0.84). 
The estimated unscheduled down time, using data from the operation of NuMI, including power failures and down-time for chillers, dehumidifiers and tritium mitigation systems, is small; the efficiency is 0.98. Assuming that LBNF target and horn replacements take 20 days per year in addition to the facility shutdown, the LBNF efficiency/up-time due to component replacement is estimated to be 0.93. This efficiency takes into account one target replacement per year and one horn replacement per year where the replacement of a target or horn takes 24 days per change-out including the cool down period. It is assumed that a target or horn replacement has 50% probability to take place within the scheduled annual shutdown. An additional 0.95 efficiency is assumed due to programmatic issues and very short downtimes (less than a few minutes). Thus, the total efficiency for LBNF is estimated to be approximately 0.85×0.93×0.84×0.98×0.93×0.95=0.57. It is also assumed this overall efficiency can be maintained from beam startup to completion of the oscillation physics goals. 
The total expected POT per year, given above, is thus the product of the total efficiency (0.57), the number of protons per second (6.25×1013) and the number of seconds in a (perfect) year (3.15×107). 
The reliable delivery of higher intensity beam than NuMI/MINOS beam to the target should be aided greatly by operations for NuMI/NOvA which will test the proton slip-stacking in the Recycler Ring. The reliability of very low-loss transport through the LBNF section will be enhanced from the one for NuMI by state-of-the-art beam monitors and an active control-feedback system. With deliberate beam commissioning and start-up, the efficiency in the LBNF primary beam should be very high taking into account that the corresponding operating efficiency for the NuMI primary beam over a nine-year period has been greater than 0.99. 
[bookmark: _Toc494454386]Modeling of the Beamline 
An essential aspect of beam design work is numerical simulation of the primary proton, secondary hadron, and tertiary neutrino and charged lepton beams. These Monte Carlo-type simulations provide input to detailed engineering calculations for beam heating effects for all components in or near the beams. Also, the same software package gives radiological estimates for prompt and residual doses that dictate the amount of shielding needed along and transverse to the beamline. At Fermilab, the MARS code [8] is used for all these estimates, with a sufficiently detailed model of the entire beam system.
[bookmark: _Toc494454387]Near Site Conventional Facilities 
The Near Site Conventional Facilities not only provide the support buildings for the underground facilities, but also provide the infrastructure to direct the beamline from the below-grade extraction point to the above-grade target. The layout is shown in Figure 1‑5. Following the beam from east to west, or from right to left in Figure 1‑5, is the underground Primary Beamline Extraction Enclosure, the in-the-berm Primary Beamline Enclosure and its accompanying surface-based Service Building (LBNF 5), the in-the-berm Target Complex (LBNF 20), the Decay Pipe, the underground Absorber Hall and its surface Service Building (LBNF 30), and the Near Detector. The Project limits are bounded by Giese Road to the north, Kautz Road to the east, Main Injector Road to the south, and Kirk Road to the west. 

[bookmark: _Ref422304311][bookmark: _Ref411596534][bookmark: _Toc494454455]Figure 1‑5: LBNF project layout at Fermilab.

These facilities are described in detail in the Conventional Facilities at the Near Site Annex 3B of the CDR (DUNE Docdb-319). The Beamline Project elements described in more detail are: 
Primary beam enclosure
Service buildings LBNF 5, LBNF 20, LBNF 30 
Target Hall, target chase and Target Hall support rooms
Near-surface storage and morgue 
Decay Pipe 
Absorber Hall

[bookmark: _Toc494454388]Participants 
The conceptual design for the LBNF Beamline has been carried out by an LBNF Project team, managed at Fermilab and to date made up of physicists, engineers, designers and technicians mainly from Fermilab as well as a few additional institutions. In addition, several contracts with other institutions and consultants have been completed for conceptual design work on particular beamline systems or components: 
Argonne National Laboratory (Memorandum of Understanding (MOU), target) 
Brookhaven National Laboratory (MOU, target R&D) 
Institute of High Energy Physics, Protvino, Russia (Accord, target) 
Oak Ridge National Laboratory (contract, remote handling) 
Rutherford Appleton Laboratory (Accord, target) 
Bartoszek Engineering (contract, Horn support structures) 

Collaborations continue with:
RAL on target design (contract)
RAL, CERN, BNL, PNNL and University of Oxford on target R&D 
Institute of High Energy Physics (IHEP)/China on corrector magnets (I-CRADA)
IHEP/China on Decay Pipe windows and hadron monitor R&D
University of Colorado on the muon monitors
University colleagues on beam simulation efforts 

The beamline management coordinates the design activities of the consultants and collaborators to assure that the efforts remain on track. 
The LBNF Beamline effort is managed by the Work Breakdown Structure (WBS) Level 3 Manager for the Beamline Project (see Figure 1‑6). The supporting team includes WBS Level 4 Managers for the Beamline’s two principal systems, Primary Beam and Neutrino Beam, as well as for System Integration. WBS Level 5 Managers manage the design of the components in these beamline systems and the interfaces between them. 
Assisting and advising the LBNF Beamline L3 Project Manager are the Beamline Technical Advisor, the Beamline Project Engineer, the Chief Beamline Electrical Engineer, a Radiation Physics team, a Modeling team, a Project Controls specialist, and the LBNF Beamline Technical Board.
Interaction amongst the Beamline team, and between this team and the design consultants as well as the LBNF Near Site design team, is done via weekly meetings, periodic design interface workshops, and electronic mail.

[bookmark: _Ref422254604][bookmark: _Toc494454456]Figure 1‑6: Organization chart for the beamline L3 project (to WBS Level 5).
[bookmark: _Toc494454389]Neutrino Beamline 
[bookmark: _Toc494454390]Introduction 
The LBNF Neutrino Beamline is 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. The LBNF neutrino beamline will be the fourth large neutrino beam facility designed and built at Fermilab. The NuMI neutrino beam was constructed in 2004 [9] for 400 kW beam power and has been recently upgraded to 700 kW operation. The experience gained in constructing and operating the NuMI facility has been incorporated in the conceptual design of LBNF. The LBNF neutrino beamline 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 some elements, the increased capacity will be met by incremental improvements and replacement strategies. Other elements will be designed for the higher beam power since irradiation of these elements will make replacement and improvements unrealistic. 
The reference designs of LBNF were based on the design of the target and focusing system for NuMI. These designs are well understood and have proven records of reliability and performance. The redesign of the target and focusing system has been shown to substantially improve the experiment sensitivity to the CP-violation phase and mass hierarchy [2]. As a consequence of the redesign, the energy deposition distribution has changed. The optimized beam design includes the redesigned target and focusing system as well as the changes imposed by the different energy deposition distribution.

[bookmark: _Ref418437965][bookmark: _Toc494454457]Figure 2‑1: A cartoon of the neutrino beamline showing the major components of the neutrino beam. From left to right (the direction of the beam), the beam window, horn-protection baffle, target, the focusing horns, Decay Pipe, and Hadron Absorber. 
The main elements of the LBNF optimized beam design are briefly summarized here. A proton-beam pulse from the primary-beam system enters the neutrino beamline system (see Figure 2‑1 and Figure 2‑2) through a beryllium “window.” This window seals off the evacuated beam pipe of the primary beamline, and the protons enter the nitrogen gas-filled target chase. Initially they pass through a small aperture in a 1.5-m-long graphite cylinder, called the baffle, which protects equipment downstream in the case of accidental mis-steering of the primary beam. Sixty-eight cm past the end of the baffle, they reach the target, a long, thin set of graphite segments in which about 98% of the protons interact and produce secondary particles. The target is embedded in the first horn (A), a magnetized structure which provides initial focusing for the secondary particles, predominantly pions and kaons. A second horn (B) immediately downstream of the first horn continues the initial focusing of the secondary beam. A third horn (C), 15 m further downstream, provides additional focusing for the secondary particles before they enter a He-filled 194 m long 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 Hadron Absorber, downstream of the Decay Pipe. The Hadron 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. 

[bookmark: _Ref419370597][bookmark: _Toc494454458]Figure 2‑2: Schematic of the upstream portion of the LBNF neutrino beamline showing the major components. The target chase bulk steel shielding is shown mainly in green. Inside the target chase from left to right (the direction of the beam) pointing downwards: the beam window (not shown), horn-protection baffle, three focusing horns and the Decay Pipe. Water-cooling panels start downstream of the target are shown in blue. 

[bookmark: _Toc494454391]Design Considerations 
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. The optimized designs for the neutrino beam components detailed in this section have been studied for a primary beam energy of 120 GeV.
All neutrino beamline subsystems have been designed for 1.2 MW beam power. Subsystems that are difficult or impossible to upgrade to a higher beam power have already been designed for the beam power upgrade to 2.4 MW. These include the Target Shield Pile, the Decay Pipe (including the downstream window), the Hadron Absorber, and remote handling facilities 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. 
[bookmark: _Toc494454392]Neutrino Beam Modeling 
[bookmark: _Ref418438543]This section describes the simulation of the neutrino beam and its effects on nearby. All simulations of activation, dose rates and beam energy deposition use the MARS package. The MARS model of the optimized beam design will describe the target, horns, Decay Pipe and Hadron Absorber, as well as the shielding. In particular, MARS is used for estimating: 
Beam-energy deposition in components required for engineering considerations and estimating cooling capacities;
Prompt (beam-on) dose rates outside of shielding;
Residual dose rates from components within or outside of shielding; and
Radionuclide production in components, cooling media, shielding, and rock.
[bookmark: _Toc411265241][bookmark: _Toc494454393]Design Considerations 
The MARS model provides a basis for estimating the total thickness of shielding needed. As the shielding 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 kept small in the current design, will be studied later. 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 whose effect is negligible, such as bolts, will not be included. 
[bookmark: _Toc411265242][bookmark: _Toc494454394]Optimized Beam Design
A realistic MARS model has been built for the LBNF target, horns, target station and its shielding, Decay Pipe and tunnel shielding, and the Hadron Absorber and its shielding. In the model, as in the conceptual design, the proton beam is tilted down by 101 mrad, with the Target Shield Pile stepping down mimicking the beam tilt (see Figure 2‑2). The Hadron Absorber is arranged horizontally and includes an aluminum mask, a central 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 Horn A are shown in Figure 2‑3 and Figure 2‑4. 
In the optimized beam model, a proton beam hits a 2 m long cylindrical graphite target at an intensity of 7.5×1013 [1.5×1014 future high-power operation] protons per pulse at 120 GeV, with repetition rates of 1.2 s. The corresponding power levels of the proton beam is 1.20 MW (2.40 MW).  Accident scenarios are also simulated with a 2.4 MW beam. This includes a 5.8 MJ beam accident (“target destroyed”), in which a proton beam interacts with 1 atm helium in the Decay Pipe and hits the Hadron Absorber. 


[bookmark: _Ref419220661][bookmark: _Toc494454459]Figure 2‑3: An example of the MARS model detail. The graphic shows upstream end of Horn A with the graphite target inserted at nominal position. 


[bookmark: _Ref419220682][bookmark: _Toc494454460]Figure 2‑4: A section of the MARS model for the downstream part of Horn A. The downstream support of the target within Horn A is shown. 

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 the component lifetime as well as maximize lifetime wherever possible.

[bookmark: _Ref419914575][bookmark: _Ref419983144][bookmark: _Toc411265167][bookmark: _Toc494454395]Targetry
[bookmark: _Toc411265168][bookmark: _Toc494454396]Introduction
This section details the neutrino-production target and the accompanying instrumentation for commissioning, alignment, and monitoring of the target and focusing system with beam. In addition, the support structures (modules) 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 heat generated by beam interactions, 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 1.2 MW is presented, 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 optimized target is substantially based on the T2K (J-PARC) target design that has operated successfully since 2010. The T2K target was designed to operate at 750 kW and has been operated at ~400 kW primary proton beam power recently. The T2K design concept has been modified for LBNF to accommodate higher beam power (1.2 MW) and the longer required length (2 m versus 1 m). The target core is a cylindrical, 2 m long and 16 mm diameter graphite rod, segmented into at least 3 cylinders for fabrication purposes. The heat from the core is removed by high velocity helium gas cooling flowing in a double walled annular titanium alloy-cooling jacket (target tube). The outer-most tube acts as the target containment vessel with titanium alloy beam windows up-stream and down-stream. The target concept is shown in Figure 2‑5 and Figure 2‑6. The target is cantilever-mounted to a frame at the upstream face of Horn A and is propped by a low-mass support at the downstream end of Horn A.
During the initial commissioning of the beam, the Target and Horns Instrumentation (THI) discussed in Section 2.4.7, 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.
[bookmark: _Toc411265169][bookmark: _Toc494454397]Design Considerations
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 30 kW, or 2% of the beam energy); and
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 four nuclear-interaction lengths (2 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. A low modulus of elasticity reduces the thermal stress. Although many single-element materials generally fit the above requirements, the two materials that best fit the LBNF requirements are beryllium and graphite. Their properties are listed in Table 2‑1. 
[bookmark: _Ref419221262][bookmark: _Toc494454589]Table 2‑1: Material Properties of Graphite and Beryllium
	[bookmark: _Ref141175167]
	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 µm/m/K
	10.7 µm/m/K

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



Target longevity is a major issue for the performance of the LBNF facility. Graphite, the material used in the NuMI target, is adopted as the LBNF target material. The NuMI target performance has been on-the-whole successful. However, 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. 
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, which were identified as potential weak points. Further features of the LBNF target are under study to reduce the failure and degradation rates. Although the candidate target material is assumed graphite, it is still 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, or 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 Horn A 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, contact with the horn conductor or supported at both ends. The outer target structure (vessel) must provide the stiffness for the cantilever and/or interface with the mounts to the Horn A. 
[bookmark: _Toc411265170][bookmark: _Toc494454398]Target Conceptual Design
A cross-section of the target in the installed position is shown in Figure 2‑5. Labeled views of the upstream and downstream ends of the target are shown in Figure 2‑6. The target comprises a 16 mm diameter cylindrical graphite target core coupled with an upstream “bafflet” (a miniature baffle that is separate from the main baffle). Containment of the target core material is provided by a fully welded structure comprising a titanium manifold, titanium alloy upstream and downstream beam windows and a titanium outer containment tube. A titanium flow divider tube serves to separate the coaxial coolant flow into the downstream (outer) and upstream (inner) channels. The target assembly is inserted into the horn inner conductor bore with a nominal radial clearance of 5 mm. This means that the upstream part of the outer containment tube is cylindrical until about half way along its length where there is a transition to a tapered (conical) section to match the geometry of the horn inner conductor.

[bookmark: _Ref490658055][bookmark: _Toc494454461]Figure 2‑5: Proposed target concept for LBNF mounted into Horn A.  Beam enters from the left.
The target manifold which serves to support the graphite target core and outer titanium tube and deliver the helium flow to the target core has been designed with two main principles in mind.
To minimize direct beam heating and secondary heating of the supporting manifold structure. This has been achieved by allowing the beam to pass straight through the titanium structure before it impinges on the target core.
To minimize the resistance to helium flow. This has been achieved with some optimization of the flow paths and the use of an alternative beam window mounting strategy.




[bookmark: _Ref490658063][bookmark: _Toc494454462]Figure 2‑6: Labeled views of upstream end (top) and downstream end (bottom) of the target concept.
The front end incorporates a graphite bafflet which is designed to protect downstream components (the target tube, Decay Pipe windows, and Hadron Absorber core) in the event of a mis-steered beam. Figure 2‑7  shows a cutaway view of the proposed front-end design as well as the cooling helium path.


[bookmark: _Ref490658088][bookmark: _Toc494454463]Figure 2‑7: Cooling helium flow path at upstream end of target.
Two different grades of graphite are under consideration for use as the target material, Toyo Tanso IG-43 (as used for T2K targets) and POCO ZXF-5Q (as used for NuMI/NoVA targets). The disadvantageous higher thermal-expansion coefficient of the POCO graphite is compensated for by its proportionally higher strength. These high-quality grades of graphite tend to be available only in rather small block sizes. POCO ZXF-5Q has a maximum block size of 2″×8″×24″. Toyo Tanso IG-43 is available in blocks up to 920mm long (36.2”). Therefore, in either material a 2 m long target would need to be made from multiple pieces, leading to a “segmented” target design.
The target outer tube, in addition to providing a hermetic helium containment and providing stiffness to the target structure, may also be required to withstand a negative (vacuum) pressure. This would allow the following:
Helium leak testing as part of the target manufacturing quality assurance and
An “evacuate and back-fill” helium fill procedure to ensure sufficient gas purity in the target helium loop.

To avoid an elastic collapse (buckling) failure in the outer tube, it must be designed with a sufficient wall thickness. For a long thin-walled tube the critical elastic collapse pressure is given by [10]

where  and  are the elastic modulus and poisson ratio of the tube material, and t and R are the wall thickness and radius of the tube.
The critical pressure is non-conservative as it assumes a perfectly circular cross-section with no material or geometric imperfections. Therefore, a large safety factor is required. For example, the pressure vessel code PD5500 [11] requires a safety factor of 3. The allowable pressure is then

Figure 2‑8 shows the resulting allowable pressure as a function of wall thickness for a 75 mm diameter outer tube and for the existing 46 mm diameter helium-cooled T2K target. For T2K the 0.5 mm wall thickness was chosen to allow the target to be evacuated (1 bar external pressure). On this basis, a 1 mm outer tube wall thickness is suggested for the present LBNF design. We note that simulations presented elsewhere in this section have generally assumed only a 0.5 mm outer-tube wall thickness. A further iteration is needed to account for the additional heating in a thicker outer tube but this is thought to be a rather minor effect compared to the overall deposited power.

[bookmark: _Ref490749471][bookmark: _Toc494454464]Figure 2‑8: Wall-thickness vs allowable external pressure for a titanium target outer-tube.
The actively cooled downstream support will avoid any risk associated with overheating of the support and will mean the design will not be dependent on ensuring a good thermal connection between the target can and the downstream support. The actively cooled support (Figure 2‑9 and Figure 2‑10) has an internal flow path so that helium tapped from the main supply can be pumped through the structure to keep it cool. As a result of the need to contain the helium, the pipes and hub structure will be significantly thicker and the total estimated heat load due to beam heating is of the order 650 W. 

[bookmark: _Ref490663652][bookmark: _Toc494454465]Figure 2‑9: Schematic of a helium-cooled downstream support structure.

A preliminary analysis of the design has shown that three inlet and three outlet pipes with an internal diameter of 4 mm and external diameter of 6 mm should provide an adequate flow path for the required helium of 2.5 g/s. This flow has been chosen so that the helium temperature rise will be no more than 50°C in an attempt to keep the downstream support temperature relatively low.  A CFD model of the structure predicts a peak temperature of the hub of 264°C while the spokes are reaching around 80°C (Figure 2‑11). Thermal expansion of the spokes at this temperature is not a concern. Some optimization work of the flow through the hub should bring down the peak temperatures. It should be noted that this is a conservative estimate of the structure temperature as it has been assumed that there is no convection to the target station atmosphere, no conduction to the cooled target, and the deposited heat is removed by the helium flow. The pressure drop through the downstream support is predicted to be 0.3 bar, significantly less than that through the target tube; with these preliminary dimensions, it looks plausible to supply the helium flow from a parallel circuit to the target.


[bookmark: _Ref490663661][bookmark: _Toc494454466]Figure 2‑10: Cross-section of the helium-cooled downstream support.


[bookmark: _Ref490663676][bookmark: _Toc494454467]Figure 2‑11: Simulated temperature of actively cooled downstream support.
FLUKA [12] has been used to determine the energy deposited in the target as a result of the incident proton beam. In total, about 28 kW is deposited in the target system. The deposited thermal power and the peak energy densities in various key components are summarized in Table 2‑2. Figure 2‑12 is an output from FLUKA showing the deposited energy distribution in the graphite core of the target. The peak energy density occurs on-axis at about 30 cm downstream of the front face.
[bookmark: _Ref490664047][bookmark: _Toc494454590]Table 2‑2: Thermal power and energy density by component.
	
	Material
	Integrated Thermal Power (W)
	Maximum Pulsed Energy Density (J/g)

	Target Core
	Graphite
	21,700
	113

	Miniature Baffle
	Graphite
	11
	33

	Flow-guide tube
	Titanium
	3,600
	45

	Outer can (t=0.5mm)
not incl. windows
	Titanium
	2,500
	4

	Rear window
	Titanium
	18
	11

	Front window
	Titanium
	4
	93

	TOTAL
	
	27,800
	



[bookmark: _Ref490664030][bookmark: _Toc494454468]Figure 2‑12: Energy deposition in the graphite target core.

Figure 2‑13 shows that if the beam sigma is scaled to be one third of the target radius then the expected power deposited in the target material increases roughly linearly with target radius. This is convenient in terms of achieving the required surface heat flux to the target coolant as doubling the target size results in roughly double the deposited heat while the surface area available for heat removal also doubles. This means that the choice of beam and target radius can be quite flexible in terms of accommodating the time-averaged heat load. However, it should be noted at this point that reducing the beam sigma results in other issues related to the corresponding increase in the peak pulsed heat load and this is considered later in this section.

[bookmark: _Ref490726977][bookmark: _Toc494454469]Figure 2‑13: Average power (FLUKA) deposited in a cylindrical graphite LBNF target of radius equal to 3σ at 1.2 MW operation.
ANSYS CFX [13] has been used to simulate the expected flow and thermal equilibrium conditions of the target. A conjugate heat transfer model with the heat input into the target core, the titanium can, and upstream and downstream windows has been derived from FLUKA. A temperature-dependent thermal conductivity is used in the model for the graphite target core (Figure 2‑14) with an additional conservative factor of 0.25 applied to account for a reduction due to radiation damage.  The helium is treated as an ideal gas with temperature-dependent transport properties. 

