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[bookmark: _Toc420010632]PIP-II Performance Goals and Summary 
The Proton Improvement Plan-II (PIP-II) is a high-intensity proton facility being developed to support a world-leading neutrino program over the next two decades at Fermilab. PIP-II is an integral part of the U.S. Intensity Frontier Roadmap as described in the Particle Physics Project Prioritization Panel (P5) report of May 2014 [1]. As an immediate goal PIP-II is focused on upgrades to the Fermilab accelerator complex capable of providing a beam power in excess of 1 MW on target at the initiation of LBNF [1,2] operations. PIP-II is a part of a longer-term concept for a sustained campaign of upgrades and improvements to achieve multi-MW capabilities at Fermilab. 
PIP-II is based on three major thrusts. They are (1) the recently completed upgrades to the Recycler and Main Injector (MI) for the NOvA experiment, (2) the Proton Improvement Plan [3] currently underway, and (3) the Project X Reference Design [4].
Note that:
· The Proton Improvement Plan (PIP) consolidates a set of improvements to the existing Linac, Booster, and Main Injector (MI) aimed at supporting 15 Hz Booster beam operation. In combination, the NOvA upgrades and PIP create a capability of delivering 700 kW beam power from the Main Injector at 120 GeV; 
· The scope of the Project X Reference Design Report was aimed well beyond PIP. It described a complete concept for a multi-MW proton facility that could support a broad particle physics program based on neutrino, kaon, muon, and nucleon experiments [5,6]. The Project X conceptual design has evolved over a number of years, incorporating continuous input on physics research goals and advances in the underlying technology development programs [7,8,9]. PIP-II, to high degree, inherits these goals as the goals for future developments and upgrades.
This document (PIP-II Reference Design Report) describes an initial step in the development of the Fermilab accelerating complex.  The plan described in this Report balances the far-term goals of the Laboratory's long baseline neutrino mission with the near- and mid-term goals identified at the Snowmass workshop [10] and endorsed by the P5 report [1].
[bookmark: _Toc391384903][bookmark: _Toc420010633]Design Criteria and Considerations
The existing Fermilab accelerator complex could be upgraded using a number of different approaches in order to achieve beam power in excess of 1 MW on the LBNF target. The challenge is to identify solutions that provide an appropriate balance between minimizing near-term costs and maintaining the flexibility to support longer-term physics goals. In order to constrain consideration to a modest number of options the following criteria are applied to possible solutions:
· The plan should support the delivery of at least 1 MW of proton beam power from the Main Injector to the LBNF target at energies between 60-120 GeV;
· The plan should provide support to the currently envisioned 8 GeV program, including the Mu2e and g-2 experiments, as well as the suite of short-baseline experiments [5,6];
· The plan should provide a platform for eventual extension of  beam power to LBNF to more than 2 MW;
· The plan should include a future capability to support multiple rare processes experiments with high duty factor beams at high beam power.
The primary bottleneck limiting beam power to the LBNF target is the existing Linac/Booster. Performance is limited to about 4.4×1012 protons per Booster pulse by beam loss – primarily driven by space-charge at the 400 MeV injection energy. The secondary potential bottleneck is slip-stacking of twelve Booster pulses in the Recycler. This performance is determined jointly by characteristics of the Recycler itself and by the characteristics of beam delivered from the Booster.  
The ideal facility meeting the above criteria would be a modern 8 GeV superconducting linac for injection either into the Main Injector or Recycler as described in the Project X RDR, or the pairing of an ~2 GeV SRF linac with a modern Rapid Cycling Synchrotron. These options provide performance that would significantly exceed the first design criteria, and would meet all subsequent criteria, but also significantly exceed the likely available funding.
[bookmark: _Toc391384904][bookmark: _Toc420010634]Options Considered
Two options were considered that we believe could meet the first design criterion listed above. Both options assume completion of the Proton Improvement Plan (PIP), enabling 15 Hz beam operations of the Booster at 4.4×1012 protons per pulse. They are based on raising the injection energy of the Booster to provide a 50% increase in delivered protons per pulse. Paired with a modest decrease of the Main Injector cycle time (from 1.333 to 1.2 seconds) this provides 1.2 MW beam power at 120 GeV. Another possibility based on proton accumulation within the existing antiproton source is not considered here because it is incompatible with lab’s future plans. 
1. 800 MeV Superconducting pulsed linac
