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1. Introduction 
Project X is a high intensity proton facility conceived to support a world-leading physics program at Fermilab.[1] Project X will provide high intensity beams for neutrino, kaon, muon, and nuclei based experiments and for studies supporting energy applications. The Project X Injector Experiment (PXIE) will be a prototype Front End linear accelerator. The construction and successful operation of PXIE at Fermilab will validate the concept for the Project X front end, thereby minimizing a large portion of the technical risk within Project X. 
The PXIE accelerator concept [5] [6] [7], the subject of this preliminary shielding assessment, is shown in Figure 1.
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FIGURE 1: The PXIE accelerator concept showing the relationship of components which are the subject of this preliminary shielding assessment.

The first section of PXIE, the ion source, is shown in Figure 2. The ion source is a commercially available source [2] designed to deliver a 5mA (nominal), 10 mA maximum, DC, H- at 30keV. Extensive performance testing of the ion source has been conducted at LBNL [3]
[image: ]
Figure 2: The PXIE ion source is a commercially available, nominal 5 mA DC H- beam at an energy of up to 30 KeV.

The PXIE Low Energy Beam Transport (LEBT) Section, shown in Figure 3, accepts the beam as it exits the Ion Source and chops it to PXIE specifications before delivering the chopped beam to the RFQ. The PXIE LEBT [4] includes all of the beam line components necessary to transport, chop, and control the beam from the exit of the Ion Source to the entrance of the RFQ. Solenoids are used to focus the beam in the course of its transport from the ion source to the RFQ, and a DCCT will be used to monitor beam current. In the full implementation of the Project X front end, it is intended to have two ion sources for redundancy and reliability. A switching magnet would allow switching between ion sources. PXIE will utilize the switching magnet in the LEBT, but will use just a single ion source. The chopper shown in Figure 3 is essentially a beam switch which can operate up to 1 MHz to limit beam transmission from the LEBT section to the next stages of acceleration, thereby limiting total beam power in higher stages of acceleration. The main purpose of the LEBT chopper is to serve as the primary sub-system for machine protection. It also serves to limit beam current during commissioning of the RFQ.
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FIGURE 3: The ion source followed by the LEBT.

The PXIE Radio Frequency Quadrupole (RFQ) accelerator [5, 6] shown in Figure 4 accepts the beam at 30 KeV as it exits the LEBT and accelerates it to 2.1 MeV where it is transferred to the Medium Energy Beam Transport (MEBT) section. The peak energy for the RFQ was chosen deliberately below the coulomb barrier for most accelerator construction materials to avoid the possibility of producing neutrons from the necessary and intentional loss of 2.1 MeV H- beam in the MEBT.
[image: ]
FIGURE 4: RFQ accelerates H- beam from 30 KeV to 2.1 MeV



Beam exiting the RFQ next enters the Medium Energy Beam Transfer (MEBT) section [7]. The purpose of the MEBT is to form the bunch structure required for CW Linac, match optical functions between the RFQ and the superconducting RF (SRF) cavity section, include tools to measure the properties of the beam coming out of RFQ and sent to SRF, and to clean transverse halo particles. Beam energy throughout the MEBT is 2.1 MeV. Figure 5 shows the arrangement of components in the MEBT.

[image: http://www-bdnew.fnal.gov/pxie/MEBT/index_files/image008.gif]FIGURE 5: MEBT functional diagram
 Beam exiting the MEBT enters the SRF cavity section. There are two SRF cryomodules. The first one, shown in Figure 6, includes 8 SC half-wave cavities operating at 162.5 MHz. In the HW section beam is accelerated from 2.1 MeV to about 11 MeV. The second cryomodule (SSR1), shown in Figures 7 and 8, includes 8 spoke cavities operating at 325 MHz. In the SSR1 section the beam is accelerated from 11 MeV up to about 25 MeV, the operational energy for PXIE. The parameters of SC cavities are chosen to be comparatively conservative. Therefore the maximum beam energy is chosen to be 30 MeV and the maximum beam power is 50 KW. There will be a short warm section between the HW and SSR1 modules.
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Figure 6: Half wave 162.5 MHz cryomodule assembly where beam is accelerated from 2.1 MeV to 11 MeV
 [image: ]FIGURE 7: Section view of SSR1 cryomodule where beam will be accelerated from 11 MeV to up to a peak energy of 30 MeV.


Figure 8: SSR1 325 MHz cryomodule assembly where beam is accelerated from 11 MeV to the nominal PXIE energy of 25 MeV.
After final acceleration through the SSR1 module, beam enters a diagnostic section where accelerated beam parameters can be measured. Finally, beam enters a spectrometer magnet where it is directed downward into a beam dump. The complete PXIE accelerator layout is available as an engineering drawing [8].
2. Beam Parameter Summary
The basic physics goal of the Project X Injector Experiment is to accelerate a 1 mA CW H- beam to a maximum energy of 30 MeV or 30 KW total beam power. Since the ion source is capable of a 5 mA nominal current with a maximum current of 10 mA, it may be possible to produce beam power in excess of 30 KW. To provide some margin for higher power operation, this shielding assessment for PXIE will be evaluated for a peak sustained operating power of 50 KW downstream of the SSR1 cavity. The beam dump and the associated shielding will be designed for a beam power of 50 KW. Table 1 lists the peak beam current and energy for the various sections of PXIE.
	Section
	Energy
	Current (mA)
	Beam power (KW)

	Ion source
	30 KeV
	10
	0.3

	LEBT
	30 KeV
	10
	0.3

	RFQ
	2.1 MeV
	10
	21

	MEBT
	2.1 MeV
	10
	21

	HW cryo module
	11 MeV
	2
	22

	SSR1 cryo module
	30 MeV
	1.7
	50

	Diagnostic Section
	30 MeV
	1.7
	50

	Beam Dump
	30 MeV
	1.7
	50



TABLE 1: Beam power summary for various sections of the PXIE

A further discussion of beam power losses for normal and accident conditions for PXIE will be continued later in this document.

3. Method of Assessment
The Accelerator Division requirements for the conduct of shielding assessments are given in ADSP-02-0110. The scaling rules used to define the “Shielding Requirements” mentioned in ADSP-020110 are only applicable at energies above 1 GeV and break down entirely in the energy range relevant to PXIE. More appropriate energy scaling formulae to determine source terms and attenuation factors for the PXIE shielding assessment are described in detail in section 5.1.
The upstream half of the PXIE accelerator transports and/or accelerates H- beam to 2.1 MeV. This peak beam energy was chosen in part to avoid the production of ionizing radiation including neutrons by the H- beam. [12] In addition, materials chosen for the low energy sections of the accelerator have been verified to have no significant production cross sections for neutrons by the 2.1 MeV H- beam. Consequently, the evaluation of the enclosure shielding, labyrinths, and penetrations is based upon potential beam loss in the downstream half of the PXIE accelerator beginning with the HW cryomodule.
From a preliminary assessment of the PXIE, it was determined that the allotted space for PXIE at the Cryomodule Test Facility is not sufficient to accommodate a totally passive radiation shield design. From the preliminary assessment, it is clear that interlocked radiation detectors are required be used in conjunction with passive shielding in order to meet both the experimental requirements for beam power and FRCM requirements for health and safety.
Since the mass of a muon is 106 MeV, it is not possible to produce them with a 30 MeV beam. No further consideration of muon production or shielding for muons is required for this PXIE shielding assessment.
4. Site Description
PXIE will be installed and operated inside a new concrete enclosure at the Cryomodule Test Facility (CMTF) building located near the New Muon Lab (NML) building. Plan and elevation views of the enclosure are shown in Figure 9 and Figure 10, respectively.
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Figure 9: Plan view of PXIE CW linac in concrete enclosure within CMTS
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Figure 10: Elevation view of PXIE CW linac in concrete enclosure within NML

The concrete enclosure will contain the PXIE including the ion source, the LEBT, RFQ, MEBT, HW cavity, SSR1 cavity, the diagnostic section and the beam dump. The PXIE enclosure will be adjacent to the Cryo Module Test Stand (CMTS). The high energy end labyrinth of PXIE will be shared with CMTS. A second labyrinth located at the low energy end of the PXIE enclosure will serve as the main entrance to the PXIE enclosure. Two cryogenic penetrations will enter the enclosure vertically through the ceiling upstream of the HW and SSR1 cavities. RF transmission lines and supporting signal and instrumentation cables will enter the PXIE enclosure through labyrinths designed for adequate radiation attenuation at the low energy end of the enclosure. Signal and instrumentation cables for the diagnostic section will enter the enclosure through a penetration designed for higher energy beam loss.
The concrete enclosure will be built with overlapping, prefabricated concrete shielding blocks. The low energy end walls and the entire enclosure ceiling will be a minimum of 3 feet thick. A section of the ceiling just above the diagnostic section where prolonged beam loss may be feasible is 4.5 feet thick. The high energy end walls will be 6 feet thick.

5. Assessment Parameters and Methodology 
The various parameters, equations, methods, and radiological standards used for the conduct of this assessment are described in this section. The low beam energy radiation source term, the low energy neutron attenuation through concrete, and the off-axis correction factors used in the HINS shielding assessment [9] are likewise used for this PXIE preliminary shielding assessment. Salient equations and methodology from the HINS assessment are reproduced here for this assessment.
5.1 Low Energy Proton Beam Source Term and neutron attenuation through concrete
An established parameterization [10] is given here in Equation 1 which is used to determine the radiation dose equivalent rate as a function of energy, distance, and angle from a low energy proton beam (<1 GeV) incident upon a target.



Equation 1: Dose equivalent source term as a function of proton energy (GeV), the distance r (feet) from the loss point, and  (degrees) with respect to the incident proton beam direction.

A geometric correction factor is necessary to adjust the source term at the entrance of labyrinths and penetrations. This correction factor, shown in Equation 2 takes into account the source term strength when the radiation source is not placed directly in the entrance to a labyrinth or penetration.
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Equation 2: Geometric correction factor used in calculating dose rates from neutrons propagating through labyrinths and penetrations.

For neutron energies below 100 MeV, the attenuation length in concrete is significantly shorter than that for neutrons considered in higher beam energy based assessments. For example, for high energy shielding problems, 3 feet of concrete provides a reduction factor of 10 in radiation dose rate. The mean free path of low energy neutrons relative to the high energy asymptote has been parameterized [10] as shown in Equation 3.


Equation 3: The energy dependence of the mean free path for neutrons passing through concrete given as a ratio with respect to its high energy asymptote value, . E is the neutron energy in GeV.

The reduction in radiation dose rate as a function of energy and concrete thickness is given in Equation 4.


Equation 4: The reduction factor achieved by a concrete shield of thickness  (feet) due to a beam loss of protons of energy E (GeV)

In the dose rate calculations presented in the following sections, the peak neutron energy E, is taken to be equal to the beam energy. This simplification is conservative in that the real neutron energies are necessarily lower and hence lead to underestimation of attenuation provided by the concrete shielding. Consequently, the resulting shielding calculations for the PXIE shielding assessment are implicitly conservative.

5.2 The PXIE Normal and Accident Condition Beam Losses

The normal and accident condition design goals for the PXIE shielding assessment are variable and are defined by section in the PXIE CW linear accelerator [5]. Functionally, each section of PXIE differs in that in some sections, beam loss is desirable and even necessary. In other sections, very clean beam transmission is required. Significant losses in those sections where clean beam transmission is required cannot be tolerated for long without substantial damage to accelerator components. The normal and accident beam loss conditions are defined in Table 2.
	Section
	Energy
	Current
	Normal condition losses
	Accident condition losses

	Ion source
	30 KeV
	10 mA
	-
	100%

	LEBT
	30 KeV
	10 mA
	Up to 90%
	100%

	RFQ
	2.1 MeV
	10 mA
	Up to 90%
	100 %

	MEBT
	2.1 MeV
	10 mA
	Up to 90%
	100 %

	HW
	11 MeV
	2 mA
	<<0.23%
	<0.23%

	HW/SSR1 interface
	11 MeV
	2 mA
	0.1%
	100%

	SSR1
	30 MeV
	1.7 mA
	<<0.1%
	<0.1%

	Diagnostic section
	30 MeV
	1.7 mA
	0.1%
	100%

	Beam dump
	30 MeV
	1.7 mA
	100%
	100%


TABLE 2: Normal and accident beam loss conditions for PXIE. The HW and SSR1 accident condition losses are driven by the limitation of the cryo plant cooling capacity specified to be 50 watts at 2 K. 