[bookmark: _Ref490727389][bookmark: _Toc494454470]Figure 2‑14: Temperature-dependent thermal conductivity of IG-43 graphite (unirradiated).



[bookmark: _Ref490727578][bookmark: _Toc494454471]Figure 2‑15: Contour plot of temperature on a section through the target.
A set of average operating conditions is obtained by assuming a time-averaged heat load and running a steady state simulation. The transient variation of temperature that occurs as a result of the pulsed beam structure is considered later in this section. For the case of a 1.2 MW beam and beam sigma of 2.67 mm the total time averaged heat load on the target system is around 28 kW. With a helium mass flow of 35 g/s, this gives an exhaust temperature of 174°C which is similar to the design value for T2K (ceramic isolators on the T2K helium lines limit the maximum exhaust temperature to about 200°C). Figure 2‑15 shows the peak target core temperature reaching 777K (504°C) which is within the desired range. Higher temperature operation is preferable in terms of enhancing mobility of radiation induced defects (annealing) which reduces the effects of radiation damage.
It is found that the 35 g/s of helium pumped through the target results in a pressure drop of 0.7 bar if the exhaust pressure is at 2 bar (absolute). The pressure drop in the front-end manifold is rather minimal (Figure 2‑16) with a large part of the 0.7 bar pressure drop occurring in the downstream turn around (Figure 2‑17) and along the return section where the helium is cooling the target. The turn-around is associated with a high pressure drop due to having to turn the high-speed flow through 180-degree turn in a fairly confined space. The pressure drop on the return leg along the target is required in order to achieve adequate heat transfer with the target surface. The diameter of the guide is chosen to provide adequate heat transfer along the target and to minimize as much as possible heat transfer in the outer annular flow section. Heat transfer of the order of 2 kW occurs across the 0.5 mm thick titanium guide between the flow in the downstream and upstream directions. This has little consequence to the design other than resulting in the helium temperature increasing by around 10°C as it passes down the target to the turn around.

[bookmark: _Ref490727910][bookmark: _Toc494454472]Figure 2‑16: Contour plot of absolute pressure on a section through the target.

[bookmark: _Ref490727922][bookmark: _Toc494454473]Figure 2‑17: Contour plot of absolute pressure in target (slightly increased mass flow).
Figure 2‑18 shows how the design achieves the given operating temperatures while keeping the maximum Mach number of the helium below 0.5. The maximum velocity occurs at the discharge from the inner annular flow section where the helium reaches its hottest, lowest density state after having cooled the target.

[bookmark: _Ref490728102][bookmark: _Toc494454474]Figure 2‑18: Contour plot of helium velocity through a section of the target.
To examine the expected transient operating conditions in the target we take the heat transfer coefficients obtained from the steady state model and use that as a boundary condition for producing a transient thermal model. A temperature dependent specific heat capacity is used for the IG-43 graphite as shown in Figure 2‑19. This has a significant effect on the result as the heat capacity more than doubles as the target heats from ambient temperature up to its steady operating condition. Figure 2‑20 shows the predicted minimum and maximum graphite temperatures after the beam is turned on with the target at ambient temperature. After about a minute the target will approach a steady condition and the maximum temperature will vary by some 70°C per beam pulse. Some parts of the graphite remain below 100°C.

[bookmark: _Ref490728388][bookmark: _Toc494454475]Figure 2‑19: Temperature dependence of heat capacity of IG-43 graphite.


[bookmark: _Ref490728389][bookmark: _Toc494454476]Figure 2‑20: Time dependent temperature variation of graphite target core.
The cylindrical graphite target core will have radial and longitudinal oscillation periods depending on the characteristic radius and length dimensions and speed of sound in the material. If the timescale of the beam heating (i.e., the spill time) is short compared to either of these characteristic periods, then generation acoustic stress waves is expected.
Taking room temperature values for elastic modulus  density  and poisson-ratio , the compression wave speed in the IG-43 graphite is

The characteristic radial oscillation period for a cylinder of radius  = 8 mm is then

This is interesting because it places it in a transition region where the radial oscillation period is similar in magnitude to the spill time. This is demonstrated in Figure 2‑21 which shows the simulated dynamic radial stress response close to the shower maximum in the cylindrical graphite target following a single beam spill. As we vary the spill time we see that a short 1 μs spill generates clearly visible radial stress waves that have a 6 μs oscillation period, whereas a long 10 μs spill does not.

[bookmark: _Ref490728731][bookmark: _Toc494454477]Figure 2‑21: Dynamic radial stress response close to the shower maximum in a cylindrical graphite LBNF target following a single beam spill, 7.5x1013 protons, 120 GeV, beam sigma = 2.67 mm, and target diameter = 16 mm.

If for example, we assume a cylindrical target segment of length L = 450 mm then the characteristic longitudinal oscillation period is

Figure 2‑22 shows the dynamic stress response plotted over a longer timescale where this longitudinal stress oscillation becomes visible. In order to avoid generating longitudinal stress waves the segment length would need to be reduced to less than about 3 cm. However, this may not be necessary as the amplitude of the predicted longitudinal stress oscillation is not excessive. Room temperature tensile strength of IG-43 graphite is 37 MPa and increases at elevated temperatures. Fatigue strength is generally taken as half of the tensile strength for brittle graphite materials (~18 MPa) therefore the current calculations indicate a safety factor of 3 on fatigue endurance limit, which is extremely conservative for fatigue.

[bookmark: _Ref490729039][bookmark: _Toc494454478]Figure 2‑22: Dynamic stress response close to the shower maximum in a cylindrical graphite LBNF target following a single beam spill, 7.5x1013 protons, 120 GeV, beam sigma = 2.67 mm, and target diameter = 16 mm.

The upstream beam window is an integral part of the inlet tube and would be made from grade 5 titanium. The pulsed beam results in a temperature jump on each pulse of the order of 100°C. This is the same level of severity in the same material currently achieved at T2K where 100°C temperature spikes are predicted in the grade 5 titanium domes at the achieved level of 2×1014 proton per pulse. Figure 2‑23 shows the peak temperature in the grade 5 titanium window as a function of time after the beam is first turned on. Figure 2‑24 shows the hot spot on the upstream beam window immediately following a beam pulse. The peak energy density deposited in the downstream window is of the order 10 times less than in the upstream window and the heat transfer coefficient there is significantly better than at the upstream window so the pulsed temperature cycling is less of a concern in the downstream window. Dynamic stress analysis of the window has yet to be performed, but successful experience with the T2K windows for the same thermal loading gives confidence in this conceptual design.

[bookmark: _Ref490729344][bookmark: _Toc494454479]Figure 2‑23: Beam window maximum temperature as a function of time.


[bookmark: _Ref490729362][bookmark: _Toc494454480]Figure 2‑24: Peak temperature immediately after beam pulse on upstream beam window.

[bookmark: _Ref490742461]Helium Cooling System
The target cooling helium system is designed to operate in the full range of estimated heat loads. All piping, valves, and associated components are designed for the maximum operating load (plus margin) with a modular approach to the helium compressors. Since helium compressors require significant upfront capital they may be purchased in phases as beam power and system load requirements are gradually increased. A summary of the helium system loads and margin are presented in Table 2‑3.

[bookmark: _Ref490738306][bookmark: _Toc494454591]Table 2‑3: Target cooling helium system required loads and operating margin.
	Beam Power
	Beam σ
	Graphite Target Heat Load
	Helium Flow for 180°C exhaust
	Concept Helium Compressor Flow

	
	
	
	
	Single
	Ncomp
	Total
	Margin

	MW
	mm
	kW
	g/s
	g/s
	-
	g/s
	-

	1.2
	2.67
	27
	35
	50
	1
	50
	43%

	1.2
	4
	35
	45
	50
	1
	50
	11%

	2.4
	2.67
	54
	70
	50
	2
	100
	43%

	2.4
	4
	70
	90
	50
	2
	100
	11%



The total helium system volume is approximately 3 m3 (100 scf) but the total gas inventory is approximately 20 m3 (700 scf), with a helium storage tank representing approximately 75% of the system inventory gas. The storage tank is connected to an inventory control valve manifold which regulates compressor suction pressure, compressor discharge pressure, and mass flow to the target load(s). The additional helium inventory volume allows for greater control of these parameters, provides a damping buffer against transients and oscillations, and offers greater longevity if small leaks develop. Table 2‑4 presents the nominal operating parameters of the helium system. The helium system process flow schematic is presented in Figure 2‑25.
[bookmark: _Ref490738607][bookmark: _Toc494454592]Table 2‑4: Target cooling helium system operating parameters.
	-
	Compressor Suction
	Compressor Discharge
	System Mass Flow

	
	Temperature
	Pressure
	Temperature
	Pressure
	

	
	K
	bara
	K
	bara
	g/s

	min
	290
	1.1
	330
	3
	50

	nom
	300
	1.2
	450
	4
	100

	max
	310
	1.8
	490
	7
	110




[bookmark: _Ref490738634][bookmark: _Toc494454481]Figure 2‑25: Schematic of target cooling helium system.
The helium-cooled graphite target proximity to the proton beamline exposes the helium to ionizing radiation. With pure helium, the only expected radionuclide is tritium, and in small quantities, which has negligible radiation escaping the helium stainless steel piping. For ease of installation, maintenance, and service the helium system is located in a dedicated Helium Room, isolated from the elevated radiation levels of the RAW room. Regardless, helium system components and seals are specified with radiation resistant materials whenever possible and dedicated helium system PLC units are in a separate, remote location where radiation, temperature, and humidity are controlled.
The helium system is cooled by heat exchange to two water systems, RAW (section 2.12.6.1) and Intermediate Water (section 2.12.6.5). The expected helium-to-water cooling loads and operating parameters for the maximum 2.4 MW beam power condition (70 kW Target heat load) are presented in Table 2‑5. For other beam power conditions, the water cooling loads can be approximated by simple scaling of the Target heat load.
[bookmark: _Ref493671830][bookmark: _Ref490738998][bookmark: _Toc494454593]Table 2‑5: Helium-to-water heat exchanger loads.
	Heat Exchanger
	Helium Parameters, Nominal

	Description
	Water System
	Q2.4 MW
	ṁ
	Tin
	Tout
	Pin

	-
	-
	kW
	g/s
	K
	K
	bara

	Shield Pile Pre-cooler
	RAW
	50
	90
	450
	350
	2.5

	Compressor Pre-cooler
	Intermediate
	30
	90
	350
	300
	1.5

	Compressor Intercooler
	Intermediate
	280
	90
	300
	460
	> 1.5

	Compressor After-cooler
	Intermediate
	90
	90
	460
	300
	6



The RAW-to-Helium heat exchanger is located in the Target Shield Pile and is essentially a concentric water jacket to the helium return pipe in the T-blocks to precool the target exhaust helium to a manageable working temperature as it flows back through the remainder of the piping to the Helium Room.
The Intermediate Water-Helium heat exchangers are at three separate locations along the helium flow path, all of which are located within the Helium Room. The helium compressors have one common pre-cooler heat exchanger upstream of the compressor skids on the suction side return piping, one common after-cooler heat exchanger downstream of the compressor skids on the discharge side supply piping, and each compressor skid has a dedicated intercooler heat exchanger itself supplied by the compressor manufacturer, each of which is cooled by the Intermediate Water system.
Contamination in the helium system significantly increases the potential for radionuclide production beyond tritium. Some types of contamination can damage or disrupt helium system operation through corrosion or faulty instrument readings. The helium system is designed with a dedicated vacuum pump and is pumped and backfilled to 1.05 bara with the purest commercial grade helium (99.999% pure helium) no less than five times during initial commissioning and after exposure to atmosphere during maintenance / service. The entire closed-loop helium system is designed to operate at positive pressure to prevent air in-leakage to helium and all helium-to-water heat exchangers are specified such that the water circuit pressure is less than that of the helium to prevent water from entering the helium circuit in the event of a leak in the heat exchanger. The helium system piping and components are welded as much as possible to limit the potential for leakage to/from atmosphere.
To minimize the potential for oil leakage, the helium compressors utilize oil-free compression in the process flow. The helium system includes a multi-component detector for real-time contamination monitoring of CxHy, H2O, and N2, and a gas chromatograph for on-demand monitoring of O2, CO, CO2, H2, and CH4, as well as a dew-point monitor. The helium system includes oil coalescer units to remove oil aerosol, activated charcoal absorbers for oil vapor, a molecular sieve for water, and screens / filters at several locations to collect and contain larger grains of charcoal, graphite, and other debris. Even though compressors are oil-free in the process flow, they are typically not hermetically sealed and leakage through the compressor drive shaft may occur.
The helium system piping and vessels adhere to FESHM 5031.1 and the Fermilab Engineering Manual, as well as ASME B31.3 Code for Process Piping and ASME Boiler and Pressure Vessel Code Section VIII Division 1. The Helium Room adheres to FESHM 4240 for oxygen deficiency hazards, and is designed to be class ODH 0.
[bookmark: _Toc411265171][bookmark: _Toc411265172][bookmark: _Toc494454399]Baffle
The baffle, just downstream from the primary proton window, is a passive device that works like 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 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 [14]. 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 chase’s nitrogen gas flow through 18 longitudinal aluminum fins shrink-fitted around the graphite baffle sections (see Figure 2‑26). 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 chase gas-cooled fins will need to be re-evaluated. It is already assumed that the baffle will need water cooling at the higher beam powers and this heat load has been included in the RAW system conceptual design.
The number of errant pulses absorbed by the baffle is limited by detection of beam mis-steering through the Beam Position Monitors (BPMs) and baffle thermocouple instrumentation.
The baffle design consists of several 80 mm OD, and 26.7 mm ID  graphite tubular segments (R7650 grade) with 2 m total length. The graphite segments are shrink-fitted into an aluminum tube with 18 longitudinal fins machined into its outer surface. 


[bookmark: _Ref490739638][bookmark: _Toc494454482]Figure 2‑26: Baffle cross-section geometry.
The baffle is mounted in a space frame which is connected to its own shielding module (2.4.6). The baffle will be instrumented with thermocouples which will be routed through the module end-walls in the same manner as currently used successfully at NuMI. 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 (without the target installed). However, this technique has limited sensitivity to the baffle angle. In addition, with a cylindrical shaped target filling up the entire baffle inner diameter profile, baffle (and target/Horn A) alignment using beam scanning is difficult. Therefore, features will be added to the baffle and target to allow the use of beam-based alignment for both position and angle.
 
[bookmark: _Toc494454400]Target Options: R&D
Target longevity is a major issue for the performance of the LBNF facility. A target R&D program is exploring options of target material, geometry, cooling, and other design issues. 
As described in an earlier section, at 1.2 MW primary beam power, a target replacement rate of 1 per year is likely based on experience with the NuMI target NT-02. This is enabled by the relatively large beam spot size on target compared to NuMI (2.67 mm sigma versus 1.1 – 1.3 mm sigma). Although this is acceptable for envisioned operations efficiency, the cause of the NT-02 graphite degradation is still unknown. It may be that, with only one data point, the expected lifetime is not achieved for the higher beam power cases. In addition, it may be desirable to increase the intensity on the target for physics optimization purposes, especially in the case of 2.4 MW beam power case. Therefore, there is strong motivation to research radiation damage mechanisms in target (and beam window) materials to increase operational lifetime and/or increase allowable beam intensity on target.
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. An R&D program is ongoing 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 program 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 2‑27 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, isotropic grade of graphite from POCO (ZXF-5Q). Additionally, the results invalidated previous tests that had shown quite severe radiation damage. Those sample were irradiated directly in water. The BLIP test [15] 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 (IG-43) 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 coefficient of thermal expansion 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 are currently underway to study temperature-dependent effects, particularly annealing. 

                                             
[bookmark: _Ref419277607][bookmark: _Toc494454483]Figure 2‑27: BLIP test sample holder with cassettes of material samples irradiated in the BLIP Facility; the beam enters from the right.
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 those of high-energy protons. The BLIP facility is a good compromise, except for its limited exposure. 
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. Four different grades of commercially available beryllium are currently being irradiated at the BLIP facility (along with graphite, titanium alloys, and other candidate materials) by the RaDIATE collaboration. Post-irradiation examinations should be underway starting in early 2018 with final results expected in early 2019.
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 currently installed in the NuMI beamline. If successful, this material would have all the listed advantages to the LBNF Project and facility. 
The RaDIATE collaboration is a program to investigate various materials of interest in the high energy proton irradiation regime primarily consisting of the Materials for Fission and Fusion Power Group at Oxford University with facility support from Culham Centre for Fusion Energy (CCFE). 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. CERN and J-PARC/JAEA are currently being added to the RaDIATE MOU. Several samples specifically chosen for LBNF are currently being investigated at Oxford/CCFE and Pacific Northwest National Laboratory (PNNL), including the NuMI Be primary beam window and graphite fins from NuMI Target NT-02.
Single-pulse thermal shock testing continues to 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). In particular, the strength and other properties of beryllium are substantially different and better at high strain rates, i.e., during 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 validates simulations and failure criteria, potentially validating beryllium as an alternative to graphite. The initial experiment with Be specimens has concluded and data analysis is currently completing. A future experiment in 2018 is being planned that will incorporate graphite, beryllium and titanium specimens previously irradiated at the BLIP facility to investigate changes in thermal shock response due to radiation damage.
The physics and engineering optimization studies are taking place in parallel with the fundamental material studies described above. Studies are primarily being performed by collaborating institutions, with guidance from LBNF staff, with a work program that includes:
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 evaluation of their effects on the neutrino flux; and
Initial physics and engineering optimization studies to 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.

These studies have settled on the beamline configuration that is currently reflected in this conceptual design report. However, optimization of design concepts is expected to continue at least through prototyping activities to take advantage of any beneficial research results.
[bookmark: _Ref419221644][bookmark: _Ref419278514][bookmark: _Toc494454401]Baffle Module
A “module” refers to the support frame, with heavy shielding, from which a beam component hangs. The module has motor drives to provide vertical and transverse horizontal motion for precise alignment of the component/carrier below it. The baffle module design is basically the same as a horn module, except it does not need the stripline block (a shielding component that has an electrical conductor penetration for powering a horn) . Horn modules are described in Section 2.5.5. A module is expected to last the life of the facility, and its shielding thickness is designed for 2.4 MW operation. 
The target is mounted on Horn A and thus does not need its own module. The baffle is mounted on a carrier that hangs off of shafts extending through the baffle module as seen in Figure 2‑28. The baffle carrier will be a simple space-frame similar to the stationary carrier for the NuMI-NOvA target. The baffle is mounted rigidly to the carrier and moves with it as the baffle module is aligned into position. 
When a baffle is replaced, the carrier and baffle are replaced together as a unit. This conceptual design is very similar the NuMI-NOvA target/baffle carrier design. Attachment/removal of the baffle and carrier to/from the baffle module is done in the Target Hall work cell (discussed in Section 2.11.3.1).

[bookmark: _Ref490741415][bookmark: _Toc494454484]Figure 2‑28: Baffle (left most beamline component) in the target chase under its shielding module. The baffle mounts to a carrier (space frame – not pictured).

[bookmark: _Ref419221101][bookmark: _Toc494454402]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 abnormal 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 Hadron 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 Hadron Absorber before installation of the target, and the THI will measure the beam distribution at the Hadron Absorber. The THI will be used to beam-based alignment of the horns, target, and baffle. 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 Hadron 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 THI 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]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 that 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; and
A muon beam permit to prevent damage to the Hadron Absorber by measuring the flux of charged particles within or downstream of the Hadron Absorber. 

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 Hadron 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 monitor is vital for monitoring the detailed health of the target, eliminating the need to wait 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. 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 Hadron Absorber (or within the Hadron Absorber).  For each beam pulse, the muon-beam-permit 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 2‑29 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 2‑30 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 since protons interacting with the Hadron Absorber instead of the target cannot produce mesons with enough potential decay length to produce muons, the muon signal per proton will be changed.  

[bookmark: _Ref419277991][bookmark: _Toc494454485]          Figure 2‑29: Data from NuMI running of the correlation between the muon monitor 
          response and protons/spill.

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 and record the data will be readily available as a live accelerator-controls application. 

                    
[bookmark: _Ref419278044][bookmark: _Toc494454486]Figure 2‑30: Decrease of muon monitor response as proton beam is mis-steered off target. Data shows some noise they were collected at very low beam intensity.

Beam-based Alignment
[bookmark: _GoBack]Simulation of the reference beamline yielded required tolerances of the transverse position of the target and horns with respect to the incident proton beam of approximately 0.5 mm. The positioning requirements with the optimized design are likely not to be significantly different; studies will be done during preliminary design to confirm this. Fermilab has experience in meeting such requirements for the NuMI beamline.
Alignment scans will be performed during the commissioning of target hall components. A low intensity proton beam will be configured to a small spot size (1 mm) and scanned across the different target hall components. Each component will have unique physical features (similar size as the beam) that absorb or scatter the beam. Various instrumentation will be used to recognize when beam interacts with a component feature. The primary beam will be able to scan 20 mm in any transverse direction.
For NuMI, cross-hairs on the upstream and downstream ends of each horn are installed; beam loss monitors are used to observe particles produced by the interaction of the proton beam with the cross-hairs. Scaling from NuMI, the cross-hairs on LBNF horns may need to be 7-10 mm from the horn center in order to produce acceptably low beam heating at full power operation. Simulations during preliminary design will refine this distance. The cross-hairs on the two downstream horns will be scanned with the target removed from the target chase, and the baffle raised or lowered out of the beam scan region.
Horn A cannot be scanned without the target. The mechanical constraints of the bafflet-target-Horn A mounting scheme will define the relative alignment of these three components. For beam-based alignment, these components are considered as a unit. 
A cross-section of the most upstream component of the bafflet is shown in Figure 2‑31. The bafflet is solid radially from 8 mm to 14 mm. Beyond 14 mm, there are cooling channels carved in the graphite bafflet. These channels for cooling gas at large radii can be located with a beam scan providing a mechanism for locating the bafflet center. Scanning for the radial center of the four-interaction length target will provide a second point for the bafflet-target-Horn A unit to determine the angle of this unit.  Again, the baffle must be raised or lowered out of the beam scan region to see the bafflet features.
The most upstream target chase component to be aligned with beam is the baffle. Cross-hairs, or similar features, within the baffle aperture will be provided. Beam scans can locate these features, as well as the edges of the inner aperture of the baffle, which is nominally at 13.35 mm radius (5 times the nominal beam sigma of 2.67 mm for the optimized target).


