3.10 [bookmark: _Toc411265217]Radiological Considerations (WBS 130.02.01) [This should be section/chapter 5 now]
[bookmark: _Toc411265218]3.10.1 Overview
In the 2012 version of this CDR, it was envisioned that the beam line will start operating with a 700 kW beam and after the accelerators upgrades were completed, about five years later, the beam line will 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 beam line at 1.2 MW for five years followed by fifteen years at 2.4 MW, when the accelerators upgrade is ready. It is expected that this 20 years of running beam to 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. In this section (3.10), some of the radiological calculations presented have not yet been updated to the 2.4 MW. This actual beam power used will be noted where needed. 

Only radiological issues for operation of the LBNF beam line with 2.4 MW beam power are considered, since retrofitting the LBNF facility for 2.4 MW after years of operation at 1.2 MW is very costly and not practical. The scope of radiological issues includes 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 [29]. Other measurements and verification data available are also used where applicable.
The posting and entry control requirements for access to areas outside of beam enclosures where prompt radiation exposure may exist for normal and accident conditions are given in the Fermilab Radiological Controls Manual. All results presented in the following subsections are based on the MARS modeling of the LBNF facility (See Section 3.12). 
In the NuMI (700kW) primary beam line, fractional beam losses are controlled to better than 10−5. To maintain the same radiation level when scaling to 2.4 MW (desirable to keep residual radiation at a level where maintenance is not hindered), corresponds to controlling the losses at 3×10−6 for LBNF. Control of the LBNF beam average operational losses is assumed to be 10−5 for shielding purposes, which gives a sensitivity/safety factor of more than 3 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 six years of NuMI primary beam operation, more than 50 million beam pulses were transported to the NuMI target with a total of more than 1.2×1021 protons on target at 120 GeV. A total of 6 beam pulses have experienced primary beam loss at the 1% level, all due to Main Injector RF problems. Since 2005 only one full intensity pulse has been lost. Therefore, it is assumed that control of LBNF primary beam losses to less than 2 pulses/week is possible by using a control system similar to that developed for the NuMI beam.

A computer model for the entire beamline has been built in the framework of the MARS15 Monte-Carlo code [NM1]. This model includes all the essential components of the target chase, decay channel, hadron absorber and the steel and concrete shielding in the present design. 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, (5) horn focusing design and optimization of neutrino flux.
The radiological requirements outlined in this section are applied to the designs of the technical systems and equipment for the Beam line discussed in this volume, as well as to the conventional facilities discussed in Volume 5 of this CDR.
3.10.2 [bookmark: _Toc411265219]Shielding
3.10.2.1 [bookmark: _Toc411265220]Primary Beamline

The Conceptual Design for the LBNF facility has been developed with external primary beam soil shielding of 25 feet (7.6 m). This provides an additional safety factor beyond the calculated LBNF required shielding for both the normal and accidental losses. The calculated soil shielding required for 2.4 MW beam, for unlimited occupancy classification, is 22.5 feet (6.9 m) for continuous fractional beam loss of 10−5 level and 25 feet (7.6 m) for 2 localized full beam pulses lost per hour.
To reduce the contribution of accidental dose from muons at the site boundary to less than 1 mrem, MARS simulations show that an additional 54 feet (16.5 m) of soil in the path of the muons, downstream of the target hall, is required to shield against losses at the apex of the embankment. The width of the embankment should be no less than 6.5 ft beam-left and 10.5 ft beam-right. It is also possible to accidentally lose the beam on one of the beam line elements, on the uphill side of the embankment. The worst case is when the beam is lost near the top. In this case the upward going muon plume will have the minimal soil shielding in its path, before exiting the transport-line shielding. MARS simulation show a maximum dose rate of about 35 mrem on a small area on the embankment is possible. Based on the transverse dimension of the plume a fenced area is designated that encloses the area such that the accidental dose at the fence boundary will be less than 1 mrem. 
3.10.2.2 [bookmark: _Toc411265221]Target Hall/Target Pile
The target hall and target pile shielding is designed to contain prompt radiation, residual radiation, activated air, accidental spills of radioactivated water, and to control a thirty-year buildup of the radionuclides in the soil outside the shielding to below requirements. Another goal of the design is to have an average dose rate of less than 100 mrem/hr in the target hall above the target 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 pile. Because of sky shine considerations, the walls and the ceiling of the target hall are required to be 5 feet (1.5 m) and 7 feet (2.1 m) of concrete, respectively. For the sides and the bottom of the target pile, combinations of steel and concrete shielding are used. Details of the target hall and the target pile shielding are given in Section 22. 
3.10.2.3 [bookmark: _Toc411265222]Decay Pipe
Given the geology in the region near the Main Injector, if the Decay Pipe was constructed horizontally at the elevation of the Main Injector with enough shielding such that the production of radionuclides in the soil will have concentrations below surface water limits, so no additional mitigation would have been required. However, the Decay Pipe will be partly underground with the downstream end close to the aquifer. Under these conditions, it is prudent (ALARA) to reduce the radionuclide concentrations by two orders of magnitude; e.g. tritium concentration to be 0.3 pCi/ml, which is below the standard level of detection. Based on the requirement set by the project [?], the decay pipe will use 5.6 m of concrete shielding. Figure 5-1 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 undetectable levels 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 by a large volume of sand, with a sump pump at the downstream end.  This sand layer will also be incased in a system of water impermeable layers to further isolate the decay pipe form water from the outside. ( see Section 20). 