This option is a scaled down implementation of Stage 1 of the Project X Reference Design, focused on the neutrino mission. It consists of an 800 MeV superconducting pulsed linac, injecting into the Booster, and located in an enclosure in close proximity to existing electrical, water, and cryogenic infrastructure. Compared to the Project X Reference Design, operations at low duty factor (~1% for beam pulses) and the choice of siting lead to significant cost savings. Constructing the linac from continuous wave (CW) capable cavities and cryomodules offers a straightforward future upgrade path, at minimal additional cost, that would preserve the full breadth of scientific opportunities described in the Project X RDR. This approach meets all the design criteria listed above and is expected to be attractive to potential international partners.
2. 400 MeV ”afterburner” to the existing 400 MeV linac
It is possible to contemplate the construction of a new superconducting pulsed linac at the end of the existing 400 MeV pulsed linac. This implementation would require physical relocation of the existing linac, upstream by about 50 m, to make space for the superconducting extension. The advantage of this approach is that it would cost less than option 1. The disadvantages are as follows: 
a) Upgrade paths to CW operations are problematic because of the extended room temperature section;  
b) The linac frequency (805 MHz) is not consistent with the significant R&D investment already made at 650 MHz; 
c) A significant contribution from our international partners would probably not be possible due to items a) and b); 
d) Vulnerabilities would remain in the existing linac. In particular, the drift tube linac portion currently relies on RF sources obtainable only from a single vendor and for which there is a minimal market demand; and
e) This approach would require a significant interruption to the operating program (~1 year) for relocation and installation. 
Option 1 is preferred, and will be described in this report, because it provides the most robust accelerator complex in support of the neutrino programs, and because it offers straightforward and cost-effective extensions to the multi-MW, high duty factor, capabilities required to support a world-leading research program based on intense beams in the longer term. This approach also minimizes disruption to the ongoing operating program, removes inherent reliability risks in linac operations, and directly capitalizes on a large amount of conceptual and technological development undertaken as part of the Project X, ILC, and LCLS-II programs. Because this option represents a natural continuation of the performance improvements being implemented within the PIP, it has been named Proton Improvement Plan-II (PIP-II).
[bookmark: _Toc420010635][bookmark: _Toc391384905]Overview of PIP-II 
The goal of Proton Improvement Plan-II is to enhance the capabilities of the existing accelerator complex at Fermilab to support delivery of 1.2 MW beam power to the LBNF production target, while simultaneously providing a platform for subsequent upgrades of the accelerator complex to multi-MW capability. High-level goals, and supporting beam performance parameters, for PIP-II and their comparison to PIP parameters are given in Table 1-1. The central element of PIP-II is a new 800 MeV superconducting linac accelerating H- ions and located in close proximity to the existing Booster as shown in Figure 1-1. This siting offers several advantages in terms of minimizing cost while retaining options for future development; in particular, the site affords direct access to significant electrical, water, and cryogenic infrastructure.
The scope encompassed by the PIP-II and described in this document includes:
· An 800 MeV superconducting linac (SC Linac), constructed of CW-capable accelerating structures and cryomodules, operating with a peak current of 2 mA and a beam duty factor of 1.1%;
· Beam transport from the end of the SC Linac to the new Booster injection point, and to a new 800 MeV beam dump;
· Upgrades to the Booster to accommodate 800 MeV injection, and acceleration of 6.5×1012 protons per pulse;
· Upgrades to the Recycler to accommodate slip-stacking of 7.7×1013 protons delivered by twelve Booster batches;
· Upgrades to the Main Injector to accommodate acceleration of 7.6×1013 protons per pulse to 120 GeV with a 1.2 second cycle time, and to 60 GeV with a 0.7 second cycle time.
The linac energy is selected to support a 50% increase in Booster beam intensity, accompanied by a 30% reduction in the space-charge tune shift as compared to the current operations. This choice is conservative and will ensure lower fractional beam loss required at the higher operating intensities and higher injection energy. The linac is constructed nearly entirely of components that are capable of operating in CW mode with the cryogenic system being the primary exception[footnoteRef:1]. The incremental cost in constructing the linac from CW compatible components is minimal.  [1:  This choice is based on existing Tevatron cryogenic infrastructure resulting in significant cost reduction. CW operation will require a new cryogenic plant. ] 