The normal and accident beam loss concerns can be summarized:
a) The 2.1 MeV H- beam losses upstream of the HW cryomodule do not present any known radiological concerns. Materials selected for use in the construction of the low energy section of PXIE have been checked to verify that there is no potential for production of neutrons [12].
b) The HW cryomodule is intended to be operated with very high efficiency and extremely low losses. The cryogenic plant cooling capacity severely limits beam losses and effectively inhibits beam acceleration in the event of beam loss in the HW cavities. Losses in the HW cavities are limited to <<0.23% or 50 watts at a maximum energy of 11 MeV. Sustained losses above this level will be impossible. Losses even approaching 10 watts will lead to degraded HW cavity performance and must be prevented for machine protection.
c) There is a short warm section between the HW and SSR1 cavities where sustained high power beam loss of up to 22 KW at 11 MeV would not be limited by cryo plant operation. While it is considered quick unlikely to occur, the accident condition is evaluated at 100% beam loss. The normal condition is considered at 50 watt beam power loss, though such a high beam loss is considered to be very unlikely.
d) The limitations imposed by the cryogenic plant which applies to the HW cryomodule also applies to the SSR1 cryomodule. Only extremely low losses below 10 watts can be tolerated under any conditions. Sustained losses above 50 watts are thought to be very unlikely.
e) The diagnostic section losses are expected to be very low. The beam quality established in the HW and SSR1 cavities is expected to survive through the diagnostic section. Losses no higher than 1:1000 or 0.1% are anticipated in the diagnostic section for normal conditions. Since the diagnostic section is warm, the accident condition of 100% beam loss must be considered.
f) The beam dump is to be designed for continuous operation at 50 KW. The normal condition is the most severe condition for the beam dump. The beam dump will be designed such that the beam directed to the dump would not generate more radiation than a 0.1% beam loss in the diagnostic section.
g) No beam transmission beyond the beam dump will be possible.
5.3 PXIE Radiation Dose Rate Design Goals
The design goals for radiation dose rates outside the PXIE shielding enclosure are based upon the intended occupancy and are selected from limits permitted by the Fermilab Radiological Controls Manual [11]. The locations and intended radiation dose rates limits for normal and accident conditions are included below in Table 3.
 
	Location
	Condition
	Radiation Dose Rate limit (mrem/hr)
	Permitted FRCM Occupancy
	Required FRCM Radiological Postings

	Perimeter at floor level around PXIE enclosure
	Normal
	<0.05
	No precautions needed.
	No posting required

	Perimeter at floor level around PXIE enclosure
	Accident
	< 1
	No precautions needed.
	No posting required

	PXIE enclosure ceiling
	Normal
	<0.25
	No occupancy limits imposed.
	Controlled Area

	PXIE enclosure ceiling
	Accident
	<1
	No precautions needed.
	None


TABLE 3: Normal and accident condition radiation dose rate design goals by location for the PXIE enclosure.

6. Shielding Assessment
In this section, the detailed design of the PXIE enclosure is considered.
6.1 Structural Shielding
The structural shielding for the PXIE enclosure can be considered in four parts: the 6 foot perimeter walls, the 3 foot perimeter walls, the diagnostic section ceiling, and the 3 foot thick concrete ceiling. It is logical to start the structural shielding evaluation with the thinnest shield and highest beam energy and beam power since this combination will drive the remainder of the shield analysis. This is particularly true because the shielding effectiveness varies rapidly with beam energy over the range of concern for PXIE.
6.1.1 The concrete ceiling
The enclosure ceiling is nominally 3 feet thick throughout the entire enclosure with two exceptions: 1) where there are interruptions due to penetrations due to various utilities and 2) over the diagnostic section . The diagnostic section is considered in this section while the penetrations are addressed in a later section.
The ceiling over the Ion Source, LEBT, RFQ, and MEBT sections is three feet thick. Since there is no beam-induced, ionizing radiation potential from these sections, the ceiling shielding thickness is not dependent upon them except for xray production due to dark current. Xray production due to dark current from the various sections is discussed separately in a later section.
The effectiveness of the ceiling shield over the HW cryomodule under various conditions is considered in Table 4. The beam energy range in the HW cryomodule is from 2.1 to 11 MeV. The highest normal, sustained beam power loss is 10 watts while the highest conceivable, sustained accident condition beam power loss in the cryomodule is 50 watts (Cases 1 - 10). These losses are considered to be extreme conditions since the heat load they present challenge the cryo plant cooling capability. Over the energy range of 3 to 8 MeV (Cases 1  – 6), the radiation dose rate outside of the 3 foot ceiling would be less than 0.25 mrem/hr. At greater than 8 MeV, a sustained beam power loss of 50 watts would result in a dose rate exceeding 0.25 mrem/hr (Cases 7 – 9). In order to limit the radiation dose rate to 0.25 mrem/hr as specified in section 5.3, an interlocked radiation detector set to 3.3 rem/hr and placed in the PXIE enclosure at the ceiling above the high energy end of the HW cryomodule will sufficient protection (Case 10). Note that the in the event an interlocked radiation detector is used for Case 10, the normal condition radiation dose rate becomes the limiting condition; the accident condition can never be approached. Also note that the 50 watt sustained loss in the HW cavity is being treated as a normal condition even though the possibility of this is considered extremely unlikely.
	case
	Beam Power Loss (KW)
	time (s)
	Energy (GeV)
	p/time
	distance to shield surface
	angle
	Dose/p at inside surface
	dose rate per time at inside surface (REM/hr)
	Shield thickness
	dose rate per time at outside of shield surface

	1
	0.05
	3600
	0.003
	3.75E+17
	6.25
	90
	2.79273E-15
	1.0
	3.00
	0.02

	2
	0.05
	3600
	0.004
	2.81E+17
	6.25
	90
	5.73634E-15
	1.6
	3.00
	0.04

	3
	0.05
	3600
	0.005
	2.25E+17
	6.25
	90
	1.00012E-14
	2.3
	3.00
	0.06

	4
	0.05
	3600
	0.006
	1.88E+17
	6.25
	90
	1.57241E-14
	2.9
	3.00
	0.10

	5
	0.05
	3600
	0.007
	1.61E+17
	6.25
	90
	2.3023E-14
	3.7
	3.00
	0.15

	6
	0.05
	3600
	0.008
	1.41E+17
	6.25
	90
	3.2002E-14
	4.5
	3.00
	0.21

	7
	0.05
	3600
	0.009
	1.25E+17
	6.25
	90
	4.27544E-14
	5.3
	3.00
	0.30

	8
	0.05
	3600
	0.010
	1.13E+17
	6.25
	90
	5.53643E-14
	6.2
	3.00
	0.41

	9
	0.05
	3600
	0.011
	1.02E+17
	6.25
	90
	6.99088E-14
	7.1
	3.00
	0.54

	10
	0.02
	3600
	0.011
	4.70E+16
	6.25
	90
	6.99088E-14
	3.3
	3.00
	0.25


   TABLE 4: HW cryomodule section concrete ceiling shield evaluation
The effectiveness of the ceiling shield over the HWHW/SSR1 cryomodule interface under various conditions is considered in Table 5.  HWHW/SSR1 cryomodule interface is one in which it might be feasible to sustain a significant beam power loss without the limitation imposed by the PXIE cryo plant. The normal loss condition is expected to be less than 0.1% beam loss (Case 11). The full beam power loss must be considered and is given as Case 12. In order to limit the radiation dose rate, as specified in section 5.3, an interlocked radiation detector set to 3.3 rem/hr and placed in the PXIE enclosure at the ceiling over the HWHW/SSR1 cryomodule interface will provide sufficient protection (Case 13). Because the high energy end of the HW cryomodule and the HW/SSR1 interface are adjacent to one another, the same interlocked radiation detector can be used to provide protection for both Case 10 and Case 12.
	case
	Beam Power Loss (KW)
	time (s)
	Energy (GeV)
	p/time
	distance to shield surface
	angle
	Dose/p at inside surface
	dose rate per time at inside surface (REM/hr)
	Shield thickness
	dose rate per time at outside of shield surface

	11
	0.02
	3600
	0.011
	4.50E+16
	6.25
	90
	6.99088E-14
	3.1
	3.00
	0.24

	12
	22
	3600
	0.011
	4.50E+19
	6.25
	90
	6.99088E-14
	3146
	3.00
	240

	13
	0.02
	3600
	0.011
	4.70E+16
	6.25
	90
	6.99088E-14
	3.3
	3.00
	0.25


   TABLE 5: HW/SSR1 interface section concrete ceiling shield evaluation
The determination of the required concrete ceiling shield thickness over the SSR1 cryomodule is developed in Tables 6, 7, and 8. The beam energy range in the SSR1 cryomodule is from 11 to 30 MeV. The highest normal, sustained beam power loss is 10 watts (Cases 14 - 32) shown in Table 6 while the highest conceivable, sustained accident condition beam power loss in the cryomodule is 50 watts (Case 33 - 51) shown in Table 7. Losses in the range of 10 to 50 watts over the SSR1 cryomodule would exceed 0.25 mrem/hr; therefore, a 3 foot concrete shield over the SSR1 cryomodule would not be sufficient. If the shield thickness is increased to 4.5 feet over the SSR1 cryomodule (Cases 52 – 69) as shown in Table 8, the losses result in radiation dose rate below 0.25 mrem/hr until about 27 MeV. An interlocked detector placed near the downstream end of the SSR1 cryomodule with a trip setting of 16.4 rem/hr (Case 70) would limit radiation dose rate outside of the 4.5 foot concrete shield to 0.25 mrem/hr. These losses are considered to be extreme conditions since the heat load they present challenge the cryo plant cooling capability. Note that the in the event an interlocked radiation detector is used for Case 70, the normal condition radiation dose rate becomes the limiting condition; the accident condition can never be approached.

	case
	Beam Power Loss (KW)
	time (s)
	Energy (GeV)
	p/time
	distance to shield surface
	angle
	Dose/p at inside surface
	dose rate per time at inside surface (REM/hr)
	Shield thickness
	dose rate per time at outside of shield surface

	14
	0.010
	3600
	0.012
	1.88E+16
	6.25
	90
	8.64586E-14
	1.6
	3.00
	0.14

	15
	0.010
	3600
	0.013
	1.73E+16
	6.25
	90
	1.05079E-13
	1.8
	3.00
	0.18

	16
	0.010
	3600
	0.014
	1.61E+16
	6.25
	90
	1.25832E-13
	2.0
	3.00
	0.23

	17
	0.010
	3600
	0.015
	1.50E+16
	6.25
	90
	1.48773E-13
	2.2
	3.00
	0.29

	18
	0.010
	3600
	0.016
	1.41E+16
	6.25
	90
	1.73956E-13
	2.4
	3.00
	0.37

	19
	0.010
	3600
	0.017
	1.32E+16
	6.25
	90
	2.01431E-13
	2.7
	3.00
	0.45

	20
	0.010
	3600
	0.018
	1.25E+16
	6.25
	90
	2.31244E-13
	2.9
	3.00
	0.55

	21
	0.010
	3600
	0.019
	1.18E+16
	6.25
	90
	2.63442E-13
	3.1
	3.00
	0.67

	22
	0.010
	3600
	0.020
	1.13E+16
	6.25
	90
	2.98065E-13
	3.4
	3.00
	0.80

	23
	0.010
	3600
	0.021
	1.07E+16
	6.25
	90
	3.35154E-13
	3.6
	3.00
	0.96

	24
	0.010
	3600
	0.022
	1.02E+16
	6.25
	90
	3.74746E-13
	3.8
	3.00
	1.13

	25
	0.010
	3600
	0.023
	9.78E+15
	6.25
	90
	4.16879E-13
	4.1
	3.00
	1.33

	26
	0.010
	3600
	0.024
	9.38E+15
	6.25
	90
	4.61585E-13
	4.3
	3.00
	1.56

	27
	0.010
	3600
	0.025
	9.00E+15
	6.25
	90
	5.08899E-13
	4.6
	3.00
	1.82

	28
	0.010
	3600
	0.026
	8.65E+15
	6.25
	90
	5.58851E-13
	4.8
	3.00
	2.11

	29
	0.010
	3600
	0.027
	8.33E+15
	6.25
	90
	6.11471E-13
	5.1
	3.00
	2.43

	30
	0.010
	3600
	0.028
	8.04E+15
	6.25
	90
	6.66789E-13
	5.4
	3.00
	2.79

	31
	0.010
	3600
	0.029
	7.76E+15
	6.25
	90
	7.24831E-13
	5.6
	3.00
	3.18

	32
	0.010
	3600
	0.030
	7.50E+15
	6.25
	90
	7.85624E-13
	5.9
	3.00
	3.63


TABLE 6: SSR1 cryomodule section concrete ceiling shield evaluation at 10 watt beam loss with 3 foot ceiling


	case
	Beam Power Loss (KW)
	time (s)
	Energy (GeV)
	p/time
	distance to shield surface
	angle
	Dose/p at inside surface
	dose rate per time at inside surface (REM/hr)
	Shield thickness
	dose rate per time at outside of shield surface

