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Estimates of X-Ray production and dose rates near the PXIE H- ion source at CMTF
Lionel Prost
Introduction
The D-Pace Inc. ion source, an evolution of TRIUMF’s early design, has been installed in the CMTF building. Commissioning is expected to start in the coming weeks (end of November 2013). The ion source nominally generates a 30 keV, 10 mA, H- beam. While the protons cannot generate X-rays (too low energy), because the beam is produced from a low density plasma, many electrons are also produced and can be accelerated up to the full potential of the source i.e. 30 keV. A magnetic filter, small permanent magnets embedded in the Extraction electrode, removes the electrons from the H- beam and diverts them onto the surrounding electrodes. Consequently, X-rays may be generated.
In this short note, estimates of the radiation produced by the ion source will be calculated and subsequent conclusions will be made.
Ion source description and the problem of possible X-ray leakage
Figure 1 is an exploded assembly drawing of the Ion Source, while figure 2 shows a more detailed drawing of the Plasma and Extraction lenses a.k.a. the extraction region, along with the corresponding picture. Of importance is the presence of an insulator (in white on the picture of figure 2), fabricated out of Delrin, an acetal homopolymer resin (i.e. thermoplastic). It electrically isolates the ion source body biased to ‑30 kV from the ground electrode (tied to the building’s ground). This material is a very poor shield from a radiation protection point of view and would not stop X-rays produced in its vicinity.
Because of the deflection from the magnetic filter, electrons impinge primarily onto either the Plasma electrode or the Extraction electrode. While not all electrons thus generated will be accelerated to the full ion source potential, some may. In turn, X-ray radiation is produced and could escape the ion source assembly, in particular in the region of the insulator. In fact, it is reasonable to expect that an X‑ray leakage can occur only at the insulator given the mass of copper, stainless steel and other materials that the radiation needs to go through elsewhere in the ion source assembly to reach the outside.
To alleviate the likelihood of X-rays escaping the ion source proper, the design includes two copper rings placed in front of the insulator in the vacuum chamber. These rings are pointed out in figure 2. In fact, the role of these Cu rings is twofold: protect the insulator from getting sputtered material coated onto its inner surface; and act as a radiation shield. It has been found to be an adequate solution for both issues, at least in its use at TRIUMF.
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Figure 1: Assembly drawing of the D-Pace Inc. ion source.
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Figure 2: Drawings (left) and picture of the plasma and extraction electrode assembly. Electrodes are made of copper. In white is the electrical insulator, which is made out of Delrin, an acetal homopolymer resin (i.e. thermoplastic).

Figure 3 shows schematically how the electrons are bent back onto the extraction electrode and the paths taken by the ensuing X-rays emanating from this surface. On this figure, one can see that there is only a small region (annulus) where the X-rays may go through only one ‘layer’ of copper. Otherwise, there are at least two copper layers on their path toward the exterior and/or thick elements made of stainless steel and aluminum. It is this annulus, which could be a source of concern for personnel safety considerations.
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Figure 3: Drawing of the plasma and extraction electrode assembly (zoomed in w.r.t. figure 2) showing very approximately where electrons might strike the electrodes (actually, in this particular view of the ions source electrodes and magnetic filter, the electrons should be directed in or out of the page) and the most detrimental X-ray paths.
In regard with the possible emission of X-rays outside the ion source, it should be mentioned that this ion source – the one currently installed at CMTF - was operated at LBNL for ~2 years prior to being delivered to Fermilab. At Berkeley, the ion source was installed in a cage that was locked during operation. Note that this was for electrical safety only. Radiation measurements were made and no radiation was measured outside the cage (~1 m from the ion source body).
Assumptions for the calculations of the radiation dose rate
First note that the assumptions and calculations follow closely those more detailed in Project X Document #1084 [1]. Hence, the equations and references cited within that document are not reproduced here.
While the beam parameters for nominal operation are 10 mA at 30 keV, the biasing power supply is rated for 40 kV and the ion source can produce up to 15 mA, which corresponds to a 600-W beam. However, because 40 kV is not needed for operating the source, it will be physically clamped to 32 kV (via a calibrated resistive divider). Hence, it is assumed that in the ‘worst case scenario’, the ion source produces 15 mA of H- DC at 30 kV. This corresponds to a maximum H- beam power of 450 W, DC. Based on previous measurements with this particular ion source (at TRIUMF during the acceptance tests and at LBNL), the electron-to-H- ratio is on the order of 5. Therefore, we will assume that the electron ‘beam’ current is 75 mA and the electron ‘beam’ energy 30 keV, which is equivalent to a beam power of 2.25 kW. The ‘target’ is made of copper (Z=29). It includes the various electrodes but not the copper rings themselves, which are not stricken by electrons.
Additional assumptions are:
· All X-rays produced have the maximum energy possible i.e. 30 keV
· The X-ray beam is treated as being mono-energetic
· 100% of the electron ‘beam’ is used in the production of X-rays
· i.e. no reflected particles
· The X-rays have an isotropic spatial distribution
· Variables/parameters mean values are replaced by their value at 30 kV
· Mean values are more favorable to reducing the dose rate
Results of calculations
Again, for 30 keV, 75 mA electrons DC, the beam power is 2.25 kW. Subsequently, the 30 keV X‑ray power is 2.4 W.
The thickness of a ring, at its minimum, is 3 mm. Hence, for the results below, we assumed that the ‘shielding’ is 3 mm thick, which also implies that the X-rays impinge upon the surface at a 90° angle. Note that this is extremely unlikely given the location from which the X-rays originate (Figure 3). Therefore the actual distance the X-rays go through within the shielding material could be significantly longer and the attenuation accordingly greater than assumed here.
The dose rate was calculated 50 cm away from the ion source body. This distance was chosen because the ion source body is surrounded by a grounded, meshed enclosure for electrical safety purposes, preventing anyone to touch or come close to the ion source body, electrodes or insulator. Thus, in this configuration, the calculated dose rate is 310-7 mrad/h. This is clearly negligible.
Conclusion
The PXIE ion source produces a beam of H- ions from a low density plasma. Inevitably, electrons are also extracted and accelerated. However, they are removed from the ion beam with weak permanent magnets and diverted onto the surrounding electrodes and vacuum chamber walls. Consequently, X‑rays are generated and may escape the vacuum chamber, in particular in the vicinity of the plastic insulator, which effectively does not absorb X-rays.
Dose rate calculations have been carried out for the ion source installed at CMTF in its current configuration. From these, it is found that, using quite conservative assumptions, in the ‘line of sight’ of the insulator, and for a 15 mA, 30 keV, H- ions, DC beam, the level of radiation 50 cm from the ion source body is completely negligible. Note that the latter remains true at the insulator outer surface.
Therefore, while radiation measurements will be taken during the early stages of commissioning, it is unlikely to observe any radiation under nominal operation and even in extreme cases.
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