The linac is followed by a beam transport line to bring the beam to the Booster. The line includes an arc bending the beam by about 210o. The bending radius of the arc is maintained above 23 m to prevent stripping of the H- beam prior to Booster injection. There is a provision for installation of an RF separator and septum at the linac end required to support the operation of multiple experiments following future linac upgrades. 
The Booster repetition rate will be increased from 15 to 20 Hz. It is extremely helpful for reduction of beam loss during slip-stacking in the Recycler due to the larger momentum difference between the two streams of slip-stacked bunches. The repetition rate increase also increases overall particle flux through the Booster and yields higher power for the 8 GeV experimental program. The operation of Booster dipoles at 20 Hz was recently verified [11]. The transition to the higher rate will be achieved by decreasing the value of capacitors in the dipole resonance circuit. Although the acceleration rate increases proportionally to the repetition rate the required peak RF voltage stays approximately the same due to the smaller slip-factor at the injection. Doubling the RF power transferred to the beam will require minor modifications for the RF power amplifiers. 
Table 1-1: PIP-II high level performance goals
	Performance Parameter
	PIP
	PIP-II
	Unit

	Linac Beam Energy
	400
	800
	MeV

	Linac Beam Current
	25
	2
	mA

	Linac Pulse Length
	0.03
	0.55
	ms

	Linac Pulse Repetition Rate
	15
	20 
	Hz

	Linac Upgrade Potential 
	N/A
	CW
	

	Booster Protons per Pulse (extracted)
	4.2
	6.5
	1012

	Booster Pulse Repetition Rate
	15
	20
	Hz

	Booster Beam Power @ 8 GeV
	80
	160
	kW

	8 GeV Beam Power to LBNF
	N/A
	80-120*
	kW

	Beam Power to 8 GeV Program
	30
	80-40*
	kW

	Main Injector Protons per Pulse (extracted)
	4.9
	7.6
	1013

	Main Injector Cycle Time @ 120 GeV
	1.33
	1.2
	sec

	Main Injector Cycle Time @ 60 GeV
	N/A
	0.7
	sec

	Beam Power @ 60 GeV
	N/A
	1
	MW

	Beam Power @ 120 GeV
	0.7♦
	1.2
	MW

	Upgrade Potential @ 80-120 GeV
	N/A
	2.4
	MW


[bookmark: _Ref106268756]* First number refers to Main Injector operations at 120 GeV; second number to 80 GeV.
♦ Applicable to 120 GeV operation only.
 Beam power grows approximately linear for energy change from 60 to 120 GeV.
The beam is injected into the Booster using multi-turn strip-injection similar to the injection method used in the SNS [12]. The number of injection turns is equal to 300. Although the number of injection turns is much larger than what is presently used in Booster, it is still about three times less than that used in the SNS and is well within the presently used range of parameters. Large number of injection turns and small emittances of the SC Linac beam allow painting of transverse and longitudinal distributions resulting in a significant reduction of space-charge effects. In contrast to present operations, beam injection will proceed at non-zero RF voltage. This allows one to avoid adiabatic bunching, which would be problematic because of the long bunching time[footnoteRef:2]. To reduce beam loss during Booster injection the linac bunches arriving at the RF bucket boundaries are removed by a bunch-by-bunch chopper located in the Medium Energy Beam Transport (MEBT) of the linac. The same chopper creates a three bunch long extraction gap. Slip-stacking in the Recycler and acceleration in the MI will be done in a manner similar to that presently used for NOvA [13]. [2:  The long bunching time is related to the smaller value of the slip-factor at the higher injection energy. The higher Booster repetition rate additionally magnifies this problem.] 

