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Overview:

The original NuMI beam line was designed for 400 kW of beam power1. A future upgrade of 2.3 MW in beam power (Project X) is possible. The purpose of this document is to evaluate the radiological issues and modifications required to operate the NuMI beam line at 2.3 MW. Configuration of the beam line, boundaries, safety system and the methodologies used for the calculations are as described in the original NuMI SAD1,3. While most of the calculations presented in the original shielding assessment were based on Monte Carlo simulations, which were based on the design geometries, most of the results presented here are based on the measurements conducted by the AD ES&H radiation safety group. Extrapolation of quantities such as residual activation of components require the knowledge of previous history. Table 1 shows the beam power history assumed for the Project-X.
	Project
	Year
	Protons

	NuMI
	2006
	1.1E+20

	NuMI
	2006
	1.1E+20

	NuMI
	2007
	2.0E+20

	NuMI
	2008
	2.5E+20

	NuMI
	2009
	3.0E+20

	MINERvA
	2010
	4.0E+20

	MINERvA
	2011
	4.0E+20

	MINERvA
	2012
	4.0E+20

	NOvA
	2013
	7.4E+20

	NOvA
	2014
	7.4E+20

	NOvA
	2015
	7.4E+20

	project-X
	2016
	2.4E+21

	project-X
	2017
	2.4E+21

	project-X
	2018
	2.4E+21

	project-X
	2019
	2.4E+21

	project-X
	2020
	2.4E+21


Table 1 Beam operations scenario assumed for the calculations presented here. 

Radiological Concerns

Potential environmental impacts include radioactive air emissions, groundwater protection, tritium production, prompt radiation doses, residual activation of the equipment, radiation from the primary RAW systems and radioactive waste disposal. 
Earth shielding assessment:  
The NuMI extraction line would require 24.3 ft. of earth shielding for the 2.3 MW operation of 4.37E17 protons/hr, if the berm is categorized as minimal occupancy2. This is based on assuming beam line to ceiling distance of 4 feet. The present shielding for the NuMI extraction line is 24.5 feet. Because of the 3.3 degrees down slope of the carrier pipe, there is sufficient earth shielding for the rest of this beam line. [2,3].

Groundwater and surface water:  
Activation levels of ground water from beam line operations would remain below applicable regulatory limits [4].  The result in Table 2 indicates the concentrations of radionuclides immediately outside the NuMI tunnel. These concentrations will be significantly reduced due to the further mixing with the NuMI tunnel inflow water [5]. 

	 
	 
	protons/yr
	22Na(pCi/ml)
	3H(pCi/ml)

	NuMI
	2006
	2.00E+20
	0.02
	0.11

	NuMI
	2007
	2.00E+20
	0.02
	0.11

	NuMI
	2008
	2.50E+20
	0.02
	0.14

	NuMI
	2009
	3.00E+20
	0.03
	0.17

	MINERvA
	2010
	4.00E+20
	0.03
	0.23

	MINERvA
	2011
	4.00E+20
	0.03
	0.23

	MINERvA
	2012
	4.00E+20
	0.03
	0.23

	NOvA
	2013
	7.40E+20
	0.06
	0.42

	NOvA
	2014
	7.40E+20
	0.06
	0.42

	NOvA
	2015
	7.40E+20
	0.06
	0.42

	project-X
	2016
	2.40E+21
	0.21
	1.37

	project-X
	2017
	2.40E+21
	0.21
	1.37

	project-X
	2018
	2.40E+21
	0.21
	1.37

	project-X
	2019
	2.40E+21
	0.21
	1.37

	project-X
	2020
	2.40E+21
	0.21
	1.37


Table 2: Estimated radionuclide concentrations in the water immediately inside the NuMI tunnel that would be expected during the running of the NuMI facility under different  beam powers.

The design of the NuMI tunnel ensures that groundwater in its vicinity continuously flows into the tunnel, where it is collected and continuously pumped through the industrial chilled water system eventually ends up in the surface cooling ponds. The cooling ponds are underlain with naturally occurring clay, therefore preventing direct contact of radionuclides such as tritium or 22Na produced with surface water [6].

The estimates for the pond water concentration would be conservative because they assume drought conditions. In drought conditions the volume of water in the Fermilab pond system would be reduced resulting in a higher concentration of radionuclides.  Estimates of the tritium and 22Na concentration that would result from running NuMI under the Project-X operating conditions are summarized in Table 3.  All of these concentrations are predicted to be below the regulatory limit for surface water. 

	Phase
	Tritium Levels

(NuMI Sump Water)
	Tritium Levels

(Pond Water)
	22Na Levels

(NuMI Sump Water)
	22Na Levels

(Pond Water)

	NuMI/Project-X
	299 pCi/ml
	75 pCi/ml
	< 1.9 pCi/ml
	< 0.5 pCi/ml

	DOE Surface Water

Regulatory Limits
	2,000 pCi/ml
	2,000 pCi/ml
	10 pCi/ml
	10 pCi/ml


Table 3: Estimated concentrations of tritium and 22Na in the NuMI sump and Fermilab ponds during NuMI operations for the MINOS experiment and for the Project-X at 2.3 MW of beam power.

