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Booster Beam Dump Justification

Area Information

	Area/s or Enclosures Protected
	MI-8 Enclosure, MI Enclosure

	Beam Type and Source
	Proton Beam from Booster Accelerator

	Beam Energy
	8 GeV

	Beam Intensity
	Up 7E12 Protons/pulse,  a maximum of  6.8E18 protons/year


Critical Device 1

	Device Name
	B:LAM

	Device Type
	Lambertson Magnet

	Device Location
	Magnet Located in 400 MeV line – Linac enclosure

	Critical Device Controller
	B:CRDEV

	CDC Location
	Booster West Gallery

	Method of Operation
	Contactor Opened


Critical Device 2

	Device Name
	B:MH1

	Device Type
	Horizontal Dipole Magnet

	Device Location
	400 MeV Line 

	Critical Device Controller
	B:CRDEV

	CDC Location
	Booster West Tower

	Method of Operation
	Contactor Opened


Failure Mode Backup

	Backup System
	Linac 750 KeV line beam stops 

	Backup Device Names
	

	Location
	750 KeV Line


Failure Analysis

	Is there an unsafe failure mode?

(If yes please explain)
	None Identified At This Time

	Is there a common failure mode between Device 1 and 2?

(If yes, please explain)
	None Identified At This Time


Prepared By:  W. Pellico
Date: August 3, 2006
Department:   Proton Source
Reviewed By: _______________________________

Date: __________________


BD Interlock Engineer

Reviewed By: _______________________________

Date: __________________

BD RSO

Description and Explanation: 
The Booster MI-8 line beam dump system will replace the long 13 beam dump.  The beam dump will be installed during the spring 2006 shutdown.  During the same shutdown the old Long 13 dump as well as the RDF dump will be decommissioned.   This will make Long 3 Booster’s only extraction region.
Present Long 3 Extraction
The placement of the dump in the upstream MI-8 line had to meet the requirements of our two present operational modes; Booster only operation and 8 GeV extraction to downstream users.  Before describing safety issues relating to the new dump, here is a brief description of how the Long 3 extraction process presently works.  The four kickers at long 2, MKS05, MKS06, MKS07, and MKS08 provide a vertical displacement of approximately 24 mm at Long 3.  The kicked beam enters the field region of the pulsed septa MP02 bending the beam up.  Another magnet VBC1 then removes the MP02 deflection.  The vertical bend of MP02 and VBC1 enables the extracted beam to clear the Booster gradient magnet L3 -1and places the extracted beam parallel to the Booster circulating beam.  Next, a series of both vertical and horizontal bends at the upstream end of the MI-8 line places the beam on the desired MI-8 trajectory.  Note that the device VBC1 is a DC powered device.  Presently, MP02 and VBC1 serve as critical devices for the operational mode of MI-8 extraction.  When input(s) to the MI CDC are pulled, MP02 and VBC1 are turned off prohibiting extraction to the MI-8 line via L3 extraction.  Booster however can still run beam to the Long 13 dump.  With the removal of the Long 13 dump, MP02 and VBC1 will need to be powered for all Booster beam cycles.  I have not discussed the present L13 extraction but it is similar to L3.
The new MI-8 dump, with only L3 extraction for both operational modes, requires changes to our present operating configuration and the related safety devices.  I’ll first describe the two operating modes and briefly discuss several other “secondary” beam tuning issues.  The final sections will discuss radiation safety issues surrounding the hardware.  Included in the references is a write up by I. Rakhno [2] that gives a more complete description of the beam absorber and issues.  
 Operational Modes
The first operational mode is Booster dump mode.  This mode of operation is defined as the ability to establish Booster beam when the MI beam permit is down.  Typically used when there is an extended period of no MI beam permit or dedicated Booster only studies.  The operation is similar to our present Long 13 extraction but now using L3.  Beam is accelerated to 8 GeV and then extracted at Long 3 (as described above.)  The beam will exit Booster and head down the MI-8 line.  As the beam passes Q803 three Booster style kickers will produce a vertical down bend of 32 mrad. Next, the beam will pass through off center Q804 and receive an additional vertical deflection of 12 mrad.  The next element is the vertically focusing quad Q805, just upstream of the septum magnet, it reduces the deflection angle slightly.  The beam will be vertically displaced by ~33 mm as it enters the field region of the septa.  The septa with a vertical bend angle of 62 mrad will also have a slight horizontal roll of 6.73 degrees giving the extracted beam a small .55 degree horizontal bend.  After the septa there are no other magnets in the dump line.  An operational mode that will be tested is to use a vertical trim instead of the three kickers to give the beam the required 33 mm vertical displacement needed at the septa.  This scheme could only be used in this mode since these devices are dc powered.  An advantage of using a trim verses the kickers is a reduction in kicker pulsing.   A change to the beam line that may be implemented at a later date is to use a permanent horizontal dipole instead of rolling the septum magnet.  The reason for the horizontal bend was to allow the dump to be moved away from the wall by six inches.  The space between the inside wall and the dump will be filled with six 1 inch steel plates.  The reason for the additional steel will be shown in the attached activation analysis. (An analysis of both thermal and radiation activation levels are provided.)  In this mode of operation, a beam stop between Q809 and V809 will be closed and the B3 vertical bend magnet V809 will be de-energized.
Possible failure scenarios that would allow beam to miss the dump include the following:

