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1.	Introduction





	





		The charge to the review group:  the review group is requested to examine the design of the FEL facility and its overall program; in particular the proposals for radiological safety to be incorporated in the design and  operation of the facility.  A primary goal will be to review the radiological protection afforded by the civil construction, the goals for radiation exposure, and operational aspects including staffing on the basis of current and possible future regulation and normal good practice at accelerators facilities.





2.	Radiation Protection Goals





		The CEBAF Radiological Control Manual (Table 2.1a) states that the design goal for annual dose equivalent is 2.5 mSv (250 mrem).  This is a reasonable and prudent value for designing shielding and engineered controls to limit exposure to direct radiation from the FEL accelerator.





		In the presentation by Stapleton the design goal for direct radiation exposure was stated to be 2.0 mSv (200 mrem) per year.  This value was converted to an average does equivalent rate of 1.0 micro Sv.h-1 (0.1 mrem h-1 ) as detailed in Note 1, Goals for Personnel Exposure, by assuming that an individual would not be exposed in excess of 2,000 hours in a year.





		An average dose equivalent rate of 1.0 micro Sv.h-1 (0.1 mrem h-1 ) outside the shielded and access-controlled areas of the accelerator will provide adequate radiation protection for personnel.  The final radiation protection design report should clearly state the design criterion and relate it to the CEBAF dose limits as given in the CEBAF Radiological Control Manual.





3.	Beam Losses





	3.1	Introduction:  In any operation involving acceleration of charged particles 	there are various ways in which beam loss may occur.  First, there are losses 	which are continuous long term, due to particles which do not lie within, or 	stay within the normal acceptance of the various parts of the machine.  	These are the most difficult to estimate but they can be the cause of a 	significant part of the prompt radiation experienced because they occur 	during the entire machine operations period.  Secondly, there are losses 	which occur due to mis-setting or mis-steering of the beam or due to non-	optimal performance of some of the machine equipment.  In some cases, 	these give rise to degradation of specific beam parameters such as energy 	spread or beam size and can give rise to definable loss points such as 	maximum dispersive regions or high b points in the transport system.  	Thirdly, there are losses due to equipment failure, or so called accidental 	beam loss.  These losses are generally more readily assessable in terms of 	their magnitude and location and therefore more readily calculated.  In 	order to design shielding for the FEL it is necessary to make some realistic 	assumptions about each of the above based on both theoretical 	computations and practical observations of existing machines such as, for 	example, the existing CEBAF accelerator.  If we divide the FEL into three 		areas, namely Injector, Accelerating Sections, and Beam Transport; we may 		make some beam loss statements about those areas as follows.





	3.2	Injector:  The 500 kV injector and fundamental frequency radiofrequency 	buncher used to bunch the beam for acceptance into the 10 MeV injector 	linac is the region where one can expect the largest beam loss to occur, but 	because of the low injection energy, this will not be a shielding problem.





	3.3	Accelerating Sections:  Because of the large physical aperture and the very 	low vacuum pressure in the accelerating sections beam loss there is also 	expected to be extremely low and is not expected to contribute significantly 	to the shielding requirements.





	3.4	Beam Transport:  Almost all of the beam loss which creates the need for 	shielding is associated with the beam transport lines where the vacuum 	pressure is higher.  This gives rise to bremmastrahlung in the long straights 	from electron beam interacting with the residual gas and also beam loss 	where beam bending, steering or focusing occurs.  Under tune up or fault 	conditions, a number of relatively local loss points are possible.  Injection 	septa, and locations at the maximum dispersive points between bending 	magnets in a momentum recombining region are likely regions for local 	beam loss.  This is particularly true for the return beam after passage 	through the FEL undulator which has a relatively high energy spread.  	There could also be some losses in the undulator itself due to non-perfect 	end connections to the magnetic field.





	3.5	Summary of CEBAF Assumptions Regarding Beam Losses:





		(a)	A source beam of 15W/m through the 60m length of the accelerator 			vault is the assumed steady loss mode, based upon a total loss of 0.1% 			of the maximum beam power.  This is a reasonable assumption for this 		type of loss mode.





