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2. 
2.1. 
Linac-to-Booster Beam Transport 
2.1.1. [bookmark: _Toc419582909]Particle Loss and Limitations on Beam Transport Parameters
Low loss beam transport is critical in the operation of a MW class facility. The H- transport should have sufficiently small loss to minimize residual radiation in the tunnel. It is highly desirable to keep the residual radiation level below 15 mrem/hr at 30 cm from component surface. Many facilities use the metric of 1 W/m as a limit for “hands on” maintenance; however, at energies about or above 1 GeV, a 1 W/m loss rate produces a peak contact residual dose rate of ~150 mrem/hr at 30 cm on a bare beam pipe [34]. Although magnets shield the radiation and significantly reduce the residual activation on their external surfaces, the radiation of unshielded pieces including magnet interfaces and instrumentation locations has to be sufficiently small. That sets the maximum acceptable loss rate. These levels are based upon MARS calculations and used for order of magnitude estimations. A more accurate estimation will be required once a detailed model of the transport line is available. Setting a desirable activation level to 15 mrem/hr at 30 cm results in a loss goal of ~0.1 W/m at energies about or above 1 GeV. Initial Linac operation will be in a short-pulse regime where the total beam power is about 18 kW. Consequently, a fractional loss rate of 5×10-6 m-1 is required. Future CW operation will require a fractional loss rate limit of about 5×10-8 m-1. 
The primary loss mechanisms for 0.8 GeV transport are the H- intra-beam stripping, Lorentz stripping, inelastic beam-gas scattering, and scraping of beam halo on the apertures. Stripping due to black-body radiation inside the room temperature beam pipe is negligible at this energy. 
As shown in Figure 2.21, the intra-beam stripping in the Linac results in an acceptable loss rate even in the case of CW beam. The particle momentum spread results in natural debunching in the course of beam transport from the Linac to the Booster, so that the bunch length increases by more than an order of magnitude (from 1.1 mm to about 14 mm). The strength of transverse focusing in the beam line is similar to the focusing strength at the Linac end. That leads to the reduction of intrabeam stripping in the same proportion resulting in its contribution at the level of 100 W/m at the end of the transport line for 1% duty factor.
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[bookmark: Figure_2_29][bookmark: _Toc426115931]Figure 2.29: Fractional loss due to Lorentz stripping for 0.8 and 1 GeV H- beams traveling in a dipole field. 
Beam motion in a magnetic field excites an electric field in the beam frame. If this electric field is sufficiently strong, it can detach a weakly bound outer electron (Lorentz stripping) from the H- ion. The results of experimental measurements for H- lifetime are presented in Ref. [35] and can be approximated by the following equation:

	 ,	
where the constants are A=2.47∙10-8 s V/cm, B=44.94∙106 V/cm. Figure 2.29 shows the corresponding loss rates per meter for a 0.8 and 1 GeV H- beams as a function of magnetic field. 
The magnetic field in the dipoles of the Transfer Line is such that the loss rate would not exceed    10-8 m-1 for a beam of 1 GeV energy. This corresponds to a limit of 2.77 kG equivalent to a bending radius of 20.431 m.  Keeping the same radius of curvature for the 0.8 GeV beam yields a limit for the magnetic field in the dipoles of 2.39 kG with a loss rate of 3∙10-13.
The loss rate due to H- scattering on residual gas molecules is proportional to their density and their ionization cross sections. The cross sections decrease proportionally to -2 and therefore are weakly dependent on energy for energies about or above 1 GeV. The cross section of H- stripping for 0.8 GeV beam on residual gas is about 10-19 cm2 for atomic hydrogen [36] and grows approximately proportional to Z for heavier atoms. The requirement of 10-8 m-1 for partial loss rate yields a vacuum requirement of 10-8 Torr or better for H2 and about an order of magnitude better for heavy molecules (hydrocarbons, water, etc.). Consequently, an application of vacuum practices developed at Fermilab for not-baked vacuum systems, which routinely achieve low 10-8 Torr, should be sufficient. 
2.1.2. [bookmark: _Toc419582910]Linac-to-Booster Transfer Line 
The Linac-to-Booster Transfer Line transports the beam from the exit of the SC Linac to the injection magnet of the Booster. 
The SC Linac beam orbit lays on the horizontal plane at the same elevation of the Booster beam plane that is 726.48 ft. (221.431 m) above the sea level. The Linac elevation on the enclosure floor is 4.265 ft. (1.300 m) giving the estimated elevation of the Linac floor at 722.215 ft. (220.131 m) above the sea. The initial part of the Transfer Line and its enclosure elevations are identical to the Linac’s ones. The injection into the Booster will be vertical, with a C-Dipole placed 13.23 in. (33.6 cm) above the Booster injection straight. The angle formed by the direction of the Linac with the Booster girder is around -210 deg. To realize this bending angle it is convenient to use 32 dipoles of length 2.45 m and field of 2.406 kG. This is a good compromise between keeping the field below the limit value, feasibility of magnet production, power consumption and cost. All these dipoles are connected in series and powered by a single power supply. 