 Air emissions:  
Tritium and other short lived radionuclides are also produced as a normal by‑product of NuMI operations. The airborne radionuclides produced in the NuMI facility are released into the atmosphere through vent stacks to the surface of the Fermilab site. Environmental emissions are limited by minimizing the ventilation of the tunnels during beam operations. Ventilation is maximized for personnel access, however, by allowing sufficient time for decay after beam shutdown, and before accessing thus air emissions are still limited.  Air from the ventilation stacks is monitored for radionuclide emissions. 

Using the extant measurements of the total activity released from NuMI stacks, the extrapolated quantities to 2.3 MW beam powers, and the estimated maximum dose rate at the site boundary from these releases is summarized in Table 4. This dose rate is assessed for a hypothetical member of the public who would spend the entire year at the location of maximum exposure at the Fermilab site boundary. Total releases are reported annually to the IEPA and the U.S. Environmental Protection Agency (EPA) in accordance with conditions of the relevant NESHAP permit [7].  

The operations of the NuMI facility for the MINOS experiment have not caused Fermilab to approach the regulatory limits for total activity releases or for the dose limit at the site boundary [8,9].

	
	Measurements

Scaled to 

	
	2.3 MW beam power

	
	Ci/yr 

	EAV1
	21

	EAV2
	184

	EAV3
	62

	SR3
	76

	Total(Ci)
	343

	DE (mrem)
	0.099


Table 4: Estimated maximum release of radionuclide air emissions and estimated maximum dose at the Fermilab site boundary during operations of 2.3 MW of beam power.

With no further mitigation, total emissions at the site boundary produce 0.099 mrem/yr, which is less than the EPA limit of 0.1.  EAV2 is the largest contributor to the total NuMI emissions. If necessary the EAV2 source can be reduced by 10%-20% with out any significant affects on the experiment by reducing the air flow rate to allow longer decay times for the radioisotopes.
Primary radio-active water (RAW) systems: 

Primary cooling water for the target, horns, decay pipe and the absorber become radioactive. 3H and 7Be are the relevant radioisotopes. Usually in a few hours all the other radioisotopes have decayed away.  Analysis of the RAW water shows that the de-ionization bottles reduce the concentration levels of 7Be by at least a factor of 2000. Table 5 shows the estimated annual amount of radioactive isotopes 7Be and 3H produced in the cooling water [10]. RAW tanks are sampled frequently [11]. RAW systems concentration levels, the neutrino program schedule, operational impact to other parts of the accelerator complex, and ALARA principles are all considered in determining the appropriate schedule for water replacement. 

	
	3H
	7Be
	Volume

	At 2.3 MW
	(Ci)
	(Ci)
	(Gallons)

	Target
	0.46
	2.68
	30

	Horn1
	12.06
	60.89
	115

	Horn2
	3.10
	17.98
	100

	Decay Pipe
	0.04
	0.22
	725

	Hadron Absorber
	0.06
	0.32
	135

	Total
	15.72
	82.09
	1105.0


Table 5:  Estimated maximum production of long lived radionuclide in the radioactive water systems during 2.3 MW beam power operations.

Residual radioactivity and the work cell upgrade:
The original NuMI Target Hall Work Cell (Figure 1 and Figure 2) and associated Waste Stream Plan were developed with 2 key concepts in mind. The first was that components (Target/Baffle, Horn 1 & Horn 2 [12]) would not be repaired in the Work Cell, but only replaced. The second was that failed, radioactive components would be long term stored in a shielded pit, called “the Morgue” (Figure 3 and Figure 4) with no plans for radioactive component removal up-shaft for disposal. Practical lessons learned from 2 years of operational experience of NuMI and the prospect of a much higher beam powers have altered those fundamental concepts and require re-designing the Work Cell and Waste Stream Plan. These changes need to be implemented for NuMI operation, regardless of other beam power upgrades. Table 6 shows the residual dose rates predicted for the various stages of the Project-X [13]. The last row of Table 5 shows the predicted residual activity of NuMI beam devices after five years of 2.3 MW beam operations. Note the dose rate given for the gap above Horn 1 can be easily reduced by addition of shielding.
	Time
	Protons on Target/yr
	Power (kW)
	Target (R/hr)
	Target module/carrier (R/hr)
	Horn 1 (R/hr)
	Above Horn 1 Module, by "gaps" (R/hr)
	Horn 1 T-Blocks Top (R/hr)
	Horn 2 (R/hr)

	Spring 2006 shutdown
	1.40E+20
	250
	1.2
	0.05 to 0.15
	80
	0.2
	0.08
	5 to 8

	2009  install part I
	9.00E+20
	250-400
	2.4
	0.1 to 0.3
	120
	0.3
	0.11
	8 to 12

	MINERA install part II
	1.20E+20
	400
	2.6
	0.2
	136
	0.34
	0.12
	11

	NOvA running
	7.4E20/yr
	847
	9
	0.8
	627
	2
	0.58
	64

	Project X running for 5 years
	2.4E21/yr
	2300
	29
	3.6
	1922
	4.8
	1.8
	192


Table 6:  Summary of the predicted residual dose rates, after one day of cool down, of the beam devices after five years of Project-X beam operations at 2.3 MW.