		(b)	A point source loss of 50W at a single location has been assumed for a 			case where mis-steering, mis-setting or unexpected increase in beam 			size or energy spread creates a local loss point.  We believe that it may 			be both possible and desirable to operate with local losses of up to 			250 W or even 500 W in order to more effectively tune the accelerator 			and that the proposed shielding will allow for this, particularly if local 			lead shielding is provided near the measured loss point.





		(c)	An accidental beam loss of up to 100 kW has been assumed for an 			undefined location inside the accelerator vault.  This is a reasonable 			assumption for calculation purposes but would be more believable if a 			true accident case is postulated.





4.	Shielding





	4.1	Photons:  Radiation shielding that is determined by photon radiation is that 	at the East end of the facility where losses could occur that would direct 	forward-produced photon radiation into potentially occupied areas 	(G. Stapleton; Note 2, Bulk Shielding Design Calculations).  Shielding at the 	Southwest corner of the facility might also be dominated by forward-	produced photons, but the emergency exit stairwell and the mechanical/ 	electrical equipment room are expected to be areas of low occupancy (<10%).  	The remainder of the bulk shielding is determined by the neutron radiation 	that results from normal beam losses.





		Thickness of the bulk shielding is determined by the photon radiation 	source term that results from the assumed beam losses, the locations of 	possible beam losses, and the attenuation properties of the shielding 	material.  As stated by Stapleton and in Note 2, the assumed beam loss that 	is relevant to forward-directed photon radiation is 50 W at a point.  The loss 	could occur at any of a number of locations that could be between 3 and 	10 m from the interior wall surface.  Using accepted photon source data this 	loss would yield a dose equivalent rate between 2.5 1E3 to 2.5 E 4 rem/h (25 	to 250 Sv/h) at the wall.





		The attenuation length for these photons in concrete was calculated using a 	Monte Carlo simulation for photons produced by 200 MeV electrons 	incident on a 10 cm thick iron target.  The value, 21 cm, corresponds with 	previously published values for concrete attenuation.





		Shielding provided at the East end is stated to be equivalent to 	approxi-	mately 3.4 m (11 ft) of concrete.  This will provide an attenuation of about 	1 E 7 in dose equivalent.  The additional distance (3.4 m wall thickness) will 	reduce the dose equivalent rate by another factor of 2.  Using the relevant 	source term of 2.5 E 3 rem/h (25 Sv/h) the expected dose equivalent rate in 	potentially occupied areas would be about 0.1 mrem/h (1 micro Sv/h).  The 	dose equivalent rate is expected to be lower than this estimate because 	forward-directed photons from the source will penetrate the shield at 	an 	angle that would substantially increase the distance through the shield.





		At the Southwest side the wall thickness is equivalent to about 2.7 m (9 ft) of 	concrete.  The attenuation provided is about 5 105 and the additional 	distance through the wall would reduce the dose equivalent another factor 	of 4.  However, the radiation penetrates the wall at a significant angle that 	would provide about 3.9 m (12 ft) of shield thickness, and the equipment 	room is above the level of the beam.  Consequently, the reduction in dose 	equivalent is expected to exceed 1 108.  Using the relevant source term of 2.5  	104 rem/h (250 Sv/h) the estimated dose equivalent rate will be less than 0.2 	mrem/h (2 micro Sv/h).





		The bulk shielding for photons is adequate to meet the design criterion for 	radiation dose using the source term and shielding effectiveness of sand and 	concrete that has been assumed and calculated.  Based upon information 	presented by Sampson, the shielding effectiveness of sand may have been 	overestimated slightly.  The shielding thickness should be reevaluated, but 	is not expected that the requirements will change.





		If the locations of beam loss can be identified, local shielding using high 	density material can be used to reduce the requirement for bulk shielding at 	the East end.  The design group considered this, but concluded that the 	potential saving would not justify the additional restrictions that would be 	imposed by adding material around the beamline.  Also, the present design 	will allow future increase in operating beam current.





		The reviewers conclude that the bulk shielding design is adequate to meet 	the design criterion for photon dose equivalent the UV and IR FEL.  It is 	also adequate to permit future modest increases in beam current.





