
1.2 [bookmark: _Toc411265069]Introduction to the LBNF Beamline (WBS 130.02)
1.2.1. [bookmark: _Toc411265070]Overview and General 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 toward 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 absorber pile removes the residual hadrons. 

The facility is designed for initial operation at proton-beam power of 1.2 MW, with the capability to support an upgrade to 2.4 MW. In the reference design, extraction of the proton beam occurs at MI-10, a new installation. After extraction, this primary beam establishes a horizontally straight compass heading west-northwest toward the Far Detector, but will be bent upward to an apex before being bent downward at the appropriate angle, 101 milliradians  (5.79∘) as shown in Figure Error! No text of specified style in document.‑1. 

The primary beam will be above grade for about 550 feet; this design minimizes expensive underground construction and significantly enhances capability for ground-water radiological protection. The design requires, however, 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 feet long and 60 feet high above grade at its peak. 

[image: ]
[bookmark: _Ref411605247]Figure Error! No text of specified style in document.‑1: Schematic View of the Systems Included in the LBNF Beamline. The top of the engineered hill is 18.3 m above grade.

The target marks the transition from the intense, narrowly directed proton beam to the more diffuse, secondary beam of particles that in turn decay to produce the neutrino beam. The secondary particles are short-lived and most decays generate a muon, which penetrates deep into the surrounding rock, and a neutrino that continues on toward 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 reference 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 absorber, which removes the remaining beam hadrons. 

The LBNF Beamline is broken into four three principal systems for organizational purposes: the Beamline Management which besides management and oversight includes all the modeling effort and all the Radiation Physics and Protection activities; 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 has been employed extensively in the LBNF Beamline conceptual design. In particular, the NuMI beamline serves as the prototype design. Most of the subsystem designs and their integration follow, to a large degree, from previous projects. 

Radiological protection is integrated into the LBNF beamline reference design in two 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 rock. Secondly, the handling and control of 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 soil or rock in the form of tritiated water (HTO). 

The reference design for the primary beam and the neutrino beam is suitable for the initial beam power of 1.2 MW in all respects. Some aspects of the reference design are also appropriate for a beam power of 2.4 MW. These include the radiological shielding and the size of the enclosures as well as the beam absorber, the remote handling, the decay-pipe cooling, the decay pipe downstream window and the RAW system piping in the penetrations., Nnone of these which can be upgraded after exposure to a high-intensity beam. We should also note that according to detailed MARS simulations 39% of the beam power is deposited to the Target Hall complex , 30% to the decay pipe region and 31% to the Absorber Hall complex. 

The LBNF Beamline is being designed for twenty years of operation, while we are planning for the lifetime of the Beamline Facility, including the shielding, for thirty years. We are assuming conservatively that for the first five years we will operate at 1.2 MW of beam power and for the remaining fifteen years at 2.4 MW.  

The LBNF Beamline will become operational after the currently planned six-year 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 [?]. 
1.2.2 [bookmark: _Toc411265071]Primary Beam
[bookmark: _Toc411265072]1.2.2.1 Extraction from Fermilab’s 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 7.5×1013protons 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. 
1.2.2.2 [bookmark: _Toc411265073]Beam Transport
The design of the primary proton beam transport is driven by both the goals of the LBNF physics program and radiological safety concerns. The beam must first of all be intense enough to create a flux of neutrinos at the Far Detectors 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. And 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. 

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 4850L, aligning the beam with the Far Detector location. 

The general primary-beam specifications and beam characteristics are listed in Table Error! No text of specified style in document.‑1 and Table New-1 respectively. As discussed later in the chapter, 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 technique 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. 

1.2.2.3 [bookmark: _Toc411265074]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: _Ref411604703]    Table Error! No text of specified style in document.‑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) 
	8×1012 nominal; (3×1011 commissioning)  

	Cycle time 
	0.7 to 1.2 sec  

	Beam Power
	1.03 to 1.20 MW




Table New-1: Beam Characteristics 
	Parameter 
	Value  

	Beam size at target 
	 1.5 to 1.7 mm  

	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  




Table Error! No text of specified style in document.‑2 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: _Ref411604041][bookmark: _Ref411604002]    Table Error! No text of specified style in document.‑2: Beam Stability Requirement
	Parameter 
	Value  

	Position at target 
	±0.45 mm  

	Angle at target 
	±70 μrad  

	Size at target, rms 
	10% of σ(x,y)  



1.2.3 [bookmark: _Toc411265075]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. 
1. The primary beam strikes the neutrino production target in the Target Hall. 
2. The charged products of these interactions, mostly pions and kaons, are collected in the Target Hall and focused in the direction of the Far Detector. 
3. 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, the first element of the neutrino beam system, will be designed to interact with approximately 85% of 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 being degraded by radiation and requiring replacement. 

