                      SAFETY CONSIDERATIONS 
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1. Overview of the Proton Source and LEBT setup
         The proton source and LEBTsystem assembled in MDB for HINS Project has been successfully tested previously at MS6. The schematic of the proton source and LEBT arrangement is shown in figure 1, and the actual setup is shown in figure 2 and figure 3. The ultra-high purity hydrogen gas is fed at ~ (50-100) mTorr pressure into the source plasma chamber where it is heated-up by the filament and ionized in an (50-150) V arc. The arc voltage is modulated to (1-5) msec pulse length and (0.5 - 2.5) Hz repetition rate.   The H+ ions are compressed by a magnetic field of the ion source solenoid magnet into a small orifice and extracted to a vacuum chamber with the 10 kV negative potential of the extraction electrode. The H+ ions are then accelerated to a maximum energy of 50 keV in the 18 mm wide gap between the extraction and the acceleration electrodes. 
          The 50 keV proton beam is transported to the RFQ through a LEBT system. The LEBT consists of two solenoids of up to 1T B-field, and two pairs of Horizontal/Vertical steering magnets to insure that well focused, and axially positioned proton beam enters the RFQ. The LEBT system is also instrumented with a Toroid to measure the beam strength and pulse shape. In addition there are two independently operating beam stoppers as part of the safety system. There is also the Ion Source – RFQ vacuum isolation valve.   
2. HV power supply arrangement, protection and LOTO procedure
      The proton ion source and its associated electronics operate at 50 kV potential above the ground. Consequently, all the ion source associated electronics are placed inside the ground isolated cabinet. There is grounded shielding around the ion source components at high voltage as well as around the cables from the ion source to the electronics cabinet. The LEBT beam transport including the vacuum system is on the ground potential. 
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    Fig.1 Schematic view of Proton Source and LEBT arrangement at MDB

          The Proton Source electronics cabinet is located inside a large relay rack that is grounded. The front and rear door of this relay rack have magnetic switches interlocked to the HV power supply, and to a ground arm which shuts off the supply and grounds the inner isolated HV part if the doors are moved slightly. The power for the electronics comes from a 60 kV isolation transformer located in a relay rack next to the isolated HV cabinet. 
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Fig. 2 A view of Proton Source and LEBT. The ion source which is on a 50kV potential is inside plastic box covered with a grounded copper mesh. 
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Fig.3 A view of Proton Source electronics racks with grounded PVC pipe connecting HV lines to the Proton Source. The ground stick is at the right top corner of the HV rack.
      The ion source itself is enclosed in a ½ inch thick wall Lexian box covered with a grounded copper mesh. All connecting cables between the ion source and the HV relay rack are enclosed within a double walled PVC pipe with an outer ground shielding. This protection system and shielding has been tested to 55 kV. We estimated the upper limit of the capacitance of the HV system (power supply -300 pf, equipment rack -350 pf, HV conductor line -220 pf, Ion Source -20 pf) to be <1000 pf.  So, with a 50 KV maximum operating voltage the stored energy is less than 1.25 J. As the limit for the ground stick application is 10 J it is safe then to use the ground stick to discharge the ion source system.     
         The 50 kV and 40 kV power supplies are powered by 208 V power line, and the LEBT solenoids supplies are powered by individual 480 V lines. Each of these lines includes a manual, lockable disconnect switch. LOTO procedures for these devices are provided as required. The 110 V lines (e.g. to transformer) can be lockout/tagout, if required, at the power panels.  In addition, the whole ion source area is fenced-off, and can be locked to prevent access by un-authorized personnel. 
3. The X-ray radiation hazard and protection
A. Operations with diagnostic chamber

