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Simple estimates are made for the potential radiation sources in the ERL R&D test setup. The dose rates are based on thick target formulas for high Z targets. The dose rates should be a conservative estimate of the dose rates that could occur due to beam losses. The goal is to obtain an overall view of the shielding issues at an order of magnitude level.

3.5 MeV Electron Beam

Recently the maximum electron gun energy has been lowered from 5 MeV to 3.5 MeV. The potential radiation from beam losses can be estimated from thick target curves given in various references (see ref. 1). The numbers are given at 1 meter from a localized source.

3.5 MeV e- losses rads/(hr-kW)

	0 degrees
	4*104

	90 degrees
	8*103


The 3.5 MeV beam has a maximum power of 1000 kW. The beam will be transported to the beam dump. The dump must have local shielding to reduce this to levels that are appropriate for the shielding enclosure. The energy of this beam is too low to generate neutrons.

25 MeV Electron Beam

Recently the electron beam energy for the ERL ring has been lowered from 54 MeV to 25 MeV. Using the same reference and assumptions the dose rates at 1 meter are:

 25 MeV e- losses rads/(hr-kW)

	0 degrees
	8*105

	90 degrees
	8*103


The beam energy is sufficiently high in energy to generate neutrons via giant dipole resonance. It will be assumed that the target material is iron. The neutrons are essentially isotropic. The dose rate at 1 meter is (see ref 2):
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The electron gun and the 5-cell accelerating cavity will generate x-rays. The level 
of x-rays in uncertain but it is assumed that they will be capable of generating dose rates similar to the RF cavities at RHIC. A dose rate of 100 rad/hr at 1 meter will be assumed.


Beam Losses

The 3.5 and 25 MeV beams are expected to operate with low routine losses. The 5 MeV beam will have a collimator, which will most likely require local shielding. The beam dump will be designed for absorbing the entire 1000 kW of 3.5 MeV beam. The routine loss is expected to be low after the collimator. The power supply system is capable of generating sufficient power to sustain a 1 MW accidental loss. However, large accidental losses may cause damage, which terminates the operation. It is not clear what limits on the beam losses will cause self-termination. Until a self-limiting mechanism is understood we will assume 1 MW can be sustained. Routine losses at unshielded locations are expected to be less than 1 W. The maximum sustainable loss of the 25 MeV beam has been established as 50 kW, which is the limit of the RF power supply. The 25 MeV beam is expected to have routine losses at least a 1000 times lower than the max. sustainable loss, i.e. 50 W. 

It is proposed that two beam current transformers be used in differential mode to limit the level of routine losses for both the 3.5 MeV and 25 MeV beams. The first transformer will be located after the collimator in the 3.5 MeV transport. The second will be located in the 3.5 MeV transport to the beam dump. Comparing the difference will establish a net loss of beam in both the 3.5 and 25 MeV transports between the transformers. The plan is to have the configuration of this transformer system under the control of the access control group similar to the B20 transformers in the AGS. A specification will be prepared and presented to a vendor to see if it is achievable. It will be assumed that the system will be accurate for differences of 10-3 (conservative) and it is hoped that it will be capable of measuring differences of 10-6.  The table below summarizes (crudely) the present sustainable losses for the beams:

	Beam (MeV)
	Beam Power (kW)
	Max. Sustainable loss (kW)
	Max. Sustainable loss with transformer at10-3 

	3.5
	1 MW
	1 MW
	1 kW

	25
	10MW
	50 KW
	10 kW


We can use this table to generate the maximum sustainable radiation dose rates from 

beam losses. These numbers are summarized in the table below:

Dose rates at 1 meter in rads/hr (rem/hr for neutrons)

	condition
	Max. Loss
	Max. Loss with transformer (10-3)
	Routine

	3.5MeV@ 0 deg.-ph
	4*107
	4*104
	40

	3.5MeV@ 90 deg.-ph
	8*106
	8*103
	8

	25 MeV@ 0 deg.-ph
	4*107
	8.8*106
	4*104

	25 MeV @ 90 deg-ph
	4*105
	8.8*104
	4*102

	25 MeV- neutrons
	2.1*103
	4.2*102
	2.1


Radiation Through Shield Walls

The radiation levels outside the shield walls can be estimated using “tenth-value layers” given for broad beams of electrons and neutrons on shielding material. For the photon shielding the values used for forward (zero-degree) shielding are (see ref. 3):

	Energy-material
	First TVL (gm/cm2)
	Equilibrium TVL (gm/cm2)

	3.5 MeV- Concrete
	60
	60

	3.5 MeV- Fe
	67
	67

	3.5 MeV- Pb
	55
	55

	25 MeV- Concrete
	120
	110

	25 MeV- Fe
	85
	85

	25 MeV- Pb
	60
	60


For 25 MeV electrons the TVLs for concrete at 90 degrees are substantially smaller than above and are 85 gm/cm2 for the first TVL and 80 gm/cm2 for the following layers (see ref. 4).

The TVLs for concrete that are used are (see ref. 5) 100 gm/cm2 for the first TVL and 80 gm/cm2 for all other layers.

The source terms need to be scaled to the expected dose rate at the shielding wall. A distance of 3 meters will be used for this purpose, which is an appropriate distance for the beam line close to the shield wall. This gives a reduction of 1/9. It is then assumed that the dose rate is constant across the portion of wall and the attenuation of the shielding is calculated using the TVLs. The concrete walls are 48 inches thick (287 gm/cm2 ).

