3.12 [bookmark: _Toc411265239]Modeling (WBS 130.02.03.12)

Modeling refers to primary beamline and neutrino beam specific simulations and calculations based on the MARS [23_old] software package.  The simulations for the primary beamline include estimates for continuous beam loss and magnet activation during transport as well as accidental total beam loss into components. These results are detailed in the next section (Sec. 3.12.1).  The MARS-based calculations for the neutrino beam are outlined in Sec. 3.12.2. Detailed results from these neutrino beam simulations are given in Sec. 3.2 (Beam Windows), Sec. 3.3 (Target), Sec. 3.4 (Horns), Sec. 3.6 (Decay Pipe), Sec. 3.7 (Hadron Absorber), Sec. 3.8 (Target Hall Shielding) and Sec. 3.10 (Radiological Considerations).
3.12.1 Beam-Loss Calculations
3.12.1.1 Introduction
This section provides an overview and important examples for simulations that give information about the mechanisms and results of an improperly controlled primary beam. The high-intensity beam needs to modeled and understood to a very high precision to ensure that beamline components are kept to low activation levels and to be confident that accidental losses are rare and not damaging. The model is as complete as possible, from extraction through the Target Hall, where beam particles (protons) and their interactions are tracked individually and in full detail. Simulated magnets are controlled in groups appropriate to the designed power-supply bus configuration. Errors in magnetic fields for individual magnets can be inserted as random manufacturing errors and as simulated current fluctuations from power-supply errors. Beam loss studies provide one key input in the requirements for the magnet power-supply stabilities. 

In addition to providing validation of operational beam-loss control for environmental and component protection, the simulations can provide a level of confirmation for the design of the beam-interlock systems (Sec. 4.3). 

Additional studies are needed to determine criteria appropriate for LBNE enclosure and building construction, as well as equipment installation during the MI operation. 
Calculations that provide distributions of losses along the primary beamline are obtained with STRUCT code [37_old]. The STRUCT output goes into calculations, done by MARS, of energy deposition and groundwater and component activation.

3.12.1.2 Design Considerations

The main design criteria for the primary beamline are (1) the transmission of high-intensity beam with minimum losses, (2) precision of targeting and (3) minimization of component activation. Mitigation of groundwater activation is relatively straightforward for the above-grade beam, however protection from prompt radiation, such as muon plumes, requires mitigation. 

Serious consideration must also be given to accidental beam losses that, within just a few beam pulses, can cause beamline-component damage. Significant sources of beam-position instability on the target as well as increased beam loss along the beam line include the power supplies for the extraction kicker, and the quadrupoles and dipole magnets. Variations in the element strength that occur over a period of minutes or hours can be corrected. However, for variations on shorter time scales, such as pulse-to-pulse jitter, the specification on beam instability would have to be met directly at the power supply. 
3.12.1.3 Reference Design

The proton beam extracted from the MI-10 straight section is transported 329 m to the LBNE target located 11.4 m above the MI elevation. The design is based on a 708 kW beam with intensity of 4.9 x 1013 for a 1.33-second MI cycle. The design must be compatible with an upgraded capability of 2.3 MW beam power with intensity of 1.6 x 1014 per cycle. 

The worst-case conditions are simulated using a 3 emittance of 30 mm-mrad for the beam core, with halo cut-off at 360 mm-mrad or 10.4, and momentum spread (1) of dp/p = 0.0004 with cut-off at dp/p = 0.0028. In the simulations, 1% of the beam in halo is distributed with horizontal and vertical amplitudes in a range from Amin = 3 to Amax = 10.4  as F=1/Ax,y. The beam intensity is assumed to be 1.6 x 1014 per 1.33-s MI cycle (2.3 MW case), that is a factor of six higher compared to the NuMI design. The effects of magnet power-supply instabilities to beam distributions at the target and baffle are calculated for nominal emittance of 30 mm-mrad. 

Table 1: Apertures (Half-size of Primary Beamline Elements Used in Simulations)
	Element 
	L (m) 
	Hor. (mm) 
	Vert. (mm) 
	Aperture 

