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Introduction
In this note, we try to outline a possible configuration for the LEBT chopper, taking into account a set of beam dynamics simulations and some assumptions regarding the ‘physical’ system and subsystems (e.g.: kicker driver, absorber…). The concept presented in this document is intended to serve as a starting point for further discussions and to identify issues to be addressed in a preliminary design. Note that the first pass at designing a chopper for the LEBT may include features not necessary for the design of an ‘operational’ chopper and/or may not address all of its original requirements [1].
Initial constraints
Functional Requirement Specifications (FRS) for the Project X/PXIE LEBT Chopper have been written [1] and set the scope of the design. However, in order to expedite the design and fabrication of a prototype chopper for commissioning of the LEBT, some requirements have been relaxed (Table 1 below shows the new specifications). Mainly, these new requirements affect the pulsed operation. Concurrently, because of the lack of resources, it was decided to ‘repackage’ and reuse the Ecool pulser. In turns, one hard limit is the maximum voltage that can be applied to the kicker plates, 5 kV.
[bookmark: _Toc332640065][bookmark: _Toc363130540]Table 1. Kicker Requirements
	Pulse Operation
	
	

	
	Single pulse length (> 90% of maximum intensity)
	1-16665 sec

	
	Rise/fall time (10% - 90%)
	< 0.1 sec

	
	Pulse frequency
	1 - 60 Hz

	High voltage
	
	

	
	Maximum applied voltage (V) (DC coupled)
	5 kV

	
	Pulse flatness (peak-to-peak)
	< 100 V

	
	‘Zero’ stability (i.e. in between pulses)
	< 100 V

	Other electrical characteristics
	
	

	
	Kicker capacitance (with cables)
	< 100 pF



The mode of operation of the kicker is such that the beam propagates downstream uninterrupted when the kicker electrodes are not charged up i.e. V = 0 kV – or with a small DC offset. It is first assumed that one of the kicker electrodes is grounded, although the chopper design (as a whole) should permit biasing it to a few volts with minimal modifications in order to clear ions if it is found to be necessary.
The kicker driver should also be capable of ‘draining’ the charge on the kicker plates caused by secondary particles. A drain current of up to 1 mA should be envisioned.
From the beam properties perspective, most constraints are specified in the Project X/PXIE LEBT FRS [2]. For the discussion below, the relevant parameters are the emittance growth, beam loss and extinction efficiency. Namely, the emittance at the entrance of the RFQ should be less than 0.25 mm mrad rms, normalized, the beam loss throughout the LEBT and at any singular location (except the absorber, obviously) should be less than 5% and the extinction efficiency should be 10-4 or better. Note that at this stage of the LEBT design and the inherent uncertainties of the simulations, the requirement for the emittance is expressed rather in terms of emittance growth (percentage) than absolute value. Thus, the goal of the simulations is to limit the emittance growth.
Beam Dynamics Simulations – Initial solutions
Simulations have been carried out both with OptiM [3] and Valeri Lebedev’s MathCAD code a.k.a. VACO. The initial conditions are:
· Beam current I0 = 10 mA
· Beam kinetic energy E0 = 30 keV
· Initial emittance n = 0.11 mm mrad, rms, normalized [from ion source measurements]
· Beta-functions x = 21.5 cm; x = -1.39 (same for y) [from ion source measurements]
· Gaussian beam distribution

Figure 1 shows the beam envelope so-far chosen as nominal. The magnetic field for solenoids 1, 2 & 3 are 3.248, 4.622 and 4.522 kG, respectively. The calculations include space charge (starting in the middle of solenoid 2) and spherical aberrations.
 (
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)
Figure 1: Nominal beam envelope (2.5) calculated with VACO.

The beta-functions at the end of the line are matched to those of the RFQ entrance (x  7 cm; x  1.6; designed). The emittance growth is 75% based on an rms calculation. Note that because the beam is no longer Gaussian at this location, the 2.5 beam envelope appears to be an over estimate of the ‘full-beam’ size.
Figure 2 shows the beam trajectories for a 4.8 kV kick, where the kicker is represented by two 8 cm-long parallel plates with a total gap width of 3.4 cm.

Figure 2: Beam trajectories for V = 4.8 kV on the kicker. ‘zabsorber’ indicates the location of the downstream end of the absorber.

The absorber is modeled as an inclined surface (see schematic in following sections) and ‘zabsorber’ indicates the downstream end of the absorber where the offset (i.e. aperture) is the smallest – a 1.6 cm vertical offset with respect to the beam line axis.
Figure 3 shows the beam envelopes (outermost particle) superimposed with the trajectories zoomed in near the region of the chopper. In this calculation, >98% of the beam is scraped off.

Figure 3: Envelope (1D, outermost particle) of a deflected beam onto the absorber. The centroid trajectory (light blue) is the one shown on Figure 2.

Chopper concept
Schematic
Below is a schematic representing a possible geometry for the chopper, thought to be consistent with the simulations (and vice-versa).