1) Kickers do not provide enough kick to reach septum field region.  This could happen for two reasons, timing or faulty kicker system(s).  

2) Septum does not reach desired field.  This again could be due to timing or septum system failure. 

3) The Booster extraction system at Long 3 does not properly extract.  A Long 3 failure could lead to improper vertical position at the septum.
4) Elements upstream of the dump septum are not at their proper value. Changes to the trajectory and beam size will affect the transfer efficiency of beam going to the dump.

The above mentioned failures could result in beam not being cleanly extracted to the dump but instead continuing down the MI-8 line.  Beam that misses the dump will continue down the line until it reaches the beam stop.  If there was a failure in the beam stop resulting in it being open beam would then enter the second B3 magnet V809.  An analysis of the beam stop and B3 magnet as safety devices will be provided in the radiation safety system section below.
The other mode of operation is when MI beam permit is up. Both B3 magnets are powered and the beam stop is out.  This is the mode of operation about 85 % of the time.  This setup allows Booster to run full turn or short batch extraction to MI and/or MiniBooNE as well as Booster study cycles to the dump.  The extraction process is the same as the previous mode with one exception.  The kickers in this mode will be timed to fire only on bunches not destined to continue down the MI-8 line.  
Failure scenarios for this operational mode would include the following:

1) The dump kickers fail to properly kick beam resulting in higher losses or more than the requested amount of beam being extracted down the MI-8 line.  This is not very different then the present Booster operations.
2) The dump septa does not operate properly and beam is loss or does not get extracted to the dump.  This could also result in more than the requested amount of beam being extracted down the MI-8 line. 
3) A failure of the single pole switches may cause current to be shunted away from V809.  This would result in the beam being loss in the magnet.  This would depend upon the failure and most likely would only result in a single higher loss pulse.
The failures listed above may result in higher beam loss but will not compromise personnel safety and did not include single pulse incident.  Once a beam cycle has started a MI beam permit inhibit would not prevent beam from being extracted.  The shutting of current away from V809 and/or the beam stop closing could not occur in the period of a Booster cycle.  The subsequent beam cycles will be inhibited by the Booster CDC.  The following sections will give more details to CDC changes and radiation safety issues.  See below diagram for planned CDC logic (provided by AD ES&H department.)
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Safety System Interlock Issues

Since the dump will now be located in the MI-8 line, two physical devices capable of preventing beam from being extracted to downstream areas needed to be established.  With a limited number of large bending magnets to choose from the choice was to use the downstream B3 V809 magnet and a beam stop.
The B3 magnets V803 - V809 operate in a “dogleg“ configuration.  The first B3 magnet, just upstream of Q804, is at Booster tunnel elevation. It bends beam down vertically by 52 mrad. The second B3 removes the vertical bend as places beam onto the MI elevation.  Two single pole (sp) switches will be placed between the two B3 magnets.  The safety system will monitor the switches status, control voltage and power supply voltage as well as the position of the beam stop.  Again, the beam stop is located just upstream of the second B3 magnet (V809.)  