	33
	0.050
	3600
	0.012
	9.38E+16
	6.25
	90
	8.64586E-14
	8.1
	3.00
	0.71

	34
	0.050
	3600
	0.013
	8.65E+16
	6.25
	90
	1.05079E-13
	9.1
	3.00
	0.92

	35
	0.050
	3600
	0.014
	8.04E+16
	6.25
	90
	1.25832E-13
	10.1
	3.00
	1.17

	36
	0.050
	3600
	0.015
	7.50E+16
	6.25
	90
	1.48773E-13
	11.2
	3.00
	1.47

	37
	0.050
	3600
	0.016
	7.03E+16
	6.25
	90
	1.73956E-13
	12.2
	3.00
	1.83

	38
	0.050
	3600
	0.017
	6.62E+16
	6.25
	90
	2.01431E-13
	13.3
	3.00
	2.26

	39
	0.050
	3600
	0.018
	6.25E+16
	6.25
	90
	2.31244E-13
	14.5
	3.00
	2.76

	40
	0.050
	3600
	0.019
	5.92E+16
	6.25
	90
	2.63442E-13
	15.6
	3.00
	3.34

	41
	0.050
	3600
	0.020
	5.63E+16
	6.25
	90
	2.98065E-13
	16.8
	3.00
	4.01

	42
	0.050
	3600
	0.021
	5.36E+16
	6.25
	90
	3.35154E-13
	18.0
	3.00
	4.78

	43
	0.050
	3600
	0.022
	5.11E+16
	6.25
	90
	3.74746E-13
	19.2
	3.00
	5.66

	44
	0.050
	3600
	0.023
	4.89E+16
	6.25
	90
	4.16879E-13
	20.4
	3.00
	6.67

	45
	0.050
	3600
	0.024
	4.69E+16
	6.25
	90
	4.61585E-13
	21.6
	3.00
	7.81

	46
	0.050
	3600
	0.025
	4.50E+16
	6.25
	90
	5.08899E-13
	22.9
	3.00
	9.09

	47
	0.050
	3600
	0.026
	4.33E+16
	6.25
	90
	5.58851E-13
	24.2
	3.00
	10.53

	48
	0.050
	3600
	0.027
	4.17E+16
	6.25
	90
	6.11471E-13
	25.5
	3.00
	12.14

	49
	0.050
	3600
	0.028
	4.02E+16
	6.25
	90
	6.66789E-13
	26.8
	3.00
	13.93

	50
	0.050
	3600
	0.029
	3.88E+16
	6.25
	90
	7.24831E-13
	28.1
	3.00
	15.92

	51
	0.050
	3600
	0.030
	3.75E+16
	6.25
	90
	7.85624E-13
	29.5
	3.00
	18.13


TABLE 7: SSR1 cryomodule section concrete ceiling shield evaluation at 50 watt beam loss with 3 foot ceiling

	case
	Beam Power Loss (KW)
	time (s)
	Energy (GeV)
	p/time
	distance to shield surface
	angle
	Dose/p at inside surface
	dose rate per time at inside surface (REM/hr)
	Shield thickness
	dose rate per time at outside of shield surface

	52
	0.050
	3600
	0.012
	9.38E+16
	6.25
	90
	8.64586E-14
	8.1
	4.50
	0.01

	53
	0.050
	3600
	0.013
	8.65E+16
	6.25
	90
	1.05079E-13
	9.1
	4.50
	0.01

	54
	0.050
	3600
	0.014
	8.04E+16
	6.25
	90
	1.25832E-13
	10.1
	4.50
	0.01

	55
	0.050
	3600
	0.015
	7.50E+16
	6.25
	90
	1.48773E-13
	11.2
	4.50
	0.02

	56
	0.050
	3600
	0.016
	7.03E+16
	6.25
	90
	1.73956E-13
	12.2
	4.50
	0.02

	57
	0.050
	3600
	0.017
	6.62E+16
	6.25
	90
	2.01431E-13
	13.3
	4.50
	0.03

	58
	0.050
	3600
	0.018
	6.25E+16
	6.25
	90
	2.31244E-13
	14.5
	4.50
	0.04

	59
	0.050
	3600
	0.019
	5.92E+16
	6.25
	90
	2.63442E-13
	15.6
	4.50
	0.05

	60
	0.050
	3600
	0.020
	5.63E+16
	6.25
	90
	2.98065E-13
	16.8
	4.50
	0.06

	61
	0.050
	3600
	0.021
	5.36E+16
	6.25
	90
	3.35154E-13
	18.0
	4.50
	0.08

	62
	0.050
	3600
	0.022
	5.11E+16
	6.25
	90
	3.74746E-13
	19.2
	4.50
	0.10

	62
	0.050
	3600
	0.023
	4.89E+16
	6.25
	90
	4.16879E-13
	20.4
	4.50
	0.12

	63
	0.050
	3600
	0.024
	4.69E+16
	6.25
	90
	4.61585E-13
	21.6
	4.50
	0.15

	64
	0.050
	3600
	0.025
	4.50E+16
	6.25
	90
	5.08899E-13
	22.9
	4.50
	0.18

	65
	0.050
	3600
	0.026
	4.33E+16
	6.25
	90
	5.58851E-13
	24.2
	4.50
	0.22

	66
	0.050
	3600
	0.027
	4.17E+16
	6.25
	90
	6.11471E-13
	25.5
	4.50
	0.26

	67
	0.050
	3600
	0.028
	4.02E+16
	6.25
	90
	6.66789E-13
	26.8
	4.50
	0.32

	68
	0.050
	3600
	0.029
	3.88E+16
	6.25
	90
	7.24831E-13
	28.1
	4.50
	0.38

	69
	0.050
	3600
	0.030
	3.75E+16
	6.25
	90
	7.85624E-13
	29.5
	4.50
	0.45

	70
	0.028
	3600
	0.030
	2.09E+16
	6.25
	90
	7.85624E-13
	16.4
	4.50
	0.25


TABLE 8: SSR1 cryomodule section concrete ceiling shield evaluation at 50 watt beam loss with 4.5 foot ceiling and interlocked radiation detector at downstream end of the cryomodule

The effectiveness of the ceiling shield over the diagnostic section under various conditions is considered in Table 9. The shielding over the diagnostic section is 4.5 feet thick and the beam energy is up to 30 MeV. The highest anticipated normal, sustained beam power loss is 0.1% or 50 watts (Case 71). Since the diagnostic section is not cryogenically cooled, the full beam power loss condition must be considered (Case 72). In order to limit the radiation dose rate, as specified in section 5.3, there are two possible solutions given in Table 9. In Case 73, an interlocked radiation detector placed in the PXIE enclosure above the diagnostic section with a trip setting of 16.4 rem/hr would be sufficient while limiting beam power loss to about 28 watts. Case 74 is used to illustrate that about 7.5 feet of concrete shielding would be required to limit the ceiling radiation dose rate to 0.25 mrem/hr without the use of an interlocked detector. Case 74 is impractical both because there is insufficient space with the CMTF facility to accommodate such a massive shield and because the diagnostic section would sustain severe damage in the event such a beam loss occurred. With an interlocked radiation detector used to limit the normal condition radiation dose rate (Case 73 ), the accident condition can never be approached. The diagnostic section contains a vertical bend magnet which steers the beam into the beam dump. Beam loss on this magnet is the most likely, high intensity beam loss scenario; consequently, placement of the interlocked detector above the magnet would provide adequate protection for the diagnostic section.
	case
	Beam Power Loss (KW)
	time (s)
	Energy (GeV)
	p/time
	distance to shield surface
	angle
	Dose/p at inside surface
	dose rate per time at inside surface (REM/hr)
	Shield thickness
	dose rate per time at outside of shield surface

	71
	0.050
	3600
	0.03
	3.75E+16
	6.25
	90
	7.85624E-13
	29.5
	4.50
	0.45

	72
	50
	3600
	0.03
	3.75E+19
	6.25
	90
	7.85624E-13
	29461
	4.50
	449.58

	73
	0.028
	3600
	0.03
	2.09E+16
	6.25
	90
	7.85624E-13
	16.4
	4.50
	0.25

	74
	50
	3600
	0.03
	3.75E+19
	6.25
	90
	7.85624E-13
	29461
	7.54
	0.25


   TABLE 9: Diagnostic section concrete ceiling shield evaluation

The beam dump will be designed to absorb the 50 KW, 30 MeV beam. MARS calculations will be used to develop the beam dump design. Because an interlocked radiation detector is used in the vicinity of the beam dump to limit radiation dose rates outside of the ceiling, i.e., just upstream of it above the spectrometer magnet, and because the beam dump will be designed to accept 50 KW continuously, the design of the beam dump must be carefully considered.
Neutrons leaking from the surface of the beam dump would be of significantly lower energy than of those coming from losses in the diagnostic section, and as a consequence would be easily shielded compared with those originating at the diagnostic section. Neutrons coming from the beam dump surface could cause a significant, unintended interlocked radiation detector response which could limit the tolerance for losses originating in the diagnostic section. Since the purpose of the interlocked radiation detector is to limit radiation dose rates due to losses in the diagnostic section, the beam dump will need to be shielded well enough so that tolerance for the losses which might occur in the diagnostic section can occur at the level for which the ceiling shield is designed.
The beam dump design in the horizontal direction both transversely and in the downstream direction will be need to be considered similarly, especially due to the proximity of the downstream labyrinth.
6.1.2 The 3 foot perimeter walls
The 3 foot perimeter wall is used along the ion source LEBT, RFQ, MEBT, and half way through the HW cavity as shown in Figure 11. Since the ion source, LEBT, RFQ, and MEBT are not radiation sources, the main shielding purpose of the 3 foot wall is to limit radiation levels due to losses starting at the HW cavity and ending at the beam dump. The transition of the perimeter wall from 3 to 6 feet occurs about midway through the HW cryomodule. Table 10 shows radiation dose rates outside of the perimeter wall in 1 MeV steps in Cases 75 -83 for a 50 watt beam loss. The three foot shield wall is sufficient up to about 4 MeV to limit radiation dose rates to <0.05 mrem/hr. At 5 to 7 MeV, radiation dose rates exceed 0.05 mrem/hr at the three foot shield wall. At 8 MeV through 11 MeV, the 6 foot shield wall reduces radiation dose rates to <<0.05 mrem/hr. Table 11 shows that a 4.5 foot thick perimeter wall from 5 to 7 MeV would reduce radiation dose rates for the 50 watt beam loss to << 0.05 mrem/hr.
[image: ]
FIGURE 11: Perimeter wall transition from 3 to 6 feet.

	case
	Beam Power Loss (KW)
	time (s)
	Energy (GeV)
	p/time
	distance to shield surface
	angle
	Dose/p at inside surface
	dose rate per time at inside surface (REM/hr)
	Shield thickness
	dose rate per time at outside of shield surface

	75
	0.050
	3600
	0.003
	3.75E+17
	6
	90
	3.03031E-15
	1.1
	3.00
	0.02

	76
	0.050
	3600
	0.004
	2.81E+17
	6
	90
	6.22432E-15
	1.8
	3.00
	0.04

	77
	0.050
	3600
	0.005
	2.25E+17
	6
	90
	1.0852E-14
	2.4
	3.00
	0.07

	78
	0.050
	3600
	0.006
	1.88E+17
	6
	90
	1.70617E-14
	3.2
	3.00
	0.11

	79
	0.050
	3600
	0.007
	1.61E+17
	6
	90
	2.49816E-14
	4.0
	3.00
	0.16

	80
	0.050
	3600
	0.008
	1.41E+17
	6
	90
	3.47244E-14
	4.9
	6.00
	0.00

	81
	0.050
	3600
	0.009
	1.25E+17
	6
	90
	4.63915E-14
	5.8
	6.00
	0.00

	82
	0.050
	3600
	0.010
	1.13E+17
	6
	90
	6.00741E-14
	6.8
	6.00
	0.00

	83
	0.050
	3600
	0.011
	1.02E+17
	6
	90
	7.58559E-14
	7.8
	6.00
	0.00


Table 10: Shielding effectiveness of the 3 to 6 foot perimeter wall transition adjacent to HW cryomodule

	case
	Beam Power Loss (KW)
	time (s)
	Energy (GeV)
	p/time
	distance to shield surface
	angle
	Dose/p at inside surface
	dose rate per time at inside surface (REM/hr)
	Shield thickness
	dose rate per time at outside of shield surface

