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[image: image7.jpg]PSB Injection Geometry for 400mm magnets, 370mm magnetic length, 66mrad, 340 mT, 126 mTm
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	Measurement of beam current at the PSB H0/H- injection beam Dump

	Abstract

For the LINAC4 PSB injection scheme, the 160 MeV H- beam will be injected horizontally into the PSB by means of an H- charge-exchange injection system and an internal H0/H- beam dump will be installed downstream of the stripping foil to intercept the unstripped H0/H- and any H- which is missing the foil. Measurement of the H0 and H- beam ‘current’ is required to monitor the injection efficiency and to be able to diagnose foil degradation and failure.
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INTRODUCTION
The 160 MeV H- beam from the LINAC4 linear accelerator [
], needs to be distributed to the 4 superimposed synchrotron rings of the PS Booster (PSB) [
]. In the PSB injection line a beam distribution system (BI.DIS), in combination with the BI.SMV septum unit, will deflect time resolved slices of the LINAC4 pulse sequentially into the 4 appropriate apertures of the PSB.

The LINAC4 beam will subsequently be injected horizontally into the PSB, as shown in Figure 1, by means of an H- charge-exchange injection system using for each PSB ring, a set of 4 pulsed dipole magnets (BS) creating the required injection bump, a series of 4 horizontal kicker magnets (KSW) outside the injection region to produce the painting bump and a stripping foil to convert the H- beam to H+.

Four internal H0/H- beam dumps [
], one per ring, will be installed downstream of the stripping foil to intercept the unstripped H0/H- and any H- which is missing the foil.

Monitoring of the H0 and H- = beam ‘currents’ impacting the dump block are important to allow efficient setting up of the injection, and also to be able to monitor the efficiency of the stripping foil, to be able to detect any degradation or failure.

A robust and simple monitor is required, since no maintenance of the device will be possible. The possibility of electrically isolating the H0/H- dump and measuring the total current is being investigated; however, this seems difficult due to thermal constraints, since the cooling of the dump is one of major design challenges, which will be further complicated by the need to electrically insulate.
A separate monitor is therefore proposed: the monitor should act as a Faraday cup for the stripped electrons and the principle of operation of the monitor, Figure 2, (stripping and collection of the electrons in the H- and H0 ions) should be validated based on the requirements described in this document.

Figure 1: Possible configuration for the PSB injection region, showing injected and circulating (first turn) beam envelopes of ±4σ for ±0.4% δp/p variation (BS positions subject to change).
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Figure 2: Schematic of dumped current monitoring (top view). 
1. Position and dimensions
For space reasons the H0/H- beam dump and the H-/H0 monitor will have to be located in the PSB ring, inside the vacuum chamber of the BS4 chicane magnet, Figure 3. A schematic cross section of the BS4 magnet is given in Figure 2, showing the overall available space for the H0/H- beam dump and the location of the H-/H0 monitor. The top view is shown in Figure 5.
The monitor will be approximately 85-90 mm wide and 60-80 mm high.
The geometry of the monitor must provide an unobstructed passage for the circulating beam during injection as well as the injected proton beam. 
The sensitive area of the monitor should cover the area around the theoretical H0 and H- beam axis by about (18 mm horizontally and (28 mm vertically. The sensitive area should be maximized to measure as much of the beam halo as possible.

Overall transverse dimensions of the monitor including any support structure, connections and tolerances shall not exceed the dimensions of the H-/H0 dump itself, which is expected to be approximately 85 mm wide and 60 mm high.

The distance between the sensitive areas for the H0 and H- beams should be maximum of 5 mm. Alternatively, the H0 and H- monitors could be made to overlap transversely, by having a small longitudinal displacement and staggering the two foils.
The monitor should be placed as close to the dump block as possible, not more than about 10 mm from the entrance face, to minimize uncontrolled losses from scattering.

[image: image2.wmf]
Figure 3: Proposed layout (top view) of the injection straight section, showing available space [mm] of main elements.
[image: image3.wmf]
Figure 4: Cross-section of the H0/H- beam dump and indication of areas to be covered by the H0/H- monitor.
[image: image4.wmf]
Figure 5: Top view of the H0/H- beam dump and H0/H- monitor.