[image: ]
[bookmark: _Ref371437951]Figure 1.1: Site layout of PIP- II. New construction includes the linac enclosure, transfer line enclosure, linac gallery, center service building, utility corridor, and cryo building. Grey dashed areas represent existing underground enclosures. 
Upgrades to a number of systems in the Booster, Recycler, and Main Injector will be required in order to support the higher Booster injection energy and higher beam intensities. These include upgrades to the Booster injection system, the RF systems in all rings, and various feedback systems. The upgrade to the Booster injection system is the most significant of these.
Modifications to the LBNF target facility to accept 1.2 MW protons are assumed to be undertaken by the LBNF project. However, requirements for the beam delivery are described in this document. Note that the concept presented here is capable of delivering from 1 to 1.2 MW of beam power to LBNF for the energy change from 60 to 120 GeV. Although the LBNF operation is expected to take a major fraction of Booster intensity, considerable power will still be available at 8 GeV. In particular, it is expected to be 82 kW for 120 GeV operations and 23 kW for 60 GeV.
PIP-II provides a variety of straightforward and cost effective upgrade paths. Delivery of more than 2 MW to the LBNF target will require replacement of the existing Booster. The most effective strategy would be to extend the 0.8 GeV linac to 8 GeV and inject directly into the Main Injector at the MI-10 straight section. This linac would be based on the superconducting technologies developed for PIP-II, and would have significant technological overlap with the 1.3 GHz cryomodules Fermilab will be supplying to the LCLS-II Project [14] over the next five years. Alternatively, the linac could be extended to 2-3 GeV, followed by an RCS. Upgrading the linac to CW operations is achievable by upgrading the PIP-II cryogenic system. CW operations of the linac could support MW-class beam delivery to a variety of rare processes experiments, including Mu2e. 
The estimated cost of PIP-II is ~$600 M in 2020 dollars, including both development and construction costs, related accelerator improvement projects (AIPs), direct and indirect costs, and 40% contingency. Potential offsets to this number in the form of possible international in-kind contributions are valued at ~$150M. 
It is worth noting that while the configuration described here is cost-effective, no system-wide (Linac, Booster, Recycler, Main Injector) cost optimization has been completed at this time. It is anticipated that such an optimization will become possible once more details emerge with further design work.
[bookmark: _Toc391384907]