	84
	0.050
	3600
	0.005
	2.25E+17
	6
	90
	1.0852E-14
	2.4
	4.50
	0.00

	85
	0.050
	3600
	0.006
	1.88E+17
	6
	90
	1.70617E-14
	3.2
	4.50
	0.00

	86
	0.050
	3600
	0.007
	1.61E+17
	6
	90
	2.49816E-14
	4.0
	4.50
	0.00


Table 11: Shielding effectiveness of the 4.5 foot perimeter wall transition adjacent to HW cryomodule at energy range of 5 to 7 MeV


There are three  additional cases, illustrated in Figure 11, which are evaluated for the 3 to 6 foot wall transition section. Recall that previously in section 6.1.1, Case 10, an interlocked detector established over the downstream end of the HW cryomodule limits the beam loss there to about 20 watts. A second interlocked radiation detector (Case 73) at the downstream end of the SSR1 cryomodule limits beam loss to about 28 watts. An evaluation of the three additional shielding cases for the transition section is shown in Table 12.
Cases 87 and 88 show the resulting radiation dose rate for a 0.02 KW beam loss in the warm section between the HW and SSR1 cavities limited by the interlocked radiation detector. Case 89 shows the resulting dose rate for a 0.028 KW beam loss at the end of the SSR1 cryomodule, the limiting condition produced by the action of the interlocked radiation detector at the downstream end of the SSR1 cryomodule. The transition section of the perimeter wall is sufficient for limiting conditions at the ends of each cryomodule.

	case
	Beam Power Loss (KW)
	time (s)
	Energy (GeV)
	p/time
	distance to shield surface
	angle
	Dose/p at inside surface
	dose rate per time at inside surface (REM/hr)
	Shield thickness
	dose rate per time at outside of shield surface

	87
	0.020
	3600
	0.011
	4.09E+16
	8.8
	137
	2.9159E-14
	1.2
	4.40
	0.00

	88
	0.020
	3600
	0.011
	4.09E+16
	7.65
	129
	3.98038E-14
	1.6
	7.67
	0.00

	89
	0.028
	3600
	0.030
	2.10E+16
	19.2
	162
	5.55351E-14
	1.2
	9.65
	0.00


Table 12: Shielding effectiveness at the 3 to 6 foot perimeter wall transition

The three foot perimeter wall which forms the upstream labyrinth is shown in Figure 12. Again, the interlocked radiation detectors located at the downstream ends of the HW and SSR1 cryomodules limits the beam loss at those locations as well as from the diagnostic section. The resulting radiation dose rates outside of the three foot perimeter wall at the upstream labyrinth produced by beam loss at the downstream ends of the cryomodules and diagnostic section is given in Table 13.  

 [image: ]
FIGURE 12: Straight through evaluation of upstream 3 foot shield wall.

	case
	Beam Power Loss (KW)
	time (s)
	Energy (GeV)
	p/time
	distance to shield surface
	angle
	Dose/p at inside surface
	dose rate per time at inside surface (REM/hr)
	Shield thickness
	dose rate per time at outside of shield surface

	90
	0.020
	3600
	0.011
	4.09E+16
	89.2
	89
	3.44379E-16
	0.0
	3.00
	0.00

	91
	0.028
	3600
	0.030
	2.10E+16
	106.7
	107
	2.43549E-15
	0.1
	3.00
	0.03


TABLE 13: Evaluation of upstream labyrinth shield wall due to two beam loss scenarios.
In general, the three foot perimeter walls are sufficient for most beam loss conditions. A 4.5 foot thick step between the 6 foot and 3 foot walls extending about 3 feet upstream would ensure that beam loss at 5 to 7 MeV energy section adjacent to the HW cryomodule would remain under 0.05 mrem/hr, the design goal described in section 5.3. 
6.1.3 The 6 foot perimeter walls
A minimum six foot perimeter shielding wall begins at the midpoint of the HW cryomodule and continues downstream of the diagnostic section and the 50 KW beam dump.
Beam energy in the SSR1 cavity varies from 11 MeV to up to 30 MeV. Due to cryo plant constraints, the normal beam loss is not expected to exceed about 10 watts. Table 14 shows the resulting dose rate at the 6 foot perimeter wall adjacent to the SSR1 cavity as a function of beam energy for the extreme case in which a 50 watt beam loss occurs. The 6 foot perimeter wall is more than adequate for beam loss originating from the SSR1 cryomodule.
	case
	Beam Power Loss (KW)
	time (s)
	Energy (GeV)
	p/time
	distance to shield surface
	angle
	Dose/p at inside surface
	dose rate per time at inside surface (REM/hr)
	Shield thickness
	dose rate per time at outside of shield surface

	92
	0.050
	3600
	0.012
	9.38E+16
	6.00
	90
	9.38136E-14
	8.8
	6.00
	0.00

	93
	0.050
	3600
	0.013
	8.65E+16
	6.00
	90
	1.14018E-13
	9.9
	6.00
	0.00

	94
	0.050
	3600
	0.014
	8.04E+16
	6.00
	90
	1.36536E-13
	11.0
	6.00
	0.00

	95
	0.050
	3600
	0.015
	7.50E+16
	6.00
	90
	1.61429E-13
	12.1
	6.00
	0.00

	96
	0.050
	3600
	0.016
	7.03E+16
	6.00
	90
	1.88754E-13
	13.3
	6.00
	0.00

	97
	0.050
	3600
	0.017
	6.62E+16
	6.00
	90
	2.18566E-13
	14.5
	6.00
	0.00

	98
	0.050
	3600
	0.018
	6.25E+16
	6.00
	90
	2.50916E-13
	15.7
	6.00
	0.00

	99
	0.050
	3600
	0.019
	5.92E+16
	6.00
	90
	2.85853E-13
	16.9
	6.00
	0.00

	100
	0.050
	3600
	0.020
	5.63E+16
	6.00
	90
	3.23421E-13
	18.2
	6.00
	0.00

	101
	0.050
	3600
	0.021
	5.36E+16
	6.00
	90
	3.63665E-13
	19.5
	6.00
	0.00

	102
	0.050
	3600
	0.022
	5.11E+16
	6.00
	90
	4.06626E-13
	20.8
	6.00
	0.00

	103
	0.050
	3600
	0.023
	4.89E+16
	6.00
	90
	4.52342E-13
	22.1
	6.00
	0.00

	104
	0.050
	3600
	0.024
	4.69E+16
	6.00
	90
	5.00852E-13
	23.5
	6.00
	0.00

	105
	0.050
	3600
	0.025
	4.50E+16
	6.00
	90
	5.52191E-13
	24.8
	6.00
	0.00

	106
	0.050
	3600
	0.026
	4.33E+16
	6.00
	90
	6.06392E-13
	26.2
	6.00
	0.00

	107
	0.050
	3600
	0.027
	4.17E+16
	6.00
	90
	6.63489E-13
	27.6
	6.00
	0.01

	108
	0.050
	3600
	0.028
	4.02E+16
	6.00
	90
	7.23512E-13
	29.1
	6.00
	0.01

	109
	0.028
	3600
	0.029
	2.17E+16
	6.00
	90
	7.86492E-13
	17.1
	6.00
	0.01

	110
	0.028
	3600
	0.030
	2.10E+16
	6.00
	90
	8.52456E-13
	17.9
	6.00
	0.01

	111
	0.028
	3600
	0.030
	2.10E+16
	6.00
	90
	8.52456E-13
	17.9
	6.00
	0.01


TABLE 14: The effectiveness of the 6 foot PXIE wall shield for a 50 watt beam loss in the SSR1 cryomodule.
Under normal conditions, the diagnostic section losses are expected to be maintained at < 0.1% or 50 watts, primarily due to beam quality requirements in the SSR1 cavity. Since the diagnostic section is not cryogenically cooled, the full 50 KW beam power loss, as modified by the interlocked radiation detectors required for Cases 70 and 73, must be considered. Case 111 is representative of the resulting radiation dose for the diagnostic section. The relatively thin ceiling shield at the diagnostic section requires an interlocked radiation detector to limit beam power loss to about 28 watts. Normal radiation dose rates should not exceed 0.01 mrem/hr which is well within the design goal set forth in section 5.3.. Due to the presence of interlocked radiation detectors, the accident condition of up to 1 mrem/hr can never be realized.
The 50 KW beam dump will be designed such that the radiation dose rates on the surface of the dump are similar to losses expected from the diagnostic section. Under accident conditions, the diagnostic section losses must be considered at full beam power or 50 KW except as modified by the interlocked radiation detector of Cases 70 and 73. Interlocked radiation detector used in both of these cases limit the effective beam power loss to about 28 watts.
6.2 Labyrinth designs

The upstream and downstream labyrinths are evaluated in this section. The normal beam loss conditions, i.e., a 0.1% beam loss, is the basis for the evaluations. In addition, the labyrinths are protected by interlocked radiation detectors at the HW/SSR1 interface (Case 10) and at the downstream end of the SSR1 cryomodule (Case 70).

6.2.1 Upstream (low energy) Labyrinth

The upstream labyrinth layout is shown in Figure 13 along with the beam loss locations which have been evaluated. The labyrinth height is 7.5 feet and width is 4.5 feet. Lengths of the two legs are as shown in Figure 13. Source term beam powers for the two loss points are limited by interlocked radiation detectors described in Cases 10 and 70, previously.

[image: ]
FIGURE 13: The upstream labyrinth layout with the normal 0.1% beam loss points indicated at the blue dots.

The derivation of the source term for the entrance to the labyrinth is shown in Table 15.

	Case
	Beam Power Loss (KW)
	time (sec)
	Energy
	intensity per time
	R
	D
	
	loss point to pen opening (ft)
	Dose/p at inside surface
	dose rate per time at inside surface
	f(R,D)
	source with correction

	113
	0.02
	3600
	0.011
	4.09E+16
	6.8
	-81.5
	175.4
	81.8
	2.92674E-16
	12
	0.083
	1.0

	114
	0.028
	3600
	0.03
	2.10E+16
	6.8
	-98.9
	175.4
	99.1
	1.94819E-15
	41
	0.068
	2.8


 Table 15: Derivation of source term for upstream labyrinth.

The resulting dose equivalent rate after attenuation through the two legs of the labyrinth is given in Table 16.

	D.E. After Leg
	Area
	length
	CASE 113
	CASE 114

	Leg 1 
	33.75 ft2
	5.23 ft
	0.366
	1.0

	Leg 2 
	33.75 ft2
	15.9 ft
	0.006
	0.018


Table 16: Dose equivalent rate in mrem/hr at the end of each leg of the upstream labyrinth

Radiation dose rates at the upstream labyrinth entrance will less than or equal to 0.05 mrem per hour for all conditions which is acceptable for unlimited occupancy. Interlocked radiation detectors limit the beam power loss to levels listed in Table 15 as described previously for Case 10 and Case 70.

6.2.2 Downstream (high energy) Labyrinth

Salient features of the downstream labyrinth are shown in Figure 14. The labyrinth is shared with the adjacent CMTS facility and so the evaluation of radiation dose rates at both the entrance to the CMTS facility and the terminus of the labyrinth are required to be evaluated.
[image: ]
Figure 14: Downstream labyrinth layout

The labyrinth is evaluated for a 28 watt beam power loss on the spectrometer magnet which is the most possible and significant loss point in the diagnostic section. An interlocked radiation detector is required to limit radiation dose rates through the ceiling shield from this loss point. The source term for the labyrinth evaluation is given in Table 17.

	case
	Beam Power Loss (KW)
	time (sec)
	Energy
	intensity per time
	R
	D
	q
	loss point to pen opening (ft)
	Dose/p at inside surface
	dose rate per time at inside surface
	f(R,D)
	source with correction

	115
	0.028
	3600
	0.03
	2.10E+16
	6.0
	12.9
	24.9
	14.2
	2.38509E-13
	5009
	0.422
	2112.3

	116
	0.028
	3600
	0.03
	2.10E+16
	6.0
	12.9
	24.9
	14.2
	2.38509E-13
	5009
	0.422
	2112.3


 Table 17: Derivation of source term for downstream labyrinth.
Table 18 lists the results of the labyrinth evaluation. Cases 115 and 116 give the dose rate at the terminus of the labyrinth based upon a 28 watt beam loss at the spectrometer magnet in the diagnostics section. A 28 watt beam loss at the spectrometer magnet (Case 73) yields a dose rate of <<0.05 mrem/hr at the terminus of the labyrinth. The dose rate at the CMTS facility gate along the PXIE downstream labyrinth is 0.02 mrem/hr. Both cases are acceptable for unlimited occupancy. The normal and accident conditions are identical since the interlocked radiation detector limits the beam loss.
The beam dump will be designed such that the contribution of radiation dose is dominated by the diagnostic section.