Dose rates outside 48 inch Concrete Shield (3 meters from source)

	condition
	Max. Loss
	Max. Loss with transformer (10-3)
	Routine

	3.5MeV@ 0 deg.-ph
	73 rad/hr
	73 mrad/hr
	0.07 mrad/hr

	3.5MeV@ 90 deg.-ph
	15 rad/hr
	15 mrad/hr
	0.01 mrad/hr

	25 MeV@ 0 deg.-ph
	13,000 rad/hr
	2600 rad/hr
	13 rad/hr

	25 MeV @ 90 deg-ph
	 13 rad/hr
	2.7 rad/hr
	13 mrad/hr

	25 MeV- neutrons
	120 mrem/hr
	24 mrem/hr
	0.12 mrem/hr


The present shielding coupled with the loss assumptions is not sufficient for the photons generated by the 25 MeV electron beam. The beam current transformer interlock and chipmunks outside the shielding probably provide acceptable protection for the other operating conditions. 2-4 orders of magnitude more attenuation for the high-energy photons is required. 10-2 attenuation in the forward direction requires 37 inches of concrete, or 8.7 inches of steel, or 4.3 inches of Pb. This would require a thicker shield wall or shielding placed close to the beam line to shield the forward losses. 

The present shielding for 90-degree losses of the 25 MeV electron has an attenuation of 3*10-4. This will be useful for comparison with the attenuation through penetrations in the shielding.

Straight Penetrations Through the Shielding

A simple discussion of the attenuation of straight holes in shielding can be found in Sullivan (see ref.  6). For directional radiation the attenuation depends on the angle between the direction of the radiation and the axis of the hole. For the 90-degree losses most of the penetrations at the ERL R&D test area are at about 45 degrees (close loss) and 24 degrees (far loss). The attenuation for the smaller angle is less but the increased distance to the source also reduces the radiation. For the present discussion the data at 45 degrees will be used with the source evaluated at 3 meters. As can be seen from ref. 6 figures 2.25 and 2.26 the attenuation of neutrons and photons is similar for these angles and the attenuation given for hadrons in ref. 6 figure 2.27 will be used. In addition a formula for neutrons given by Goebel (see ref 7) is used. The attenuation for penetrations through the 48 inch shield wall are listed by the diameter area below:

	Diameter (in)
	Area (in2)
	Attenuation via Sullivan
	Attenuation via Goebel

	2
	3
	1.2*10-3
	5.6*10-5

	4
	12
	7*10-3
	5*10-4

	8
	49
	4*10-2
	3.7*10-3

	12
	108
	1.1*10-1
	1.1*10-2


The Goebel formulation gives attenuations about a factor of 10 smaller than Sullivan. The Goebel formula appears to agree with the values of Sullivan at larger angles, about 75 degrees. For now we will use the more conservative number of Sullivan. The two-inch diameter penetration would have a dose rate about 4 times higher than the shield wall for 25 MeV electron large angle losses. This would probably be acceptable but is not a useful size. The larger holes could be acceptable provided personnel cannot occupy the area near the penetration exit. This simple treatment does not include contributions from reflections from surfaces. Many of the penetrations are near the ceiling and can obtain contributions from radiation reflecting off the ceiling.

Several of the straight penetrations are substantial in size and personnel can approach the exit of the penetration while the machine is operating. These are of special concern and are listed below:

	Penetration
	Area (in2)

	Cable tray into second floor 
	288

	Wave guide for 5-cell cavity
	90

	Wave guide for RF-Gun
	288


These penetrations are sufficiently large in area and short that they provide essentially no attenuation and require reconsideration. The cable tray port could be divided into distributed smaller ports. The wave-guides must remain the same dimension and therefore the only option to improve the attenuation is to make these penetrations as multi-legged penetrations. Where possible all penetrations should be multi-legged.

Multi-legged Penetrations

The attenuation of neutrons in a multi-legged labyrinth can be calculated using the formulation of Goebel. A penetration for the wave-guide with dimensions 8 inches high by 12 inches wide and with two 18-inch long legs and one 48-inch long leg has an attenuation for neutrons of 1.1*10-5. The attenuation of photons through the labyrinth should be smaller since the reflection coefficients are smaller for photons than neutrons (see ref. 8). The design of the bends must take into account the potential for neutrons or photons to penetrate through the walls of the bends and “short-circuit” the labyrinth (“punch-through”).

There are 4 existing multi-legged labyrinths at present in the shielding.  Personnel and equipment access ways are located at the north and south ends of the test area. A utility trench exits under the east and west walls at the south end of the area. The two access ways have been crudely estimated assuming they are 3-legged labyrinths with a factor of 4 to account for the increased size of the openings. The attenuation for each access way is a few 10-3 attenuation with a large error. When treated as a two-legged labyrinths the access ways have attenuations of a few 10-2 .  The attenuations for photons should be lower as noted above. These should be evaluated more carefully in the future. The two trench exits are not calculated here since the geometry does not lend easily to a labyrinth formula. They need to be evaluated in the future or since they are not be used blocked with shielding.

Conclusions

Simple techniques have been used to make simplistic estimates of the dose rates due to beam losses in the ERL R&D test area. Most of these estimates can be considered conservative and offer a general guide for resolving the open issues in the shielding design. These estimates are not intended to replace detailed Monte Carlo calculations where needed. The main unresolved issues at present are the shielding of the photons in the forward direction, the straight penetrations, and the cracks (not discussed here).
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