[image: ]Figure 5-1:  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.

3.10.2.4 [bookmark: _Toc411265223]Absorber Hall Complex
As by-product of neutrino production, a flux of primary protons non-interacted in the target and non-decayed secondary hadrons (mostly 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 specially absorber structure which is located directly after the ~ 204 m long decay pipe (DP). It is a pile of aluminum (Al), steel and concrete blocks, water- and air-cooled, which must contain the energy of the particles after the DP. The vast majority of these secondary hadrons and primary protons, essentially, all of them are stopped in the absorber. The fluxes of secondary particles (mainly neutrons) escaping the system must be attenuated by the absorber and shielding to the tolerable levels. According to the MARS15 simulation, in total, 31% of the total beam power is deposited in the absorber. The shielding configuration, composition and dimensions have been thoroughly optimized in massive MARS15 simulations [N. Mokhov, LBNE-doc-10198] to keep the calculated radiation quantities safely below the regulatory limits in the following four areas:
1. Prompt dose (beam-on): Service Building, elevators: < 0.25 mrem/hr for unlimited access of radiation workers, and < 0.05 mrem/hr for general public outside.
2. Residual dose (beam off) in Absorber Hall, Raw and Sump Rooms: < 5 mrem/hr.
3. Groundwater activation in soil/rock immediately outside the concrete shielding: below the limit for H3 and Na22 with a safety factor of ten that corresponds to the hadron flux of 400 cm-2 s-1  with energy > 30 MeV.
4. The hadron fluxes with energy > 30 MeV in air pockets inside the absorber and in various regions of the Absorber Hall and Muon Alcove below the air release limits (see below).

[bookmark: _GoBack]The unique feature of the design for such a high-power high-energy beam is groundwater activation in deep-inelastic muon interactions in the rock downstream of the Absorber Hall. The sophisticated MARS15 calculations have shown that a muon plume 170-m long and ~10 m in diameter is steadily generated in the rock with a central region (80-m long and up to 7 m  in diameter) where hadron fluxes exceed the above-mentioned limit of 400 cm-2 s-1  for groundwater activation. It means that such a regions needs to be protected from groundwater penetration through it that is nontrivial and expensive from the civil construction point of view. It has been found in optimization MARS15 studies [N. Mokhov, LBNE-doc-10198] 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 the Absorber Hall concrete wall with the excessive hadron fluxes contained in the kern (see Figs. 5-2 and 5-3). 

[image: ]

Figure 5-2: 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.

[image: ]

Figure 5-3: Hadron (E > 30 MeV) isoflux contours (cm-2 s-1) in the rock and steel kern downstream the Absorber; hadron fluxes outside the steel kern are below the accepted limit of 400 cm-2 s-1 for groundwater activation.