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 Error! No text of specified style in document.‑2. The higher-energy regime, 1.5- to 5-GeV neutrino energy (“1” in Figure Error! No text of specified style in document.‑2), 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 Error! No text of specified style in document.‑2) 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 spectrum optimized for oscillation physics has the target fully inserted into Horn 1, however, it is possible to increase the energy of the spectrum significantly by adjusting the target’s position upstream by up to 2.5 m. See Figure Error! No text of specified style in document.‑3.

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 vault (called the “chase”) that is open to 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 to a point between the horns. A schematic of the first horn is shown in Figure Error! No text of specified style in document.‑3. The second horn acts to redirect these particles toward the decay pipe. Most of the higher-energy pions and kaons are collected with the second horn, due to the small angles at which they are produced. The reference design for the target and horns has been simulated, and the parameters, listed in Table Error! No text of specified style in document.‑2 have been tuned to deliver a neutrino-beam spectrum adequate for the physics goals. The parameters may be further optimized for the physics of LBNF, subject to material and engineering constraints. The neutrino flux at the Far Detector site is shown in Figure Error! No text of specified style in document.‑4 and Figure Error! No text of specified style in document.‑5, calculated for a 120 GeV proton beam, the NuMI horns at 230 kA, 6.6 m apart and at a distance of 17.3 m from Horn 1 to the decay pipe (4 m in diameter and 203.7 m long). The NuMI target starts -45 cm from Horn 1. 

Over the lifetime of the experiment, the target and focusing horns will need to be replaced. Accommodating the safe routine replacement of parts in a radioactive environment is an essential part of the Target Hall design, and remote-handling procedures involving activated targets and horns are being developed. 
[image: ]
[bookmark: _Ref411604487]     Figure Error! No text of specified style in document.‑2 Energy Range of the Oscillation Peaks
The energy range of 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.

[image: ]
[bookmark: _Ref411603867]     Figure Error! No text of specified style in document.‑3: The First Horn Magnet
The conductor of the horn is shaded blue, and the graphite target (red) is inserted into the horn. The beam is incident from the left and the magnetic field region is between the shaped inner conductor and the cylindrical outer conductor (gray). Horn 1 is 336 cm long. The target is shown in the fully inserted position.

[image: ]
[bookmark: _Ref411604183][bookmark: _Ref411604118]     Figure Error! No text of specified style in document.‑4: Neutrino Fluxes at the Far Detector as a function of energy in the absence of oscillations with the horns focusing positive particles. In addition to the dominant νμ (ν ̄μ) flux, the minor components are also shown. Note the logarithmic scale.

[image: ]
[bookmark: _Ref411604195]     Figure Error! No text of specified style in document.‑5: Antineutrino Fluxes at the Far Detector as a function of energy in the absence of oscillations with the horns focusing negative particles. In addition to the dominant ν flux, the minor components are also shown. Note the logarithmic scale.

After collection and focusing, the pions and kaons that did not initially decay  are allowed to decay in a long volume. This decay volume in the LBNF reference design is a He-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 203.7 m long decay pipe of diameter 4 m; this represents an acceptable balance between obtaining the desired neutrino energies and cost. See Figure Error! No text of specified style in document.‑6.

A considerable fraction of beam power, 30%, is deposited within the decay region. This heat energy will be removed by air 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 water. The reference 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 roughly 15% 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 and steel pile, called the absorber,  that transforms the beam’s kinetic energy into heat, thus protecting the rock or soil from beam-activated nuclides. The absorber occupies an excavated enclosure at the end of the decay pipe. The neutrino beam specifications are listed in Table Error! No text of specified style in document.‑3.
1.2.4 [bookmark: _Toc411265076]System Integration
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 control, monitoring, alignment, installation coordination and other elements that must ensure safe and proper operation of the beam. Control systems, in particular, will be built specifically for the LBNE Beamline, but will be based on and must integrate into Fermilab’s present accelerator-controls system.  Section 6, Error! Reference source not found. is dedicated to System Integration. 

[image: ]
[bookmark: _Ref411603121]     Figure Error! No text of specified style in document.‑6: The number of neutrino interactions in the far detector depends on the length and diameter of the decay pipe. Here, the number of events is plotted as a function of length, with two curves for each colored energy range: solid is for a diameter of 2 m and dashed is for a diameter of 4 m. The reference design is a pipe 4 m in diameter and 203.7 m long LBNF.

Table Error! No text of specified style in document.‑3 presents the partial set of the relevant parameters for the elements of the reference design. Other important details such horn shapes are found in the subsystem sections herein. The third column lists the range of a parameter that has been studied for both physics or engineering considerations.
    