	D.E. After Leg
	Area ft2
	Length ft
	CASE 115
	CASE 116

	Leg 1 
	22.5
	4.4
	764
	764

	Leg 2 
	22.5
	4.4
	127
	127

	Leg 3
	22.5
	7.5
	12
	12

	Leg 4
	22.5
	4.4
	2
	2

	Leg 5
	22.5
	5.9
	0.2369
	0.2369

	Leg 6
	22.5
	3.4/7.8
	0.0508
	0.0206

	Leg 7
	22.5
	7.6/ -
	0.0046
	

	Leg 8
	22.5
	6/ - 
	0.0003
	


TABLE 18: Dose equivalent rate in mrem/hr at the end of each leg of the downstream labyrinth. Length values in bold apply to Case 116.
6.3 Penetrations

The evaluation of the various penetrations required for PXIE are discussed in the following sections. The penetrations are evaluated for the nominal beam loss condition, 50 watt beam power loss anywhere along the cryomodules. The source term is calculated as a function of energy and distance along the HW and SSR1 cryomodules. 

6.3.1 Generic Penetration Design

Figure 15 shows the locations of 72 five-inch RF penetrations at the low energy end of the PXIE enclosure. The intention is to have all cable penetrations enter at the low energy end. No penetrations are required at the high energy end of the enclosure. A solid concrete block is placed in front of the row of 36 penetrations at each side to further shield the top blocks with penetrations. 


[image: ]
FIGURE 15: Generic penetration layout

[image: ]
FIGURE 16: Design details for generic penetrations except that 12” high channel is reduced to 8”. Consequently, leg 1 is 2.33 ft long instead of 2 feet long.

6 blocks of penetrations will be installed for each side of the enclosure, preceded by a solid concrete block to prevent short circuit leakage through upstream penetrations. The channels shown in these blocks will be covered entirely by the 3 foot thick concrete ceiling.
The derivation of the source term for the first 2 penetrations at beam right is shown in Table 19.

	penetration
	Beam Power Loss (KW)
	time (seconds)
	Energy
	intensity per time
	Rx
	Ry
	R
	D
	
	loss point to pen opening (ft)
	Dose/p at inside surface
	dose rate per time at inside surface

	1
	0.05
	3600
	0.003
	3.75E+17
	7.9
	3.3
	8.5
	-19
	155.8
	20.8
	2.15E-16
	81

	1
	0.05
	3600
	0.004
	2.81E+17
	7.9
	3.3
	8.5
	-21
	158.0
	22.8
	3.6E-16
	101

	1
	0.05
	3600
	0.005
	2.25E+17
	7.9
	3.3
	8.5
	-23
	159.9
	24.8
	5.18E-16
	117

	1
	0.05
	3600
	0.006
	1.88E+17
	7.9
	3.3
	8.5
	-25
	161.4
	26.8
	6.83E-16
	128

	1
	0.05
	3600
	0.007
	1.61E+17
	7.9
	3.3
	8.5
	-28
	162.8
	28.9
	8.47E-16
	136

	1
	0.05
	3600
	0.008
	1.41E+17
	7.9
	3.3
	8.5
	-30
	164.0
	30.9
	1.01E-15
	142

	1
	0.05
	3600
	0.009
	1.25E+17
	7.9
	3.3
	8.5
	-32
	165.0
	33.0
	1.17E-15
	146

	1
	0.05
	3600
	0.010
	1.13E+17
	7.9
	3.3
	8.5
	-34
	165.9
	35.1
	1.32E-15
	148

	1
	0.05
	3600
	0.011
	1.02E+17
	7.9
	3.3
	8.5
	-36
	166.7
	37.2
	1.46E-15
	149

	1
	0.05
	3600
	0.012
	9.38E+16
	7.9
	3.3
	8.5
	-37
	167.0
	38.0
	1.71E-15
	160

	1
	0.05
	3600
	0.013
	8.65E+16
	7.9
	3.3
	8.5
	-38
	167.3
	38.9
	1.97E-15
	170

	1
	0.05
	3600
	0.014
	8.04E+16
	7.9
	3.3
	8.5
	-39
	167.6
	39.7
	2.24E-15
	180

	1
	0.05
	3600
	0.015
	7.50E+16
	7.9
	3.3
	8.5
	-40
	167.8
	40.5
	2.51E-15
	188

	1
	0.05
	3600
	0.016
	7.03E+16
	7.9
	3.3
	8.5
	-40
	168.1
	41.4
	2.79E-15
	196

	1
	0.05
	3600
	0.017
	6.62E+16
	7.9
	3.3
	8.5
	-41
	168.3
	42.2
	3.08E-15
	204

	1
	0.05
	3600
	0.018
	6.25E+16
	7.9
	3.3
	8.5
	-42
	168.6
	43.1
	3.37E-15
	210

	1
	0.05
	3600
	0.019
	5.92E+16
	7.9
	3.3
	8.5
	-43
	168.8
	43.9
	3.66E-15
	217

	1
	0.05
	3600
	0.020
	5.63E+16
	7.9
	3.3
	8.5
	-44
	169.0
	44.8
	3.96E-15
	222

	1
	0.05
	3600
	0.021
	5.36E+16
	7.9
	3.3
	8.5
	-45
	169.2
	45.6
	4.25E-15
	228

	1
	0.05
	3600
	0.022
	5.11E+16
	7.9
	3.3
	8.5
	-46
	169.4
	46.5
	4.55E-15
	233

	1
	0.05
	3600
	0.023
	4.89E+16
	7.9
	3.3
	8.5
	-47
	169.6
	47.3
	4.85E-15
	237

	1
	0.05
	3600
	0.024
	4.69E+16
	7.9
	3.3
	8.5
	-47
	169.8
	48.2
	5.14E-15
	241

	1
	0.05
	3600
	0.025
	4.50E+16
	7.9
	3.3
	8.5
	-48
	170.0
	49.0
	5.44E-15
	245

	1
	0.05
	3600
	0.026
	4.33E+16
	7.9
	3.3
	8.5
	-49
	170.1
	49.9
	5.74E-15
	248

	1
	0.05
	3600
	0.027
	4.17E+16
	7.9
	3.3
	8.5
	-50
	170.3
	50.7
	6.03E-15
	251

	1
	0.05
	3600
	0.028
	4.02E+16
	7.9
	3.3
	8.5
	-51
	170.5
	51.6
	6.32E-15
	254

	1
	0.05
	3600
	0.029
	3.88E+16
	7.9
	3.3
	8.5
	-52
	170.6
	52.4
	6.61E-15
	257

	1
	0.05
	3600
	0.030
	3.75E+16
	7.9
	3.3
	8.5
	-53
	170.8
	53.3
	6.9E-15
	259



TABLE 19: Source terms for penetration 1 & 2 at beam right, 7.9 feet to the right of the accelerator. Remaining pairs of penetrations are farther away from the source terms.
The geometric correction factor for penetration 1 & 2 is shown in Table 20. In addition, the exit dose rate from each of the 2 legs of the labyrinth is given in mrem/hr.

	energy
	R
	D
	f(R,D)
	source mrem/hr
	source with correction
	after leg 1
	after leg 2

	0.003
	8.5
	-19.0
	0.410
	81
	33.1
	2.111
	0.017

	0.004
	8.5
	-21.1
	0.375
	101
	37.9
	2.415
	0.02

	0.005
	8.5
	-23.3
	0.344
	117
	40.2
	2.558
	0.021

	0.006
	8.5
	-25.4
	0.318
	128
	40.7
	2.595
	0.021

	0.007
	8.5
	-27.6
	0.296
	136
	40.3
	2.566
	0.021

	0.008
	8.5
	-29.7
	0.276
	142
	39.2
	2.496
	0.02

	0.009
	8.5
	-31.9
	0.259
	146
	37.7
	2.403
	0.02

	0.010
	8.5
	-34.0
	0.243
	148
	36.1
	2.298
	0.019

	0.011
	8.5
	-36.2
	0.230
	149
	34.3
	2.188
	0.018

	0.012
	8.5
	-37.0
	0.225
	160
	36.0
	2.294
	0.019

	0.013
	8.5
	-37.9
	0.220
	170
	37.4
	2.385
	0.019

	0.014
	8.5
	-38.8
	0.215
	180
	38.6
	2.462
	0.02

	0.015
	8.5
	-39.6
	0.211
	188
	39.7
	2.527
	0.021

	0.016
	8.5
	-40.5
	0.206
	196
	40.5
	2.58
	0.021

	0.017
	8.5
	-41.4
	0.202
	204
	41.2
	2.624
	0.021

	0.018
	8.5
	-42.2
	0.198
	210
	41.7
	2.658
	0.022

	0.019
	8.5
	-43.1
	0.194
	217
	42.1
	2.685
	0.022

	0.020
	8.5
	-43.9
	0.191
	222
	42.4
	2.704
	0.022

	0.021
	8.5
	-44.8
	0.187
	228
	42.7
	2.717
	0.022

	0.022
	8.5
	-45.7
	0.184
	233
	42.8
	2.725
	0.022

	0.023
	8.5
	-46.5
	0.181
	237
	42.8
	2.727
	0.022

	0.024
	8.5
	-47.4
	0.177
	241
	42.8
	2.725
	0.022

	0.025
	8.5
	-48.3
	0.174
	245
	42.7
	2.719
	0.022

	0.026
	8.5
	-49.1
	0.171
	248
	42.5
	2.709
	0.022

	0.027
	8.5
	-50.0
	0.168
	251
	42.3
	2.697
	0.022

	0.028
	8.5
	-50.9
	0.166
	254
	42.1
	2.682
	0.022

	0.029
	8.5
	-51.7
	0.163
	257
	41.8
	2.664
	0.022

	0.030
	8.5
	-52.6
	0.160
	259
	41.5
	2.645
	0.022


 TABLE 20: Geometric correction factors for penetrations 1 & 2 and exit dose rate a in mrem/hr. Dose rates at penetrations 3 through 36 which are further upstream would be lower due to attenuation by distance.
The design of the generic penetrations is acceptable for a nominal 50 watt beam loss condition which occurs at the HW or SSR1 cryomodule. The maximum dose rate at the combined exit of penetration 1 & 2 is about 0.022 mrem/hr.
The derivation of the source term for the first two penetrations at beam left is shown in Table 21.
	penetration
	Beam Power Loss (KW)
	time (seconds)
	Energy
	intensity per time
	Rx
	Ry
	R
	D
	
	loss point to pen opening (ft)
	Dose/p at inside surface
	dose rate per time at inside surface