[bookmark: _Ref494398172][bookmark: _Toc494454487]Figure 2‑31: Sketch of the bafflet cross-section.
 


[bookmark: _Toc422932786][bookmark: _Toc411265175][bookmark: _Toc494454403]Horns 
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 inert gas volume between the co-axial inner and outer conductors that form the horn structure. The optimized LBNF configuration will have three horns in series; the first of which, Horn A, fully encapsulates the target core, which extends 2 m inside the inner conductor from the upstream mounting flange, as can be seen in Figure 2‑32. A second horn, Horn B, shown in Figure 2‑33 is located 2.956 m downstream from reference point MCZERO (defined in Figure 2‑32), and utilizes varying conical conductor profiles over the 3.932 m length to achieve secondary focusing. The tertiary focusing horn, Horn C, as can be seen in Figure 2‑34, exhibits dimensional similarities to Horn B, although the length of the focusing region is somewhat shorter, measuring 2.184 m.  
Conductor designs used are similar to those being manufactured for the NOvA experiment, which were developed from the NuMI neutrino beam. A primary differences between the two designs are the NuMI and NOvA horns utilize a parabolic conductor shape, whereas the LBNF optimized configuration uses a combination of cylindrical and conical profiles. Specific construction methods and tolerances are identical between the designs, however. 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/DUNE [16]  subject to engineering and material constraints. The horn systems will be supported and positioned by support modules, described in Section 2.5.5, which hang from carriage rails in the Target Hall chase. Electrical current supplied to the horns is transported via an aluminum stripline to either the upstream or downstream horn face, where connections to the horn conductors are made. 

[bookmark: _Ref419278782][bookmark: _Toc422848264][bookmark: _Toc494454488]Figure 2‑32: Horn A section. The reference “MCZERO” is the point along the beam that sets the coordinate system origin for Monte Carlo simulations. Horn A specifications are listed in Table 2‑6.

[bookmark: _Ref419278857][bookmark: _Toc422848265][bookmark: _Toc494454489]Figure 2‑33: Horn B section. Horn B specifications are listed in Table 2‑6.


[bookmark: _Ref485388546][bookmark: _Toc494454490]Figure 2‑34: Horn C section. Horn C specifications are listed in Table 2‑6.

[bookmark: _Toc411265176][bookmark: _Toc422932787][bookmark: _Toc494454404]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 flow. To address the former, the thickness of the inner conductors 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, gas 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 A 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 three 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 the Target Hall crane capacity of 60 tons. 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. In contrast, the horn modules are considered permanent and will be designed as life-of-facility components. 
[bookmark: _Toc422932788][bookmark: _Toc494454405] Optimized Design
The focusing system will be a three-horn design, with the upstream end of the second horn (Horn B) located 2.956 m from the reference point MCZERO (near the upstream end of Horn A), and the upstream end of the third horn, (Horn C), located 17.806 m from MCZERO. All three 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 A has a cylindrical upstream section that surrounds the target tube up to the tapered region. This tapered region continues to surround the target tube, and is followed by a downstream neck and transition profile [17] that ties back into the outer conductor for circuit continuity. Horns B and C follow this layout, although variations in conductor lengths, placement, wall thicknesses, and stripline mounting locations exist [9]. Horn A, B, and C inner and outer conductors are of aluminum 6061-T6 construction. The inner conductor shapes are generated from the parameterization shown in Table 2‑6 and Table 2‑7. Optimized horn shape parameters for inner conductors represent focal length; transition and current equalization section lengths are not included.


[bookmark: _Ref419279248][bookmark: _Toc420003282][bookmark: _Toc494454594]Table 2‑6: Horn Parameters. The inner and outer conductor parameters are abbreviated by IC and OC, respectively. 
	
	Horn A
	Horn B
	Horn C

	Material 
	Al 6061-T6
300 kA

	Peak Current 
	

	Minimum IC radius
	33 mm
	81 mm
	131 mm

	IC Thickness 
	2 mm
	3 mm
	4 mm

	Length 
	2.218 m
	3.932 m
	2.184 m

	OC radius (outer) 
	220.5 mm
	650 mm
	650 mm

	OC Thickness 
	16 mm
	16 mm
	16 mm



The outer surfaces of the inner conductor will be cooled by water spray nozzles distributed along the beam axis between 60° and 120° azimuthally, depending on diameter. Nozzles at the top of the outer-conductor cylinder will spray water to form a film running down from both sides, illustrated in Figure 2‑35. 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 gas flow. To resist water erosion, the surface of inner conductors will be coated with electroless nickel.  
[bookmark: _Ref485390186][bookmark: _Toc494454595]Table 2‑7: Optimized Shape Parameters of the Horn A, B, and C Inner and Outer Conductors.
	Parameter
	Value
	
	Parameter
	Value

	Horn A Length (mm)
	2218
	
	Horn A F1 (% of length)
	53

	Horn A R1 (mm)
	43
	
	Horn A OC Radius (mm)
	369

	Horn A R2 (mm)
	33
	
	
	

	
	
	
	
	

	Horn B Length (mm)
	3932
	
	Horn C Length (mm)
	2184

	Horn B R1 (mm)
	159
	
	Horn C R1 (mm)
	284

	Horn B R2 (mm)
	81
	
	Horn C R2 (mm)
	131

	Horn B R3 (mm)
	225
	
	Horn C R3 (mm)
	362

	Horn B F1 (% of length)
	31
	
	Horn C F1 (% of length)
	20

	Horn B F2 (% of length)
	22
	
	Horn C F2 (% of length)
	9

	Horn B F3 (% of length)
	2
	
	Horn C F3 (% of length)
	7

	Horn B F4 (% of length)
	16
	
	Horn C F4 (% of length)
	35

	Horn B OC Radius (mm)
	634
	
	Horn C OC Radius (mm)
	634

	Horn B Position (mm)
	2956
	
	Horn C Position (mm)
	17806





[bookmark: _Ref485389580][bookmark: _Toc494454491]Figure 2‑35: An inner conductor water spray coverage.

The inner conductors will consist of 2-3 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 2‑36, will provide the position adjustment of the inner-conductor center line and meanwhile allow free thermal expansion of the conductors along the beam direction. 

[bookmark: _Ref485389751][bookmark: _Toc494454492]Figure 2‑36: Additional support and stability for the thin inner conductors are provided by struts in a spider web pattern (thin red pieces).
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 nine layers of aluminum 6101-T61 bus bars that are spaced by zirconia ceramic insulators, as shown in Figure 2‑37. The stripline is flared out to connect to the horn inner and outer conductors at their respective locations, 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 300 kA, pulse width of 0.8 ms and a repetition rate of 1.20 s for 120 GeV beam, 0.9 s for 80 GeV beam, and 0.7 s for 60 GeV beam.

[bookmark: _Ref485389752][bookmark: _Toc494454493]Figure 2‑37: Horn B stripline connection at the downstream end (red and blue conductors are different polarities and are held apart by zirconia insulators).
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 cycle time. Any vibration condition left past the repetition period must not have the potential to develop a resonant response and decrease the service life of the horn. 
[bookmark: _Ref419280009][bookmark: _Toc422848271]
[bookmark: _Ref485389892][bookmark: _Toc494454494]Figure 2‑38: LBNF Horn B stripline temperature analysis for 1.2 MW/120 GeV operation.

[bookmark: _Toc494454406]Lifetime Analysis
[bookmark: _Toc420003283]Preliminary analysis of the stripline design has been completed (DUNE Docdb-1922). Shown in Figure 2‑38, the analysis illustrates that elevated temperatures are present at the interior layers where the gas cooling is currently estimated to not be sufficient. Efforts are underway to increase gas cooling in the inner layers, by means of gas diverter designs, and adding forced gas cooling through the top of the stripline block. This forced cooling will continue in dedicated ductwork surrounding the chase stripline to the horn mounting locations. 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. 
[bookmark: _Ref485390322][bookmark: _Toc494454596]Table 2‑8: Summary of Heating Loads on the horns and Horn B Stripline.
	LBNF
	Horn A
	Horn B
	Horn C
	Horn B Stripline

	Total Heat Load
	33400 W
	29906 W
	13172 W
	3737 W



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, [8]. Because of its smaller radius and proximity to the target, the heating loads on the Horn A inner conductor are much higher than those on the Horn B inner conductor. Horn A maximum heating-load density occurs on the neck immediately downstream of the end of the target, prior to the transition section. See Figure 2‑39, Figure 2‑40 and Table 2‑8. 

[bookmark: _Ref485390440][bookmark: _Toc494454495]Figure 2‑39: Half-symmetry, axial cross sectional view, of Horn A conductor temperature after beam pulse.


[bookmark: _Ref485390506][bookmark: _Toc494454496]Figure 2‑40: Half-symmetry, axial cross sectional view, of Horn B 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 2‑41 for the conductors, has been developed for all operating and loading conditions to ensure a sufficient safety factor. Loading points of concern are as follows: (1) Lower bound pre-pulse, (2) Start of beam pulse, (3) End of beam pulse, and (4) Upper bound post pulse.

[bookmark: _Ref485390653][bookmark: _Toc494454497]Figure 2‑41: 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. The green line represents the temperature profile of the horn neck.
Completed Horn A FEA simulations (DUNE Docdb-3033 and 3648) indicate that with the current design and a convective heat transfer coefficient of 6,000 W-m2/°C, the Horn A neck reaches an equilibrium temperature of 35 °C after five beam pulses. After reaching equilibrium, during each pulse at 1.2 MW beam power the neck’s maximum temperature would reach 45 °C at the end of current pulse (end-pulse) as shown in Figure 2‑39.
The Horn B temperature analysis results (DUNE Docdb-3108) are much lower due to the increased cooling area of the conductor surfaces and a lower current density. Utilizing a 3000 W-°C/m2 convective heat transfer coefficient, the Horn B 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 2‑40. These results are consistent with those expected for a horn of this size and position in the beamline.
Analysis of Horn C (DUNE Docdb-4040), show temperatures that are even lower than Horn B, since the cooling area is consistent with that of Horn B, and it is further away from the intense secondary particle spray produced by the target. Analysis on the inner conductor has confirmed that no major stress issues due to the magnetic loading are present, and operating temperatures are of no concern.
Based on the obtained results, it was confirmed that Horn A is the focusing horn of critical concern regarding 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 for foreseen operating conditions for 1.2 MW, and therefore all three horns should reach their expected service life if stresses remain within acceptable fatigue limits.
Stress and temperature 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 Horn A, B and C: see Figure 2‑42, Figure 2‑43, Figure 2‑44 and Figure 2‑45.While the downstream 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 at various locations and times on the inner conductor. 


[bookmark: _Ref485391160][bookmark: _Toc494454498]Figure 2‑42: Half symmetry, axial cross-sectional view, of Horn A 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, creating 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.

[bookmark: _Ref485391168][bookmark: _Toc494454499]Figure 2‑43: Half symmetry, axial cross-sectional view, of Horn B magnetic pressure loading.


[bookmark: _Ref485391171][bookmark: _Toc494454500]Figure 2‑44: Horn A conductor yield stresses (Sy).
Stress profiles are shown representing the load cases for varying operations of Horns A and B. 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.

[bookmark: _Ref485391175][bookmark: _Toc494454501]Figure 2‑45: Horn B conductor temperature.

[bookmark: _Toc494454407]Safety Factors
The Safety Factors (SF) were calculated using the Goodman Equation: 

Where alternate stress Sa and mean stress Sm are defined by the following equations: 

These results for critical conductor locations at 120 GeV and 80 GeV operation were then modified to address issues that could not be simulated. An environmental correction factor (.75) was applied, 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, with the exception of the Horn A downstream transition, including all correction factors, were found to be sufficient to meet the expected horn lifetime of 3 years or 1×108 pulses, whichever is greater. To increase the strength of the Horn A inner conductor, a thicker downstream transition section must be incorporated to combat high tensile and compressive stresses near the beam centerline. This thickness increase is envisioned to be roughly 25-50% of the existing wall thickness, raising the total from 2 mm to 2.5 / 3.0 mm in that specific area only. These results are summarized in Table 2‑9 and Table 2‑10 below.
[bookmark: _Ref485391416][bookmark: _Toc494454597]Table 2‑9: Horn A operational safety factors at critical conductor locations
	Endcap Point   1
	Endcap Point 2
	Endcap Point   3
	Endcap Point 4
	Endcap Point 5
	Endcap Point 6

	2.43
	1.73
	2.92
	3.12
	2.46
	2.55



[bookmark: _Ref485391418][bookmark: _Toc494454598]Table 2‑10: Horn B operational safety factors at critical conductor locations
	US Transition
	Neck Region
	DS Weld
	US Weld

	28.1
	6.82
	28.9
	17.7


[bookmark: _Toc411265178]Ancillary Components
Outside the 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. 
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 2‑46. 

[bookmark: _Ref485391541][bookmark: _Toc494454502]Figure 2‑46: Horn cooling water manifolds
A water collection tank is present underneath each horn, serving as an immediate reservoir for the spent cooling water as it drains from the conductor interior. This water tank is evacuated by means of a venturi powered suction line, which runs to the RAW system for coolant recycling and heat exchanging before returning to the horn, completing the cycle.
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, 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 2‑47. 

[bookmark: _Ref485391626][bookmark: _Toc494454503]Figure 2‑47: Horn support hanger structural analysis with tri-axial loading.
An engineering analysis must also be performed on the horn crosshair 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 A, as it can withstand high temperatures with little deformation. This beryllium crosshair will likely be required for Horn B as well due to the secondary particle spray that plays a dominating role in the heat loads on that horn. Dimensional stability of the crosshair is the main consideration.  Additional cooling contacts or geometrical changes relative to the NOvA implementation might be needed to keep the operating temperature low enough to maintain low thermal expansion and resistance to material creep.
[bookmark: _Toc411265179][bookmark: _Ref419306134][bookmark: _Ref419980771][bookmark: _Toc422932789][bookmark: _Ref493764311][bookmark: _Ref493764525][bookmark: _Toc494454408]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 2‑48. 


[bookmark: _Ref485391759][bookmark: _Toc494454504]Figure 2‑48: Horn support module concepts. The beam comes from the left, through the Horns A, B, and C module assemblies.
Horn support modules are four-sided rectangular boxes open at the top and bottom for shielding block insertion, and are constructed from plate steel. The construction of the module is such that the plate steel walls vary in thickness from 2” to 6”, depending upon structural considerations and geometrical requirements to meet the shielding needs of the Target Hall. 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 2‑49. 
The support modules will be designed as life-of-facility components, in that they are considered permanent features of the target chase and will not be replaced. They will remain removable however, as it is required to relocate the modules to the work cell for horn installation, replacement, or repair. Since the support structures are intended for operation at beam powers up to 2.4MW, it is expected that they must have provisions for accepting updated horn designs, which could vary in size and materials used for producing increased neutrino flux. Installation and alignment procedures would remain the same with varying horn designs, however the remote handling connections at the module must be carefully planned to allow the currently designed 1.2MW horns to be fitted initially, followed by any updated designs. 
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 beamline, 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 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.


[bookmark: _Ref485391776][bookmark: _Toc494454505]Figure 2‑49: 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, in order to account for them in the design. A preliminary thermal analysis was completed on the module mainframe using the conceptual cooling layout as can be seen in Figure 2‑50, and efforts are ongoing to increase cooling to specific regions where temperatures are still problematic.

[bookmark: _Ref485391900][bookmark: _Toc494454506]Figure 2‑50: Cooling passage layout and module subsections for analysis.
Heat will be removed primarily by cooling water running back to a RAW system heat exchanger, with small cooling contributions on the module exterior by the chase gas 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 upstream and downstream end-walls (locations 1, 2, 3, and 4). Cooling at the bottom of the module, where the horn hangers will be attached, will be achieved using cooling plates, bolted directly to the sides of the end walls (locations 5, 6, 7, and 8).
Initial thermal results of the module end walls at 2.4 MW operation can be seen in Figure 2‑51. Efforts to reduce resultant temperatures and deformations continue, aiming 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 in the cooled regions, but poses no concern since it plays no part in the dimensional stability of the horns.
              
[bookmark: _Ref485391978][bookmark: _Toc494454507]Figure 2‑51: Preliminary thermal results for Horn A module mainframe.
[bookmark: _Toc411265180][bookmark: _Toc422932790][bookmark: _Toc494454409]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. A stripline block must have an integral labyrinth penetration for these aluminum layers due to radiation shielding concerns, and also must remotely attach and dettach 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, Figure 2‑52, allows remote handing to connected and disconnected a complete horn system assembly, providing minimal exposure to technicians during horn change-outs.

                                       
[bookmark: _Ref485392055][bookmark: _Toc494454508]Figure 2‑52: Conceptual horn stripline block showing the labyrinth penetration for the stripline.
The stripline block will primarily consist of steel construction. For corrosion resistance, the outer casing (that contains the internal components) will be stainless steel. 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 2‑53. 

[bookmark: _Ref485392128][bookmark: _Toc494454509]Figure 2‑53: Stripline block remote clamp connecting a horn’s stripline and a module’s stripline.


[bookmark: _Toc494454410]Horn Power Supplies 
[bookmark: _Toc494454411]Design Considerations
The horn power supply will be designed to supply three horns with a maximum of a 300 kA sine-wave peak, within tolerances set for a maximum beam pulse of 10 microseconds.
A damped inductive/capacitive (LC) discharge circuit (as shown in Figure 2‑54) 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 2‑11.



[bookmark: _Ref419306467][bookmark: _Toc494454510]Figure 2‑54: LBNF horn PS simplified circuit diagram.

[bookmark: _Ref419307402]

[bookmark: _Toc494454599]Table 2‑11: LBNF Horn PS Circuit Parameters 
	
	Inductance (H)
	Resistance (Ω)

	Horn_A
	7.45E-07
	2.15E-04

	Horn_B
	1.10E-06
	7.80E-05

	Horn_C
	3.93E-07
	2.70E-05

	Stripline (45 meters)
	4.50E-07
	3.80E-04

	PS  (10 meters stripline)
	1.00E-07
	8.44E-05

	System Total
	2.790E-06
	7.84E-04

	
	
	

	System Total +10% (used for Horn PS Design)
	3.069E-06
	8.62E-04

	
	

	Storage Capacitors (F)
	1.910E-02

	
	

	Peak Current (A)
	300E+03

	Pulse-to-Pulse Stability
	0.1%

	Base Width (s)
	8.00E-04

	Minimum cycle time between pulses (s)
	0.7


[bookmark: _Toc494454412]Optimized Design
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 4.1 kV. Calculated DC-power consumption during operation of the focusing horns is 85 kW.
Capacitor Bank
Based on the inductance and resistance estimates, the capacitance required for the bank is 19.1 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 using 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 Chokes
The recovery choke design to reverse the capacitor voltage with minimal losses will be a copy of the MiniBooNE Horn PS.   As with the MiniBooNE Horn, the recovery will be on an individual cell basis.
The fundamental recovery current frequency is about 200 Hz.  This is a factor of 3 less than the original MiniBooNE design.  Recovery losses are expected to be manageable with this implementation of the existing design.
Current Transducers
Passive current transformers installed within each capacitor bank cell monitor the cell performance to 0.4% accuracy. These 32 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 LBNF peak current. Its balanced configuration offers much reduced electromagnetic, vibration and mechanical stress. Its cross section is shown in Figure 2‑55. 
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 488 W/m, 22 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 7,600 Arms operating current. 


[bookmark: _Ref419307566][bookmark: _Toc494454511]Figure 2‑55: Layered stripline; units are inches.
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, DC 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 Ω to Earth-ground. The chosen resistance value shall limit any such fault currents ≤ 200 A.  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 32 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 LBNF. 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 impregnate leakage and allows access to internal components on all four sides.


[bookmark: _Toc411265205][bookmark: _Toc494454413]Target Hall Shielding 
[bookmark: _Toc411265206][bookmark: _Toc494454414]Introduction
Target Hall shielding (also called the Target Shield Pile) refers to the steel and concrete shielding that surrounds the target chase, the rectangular volume surrounding the beamline components (baffle, target, Horn A, Horn B, Horn C, the decay pipe window and snout which connects the decay pipe window to the main decay pipe structure). Its inside surface defines the target chase volume. There is a sealed volume within the Target Hall shielding that is used to contain the nitrogen gas. Flowing nitrogen gas within the chase and Target Shield Pile removes some of the heat generated by particle interactions with the target chase and its components as well as the surrounding Target Shield Pile.
[bookmark: _Toc411265207][bookmark: _Toc494454415]Design Considerations
Target Hall shielding 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 Target Shield Pile low enough to allow personnel to access the top of the target steel shield pile for maintenance with beam off. 
The Target Shield 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][bookmark: _Toc494454416]Optimized Design
[bookmark: _Toc411265209]Target Hall Shield Pile
The Target Shield Pile defines the target chase. The target chase is the central rectangular open volume that runs through the center of the target steel shield pile. The chase extends the entire length of the target steel shield pile (~ 34 meters), from the primary-beam window at the upstream end to the Decay Pipe at the downstream end. The chase is 78” (2 meters) wide at the water-cooling panels in the region of the horns and 88” (2.2 meters) wide elsewhere. Its height varies along the length of the Target Shield Pile; the chase floor has six vertical steps. The beamline in the Target Hall region slopes downward at 0.101033 radians (5.78876°) as illustrated in Figure 2‑56.