The first section of the Transfer Line beginning at the end of the Linac is reserved for a future energy upgrade and consists of a 4-period doublet lattice with distance between doublets equal to the length used in the HB650 section of the Linac. Such choice allows the installation of four additional HB650 cryomodules in the future, so that the Linac energy could be upgraded to about 1.2 GeV. 
The momentum spread of the Linac is sufficiently small, thus RF debunching is not planned and, consequently, no debunching RF cavities are anticipated. To keep the dispersion and beta-functions comparable to their values in the SC Linac and Booster, a FODO lattice provides the focusing along the line between energy upgrade and Booster injection sections. Geometrical constraints set the length of the cells to be around 11.8 m. 
To minimize the total length of the line the entire bend is split into two arcs. That also minimizes undesired intersections with existing tunnel enclosures, utility/communication corridors, and cryo lines. The first arc drives the beam off the Linac axis, away from the linac enclosure and the Linac energy upgrade area. The second arc completes the bend. A straight transport line connects the two arcs. Figure 1.1 shows the PIP-II site layout including the SC Linac, Transfer Line and Booster. 
FODO cells have 90 deg. and 111 deg. horizontal and vertical phase advances in order to have cancellation of horizontal and vertical dispersion at the end of the arcs. The cells of the straight section and of the arcs are identical except that in the arc cells dipole magnets are inserted between the quadrupoles. Such choice automatically assures that arcs and straight sections are matched to each other, and allows one to connect all focusing (defocusing) quads serially and power them from a single power supply. The two arcs are composed of 4 and 12 cells and are both achromatic, while the straight section between the arcs consists of 8 cells. A low power collimator is installed in the center of the first arc where the maximum dispersion is achieved. It scrapes off-momentum particles, leaving a momentum window of about ±1.5∙10-3. The length allocated for the collimator is about 1 m. Since each arc cell includes two dipoles, the packing factor of the arcs is 42%. This choice leaves sufficient space for horizontal and vertical correctors after each focusing and defocusing quadrupole respectively, as well as for ion pumps, BPMs and other instrumentation. It also foresees space for a possible installation of debunching RF cavities and additional collimators if needed in the future. The integrated strengths of the quadrupoles is fixed by the constraints on the phase advances per cell and result in about 0.25 m-1 and -0.28 m-1 (L=20 cm, G=0.61 and -0.69 kG/cm at Ekin = 800 MeV). 
The second arc of the Transfer Line crosses perpendicularly the Main Ring tunnel where the Switchyard beamline is located. This line brings beams extracted from the Main Injector (at energy up to 120 GeV) to the Fermilab Test Beam Facility and is scheduled to be still in use at the time of PIP-II operations. To avoid this line the Transfer Line enclosure is intersecting the Main Ring tunnel while the first few dipoles of the second arc are rolled around their longitudinal axis in order to raise the beam elevation of about 1.3 m at the crossing point with the Switchyard. This elevation will be enough to ensure about 2.4 m (8 ft.) vertical clearance in the Main Ring tunnel, required for equipment transportation and maintenance. After the crossing, the dipoles of the arc are rolled in the opposite direction and bring the beam at around the same elevation of the Linac. This vertical bump creates vertical dispersion and perturbates the horizontal one; therefore, all the other dipoles in the arc are rolled by some angle, in order to cancel the perturbations. The particular choice of the phase advances per cell also helps to keep the 2 arcs achromatic. Preliminary calculations show that the horizontal and vertical coupling produced is negligible.
The last section of the Transfer Line starts downstream the second arc and is aligned with the Booster injection straight. The injection is in the vertical plane with a C-Dipole bending the beam downward into the Booster as shown in Figure 2.30. To bring the beam to the elevation of the C-Dipole a vertical dogleg is realized using two bending dipoles of length 1.8 m and magnetic field equal to 2.5 kG. Quadrupoles are placed before the first vertical bend and a triplet is placed after the second bend to match the Twiss parameters for efficient injection into the Booster. The C-Dipole is 1.8 m long with a magnetic field of 3.26 kG.
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[bookmark: Figure_2_30][bookmark: _Toc426115932]Figure 2.30: Schematic layout of the injection beam line.
Since dispersion and beta-functions in the Transfer Line and in the HB650 section of the Linac have similar values, it is possible to use a vacuum chamber of identical size in both the sections. For efficient transmission of the beam in the Transfer Line, a circular 1.5” stainless steel pipe of 2 mm thickness and beam aperture of 34 mm in diameter can be used. 