The MI beam permit, the status of the B3 sp switches and the beam stop status will be used to decide Booster’s beam permit.   When the MI beam permit is down the B3 sp switches will need to be configured to bypass current away from the second B3 magnet and the beam stop will need to be closed.  Again, both the sp switches and beam stop will be inputs to Booster’s critical devices B:MH1 and B:LAM.   Because switching to dump mode is not neither automatic nor instantaneous, the Booster permit will drop when the MI permit drops. Once configured for operating in the Booster dump state, the MI beam permit status will not affect the Booster beam permit.  This mode of operation will permit beam on Booster study cycles while the MI beam permit is down.  The switches for V809 is are recommended by the Accelerator Division EE support department.    The following sp switches configuration was provided by EE support.  It should be noted that Booster will still be capable of running beam to the MI-8 dump on cycles other than the $17 Booster study cycle when the pulse shifter over ride key has been engaged.  This again is only a study mode of operation and is to look at beam on all Booster beam cycles.
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Another required Booster CDC change is the inclusion of the MI-8 (gated region) radiation permit.  Access to the gated region in the MI-8 line will no longer be allowed when running in Booster dump mode.  The gated MI-8 enclosure will become the beam buffer exclusion region between MI and Booster.  It should be noted that the possibility of running beam on beam events other than the Booster study event $17 is possible.  The Beam Switch Sum Box which receives the dump status (among other inputs) controls the Linac pulse shifter.  In the case where you want beam on non $17 cycles, the beam switch key will need to be enabled.  This again will only be a study mode and is similar to our present operational scheme.
The other operational mode is extraction of beam to MI, MiniBooNE or Booster dump.  In this state the MI beam permit is up, both V803 magnets are powered and the beam stop is opened.  This is the typical operational state allowing for Booster beam cycles, MI beam cycles and short batching.  Because the V803 supply will need to be off before the sp switches can change states and the beam stop takes time to close a MI beam permit trip will also trip the Booster beam permit.  The state of the sp switches will then need to be toggled to the dump position and the beam stop inserted before the dump input to Booster’s critical devices can be cleared.  The reverse will also be true, when switching back to MI extraction, the B3 dogleg supply will need to be shutdown before the sp switches can be toggled back to the MI position.  
Both operational modes require the installed beam dump be operational.  Since there are no magnetic devices after the septa there will be no additional magnet device inputs to the CDC’s.  However. installed in the area will be approximately 12 new loss monitors.  These loss monitors will be monitored and tied into the Booster beam permit.  Because of the response time of BLM’s, they are secondary to the above mentioned inputs.  Other devices that will be used to reduce losses and tune the dump system include two new toroids, a bpm and a dump wire. 

Radiation Safety Issues
This section will provide a discussion of the radiation issues surrounding the MI-8 dump modifications.  Before discussing the physical dump and issues related to beam absorption, I will provide an analysis of specific MI-8 dump modifications.  A bifurcation of safety hazards can be based on human verses hardware or direct or indirect radiation exposure.  I will first describe how different elements contribute to radiation safety and include a discussion on hardware safety when necessary. 
First, as already mentioned, the line AP4 shielding wall will be removed.  This was looked at by Accelerator Division Radiation Safety (AD ES&H) who concluded that it served no purpose with the beam dump placement in the MI-8 line. [4] See attached ADESH addendum for details.   It was placed at its present location to reduce emissions in the MI-8 enclosure when Booster was running beam to the Long 13 dump.  Since access to region will not be permitted with the new dump it servers no purpose.
Also mentioned above, access to the gated region in the MI-8 line will no longer be allowed when running in Booster dump mode.  A review by ADESH department provides a scattering analysis showing the gated region to be a suitable beam buffer zone. [4] See attached ADESH addendum for details.  The beam buffer zone assumes no direct beam transport into the region
Again, the two devices/modifications added to prevent beam transport will be a beam stop inserted between Q809 and B3 magnet V809 and the bypass switches for V809. 