[bookmark: _Ref419359012][bookmark: _Toc494454512]Figure 2‑56: Beamline elevation view for the optimized 3-horn configuration – beam direction is left to right. Gaps in T-block shielding will be filled with custom shielding blocks.

The chase acts as a collimator for hadrons produced by the beam-target interaction and are not well-focused by the horns. This collimation reduces the beam power deposited in the Decay Pipe. 
The shield consists of two main layers. An inner, steel layer that absorbs all the stray particles from interactions of the primary beam, except neutrons below a few MeV of 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 marble layer sits atop the target steel shield pile, over the T-blocks and below the hatch covers. The poly layer sits atop the hatch covers. 
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 and 22Na activation; and (2) the top shielding which must shield the upper Target Hall. The shielding is illustrated in Figure 2‑57, which is the lateral cross section of the Target Shield Pile. 

[bookmark: _Ref419359108][bookmark: _Toc494454513]Figure 2‑57: Cross section of Target Shield Pile. The secondary beam is confined to the chase, which is the rectangular opening in the center. The horns and target are shown hanging from their support modules. Removable steel “T-blocks” (not shown) are placed over the chase and also fill the inside of the modules. Above the T-blocks is a layer of marble (not shown). The chase and cooling passages are filled with nitrogen inside of the welded stainless-steel sheet-metal barrier which all sits inside of the concrete bath tub. The beam direction is into the figure. 

[bookmark: _Ref419359313]The LBNF steel, concrete, marble, and borated polyethylene shielding requirements are Table 2‑12 and Table 2‑13.  The goal of the design is to have an average dose rate below 100 mrerm/hr in the Target Hall during normal operations (2.4 MW). More shielding is required for the left side of the Target Shield Pile (with respect to the proton beam direction) due to the location of the utility room. Additionally, there is a 120-in-thick concrete wall and 12” thick steel slab at the upstream end to separate the pile from the pre-target tunnel. For comparison, NuMI has 40” (1 m) of concrete and 52” of steel shielding on the bottom and sides, and 73” to 82” of steel and 18” of concrete on the top. 

[bookmark: _Ref487030693]
[bookmark: _Ref493765175][bookmark: _Toc494454600]Table 2‑12: Shielding Requirements for the Top of the Target Chase; hatch cover shielding is above all regions.
	Chase Regions
	Iron
(in)
	Borated Poly
(in)
	Marble
(in)
	Concrete
(in)

	Baffle
	92
	-
	6
	-

	Horn A
	106
	-
	6
	-

	Between Horns A&B
	116
	-
	6
	-

	Horn B
	106
	-
	6
	-

	Between Horns B&C
	106
	-
	6
	-

	Horn C
	106
	-
	6
	-

	Decay Pipe Window
	106
	-
	6
	-

	Snout
	116
	-
	-
	36

	Hatch Cover 
	18
	6
	-
	-



The open space between the steel shielding and the floor and walls of the Target Hall concrete bath tub form the nitrogen gas cooling channels for the exterior surface of the steel pile and for the concrete. The channels are named “bottom” for the floor and “side” for the walls. The space between the top of the target steel shield pile and the hatch covers is called the “top” channel. The cooling nitrogen gas flows through these channels to enter the chase (discussed in more detail in section 2.7.3.3).
[bookmark: _Ref419359330][bookmark: _Toc494454601]Table 2‑13: Shielding Requirements for the Walls and the Floor of the Target Chase; left (L) and right (R) are with respect to the proton beam direction.
	Chase Region
	Iron
(in)
	Concrete
(in)
	
	Chase Region
	Iron
(in)
	Concrete
(in)

	Walls: US of Baffle
	12
	140
	
	Floor: Btwn Horns B&C
	72
	40

	Floor: Baffle 
	72
	40
	
	L Wall: Btwn Horns B&C
	52
	112

	L Wall: Baffle
	72
	96
	
	R Wall: Btwn Horns B&C
	52
	112

	R Wall: Baffle
	72
	40
	
	Floor: Horn C
	52
	40

	Floor: Horn A
	72
	40
	
	L Wall: Horn C
	52
	85

	L Wall: Horn A
	72
	85
	
	R Wall: Horn C
	52
	40

	R Wall: Horn A
	72
	112
	
	Floor: DP Window
	52
	40

	Floor: Btwn Horns A&B
	72
	40
	
	L Wall: DP Window
	52
	85

	L Wall: Btwn Horns A&B
	52
	112
	
	R Wall: DP Window
	52
	40

	R Wall: Btwn Horns A&B
	52
	112
	
	Floor: Snout
	52
	40

	Floor: Horn B
	72
	40
	
	L Wall: Snout
	52
	85

	L Wall: Horn B
	52
	112
	
	R Wall: Snout
	52
	40

	R Wall: Horn B
	52
	112
	
	
	
	



Shielding steel is stacked in a staggered and interlocking fashion so there are no line of-sight cracks through the target steel shield pile. Vertical gaps between pieces are filled with steel shim stock to not exceed a maximum gap size of ~¼”. Two methods are used to close the top of the chase. Removable, specially made steel blocks called “T-blocks” are used where beamline components are installed. Custom steel blocks and slabs are used in the other areas.  Special support modules are used to place and align the components inside the chase. The modules rest on carriage beams that are supported on the outside concrete walls for thermal stability to maintain alignment. 
A view of the bulk steel shielding after roughly two-thirds of it has been installed is shown in Figure 2‑58.


[bookmark: _Ref419359427][bookmark: _Toc494454514]Figure 2‑58: Cut-away view of the bulk steel shielding after the large steel pieces have been installed (installation of the downstream end, right, is shown completed).

[bookmark: _Ref419361877][bookmark: _Toc411265210]Energy deposited in the Target Shield Pile and the beamline components by the 2.4 MW primary beam is removed by water-cooled shielding, a nitrogen-cooling system, and cooling systems on the beamline components. Almost half of the total beam energy at 2.4 MW is deposited into the Target Shield Pile (~1 MW). Less than 0.2 KW is deposited into the walls and floor of the concrete bath tub – the steel shielding does an effective job of absorbing most all of the energy deposition. The water-cooled shielding, i.e., carbon steel chase cooling-panels, T-blocks and module bottoms, intercept more than half of the total beam energy deposited within the Target Shield Pile region (~600 KW). The nitrogen-cooling system and cooling systems on the beamline components remove the balance of the deposited beam energy. The total nitrogen cooling flow rate is 35,000 scfm through the chase and between the steel shielding.
The conclusions from the LBNF Air Releases to the Atmosphere study requires that the argon concentrations in the Target Shield Pile cooling system be reduced close to zero in order to mitigate 41Ar radionuclide emissions to the atmosphere. This requires using inert gas in the target chase as the cooling medium;  nitrogen is a good choice based on both design and cost. Nitrogen also mitigates any corrosion related issues in the target chase. Using nitrogen (instead of air) requires a better sealed system (a leak rate of at least two orders of magnitude less than that of air) and impacts the Target Shield Pile fluid handler and its room (i.e., the Nitrogen Handling Room – NHR). The design impact for the fluid handler is that it must be well sealed to minimize nitrogen gas leaks plus it needs to operate in a positive pressure condition to prevent the intrusion of air and/or moisture. The impact on the NHR is that it creates an ODH (Oxygen Deficiency Hazard) condition, however analysis shows that the NHR will be classified as an ODH Class 0 area. The entire target chase and nitrogen handling systems (including the fluid handler) are estimated to operate at 1-3 psig internal pressure due to beam heating of the nitrogen, changes in barometric pressure, and the pressure drop across the fan. This helps achieve the positive pressure requirement and these systems will therefore be designed to handle at least 5 psig pressure as an added safety margin. This will require the fluid handler to be encased inside a large pressure vessel within the NHR.
[bookmark: _Ref493702607]Water Cooling Panels
The Target Shield Pile bulk steel shielding is expected to absorb ~1 MW of total beam power at 2.4 MW operation. The nitrogen cooling alone is insufficient to remove the heat generated by this power, particularly in the steel closest to the beamline. Water-fed cooling panels will therefore be used to remove the energy deposited in the first 4” of the steel (simulated to be ~600 KW). The balance of the energy deposited will be removed by the nitrogen cooling system.
The cooling panels will be placed on the innermost surfaces of the Target Shield Pile, including the floor, walls, and the bottom of the T-blocks and modules (if needed). All cooling panels will be removable. Two configurations are being investigated: annular tubing and PLATECOIL® surface heat exchangers made by Tranter, Inc. 
The annular tubing, shown in Figure 2‑59, consists of a 4” thick plate with several gun-drilled holes drilled from the top of the panel down its long axis, to within a foot of the far end of the panel. Into these holes a smaller diameter pipe is inserted, to within 1” of the bottom of the hole. Water flows down the narrower pipe, and up the annular cavity between the pipe and the gun-drilled bore. This method allows for excellent heat transfer and eliminates any welds, which risk leaking. Manifolds will be attached to the top of the panels to transfer water from the RAW lines to the cooling pipes. 
The PLATECOIL® configuration will use PLATECOIL® heat exchangers bought from Trantor, Inc. The heat exchangers are made of a sheet of corrugated stainless steel welded onto a flat stainless plate. These heat exchangers will be welded at their edges and at regular intervals to the cooling panels. Alternatively, the heat exchangers could be sandwiched between two 2” steel plates. Each heat exchanger has supply and return pipe mating features. 


[bookmark: _Ref487032746][bookmark: _Toc494454515]Figure 2‑59: Annular flow. The annular tubing cooling panel configuration results in panels with multiple bores along their tops. The water flows down a central tube in each bore, and back up the panel through the space between the central tube and the panel steel. This water is then collected by a manifold at the top of the panel.
The annular tubing configuration has a much higher cooling coefficient, around 1000 W/ m2-K, and uses much more water than the PLATECOIL® design. The PLATECOIL® design is less expensive and less water-intensive, but has a lower heat transfer coefficient of about 85 W/m2-K. 
For the side walls, each panel (both configurations) will have a step cut into its top end, bringing the top 45” of the panel down to a thickness of 3”. Below this there will be 1” and 3” thick plates welded onto the panels, which will create a labyrinth to prevent a direct radiation path.

[bookmark: _Ref490078263]Nitrogen Cooling System 
The discussion below describes the nitrogen cooling system. The majority of the equipment needed for nitrogen cooling is provided by Conventional Facilities at the Near Site. For more information, refer to 3B, Annex CF at the Near Site (DUNE Docdb-319). The flow schematic for the Target Shield Pile nitrogen cooling system is illustrated in Figure 2‑60. 

[bookmark: _Ref419359534][bookmark: _Toc494454516]Figure 2‑60: The flows for the Target Shield Pile and Decay Pipe gas-cooling concept are shown schematically. Note that the chase cooling panels and bottom surfaces of the T-blocks and adjacent fixed shielding are cooled with RAW.   
A single fluid handler, located in the Nitrogen Handling Room inside a large pressure vessel, provides 35,000 scfm of cooled and dehumidified nitrogen to help cool the Target Shield Pile. Starting at the “Target Pile N2 handler” box in Figure 2‑60, the cooling nitrogen flow enters the Target Shield Pile at the downstream end above the steel shielding and flows upstream in the top, bottom, and side channels. The nitrogen exits the bottom and side channels at the upstream end of the pile, turns 180 degrees, and enters the chase. The nitrogen flow in the top channel flows vertically downward through clearances between the T-blocks and into the chase. The 35,000 scfm cooling nitrogen flow exits the chase at the downstream end and enters the nitrogen 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 nitrogen flows in the Target Shield Pile. The supply and return ducts have labyrinths and steel shielding where the ducts enter or leave the Target Shield Pile to attenuate radiation leakage out through the ducts.
Supply and return air ducts connected to the Target Shield Pile are shown in Figure 2‑61. The ducts are provided by Conventional Facilities at the Near Site. For more information, refer to 3B, Annex CF at the Near Site (DUNE Docdb-319).

[bookmark: _Ref419360275][bookmark: _Toc494454517]Figure 2‑61: Supply and return nitrogen gas ducts for the Target Shield Pile. Blue is the supply ducts and red is the return ducts. 
Cooling System Simulation
Thermal simulations of the cooling panels were performed to determine the feasibility of the different panel designs. The simulations were performed in ANSYS®, and used a CAD model of one-half of the cooling panel walls and floor, assuming symmetry along the beamline. In these simulations, heat input was considered as internally generated from beam energy deposition and applied as volumetric heat generation. It was calculated using MARS simulation code which gave a total heat load of 542 KW for 2.4 MW beam power – this was for the cooling panels on the chase walls and floor and did not include the bottom of the T-blocks which will be analyzed separately. This amount was increased to 600 KW for the simulation to create a conservative estimate of cooling requirements for the chase walls and floor. Heat removal was through fluid convection in the cooling panels together with nitrogen flow through the chase, and two design configurations were studied as discussed earlier (Section 2.7.3.2): (1) RAW flow through annular tubing (gun-drilled bores), and (2) RAW flow through clamped-on Tranter PLATECOIL® heat exchangers. The heat transfer coefficients were determined through fluid mechanics calculations for the gun-drilled case and provided by the manufacturer’s data manual for the Tranter PLATECOIL® case (these are believed to have been determined experimentally by the manufacturer). A diagram of the simulation and its boundary conditions for both the gun-drilled and PLATECOIL® cases is shown in Figure 2‑62.

[bookmark: _Ref490079602][bookmark: _Toc494454518]Figure 2‑62: Boundary conditions for thermal FEA simulation with gun-drilled annular flow (left) and PLATECOIL® heat exchanger (right). Heat is generated within the steel of the cooling panel due to beam energy deposition. Heat is removed on one side by the nitrogen flow in the chase and by the cooling water.
The operating and design conditions analyzed were for various flow rates up to 10.16 gpm/bore for the gun-drilled design plus various coverage configurations of the PLATECOIL® design. Also analyzed were cooling panels without any water flow, i.e., only being cooled by the nitrogen flow in the chase. To be feasible, all these designs must keep the maximum surface temperature of the cooling panels below 260°C based on the temperature limits of the paints and primer that will be used.
The most effective cooling arrangement was found to be the 10.16 gpm gun-drilled case, resulting in a maximum surface temperature of 64°C. Full PLATECOIL® coverage resulted in a maximum temperature of 149°C, as shown in Figure 2‑63. Nitrogen cooling only (without any water cooling) resulted in maximum temperatures of 396°C which showed that active water cooling will be necessary. For each case, the hottest area of the panels was on the wall cooling panels, adjacent to Horn A. The PLATECOIL® design option is the simpler and more cost effective since it utilizes off the shelf heat exchangers, and given that the PLATECOIL® are made from stainless steel, it also eliminates any corrosion concerns. This option will be investigated further during preliminary design. 

[bookmark: _Ref490079904][bookmark: _Toc494454519]Figure 2‑63: Results of a steady state thermal FEA simulation of the target chase cooling panels using ANSYS® Workbench. This case accounts for PLATECOIL® and nitrogen cooling. 
The T-block heating simulations are currently underway, since they receive about half of the energy deposition compared to the floor (56.4 kW vs. 93.6 kW) and have larger surface areas exposed to the nitrogen flow; they are not expected to require water cooling. All the above results will be further validated with more comprehensive simulations during preliminary design, as well as through scaled prototypes where necessary.
Battlement Wall
A steel battlement wall will be used to allow for above-floor routing of cooling systems, power, and instrumentation cables into the target bath tub in a leak-tight fashion using special feedthroughs (discussed in detail in section 2.7.3.6.2). The battlement consists of three layers of 9” thick steel plates, 18” wide, stacked vertically as a wall around the target bath tub. Into openings in the battlement will fit the feedthrough blocks. On top of the battlement will be the lip, which forms part of the hatch cover sealing system. Inside of the battlement will be the leak-tight stainless-steel barrier. The battlement and lip assembly, with feedthroughs, is shown in Figure 2‑64.

[bookmark: _Ref487021409][bookmark: _Toc494454520]Figure 2‑64: Battlement and lip assembly. This welded assembly surrounds the target bath tub. It allows utilities to penetrate the leak-tight barrier while still being in easy to reach locations.

[bookmark: _Toc411265190]Nitrogen Sealing System
The nitrogen cooling medium requires a sealing system around the borders of the Target Shield Pile and at the utility feedthroughs as shown in Figure 2‑57. The sealing system is composed of (1) a stainless-steel leak-tight barrier covering the bottom and sides of the concrete bath tub, (2) modular hatch covers sealed with ethylene propylene diene monomer (EPDM) O-rings plus supporting crossbeams sealed with copper or EPDM gaskets, (3) sealed feedthroughs to allow cooling system piping, power, and instrumentation to reach the target chase components, and (4) a leak-tight nitrogen fill/purge system.
The stainless-steel barrier will consist of 0.10” thick 304L stainless steel sheet, welded together in a leak-tight assembly around the inside walls of the concrete bath tub as shown in Figure 2‑57. At its top, it will be welded to the battlement top plate (lip). It will also be welded around the Decay Pipe snout and primary beam window, as well as any other penetrations through the barrier. There will be a removable nitrogen seal at the upstream end (accessible through the primary beam side) of the primary beam window and pipe assembly.
Hatch System
The modular hatch covers consist of three main parts, the lip (or top plate), the crossbeam (or cross member), and the hatch covers. The lip sits atop the battlement (Figure 2‑64), and is made of many “saddle” pieces, each designed to receive the end of a cross member. Along the length of the lip pieces are glands made to accept gaskets between the lip and the cross member, and O-rings between the lip and the hatch covers. The lip pieces are welded to each other in a leak-tight fashion. Where the glands from two cross members meet, the connecting welds are ground flat and polished. The cross members are composed of two 5” thick steel plates, ~25 ft long to span the target bath tub, with mating features on each end to be received by the lip.
On these mating features is a gland designed to accept a gasket between the lip and the cross member. Along the length of each side of the cross members is another gland designed to accept an O-ring between the cross member and the hatch cover. This gland is part of a circuit of glands which hold an O-ring. This composite gland is made up of four lip pieces and two cross members. Together, they create a sealing surface over which the hatch covers fit. The O-ring gland circuit is shown in Figure 2‑65. The cross-member-to-lip gland is shown in Figure 2‑66. A double gland circuit (with double O-rings) is also being considered to help with leak checking and leak isolation of individual circuits.
“Lip” Pieces are welded together, and hold the cross members
The O-ring and gland circuit crosses many parts
The cross members support the hatch covers, and each hold two O-rings

[bookmark: _Ref486859338][bookmark: _Toc494454521]Figure 2‑65: Hatch cover O-ring circuit. The O-rings (white) sit in a gland that crosses four saddle pieces and two cross members. This creates a leak-tight seal when the hatch cover is lowered into place. The lip pieces are welded together with a continuous weld which is then ground flat and polished. The boundary between the cross member and lip is sealed by a gasket.
The Lip accepts the crossbeam.
The crossbeam has O-ring glands which line up with those of the lip
The Gasket, made of copper or EPDM rubber, will seal the interface between the crossbeam and lip.

[bookmark: _Ref486859349][bookmark: _Toc494454522]Figure 2‑66: Cross-member and lip gasket. This gasket provides a repeatable leak-tight interface, to allow cross members to be removed to facilitate the removal or installation of large target chase components. The top of the gasket will also form part of the O-ring gland.

A hatch cover consists of two steel plates that make up 9” of steel radiation shielding. The top plate (4” thick) forms the sealing surface between the hatch cover, lip pieces, and cross members. The second, smaller piece (5” thick) is bolted onto the bottom of the first and provides the remaining radiation shielding.
6” Borated HDPE
9” Steel Shielding
9” Hatch Cover
Cross member
Lip
6” Borated HDPE
9” Steel Shielding
9” Hatch Cover
Cross member
Lip

[bookmark: _Ref486860246][bookmark: _Toc494454523]Figure 2‑67: Hatch cover layers. Top and side views from left to right: Borated HDPE Shielding, steel shielding, hatch cover, cross members, and lip. 
On top of the hatch covers is two layers of shielding. The first is a 9” thick layer of steel, to absorb all radiation except thermal neutrons. The second layer is 6” of borated high-density polyethylene (HDPE), to capture those thermal neutrons. The polyethylene shielding is composed of two layers of multiple 3” thick slabs, arranged in a labyrinth fashion, and held together by a frame of angle iron. Each frame covers one hatch cover. The layers of the hatch cover system and shielding are shown in Figure 2‑67.
[bookmark: _Ref490080187]Feedthroughs
The feedthroughs will allow power, cooling systems piping, and instrumentation to reach the target chase components without allowing the escape of nitrogen gas or infiltration of outside air. RAW feedthroughs (Figure 2‑68) will be composed of a steel block placed into the battlement, with holes cut through it to allow the placement of RAW pipes. These pipes will be welded to the feedthrough in a leak-tight fashion on the inside of the steel block. For multiple smaller pipes, a larger stainless-steel sleeve will be used to consolidate all the pipes into one feedthrough as shown in Figure 2‑68, with each individual pipe welded to an end cap on the inside to achieve a leak-tight seal. The stainless-steel barrier will then weld directly to the stainless-steel sleeve.

[bookmark: _Ref487020970][bookmark: _Toc494454524]Figure 2‑68: RAW feedthrough battlement block. These feedthroughs fit into the steel Battlement wall. The RAW pipes pass through a capped steel sleeve, which is welded to the stainless-steel leak-tight barrier. Holes are drilled in the caps to allow the passage of one or more RAW pipes, and then welded leak-tight around the pipes.