[image: image1]
Figure 1: East Elevation view of existing Work Cell.
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Figure 2: North Elevation view of existing Work Cell
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Figure 3: Plan and elevation views of existing Morgue area.
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Figure 4: Plan view of Target Hall showing relative locations of Morgue, Work Cell, and MI-65 shaft base.

With operations at the NuMI Target Hall for higher beam powers now projected to extend beyond 2012, capacity of the Morgue is inadequate for storage of radioactive components. It is conceivable that Project-X components could require storage at a rate of 2 components per year, on average. In addition, component modules, previously not considered replaceable, may need to be replaced during the Project-X era. The Radioactive Component Removal Plan must be developed to include short-term storage of components and possibly modules in the Morgue, removal of those components up-shaft, and subsequent long-term storage.

Prompt radiation: 
There are several labyrinths and penetrations in the NuMI tunnels and halls for personnel access, connection to equipment, air inlets and exhausts, survey risers and an air-cooling labyrinth [1]. Prompt radiation from the penetrations and labyrinths are estimated by calculations and extrapolation from measurements during the operation of NuMI [14,15]. The results of the radiation attenuation calculations for these labyrinths and penetrations are given in the Table 7 and the discussed below. Dose rates due to losses under normal and accident conditions are given. An accident is defined as five sequential full intensity proton pulses. Normal losses depend on the location. Near the target and baffles it is full beam loss during an hour and 0.01% of the full beam at other locations.

	Region
	Normal Loss
	Accidental Loss

	 
	Exit Dose Rate
	 
	Exit Dose Rate
	 

	 
	(mrem/hr)
	Comment
	(mrem/hr)
	Comment

	Survey Riser SR-1
	19.76*
	existing plug is ok
	322*
	Existing plug is enough

	Air Vent EAV-1
	<0.46
	OK (loss rate 1E-4)
	<0.006*
	OK

	Survey Riser SR-2 
	1.4*
	existing plug is ok
	33*
	Existing plug is enough

	Target Hall labyrinth 
	0.025*
	OK
	0.6*
	OK

	Target Hall Equipment Door
	0.9
	Post as Controlled Area Min. Occup.
	0.6
	 

	Stripline Penetration
	0.6
	Existing shielding ok 
	Current shielding is sufficient

	RAW Penetration
	0.6*
	Pipes will fill voids 
	 
	 

	Survey Riser SR-3 
	<0.46
	OK
	 
	 

	Vent EAV-2
	<0.46
	OK
	 
	 

	Vent EAV-3
	<0.46
	OK
	 
	 

	Absorber Labyrinth
	9.7
	Post as Controlled Area Min. Occup.
	 
	 

	Bypass tunnel (muons)
	0.5

	Post as Controlled Area Min. Occup.
	 
	 

	Muon Alcove 2
	97.4
	Door posted and interlocked
	 
	 

	Muon Alcove 3
	9.7
	Door posted and interlocked
	 
	 

	Muon Alcove 4
	0.8
	Door posted and interlocked
	 
	 


Table 7: Dose rates at the exit and mitigation where needed for the NuMI labyrinths and penetrations during 2.3 MW operations.  “*” values were extrapolated from calculation. “<” values correspond to none detected at 200 kW operations and extrapolated from background readings. 
As the table shows the horn strip line penetration was a concern. The section of the penetration between the horn and the top of the module is not considered here, since the target hall is not accessible during the beam operation. Only the section of penetration between the target hall and the power supply room is needed to calculate the dose to personnel in the power supply room. The source term is calculated at the entrance to this penetration using MARS.16 The neutron spectrum at the entrance to this penetration is mainly composed of neutrons of energy less than 1 MeV. Polyethylene, which is an effective absorber of these neutrons, was effectively used to shield this penetration. The dose rates in the power supply room are less than 0.25 mrem/hr. 
Because of the muons and the radiation leaking out of the Hadron Absorber labyrinth and Muon Alcove 2, the bypass tunnel starting at Muon Alcove 4 will most likely need to be posted as radiation area for the 2.3 MW beam operations.

Summary
No upgrades, other than posting changes, are anticipated to be necessary.  
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