[bookmark: _Toc420010636]Accelerator Facility Design
It is envisioned that the PIP-II construction project will include only the superconducting linac (SC Linac) and the transfer line connecting the linac and the Booster. However, the upgrades to the Booster, Main injector and Recycler are an integral part of the plan and therefore are described below in the same detail as the linac.
[bookmark: _Toc420010637]800 MeV Linac 
1.1.1. [bookmark: _Toc391384908][bookmark: _Toc420010638]Technical Requirements
The linac includes the following major elements: 
· Ion source, 
· Low Energy Beam Transport (LEBT),
· RFQ, 
· Medium Energy Beam Transport (MEBT), including the chopper and bunching cavities,
· One accelerating section composed of 162.5 MHz Half-Wave Resonators (HWR),
· two accelerating sections composed of 325 MHz Single-Spoke Resonators (SSR1 and SSR2), 
· Two accelerating sections of 650 MHz elliptical cavities, one at low beta (0.647) and one at high beta (0.971) (LB650 and HB650).
Figure 2.1 shows the structure of the linac. A room temperature (RT) section accelerates the beam to 2.1 MeV and creates the desired bunch structure for injection into the SC Linac. The RFQ and the first SC section (HWR) operate in the CW mode. To reduce the required cryogenic power the other accelerating structures operate in the pulsed mode. However they are designed and built to be CW compatible in order to accommodate future upgrades. Operation with a peak current of up to 10 mA is supported by the ion source, LEBT and RFQ. The bunch-by-bunch chopper located in the MEBT removes undesired bunches leaving the beam current at up to 2 mA (averaged over a few s) for further acceleration. There is also a “slow” chopper in the LEBT with rise and fall times of about 100 ns. It allows forming a macro-structure in the beam timing required for machine commissioning and allows one to avoid unnecessary beam loading in normal operations. Together the LEBT and MEBT choppers form the desired bunch structure. 
[image: ]
Figure 2.1: The linac technology map.
The energy stored in the SC cavities is quite large. Consequently, the accelerating voltage fluctuations due to beam loading are below 10-3 if the bunch structure is repetitive with period below about 3 s.  The SC Linac accelerates to 800 MeV up to 2 mA of beam current with peak currents of up to 10 mA for periods of less than a few s. The operational parameters for the SC Linac are given in Table 2.1. 
[bookmark: _Ref355355903]Table 2.1: SC Linac Parameters
	 Parameter
	Requirement
	

	Particle species
	H-
	

	Input beam energy (Kinetic)
	2.1
	MeV

	Output beam energy (Kinetic)
	0.8
	GeV

	Pulse repetition rate
	162.5
	MHz

	RF pulse length
	pulsed-to-CW
	

	Sequence of bunch pulses
	Programmable
	

	Average beam current in SC Linac
	2
	mA

	Final rms norm. transverse emittance, x =y
	<0.3
	mm-mrad

	Final rms norm. longitudinal emittance
	<0.35 (1.1)
	mm-mrad (keV-ns)

	Rms bunch length at the SC Linac end
	4
	ps



To support beam injection into the Booster, pulsed operation of the linac is sufficient. In this case the linac operates at 20 Hz with a beam pulse duration of 0.55 ms resulting in 1.1% beam duty factor. RF cavity filling requires a significantly longer time. The effective cryogenic duty factor is about 6.6% while the effective duty factor for high power RF is about 15%. To reduce the cryogenic power the phase of the RF amplifiers can be shifted by 180 deg. after a beam pulse to accelerate voltage decay in cavities. 
Maintaining sufficiently small emittances through the entire linear accelerator and the beam transport to the Booster is essential for minimizing the beam loss both in the linac and at an injection to the Booster. The maximum allowed rms emittances for the ion source beam current in the range of 2÷10 mA are presented in Table 2.2.
  Table 2.2: Maximum allowed rms normalized emittances through the accelerator
	
	Normalized rms beam emittance (mm mrad)

	
	Transverse
	Longitudinal

	Ion source
	0.14
	-

	RFQ entrance
	0.18
	-

	RFQ exit
	0.20
	0.28

	MEBT exit 
	0.23
	0.31

	Exit of SC linac
	0.3
	0.35


1.1.2. [bookmark: _Toc420010639]Warm Frontend
[bookmark: _Toc420010646]Booster Modifications 
1.1.3. [bookmark: _Toc420010647]Technical Requirements and Scope
The performance requirements of the Booster are summarized in Table 2.13. The 800 MeV injection energy is selected to provide an increase in beam intensity of about 50% beyond current operations, accompanied by a 30% decrease in the space-charge (Laslett) tune shift at injection. This choice is made to provide more efficient beam capture and acceleration, in order to minimize losses at the higher beam intensity required in PIP-II. The requirements on longitudinal beam emittance are set by slip-stacking in the Recycler.
Table 2.13: Performance requirements for the Booster
	Performance Parameter
	Requirement