Figure 4: Chopper assembly schematic.

Notes/comments:
· The dimensions of the kicker gap and absorber minimum aperture are such that for 5 kV, 100% of the particles are lost on the absorber, while none are lost with V = 0 on the kicker plates (centered about the beam line centerline i.e. symmetric case).
· At this stage of the design the length of the chopper flange-to-flange is limited to 20 cm and is assumed to be fixed.
· This can be revisited during the (mechanical) design process
· It was decided that the kicker electrodes should not extent beyond the chopper overall envelope i.e. ‘stick out’.
· The 30° angle of the absorber intercepting surface with respect to horizontal is arbitrary. Its purpose is to limit the power density deposited on the absorber by increasing the intercepted beam footprint.
· An ‘open geometry’ is seen as an important design parameter for vacuum management, hence the one-sided absorber.
· The aperture restriction following the chopper proper is for differential pumping in order to limit the gas load to the RFQ.

Shortcomings and issues
The chopper geometry depictured on Figure 4 and its associated characteristics do not completely satisfy all high-level requirements.
1. While for V = 5 kV, 0% of the beam is transmitted downstream, there is no margin of error i.e. it is  0 for just a few 10’s of volts lower than 5 kV.
2. The beam size at the absorber ‘exit’ is 1.48 cm (2.5) while the ‘aperture’ is 1.6 cm. Too close?
3. When the beam is deflected, it scrapes off the kicker electrode.
Discussion
Even by allowing the emittance growth to be larger, there does not seem to be any satisfactory optics solution that would address the issues just mentioned above (at least for 10 mA; for 5 mA, more solutions exist). Hence, the chopper geometry has to be modified. Options to be considered include:
· Increase the drift distance between the kicker and the absorber; however, this contradicts the design goal of minimizing the overall length of the LEBT
· Make the kicker electrodes ‘part’ of the absorber i.e. when the beam is deflected, some of it is intercepted by the kicker plate(s)
· Make kicker asymmetric i.e. the beam centroid trajectory is closer to one of the electrodes in the non-deflecting case, leaving more room in the direction of the kick for the beam to stay clear of the electrodes
On paper, the simplest option is to allow the beam to intercept the kicker electrodes when it is deflected. This way, the kick strength can be amplified by both making the gap thinner and the electrodes longer without changing the beam sizes within the chopper (which is not quite possible). At the same time, the overall length of the chopper does not need to change (or could it be made shorter?).
Modified chopper design schematic
Figure 5 shows a possible evolution of the chopper assembly which attempts to address the shortcomings of the 1st version. The major differences are:
· The length of the kicker electrodes is increased from 8 cm to 10 cm
· The total length of the chopper proper is unchanged
· The kicker electrodes are bent away from the centerline on the downstream side
· The main purpose is to maintain an acceptable safety margin for the envelope of the un-deflected beam
· The clearance at the entrance and exit of the kicker is ~1.5 (of a ±2.5 beam)
· The kicked beam will still be intercepted by the kicker electrode
· The kicker gap is reduced from 3.4 cm to 3 cm to increase the kick strength
· It increases the beam displacement at the absorber to avoid having beam propagating downstream when it is kicked
In addition, Figure 5 shows an example of the space taken by a toroid. It suggests that there may be means to shorten this section of the LEBT, which in turn might be beneficial for controlling the emittance growth.
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Figure 5: Chopper assembly schematic (2nd generation). The orange ‘element’ labeled ‘ICT-CF4”1/2-34.9-40-UHV’ represents an off-the-shelves toroid unit from Bergoz, mostly for sizing purposes but its characteristics appear to be appropriate for PXIE too.


Simulations
Simulations with VACO of a deflected beam corresponding to the configuration of the chopper shown on Figure 5 are displayed below. The beam initial parameters are the same as for the calculations presented earlier.

[image: ]
Figure 6: Beam envelopes in the chopper vicinity for the 2nd generation design. Envelopes are for a 2.5 beam. V = 4.5 kV.

The beam centroid trajectory was calculated with UltraSAM (Figure 7) although the parallel plate calculation gives a very similar trajectory (and this is the way it is computed in VACO).
[image: bentkicker2_01.eps]
Figure 7: Trajectory calculation of a particle going through the LEBT chopper. V = 4.5 kV (‘bottom’ electrode at 0 kV).

