
MEBT - Medium Energy Beam Transport
The Medium Energy Beam Transport (MEBT) transports the 2.1 MeV, 1-10 mA H- beam between the RFQ and the HWR cryomodule with low emittance growth (< 10%) and low beam loss of the passing bunches. 
Typically, the main functions of an MEBT are to provide optical matching between RFQ and the main linac and to include tools for measuring the beam properties. The PIP-II MEBT is envisioned to have, in addition, several other distinctive features. 
First, many of the PIP-II MEBT properties are determined by the bunch-by-bunch selection concept.  The MEBT wideband chopping system directs unneeded bunches of the initial true-CW 162.5 MHz train to an absorber according to a pre-selected pattern and transfers bunches chosen for further acceleration into the SC Linac with minimum distortions. This bunch separation is performed with two kickers separated by ~180º of betatron phase advance; the absorber is positioned at ~90º of phase advance downstream of the second kicker. Implementation of the chopping system requires significant elongation of the MEBT. On the one hand, the system itself requires ~5 m of the beam line. On the other hand, the high power density of the removed bunches on the MEBT beam absorber makes the absorber a critical and inherently risky device. To alleviate possible catastrophic effects on the SRF cavities in a case of an absorber vacuum failure, it is prudent to separate the absorber from the first cryomodule, HWR, by a beam line containing only more conservatively designed devices. The length of this region, determined by the time of closing a fast acting vacuum valve in front of the HWR and a speed of shock wave propagation, needs to be ≥5 m.
The second distinctive feature of this MEBT is a system of scrapers that protects from an errant beam both the SRF cavities and sensitive elements of the MEBT itself. 
Finally, the MEBT allocates a space for a wall in the direction transverse to the beam propagation to suppress radiation from the main linac to the warm front end. It should allow servicing the ion source with the PIP-II delivering the beam.
The complete list of the MEBT functional requirements is presented in Ref. [M1]. 
The chosen solution assumes a 14 m long MEBT with transverse focusing provided mainly by equidistantly placed quadrupole triplets with the exception of the two doublets at the RFQ exit.  In this text, the spaces between neighboring triplets or doublets are referred to as MEBT sections. To keep the beam properly bunched, the MEBT includes four identical bunching cavities. The structure of the MEBT is represented schematically in Figure 2.1.1.
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Figure 2.11: The MEBT structure. Sections are color-coded according to their main functions: green- vacuum, blue- RF, yellow- instrumentation, and pink – chopper.
The period in the regular part is 1175 mm, which leaves a 650-mm long (flange-to-flange) space for various equipment (480 mm in the section between doublets labeled #0 in Figure 2.11).

[bookmark: _Toc419582927]DESIGN CONCEPTS OF MAJOR SUBSYSTEMS 
[bookmark: _Toc419582928]SC Linac
1.1.1. [bookmark: _Toc419582929]Warm Frontend 
The PIP-II frontend consists of an ion source, Low Energy Beam Transport (LEBT), Radio Frequency Quadrupole (RFQ), and Medium Energy Beam Transport (MEBT). The H- beam originates from a nominally 5 mA (nominal, 10 mA peak) DC ion source and is transported through the LEBT to a CW normal-conducting RFQ, where it is bunched and accelerated to 2.1 MeV. In the MEBT a bunch-by-bunch chopper provides the required bunch patterns, removing 60-80% of bunches according to a pre-programmed timeline. To foresee possible upgrades, all elements of the frontend are designed for beam currents of up to 10 mA. The beam energy of 2.1 MeV is chosen because it is below the neutron production threshold for most materials. 
.
MEBT – Medium Energy Beam Transport
The H- beam accelerated in the RFQ to 2.1 MeV enters the MEBT line, where it is chopped and matched for injection into the HWR cryomodule. The MEBT structure is presented schematically in Fig. 2.11, and replicated below for reading convenience as Fig.2.1.1.1.0. 
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Figure 2.1.1.1.0: The MEBT structure. Sections are color-coded according to their main functions: green- vacuum, blue- RF, yellow- instrumentation, and pink – chopper.