The optical functions of the entire Transfer Line are presented in Figure 2.31. The maximum horizontal dispersion in the arcs is about 4.0 m. The ±1.5 cm aperture limitation in the momentum collimation corresponds to a ±18 momentum aperture for the nominal rms momentum spread at the Linac end (p =2∙10-4).   
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[bookmark: Figure_2_31][bookmark: _Toc426115933]Figure 2.31: Optics of the Transfer Line from the SC linac end to the stripping target.
[bookmark: _Toc419582911]In the sixth and seventh cells of the straight section, it is installed the beam switching system to direct the beam to the Dump Line or to a future upgrade of Mu2e experiment instead of directing it to the Booster. The Dump line consists of 5 dipole magnets of the same family used in the arcs directing the beam horizontally to the dump, placed in an area 10 m away from the other beamlines. Beam focusing is provided by alternate focusing and defocusing quadrupoles of the same family used in the arcs, for a total of 4. Dipoles and quadrupoles of the Dump Line are powered in series with the other magnets of the Transfer Line. The dump is able to dissipate around 10 kW of beam power. A sweeping magnet in the long drift before the dump helps reduce the density of energy deposited by the beam on the surface of the dump. Twiss functions of the complete line from the end of the SC Linac to the dump are showed in Figure 2.32 when the switching system is on.   
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Figure 2.32: Optics of the Transfer Line from the SC Linac end to the dump.
The beam switch consists of a fast corrector placed right after the focusing quadrupole of the sixth cell and a Lambertson septum with 3 apertures, placed after the focusing quadrupole of the seventh cell. When the field in the fast corrector is switched on the beam is deflected offset from the vacuum chamber axis and continues its trajectory through 2 large quadrupoles necessary to accommodate the increasing cross section of the pipe. When the beam reaches the septum, it enters in a lateral aperture where the magnetic field deflects it into the Dump Line. If the polarity of the field in the fast corrector is inverted the beam is deflected in the opposite direction and reaches the other lateral aperture of the septum where the magnetic field deflects it to the Mu2e line forseen in the future (see Appendix I). If the fast corrector is switched off, the beam remains on the vacuum chamber axis and reaches the central aperture of the septum where there is no field and continues to the Booster. The design of the switch system is showed in Figure 2.33 where 10 envelopes of the deflected and undeflected beams are presented.
The fast corrector is designed such that, if necessary, the field can be switched on and off in ~20 s as required by the beam based energy stabilization discussed below. It is powered by its own power supply and the vacuum chamber in its gap is a 1 mm thick ceramic pipe, to avoid parasitic current power losses. The Lambertson septum, like the other magnets, is DC. The strength of the fast corrector and septum are 0.15 and 3.6 kG∙m, respectively.
2.1.3. Beam Based Linac Energy Stabilization 
As shown below a high quality injection into the Booster requires the energy stability better than 10-4. Present experience does not guarantee that such energy stability can be achieved if the beam energy is stabilized only by internal feedbacks separately stabilizing each cavity voltage. In this case, the beam based energy stabilization is the only possibility to address the problem. Similar approach is used in the present Fermilab linac. The energy correction is applied to the cavities of the last SC cryomodule where the synchrotron motion is greatly slowed down and voltage variation will have little effect on beam dynamics. It is expected that such a system will improve the energy stability from the 10-3 level achieved with local feedbacks to the desired value of better than 10-4. 	Comment by Valeri A. Lebedev x2558 13122N: from SH: Are there any issues with intra-pulse stability?
VL. NO, only an average is important

from SH: What about stabilization of the injection field (Bmin) in the Booster?
VL. It will be addressed in the course of PIP
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[bookmark: Figure_2_32][bookmark: _Toc426115934]Figure 2.33: Horizontal 10 envelopes of the beam directed to the Booster (blue) and to the dump (red). Inverting the polarity of the field in the fast corrector the beam follows a symmetric trajectory to the Mu2e experiment upgrade.
To avoid unnecessary beam loss in the transfer line and the Booster the beam is initially directed to the beam dump located at the linac end (see Figure 1.1). After the energy is stabilized to the required level (~100 s later) the beam is switched to the transport line and delivered to the Booster. The switching has to be done within ~20 s to avoid changes of accelerating voltage during switching time. It is performed by the switching system described above. 
The beam energy is measured by a time-of-flight system based on 2.6 GHz resonant cavities excited by the beam and placed in the slots reserved for the energy upgrade of the Linac. With a baseline of about 20 m it supports the required relative accuracy of energy measurement. The absolute energy measurement is not required. 
An alternative for energy measurement can be based on the beam position measurements in the first arc of the Transport Line. Its 4 m dispersion supports the needed accuracy.  
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