2. beam parameters and load cases
The main machine parameters [
] to be used for the definition of the H0/H- monitor for the PSB Injection dump are shown in Table 1.
Table 1 - machine parameters for H0/H- monitor definition.

	Beam energy (kinetic) 
	MeV
	160

	Max. repetition rate 
	Hz
	1.11

	Max. number of particles per beam pulse per PSB ring 
	
	2.5 x 1013 


For a foil of around 200 g/cm2 around 1% of the 160 MeV H- is stripped to H0, while the fraction of unstripped H- which traverses the injection foil should be very low at the 10-6 level [4]. However, it is also assumed that 1% of halo particles from the LINAC4 beam will miss the foil and impact the dump. 

The nominal number of particles hitting the monitor per injection is therefore 2.5(1011 for H0 and H- alike, for a full intensity injection.
The maximum annual beam load for the monitor is estimated at about 5(1018 for H- 
and H0 alike.

3. Required monitor performance
3.1 Dynamic range

To monitor the injection efficiency it should be possible to resolve a change in the unstripped H0 beam flux of about 10-4 of the full injected beam, and about 1% of the lowest intensity beam, which means a minimum sensitivity of 5×107 particles per injection.

The stripping foil will need to be exchanged or the injection re-optimised if the stripping efficiency drops below 10% - the monitor should therefore also be able to measure about 20% of the full injected intensity, i.e. about 5×1012 H- or H0 ions.
The desired dynamic range is therefore 5×107 - 5×1012 for H0 and H- alike.

3.2 linearity and reproducibility
A linear response in this range is desirable; any major non-linearity in the expected response could be acceptable if this is reproducible and can be corrected by data-processing in the instrument front-end. A relative accuracy of within (10% across the dynamic range is considered acceptable.
3.3 Absolute accuracy and cross-calibration
The accuracy of the monitor will be affected by secondary electrons emission, which differs for H- and H0, and which is also known to change for some materials by up to a factor 2 as a function of beam dose. The absolute accuracy of the measurement should be (20% through the dynamic range. For the H- reading this can be cross-calibrated with an unstripped H- beam of known intensity coming from the Linac. For the H0 beam the cross-calibration is more difficult; possibly the difference in the BLM signal between a known H- beam intensity and an unknown H0 intensity could be used.
An important consideration is the perturbation on the monitor signal induced by the decay of the BS4 magnetic field. The design should be such as to minimise any pickup from this fast-changing field (potentially 0.34 T change in 0.5 ms). It may be necessary to accurately gate the measured signal, since the chicane decay will not start until after the injection has finished.

3.4 time resolution of the measurement

It is not anticipated to require a better time resolution than an integral over the full injection time. This can vary between 
a few s and 100 s for one PSB ring. The monitor only needs to provide one measurement point per H0 and H- channel per injection. 

However, if a better time resolution could be available (say 10 or even 1 s), this would certainly provide a potential advantage for operational diagnostics; the feasibility of this possibility could be explored.
3.5 foil thickness (electron stopping) 
The monitor foil should be thick enough to strip and collect the stripped electrons. The electron energy is 87 keV; for a Titanium foil, the stopping distance estimated from the modified Feather rule [5] is about 25 m, so a Ti foil of 50 m thickness should be sufficient.

3.6 secondary electron emission effects

The secondary electron emission (SEM) yield for 160 MeV H0 and H- can be estimated using the Sternglass theory, as detailed in [6]. At 160 MeV the range of the stripped p+ is much larger than the thickness considered. The effects which must be considered are 1) SEM from the H- or H0 entering the foil; 2) the electrons which are stopped in the foil and 3) SEM from the protons exiting the foil. Adding these contributions together gives the total current expected from the monitor. 
Assuming a dE/dX of 4.2 MeV g-1cm2 for 160 MeV p+ impacting Ti, the expected total SEM yield 1) + 3) is about 0.076, which means that the current measured by the monitor is expected to be 0.92 of the H0 beam ‘current’ and 1.92 of the H- current. The SEM effect is therefore expected to be rather small. To make the instrument as accurate as possible, a material with a rather constant SEM coefficient dependence on beam dose is preferred, e.g. Ti.
A voltage bias to the monitor may allow sensitivity to be slightly improved by capturing the SEM electrons, if feasible.
3.7 Heating from beam impact