In addition to chopping and matching, the MEBT contains tools to measure the beam properties; a scraping system to protect both the SRF cavities and sensitive elements of the MEBT itself; and a vacuum system. In this chapter, the following major MEBT subsystems are discussed:
1. Transverse focusing
2. Longitudinal focusing
3. Chopping (kickers and absorber)
4. Scraping
Note that the vacuum system, instrumentation, MPS, HLRF, LLRF, and controls are described in other sections of this document and are mentioned here only as they are relevant to the overall design. 
Transverse focusing
Transverse focusing is provided primarily by equidistantly placed quadrupole triplets; the only exception is two doublets at the RFQ exit. Each triplet or doublet is followed by a pair of dipole correctors. The design of the central quadrupoles incorporates mounting the BPMs to their pole tips in order to assist with trajectory tuning. The specifications for the quadrupoles and correctors are listed in [M2]. Fig. 2.1.1.1.1 shows the air–cooled magnets produced by BARC, India, according to these specifications, installed at PXIE.
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Figure 2.1.1.1.1. The MEBT section #0 as installed at PXIE. A quadrupole doublet is followed by a dipole corrector set, a scraper assembly, and a bunching cavity. A BPM is placed between the quadrupoles and is attached to the pole tips of the upstream quadrupole. 
The spaces between neighboring triplets or doublets are referred to as MEBT sections. The section separation in the regular part of the MEBT is 1175 mm, which leaves a 650-mm long (flange-to-flange) space for various equipment (only 480 mm in the section between doublets labeled #0 on Figure 2.1.1.0). 
The 3σ envelopes of the passing-through bunches are presented in Fig. 2.1.1.1.2, and corresponding simulated emittances along the MEBT are shown in Fig. 2.1.1.1.3.
The envelope is kept varying gently over the MEBT length to avoid an emittance growth and is smaller only at the entrance and exit, where matching to RFQ and HWR occur. The notable exception is Section #8, where the vacuum chamber diameter is reduced to 10 mm over 200 mm. This insert is a part of Differential Pumping Section that restrict the gas released in the absorber from propagating toward the SRF.
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Figure 2.1.1.1.2. 3σ envelopes of the passing-through bunches simulated with the TraceWin code. The average beam current is 5 mA. Zero position corresponds to the end of the RFQ vanes. The initial distribution is Gaussian in each of 6 dimensions. The initial transverse emittances are equal, 0.21 µm, and the longitudinal emittance is also 0.28 µm (both rms, normalized).
Longitudinal focusing
To keep the beam properly bunched and to match its longitudinal phase space to the first superconducting cryomodule, the MEBT includes 4 identical room-temperature bunching cavities. The cavities are specified in [M3] and described in [M4]. Each cavity is a quarter-wave 162.5 MHz resonator with the nominal accelerating voltage of 70 kV (at β=0.0668). A cavity manufactured according to the specifications and installed at PXIE is shown in Figure 2.1.1.1.1.
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Figure 2.1.1.1.3. Simulated dynamics of the normalized rms beam emittance along the MEBT.
Chopping system
The chopping system envisioned for the PIP-II MEBT consists of two identical kickers and a beam absorber. The kickers, deflecting the beam in the vertical (Y) direction, are separated by a phase advance of ~180º (Y-direction) and synchronized, allowing the summation of their deflections. The absorber is at an additional ~90º of the phase advance with respect to the last kicker so that the angle introduced to a bunch by the kickers is translated at the absorber location into a 6σ separation in Y between the centers of the bunches designated for removal (“chopped-out”) and for acceleration (“passed–through”). In the main scenario of the kicker operation, both the chopped-out and passed-through bunches are deflected but into opposite directions, by applying opposite voltage polarities to the kicker plates. The simulated Y beam envelopes for these two cases are compared in Fig. 2.1.1.1.4. 
Both the kickers and the absorber require state-of-the-art designs. 
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Figure 2.1.1.1.4. 3σ envelopes of the passing- through (a) and chopped-out (b) bunches simulated with TraceWin. The top plot is identical to the middle plot of Fig. 2.1.1.1.2 and shown for comparison. For simulation (a), voltages on the top and bottom plates of the first kicker are -250 V and +250 V, correspondingly, and opposite for the second kicker, (+250V, -250V). For simulation (b), all voltage values are inverted, i.e. (+250V, -250V) for the first kicker and (-250V, +250V) for the second.