	LAM10 
	2.80 
	32.0 
	25.4 
	rectangular| 

	Q102 quadrupole 
	2.1336 
	63.0 
	29.0 
	special  

	beam line quads (3Q120) 
	3.048 
	36.6 
	36.6 
	round  

	beam line quads (3Q60) 
	1.524 
	36.6 
	36.6 
	round  

	V100 (vertical dipole) 
	3.3528 
	51.6 
	21.7 
	rectangular  

	MI dipole (IDA/IDB) 
	6.09981 
	60.0 
	23.5 
	elliptical  

	MI dipole (IDC/IDD) 
	4.06654 
	60.0 
	23.5 
	elliptical  

	H-corrector 
	0.3048 
	60.0 
	23.5 
	elliptical  

	V-corrector 
	0.3048 
	36.6 
	36.6 
	round  

	Long drift sections 
	- 
	36.6 
	36.6 
	round  

	Baffle 
	2.50 
	7.5 
	7.5 
	round  

	Horn 1 entrance 
	- 
	12.0 
	12.0 
	round  

	Target (round target) 
	0.966 
	7.5 
	7.5 
	round  

	Horn 1 exit (conical, 10mr, round) 
	2.00 
	23.0 
	23.0 
	10mr,conical 

	drift Horn 1 to Horn 2 
	3.20 
	50.0 
	50.0 
	round  

	Horn 2 
	3.00 
	39.0 
	39.0 
	round  




3.12.1.4 Primary-Beam Loss

Beam distributions representing a sum of 100 distributions have been produced for independent random values of magnet strengths in the beamline. The calculations are done assuming a common power supply for several magnets, with instabilities as follows: LBNE quadrupole, dG/G=±0.001; extraction kicker, dB/B=±0.005; Lambertson magnet, dB/B=±0.002; MI quadrupoles, dG/G=±0.001; and MI closed orbit, dA=±1x,y or ±1.3mm. The effect of quadrupole strength instability to the resulting beam size is much less significant than that for the dipole magnets. 

The halo particle-loss distributions along the beamline as a function of dipole and quadrupole strength instability with (1) an individual power supply for each magnet and with (2) a common power supply for several magnets are shown in Figure 2. The resulting distribution is a sum of 100 distributions for independent random values of magnet strengths in the line. The 360 mm-mrad amplitude corresponds to 10.4=13.2 mm at the baffle. For an aperture radius of 7.5 mm, the baffle intercepts ~15 kW of power from beam halo. 

Figure 3 shows a 3 beam population and distributions at the baffle (left), and at the Far Detector located 1,300 km distant from the target (right) for a dipole power-supply instability of dB/B=±0.0001, ±0.0003, ±0.001 and ±0.002. Calculations are done for assuming a common power supply for several magnets with instabilities as follows: LBNE quadrupole, dG/G=±0.001; extraction kicker, dB/B=±0.005; Lambertson magnet, dB/B=±0.002; MI quadrupoles, dG/G=±0.001; and MI closed-orbit, dA=±1x,y or ±1.3mm. It is assumed in these calculations that there is no proton-beam interaction with matter in the target and in the ground downstream of it. Beam distributions are shown for 100 independent, random distributions of magnet strength deviations. The beam spot size is x,y > 30m in the far detector at dB/B=±0.0004. 
[image: ]
Figure 1: Horizontal (Left) and Vertical (Right) Beam Distributions at Baffle Entrance as a Function of Dipole (Top) and Quadrupole (Bottom) Power Supply Instability
The halo and core beam losses along the primary beamline and at the baffle as a function of dipole magnet power-supply instability with a common power supply for several magnets are presented in  Figure 5. NuMI operates now at 0.4 MW with maximum allowed fractional beam loss of 10-5 from the total intensity. For LBNE’s 0.7 MW, the safety level will be 5 x 10-6, and for 2.3 MW it will be 1.5 x 10-6. To have a viable operational margin, the goal is to keep normal beam loss an order of magnitude better than this, or 5 x 10-7 for 0.7 MW and 1.5 x 10-7 for 2.3 MW, that is ~0.4W. From this point of view, the dipole instability should be less than dB/B<±0.0025, which keeps losses below 1 W/m.  
3.12.1.5 Accidental Total Beam Loss
An accidental total beam loss will likely cause component heating and damage, may induce groundwater activation and cause radiation concerns outside the tunnel. The lost-beam trajectories along the beamline due to an accidental degradation of bending-magnet strength have been calculated and are shown in Figure 5.

[image: ]

[bookmark: _Ref290298121]Figure 2: The Halo Particle Loss Distribution Along the LBNE Beamline at Dipole Strength Instability of dB/B=±0.002 (left), dB/B=±0.005 (right) and Quadrupole Strength of dG/G=±0.005 with Individual Power supply for Each Magnet (top) and with Common Power Supply for Several Magnets (second line). Beam Loss Population at the Baffle is Shown on the Bottom.
[image: ]

[bookmark: _Ref290297738]Figure 3: The 3σ Core Beam Population (Top) and Distributions (Middle and Bottom) at the Baffle (Left), and at the Far Detector (Right)
The instantaneous temperature rise in a dipole-magnet beam pipe (Figure 6), following the loss of the entire beam (2.3 MW), is ~ 2500 K, which is a factor of two higher than the melting point of stainless steel. The beam vacuum pipe or a magnet would be effectively destroyed in one beam pulse (or a few pulses at 708 kW). This possibility must be eliminated by analyzing all parameters of the system just before extraction, and then abort the beam to the MI beam dump if any critical parameter is out of the safety region (for details of the LBNE beam-permit system see Section 4.3). 