The total heat load on a 50 m Ti foil monitor from normal beam operation is, in the worst case of only 90% stripping efficiency, 40 mW. Attention should nevertheless be paid to dissipate this heat.
In the event of a failure of the stripper foil, a full pulse of 2.5(1013 H- ions will impact the monitor, which must be able to withstand this on a one-off basis, several times per year. For a 50 m Ti foil, the corresponding temperature rise at the centre of the beam spot from ionization energy loss is expected to be about 70 K. 
4. Design considerations

The most important design consideration comes from the close integration required between the BS4 magnet, the H0/H- dump and the monitor. These must be designed together with a very close collaboration between the three design teams – to this effect a periodic design review process will be organised.
4.1 impact on BS4 field quality
Since the dump and monitor will be installed inside the pulsed BS4 magnet, the effect of the monitor on the BS4 dipole field should be negligible. A careful check must be made of the proposed design, including all connections, to ensure that it does not perturb the magnetic field of BS4 by more than about 0.1% (exact figure to be confirmed) - this is clearly more difficult to achieve in the case of the fast (0.5 ms) fall time version of the BS chicane than for fall times of around 5 ms.
4.2 mechanical and thermal constraints

The installation of the monitor inside the BS4 magnets poses severe mechanical constraints on the design. 

The monitor cannot be attached directly to the magnet yoke or, in the case of the out-of-vacuum BS design, the ceramic/corrugated vacuum chamber. A method must be found of attaching the monitor directly to the dump, or to the rear vacuum flange or rear face of the magnet, possible by means of thin rods which could also serve as electrical connections.

The monitor must withstand the pulsed magnetic field of 0.34 T and any residual vibration induced by the magnet pulsing.
It must also withstand repeated bakeout cycles of the magnet or of the ceramic chamber, which can be assumed to be to a plateau of 200°C for 24 hours, with a maximum increase/decrease rate of 20°C / h.
4.3 electrical connections and feedthroughs

Since the zone is extremely difficult to integrate, the electrical connections and feedthroughs to the monitor must be incorporated in flanges on the magnet vacuum chamber or the ceramic/corrugated chamber – this means that the connections must be very carefully designed in conjunction with the magnet, to accommodate the required functionalities.

4.4 vacuum requirements 

The monitor shall allow a vacuum of 10‑8 mbar to be achieved with beam. This means that any thermal effects need to be considered, and also that a static pressure of 10-9 mbar without beam should be possible.
4.5 activation and residual dose considerations
The dump and surrounding magnet will become activated and the residual dose is expected to be such that periodic maintenance of the monitor will not be possible. For this reason the monitor design should not rely on any parts which require regular replacement or maintenance, and the design should be robust enough that the lifetime of the monitor is of the order of 20 years under the operating conditions quoted. Redundant electrical connections could be foreseen to improve the reliability.
The radiation dose to any electrical connections, insulators etc. is expected to be of the order of 0.1–1.0 MGy per year, over the 20 year requested lifetime [7]. Appropriate material choice is therefore essential. 
4.6 tracking of radioactive material

A list of the chemical composition of all component parts must be established at design and maintained during manufacture, to enable activation prediction and tracking of radioactive parts.
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�(BM) How did you estimate the annual beam load? Did you take into account a 'long' period with practically no shutdown, 24h running?


�(BM) gating and the varying injection time; in this case the monitor would require a start and stop timing signal corresponding to the start and stop injection.


�(BM) Maybe missing: should we be more specific on input/output signals of the monitor (see remark above) and that this should be compatible with the control system? A connection to the interlock system (I would say to the BIC as we really want to stop the next shot in case of a stripping foil failure) would also be needed; therefore a comparator has to be added to deliver a redundant GOOD/BAD signal to the BIC (certain current level).


Inputs: timing signals for gating or only for synchronised start


Outputs: 2 for BIC, 1 for Laser and monitoring in working set





Do we need a specific application to surveil the monitor? Other than 'equipment survey' application where a survey can be started manually at a certain point?
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