[bookmark: _Ref487021007][bookmark: _Toc494454525]Figure 2‑69: Stripline feedthrough battlement block. An assembly of clamps and gaskets seals tight around the stripline panels. Between the panels is an electrically insulating silicone elastomer, which provides a leak-tight seal and electrical isolation.
The stripline feedthrough (Figure 2‑69) is similar to the NuMI-NOvA design and will consist of an assembly of clamps and brackets to form sealing surfaces that utilize EPDM gaskets to achieve a leak-tight seal. The bracket and clamp assembly around the stripline conductors will utilize G-10 spacers and silicone elastomer (Dow Corning Sylgard 184) to seal between the aluminum conductors.  A full-scale prototype of the stripline feedthrough will be built to validate the design.
The instrumentation feedthrough (Figure 2‑70) will be comprised of a steel block with two holes in it to permit the running of cables. The outer portion of the block will have a flange and gasket surrounding the two cable holes. The flange will have holes in it to mount hermetically sealed connector ports, for mating the inner sensors with the outer DAQ system. 



[bookmark: _Ref487020994][bookmark: _Toc494454526]Figure 2‑70: Instrumentation feedthrough battlement block. The instrumentation cables pass through a hole which is partially plugged to avoid unnecessary radiation shine but leaves the ability to add more cables in the future. The cables end in hermetically sealed connectors embedded in a leak-tight flange. 
Gas Fill/Purge System
A nitrogen fill/purge system will be required to alter the gas composition of the target chase. This system is expected to change the target chase atmosphere from air to 99% nitrogen within 24 hours, and from nitrogen back to air within 6 hours. The chase and nitrogen handler have an estimated volume of 33,178 ft3. To fill the system, a liquid nitrogen delivery truck will be connected to an ambient vaporizer unit, converting the liquid to a gas which is then sent to the Target Shield Pile nitrogen handler. A purge blower will be used to remove the nitrogen gas when the target chase must be accessed.
Utility Hatch Cover Systems and Shielding
Each feedthrough requires extra shielding surrounding it, to prevent radiation shine where the utilities pass through. Adjacent to the battlement is the utility hatch cover system. This system provides 6” of borated HDPE shielding on all sides of the utility feedthroughs, as well as 2” of additional steel shielding. Steel covers, with bolted-on HDPE sheets, rest on top of vertical plates with similar layering, which are either bolted to the concrete wall of the Target Hall, or bolted into the battlement. Inside of the enclosure made by the hatch covers and wall plates are HDPE baffles to absorb excess thermal neutrons. These features can be seen in Figure 2‑71.

[bookmark: _Ref487021422][bookmark: _Toc494454527]Figure 2‑71: Utility hatch covers. The hatch covers provide access to the RAW pipes and striplines while providing the extra shielding needed near the utility penetrations. Inside the hatch covers are borated HDPE baffles, to absorb extra thermal neutron radiation.


[bookmark: _Toc494454417]Helium-filled Concentric Decay Pipe 
[bookmark: _Toc411265191][bookmark: _Toc494454418]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 LBNF. 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 193.7 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 gas flow through an annular duct surrounding 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. A set of air-cooling pipes just inboard of the geosynthetic system keeps the geosynthetic at low temperature to extend its lifetime.
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 cooling parameters, and (3) designing and providing the downstream window. Conventional Facilities at the Near Site designs and provides the corrosion-protected concentric Decay Pipe, shielding concrete and the geomembrane ground-water barrier and drainage system. For more information refer to 3B, Annex CF at the Near Site (DUNE Docdb-319).
[bookmark: _Toc411265192][bookmark: _Toc494454419]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 2‑72, which shows the system designed by Conventional Facilities at the Near Site to satisfy the Beamline requirements [18]. The CF design is described in detail in the 3B, Annex CF at the Near Site (DUNE Docdb-319).

[bookmark: _Ref419360788][bookmark: _Toc494454528]Figure 2‑72: Typical cross section of concentric Decay Pipe and shielding concrete. 
The Decay Pipe must be built to meet these requirements: 
194 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 gas flow, 
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 3.2.4.2, 
alignment accuracy maintained at 20 mm, 
external and internal corrosion protection, and
concrete radiation-shielding thickness of 5.6 m 

[bookmark: _Toc494454420]Optimized Design
The decay-pipe region begins 27.3 m downstream of the beam sheet coordinate MC-ZERO which defines Horn A position. A standard pressure vessel head is welded to the upstream end of the inner Decay Pipe. The head has a 2.1 meter diameter opening at its center. A 2.1 meter inside diameter pipe is welded at the center of the head to cover the opening. The pipe extends about 5 meters into the Target Shield Pile 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 2.9.3.2. The snout is open to the inner Decay Pipe and is filled with helium. The snout is shown in Figure 2‑56.  
Heat generated by beam interaction is 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 being generated in the outer steel pipe and concrete. A gas cooling system is employed to cool the Decay Pipe. The cooling flow schematic is shown in Figure 2‑60. The cooling gas is nitrogen, same as what is used in the target chase system.  Nitrogen is preferable to air because it eliminates both oxygen and argon.  Eliminating oxygen reduces corrosion and eliminating argon reduces the production of argon 41.
The following discussion describes the nitrogen-cooling system. The equipment needed for gas cooling are provided by Conventional Facilities at the Near Site. For more information, refer to 3B, Annex CF at the Near Site (DUNE Docdb-319).
A single cooling gas handler, located in the Nitrogen Handling Room, provides 35,000 scfm of cooled and dehumidified nitrogen to cool the steel Decay Pipes and the shielding concrete. Starting at the “Decay Pipe N2 handler” box in Figure 2‑60, cooling gas enters the annular gap of the concentric Decay Pipe at its upstream end and flows downstream. At the downstream end the gas 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 return duct back to the process gas handler to be cooled and dehumidified. The supply and return ducts have labyrinths and steel shielding where the ducts enter or leave the Target Shield Pile to attenuate radiation leakage out through the ducts. The gas supply temperature will be 15 °C with a flow of 35,000 scfm. The maximum temperatures corresponding to the simulated  peak energy deposition are estimated to be 46 °C for the steel pipes, 62 °C for the shielding concrete, and 42 °C for the geomembrane water-proof barrier. Gas return temperature to “Decay Pipe N2 handler” is 57 °C. The upstream and downstream ends of the Decay Pipe radial annular gap must be closed as part of the gas cooling system of the pipe. 
The Decay Pipe ends in the upstream wall of the Absorber Hall. The Beamline Project will design and provide the permanent window at the downstream end of the Decay Pipe. The downstream window is a 6-mm thick steel, dished plate, 1-meter in diameter. It is centrally set in a standard steel pressure vessel head. The head is welded to the inner pipe of the concentric Decay Pipe. The head and window are cooled by natural convection with Absorber Hall 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 window are shown in Figure 2‑73. 

[bookmark: _Ref419362980][bookmark: _Toc494454529]Figure 2‑73: Downstream Decay Pipe steel head and aluminum window.
The downstream Decay Pipe window has been analyzed for the reference design beam; MARS data is in DUNE Docdb-1749 and the FEA results are in DUNE Docdb-2076. 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 2‑74. For normal operation of the reference design beam, 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. 
.  

[bookmark: _Ref419363005][bookmark: _Toc494454530]Figure 2‑74:  Downstream Decay Pipe: The three energy deposition cases for heat transfer and stress analyses.
The accident cases are the same for the optimized and reference designs. 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

[bookmark: _Ref487116870][bookmark: _Toc494454531]Figure 2‑75: Stress distributions for 1.5 psi pressure and energy deposition for the reference design.
For the reference beam design, the results in DUNE Docdb-1898 and DUNE Docdb-2076 show that the temperature profiles for the stainless-steel center section of the downstream Decay Pipe window and the aluminum center section of the downstream Decay Pipe window (Figure 2‑75) are well within the material allowable temperatures.  This analysis is based on energy deposition data in DUNE Docdb-1749 for the reference beam design.   Both FEA results show peak temperatures of approximately 70 C, see Table 2‑14.   The conclusion is that both materials are suitable.  However, joining a center section made of stainless steel to the carbon steel head is easier than joining an aluminum center section.   Therefore, the center section will be stainless steel.
[bookmark: _Ref487116893][bookmark: _Toc494454602]Table 2‑14: For the reference design beam the temperature, stress and displacement for a downstream window made from aluminum and steel and for a window made from all steel.

Energy deposition in the Decay Pipe and downstream window for the optimized beam design has been completed using MARS and the data are in DUNE Docdb-3303.  Finite Element Analysis of the Decay Pipe has been performed and is documented in DUNE Docdb-3758.  Results of this work indicate that the optimized beam design results in lower peak energy deposition and approximately 20% lower overall energy deposition in the Decay Pipe.  Repeating FEA on the downstream Decay Pipe window for the energy deposition from the optimized beam design will be performed and are expected to provide a larger safety factor. The reference design for the Decay Pipe is unchanged since the facility could be used in a future configuration where energy deposition will be similar to the reference beam design.
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 2.9.3.3.
Supply and return ducts connected to the concentric Decay Pipe are shown in Figure 2‑76. The ducts are provided by Conventional Facilities at the Near Site. For more information, refer to 3B, Annex CF at the Near Site (DUNE Docdb-319). 
Relative pressures for atmosphere, the Decay Pipe helium, and the target chase gas cooling system have been examined and are evaluated in DUNE Docdb-2096.  This set of calculations show that for all possible ranges in cooling system temperature, and all historic ranges in atmospheric pressure, the differential pressure across the upstream Decay Pipe window is always just above a fraction of a psi, but never exceeds 5 psig for the optimum initial conditions.   

[bookmark: _Ref419371547][bookmark: _Toc494454532]Figure 2‑76: Supply and return ducts for the concentric Decay Pipe. Blue is the supply ducts and red is the return ducts.


[bookmark: _Toc411265161][bookmark: _Toc494454421]Beam Windows 
[bookmark: _Toc494454422]Introduction
This WBS includes three objects: the primary beam window (the window through which the primary proton beam exits the vacuum beam pipe before hitting the target); the Decay Pipe upstream window (the large diameter window that the secondary beam passes through after the third horn and before entering the Decay Pipe); the Decay Pipe helium fill system.

Both windows will be exposed to very high 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][bookmark: _Toc494454423]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 MW and 2.4 MW (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; a conservative 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, and
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), and
Beam hitting window off center (an accident condition) with the beam missing the target for the Decay Pipe window.
Design lifetime for 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 beamline components 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 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][bookmark: _Toc494454424]Optimized Design
Primary Beam Window Assembly: 
The embedded 273 mm OD, 6.4 mm thick, stainless-steel stepped liner pipe (made from standard, nominal 10” diameter commercial pipe) placed during the civil construction is shown in Figure 2‑77(a). After beneficial occupancy, a primary beam pipe cartridge consists of an internal 76 mm OD, 1.5 mm thick beam pipe suspended within an outer 260 mm OD stepped pipe housing, both constructed from stainless steel as shown in Figure 2‑77(b) is inserted into the liner pipe. 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 radiation back-scatter upstream into the pretarget beamline. 


[bookmark: _Ref419366628][bookmark: _Toc494454533]Figure 2‑77: (a) Shielding wall with embedded stepped liner. (b) After cartridge insertion.
A conceptual section view of a 50 mm diameter, 0.2 mm thick, partial-hemispherical beryllium window is shown in Figure 2‑78 and is based on the existing design used in the NuMI beamline.  It is air-cooled for 1.2 MW operation while it is peripherally water-cooled for 2.4 MW operation. The primary beam window uses a thin beryllium foil brazed to a heavier, water-cooled housing.   This housing is then attached to the long beam pipe.
Alignment of the primary beam pipe is a multi-step process.  Standard conventional facilities practices can locate concrete and embedded concrete structures (like the liner) to tolerances on the order of plus or minus 1”.   Therefore, the inserted assembly needs to be adjustable within the embedded liner to at least plus or minus 1.5”. After beneficial occupancy of the conventional facilities, embedded liner is measured and mapped with respect to the site coordinate system.   Spider collars installed based on survey data, and used to secure the primary beam pipe position within the cartridge (locking end collars and filling void with shielding material). 

[bookmark: _Ref419372431][bookmark: _Ref493765769][bookmark: _Toc494454534]  Figure 2‑78: End view of window assembly.


[bookmark: _Ref419372523][bookmark: _Ref419366689][bookmark: _Toc494454535]Figure 2‑79: Section view of 2.4 MW capable beryllium window and beam pipe assembly.
Initial alignment of the beam pipe cartridge and attached window is obtained by using a DS docking feature shown in Figure 2‑79 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.  When a primary beam window assembly has reached the end of its service life, the inner portion of the window assembly which included approximately 4 meters of beam pipe, cooling supply and return lines, and shielding will be withdrawn from the embedded liner and into a shielding cask located in the pre-target area.  Work is performed in the pre-target area so that people performing the task are exposed to a minimum achievable radiation dose.  After removal of the cask containing the window, a new window and beam pipe assembly is loaded, then inserted into the embedded liner.  The docking feature allows the location of the new assembly to match the location of the previous 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 1.7 mm spot size while gas-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 gas-cooled, hemispherical tapered beryllium window shape with a thin center and gradually thicker outer crown which allows greater conduction is worthy of further investigation [19].
For modeling, 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: 


This expression is used as input to the FEA.  For E0 = 9.3e-3 GeV/g, and  = 1.8 mm, it is very close to MARS data, as shown in Figure 2‑80.


[bookmark: _Ref419372782][bookmark: _Toc494454536]Figure 2‑80: Spatial distribution of beam energy deposition on the primary beam window.
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. 

[bookmark: _Ref419372903][bookmark: _Toc494454537]Figure 2‑81: Temperature history at the center of beam window.
An axial symmetric finite element model is built. Beam heating is applied to get the temperature distribution and its change with time. Figure 2‑81 shows the temperature history at the center of the window. 
Figure 2‑82 shows temperature distributions at valley and peak when temperature cycles are stabilized.
[bookmark: _Ref419372970]         
[bookmark: _Ref493765918][bookmark: _Toc494454538]Figure 2‑82: Temperature distributions at valley and peak.

[bookmark: _Ref419361126]Upstream Decay Pipe Window
The upstream Decay Pipe window is shown in Figure 2‑83. 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 degrade due to radiation exposure.  This seal degradation would cause the leak before the window membrane would require replacement.
[image: ]
[bookmark: _Ref419403656][bookmark: _Toc494454539]Figure 2‑83: Upstream Decay Pipe window from NX solid model.
Seal requirements include:
5 psig (0.3 bar) maximum internal Decay Pipe helium pressure, 
1.5 psig normal working internal Decay Pipe pressure, 
survive a high radiation and corrosive atmosphere, 
remote actuation (area will become too radioactive for a person to access),
An allowable leak rate of approximately 10 cubic centimeters per minute.

The window will be removable from the above, consistent with the other Target Shield Pile components, see Figure 2‑84.  This frame includes 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 ft3 per year, about one standard gas cylinder.

[image: ]
[bookmark: _Ref422155224][bookmark: _Toc494454540]Figure 2‑84: Cross Section through the upstream Decay Pipe window frame from NX solid model. In the picture, the aluminum body weldment is gray; the origin of the axes is at the center of the window membrane; the green plate is a temporary blind used during window replacement; the helium cooling supply is represented in blue, the return in red; the cooling line for the seal area cooling is represented in light blue.

There are several candidate designs for applying the seal load: 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 is part of the advanced conceptual design phase.
Removal of heat deposited by the beam in the window has been considered in the work completed.  Convection heat transfer has been applied to both surfaces using forced convection values.  On the surface of the window that faces Horn C, nitrogen gas cooling from the target chase gas system has been modeled to provide a convection coefficient of 14 W/m2-K.   On the Decay Pipe side of the window, helium has been modeled to provide a convection coefficient of 9 W/m2-K.  The source of the flowing helium needed to provide this helium convection is the shown in Figure 2‑84.  On the target chase side of the window, a number of convection heat-transfer coefficients have been applied in various analysis.  However, the ability of the nitrogen gas flow in the target chase to provide convection heat-transfer coefficients in the 10 to 15 W/m2-K range has not yet been shown.  Therefore, the preliminary design will need to address means to augment this heat transfer coefficient.
Actively cooling the heavier outer ring, which houses the seal has been considered and will likely be incorporated into the final design, is depicted in Figure 2‑84.  The provisions for this cooling will be included in the advanced conceptual design and the thermal analysis work will be repeated with this additional active cooling on the window flange.  Energy deposition data for the optimized beam has been collected for the individual components in the upstream window assembly shown in Figure 2‑84.   The next round of design work will use this data in ANSYS to apply cooling and re-calculate the operating temperatures.  As part of the advanced conceptual design, the routing of the seal cooling lines will be optimized to make them remotely replaceable.
Means to use a conventional bolted flange to apply the sealing force to the window seal has been investigated and shown to be a viable design.   A dedicated purpose mechanism to allow removal of the window bolting, and removal of the window will be required as the post operation radiation levels in the target shielding will preclude manned entry.  Conceptually, this is shown in Figure 2‑85.
[image: ][image: ]
[bookmark: _Ref487120546][bookmark: _Toc494454541]Figure 2‑85: Dedicated window replacement mechanism.

Developing a detailed design of this window replacement mechanism is a final design task.   It will draw upon techniques used at SNS and for the Mu2e Target handing system.
Results from temperature calculations for normal running conditions of the reference design beam for different primary proton energies and beam powers are shown in Table 2‑15.  Resulting stresses are shown in Table 2‑16.
[bookmark: _Ref419403984][bookmark: _Ref418428376][bookmark: _Toc494454603]Table 2‑15: 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 operations of reference design beam (not accident) conditions.
	Proton energy Beam power
	Cycle time
	The Center of the Window Be   Section (S-65 beryllium grade)
	Flange Aluminum T6061

	
	
	Steady state (°C)
	Tmaximum
(°C)
	Tmin
(°C)
	∆T
(°C)
	Tmax
(°C)
	∆T
(°C)

	120 GeV
2.4 MW
	
1.2 sec
	
68.46
	
71.00
	
67.77
	
3.24
	
87.4
	
0

	120 GeV
1.2 MW
	
1.2 sec
	
53.40
	
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
	
0.89
	
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
	
51.10
	
50.51
	
0.59
	
56.87
	
0








[bookmark: _Ref419407852][bookmark: _Toc494454604]Table 2‑16: Stress 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 operations of reference design beam (not accident) conditions.
	Loading Condition
	Stress in Beryllium (ksi)
	Connection area stress
(ksi)
	Aluminum Stress (ksi)
	Stress in the Transition to the flange (ksi)

	Max deflection
(mm)

	5 psi only
	12
	31.8
	14
	20.7
	4.1

	1.5 psi only
	5.48
	11.59
	5.35
	7.18
	1.7

	1.5 psi + thermal 
120 GeV-2.4 MW
	6.03
	16.8
	11.06
	34
	7.2

	1.5 psi + thermal  
120 GeV-1.2 MW
	5.5
	15.38
	8.4
	22.76
	5.6

	1.5 psi + thermal 
80 GeV-2.14 MW
	5.81
	15.38
	10.12
	31.08
	7.2

	1.5 psi + thermal 
80 GeV-1.07 MW
	5.5
	15.17
	8.2
	21.3
	5.46

	1.5 psi + thermal 
60 GeV-2.06 MW
	5.63
	16.15
	9.59
	29.5
	6.6

	1.5 psi + thermal 
60 GeV-1.03 MW
	5.5
	15.05
	8.12
	20.53
	5.3


       
Stresses shown above in the transition area between the flange and the thin aluminum portion of the window are higher than desired.  An examination of the stresses as a function of the shape of the transition between the thin and thick portions of the window has been performed and is documented in DUNE Docdb-3363 and results shown in Table 2‑17.
[bookmark: _Ref487189735][bookmark: _Toc494454605]Table 2‑17: Results for Peak temperature, Peak Stresses, and Peak displacement based on the Optimized Beam MARS Energy Deposition for 2.4 MW.
[image: ]
Table 2‑17 results are based on the optimized beam and an optimized transition area in between the thin and thick portions of the window.  Results indicate temperatures consistent with the reference beam design for similar energy, but lower stress ( Table 2‑15 and Table 2‑16).  53 MPa for forced air cooling and 2.4 MW Optimized beam is approximately equal to 7.68 ksi.  This compares favorably to the results in Table 2‑16  for the stress between the inner beryllium membrane and the outer aluminum sheet for 1.5 psi differential, 2.4 MW and 120 GeV reference design beam (16.8 ksi).
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 mis-steered so as to hit the Decay Pipe window off center.
Relative operating pressures of the target chase and the helium filled Decay Pipe with respect to atmospheric pressure have been evaluated in order to confirm the design differential pressure across the upstream Decay Pipe window.  This work is documented in DUNE Docdb-2096.  By carefully selecting the initial pressures of the Decay Pipe helium gas and the target chase nitrogen, and treating both volumes as closed volumes, the differential pressure across the upstream Decay Pipe window will always be greater than zero and less than 5 psi. This applies for the full range of historic barometric pressure in the Chicagoland area and for either volume at its maximum temperature while the other volume is at its minimum temperature.  Nine cases were considered and the absolute pressure of the Decay Pipe and the absolute pressure of the target nitrogen system and the barometric pressure are shown in Figure 2‑86.
[image: ]
[bookmark: _Ref487444772][bookmark: _Toc494454542]Figure 2‑86: Absolute pressure in the two closed volumes and atmospheric air pressure.
Cases 1, 2, and 3 are for the nominal atmospheric pressure.  Cases 4, 5, and 6 are for the highest historic atmospheric pressure.  Cases 7, 8 and 9 are for the minimum recorded atmospheric pressure.   Cases 1, 4 and 7 are for normal operating temperatures of the Decay Pipe helium and target chase nitrogen.  Cases 2, 5, and 8 are for the Decay Pipe at maximum temperature and the target chase at its minimum temperature.   Cases 3, 6, and 9 are for the Decay Pipe helium at its minimum temperature and the target chase nitrogen at its maximum temperature.
[bookmark: _Ref419365692]Helium Decay Pipe Purge and Helium Recovery:
The Decay Pipe will be filled with air during construction and at the completion of the construction activities.  The 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 (to avoid an 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: ]
[bookmark: _Ref418428222][bookmark: _Toc494454543]Figure 2‑87: Finite element model to simulate the helium fill of Decay Pipe.