[image: ]
Figure 4: An Example of Beam Trajectories Along the Beamline for a Beam Lost Due to Accidental Degradation of Bending Magnet Strength

[image: ]
[bookmark: _Ref290297879] Figure 5: The Halo and Core beam loss at 120 GeV along the LBNE Primary Beamline (Top) and at the Baffle (Bottom) as a Function of the Dipole Magnetic Power-supply Instability with Common Power Supply for Several Dipoles
3.12.1.6 Activation of Components

Beamline-component activation is a critical issue in a high-intensity beamline whose operational life is measured in decades. A sample case is presented here, where 0.3% of a 2.3 MW beam is lost continuously, as the outer-most part of the beam envelope interacts with the vacuum pipe, magnets and other installed components. The magnitude of this loss is chosen to be typical of what one might have anticipated in lower-intensity beamlines of the past. Of course for LBNE, this value is unacceptably high, but results from this study can be scaled to estimate tolerable losses. Residual dose rates for losses of 0.003 of total intensity for 30 days, followed by one day cool-down, is shown in Figure 7. Residual dose rates on the surfaces of bending and quadrupole magnets reach 50 rem/hr, which is three orders of magnitude higher than the goal of less than 50 mrem/hr. Scaling these results to acceptable limits implies that losses need to be no greater than order 10-6. The methods proposed to achieve this are listed in Section 6.4. 
[image: ]
[bookmark: _Ref290297490]Figure 6. An Instantaneous Temperature Rise Along and Across the Dipole Magnet Beam Pipe at Accidental Loss of Entire Beam 
[image: ]

[bookmark: _Ref290297548]Figure 7: Residual Dose Rates along the Beamline and Magnets. Following a loss of 0.3% of the beam for 30 days followed by one day cool-down. The color-coded logarithmic scale has units of m-Sv/h (1 m-Sv/h is equivalent to 100 mrem/h).


3.12.2 Neutrino Beam Modeling


3.12.2.1 Introduction
[bookmark: _Toc411265240] Introduction
This section describes the simulation of the neutrino beam and its effects on nearby materials using software models. The All simulations of activation, dose rates and beam energy deposition use the MARS package, which is well documented and benchmarked [?] [?]. The MARS model of the reference design will describe the target, horns, decay pipe and absorber, as well as all of the shielding. In particular, MARS will be used for estimating: 
· Beam-energy deposition in components, required for engineering considerations and estimating cooling capacities 
· Prompt (beam-on) dose rates within halls outside of shields 
· Residual dose rates from components within or outside shielding 
· Radionuclide production in components, shielding and rock 
[bookmark: _Toc411265241]3.12.2.2	Design Considerations
The level of detail in the model will follow the reference design as it evolves. The model already provides a basis for estimating the total thickness of shielding needed. Later, for example, as the block size and stacking pattern become set in the design, these details will be incorporated into the model. Thus, the effect of voids or cracks, which are small in a good design, will be studied at a later time. An estimate for the locations of excavated rock boundaries is needed for estimating tritium production and groundwater concentrations. 
The composition of materials used in the MARS model needs to match that of the design materials to the known accuracy. The atomic mass fractions are usually sufficient for the simulations. Items to be modeled include rock, shielding materials and the materials incorporated into technical components. Components present in an engineering design or plan whose effect is negligible, e.g., bolts, will not be included. 
[bookmark: _Toc411265242]3.12.2.3	Reference Design
[bookmark: _GoBack]A realistic MARS model has been built for the LBNE target, horns, target station and its shielding, decay pipe and tunnel shielding, and the hadron-absorber system. In the model as in the conceptual design, the proton beam is tilted down by 101 mrad, and the 225 m target station and decay channel follow this tilt while the hadron-absorber system is arranged horizontally. The hadron-absorber system includes an aluminum mask that protects the water cooling pipes, a 2.4-m long aluminum core followed by a 2.7-m long iron core surrounded by massive iron shielding in a concrete shell, all in an 18-m long service building. Horn magnetic fields and all details of geometry and materials distributions are included in the model. 	Comment by Diane Reitzner: The target chase and decay pipe are longer than 25 m!
In the reference model, a 120-GeV proton beam hits a 0.956-m long cylindrical graphite target at an intensity of 8.0×1013[Trial mode] protons per pulse (1.2 MW). A 60-GeV and 80-GeV cases areis also being considered. We model in great detail both 708-1.2-kMW and 2.43-MW normal operation (1.33-s repetition rate, [Trial mode]8.1×1013 and 1.7×1014[Trial mode] sec-1[Trial mode], respectively) as well as an accident scenario. The latter is a 3.07-MJ beam accident (“target destroyed”), in which a proton beam interacts with 1-atm air (or helium)helium in the decay pipe and hits the absorber. Substantial modeling efforts are being conducted in the primary-beamline and baffle areas. 
MARS is used to calculate energy deposition (peak values and total dynamic heat loads), integrated absorbed dose and residual activation in all the system components (target, horns, decay pipe, shielding, all the components of the hadron absorber, etc.), prompt-dose-equivalent distributions in and out of the service buildings, and radiation load on groundwater and air outside the shielding. These calculations will help in the design of optimal subsystems (target station, decay channel and hadron absorber) and will aid in the evaluation and minimization wherever possible of residual dose levels. They will also help optimize hands-on maintenance conditions, keep impact on the environment below the regulatory limits, and estimate and maximize wherever possible the component lifetime. 
Volume 2: The Beamline at the Near Site		
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