	37
	0.05
	3600
	0.003
	3.75E+17
	4.6
	3.3
	5.6
	-19
	163.5
	19.8
	2.3403E-16
	88

	37
	0.05
	3600
	0.004
	2.81E+17
	4.6
	3.3
	5.6
	-21
	165.1
	21.9
	3.8398E-16
	108

	37
	0.05
	3600
	0.005
	2.25E+17
	4.6
	3.3
	5.6
	-23
	166.4
	24.0
	5.4567E-16
	123

	37
	0.05
	3600
	0.006
	1.88E+17
	4.6
	3.3
	5.6
	-25
	167.5
	26.1
	7.1119E-16
	133

	37
	0.05
	3600
	0.007
	1.61E+17
	4.6
	3.3
	5.6
	-28
	168.5
	28.2
	8.7569E-16
	141

	37
	0.05
	3600
	0.008
	1.41E+17
	4.6
	3.3
	5.6
	-30
	169.3
	30.3
	1.0363E-15
	146

	37
	0.05
	3600
	0.009
	1.25E+17
	4.6
	3.3
	5.6
	-32
	170.0
	32.4
	1.1915E-15
	149

	37
	0.05
	3600
	0.010
	1.13E+17
	4.6
	3.3
	5.6
	-34
	170.6
	34.5
	1.3403E-15
	151

	37
	0.05
	3600
	0.011
	1.02E+17
	4.6
	3.3
	5.6
	-36
	171.2
	36.6
	1.4825E-15
	152

	37
	0.05
	3600
	0.012
	9.38E+16
	4.6
	3.3
	5.6
	-37
	171.4
	37.5
	1.7314E-15
	162

	37
	0.05
	3600
	0.013
	8.65E+16
	4.6
	3.3
	5.6
	-38
	171.5
	38.3
	1.9904E-15
	172

	37
	0.05
	3600
	0.014
	8.04E+16
	4.6
	3.3
	5.6
	-39
	171.7
	39.2
	2.258E-15
	181

	37
	0.05
	3600
	0.015
	7.50E+16
	4.6
	3.3
	5.6
	-40
	171.9
	40.0
	2.5327E-15
	190

	37
	0.05
	3600
	0.016
	7.03E+16
	4.6
	3.3
	5.6
	-40
	172.1
	40.9
	2.8132E-15
	198

	37
	0.05
	3600
	0.017
	6.62E+16
	4.6
	3.3
	5.6
	-41
	172.2
	41.7
	3.0985E-15
	205

	37
	0.05
	3600
	0.018
	6.25E+16
	4.6
	3.3
	5.6
	-42
	172.4
	42.6
	3.3874E-15
	212

	37
	0.05
	3600
	0.019
	5.92E+16
	4.6
	3.3
	5.6
	-43
	172.6
	43.5
	3.6792E-15
	218

	37
	0.05
	3600
	0.020
	5.63E+16
	4.6
	3.3
	5.6
	-44
	172.7
	44.3
	3.9729E-15
	223

	37
	0.05
	3600
	0.021
	5.36E+16
	4.6
	3.3
	5.6
	-45
	172.8
	45.2
	4.2679E-15
	229

	37
	0.05
	3600
	0.022
	5.11E+16
	4.6
	3.3
	5.6
	-46
	173.0
	46.0
	4.5635E-15
	233

	37
	0.05
	3600
	0.023
	4.89E+16
	4.6
	3.3
	5.6
	-47
	173.1
	46.9
	4.8593E-15
	238

	37
	0.05
	3600
	0.024
	4.69E+16
	4.6
	3.3
	5.6
	-47
	173.2
	47.7
	5.1546E-15
	242

	37
	0.05
	3600
	0.025
	4.50E+16
	4.6
	3.3
	5.6
	-48
	173.3
	48.6
	5.4491E-15
	245

	37
	0.05
	3600
	0.026
	4.33E+16
	4.6
	3.3
	5.6
	-49
	173.5
	49.4
	5.7424E-15
	248

	37
	0.05
	3600
	0.027
	4.17E+16
	4.6
	3.3
	5.6
	-50
	173.6
	50.3
	6.0342E-15
	251

	37
	0.05
	3600
	0.028
	4.02E+16
	4.6
	3.3
	5.6
	-51
	173.7
	51.2
	6.3241E-15
	254

	37
	0.05
	3600
	0.029
	3.88E+16
	4.6
	3.3
	5.6
	-52
	173.8
	52.0
	6.6119E-15
	256

	37
	0.05
	3600
	0.030
	3.75E+16
	4.6
	3.3
	5.6
	-53
	173.9
	52.9
	6.8975E-15
	259


Table 21: Source terms for penetration 37 & 38 at beam right, 4.6 feet to the left of the accelerator. Remaining pairs of penetrations are farther away from the source terms.

	energy
	R
	D
	f(R,D)
	source mrem/hr
	source with correction
	after leg 1
	after leg 2

	0.003
	5.6
	-19.0
	0.284
	88
	24.9
	1.589
	0.013

	0.004
	5.6
	-21.1
	0.257
	108
	27.8
	1.771
	0.014

	0.005
	5.6
	-23.3
	0.235
	123
	28.9
	1.838
	0.015

	0.006
	5.6
	-25.4
	0.216
	133
	28.8
	1.836
	0.015

	0.007
	5.6
	-27.6
	0.200
	141
	28.2
	1.793
	0.015

	0.008
	5.6
	-29.7
	0.186
	146
	27.1
	1.728
	0.014

	0.009
	5.6
	-31.9
	0.174
	149
	25.9
	1.651
	0.013

	0.010
	5.6
	-34.0
	0.163
	151
	24.6
	1.568
	0.013

	0.011
	5.6
	-36.2
	0.154
	152
	23.3
	1.486
	0.012

	0.012
	5.6
	-37.0
	0.150
	162
	24.4
	1.554
	0.013

	0.013
	5.6
	-37.9
	0.147
	172
	25.3
	1.613
	0.013

	0.014
	5.6
	-38.8
	0.144
	181
	26.1
	1.662
	0.014

	0.015
	5.6
	-39.6
	0.141
	190
	26.7
	1.703
	0.014

	0.016
	5.6
	-40.5
	0.138
	198
	27.2
	1.736
	0.014

	0.017
	5.6
	-41.4
	0.135
	205
	27.7
	1.763
	0.014

	0.018
	5.6
	-42.2
	0.132
	212
	28.0
	1.783
	0.015

	0.019
	5.6
	-43.1
	0.130
	218
	28.2
	1.799
	0.015

	0.020
	5.6
	-43.9
	0.127
	223
	28.4
	1.81
	0.015

	0.021
	5.6
	-44.8
	0.125
	229
	28.5
	1.817
	0.015

	0.022
	5.6
	-45.7
	0.122
	233
	28.6
	1.82
	0.015

	0.023
	5.6
	-46.5
	0.120
	238
	28.6
	1.819
	0.015

	0.024
	5.6
	-47.4
	0.118
	242
	28.5
	1.816
	0.015

	0.025
	5.6
	-48.3
	0.116
	245
	28.4
	1.811
	0.015

	0.026
	5.6
	-49.1
	0.114
	248
	28.3
	1.803
	0.015

	0.027
	5.6
	-50.0
	0.112
	251
	28.1
	1.793
	0.015

	0.028
	5.6
	-50.9
	0.110
	254
	28.0
	1.782
	0.015

	0.029
	5.6
	-51.7
	0.108
	256
	27.8
	1.769
	0.014

	0.030
	5.6
	-52.6
	0.107
	259
	27.5
	1.755
	0.014


 TABLE 22: Geometric correction factors for penetrations 37 & 38 and exit dose rate a in mrem/hr. Dose rates at penetrations 39 through 72 which are further upstream would be lower due to attenuation by distance.
The design of the generic penetrations is acceptable for a 50 watt beam loss condition which occurs anywhere along the HW or SSR1 cryomodule. The nominal loss at the cryomodules is expected to be 10 watts or less. The maximum dose rate at the combined exit of penetration 37 & 38 is about 0.015 mrem/hr.


6.3.2 Cryogenic Penetration Design

Two cryogenic penetrations are required for PXIE. A 14 inch square vertical penetration through the ceiling is required for the return helium header while a 7 inch square vertical penetration is required for the supply helium header. The second leg of the penetration is formed by the placement of 14” high by 18” wide concrete blocks approximately 7.5’ long. An 18” thick top block approximately 7.5’ long by 3’ wide would form the cap of the labyrinth. The penetrations are evaluated taking no credit for the average density of the cryogenic piping. The penetrations are evaluated for a 50 watt beam loss originating anywhere along the HW and SSR1 cryomodules. 

[image: ]
FIGURE 17: Design for the 14 inch square cryogenic penetration considering a 50 watt, 3 to 30 MeV beam loss along the HW/SSR1 cryomodules. Leg 1 is 3’ and Leg 2 is 6’ long.

Table 23 contains the source term for the opening of the 14” penetration as a function of energy and distance along the HW/SSR1 cryomodules.
	penetration
	Beam Power Loss (KW)
	time (seconds)
	Energy
	intensity per time
	Rx
	Ry
	R
	D
	
	loss point to pen opening (ft)
	Dose/p at inside surface
	dose rate per time at inside surface

	14"
	0.05
	3600
	0.003
	3.75E+17
	3.0
	6.3
	6.9
	-61
	173.6
	61.8
	2.35E-17
	9

	14"
	0.05
	3600
	0.004
	2.81E+17
	3.0
	6.3
	6.9
	-64
	173.8
	63.9
	4.4E-17
	12

	14"
	0.05
	3600
	0.005
	2.25E+17
	3.0
	6.3
	6.9
	-66
	174.0
	66.1
	7.04E-17
	16

	14"
	0.05
	3600
	0.006
	1.88E+17
	3.0
	6.3
	6.9
	-68
	174.2
	68.2
	1.02E-16
	19

	14"
	0.05
	3600
	0.007
	1.61E+17
	3.0
	6.3
	6.9
	-70
	174.3
	70.3
	1.38E-16
	22

	14"
	0.05
	3600
	0.008
	1.41E+17
	3.0
	6.3
	6.9
	-72
	174.5
	72.5
	1.78E-16
	25

	14"
	0.05
	3600
	0.009
	1.25E+17
	3.0
	6.3
	6.9
	-74
	174.7
	74.6
	2.21E-16
	28

	14"
	0.05
	3600
	0.010
	1.13E+17
	3.0
	6.3
	6.9
	-76
	174.8
	76.7
	2.67E-16
	30

	14"
	0.05
	3600
	0.011
	1.02E+17
	3.0
	6.3
	6.9
	-79
	175.0
	78.9
	3.15E-16
	32

	14"
	0.05
	3600
	0.012
	9.38E+16
	3.0
	6.3
	6.9
	-79
	175.0
	79.7
	3.77E-16
	35

	14"
	0.05
	3600
	0.013
	8.65E+16
	3.0
	6.3
	6.9
	-80
	175.1
	80.6
	4.44E-16
	38

	14"
	0.05
	3600
	0.014
	8.04E+16
	3.0
	6.3
	6.9
	-81
	175.1
	81.5
	5.15E-16
	41

	14"
	0.05
	3600
	0.015
	7.50E+16
	3.0
	6.3
	6.9
	-82
	175.2
	82.3
	5.91E-16
	44

	14"
	0.05
	3600
	0.016
	7.03E+16
	3.0
	6.3
	6.9
	-83
	175.2
	83.2
	6.71E-16
	47

	14"
	0.05
	3600
	0.017
	6.62E+16
	3.0
	6.3
	6.9
	-84
	175.3
	84.0
	7.55E-16
	50

	14"
	0.05
	3600
	0.018
	6.25E+16
	3.0
	6.3
	6.9
	-85
	175.3
	84.9
	8.42E-16
	53

	14"
	0.05
	3600
	0.019
	5.92E+16
	3.0
	6.3
	6.9
	-85
	175.4
	85.8
	9.33E-16
	55

	14"
	0.05
	3600
	0.020
	5.63E+16
	3.0
	6.3
	6.9
	-86
	175.4
	86.6
	1.03E-15
	58

	14"
	0.05
	3600
	0.021
	5.36E+16
	3.0
	6.3
	6.9
	-87
	175.5
	87.5
	1.12E-15
	60

	14"
	0.05
	3600
	0.022
	5.11E+16
	3.0
	6.3
	6.9
	-88
	175.5
	88.3
	1.22E-15
	63

	14"
	0.05
	3600
	0.023
	4.89E+16
	3.0
	6.3
	6.9
	-89
	175.5
	89.2
	1.33E-15
	65

	14"
	0.05
	3600
	0.024
	4.69E+16
	3.0
	6.3
	6.9
	-90
	175.6
	90.1
	1.43E-15
	67

	14"
	0.05
	3600
	0.025
	4.50E+16
	3.0
	6.3
	6.9
	-91
	175.6
	90.9
	1.54E-15
	69

	14"
	0.05
	3600
	0.026
	4.33E+16
	3.0
	6.3
	6.9
	-92
	175.7
	91.8
	1.65E-15
	71

	14"
	0.05
	3600
	0.027
	4.17E+16
	3.0
	6.3
	6.9
	-92
	175.7
	92.7
	1.76E-15
	73

	14"
	0.05
	3600
	0.028
	4.02E+16
	3.0
	6.3
	6.9
	-93
	175.7
	93.5
	1.87E-15
	75

	14"
	0.05
	3600
	0.029
	3.88E+16
	3.0
	6.3
	6.9
	-94
	175.8
	94.4
	1.99E-15
	77

	14"
	0.05
	3600
	0.030
	3.75E+16
	3.0
	6.3
	6.9
	-95
	175.8
	95.2
	2.11E-15
	79


TABLE 23: Source term at 14” square cryo header penetration opening from 3 to 30 MeV beam loss.
Table 24 contains the geometric correction factors and the radiation dose rate at the end of each leg of the two legs of the cryo penetration labyrinth. The peak dose rate resulting from the 14” square, two legged labyrinth is about 0.004 mrem/hr for a 50 watt beam loss. Interlocked detectors used for Cases 10, 70, and 73 prevent beam losses higher than those calculated here from occurring.

	energy
	R
	D
	f(R,D)
	source mrem/hr
	source with correction
	after leg 1 mrem/hr
	after leg 2 mrem/hr