In this configuration, with ‘only’ a 4.5 kV kick, the -2.5 edge of the beam is ~1 away from the absorber edge.
Intermediate comments
The last chopper configuration presented above is neither ideal nor final. In fact, the outcome of the simulations indicates that some of the dimensions shown on Figure 5 may be relaxed.
For instance, the absorber ‘aperture’ could be a little bit larger so that there would be more clearance for the passing beam, while still having a good margin for errors when kicking the beam onto the absorber. And/or the kicker gap could be increased a little, again to leave more room for the un-deflected beam to go through.
For example, ~100% of the beam is lost (on the kicker electrodes and/or absorber proper) for the following 2 cases, without changing the beam optics:
· V = 4.5 kV, kicker gap = 3.2 cm and absorber offset/aperture = 1.7 cm
· V = 5 kV, kicker gap = 3.4 cm and absorber offset/aperture = 1.8 cm
Other miscellaneous considerations
Many parameters other than the beam dynamics influence the design of the chopper (kicker and absorber). For instance:
a. Absorber geometry:
On one hand, an open, one-sided absorber configuration (such as the one depictured on the schematics of Figures 4 & 5) helps with pumping in an area with a big gas load. On the other hand, an absorber with a large intercepting surface, e.g.: cone, may be needed to dissipate the deposited power.
Another possibility, more appropriate for the one-sided absorber configuration, would be to offset the kicker with respect to the beam line centerline (and ideal trajectory for the beam) in the direction of the kick. In this case, it may be possible to avoid scraping the deflected beam.
b. Secondary particles:
The power carried away by secondary particles (electrons? protons?) after hitting the absorber will not be negligible. This ‘reflected power’ will be dissipated on other surfaces in the vicinity of the absorber and needs to be taken into account. These surfaces may have to be water-cooled and/or more complicated and engineered solutions may have to be considered.
Secondary particles may also propagate downstream and would need to be dealt with from a vacuum management point of view (‘plume’). It is envisaged to implement differential pumping at the exit of the chopper, as illustrated on Figure 4 (and suggested on Figure 5 via the proposed toroid).
c. Movable absorber:
As a prototype and given the many uncertainties regarding the beam distribution, it may be useful to design the absorber such that its position with respect to the beam line centerline is variable. It probably does not need to be motorized and remotely controlled.
d. Should the absorber surface be visible?
Having the capability of viewing the absorber surface through a window would ease estimating the beam size, hence the power density deposited on the absorber. Note that at this low energy it is not possible to detect OTR light.
e. Electrically insulated absorber and/or kicker:
Ideally, one would want to have both the absorber and the kicker electrically isolated. It would allow measuring the currents balances on the intercepting surfaces.
f. Protection from direct beam exposition for kicker plates/electrodes, elements downstream of the kicker…
There are several approaches to the question of machine protection. For the chopper, one possibility is to design the kicker such that it can sustain full beam power. In fact, one might consider eliminating the absorber proper altogether and use one of the kicker electrodes as the absorber.
Another possibility is to insert more scrapers before the kicker electrode and after the absorber. These scrapers may or may not be capable of withstanding the full beam power.
Concurrently, a Machine Protection System (MPS) will monitor and interrupt the beam when ‘dangerous’ conditions (for the hardware) are identified. Specifications for the MPS for this sub-system would depend on how robust one chooses the mechanical design to be. For instance, if the kicker is designed such that it can withstand the full beam power (or maximum power density), then the MPS response time may be slower than if it could not.
g. DC voltage offset on one of the kicker plates:
The provision should be made to be able to bias one of the electrodes to a few hundreds of volts. The main purpose would be the kicker to act as an additional clearing electrode. The impact on the primary beam (additional emittance growth?) would have to be measured.
Voltage stability
An important feature of the transport scheme chosen for the PXIE LEBT is the un-neutralized transport section starting in the 2nd solenoid. The main drawback of this scheme is that the relatively strong space charge of the beam leads to emittance growth (more so than other sources of non-linearities in the beam line). Thus, it is important not to introduce more sources of emittance dilution.
In the case of the chopper, small voltage variations/oscillations make the beam wobble around its unperturbed trajectory. While not necessarily leading to true emittance growth, this constant motion of the beam is viewed as an ‘effective’ emittance growth by the downstream optical elements, the RFQ in particular. Therefore, it is necessary to limit this motion, which leads to certain specifications for the kicker driver. Note that for the deflected beam, there is no notion of emittance growth and the only requirement is that the beam motion induced by these voltage oscillations does not result in having some of the beam passing by the absorber. This needs to be taken into consideration when designing the chopper by leaving enough overhead for errors.
To obtain an estimate of the voltage flatness required, a set of simulations was carried out with VACO for various small kicker voltages. The figure of merit was for the effective emittance growth to be ~5%. Figure 8 below shows the x-x’ phase-space distributions at the entrance of the RFQ for a non-deflected beam and for a beam displaced by a voltage kick of ±75 V.
[image: ]
Figure 8: Vertical phase-space distributions at the RFQ entrance for Vkick = 0 V, 75 V and -75 V.


The emittance growth due to the kick is estimated by calculating the statistical rms emittance (i.e. ) of the 3 distributions as if the ensemble of macro-particles was the distribution of a single beam, and comparing it to the statistical rms emittance of the un-deflected beam distribution. For Vkick = ±75 V, the emittance growth is /0 = 4%. Note that this estimate can be interpreted as a peak-to-peak. In a rms sense, the calculated emittance growth would be smaller.
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