	4.2	Neutrons:  Overall no glaring oversights were noted in the analysis to 	define the bulk shielding for neutrons produced by electron beam losses.  	Both empirical and detailed Monte Carlo methods were employed to 	determine the amount of concrete, sand, and earth.  The empirical methods 	represented standard approaches which have been used for many years to 	define the bulk shielding.  The methods are from such works authors, and 	installation as NCRP-51, Swanson, Sullivan and SLAC and represent 	experience from both calculated and experimental results.  The detailed 	Monte Carlo calculations used standard radiation transport and source 	defining code such as MARS12/PICA and GEANT/DINREG.  These codes 	are recognized as being state-of-the-art codes and are capable of generating 	realistic shielding information.  Based on the assumed electron losses the 	source term for neutrons in the accelerator hall of 0.3 SV/kWh at 1m 	calculated by Stapleton is close to the 0.1 SV/kWh at 1 m calculated by the 	reviewer (Tony Gabriel) using very simplistic approximations.  The 	attenuation length of 32 cm which is slightly over an order of magnitude 	per meter seems very realistic based on previous experience.  It is therefore 	felt that a shielding thickness of ~2.2 meter for the roof and sides will be 	sufficient to reduce the neutron shielding requirement to acceptable levels.  	However, it should be remembered that in the end on positions the gamma 	rays appear to dominate the shielding needed.  Overall, the bulk shielding 	seems to have been well addressed and additional calculations unnecessary 	unless specific beam loss scenario can be devised.  If this is the case, some 	optimization of the shielding thickness could be carried out using such 	codes and data bases as ASOP and HIL086.





	4.3	Labyrinths:  Radiation transport through labyrinths and penetrations has 	been analyzed.  Penetration of photons will not exceed that of neutrons and 	the existing designs are adequate to prevent radiation levels from exceeding 	the design goal.  The design of labyrinths and penetrations is controlled by 	the neutron radiation.





		All neutron and gamma ray streaming paths were discussed in the analysis 	presented by Stapleton.  These penetrations include the waveguides located 	over the cryomodules and accelerator front end, the two access ways, the 	helium vent pipes, and the cabling pipe from the control room.  The 	waveguide over the accelerator front end was chosen for the detailed 	analysis because it was felt that this guide would be exposed to the largest 	neutron source.  The waveguides over the cryomodules are in an area in 	which the control of the beam losses is best.  The calculations were carried 	out utilizing the MARS/PICA package mentioned in the previous section.  	Only neutrons coming directly from the source to an area overlapping the 	waveguide hole and having energies greater than 1.0 MeV were considered 	as the source.  These calculations indicated that the dose at the top of the 	labyrinths was within acceptable limits assuming this area would be a low 	occupancy area.  However, the reviewers noted several things that need to 	be revisited in the calculations.  These include:  (1) calculating the dose from 	secondary gamma rays i.e., (n, g), (n, n’g), etc. and (2) including as part of the 	source neutrons below 0.1 MeV and above which will result from fast 	neutron interactions with the walls and other material in the room.  The 	reviewers felt that this will probably not increase the dose by more than a 	factor of 2- to 3.  However, this potential source should be included for 	completeness.  


	


		For the access ways only empirical methods were chosen to analyze the dose 	levels.  Parameterized curves were used to determine the fall off of the dose; 	one curve for the first leg and a second curve for the other legs.  This 	approach indicated that an attenuation of ~4x10-6 in dose could be realized 	which yielded dose levels within the established limits.  However, there 	were three curves given on the graph for various conditions.  Due to the 	uncertainty in the real source in the accelerator hall and the source used to 	define the curves, the reviewers felt it would have been more conservative 	to have used the upper curve which would have only shown a reduction of 	~10-4 in dose.  Even with this factor of 25 increase, the dose level is still 	within acceptable limits.





	Since the waveguide shielding is acceptable the dose through the vent pipes should also be acceptable due to the smaller entrance area.





	Since the cabling pipe for the control room will be heavily loaded with cables and is smaller than the waveguide pipes, the dose will be substantially reduced.  However, it is still recommended, if possible, that a filler like sand be included to further reduce neutron dose in this high occupancy area.





5.	Component, Ground Water, and Air Activation





	The component, ground water, and air activation estimates were based on conditions similar to those found at CEBAF.  In all three areas, no particular difficulties are envisioned.  There estimates showed that the FEL would meet the requirements of the Commonwealth of Virginia for ground water activation.  With respect to air activation a complete change of air will be accomplish