	0.003
	6.9
	-61.4
	0.112
	9
	1.0
	0.123
	6E-04

	0.004
	6.9
	-63.5
	0.108
	12
	1.3
	0.167
	9E-04

	0.005
	6.9
	-65.7
	0.105
	16
	1.7
	0.206
	0.001

	0.006
	6.9
	-67.8
	0.102
	19
	1.9
	0.241
	0.001

	0.007
	6.9
	-70.0
	0.099
	22
	2.2
	0.271
	0.001

	0.008
	6.9
	-72.1
	0.096
	25
	2.4
	0.297
	0.002

	0.009
	6.9
	-74.3
	0.093
	28
	2.6
	0.319
	0.002

	0.010
	6.9
	-76.4
	0.090
	30
	2.7
	0.337
	0.002

	0.011
	6.9
	-78.6
	0.088
	32
	2.8
	0.352
	0.002

	0.012
	6.9
	-79.4
	0.087
	35
	3.1
	0.382
	0.002

	0.013
	6.9
	-80.3
	0.086
	38
	3.3
	0.41
	0.002

	0.014
	6.9
	-81.2
	0.085
	41
	3.5
	0.438
	0.002

	0.015
	6.9
	-82.0
	0.084
	44
	3.7
	0.464
	0.002

	0.016
	6.9
	-82.9
	0.083
	47
	3.9
	0.488
	0.003

	0.017
	6.9
	-83.8
	0.082
	50
	4.1
	0.512
	0.003

	0.018
	6.9
	-84.6
	0.082
	53
	4.3
	0.534
	0.003

	0.019
	6.9
	-85.5
	0.081
	55
	4.5
	0.555
	0.003

	0.020
	6.9
	-86.3
	0.080
	58
	4.6
	0.574
	0.003

	0.021
	6.9
	-87.2
	0.079
	60
	4.8
	0.593
	0.003

	0.022
	6.9
	-88.1
	0.078
	63
	4.9
	0.61
	0.003

	0.023
	6.9
	-88.9
	0.078
	65
	5.0
	0.626
	0.003

	0.024
	6.9
	-89.8
	0.077
	67
	5.2
	0.642
	0.003

	0.025
	6.9
	-90.7
	0.076
	69
	5.3
	0.656
	0.003

	0.026
	6.9
	-91.5
	0.076
	71
	5.4
	0.669
	0.003

	0.027
	6.9
	-92.4
	0.075
	73
	5.5
	0.682
	0.004

	0.028
	6.9
	-93.3
	0.074
	75
	5.6
	0.693
	0.004

	0.029
	6.9
	-94.1
	0.073
	77
	5.7
	0.704
	0.004

	0.030
	6.9
	-95.0
	0.073
	79
	5.8
	0.714
	0.004


TABLE 24: Geometric correction factors for 14” cryo penetration and exit dose rate a in mrem/hr as a function of distance from and energy of beam loss.
A seven inch square labyrinth can be made similarly and will result in dose rates even lower than those calculated in Tables 23 and 24. A MARS calculation can be used to verify the thickness of the concrete cover for the cryogenic pipe in the second leg of the penetration to ensure adequate shielding for the first leg exit dose rate.

6.3.3 RFQ Penetration Design

The RFQ penetration(s) enter through the three foot ceiling at the upstream end of the PXIE enclosure. There are two possible configurations under consideration; the first one requires two 10 inch square penetrations while the second requires one 12 inch square penetration. Both possibilities are shown in the plan view shown in Figure 19.

[image: ]
FIGURE 18: Some possible locations for RFQ penetrations

The 3 to 30 MeV source terms are considered for the peak beam loss conditions, i.e., for a 50 watt beam power loss along the HW and SSR1 cryomodules. The result of the source term calculations is shown in Table 25.

	penetration
	Beam Power Loss (KW)
	time (seconds)
	Energy
	intensity per time
	Rx
	Ry
	R
	D
	
	loss point to pen opening (ft)
	Dose/p at inside surface
	dose rate per time at inside surface

	10"
	0.05
	3600
	0.003
	3.75E+17
	8.0
	6.3
	10.2
	-59
	170.2
	59.5
	2.56E-17
	10

	10"
	0.05
	3600
	0.004
	2.81E+17
	8.0
	6.3
	10.2
	-61
	170.5
	61.6
	4.77E-17
	13

	10"
	0.05
	3600
	0.005
	2.25E+17
	8.0
	6.3
	10.2
	-63
	170.8
	63.8
	7.62E-17
	17

	10"
	0.05
	3600
	0.006
	1.88E+17
	8.0
	6.3
	10.2
	-65
	171.1
	65.9
	1.1E-16
	21

	10"
	0.05
	3600
	0.007
	1.61E+17
	8.0
	6.3
	10.2
	-67
	171.4
	68.0
	1.49E-16
	24

	10"
	0.05
	3600
	0.008
	1.41E+17
	8.0
	6.3
	10.2
	-69
	171.7
	70.1
	1.92E-16
	27

	10"
	0.05
	3600
	0.009
	1.25E+17
	8.0
	6.3
	10.2
	-72
	171.9
	72.3
	2.38E-16
	30

	10"
	0.05
	3600
	0.010
	1.13E+17
	8.0
	6.3
	10.2
	-74
	172.2
	74.4
	2.87E-16
	32

	10"
	0.05
	3600
	0.011
	1.02E+17
	8.0
	6.3
	10.2
	-76
	172.4
	76.5
	3.38E-16
	35

	10"
	0.05
	3600
	0.012
	9.38E+16
	8.0
	6.3
	10.2
	-77
	172.5
	77.4
	4.04E-16
	38

	10"
	0.05
	3600
	0.013
	8.65E+16
	8.0
	6.3
	10.2
	-78
	172.5
	78.2
	4.76E-16
	41

	10"
	0.05
	3600
	0.014
	8.04E+16
	8.0
	6.3
	10.2
	-78
	172.6
	79.1
	5.52E-16
	44

	10"
	0.05
	3600
	0.015
	7.50E+16
	8.0
	6.3
	10.2
	-79
	172.7
	79.9
	6.33E-16
	47

	10"
	0.05
	3600
	0.016
	7.03E+16
	8.0
	6.3
	10.2
	-80
	172.8
	80.8
	7.19E-16
	51

	10"
	0.05
	3600
	0.017
	6.62E+16
	8.0
	6.3
	10.2
	-81
	172.9
	81.6
	8.08E-16
	53

	10"
	0.05
	3600
	0.018
	6.25E+16
	8.0
	6.3
	10.2
	-82
	172.9
	82.5
	9.01E-16
	56

	10"
	0.05
	3600
	0.019
	5.92E+16
	8.0
	6.3
	10.2
	-83
	173.0
	83.4
	9.98E-16
	59

	10"
	0.05
	3600
	0.020
	5.63E+16
	8.0
	6.3
	10.2
	-84
	173.1
	84.2
	1.1E-15
	62

	10"
	0.05
	3600
	0.021
	5.36E+16
	8.0
	6.3
	10.2
	-84
	173.1
	85.1
	1.2E-15
	64

	10"
	0.05
	3600
	0.022
	5.11E+16
	8.0
	6.3
	10.2
	-85
	173.2
	85.9
	1.31E-15
	67

	10"
	0.05
	3600
	0.023
	4.89E+16
	8.0
	6.3
	10.2
	-86
	173.3
	86.8
	1.42E-15
	69

	10"
	0.05
	3600
	0.024
	4.69E+16
	8.0
	6.3
	10.2
	-87
	173.3
	87.6
	1.53E-15
	72

	10"
	0.05
	3600
	0.025
	4.50E+16
	8.0
	6.3
	10.2
	-88
	173.4
	88.5
	1.64E-15
	74

	10"
	0.05
	3600
	0.026
	4.33E+16
	8.0
	6.3
	10.2
	-89
	173.5
	89.4
	1.76E-15
	76

	10"
	0.05
	3600
	0.027
	4.17E+16
	8.0
	6.3
	10.2
	-90
	173.5
	90.2
	1.88E-15
	78

	10"
	0.05
	3600
	0.028
	4.02E+16
	8.0
	6.3
	10.2
	-91
	173.6
	91.1
	2E-15
	80

	10"
	0.05
	3600
	0.029
	3.88E+16
	8.0
	6.3
	10.2
	-91
	173.7
	91.9
	2.12E-15
	82

	10"
	0.05
	3600
	0.030
	3.75E+16
	8.0
	6.3
	10.2
	-92
	173.7
	92.8
	2.24E-15
	84


TABLE 25: Source term for 10” RFQ penetrations due to 50 watt beam loss at the HW and SSR1 cryomodules.

	energy
	R
	D
	f(R,D)
	source mrem/hr
	source with correction
	after leg 1
	after leg 2

	0.003
	10.2
	-58.6
	0.171
	10
	1.6
	0.128
	7E-04

	0.004
	10.2
	-60.8
	0.165
	13
	2.2
	0.173
	9E-04

	0.005
	10.2
	-62.9
	0.159
	17
	2.7
	0.214
	0.001

	0.006
	10.2
	-65.1
	0.154
	21
	3.2
	0.249
	0.001

	0.007
	10.2
	-67.2
	0.149
	24
	3.6
	0.28
	0.001

	0.008
	10.2
	-69.4
	0.145
	27
	3.9
	0.306
	0.002

	0.009
	10.2
	-71.5
	0.141
	30
	4.2
	0.327
	0.002

	0.010
	10.2
	-73.7
	0.136
	32
	4.4
	0.345
	0.002

	0.011
	10.2
	-75.8
	0.133
	35
	4.6
	0.36
	0.002

	0.012
	10.2
	-76.7
	0.131
	38
	5.0
	0.39
	0.002

	0.013
	10.2
	-77.6
	0.130
	41
	5.3
	0.419
	0.002

	0.014
	10.2
	-78.4
	0.128
	44
	5.7
	0.447
	0.002

	0.015
	10.2
	-79.3
	0.127
	47
	6.0
	0.473
	0.003

	0.016
	10.2
	-80.1
	0.126
	51
	6.3
	0.498
	0.003

	0.017
	10.2
	-81.0
	0.124
	53
	6.6
	0.521
	0.003

	0.018
	10.2
	-81.9
	0.123
	56
	6.9
	0.543
	0.003

	0.019
	10.2
	-82.7
	0.122
	59
	7.2
	0.564
	0.003

	0.020
	10.2
	-83.6
	0.121
	62
	7.4
	0.584
	0.003

	0.021
	10.2
	-84.5
	0.119
	64
	7.7
	0.602
	0.003

	0.022
	10.2
	-85.3
	0.118
	67
	7.9
	0.619
	0.003

	0.023
	10.2
	-86.2
	0.117
	69
	8.1
	0.635
	0.003

	0.024
	10.2
	-87.1
	0.116
	72
	8.3
	0.651
	0.003

	0.025
	10.2
	-87.9
	0.115
	74
	8.5
	0.665
	0.004

	0.026
	10.2
	-88.8
	0.114
	76
	8.6
	0.678
	0.004

	0.027
	10.2
	-89.6
	0.113
	78
	8.8
	0.69
	0.004

	0.028
	10.2
	-90.5
	0.111
	80
	8.9
	0.701
	0.004

	0.029
	10.2
	-91.4
	0.110
	82
	9.1
	0.712
	0.004

	0.030
	10.2
	-92.2
	0.109
	84
	9.2
	0.721
	0.004


TABLE 26: Geometric correction factors for 10” RFQ waveguide penetrations and exit dose rate from each labyrinth leg in mrem/hr.