The beam stop is a duplicate of Pbar’s AP2 line beam stop and fits well into our plan for the MI-8 dump.

The beam stop is 3x4x60 inches which in transverse space is at least one inch larger than the beam tube.  This would more than cover the any possible beam trajectories.
The nuclear interaction length for protons in iron is approximately:

 (131.9 g/cm2)/(7.87 g/cm3) = 16.76 cm = 6.60"

This results in about 9 nuclear interactions. The longitudinal depth for 95% hadronic shower containment is found using the following approximation:  

L0.95 (in )= tmax + 2.5 att = (0.2 ln E (GeV) + 0.7) + 2.5*(E(GeV))^(0.13)

(Reference "Experimental Techniques in High Energy Physics" by T. Ferbel, pg. 276-7, Addison-Wesley, 1987.

At 8 GeV this results in ~ 4.5 nuclear interactions.  The beam stop is well suited to contain most of the hadronic shower.  Again, this beam stop was designed for 150 GeV protons in the AP2 line.  Any hadrons scattering past the closed beam stop will enter the bypassed B3 dipole V809.  
Since it will not be powered, beam would enter it at an angle of 3 degrees and will not be deflected up onto the MI-8 line trajectory.  The B3 magnets have an aperture of ~3x5 inches and are 20 feet long (240 inches.)  Beam entering at centerline will travel about 40 inches before striking the beam tube.  The beam size at the entrance of the B3 magnet will be about 14mm Horizontal and a vertically about 12mm.   This is for a 99% fit of 20 pi beam.  The B3 magnet has an aperture of 3x5 inches and is 20 feet long (240 inches.)  Beam entering at centerline at a 3 degree angle will travel less than 40 inches before striking the beam tube.  
B3 Dipole Magnet Physical Description
This description is based on drawings 8020-ME-318411 showing the magnet cross-section and 8020-MD-318411D showing the lamination dimensions. 

In a B3 dipole magnet, the beam pipe is 0.090" thick stainless steel with a horizontal half aperture of about 2.537". A B3 dipole has an inner and an outer set of coils. Both sets are made of copper. On either side of the horizontal centerline, the inner coil pack has 28 conductors in a 2x7 arrangement. 14 of the conductors are above the vertical centerline of the magnet and 14 are below. The inner coil conductor has dimensions of .83" width by 0.654" height and with a 0.325" diameter water cooling channel centered in the conductor. The 2 turns of the inner coil are separated by 0.043" of insulation. In the vertical mid plane of the magnet, the inner coils are vertically separated by 0.028" of insulation. 

On either side of the horizontal centerline, the outer coil pack has 20 conductors, in a 2 across X 5 high arrangement. 10 of the conductors are above the vertical centerline of the magnet and 10 are below. The copper of the outer coils start at 4.295" from the magnet's horizontal centerline. The outer coil conductor has dimensions similar to that of the inner conductor.  Between the outer role of conductors and the laminations is a trim coil package.  The trim coil is 10 turns on each side of the center plane, 0.276” square conductor
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Nuclear Interaction Lengths
The nuclear interaction lengths for protons in copper, water, and iron are: 

in copper, (134.9 g/cm2)/(8.96 g/cm3) = 15.06 cm = 5.93", and

in iron,     (131.9 g/cm2)/(7.87 g/cm3) = 16.76 cm = 6.60", and 

in water,    (84.9 g/cm2)/(1.00 g/cm3) = 84.9 cm = 33.43"

Beam entering the V809 at a 3 degree angle would pass though approximately 65 inches of copper, 42 inches of LCW and 50 inches of iron laminations.  I did not include the shell or the insulating materials.  The beam would create a cone that would have a circumference similar to the interaction length.  This shows that the total interaction length is approximately 18.  As shown for the beam stop, 99 % capture can be expected at around 10 – 12 interaction lengths.  I will not go into details of scattering within the B3 magnet.  If internal scattering is an issue a more detailed analysis will need to be performed.
MI-8 Radiation Shielding Issues
The increase in beam transported down the MI-8 line due to the MI-8 dump will be less than 5%.   