A finite element model is built as shown in Figure 2‑87. 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 Figure 2‑88.






[bookmark: _Ref418428143][bookmark: _Toc494454544]Figure 2‑88: CO2 mass fraction at different times: upper plot is 1,358 seconds and lower plot is 6,758 seconds.
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 7,207 seconds.
After 12,355 seconds, the CO2 content is only in the lower corner. Its maximum value changes with time as shown in Figure 2‑89.
                       Time (s)                CO2 (%)
                        12,355   	                 70
                        14,300	                  40
                        18,332	                    5
                        19,538	                     2
                        25,510	                     0
 
[bookmark: _Ref418427893][bookmark: _Toc494454545]Figure 2‑89: Maximum CO2 content during the Decay Pipe purging process as a function of time in seconds.
From our simulation, at the end of 25,510 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.  Additional simulations to evaluate fine tuning changes like this will be performed during the final design phase.


[bookmark: _Ref493767954][bookmark: _Toc494454425]Hadron Absorber 
[bookmark: _Toc494454426]Introduction
The hadron-absorber structure is located directly downstream of the Decay Pipe. The Hadron 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 750 kW of the 2.4 MW beam power is deposited into the Hadron Absorber and must be properly contained to prevent activation of soil and groundwater.  The Hadron Absorber is designed for the largest energy deposition condition of 2.4 MW operation and the shortest target envisioned of 2 interaction lengths. 
The Hadron Absorber consists of two major sections, as shown in the left image of Figure 2‑90.  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 2‑90.  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.  For the largest energy deposition case, the beam power deposited into the core is 519 kW, which is the majority of the incoming beam power into the Hadron Absorber.  Outside of the core is forced-air-cooled steel and concrete shielding. 

[bookmark: _Ref419408874][bookmark: _Ref418427684][bookmark: _Toc494454546]Figure 2‑90: Left, cross section of Hadron Absorber through beam axis.  Right, cross section of Hadron Absorber core.
[bookmark: _Toc494454427]Requirements
The Hadron Absorber must provide radiation protection to people and groundwater for the life of the experiment with minimal maintenance.  The water-cooled core blocks must be replaceable to handle any unforeseen circumstances.  The Hadron 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 Hadron Absorber.  An interlock system shall be designed to pull the beam permit after no more than two accident pulses (THI, Section 2.4.7).  For additional requirements, refer to LBNE DocDB 10148. 
[bookmark: _Toc494454428]Energy Deposition Calculations
The energy deposition calculations were performed using a unified computer model that includes the Target Hall, target chase components, Hadron Absorber and Absorber Hall. The particle interactions for the Hadron Absorber were calculated with the MARS15 code in the exclusive mode using the LAQGSM hadron generator. Interactions in the target and decay channel were taken into account. In the current model, the sculpted aluminum blocks shown in Figure 2‑90 are described using a rectangular approximation. Normal operations (120 GeV primary beam at 2.4 MW and 2 m target length), mis-steered beam accident, and no-target on-axis accident scenarios are described in the following subsections. In all cases, the calculated three-dimensional distributions of deposited energy were provided as input for subsequent analysis with ANSYS [13] 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 in Figure 2‑91, while the data for the central region is shown in Figure 2‑92. In order to properly describe the distribution of deposited energy, a double grid shown in Figure 2‑93 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 Hadron Absorber is shown in Figure 2‑94 and a detailed two-dimensional distribution of power density over the Hadron Absorber is shown in Figure 2‑95.

[bookmark: _Ref415241510][bookmark: _Ref418426876][bookmark: _Toc494454547]Figure 2‑91: The Distribution of the incoming flux at the downstream end of the Decay Pipe.

[image: ]
[bookmark: _Ref418426752][bookmark: _Toc494454548]Figure 2‑92: 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).  

[bookmark: _Ref418426664][bookmark: _Toc494454549]Figure 2‑93: The double grid employed in transverse direction for MARS15 energy deposition calculations in the sculpted core aluminum blocks.  The outer grid bin size is 2 cm x 2 cm, and this linear bin size is three times as large as that in the inner grid.    

[bookmark: _Ref415241922][bookmark: _Ref418426626][bookmark: _Toc494454550]Figure 2‑94: Distribution of total power deposited in the central part of the Hadron Absorber core.


[bookmark: _Ref418426571][bookmark: _Toc494454551]Figure 2‑95: Calculated two-dimensional distribution of power density over the                       Hadron Absorber at 120 GeV.
Accident with 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 2‑96.  

[bookmark: _Ref418358339][bookmark: _Toc494454552]Figure 2‑96: 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.    
No-target On-axis Accident
In a scenario where the target disappears, the beam hits the Hadron 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 0.5 cm x 0.5 cm.  A detailed calculated two-dimensional distribution of deposited energy for this case is shown in Figure 2‑97. 



[bookmark: _Ref418358274][bookmark: _Toc494454553]Figure 2‑97: Calculated two-dimensional distribution of deposited energy over the Hadron Absorber for the case of no-target on-axis accident at 120 GeV.
[bookmark: _Toc494454429]Finite Element Analysis
Using the MARS energy deposition results as a basis for heat load on the Hadron Absorber and its core blocks, many iterative simulations using both between MARS and ANSYS have been carried out to determine the final configuration of the Hadron 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 Hadron Absorber operating parameters can be found in 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.
[bookmark: _Ref413659647]Steady state temperatures and stresses were evaluated at the locations shown in Table 2‑18 for both 120 and 60 GeV operation.  The most extreme of each type of block (spoiler, mask, sculpted block, solid Al block and full steel block) is listed in the table.  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 largest energy deposition due to the smaller 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.  
[bookmark: _Ref418358200][bookmark: _Toc494454606]Table 2‑18: 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 2‑98.  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.

[bookmark: _Ref418358125][bookmark: _Toc494454554]Figure 2‑98: 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 five cooldowns per day during the life of the experiment, this results in 36,500 cycles.  Referring to fatigue tables for both room temperature and elevated temperature testing at 150°C, [20] safety factors can be computed at both the water line and maximum stress locations and are shown in Table 2‑19. 
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 [21] shows an average stress required to produce 1% creep at 100°C for 10 years to be 172 MPa.  Other data [20] 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 due to tensile strength, yield strength, elastic modulus, or elongation [20].
Another consideration is the effect of a water line that is not operational.  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 2‑99 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.

[bookmark: _Ref418357789][bookmark: _Toc494454555]Figure 2‑99: 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 2‑19, and do not compensated for any additional load or uncertainties.  The lowest safety factors apply to 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: _Ref418357682][bookmark: _Toc494454607]Table 2‑19: 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 Hadron 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 instead travels down the Decay Pipe unimpeded.  Two accident scenarios were considered.  First, an on-axis accident, in which the beam travels down the center of the Hadron 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 Hadron 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 2‑100.

[bookmark: _Ref487546626][bookmark: _Toc494454556]Figure 2‑100: Locations of Hadron 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 2‑20.  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: _Ref418357372][bookmark: _Toc494454608]Table 2‑20: 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 2‑101.  At this temperature, a possible concern is a localized loss of the T6 temper.  This appears to not be an issue since tensile data at elevated temperature show no change in 6061-T6 mechanical properties after 0.5 hours at 177°C [20].
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 2‑101.  The maximum plastic strain achieved is 0.7% while the plastic strain to failure for 6061-T6 aluminum is 16%. The aluminum should not fail after two errant pulses.

[bookmark: _Ref418357066][bookmark: _Toc494454557]Figure 2‑101: 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 2‑102.  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: _Ref418356973][bookmark: _Toc494454558]Figure 2‑102: Water pressure (Pa) in cooling channels of sculpted aluminum blocks 2 (right) and 3 (left) during off-axis accident.
Current Hadron Absorber Core Design
Addressing the overall reliability of the Hadron Absorber was one of the recommendations from the January 2015 design review.  The most significant change to the core (since the January 2015 design review) is in the number of water lines that connect to the core blocks: a reduction from eight lines (four supply and four return) to just two lines (one supply and one return), as shown in Figure 2‑103. This was done to simplify the design and as a result improve reliability.  Based on past operational experience from NuMI, water leaks have been one of the main failure modes of critical components, and by reducing the number of water connections the probability of developing a leak is greatly reduced.  The benefits gained from this simplified design is expected to far outweigh the benefits provided by a redundant system, which involved a much more complicated piping system with multiple connections.
The original eight water lines per block were a result of the self-imposed Hadron Absorber requirement which called for cooling system redundancy. By reducing to just one supply and one return water line, the ability to isolate a cooling line is no longer possible, so this requirement as stated cannot be met.  However, the proposed new design is overall a much more reliable system with much less complexity.  Also, it is possible to remove and replace/repair a core module block if needed.
   
[bookmark: _Ref487547388][bookmark: _Toc494454559]Figure 2‑103: Left figures are the previous design while the right figures are the less complicated design.
Steel Shielding Air Cooling
While the bulk of the beam energy reaching the Hadron Absorber is deposited in the core, the outer steel shielding still receives the remaining 30% of the energy deposited in the Hadron Absorber.  However, this energy deposition is not as concentrated as it is in the core, and lends itself well to air cooling.  The proposed routing method for the cooling air is shown in Figure 2‑104. Air from the air handling room flows over the top of the Hadron Absorber, then flows downward through 5mm gaps in the steel shielding.  After passing through the 5 mm gaps, the air flows through a duct on the bottom of the Hadron Absorber formed by a gap in the shielding and then is fed back to the air handling room.
[bookmark: _Ref414349807]
[bookmark: _Ref418356919][bookmark: _Toc494454560]Figure 2‑104: 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 as the proposed LBNF Hadron Absorber, so this flow rate was selected for calculations in the Hadron Absorber air cooling model.  A simplified model of the Hadron Absorber is constructed using 34 CCSS blocks, each 9.11” thick, 6 m wide and 6 m tall.  The blocks are spaced 5 mm apart, and the air passes through these gaps.  This simplified model is represented in Figure 2‑105.  With these parameters, the pressure drop through the 5 mm gaps is 10” water gauge (approximately 2,490 Pa gauge).  
[bookmark: _Ref414351307]

[bookmark: _Ref418356841][bookmark: _Toc494454561]Figure 2‑105: Simplified model of Hadron Absorber steel shielding for air cooling calculations.
The calculations assume uniform velocity distribution across the width of all the air gaps. A Computational Fluid Dynamic (CFD) simulation was performed to visualize the flow in all the air gaps. A transient, 3-dimensional flow model, using the k-epsilon turbulence model was used to generate a mesh-independent solution.  The details of the geometry and the boundary conditions are presented in DUNE Docdb-431.  With a total flow of 25,000 CFM of air being moved through the Hadron Absorber, the average velocity through each of the twenty-six 5 mm air gaps is predicted by the model to be 16.83 m/s. In addition, the flow distribution across the width of each gap was found to be uniform and is in good agreement with theoretical values.  Also simulated where the size of the nominal 5 mm slot was changed to 3 mm and then to 7 mm. The results of this case were compared to those obtained from another fluid flow software, AFT Fathom, and they were found to be in good agreement showing that the design is adequate.
To model temperatures, an axisymmetric version of this model is implemented in ANSYS.  This method slightly overestimates heat generation in the shielding at 240 kW.  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 2‑106, occurring in the shielding near the first sculpted Al block.
[bookmark: _Ref414352104]
[bookmark: _Ref418356793][bookmark: _Toc494454562]Figure 2‑106: Hadron Absorber shielding temperatures (°C) with air cooling.
This model does not account for the temperature rise of air through the Hadron Absorber.  Bulk temperature rise of the air through the Hadron 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. To account for the temperature rise of air through the Hadron Absorber, a CFD simulation of air flowing along a quarter geometry of the aluminum-steel block assembly subjected to maximum energy deposition was done. The details of the geometry and the boundary conditions are presented in DUNE Docdb-431.  This was a steady state simulation, and the k-epsilon turbulence model was employed to generate a mesh-independent solution. The solution was in good agreement with theoretical values. The maximum temperature of the steel block was found to be ~1490C which is well within the limits for steel and the paint applied to it (LBNE DocDB 10264). The summary of CFD models is presented in Table 2‑21.





[bookmark: _Ref487548660][bookmark: _Toc494454609]Table 2‑21: Results summary of the two CFD simulations for LBNF Hadron Absorber air flow: 3D model assumes total flow of 25000 CFM and quarter geometry assumes mass flow rate of 0.06 Kg/s and average velocity of 15.05 m/s.
	
3D Hadron Absorber Flow Model

	Parameter/Condition
	Units
	Value

	Area average velocity through each air gap from the 3D CFD model
	m/s
	16.85

	Theoretical area averaged velocity through each air gap 
	m/s
	16.54

	Velocity in the 9th air gap (5 mm) (CFD)
	m/s
	18.50

	Velocity in the 9th air gap (3 mm) (CFD)
	m/s
	13.30

	Velocity in the 9th air gap (7 mm) (CFD)
	m/s
	21.50

	Maximum pressure drop through the geometry
	inches of water
	19.96

	
Aluminum-Steel Quarter Geometry Model

	Parameter/Condition
	Units
	Value

	Maximum steel temperature (CFD)
	ºC
	148.85

	Maximum air temperature (CFD)
	ºC
	135.05

	Predicted average heat transfer coefficient (CFD)
	W/[m2 K]
	76.83

	Calculated average heat transfer coefficient (theoretical)
	W/[m2 K]
	85.35



[bookmark: _Toc494454430]Mechanical Design and Remote Handling
[bookmark: _Ref414002985]The mechanical design of the Hadron Absorber is based upon the proven design of the NuMI Target Hall shown in Figure 2‑107, utilizing remotely handled T-blocks to support the core.  These T-blocks are in turn 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: _Ref419413962][bookmark: _Ref418425984][bookmark: _Toc494454563]Figure 2‑107: NuMI Target Hall chase T-block and lifting fixture.

Water cooling of the aluminum core blocks is achieved by gun-drilling intersecting holes and then plugging the holes from the intersection to the outside edge forming the water channel, as shown in the left image of Figure 2‑108. 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 2‑108.  

               
[bookmark: _Ref418356552][bookmark: _Toc494454564]Figure 2‑108: Left: Cut-away cross section through a water line in a sculpted Hadron Absorber core block.  Upper Right: connections to the aluminum tubes.  Lower Right: Connections to the manifold.
                                         
                                       
                  

[bookmark: _Ref418356030][bookmark: _Ref419414023][bookmark: _Toc494454565]Figure 2‑109: Top: core block assembly with T-block (green).  Bottom: T-blocks assembled into the Hadron Absorber showing water line connections.
The final T-block assembly in the Hadron Absorber is shown in the top image of Figure 2‑109, including a cover for the pipes coming into the core block to prevent any straight-line paths.  The bottom image of Figure 2‑109 shows the water line connections for each T-block to the 10” manifold to the RAW room.   
There are twenty-three core blocks that require water cooling, with each of the aluminum blocks requiring 20 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 700 gpm with a total volume of 1610 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 Hadron Absorber and to aid in beam and target diagnostics.  A design for a thermocouple array in a solid Al block is shown in Figure 2‑110, 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: _Ref418355313][bookmark: _Toc494454566]Figure 2‑110: Left: thermocouple assembly in T-block.  Center: thermocouple tip location. Right: thermocouple mounting and routing.
[bookmark: _Ref414002832]





[bookmark: _Ref418355480][bookmark: _Toc494454567]Figure 2‑111: Cross section of the Hadron Absorber showing morgues.
The Hadron Absorber design incorporates three different sized morgues to accommodate failed radioactive core blocks and hadron monitors, shown in Figure 2‑111. A morgue allows radioactive an item a shielded place to cool-off before being transferred to longer term storage. 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: _Toc494454431]Remote Handling Equipment 
[bookmark: _Toc494454432]Introduction
Technical components installed as part of the LBNF Neutrino Beamline are subjected to intense radiation from the primary or secondary beam. Residual dose rates in some beamline environments will reach levels that are unprecedented at Fermilab. These radiation levels will be too high for workers to be near such components. The failure of some of the technical components (such as a target or horn) is likely over the lifetime of the LBNF experiment. Therefore, remotely operated removal and handling systems are an integral part of the LBNF complex design. Because the remote handling systems are integrated into the infrastructure of the Target complex and cannot be upgraded after irradiation, the remote handling equipment must be designed to be sufficient for 2.4 MW beam power. 
The remote handling equipment includes the cranes of the Target Hall and service area, a rail cart system connecting the Target Hall and service area, the work cell (a shielded area where lead glass windows and camera systems are used to observe connections being made/unmade between chase components and modules or where repairs are attempted on radioactive components) within the Target Hall, the morgue area and associated equipment for moving items in and out of the morgue cells, and the shielding doors that separate the exclusion and occupiable areas during operations.
[bookmark: _Toc494454433]Design Considerations
Components to be handled, serviced and/or stored range in size (from 0.12 m3 to 32 m3), weight (from 10 kg to 54,000 kg) and estimated radioactivity rate (from 5 R/hr to 2,500 R/hr on contact), as described in the Remote Handling Component List [22]. Shielding requirements for work cells and storage areas have been determined to be 36” of concrete or 12” of steel to reduce workers’ dose rates 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 60 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 (500 – 1,000 mrem/hr at 1 ft maximum). The one exception to this is the cask for Horn B, which, due to its large dimensions, is limited to about 4” wall-thickness by the crane capacity of 60 tons. The dose rate could be as high as 100 Rem/hr on the outside of the Horn B cask. Therefore, brief hands-on access by radiation workers is not acceptable and handling equipment (such as the Target Hall, High Bay and Absorber Hall cranes) will have recovery features (such as redundant drive systems) to enable safe securing of the Horn B cask in the case of an unexpected equipment failure. Temporary shielding can then be placed to allow any required service to the cask or other equipment.
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 have been revised significantly resulting in reduced scope and reduced cost. The final report of this study is available [23], and the applicable portions of that study are reflected in the following sections. 
[bookmark: _Toc494454434]Optimized Design
The LBNF remote-systems optimized design includes equipment and systems in two functional locations. These are the surface Target Hall Complex 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: _Ref493681255]Target Complex Remote-Handling Facilities
The Target Hall enclosure contains the components for generating the neutrino beam. The beamline component arrangement is shown in Figure 2‑112. The remote handling of components in the Target Hall chase will be accomplished with long-reach tools, a bridge crane and a shielded work cell with a through-wall master-slave manipulator and lead glass windows. There will be no access to the Target Hall while running beam due to the high levels of radioactivity. Access to the facility will occur after a cool-down period following beam operations. 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 requires a separate beam-on accessible service area for temporary storage of radioactive components and staging area for remote handling activities. 

[bookmark: _Ref418355216][bookmark: _Toc494454568]Figure 2‑112: LBNF Target Hall enclosure beamline elevation section.
The layout of the Target Complex is shown in Figure 2‑113 with an expanded view in Figure 2‑114. 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, Figure 2‑113). 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 can be occupied during beam operations, 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. The Target Hall shield door is included in the scope of the remote systems WBS. 


[bookmark: _Ref418353355][bookmark: _Toc494454569]Figure 2‑113: Target Hall Complex plan view of the main floor level. The red dashed line is located above the beamline; primary beam enters the Target Hall Complex from the right.
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 Target Shield Pile with removable shielding covers. 

[bookmark: _Ref418354273][bookmark: _Toc494454570]Figure 2‑114: Target Complex expanded view of Figure 2‑113.
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. Both are on the beam-right side of the Target Shield Pile. The work cell is primarily used to remotely remove a horn, target, or baffle 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. 
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 chase, the removed covers can be temporarily stored on an un-accessed section above 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 C with the module attached is the tallest item moved during operation. The shield blocks cannot be stacked so high as to block access of Horn C to the work cell. It is not expected that shield blocks from above 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 opposite end of the enclosure. 
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 as shown in Figure 2‑115. 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 adjacent to the upstream 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 Hall area when unshielded radioactive components are present. The top of the work cell is covered with removable shield blocks that fit around the top of the module. The design of work cell minimizes construction cost while maintaining all required capability for completing a horn or target/baffle replacement operation. The combined work cell and the control cave is approximately 45-ft long, 15-ft wide and 20-ft tall (excluding the personnel safety railing). There is a 9-ft deep pit under the cell area to accommodate a custom lift table to accept failed components and mount replacement components to their mating modules (see Figure 2‑116). This depth is required to service the Horn C module while still providing lift-table vertical range to service the Horn A and baffle modules.


[bookmark: _Ref488322318][bookmark: _Toc494454571]Figure 2‑115: Target Hall work cell concept.

[bookmark: _Ref488322523][bookmark: _Toc494454572]Figure 2‑116: Lift table pit under the work cell.
Two lead glass windows will be utilized in the upstream wall (between the work cell and the control cave), and one will be utilized in the side wall. These will allow remote viewing and alignment activities as needed. Two additional window openings will be provided (one in the control cave side wall and an additional one in the side wall of the work cell) filled with concrete plugs, which offer the opportunity to install additional lead glass windows in the future. 
Because the target is mounted in the neck of Horn A, it will be necessary to extract and insert a target remotely while Horn A is hanging from the Horn A module in the work-cell. Therefore, the work cell is sized to fit a custom remote handling frame placed upstream of the target and includes a through-wall master-slave manipulator. Extra ports for additional manipulators or for better placement will be provided in the work cell upstream shield wall. 