From inspection of Table 26, the peak radiation dose rate at the exit of the 10” RFQ penetrations is 0.004 mrem per hour under peak beam loss conditions which is acceptable for unlimited occupancy.
This exercise is repeated just in case a single 12” RFQ waveguide penetration is selected. The source term for a 50 watt beam power loss from 3 to 30 MeV at the 12” penetration positioned as shown in Figure 18 is given in Table 27. Table 28 contains the geometric correction factors and the dose rate at the exit of each leg of the two labyrinth legs.
 
	penetration
	Beam Power Loss (KW)
	time (seconds)
	Energy
	intensity per time
	Rx
	Ry
	R
	D
	
	loss point to pen opening (ft)
	Dose/p at inside surface
	dose rate per time at inside surface

	12"
	0.05
	3600
	0.003
	3.75E+17
	8.0
	6.3
	10.2
	-61
	170.5
	61.5
	2.39E-17
	9

	12"
	0.05
	3600
	0.004
	2.81E+17
	8.0
	6.3
	10.2
	-63
	170.8
	63.6
	4.48E-17
	13

	12"
	0.05
	3600
	0.005
	2.25E+17
	8.0
	6.3
	10.2
	-65
	171.1
	65.7
	7.16E-17
	16

	12"
	0.05
	3600
	0.006
	1.88E+17
	8.0
	6.3
	10.2
	-67
	171.4
	67.9
	1.04E-16
	19

	12"
	0.05
	3600
	0.007
	1.61E+17
	8.0
	6.3
	10.2
	-69
	171.7
	70.0
	1.4E-16
	23

	12"
	0.05
	3600
	0.008
	1.41E+17
	8.0
	6.3
	10.2
	-71
	171.9
	72.1
	1.81E-16
	25

	12"
	0.05
	3600
	0.009
	1.25E+17
	8.0
	6.3
	10.2
	-74
	172.1
	74.2
	2.25E-16
	28

	12"
	0.05
	3600
	0.010
	1.13E+17
	8.0
	6.3
	10.2
	-76
	172.4
	76.4
	2.72E-16
	31

	12"
	0.05
	3600
	0.011
	1.02E+17
	8.0
	6.3
	10.2
	-78
	172.6
	78.5
	3.21E-16
	33

	12"
	0.05
	3600
	0.012
	9.38E+16
	8.0
	6.3
	10.2
	-79
	172.6
	79.3
	3.84E-16
	36

	12"
	0.05
	3600
	0.013
	8.65E+16
	8.0
	6.3
	10.2
	-80
	172.7
	80.2
	4.52E-16
	39

	12"
	0.05
	3600
	0.014
	8.04E+16
	8.0
	6.3
	10.2
	-80
	172.8
	81.1
	5.25E-16
	42

	12"
	0.05
	3600
	0.015
	7.50E+16
	8.0
	6.3
	10.2
	-81
	172.9
	81.9
	6.03E-16
	45

	12"
	0.05
	3600
	0.016
	7.03E+16
	8.0
	6.3
	10.2
	-82
	173.0
	82.8
	6.84E-16
	48

	12"
	0.05
	3600
	0.017
	6.62E+16
	8.0
	6.3
	10.2
	-83
	173.0
	83.6
	7.69E-16
	51

	12"
	0.05
	3600
	0.018
	6.25E+16
	8.0
	6.3
	10.2
	-84
	173.1
	84.5
	8.59E-16
	54

	12"
	0.05
	3600
	0.019
	5.92E+16
	8.0
	6.3
	10.2
	-85
	173.2
	85.3
	9.51E-16
	56

	12"
	0.05
	3600
	0.020
	5.63E+16
	8.0
	6.3
	10.2
	-86
	173.2
	86.2
	1.05E-15
	59

	12"
	0.05
	3600
	0.021
	5.36E+16
	8.0
	6.3
	10.2
	-86
	173.3
	87.1
	1.15E-15
	61

	12"
	0.05
	3600
	0.022
	5.11E+16
	8.0
	6.3
	10.2
	-87
	173.4
	87.9
	1.25E-15
	64

	12"
	0.05
	3600
	0.023
	4.89E+16
	8.0
	6.3
	10.2
	-88
	173.4
	88.8
	1.35E-15
	66

	12"
	0.05
	3600
	0.024
	4.69E+16
	8.0
	6.3
	10.2
	-89
	173.5
	89.6
	1.46E-15
	68

	12"
	0.05
	3600
	0.025
	4.50E+16
	8.0
	6.3
	10.2
	-90
	173.6
	90.5
	1.57E-15
	71

	12"
	0.05
	3600
	0.026
	4.33E+16
	8.0
	6.3
	10.2
	-91
	173.6
	91.3
	1.68E-15
	73

	12"
	0.05
	3600
	0.027
	4.17E+16
	8.0
	6.3
	10.2
	-92
	173.7
	92.2
	1.8E-15
	75

	12"
	0.05
	3600
	0.028
	4.02E+16
	8.0
	6.3
	10.2
	-93
	173.7
	93.1
	1.91E-15
	77

	12"
	0.05
	3600
	0.029
	3.88E+16
	8.0
	6.3
	10.2
	-93
	173.8
	93.9
	2.03E-15
	79

	12"
	0.05
	3600
	0.030
	3.75E+16
	8.0
	6.3
	10.2
	-94
	173.9
	94.8
	2.15E-15
	81


TABLE 27: Source term for 12” RFQ penetrations due to 50 watt beam loss at the HW and SSR1 cryomodules.

	energy
	R
	D
	f(R,D)
	source mrem/hr
	source with correction
	after leg 1
	after leg 2

	0.003
	10.2
	-60.6
	0.165
	9
	1.5
	0.15
	0.001

	0.004
	10.2
	-62.8
	0.160
	13
	2.0
	0.204
	0.002

	0.005
	10.2
	-64.9
	0.154
	16
	2.5
	0.252
	0.002

	0.006
	10.2
	-67.1
	0.150
	19
	2.9
	0.294
	0.003

	0.007
	10.2
	-69.2
	0.145
	23
	3.3
	0.331
	0.003

	0.008
	10.2
	-71.4
	0.141
	25
	3.6
	0.363
	0.003

	0.009
	10.2
	-73.5
	0.137
	28
	3.8
	0.389
	0.004

	0.010
	10.2
	-75.7
	0.133
	31
	4.1
	0.412
	0.004

	0.011
	10.2
	-77.8
	0.129
	33
	4.2
	0.43
	0.004

	0.012
	10.2
	-78.7
	0.128
	36
	4.6
	0.467
	0.004

	0.013
	10.2
	-79.6
	0.127
	39
	5.0
	0.502
	0.005

	0.014
	10.2
	-80.4
	0.125
	42
	5.3
	0.535
	0.005

	0.015
	10.2
	-81.3
	0.124
	45
	5.6
	0.567
	0.005

	0.016
	10.2
	-82.1
	0.123
	48
	5.9
	0.597
	0.006

	0.017
	10.2
	-83.0
	0.121
	51
	6.2
	0.626
	0.006

	0.018
	10.2
	-83.9
	0.120
	54
	6.4
	0.653
	0.006

	0.019
	10.2
	-84.7
	0.119
	56
	6.7
	0.678
	0.006

	0.020
	10.2
	-85.6
	0.118
	59
	6.9
	0.702
	0.007

	0.021
	10.2
	-86.5
	0.117
	61
	7.2
	0.725
	0.007

	0.022
	10.2
	-87.3
	0.115
	64
	7.4
	0.746
	0.007

	0.023
	10.2
	-88.2
	0.114
	66
	7.6
	0.766
	0.007

	0.024
	10.2
	-89.1
	0.113
	68
	7.8
	0.785
	0.007

	0.025
	10.2
	-89.9
	0.112
	71
	7.9
	0.802
	0.007

	0.026
	10.2
	-90.8
	0.111
	73
	8.1
	0.819
	0.008

	0.027
	10.2
	-91.6
	0.110
	75
	8.2
	0.834
	0.008

	0.028
	10.2
	-92.5
	0.109
	77
	8.4
	0.848
	0.008

	0.029
	10.2
	-93.4
	0.108
	79
	8.5
	0.861
	0.008

	0.030
	10.2
	-94.2
	0.107
	81
	8.6
	0.873
	0.008


TABLE 28: Geometric correction factors for 12” RFQ waveguide penetrations and exit dose rate from each labyrinth leg in mrem/hr.
From inspection of Table 28, the peak radiation dose rate at the exit of the 12” RFQ penetrations is 0.008 mrem per hour under peak beam loss conditions which is acceptable for unlimited occupancy.

7. Ground water, surface water, air activation
The interaction of protons and neutrons with the air inside the PXIE enclosure can produce airborne radioactive isotopes that can be carried to the site boundary. There is an annual limit for the quantity of radionuclides that can be released off site by the laboratory. 
Under normal conditions the beam line and target will be completely under vacuum so that there will be no direct beam interaction with the surrounding air. A MARS calculation will be made to determine the activating neutron flux resulting for normal and accidental beam loss especially in the diagnostic and beam dump section. Based on experience around the laboratory at locations such as the LINAC and NTF, it is expected that air activation from the operation at PXIE will not result in significant production of airborne radionuclides.

A MARS calculation will also made to demonstrate that no ground water or surface water issues are presented by PXIE. From practical experience with existing facilities, no groundwater or surface water issues can be expected from the operation of the PXIE as currently envisioned.

8. Residual Radioactivation of the PXIE Accelerator
Prolonged exposure to beam can result in a buildup of radioactive isotopes in beam line elements. However, for the peak energy to be achieved at PXIE, no serious residual activation problems are anticipated for normally accessible components. The beam absorber will be a significant source of personnel exposure in the event it is disassembled. A MARS calculation will be performed to determine the residual dose rates due to normal operation on beam absorber components as well as the diagnostic section. In the event that work is required on the beam absorber internal components, radiological work practices employed by Accelerator Division would be used to control both the work flow and the radiation exposure to workers. The challenges which might be presented by residual radiation dose rates in the beam dump assembly for PXIE are well within the range of experience of the Accelerator Division ES&H Department.
9. X-ray production in PXIE accelerator components
This section is to be developed as more information becomes available.
10. Interlocked Radiation Detectors and PXIE Critical Devices
The placement of interlocked radiation detectors must be carefully considered. The preferred location for interlocked radiation detectors will be inside the PXIE enclosure above the loss points described previously. Small errors in the placement of the detectors inside the PXIE enclosure will not affect the level of protection significantly because radiation dose rate varies slowly as a function of position along the accelerator. Small errors in the placement of the detectors outside of the shielded enclosure could miss the areas they are intended to protect because small variations in shielding thickness change the resulting radiation dose rates exponentially.
In the event of a radiation detector trip, there are several devices which can be used to inhibit beam. Either the high voltage power supply for the ion source or the ion arc source can be switched off effectively stopping the production of the H- beam. The second device is the LEBT switching magnet just downstream of the ion source. De-energizing the switching magnet with prevent the introduction of beam into the RFQ. The FRCM requirement for Radiation Safety System critical devices can be thus be met.
11. Shielding Assessment Summary

The salient points from this preliminary shielding assessment of the PXIE enclosure are as follows:
a. While the intended peak energy for PXIE is 25 MeV, the cryomodule design may allow a peak energy of 30 MeV. Also, while the design current for PXIE is 1 mA CW, the ion source is capable of providing higher current. The PXIE accelerator preliminary shielding assessment is evaluated for a maximum power of 50 KW.
b. The proposed shielding wall thicknesses, ceiling thicknesses, labyrinths, and various penetration designs are acceptable for normal beam loss of < 10 watts and a peak 50 watt beam loss.
c. At this time, the maximum beam power loss that could be sustained is 50 watts and this assessment has been conducted accordingly. Some additional support will be provided to shore up this claim. In the event no further compelling arguments can be made to support this assertion, a relatively small number of additional radiation detectors could be deployed over the HW and SSR1 cryomodules to limit radiation dose rates outside the shield to the target levels given in Section 5.3.
d. Three interlocked radiation detectors are necessary to provide protection against any accident conditions, e.g., 50 watt beam loss for some conditions. One detector is required above the diagnostic/spectrometer magnet section and the other would be required at the HW/SSR1 interface. A third detector would be over the downstream end of the SSR1 cryomodule. The trip levels for the interlocked radiation detectors can be set to limit the duration of any normal condition such that dose rates due to the accident condition are never realized.
e. The building in which the PXIE accelerator is to be contained is not large enough to add sufficient passive shielding to negate the need for interlocked radiation detectors. The exclusive use of passive shielding to mitigate all accident conditions is impractical since even brief operation of the PXIE accelerator with high beam power loss would either shut down the accelerator due to cryogenic plant limitations or due to self destruction of the accelerator components. An exception to this statement is that at low energy, the LEBT and MEBT are designed to sustain low energy beam loss continuously. At high energy, the beam dump is designed to sustain the maximum rated beam power.
f. Intended occupancy on the ceiling of the PXIE enclosure is minimal occupancy with a peak dose rate of 0.25 mrem/hr. The ceiling area will require the Controlled Area posting and would have no occupancy limitations.
g. Occupancy at the perimeter of the PXIE enclosure walls is unlimited since calculated normal dose rates are below 0.05 mrem/hr. There are two exceptions:
h. The production of significant ground water, surface water, and air activation should be insignificant. MARS calculations will be performed to verify this.
i. Residual radioactivation due to operation of the PXIE accelerator will be within the experience level of Accelerator Division and will present no unforeseen challenges.
j. A radiation safety system will be required to exclude personnel access to the PXIE enclosure whenever operation of may produce significant ionizing radiation. This will include the operation of the RFQ, HW cryomodule, and the SSR1 cryomodule.

12. Conclusions
This preliminary shielding assessment for the PXIE accelerator, evaluated for normal and accident conditions, demonstrates that the facility can be operated in accordance with all FRCM requirements. The facility should be capable of continuous operation with the following parameters:
a. Maximum energy of 30 MeV
b. Maximum current of 2 mA, and 
c. Not to exceed 50 KW
The activation of the air, groundwater, surface water, and beam components is anticipated to be minimal and should impose no additional constraints on the amount of beam that can be delivered in a year. 
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