Several detailed shielding analysis for the MI-8 line have been done [7].  The report shows that a small increase is well within the shielding safety limits.  The expected integrated beam for the next couple of years will be around 3.5E20 to 4E20 protons.  The integrated amount of beam delivered to the Booster dump will be in the range of 1E18 protons.  The new dump is designed to handle on the order of 5E18 protons/year.  The star density calculations will follow in the attached section.  If one wishes to review the old shielding assessment see document:

MI-8 Dump Radiation Shielding Analysis
Again, the physical Dump chosen for the MI-8 beam absorber was used for commissioning the MI-8 and MiniBooNE lines.[1] The absorption requirements for the commissioning were less than what was desired for the permanent MI-8 dump.  The following modifications to the commissioning dump were required for the permanent MI-8 dump: 
The concrete outer shell is unchanged with dimensions of 54x54x122 inches.  Inside the concrete, the new dump will have a 11.5x11.5x58 inch steel core that is slid into a 1inch steel collar.  The front 32 inches of the original steel core were replaced with a 10x10x32 inch graphite block enclosed in a 1 inch steel jacket (front and back face exposed.) The reason the steel core was reduced by 32 inches and replaced with a graphite block was due to heating concerns.   Steel has a melting point of about 1000 deg. C while graphite (depending upon the grain size) has about 3000 to 5000 degree melting point.  The graphite block sits back inside the face of the dump by ~ 16 inches.  The re-entrant face of the graphite allowed room for 16" x 16" x 16" long cement collar with an 8" x 8" x 16" long hole through it collar. In front collar hole are steel blocks of 1.5" thickness forming a 8x8 square, with a 5" x 5" aperture through the center.  The purpose of the front collar is to absorb the low angle back scattering.  The dump was moved horizontally away from the inside wall by 6” (upstream) to allow for additional steel shielding.  Because the dump has a vertical angle of about 3 degrees the back end of the dump rests on the tunnel floor allowing room for steel plates to be slid under the front end.  Additional cement blocks removed form the AP4 shielding wall were placed in front, back and on top of the dump.  A one inch steel plate, added to the tunnel side of the dump, will reduce energy deposition to the tunnel side of the enclosure.  The goal of the modification was to reach a level of shielding that would allow Booster to extract between 5E18 and 1E19 protons to the dump.
The following results supplied by Igor Rakhno,[2] Accelerator Division External Beam Lines, and Ang Lee, Technical Division,[3] show that the dump changes will allow us to meet our objectives.    The final design was achieved through an iterative process.  The hard work done by Mr. Rakhno and Mr. Lee made the process go smoothly.  Based on MARS15 and ANSYS (2-D) code for both normal operation and an accident scenario the following radiological and operational limits were obtained:
1) MI-8 absorber can take up to 6.8E18 protons per year (ADESH limit due to ground water contamination)
2) At 6E12/pulse at 10 hertz the steel core will reach the melting point in twenty minutes.  
(Because the melting point is based upon some conservative estimates, we believe this to be worse case scenario.   To monitor the temperature 4 thermo couples are being attached to the regions of concern 

The complete report will be included at the end of this document.)
Conclusion
In conclusion, the placement of the Booster beam dump in the MI-8 line and modification to the dump itself will meet both the radiation safety and operational requirements.  We have never run Booster at the beam power we analyzed but the Proton plan does require we plan for 10 Hertz running at 5E12/pulse.

The maximum hourly beam power transmitted to the Booster MI-8 dump is limited to that provided by 12000 pulses of 6x10¹² protons per pulse or 36000 pulses of 5x10¹² protons per pulse.  This operational limit is based on ANSYS (2-D) heating analysis of the dump core. 
The maximum yearly beam power transmitted to the Booster MI-8 dump will be 6.8x10¹8 protons per year.  This limit was determined by the consulting with the AD ES&H and MARS15 calculations.
Additional Work Required and Person(s) Responsible:

None.
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