           Before connecting to the RFQ the Proton Source will be tested with the diagnostic chamber attached to the end of the beam path as shown in figure 2.
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    Fig. 2 Schematic view of the Diagnostic Chamber at the end of LEBT
         The diagnostic chamber contains a Faraday Cup to measure beam intensity and shape at the end of the LEBT beam path. With Faraday Cup out of the beam line the 50 KeV protons are stopped in the quartz viewport emitting X-rays as well as a visible light. The light appears to form a spot of a size that is probably consistent with the actual beam cross-section area. Consequently, observation of this light allows one to gather crude but very useful information about the beam size and position relative to the nominal beam line.  
         In a previous configuration the quartz window was ¼” thick. The range of 50 keV protons in a quartz material is less than a micron, so the protons do not pass through the ¼” quartz window. The energy loss is primarily by ionization and atomic excitation (PDG Particle Physics Booklet). The maximum kinetic energy which can be imparted to a free electron in a single collision, Tmax,  in the Bethe-Bloch equation, is given by Tmax = 2mec2β2γ2.  For the 50 keV protons, this energy is only 110 eV with result that most of the proton kinetic energy is converted to heat without producing penetrating radiation. Lower cross-section proton-nucleus processes can generate secondary particles such as electrons and x-rays with a distribution of energies possibly extending to that of the original beam. These secondary particles are emitted at wide angles but mostly in the forward direction for the highest energy products. The range of 50 keV electrons is about 20 microns, so even they are stopped in the thin quartz window.  Attenuation of x-rays at 50 keV is very weak, and therefore they pass through the window
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                          Fig. 3 Attenuation of x-rays in silicon
and constitute the observed radiation background with the stopped 50 keV proton beam. The x-ray mass attenuation in silicon (closest to quartz) is shown in figure 3. Using this graph we find that ¼” thick window attenuates only ~ 50% of the impeding 50 keV x-ray flux. This may explain observation of ~ 150 mrem/h radiation levels in the area immediately behind the ¼” window. 
           Following this observation we installed a 3” thick lead-glass absorber mounted inside a steel pipe of ½” wall. This should reduce the x-ray flux by ~ 10,000 times, and in fact the measured radiation became consistent with a general background level in this area. Consequently, a brief viewing (applying ALARA) of the beam spot is possible. Nevertheless the area downstream of the diagnostic chamber will be isolated with a radiation warning ribbon tape, and a posting: ”No access when the beam is On” to prevent accidental long exposures. In addition, for increased protection a lead brick will be placed in the beam path about 2’ downstream, as indicated in figure 2. 
          During the operations with beam a “Smart Ion” x-ray meter will be used to measure the radiation level in the vicinity of the Proton Source. The very first beam operation in MDB will be performed with the presence of the Radiation Safety Personnel. 
B. Operations without a Diagnostic Chamber
           Before connecting the ion source and LEBT to the RFQ there is a plan to measure the beam spatial parameters using a Wire Scanner. The Scanner assembly constitutes a vacuum chamber that will be attached to the end of the LEBT beam pipe replacing the Diagnostic Chamber. In this arrangement there will be no Faraday Cup, or a lead-glass Viewing Port. The beam vacuum tube shall be terminated with a stainless-steel blank-off plate approximately ½” thick where the beam will be stopped. From figure 4, this attenuates even 50 keV x-rays by seven orders of magnitude. Radiation level measurements will verify any detectable does rates and determine the safe access area to Scanner, ion source and LEBT. 

C. Operations with the RFQ
            After connecting the Proton Source and LEBT to the RFQ the beam will pass undisturbed through the entire beam line, and it will be stopped only at the downstream end of the RFQ. As the beam energy will increase to 2.5 MeV the radiation level will strongly increase, and a new radiation hazard analysis will be presented at that time. 
D. Beam stopping for the diagnostics and maintenance of the downstream HINS equipment

          The LEBT system is equipped with two beam stoppers (see figure 1) made of ¼” aluminum plates sufficiently large in cross-section to fully occlude the downstream beam pipe aperture. The primary purpose of these stoppers is to provide a definitive, verifiable and redundant means of stopping the beam at 50 keV. These are expected to be incorporated into a Personnel Radiation Safety Interlock System (when the possibility to accelerate beam beyond 2.5 MeV is installed). At that time, the stopper controls shall be configured for insertion either manually by the HINS operator or automatically by the Safety Interlock System and for retraction only with Safety Interlock System permit. The beam stoppers are designed to move also into the beam path in case of loss of electrical power.

            Using the beam stoppers naturally generates a radiation source in the LEBT area. The range of 50 keV protons in aluminum is ~ 0.1 mg/cm2, or about 0.4 μm, so they are stopped in the first beam stopper and have no possibility of being accelerated by downstream cavities. Any 50 keV electrons with a range of ~ 4 mg/cm2, or ~ 15 μm, in aluminum would also stop in the first beam stopper. The dominant penetrating radiation when protons are stopped in the beam stoppers is x-rays. They will be produced in the surface layer of the stopper where protons impact. Most of the few x-rays with energies approaching that of the protons are emitted in a forward direction. X-rays at 50 keV are attenuated only a factor of three through one stopper thickness. The x-rays emitted at wider angles are of much lower energies, and they will be mostly intercepted in the body of the downstream solenoid. The x-rays emitted in a perpendicular direction to the beam are of very low energies, and they should be intercepted in the steel walls of the beam pipe and the vacuum chamber housing the beam stoppers.  In figure 4 and 5 we show x-ray mass attenuation in iron and lead.
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                      Fig.4 Mass attenuation of x-rays in iron
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                         Fig. 5 Mass attenuation of x-rays in lead
       Using these graphs we find that 50 keV x-rays are attenuated by a factor of > 10 4 in a 1/8” thick steel, and > 10 3 in a 1/32” thick lead sheet. This suggests that vacuum chamber walls alone should reduce the forward high energy x-ray flux to an acceptable level.
       At the first ion source beam test at MDB radiation measurements will be performed with the beam stoppers in the beam to establish the level of radiation hazard. If, necessary an additional shielding (e.g. 1/32” thick lead sheet) can be placed on the east side of the plastic box which covers the beam stoppers area. There is no close human access possible to the west side of this area so no shielding is needed there.  A close-up of the east side of LEBT at the location of beam stoppers is shown in figure 6. The lead sheet shield can be hung from the plastic cover which is above the beam stoppers area.  
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            Fig. 6  A close-up view of the beam stoppers area.
4. Summary

        In summary, electrical hazards associated with the proton ion source and LEBT system have been mitigated by system design principles and specific LOTO documents are provided where necessary to safely conduct maintenance and development work. Radiation hazards, inherently low for 50 keV proton beam, are primarily addressed by designing components that the ion source and LEBT system are self-shielded. The LEBT beam line includes redundant beam stoppers for inclusion into the Personnel Radiation Safety Interlock System to prevent the primary beam from entering the downstream accelerator. Radiation monitoring by AD ES&H Department radiation safety personnel shall be an important component of the system commissioning process. 
