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1. Introduction
As part of the commissioning plan for DTL tanks 4-6 and CCL modules 1-3, the beam will also be terminated at times in Faraday cups located between DTL tanks 1 and 2 (FC1), between tanks 2 and 3 (FC2), between DTL tanks 3 and 4 (FC3), between DTL tanks 4 and 5 (FC4), between DTL tanks 5 and 6 (FC5) and between segment 3 and 4 of CCL module 1 (FC6). The first three Faraday cups are built mainly from high purity graphite. The second three Faraday cups are built mainly from copper. The cases for first three Faraday cups are considered in the documents [1], the next three (FC4, FC5, and FC6) were considered in [2].
Although the radiation fields during the beam commissioning into Faraday cups FC4, FC5, and FC6 have been calculated [2], these cases must be updated. The reasons for the update are

1. Taking into account shielding envelope for DTL tanks 4-6 and CCL modules 1-3 commissioning;

2. Changing of the FC6 location relative to previous calculations;

3. Estimation of the radiation transport through the penetrations going into the klystron gallery;

4. Reevaluation of residual field according to updated commissioning time.

To demonstrate the effectiveness of the accelerator shielding envelope during commissioning into Faraday cups and predict the residual radiation after beam termination, full three-dimensional models of linac tunnel including the shielding configuration were used [3]. Detailed radiation transport calculations were performed applying Monte Carlo code MCNPX [3]. For the radiation transport two step calculation was performed. On the first step the boundary source on the surface near the penetration was collected. On the second step the particles from boundary source were transported towards the klystron gallery through the penetrations/ Activation analyses system[4] was used to obtain residual gamma sources for induced radiation after beam termination.
This report considers mainly commissioning case into FC6, because this case has the highest-energy protons delivered into the Farday cups.
2. Source terms
Table 1 shows proton beam the commissioning parameters corresponding to each Faraday cup such as a beam energy, time averaged proton current and total time, when beam is on.
Table 1. Faraday cup dimensions, and beam parameters for each case of Faraday cup commissioning 
	Beam stop
	Energy, MeV
	Time averaged current, uA
	Beam current, protons/s
	Absorber thickness, mm
	Total operational time, h

	FC4
	57
	1
	6.242e12
	4.197
	12

	FC5
	73
	1
	6.242e12
	6.546
	6

	FC6
	87
	1
	6.242e12
	9.139
	4


Table 2 shows neutron and gamma yields for beam energies corresponding to the each Faraday cup
Table 2: Neutron and gamma yields for beam energies and target materials specific to FC4-6 commissioning

	
	
	Particle Yield per Incident Proton

	Beam energy (MeV)
	Absorber material
	Neutrons
	Gammas

	57
	copper
	
	

	73
	copper
	0.093
	0.18

	87
	copper
	0.135
	0.25


3. Geometry model
The Linac geometry model is described in the earlier studies[5]. Figures 1 and 2 show linac geometry including front end building, DTL section and CCL section. Fraday cups are cylindrical absorbers 4.5 cm in diameter, made mainly from copper in a steel housing with water channel for cooling (Fig.3).
The klystron penetrations are cylindrical chases in the south linac tunnel wall, 60-cm in diameter, 670 cm long pointing 31 degree upward from the horizontal. Radiation transport through the three, most critical chases was considered: the first chase against the FC5, the second chase is 30 cm upstream FC6 and the third chase is located 100 cm downstream from FC6. The chases are shielded by a 20-cm-thick concrete wall in front of them on the tunnel side. The second chase is shielded by a wall of 38-cm-thickness reaching from the floor to the top of the opening of the chase, and by a 20-cm-thick extension up to beam level.
4. Results

4.1 Commissioning into FC6

Figures 4 and 5 show neutron and gammas dose rate levels inside the tunnel during the operation into FC6. There is no measurable dose rate downstream the shielding enclosure, because the dose rate inside the linac tunnel near the copper temporary beam stop (TBS) shielding is 100 mrem/h. Downstream labyrinth provides attenuation about 200,000 times.
Outside the north wall of front end building labyrinth the dose rate will be below 0.25 mrem/h.