The absorber (Section 21) and the Absorber Hall Complex shielding is based on the ground water management requirement [?] set by the project using the latest MARS model[?]. The shielding is designed to keep a thirty-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 absorber block to well below 100 mrem/hr to allow for maintenance activities, and to preclude significant activation of the equipment in the absorber RAW room. During proton beam operations, the following areas will be designated as “limited occupancy” for the radiation worker: the service building, 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 a high-radiation area and will not be accessible during beam-on periods. 
3.10.3 [bookmark: _Toc411265224]Other Radiological Design Issues
3.10.3.1 [bookmark: _Toc411265225] 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. These 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.

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 above the surface waters limits. To mitigate this problem an under drain system is added under the end of the Target Chase (Ham7903). Any water that reaches under the Target Chase and the upstream end of the decay pipe will be collected and drained to the surface. Additionally, the target chase and the target hall will have a geo-membrane barrier system, preventing water from coming in contact with the shielding. For the rest of the beam line, 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 [30]. The current accepted detection limits are 1 pCi/ml for tritium and 0.04 pCi/ml for sodium-22.

3.10.3.2 [bookmark: _Toc411265226] Tritium Mitigation
Tritiated water molecules (e.g. 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 beam line areas dry. These basic processes, namely tritium production and migration, show that strategies 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 from air. Additionally, 
· There will be a geomembrane barrier system installed between the decay pipe concrete and the soil that is largely impervious to water. In this way the decay pipe 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[32]. 
· The operational design of a sampling and monitoring program is straightforward, and allows for maintenance of the drainage system. 
3.10.3.3 [bookmark: _Toc411265227] RAW Systems
The cooling water for the baffle, target, horns and the 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. Shielding and cool-down times will be used to reduce the dose from these systems. Remotely controlled drainage  and top up with fresh water will be used to keep the tritium concentrations at manageable levels. Alarms and containment systems 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. 
3.10.3.4 [bookmark: _Toc411265228] Activated Air
High levels of radioactive air will be produced in the target chase (at the center of the target pile), in the decay pipe air cooling system, and in the absorber hall. The air to the chase and decay pipe cooling are closed, isolated loops, that however are expected to leak at some level. The most significant leaks will be at the air handing systems in the air handling room, with smaller leak expected through seals on the covers of the target pile in the target hall. Additionally, the air from the absorber hall is sent to the target hall, where it combines with the target chase air leak. The air handling systems filter, chill and dehumidify the air in the cooling loops. The air handling room structure and the doors are designed to be fairly air-tight, and the air-handling room and target hall are maintained at lower pressure than the outside of the structures by pulling 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 is a sufficient to allow the airborne radionuclides to decay by orders of magnitude. The current Fermilab radioactive air emissions permit allows the annual exposure of a member of public offsite to the radioactive air emissions, from all sources to be less than 0.1 mrem. It is the goal of the LBNF design is to have the air emissions contribute less than 30% of this limit which allows for the emissions from other accelerators and beam lines at Fermilab.
3.10.3.5 [bookmark: _Toc411265229] Outside Prompt Dose 
There are two ways where the prompt dose rates may reach outside the facility: (1) direct attenuated radiation outside the shielding and (2) sky shine, which is radiation, primarily neutrons, due to back scattering from air. FRCM Article 1104 [29] 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 service building can contribute to outdoor doses. Based on the latest MARS calculations [33,34] both the annual direct and sky shine 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. 
3.10.3.6 [bookmark: _Toc411265230] Offsite Dose
To allow operations of other experiments, beam-lines and accelerators, the offsite goal for LBNF is set at 1±1 mrem in a year, from all radiation sources generated by this beam-line. The total offsite dose, at the nearest site boundary, due to both direct and skyshine is estimated to be 1.32 mrem in a year. 
3.10.3.7 [bookmark: _Toc411265231] Onsite Dose
Wilson Hall is the nearest publically occupied building to the LBNF beam line. Both the maximum direct and skyshine annual dose to the occupants of the Wilson Hall 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. 
3.10.3.8 [bookmark: _Toc411265232] Residual Radiation
Based on the past experience and the difficulty of component replacement with the 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 beam line to no more than 50 mrem/hr on contact. This allows for repair or replacement of the beam line elements with little programmatic impact and keeping the dose to the workers ALARA. 

There are other beam line devices, such as targets/horns and their mounting modules, target pile cooling panels and 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. The shielding of the containers used for the over the road transport of such devices will be such that the dose rate outside the containers is less than 100 mrem/hr at one foot. 
Volume 2: The Beamline at the Near Site		
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