Kickers
Each kicker is a 50 cm set of electrostatic plates connected by a broadband, travelling-wave structure. The transverse electric field of the kicking pulses propagates through the structure with a phase velocity equal to the speed of the H- ions (20.0 mm/ns, β= 0.0668). Specifications for the kicker can be found in Ref. [M5]. The voltage on each plate for the portion of the pulse co-propagating with a bunch is sufficiently flat (within 25 V) over the expected 6σ bunch length (1.3 ns, or 26 mm) to minimize the emittance growth. The bunches are separated by the period of the 162.5 MHz RFQ frequency. The corresponding distance, 123 mm, is much larger than the gap between the kicker plates, 16 mm, and, therefore, the electric field deflecting a bunch is not directly affecting the neighboring ones. 
Based on the experience from other labs (see, for example, [M6]), special attention is paid to the survival of the kickers in real operational conditions, where errors are unavoidable. First, the design is specified to withstand a steady-state radiation from a 20 µA beam loss (0.4% of the nominal 5 mA beam) and an accidental loss of 20 J (2 ms at 5 mA). Second, the aperture is limited to 13 mm by electrically-isolated protection plates on both sides of the kicker so that in the case of a mismatched transport, the intercepted beam current on these plates triggers the beam turn-off through the MPS.
Presently two versions of the kicker are being investigated [M7]. In this document, they are referred by the characteristic impedance of their travelling wave structures, 50 Ohm and 200 Ohm.  
The primary candidate is the 50-Ohm version, where the kicker plates are connected in vacuum by cable delay lines (purple loops in Figure 2.1.1.1.5a). 
[bookmark: _Ref344906168][image: ]
[bookmark: Figure_3_4][bookmark: _Ref358382283][bookmark: _Toc426115980]Figure 2.1.1.1.5: (a) 3-D model of the 50-Ohm kicker structure (side walls of the vacuum box are removed for presentation purpose). (b) One plate of the kicker during assembly. (c) Kicker under power testing.
Each kicker is driven by two commercially available linear amplifiers. Because these amplifiers are AC–coupled, the pulse applied to each bunch is bipolar with zero average over a 162.5 MHz period. Signal distortion caused by the imperfections of the amplifier characteristics, cabling, and dispersion in the kicker structure are corrected by a corresponding pre-distortion of the amplifier’s input signal. The scheme was successfully tested with a similar amplifier of a lower power as shown in Figure 2.1.1.1.6 from Ref.  [M7]. 

[image: ]
Figure 2.1.1.1.6: Test of the CBA 1G-150 amplifier with pre-distortion. (a) scheme of the test; (b) pre-distorted input signal and (c) corresponding output signal for a single pulse; (d) output for a CW pattern, corresponding to removal of four consecutive bunches followed by a one-bunch passage.

The 200-Ohm travelling-wave structure is a helical winding around a grounded cylinder with plates attached to the windings (Figure 2.1.1.1.7). 
[image: ]   [image: ]
[bookmark: _Ref344906206]
[bookmark: Figure_3_5][bookmark: _Ref359320153][bookmark: _Toc426115981]Figure 2.1.1.1.7: Conceptual design (left) and photograph (right) of a single-helix model of the 200-Ohm dual-helix kicker.
The main idea for this scheme is that the high impedance decreases the power requirement for the driver to the level where a state-of-the-art fast switch can be developed to drive the kicker. Since such driver is DC-coupled, the pulse can remain unipolar during each 162.5 MHz period. Consequently, the 500-V transitions between chopped-out and pass-through states can be monotonic, with no high-frequency components, which significantly simplifies the requirements of the travelling-wave structure (e.g. dispersion at high frequencies). 
An example of an output pulse of a prototype driver is shown in Figure 2.1.1.1.8. 