Outside the upstream shielding the dose rate is expected to be 1-2 mrem/h. The dose rate is about 25 mrem/h inside the enclosure downstream the 20 cm thick poly shielding stacked around DTL tank downstream the 2.45 cm thick steel/lead wall. From previous estimation and measurements performed during the DTL tanks 1-3 commissioning this shielding provides attenuation about a factor of 10.
Figures 6-9 show local dose rates near the FC6 during the operation. Figures 10-13 show neutron and gamma dose rates inside the klystron penetrations downstream and upstream the FC6. The penetrations are shielded by concrete, which is stacked as described above.
Table 2. Neutron dose rates (mrem/hr) inside the klystron penetration during the commissioning into FC6. 
	Location
	Upstream FC6 penetration
	Downstream FC6 penetration

	Inside tunnel on the wall in the beginning of the penetration
	27000
	65000

	Inside penetration 10 cm downstream, detector is perpendicular to the penetration center line
	11000
	22000

	Inside klystron gallery on the wall in the end of the penetration
	52(20%
	160(15%


Figures 14-19 show the residual gammas dose rate inside the tunnel after 4 hour continuous operation. Scenarios for 1 hour, 1 day and 5 days after shutdown are considered.

4.2 Commissioning into FC5
Figures 20 and 21 show the neutron and gammas dose rate levels inside the tunnel during the operation of FC5. The dose rates fields are very similar to the fields during operation into FC6, only the dose rates level is about 1.7-1.5 times lower.
Figures 24 shows neutron and dose rates inside the klystron penetration faicing FC5. Table 3 shows neutron dose rates inside penetration in some locations. Gammas dose rates are significantly lower (about 25 times) and not considered. 
Table 3. Neutron dose rates inside the klystron penetration during the commissioning into FC5. 
	Location
	FC5 penetration

	Inside tunnel on the wall in the beginning of the penetration
	22000

	Inside penetration 10 cm downstream, detector is perpendicular to the penetration center line
	7000

	Inside klystron gallery on the wall in the end of the penetration
	45(20%


The residual dose rate after commissioning into FC5 expected to be very similar to the commissioning into FC6, only shifted to the position of the Faraday cup, and not recalculated.
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Figure 1. Geometry model for commissioning into Faraday cups.
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Figure 2. Geometry model for commissioning into Faraday cups.
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Figure 3. Faraday cup model
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Figure 4. Neutron dose rates inside the linac tunnel due to beam into FC6, horizontal and vertical sections on beam level
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Figure 5. Gammas dose rates inside the linac tunnel due to beam into FC6, horizontal and vertical sections on beam level
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Figure 6. Neutron dose rates inside the linac tunnel due to beam into FC6, horizontal section on beam level and on transfer line level
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Figure 7. Neutron dose rates inside the linac tunnel due to beam into FC6, vertical section on beam level
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Figure 8. Gammas dose rates inside the linac tunnel during the operation FC6, horizontal section on beam level and on transfer line level
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Figure 9. Gammas dose rates inside the linac tunnel during the operation FC6, verticaal section on beam level
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Figure 10. Neutron dose rates inside the klystron penetration located downstream the FC6 during the operation, vertical section through the penetration
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Figure 11. Neutron dose rates inside the klystron penetration located upstream the FC6 during the operation, vertical section through the penetration
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Figure 12. Neutron dose rates inside the klystron gallery, section through the penetrations.
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Figure 13. Gammas dose rates inside the klystron penetration located downstream the FC6 during the operation, vertical section through the penetration
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Figure 14 .Gammas dose rate map after 1 hour cooling down following 4 hours commissioning into FC6, horizontal view
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 Figure15 .Gammas dose rate map after 1 hour cooling down following 4 hours commissioning into FC6, vertical view
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Figure 16 .Gammas dose rate map after 1 day cooling down following 4 hours commissioning into FC6, horizontal view
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Figure 17 .Gammas dose rate map after 1 day cooling down following 4 hours commissioning into FC6, vertical view
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 Figure 18 .Gammas dose rate map after 5 days cooling down following r 4 hours commissioning into FC6, horizontal view
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 Figure 19 .Gammas dose rate map after 5 days cooling down following 4 hours commissioning into FC6, vertical view
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Figure 20. Neutron dose rates inside the linac tunnel during the operation FC5, horizontal (through the beam centerline and on the klystron penetrations levels) and vertical sections on beam level
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Figure 21. Gammas dose rates inside the linac tunnel during the operation FC5, horizontal (through the beam centerline and on the klystron penetrations levels) and vertical sections on beam level
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Figure 24. Neutron dose rates inside the klystron penetration located opposite the FC5 during the operation, vertical section through the penetration
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