[bookmark: _Ref411597018]     Table Error! No text of specified style in document.‑3 Partial Set of Relevant Parameters for the Reference Design 
	Element 
	Parameter 
	Range 
	Reference design value  

	Target 
	material 
	graphite, Be 
	graphite  

	
	transverse size 
	5 to 16 mm 
	10 mm  

	
	length 
	 2 interaction lengths 
	951 mm 

	Focusing Horn 1 
	length 
	2500 to 5500 mm 
	3360 mm  

	
	current 
	180 to 300 kA 
	230 kA  

	Focusing Horn 2 
	length 
	3000 to 5000 mm 
	3630 mm  

	
	current 
	180 to 300 kA 
	230 kA  

	
	dist. from Horn 1 (front) 
	6000 to 14500 mm 
	6600 mm  

	Decay Pipe 
	length 
	200 to 250 m 
	203.7 m 

	
	radius 
	1.0 to 3.0 m 
	2 m 

	
	atmosphere 
	Air, He, vacuum 
	99% He (1 – 1.1 bar)




1.2.5 Estimation of Protons on Target
The goal for accumulating 120-GeV protons at the neutrino target with beam power of 1.2 MW is 1.1×1021 protons-on-target (POT) per year. This assumes 7.5×1013 protons per MI cycle of 1.2 sec [1-POT-new]. 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 [2-POT-new]. The number of protons delivered from the MI to NuMI has been limited by delivery to other programs (anti-protons source for collider operations and test beams). The MI efficiency is expected to be approximately 0.93 in the PIP-II era [3-POT-new]. The annual scheduled maintenance, a facility shutdown, averaged 2 months (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 29 days per year in addition to the facility shutdown, the LBNF efficiency/up-time due to component replacement is estimated to be 0.91. This efficiency takes into account two and a half target replacements per year and 0.67 horn replacements per year where the target/horn replacement takes 14/24 days respectively per changeout including the cool down period. It is assumed that one of the two and a half target replacements will take place within the scheduled annual shutdown and that the horn replacement has 50% probability to take place within the scheduled 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 0.85×0.93×0.84×0.98×0.91×0.95=0.56. 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 (0.56), the number of protons per second (6.25×1013) and the number seconds in a (perfect) year (3.15×107). 
The reliable delivery of higher than NuMI/MINOS beam to the target should be aided greatly by the operation of 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. 

1.2.6 Modeling of the Beamline
An essential aspect to beam design work is numerical simulation of the primary and secondary neutrino 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 give radiological estimates for prompt and residual doses that dictate the amount of shielding
needed along and traverse to the beamline. At Fermilab, the MARS [1-Intro-MARS] code is used for all these estimates, with a sufficiently detailed model of the entire beam system.


1.2.7 [bookmark: _Toc411265077]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 Error! No text of specified style in document.‑7. Following the beam from east to west, or from right to left in this figure, is the underground Primary Beamline Extraction Enclosure, the in-the-berm Primary Beamline Enclosure and its accompanying surface based Service Building (LBNE 5), the in-the-berm Target Complex (LBNE 20), the Decay Pipe and the underground Absorber Hall and its surface Service Building (LBNE 30).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. 

[image: ]

[bookmark: _Ref411596598][bookmark: _Ref411596534]Figure Error! No text of specified style in document.‑7 LBNE Overall Project Layout at Fermilab

These facilities are described in detail in Volume 5?? of this CDR. 

Following is a list of references to text about conventional??-facilities design choices in LBNF CDR Volume 5???: Facilities at the Near Site that relates to the following Beamline L2 Project elements. (All elements are also addressed in Volume 5 Section 1.2.) 
· Primary beam enclosures: Section 5.1 
· Service buildings LBNE 5, LBNE 20, LBNE 30: Sections 4.1, 4.2 and 4.3 
· Target Hall target chase: Section 4.2 
· Target Hall support rooms: Section 4.2 
· Near-surface storage and morgue: Section 4.2 
· Decay pipe: Section 5.2 
· Absorber Hall: Section 5.3 

1.3 [bookmark: _Toc411265078]Participants
The conceptual design for the LBNF Beamline has been carried out by an LBNF L2 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 (MOU, target) 
· Brookhaven National Laboratory (MOU, target) 
· 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 Rutherford Appleton Laboratory and CERN on Target R&D, with University of Texas at Arlington on the Hadron Monitor and with IHEP/China on beam simulations and the design of the downstream decay pipe window. We also collaborate with several 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 beamline is planned for construction at the Fermilab site, which is managed by the Fermi Research Alliance (FRA). 

The LBNF Beamline effort is managed by the Work Breakdown Structure (WBS) Level 2 Manager for the Beamline Project. The supporting team includes a WBS Level 3 Manager for the Beamline’s two principal systems, Primary Beam and Neutrino Beam, as well as for System Integration. WBS Level 4 Managers manage the design of the components in these beamline systems and the interfaces between them. 
[image: ]
Figure Error! No text of specified style in document.‑8 Organization Chart for the Beamline L2 Project (to WBS Level 4)

Assisting and advising the Beamline L2 Project is an ES&H Coordinator, a Project Controls specialist and a Technical Board. 

[bookmark: _GoBack]Interaction amongst the Beamline team, and between this team and the design consultants as well as the LBNFE Near Site design team, has been done via weekly meetings, periodic design interface workshops, and electronic mail. 
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