[bookmark: _Ref488323053][bookmark: _Toc494454573]Figure 2‑117: T2K target replacement system.
The conceptual design for the target remote handling system is based upon a similar system used at the T2K beamline facility at J-PARC shown in Figure 2‑117. The system utilizes commercially available linear slides (yellow) to extract and insert the spent and replacement targets (brown cyclinder). Motion is provided by the manipulator operator. The manipulator is also required to tighten and loosen mounting bolts and make and break the helium gas line seals. Alignment of the “table” to the front of the horn is critical to a successful change-out. The LBNF conceptual design is similar in that it provides a frame or table in the work cell that is aligned to the Horn A (see Figure 2‑118). However, due to the steeper angle of incline and longer target length, the linear slides are motor driven (see Figure 2‑119). Alignment of the frame to Horn A is again critical and remotely operated jacks will provide level (pitch and roll) and vertical range of motion, while the slides will provide horizontal and yaw range of motion. Currently it is envisioned that fiducials will be mounted on the target mounting plates and the mating Horn A mounting plate allowing surveyors to assess the relative position between the two with laser-tracking technology. Alternatively, kinematic mounts could be designed to use alignment features on the Horn A mount plate to assess alignment. 

[bookmark: _Ref488323380][bookmark: _Toc494454574]Figure 2‑118: LBNF target exchanger in work cell.


[bookmark: _Ref488323387][bookmark: _Toc494454575]Figure 2‑119: LBNF target exchanger frame.
It is important to note that the 2 m long target will have appreciable sag when supported from one end. Although target supports will be added to the handling frame to support the target as it is extracted and inserted, at some point during the insertion/extraction process, the target tip will likely touch the inner conductor surface. The target tip needs to be designed to allow for this contact without damage to the components.
Before a horn replacement operation begins, the appropriate shield cask must be placed in the Target Hall, at the upstream end of the enclosure. The shield casks are designed to provide maximum shielding while maintaining a total loaded weight under 60 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 above 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 aligning 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 and the component is deposited on the waiting cask cart. 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 system uses 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 from the Target Hall 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. The lift table lifts the replacement horn and aligns it to the module mounting features. 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. 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 the target chase seal re-established. With all the shielding in place and the component functioning properly, the facility can return to operation.
For target replacement, the same procedure is followed to move the target/Horn A module into and out of the work cell. However, instead of using the lift table to replace the horn, the target extraction system (already prepared in the work-cell with replacement target) is used to replace the target. After the serviced Target/Horn A module is replaced back in the chase, the target cask is placed inside the work cell (using the crane) and the target extraction system is used to insert the target in the target shield cask. The crane and rail system can then be used to move the target cask to the service building morgue where (due to its smaller size) the entire target cask can be stored in a morgue bay.
Alternatively, target replacement can be achieved by replacing both the target and Horn A together as one unit. This would take the least amount of down-time if a target failure occurred during the operation. After sufficient cool-down, it may be possible to recover Horn A by extracting the spent target in the work-cell during an annual maintenance period.
Baffle replacement can be achieved in the same manner as a horn replacement. Due to the much smaller transverse size of the baffle (approximately 0.5 m), the cask can be much smaller than the horn casks and can actually be placed on the lifting structure in the work cell before the spent baffle and module are placed in the work cell. This enables the baffle to be placed directly into the cask as it is removed from the module. The lid to the baffle cask can be placed on top of the cask using the crane once the baffle module has been moved back into the chase for temporary storage. Then the new baffle can be staged on the lifting structure in the work cell and the module moved back in place to enable attachment of the new baffle to the module.
The specifications for a remotely operated crane can be driven by either regulatory requirements, 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 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 higher crane standards. This would be the case if the risk to DUNE’s experiment program 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, and 
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 LBNF, 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 2‑22. 
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 of approximately 103 rads total integrated energy, and if not for the neutron radiation, they could potentially be left in the Target Hall during beam operations. 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. For more information, refer to LBNF/DUNE CDR Annex 3B, Conventional Facilities at the Near Site (DUNE Docdb-319).
[bookmark: _Ref418354097][bookmark: _Toc494454610]Table 2‑22: Target Hall crane specifications.
	Feature
	Value or Description 

	Capacity 
	60 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 
	5 ton capacity, 50 ft 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 (provided by Fermilab)
	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 



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 area, and 
Shielded storage and repair areas for activated components, referred to as the morgue. 

Figure 2‑113 provides a plan view of the services areas of the Target Complex. It is a dual-level facility with a ground-level truck bay and an elevated morgue maintenance level.  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 60-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.
The crane in the Service High Bay (Morgue-side) will be 60 ton capacity and require redundant drive features since it will also need to handle the Horn B cask which could have dose rates up to 100 R/hr on its surface. However, the Service High Bay crane electronics do not have to remoted because the beam on dose rate in the High Bay will be minimal. These features and other crane specifications are listed in Table 2‑23.
[bookmark: _Ref489279469][bookmark: _Toc494454611]Table 2‑23: Service high bay crane Specifications.
	Feature
	Value or Description 

	Capacity 
	60 tons in a true vertical lift configuration 

	Lift
	40 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 103 rads
Maximum Dose Rate: 1 rad/hr 

	Hook Rotate Capability
	Continuous 

	Hook
	Supported by two independent drive systems 

	Auxiliary Hoist 
	None

	Brakes
	Shall restrain all loads without slip or overtravel 

	Electronics
	Standard Industrial 

	Load Sensing with Overload Alarm/Interlock
	Capability required 

	Cable Slack Detector
	Capability required 

	Video Cameras (provided by Fermilab)
	Mounts and cable accommodation required 

	Lights (by Crane Vendor)
	Mounted on bridges 

	Variable-speed Control
	Local pendant and wireless remote

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



It is assumed that the Morgue will be a radiation buffer area, which requires that radiation levels in personnel-accessible areas be 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 1,420 R/hr to a shielded rate of 5 mR/hr. The result showed that 3 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 60 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 likely require an independent floor drain system to isolate and contain any interior effluent.
The LBNF Target Hall Complex is configured to provide short-term storage space of spent components in a 6-cell morgue for about 2 years of 1.2 MW 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 2‑24 for both the 1.2 MW and 2.4 MW cases. Because the horns are the largest components (with Horn B being twice as long as Horn C and Horn A), storage cells are designed to accommodate one Horn B. For the 1.2 MW and 2 year storage space requirement, a total of six cells are allocated to the facility concept. Due to the shorter length and smaller transverse size, it is assumed that each morgue bay can accommodate at least 2 of the following components: Horn A, Target, Baffle. In addition, since the target and baffle casks are so much smaller, it may be possible to store these items in their casks on top of the morgue bays. Other activated components (instrumentation penetrations, utility line sets, etc) will be much lower in dose rate and are not planned to be stored in the morgue bays. These items will be locally shielded as appropriate and moved to other storage locations.
[bookmark: _Ref418424827][bookmark: _Toc494454612]Table 2‑24: Morgue Storage Requirements
	Component
	Replacement Rate for 1.2MW 
#/yr
	Storage Quantity for 1.2 MW, 2 yrs
	Replacement Rate for 2.4 MW 
#/yr
	Storage Quantity for 2.4 MW, 2 yrs

	Target or 
Baffle Carrier
	1
	2

	2
	4

	Horn A, B, or C
	1
	2
	1
	2



The longer-term storage location is assumed by LBNF to be provided by Fermilab. This facility is required to be available to accept LBNF components after the LBNF Beamline has been running for about 2 years. 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. It should be noted that storage of Horn B’s at C-0 is very limited (due to the large size of Horn B). It may be more efficient to use the LBNF service building morgue to store Horn B’s for a much longer period and transfer other spent components at a greater frequency to C-0.
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 2‑120 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. 
                                                      
[bookmark: _Ref418424756][bookmark: _Toc494454576]Figure 2‑120: 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 8” of steel and 2” 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. 
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 Hadron Absorber modules and steel shielding may fail. Although the Hadron 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 Hadron Absorber modules and water-cooled shielding will not be included in the LBNF project. If complete failure occurs during operation, a long downtime (6 months to 1 year) would be required to design, build, develop remote handling equipment and procedures to safely replace the failed component. 
The conceptual design of the Absorber Hall is shown in Figure 2‑121 and Figure 2‑122.  The hadron monitor and the Hadron Absorber modules are located under steel and concrete shielding blocks. The hadron monitor is the furthest upstream component in the Hadron Absorber assembly. Directly to the beam-right of the Hadron Absorber assembly is an empty, shielded pit volume called the hadron monitor morgue (see Figure 2‑123). This morgue has been designed to accept three hadron monitors and two Hadron 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 Hadron 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 2‑124).  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. 

[bookmark: _Ref418424596][bookmark: _Toc494454577]Figure 2‑121: Absorber Hall section: the beam comes from the left and the downstream end of the Decay Pipe is bottom left while the Hadron Absorber is not shown.










[bookmark: _Ref418424640][bookmark: _Toc494454578]Figure 2‑122: Absorber Hall section showing details of the Hadron Absorber core and shielding arrangement.
 

[bookmark: _Ref418424402][bookmark: _Toc494454579]Figure 2‑123: Cross section of Absorber Hall beam view showing morgue storage area.


[bookmark: _Ref418424183][bookmark: _Toc494454580]Figure 2‑124: Cross section of Absorber Hall beam view showing hadron-monitor replacement concept.
There are no plans within the LBNF Project to provide support for removal of radioactive items from the Absorber Hall morgue to the surface. However, nothing in the design 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. 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.


[bookmark: _Toc494454435]RAW Water Systems 
[bookmark: _Toc494454436]Introduction
Many components in the Target Hall as well as the core of the Absorber Hall are water-cooled. Since these components 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 non-activated water. Therefore, these components are cooled using closed-circuit water systems; the heat being moved by conduction and convection to a secondary water-heat exchanger/chiller system connected to the outside world. Closed-loop Radioactive Water (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: _Toc494454437]Design Considerations
In general, all neutrino beamline RAW systems will follow layouts similar to those used and proven with NuMI / NOvA experience. They will benefit from design maturity that is based uoon years of lessons learned from operational support and maintenance.
All RAW equipment skids will have suitable containment for RAW leakage and tritium capture, and all systems should be designed with an intermediate loop between the RAW and to water systems outside of the halls. All of the RAW systems will require radiographic inspection of welds. Both piping and vessels will adhere to FESHM Chapter 5031, 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 300 gallons each, except for the Target Shield Pile (600 gallons), and the Hadron Absorber pile, (1200 gallons). RAW skids will have sufficient containment to capture these volumes. (System design of both the Target Shield Pile and Hadron 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 up to 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 1.2 MW beam, and easily upgradable for sufficient heat removal for a 2.4 MW 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 ft to 10 ft 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 = 7 fps and dT = 10F for 1.2 MW beam. Then, when upgraded to a 2.4 MW 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: _Toc494454438]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, three Horns, and the Target Shield Pile cooling-panels. There is also an Intermediate System to cool the RAW skids as well as helium-cooling equipment. 
The estimated overall beam heat load in the different components is around 669 kW (at 1.2 MW 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 Near Site Target Complex design.
The optimized beam design Target Hall water systems are as follows: 
Target and Baffle RAW System;
Horn A RAW System;
Horn B RAW System;
Horn C RAW System;
Target Shield Pile and US Decay Pipe Window RAW System;
RAW Exchange and Fill System; and
Intermediate Cooling system, which heat exchanges with all RAW systems and the target helium compressor system (see Section 2.12.6.1).

Anticipated heat loads for the various systems are as shown in Table 2‑25, and include added heat from pumps, and heat exchanger efficiencies.
[bookmark: _Ref419411171][bookmark: _Toc494454613]Table 2‑25: Summary of heat loads for the Target Hall.
	System
	Heat Load @ 1.2 MW (kW)
	Heat Load @ 2.4 MW (kW)

	Target Helium Compressor System
	215
	389

	Target and Baffle RAW skid
	38
	77

	Horn A RAW Skid
	72
	128

	Horn B RAW Skid
	91
	146

	Horn C RAW Skid
	44
	68

	Target Shield Pile/Window Skid
	371
	671

	RAW Exchange System
	none
	none

	Intermediate Cooling System (RAW total + He system + pump + 10%)
	944
	1684



[bookmark: _Toc494454439]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 Hadron Absorber. 
The estimated total beam heat load for the Absorber Hall RAW systems is approximately 260 kW (at 1.2 MW 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 by breaking this system into two or three smaller systems. This is left for further study in the future. The current estimate should be sufficient to cover this case, should it arise.
The reference design Absorber Hall water systems are as follows: 
Absorber RAW System;
RAW Exchange and Fill System; and
Intermediate Cooling system, which heat exchanges with the RAW system.

Anticipated heat loads for the Hadron Absorber systems are as shown in Table 2‑26, and include added heat from pumps, and heat exchanger efficiencies.
[bookmark: _Ref419411927][bookmark: _Toc494454614]Table 2‑26: Summary of heat loads for the Absorber Hall
	System
	Heat Load @ 1.2 MW (kW)
	Heat Load @ 2.4 MW (kW)

	Hadron Absorber RAW System
	375
	660

	RAW Exchange System
	none
	none

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



[bookmark: _Toc494454440]RAW Exchange Systems
Most of the systems are closed-loop high-purity radioactive water systems. i.e., the Target, Horns, Shielding, and Hadron Absorber skids.  A “lesson learned” from the NuMI operation and maintenance of these systems is that the handling of the RAW can be problematic under two recurring conditions: first, that of regular skid maintenance, which requires draining a percentage of the system from a few gallons to nearly the full volume; second, the constant flow of RAW through components under conditions that raise its activation levels. In order to maintain reasonable levels, NuMI drained off a portion of each RAW system on occasion, and replaced it with fresh LCW, thereby diluting the activation concentration.

Both of these conditions exposed technicians to radiation and hazards more than desirable. This work also required downtime for access to the RAW rooms. NuMI desgined and constructed RAW exchange and fill systems reducing exposure and made the entire process easier, safer, and better from a containment viewpoint. Installed with the NOvA upgrades, these systems have proven quite useful in both the TH and AH. Therefore, similar systems will be designed for use in the LBNF RAW areas.
[bookmark: _Toc494454441]Recent Additions, Modifications
[bookmark: _Ref490742611]Target Helium and RAW systems
The incorporation of a helium gas system (Section 2.4.3.1) to cool the target rail directly is a new development. The helium gas needs to be cooled soon after removing heat from the target. The helium heat load will be removed via RAW system heat exchanger (Target RAW system) located with the Horn A module. There is little difference to the actual Target RAW system requirements in either case. Therefore, the Target and Baffle RAW System remains mostly unchanged, since changes in system requirements will be minimal. 
The values listed in Table 2‑25 above are the upper limits for beam sigma = 4 mm and target radius = 12 mm, for both beam powers.  As the design of the helium system is in its infancy, the added loads of the helium system itself are not fully understood at this time, but should be sufficiently covered by the stated contingencies. Table 2‑27 lists expected heat loads as a function of different beam powers, target sizes, and beam widths.
[bookmark: _Ref490077031][bookmark: _Toc494454615]Table 2‑27: Heat loads for different beam powers, target sizes, and beam widths. Helium flow rates are required to keep exhaust temperature less than 180oC and water flow allows for a 10 oC temperature rise.
	Beam Power
[MW]
	Beam Sigma
[mm]
	Target Radius
[mm]
	Deposited Power
[kW]
	Helium flow
[g/s]
	Water flow
[l/s]

	1.2
	2.67
	8
	27
	35
	0.65

	2.4
	2.67
	8
	54
	70
	1.30

	1.2
	4
	12
	35
	45
	0.84

	2.4
	4
	12
	70
	90
	1.68



Horn RAW Systems
The optimized Neutrino Beam configuration adds a third horn into the chase. Also, the second and third horns are substantially larger than those in previous design iterations. In lieu of Horns 1 and 2 previously, there are now Horns A, B, and C. Horn B uses about twice the flow, and three times the heat load, as the previous Horn 2 did. The heat-removal requirements for Horn C are nearly as great as those for Horn B.
As beam power increases from 1.2 to 2.4 MW, Horn A will require additional flow to cool for the increased heat load. In contrast, the flow for Horns B and C is dominated by that required to maintain sufficient spray coverage inside them, so that the flow rates do not change with beam power (the flow is sufficient to remove the heat load at either beam power). The additional heat load due to beam power will require approximately 60% additional cooling via the RAW-to-Intermediate heat exchanger. This should be suitably addressed in system design.
Ejector pumps are used for evacuating the sumps of the three horns. Note that ejector pump performance falls off quickly above 20 ft of lift, and is unverifiable by the manufacturer above 25 ft. The horn collection trough lifts are at roughly 22 ft, 25 ft, and 29 ft for Horns A, B, and C respectively. Design of the systems must keep these restrictions in mind; a mock-up system with the desired pump candidate or consideration of an alternative location of the pumps may necessary. Two potential locations are suggestive: below the T-blocks but above the horns or locate the jet pumps at the horn water collection troughs. These options can be further studied during design optimization, and are covered within the scope of contingencies.
Also of note, the ejector pump requirements dominate the Horn RAW skid designs due to the flow and pressure required for the motive fluid input to the ejector pump. For LBNF, these pumps require pressures in the 70 to 100 psi range. Also, they average requiring 1.8 gpm motive feed for every 1 gpm removed from the horn sump. IE, 100 gpm flow to the horn sump would require an additional 180 gpm to empty the sump. This gives 280 gpm for combined sump flow and required ejector pump motive flow. Add to this any flows for the clamps, modules, and filtration.
Target Shield Pile and US Decay Pipe Window RAW Skid
For the 2015 Annex 3A, the Target Shield Pile RAW was a new system, based originally on the Target Shield Pile layout used for CD1, which was then simply doubled as an estimate for CD1R, since the Target Shield Pile length had been doubled. This gave the maximum conditions at 2.4 MW beam, assuming 10 fps flow velocity in pipes and a 15F temperature rise of 1231 kW system load, at 576 gpm.
With current optimized beam modeling, the current maximum load at 2.4 MW beam is 671 kW. This is only 54% of the CD1R heat load. Only approximately 250 gpm is required to remove the heat load, given a 15F temperature rise. However, due to constraints encountered in supplying approximately 45 panels in the chase, (18 per side plus up to 9 on the floor), required estimated flows fall into the range of 1000 to 2000 gpm. Since the design is in its infancy, we believe we can reduce these flows through design optimization. Since the current estimate includes approximate costs for a similarly sized system with contingency, these material and cost values remain unchanged from CD1R. However, engineering effort has been increased by 20% for the initial design work.
Target Hall RAW Exchange System
Because of the increased sizes of the Horn and Shielding RAW systems, the Target Hall RAW Exchange System should be sized with at least twice the holding capacity as planned in CD1R, and this is reflected in the current BoE. The remainder of the system is unchanged.
[bookmark: _Ref490742633]Target Hall Intermediate Cooling System


Neutrino Beamline
The needs of the TH Intermediate System are nearly the same in heat load removal capacity for the optimized and reference designs. However, there is an increase to the volumetric flow due to piping runs and complexity; additional volumetric flow for the shielding panels; a third horn skid; and a new piping run to the helium room, where there will be 4 helium skids. Therefore, the size of this system, and the space it will require, has grown accordingly. 
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[bookmark: _Toc494454442]Radiological Considerations 
[bookmark: _Toc494454443]Overview
In the 2012 version of this CDR, it was envisioned that the beamline would start operating with a 700 kW beam and after the accelerator complex upgrades were completed, about five years later, the beamline would be running a 2.3 MW proton beam. Since then the accelerator upgrade plan has changed. Currently, it is planned to start the operation of the beamline at 1.2 MW for five years followed by fifteen years at 2.4 MW, when the accelerator complex upgrade is ready. It is expected that this twenty years of running beam will be accomplished over the span of thirty years of accelerators operations.  Change in radiological quantities, in going from 2.3 MW to 2.4 MW, is only a few percent and all subsequent evaluations have been done for 2.4 MW.
Since retrofitting the LBNF facility for 2.4 MW after years of operation at 1.2 MW would be neither practical nor cost-effective, LBNF will conduct all radiological design and construction for operation at 2.4 MW from the outset. The areas to which radiological issues include the primary transport line, Target Hall, Decay Pipe and the Absorber Hall. The analyses contained in this section are based on current requirements of the Fermilab Radiological Controls Manual, FRCM [24]. Other measurements and verification data available are also used where applicable.
The FRCM lists the posting and entry control requirements for access to areas outside of beam enclosures where prompt radiation exposure may exist, both for normal and accident conditions. All results presented in the following subsections are based on the MARS modeling of the LBNF facility. 
In the NuMI (700kW) primary beamline, fractional beam losses are controlled to better than 10−5. Maintaining the same radiation level when scaling to 2.4 MW (desirable in order to keep residual radiation at a level where maintenance is not hindered), corresponds to controlling the losses to 10−6 for LBNF. Control of the LBNF operational beam losses is assumed to be 10−5 for shielding purposes, which gives a sensitivity/safety factor of 10 larger. While accidental beam losses are difficult to estimate from first principles, again the NuMI beam can be used as the analog to LBNF for this estimation. During the eleven years of NuMI primary beam operation, more than 80 million beam pulses were transported to the NuMI target with a total of more than 2.8×1021 protons on target at 120 GeV. Since 2005 no more than three full intensity pulses have been lost. Therefore, it is assumed that control of LBNF primary beam losses to less than 2 pulses/hour is possible by using a control system similar to that of the NuMI beam.
A computer model for the entire beamline has been built in the framework of the MARS15 Monte-Carlo code [25]. This model includes all the essential areas and components in the present design: target chase, decay channel, Hadron Absorber and the steel and concrete shielding. The MARS simulations are used specifically in the calculation of: (1) beam-induced energy deposition in components for engineering design, (2) prompt dose rates in halls and outside shielding, (3) residual dose rates from activated components, (4) radionuclide production in components, shield and rock, and (5) horn focusing design and optimization of neutrino flux.
The radiological requirements outlined in this section apply to the designs of the technical systems and equipment for the beamline discussed in this volume, as well as to the associated conventional facilities.
[bookmark: _Toc494454444]Shielding
[bookmark: _Toc494454445]Target Hall/Target Shield Pile
The Target Hall and Target Shield Pile shielding are designed to contain prompt radiation, residual radiation, activated air, and accidental spills of radioactivated water, and to control a twenty-year buildup of the radionuclides in the soil outside the shielding to levels below the those specified in the  requirements. Another goal of the design is to have an average dose rate below a few hundred mrem/hr in the Target Hall above the Target Shield Pile during the normal beam operations, to minimize radiation damage to lights, crane, etc. A combination of steel, marble and borated polyethylene is used for shielding on top of the Target Shield Pile. Because of skyshine considerations, the walls and the roof of the Target Hall are required to be 5 ft (1.5 m) and 7 ft (2.1 m) of concrete, respectively, for 2.4 MW operation. Since the roof can be easily upgraded for higher beam power, in the reference, costed design the roof of the Target Hall is expected to be 6 ft (1.8 m) thick which is appropriate for 1.2 MW operation. For the sides and the bottom of the Target Shield Pile, combinations of steel and concrete shielding are used. 
Given the geology in the region near the Main Injector, if the Decay Pipe were to be constructed horizontally at the elevation of the Main Injector with enough shielding that the concentration of radionuclides in the soil will be below surface water limits, no additional mitigation would be required. However, the Decay Pipe will be partly underground with the downstream end close to the aquifer. Based on the requirement set by the project [26] the Decay Pipe will use 5.6 m of concrete shielding. Figure 3‑1 shows the sum of the ratio of radionuclide concentration in ground water over the Federal drinking water limit as a function of Decay Pipe shield thickness.   To achieve levels below the standard limits of detection of tritium and 22Na, the sum-of-concentration ratio should be 0.1 or less.  Additionally, to protect against tritium leaking out of the shielding and being released to the environment, the concrete is surrounded by multiple protective outer layers of water-impermeable material.   For water drainage, the Decay Pipe shielding will be surrounded (outside the water-impermeable membrane) by a few feet of drainable material connected to a sump pump at the downstream end.  This drainable layer will also be encased in a system of water-impermeable layers to further isolate the Decay Pipe from exterior water.
[bookmark: _Toc494454446]Decay Pipe
[bookmark: _Ref418348542][bookmark: _Toc494454581]Figure 3‑1: Sum of the ratio of radionuclide concentrations (Ci) over the Federal drinking water limits (Ci,max) for tritium and 22Na as a function of Decay Pipe shield thickness.   The dashed red line shows the self-imposed limit on the ratio sum which will result in the radionuclide concentrations in the ground water to be below the detection limits.