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Figure 2.1.1.1.8: Example of an output pulse of a prototype driver being developed at Fermilab. The blue curve is the measured output voltage of the fast switch shaped to remove two bunches out of a CW sequence. The orange lines indicate the ±5% tolerance boundary for the voltage stability and mark the assumed position of the bunches and their 6σ length. 
Note that because of the non-standard impedance, custom-made feedthroughs, transmission lines, and current loads had to be developed for this scheme.
[bookmark: _GoBack]Development of both versions has not found any showstoppers yet. Prototypes of each kicker went successfully through high-power (thermal) tests and low-power RF measurements. The 50-Ohm kicker development advanced further, and the amplifiers are available for purchase. The 200-Ohm kicker scenario is potentially cheaper, though the driver is still in the R&D phase, and its CW performance has not been demonstrated. Decision of which version to choose for the final implementation at PIP-II will be based on the results of tests at PXIE.
Absorber
The undesired bunches are directed onto an absorber that is displaced vertically from the beam line axis. To accommodate the entire beam that the upstream system is capable of delivering, the absorber is specified in Ref. [M8] for the maximum beam power of 21 kW (a 10-mA CW beam completely diverted to the absorber). The power density in the beam with a ~2 mm rms radius exceeds by an order of magnitude what is technically possible to intercept at normal angle of incidence without melting the surface. To decrease the surface power density, the absorber is positioned at a small angle (29 mrad) with respect to the beam (Figure 2.1.1.1.9).
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[bookmark: Figure_3_6][bookmark: _Ref358382388][bookmark: _Toc426115982]Figure 2.1.1.1.9: A conceptual design of the MEBT absorber. Left: a side-view cross section of the absorber showing (a) the beam incident on the surface, (b) the segmented absorber blocks, (c) the shadowing step increment (magnitude exaggerated), (d) the 300µm wide by 1mm pitch water cooling channels. Right: an exploded view of the absorber assembly showing (e) the incoming beam, (f) the flange-mounted absorber subassembly (g) the absorber blocks, (h) the enclosure with provisions for secondary particle absorption, (i) the turbo pumps.  
Challenges in the absorber design include spreading the energy deposition, managing surface effects (sputtering and blistering), containing secondary particles, accommodating radiation effects, maintaining vacuum quality, and survival at high temperatures with temperature-induced mechanical stresses. Presently the design choice is an absorber with an absorbing surface composed of multiple absorber blocks made of the molybdenum alloy TZM and preloaded against a water-cooled aluminum strongback [M9]. In comparison with an initially considered monolithic design, this solution scarifies slightly the thermal conductance from the absorber surface to decrease dramatically the chance for catastrophic failure if a crack developed at the absorbing surface propagates all the way to the water channels. Power management in a ¼-size prototype of such design was successfully tested on an electron-beam test stand [M9].
Scraping system
Each of the sections #0, 1, 8, and 10 in Figure 2.1.1.1.0 contains a set of 4 scrapers (Left, Right, Top, and Bottom), totaling 16 plates. A scraper is an electrically-insulated, 75W-rated TZM plate movable across the 30-mm MEBT aperture [M10].  The scrapers will be used for several purposes: for beam halo measurements and removal, protection of downstream equipment from a beam loss caused by beam envelope and trajectory mismatches, as auxiliary beam density distribution diagnostics, and formation of a pencil H- beam for measurements downstream (the last two in the short-pulse mode of operation only). The scraper sets in each of the upstream and downstream pairs are separated by a phase advance of ~90o to ensure removing effectively particles with large transverse actions.
A simulated example of the protection the scrapers provide is shown in Figure 2.1.1.1.10. The simulation considers a mis-phase of the kickers, so that the voltages on all kicker plates are half of the nominal value required for chopping bunches out. In this scenario, a significant portion of the beam misses the absorber but is intercepted by a scraper downstream. 
[image: ]
Figure 2.1.1.1.10: Beam Y 3σ envelope with voltages on all kicker plates equal to half of the nominal value required for chopping bunches out. 
In CW mode, scraper irradiation creates outgassing and possibly generates dust particle due to blistering and sputtering. Considering this, the design assumes that steady-state scraping removes ~1% of every bunch with the first two scraper sets and ~0.1% with the third and fourth. 
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