[bookmark: _Toc494454447]Absorber Hall Complex
As by-product of neutrino production, a flux of primary protons non-interacted in the target, secondary hadrons (mostly π and K-mesons) and leptons must be absorbed to prevent them from entering the surrounding rock of the excavation and inducing radioactivity. This is accomplished with a special Hadron Absorber structure which is located directly after the ~ 194 m long Decay Pipe. It is a pile of aluminum (Al), steel and concrete blocks, water- and air-cooled, designed to contain the energy of the particles after the Decay Pipe. The majority of these secondary hadrons and all primary protons are stopped in the Hadron Absorber. The fluxes of secondary particles (mainly neutrons) escaping the system must be attenuated by the Hadron Absorber and shielding to the tolerable levels. MARS15 simulations of the optimized design show that 17% of the total beam power is deposited in the Hadron Absorber. The shielding configuration, composition and dimensions have been thoroughly optimized in massive MARS15 simulations [27] to keep the calculated radiation quantities safely below the regulatory limits in the following four areas:
Prompt dose (beam-on): Service Building < 0.05 mrem/hr for general public, elevators < 0.25 mrem/hr for unlimited access of radiation workers.
Residual dose (beam off) in Absorber Hall, Raw and Sump Rooms: < 5 mrem/hr.
Groundwater activation in soil/rock immediately outside the concrete shielding: below the limit of detection for 3H and 22Na that corresponds to the hadron flux of 400 cm-2 s-1 with energy > 30 MeV.
The hadron fluxes with energy > 30 MeV in air pockets inside the Hadron Absorber and in various regions of the Absorber Hall and Muon Alcove below the air release limits (see below).

The Hadron Absorber (see Section 2.10) and the Absorber Hall pile is based on the ground water management requirement [26] set by the project using the latest MARS model [27]. The shielding is designed to keep a twenty-year buildup of the radionuclides in the soil outside the shielding to below the standard detection levels. Another goal is to reduce the residual dose rates outside the Hadron Absorber pile to well below 100 mrem/hr to allow for maintenance activities, and to preclude significant activation of the equipment in the Hadron Absorber RAW room. During proton beam operations, the service building will be designated as “unlimited occupancy” and the following areas will be designated as “unlimited occupancy” for the radiation worker: personnel elevator and stairway shaft, elevator lobbies at the three stops, the three sump pump rooms and the Instrumentation room. The rest of the complex (Absorber Hall, muon monitor area, RAW room, air handling room) is considered high-radiation areas and will not be accessible during beam-on periods.
The Hadron Absorber stops all the particles with the exceptions of neutrinos and muons. Comprehensive MARS15 calculations have shown that downstream of the Absorber Hall a muon plume 170-m long and ~10 m in diameter is generated in the rock, with a central region 80-m long and up to 7-m in diameter, where hadron fluxes produced exceed the above-mentioned limit of 400 cm-2 s-1 for groundwater activation. Therefore, this region needs to be protected from groundwater penetration, which would be nontrivial and expensive civil construction. It has been found in MARS15 optimization studies [27] that the dimensions and cost of such a construction can be substantially reduced by using a steel conical kern 30-m long (7-m maximal and 3-m minimal diameters) immediately downstream of the Absorber Hall concrete wall to contain the excessive hadron fluxes in the kern (see Figure 3‑2 and Figure 3‑3). 


[bookmark: _Ref418348362][bookmark: _Toc494454582]Figure 3‑2: Muon isoflux contours (cm-2 s-1) in the rock and steel kern downstream the Absorber Hall; muon plume length is reduced from 170 m in pure rock to 113 m.


[bookmark: _Ref418348409][bookmark: _Toc494454583]Figure 3‑3: Hadron (E > 30 MeV) isoflux contours (cm-2 s-1) in the rock and steel kern downstream the Hadron Absorber; hadron fluxes outside the steel kern are below the accepted limit of 400 cm-2 s-1 for groundwater activation.

[bookmark: _Toc494454448]Other Radiological Design Issues
 Groundwater and Surface Water Protection
The production of potentially mobile isotopes such as tritium (3H) and sodium-22 (22Na) is an unavoidable consequence of high-energy particle collisions with nuclei. Since the primary transport line is located in the glacial till with no direct connection to the aquifer, all radionuclides produced in the soil surrounding the enclosure will have to migrate down through the soil layers to reach the aquifer. The seepage velocities, for the layers in the glacial till, are very small and the concentrations of the radionuclides are reduced by 5 to 7 orders of magnitude, well below detectable values, by the time they reach the groundwater.
The Target Hall and the target chase are also at grade level, located in the glacial till. The shielding of the Target Hall and the target chase is designed such that a 20-year accumulation of radionuclides in the soil immediately outside the shielding, assuming no dispersion, would result in maximum concentrations of 27% of the surface waters limits. Additionally, the target chase and the Target Hall will have a geo-membrane barrier system, to prevent exterior water from coming in contact with the shielding. To prevent the water from the Target Hall underdrain reaching the Decay Pipe shielding, a water-impermeable barrier will be placed between the Target Hall underdrain and the Decay Pipe shielding. For the rest of the beamline, from the Decay Pipe to the end of Absorber Hall, there will be sufficient shielding and water-impermeable layers to render the concentration of the radionuclides of interest, accumulated in the soil over 20 years, to be less than the current standard detection limits. The standard detection limits are 1 pCi/ml for tritium and 0.04 pCi/ml for sodium-22 [26].
[bookmark: _Ref419361023] Tritium Mitigation
Tritiated water molecules (HTO) are highly mobile, especially in humid air, and can create significant concentrations in drain waters that are then collected in the pumping processes that keep the beamline areas dry. Strategies will be employed to avoid unnecessary effluent will rely on isolating the materials in which the tritium is produced from water and in the dehumidification of air in contact with these materials, together with subsequent collection and evaporation of the tritiated condensate. Additionally, 
There will be a geomembrane barrier system, that is largely impervious to water, installed between concrete shielding (Target Hall, Decay Pipe, and Absorber Hall) and the soil. In this way the shielding concrete (in which tritium is created during operations) will be held at a low saturation. Numerical studies using the NuMI system indicate that if shielding concrete is unsaturated, the mobility of created tritium is low [28]. 
The operational design of a sampling and monitoring program is straightforward, and allows for maintenance of the drainage system. 
Using dry nitrogen instead of air as the cooling medium for the Target Shield Pile and the Decay Pipe will help in containment and control of tritium releases. 
 RAW Systems
The cooling water for the baffle, target, horns, cooling panels and the Hadron Absorber will be highly activated after a short time of operation. The prompt dose rates from the RAW (RadioActive Water) skids belonging to these devices will be high and in addition to the short-lived radionuclides, large concentrations of the tritium will build up in these systems. While accessing these systems, shielding and cool-down times will reduce radiation dose received by personnel. Remotely controlled drainage and top up with fresh water will be used to keep the tritium concentrations at manageable levels. Containment systems and warning alarms will be used to prevent spills and contamination of the soil and surface waters. Water from these systems will be disposed of as low level radioactive waste. 
 Activated Air
Radioactive air will be produced in the Absorber Hall. The air to the Hadron Absorber pile cooling is contained in a closed, isolated loop, which is expected to leak at some level. The most significant leaks will be at the air handing system in the air handling room. The air from the Absorber Hall (after passing through the Target Hall air handling room) is sent to the Target Hall, where it combines with the small leakage of nitrogen from the target chase. The air handling system filters, chills and dehumidifies the air in the cooling loop. The air handling room structure and the doors are designed to be air-tight, and the air-handling room and target complex halls are maintained at lower pressure than the outside of the structures. The reference design plan was to send the LBNF Target Hall air to the NuMI Target Hall through a buried pipe, and through the NuMI pre-target volume and then exhausted.  The transit time from the LBNF Target Hall to the NuMI exhaust was considered sufficient to allow the airborne radionuclides to decay by orders of magnitude. The current Fermilab radioactive air emissions permit limits the annual exposure of a member of public offsite to less than 0.1 mrem, from all sources of radioactive air emissions. It is the goal of the LBNF design to keep its air emissions contribution to less than 30% of this limit, which allows for the emissions from other accelerators and beamlines at Fermilab. 
Optimization of the neutrino beam and new information from the NuMI beamline regarding the tritium production and emissions have removed the use of the NuMI beamline from consideration as a decay volume for the LBNF radioactive air. Tritium production in the shielding of the beamline is estimated using MARS simulation. These calculations show that for the optimized design, if the total tritium produced in the LBNF shielding is released to air, it will be about 42% of the total FNAL limit for air emissions, making use of the relatively wet NuMI beamline would be inadvisable. Tritium is initially produced in the shielding. When tritium come in contact with water inside or outside the shielding, especially in radiation environment, will form tritiated water. In 2016 at NuMI, it was observed that the temperature of the shielding and the rate of the released tritium scaled nonlinearly. Conservatively scaling from NuMI, LBNF will be releasing equivalent to 19% of Fermilab’s tritiated-water vapor air-emissions budget, most of the remaining tritium will be released as tritiated-hydrogen gas which is radiologically less harmful than tritiated water by several orders of magnitude. 
Currently there are two scenarios for the optimized neutrino beamline; one with two horns and one with three horns. Tables below give the results of activated air releases for the two-horns configuration for both air and nitrogen as the cooling medium. The last column gives the ratio of annual dose to a Maximally Exposed Offsite Individual to the total FNAL limit. As the last column of Table 3‑1 shows for air cooling, even without the tritium issue and using the NuMI beamline, the emissions will be more than the Lab’s limit.
[bookmark: _Ref489360274][bookmark: _Toc494454616]Table 3‑1: Radioactive air releases from LBNF beamline with air as cooling medium for the Target Shield Pile, Decay Pipe and the Hadron Absorber pile, without tritium release from the shielding.

For the two-horns reference design, Table 3‑2 gives the results for the case where dry nitrogen is used as the cooling medium for the Target Shield Pile and the Decay Pipe. For this scenario, it is required to have very low-leakage-rated gas handling units for the Target Shield Pile and the Decay Pipe and the Target Shield Pile top shielding seals to be designed to leak no more than 2 cfm. Hadron Absorber pile is air-cooled and is the only source of 41Ar for this case. Note that using the LBNF pre-target enclosure as a decay volume will reduce air emissions including the conservative estimate for tritium emission to about the 30% goal.
[bookmark: _Ref489360491][bookmark: _Toc494454617]Table 3‑2: Radioactive air releases from LBNF beamline, reference design with two horns and nitrogen as cooling medium for the Target Shield Pile, Decay Pipe and air-cooled Hadron Absorber pile, including tritium release from the shielding
	2016                                    Decay Volume used
	Ttransit            (min)
	Release     (Ci/yr)
	41Ar     fraction
	MEOI    
	MEOI (including 19% tritium from shielding)

	out of LBNF (TH)
	0
	62
	35.4%
	24%
	43%

	LBNF (PT)
	33
	32
	56.1%
	13%
	32%



For the three horns optimized neutrino beam with a new target twice as long as the reference design, the energy deposited in the Hadron Absorber will decrease by a factor of two and 41Ar production will decrease significantly.  As Table 3‑3 shows the total LBNF air emissions, including the conservative estimate for tritium emission, after transit through the pre-target, is less than the 30% goal.
[bookmark: _Ref490747127][bookmark: _Toc494454618]Table 3‑3: Radioactive air releases from LBNF beamline, optimized with three horns and nitrogen as cooling medium for the Target Shield Pile, Decay Pipe and air-cooled Hadron Absorber pile, including tritium release from the shielding.
	2017                                                    Decay Volume used
	Ttransit            (min)
	Release     (Ci/yr)
	41Ar     fraction
	MEOI    
	MEOI (including 17% tritium from shielding)

	out of LBNF (TH)
	0
	37
	14.9%
	13%
	29.9%

	LBNF (PT)
	33
	16
	28.4%
	6%
	22.5%



 Outside Prompt Dose 
There are three ways where the prompt dose may reach outside the facility: (1) direct attenuated radiation outside the shielding, (2) skyshine (radiation, primarily neutrons, due to back scattering from air), and (3) released radioactive air. FRCM Article 1104 [24] describes the regulatory requirements/limits regarding the maximum annual allowable dose to the public. The LBNF primary beam transport line, Target Hall and the Decay Pipe and the Absorber Hall can contribute to outdoor doses. Based on the MARS calculations [27], [29], [30] and [31], both the annual direct and skyshine doses are calculated for both offsite and onsite locations. Direct accidental muon dose at the apex of the transport line is also included in the offsite dose. LBNF facility design goal for the normal losses prompt dose rates outside the beamline facility to be less than 50 micro-rem/hr and for the accidental beam losses less than 1 mrem. For areas inside the beamline, which are accessible to radiation workers during the beam operations, doses should be < 0.25 mrem/hr for normal losses and   < 5 mrem for accidental losses.
To allow operations of other experiments, beamlines and accelerators, the offsite goal for LBNF is set at a maximum of 2 mrem per year, from all radiation sources generated by this beamline. This is 20% of the Fermilab limit for offsite dose from all sources of radiation. The total offsite dose due to LBNF operation, at the nearest site boundary due to both direct and skyshine, is estimated to be 1.02 mrem per year. 
Onsite Dose
Wilson Hall is the nearest publicly occupied building to the LBNF beamline. Both the maximum direct and skyshine annual dose to the occupants has been calculated. The total annual dose, at Wilson Hall, due to both direct and skyshine is estimated to be 0.06 mrem. Doses for other locations onsite, further away, will be less. 
 Residual Radiation
Based on the past experience and the difficulty of component replacement on steep grades (~10%) of the LBNF primary beam enclosures, the beam loss and beam control devices would be employed to keep the residual radiation inside the beamline to no more than 50 mrem/hr on contact. This allows for repair or replacement of the beamline elements with little programmatic impact and keeping the dose to the workers ALARA. 
There are other beamline devices, such as targets/horns and their mounting modules, Target Shield Pile cooling panels and Hadron Absorber core modules that are exposed to high levels of beam spray and are expected to become highly radioactive. These devices may need to be repaired or replaced. The LBNF design provides for remote handling and shielded storage of these devices.  The shielding of the work/repair cell used for targets/horns and modules is designed such that for a 20 kR/hr object, the dose rate outside the cell is less than 1 mrem/hr.  After sufficient decay time in storage and shielding of the shipping containers will allow for over-the-road transport offsite only if the dose rate outside the containers is less than 100 mrem/hr at one foot. 
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[bookmark: _Ref422307054][bookmark: _Toc494454449]Beamline STAGING Options 
As discussed earlier in this CDR, the LBNF Beamline Facility is being designed for twenty years of operation with thirty years of actual lifetime. During operation of LBNF, the beam power is expected to increase from 1.2 MW to 2.4 MW and the facility must accommodate upgraded targets and horns in different configurations to maximize the neutrino flux in the appropriate energy range and to enable tunability in the neutrino energy spectrum. 
To access possible staging options of the optimized design, the neutrino flux and CP sensitivity for different optimized horn configurations (see Figure 4‑1The reference Beamline design uses a NuMI-like target and NuMI-style horns appropriately modified for the 1.2 MW operation. Further optimization of the target-horn system has the potential to substantially increase the neutrino flux at the first and especially second oscillation maxima as well as the area in between the two maxima and reduce wrong-sign neutrino background, thereby increasing the sensitivity to CP violation and mass hierarchy determination; see discussion in Volume 2 of the CDR .  Target R&D and target-horn optimization work is on-going and may yield further improvements beyond those currently achieved. Engineering studies of the proposed target and horn designs and methods of integrating the target into the first horn must be performed to turn these concepts into real buildable and reliable structures.  These studies will be carried out between CD-1 and CD-2 to determine the baseline design for the LBNF target-horn system.  In addition, since targets and horns are consumables, more advanced ones could very well be designed in the future as 2nd generation components. 
 and Figure 4‑2) has been studied. These studies indicate that if the experiment had to start with only two horns of the optimized configuration, then the Horn A and Horn C configuration provides better CP violation sensitivity than the Horn A and Horn B configuration. The CP violation sensitivity of the Horn A and Horn C configuration is slightly less than the reference design.

The enlarged target chase is therefore larger than is required for the current reference target-horn system. In enlarging the target chase the distance between MCZERO and the end of the decay pipe was kept constant at 221 m. It is likely that the dimensions of the target chase will be further modified between CD-1 and CD-2 as the optimization and engineering of the target-horn system advances. It is necessary to consider here that over the multi-decade lifetime of this facility, new target and focusing system designs may emerge or new physics directions may require a different optimization of the beam than the one currently under consideration for DUNE. Between CD-1 and CD-2, additional conceptual studies will be done of different beam optimizations to guide the development of the baseline design for the Target Hall Complex, in order to provide adequate flexibility for the future.

[bookmark: _Ref422512774][bookmark: _Toc494454584]Figure 4‑1: Comparison of the neutrino spectrum at the Far Detector for the reference design beam, the optimized design beam and a staged beam including either one optimized horn or two optimized horns. 



[bookmark: _Ref490465705][bookmark: _Toc494454585]Figure 4‑2: Comparison of the CP violation sensitivity for the reference design beam, the optimized design beam and a staged beam including either one optimized horn or two optimized horns.
As described earlier in this CDR, the target chase is air filled and together with the surrounding target pile it is cooled by air. There are two studies in progress that could eventually determine gas selection for use in the target chase/pile cooling system: (1) the LBNF Corrosion Task Force studies that include both measurements at NuMI and associated modeling, and (2) LBNF studies of air-releases to the atmosphere. The conclusion from either one or both of these studies could require that the oxygen and argon concentrations in the target pile cooling system be minimized to mitigate the possible problems of (1) corrosion due to ozone production, and/or (2) radionuclide emission to the atmosphere. As discussed in the Neutrino Beam section of the CDR, compliance with a requirement to minimize the oxygen concentration will be accomplished by changing the cooling gas from air to nitrogen gas or 
The decision process for including the beam optimized designs discussed in this CDR Annex into the default LBNF Beamline configuration is discussed in DUNE Docdb-1900. There are three options regarding the final decision on how to proceed for the preliminary design: (1) a full-scale optimized configuration, (2) a partial implementation with provisions for full implementation, or (3) the current reference design with provisions for full implementation of the optimized design after the LBNF/DUNE project. 
possibly to helium. The conclusion of the “LBNF Beamline Air-Releases Design Review” that took place in April 2015 indicates that the reference design scheme to keep air-releases under control is reasonable and with sufficient safety factor . The air-releases calculations will be revisited between CD-1 and CD-2 after the volumes of the target chase and decay pipe are finalized.
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