	Particle Species
	Protons

	Input (H‐) Beam Energy (Kinetic)
	800 MeV

	Output Beam Energy (Kinetic)
	8.0

	Protons per Pulse (injected)
	6.7×1012

	Acceleration efficiency
	97%

	Protons per Pulse (extracted)
	6.5×1012

	Beam Pulse Repetition Rate
	20 Hz

	RF Frequency (injection)
	44.7 MHz

	RF Frequency (extraction)
	52.8 MHz

	Total RF voltage
	1 MV

	Injection Efficiency
	98%

	Injection Time
	0.55 ms

	Injection Turns
	292

	Beam Emittance (95%normalized; x =y)
	16 m

	Maximum Laslett Tune Shift (space charge)
	‐0.17

	Delivered Longitudinal Emittance (97%)
	0.08 eV∙s

	Delivered Momentum Spread (97% full height)
	12.2 MeV

	Delivered Bunch Length (97% full length)
	8.2 ns



The primary areas that need to be addressed in order to reach the performance goals listed above are given in Table 2.14. Among these injection and beam quality are expected to present the primary challenges.
This section will describe concepts and approaches in the areas listed above. These descriptions assume successful completion of the PIP tasks currently underway. However, this discussion is preliminary and may change after more extensive investigations are completed. It is required that Booster beam losses be maintained at less-than-or-equal-to present levels. The current operating limit is 525 watts ring-wide, augmented by independently set beam loss monitor (BLM) trip points in each long and short straight section.
Table 2.14: Booster areas requiring consideration as part of PIP-II.
	Topic
	Associated Items

	Injection
	Injection girder and loss control

	Capture
	RF capture, timing and emittance control

	Acceleration and Transition
	Loss control, RF requirements and transition control

	Extraction
	Loss control, timing and beam manipulations

	Beam Quality
	MI/Recycler requirements

	Operations
	Shielding, Booster Hardware


1.1.4. [bookmark: _Toc420010648]Booster Injection
Present Booster Injection
The Booster lattice contains 24 periods and can be described as a FDooDFo lattice utilizing combined function dipoles with long straight sections (~5.7 m) between the defocusing (D) dipoles and a short straight section (~0.9 m) between the focusing (F) dipoles. Horizontal beta-function varies from about 6 meters in the long straight to 33 m in the short straights while the vertical beta function varies from 20 m in the long straights to ~5.3 m in the short straights.  The horizontal dispersion varies between approximately 1.2 (in the long straights) and 2.2 meters (in the short straights). Optical functions for one period are shown in Figure 2.33. It should be noted that the optical functions for all periods are almost equal. Differences appear due to optics errors and the focusing effect of the extraction dogleg. The latter is quickly reduced with acceleration and has a negligible effect on the beam optics above 1.5 GeV energy.
[image: ]
Figure 2.33: Optical functions in the vicinity of existing Booster Long 1 straight section. An arrangement of present injection straight is shown at the top of the plot. The location of pulsed injection dipoles (ORBUMP dipoles) are shown by double rectangles. The vertical line in the center marks position of stripping foil.
The top part of Figure 2.33 also shows the magnet configuration in the vicinity of the present injection straight section which is considered to be the ring beginning and therefore is named Long 1. The combined function dipoles, pulsed injection dipoles (ORBUMP magnets), and correctors are shown at the top of the figure. The layout of injection area is shown in Figure 2.34. It is based on the three bump system installed in 2006 [37, 38]. The center dipole of this insert is used to merge the incoming H- with the proton beam circulating in the ring.  The orbit bump is produced by the three pulsed dipoles which displace the closed orbit by ~44 mm to the stripping carbon foil for the duration of injection (~35 s ). The center dipole runs at twice the field (current) of the outer dipoles. The injection foil is located immediately after the middle ORBUMP magnet. The field in the ORBUMP dipoles does not change during the injection, and there is no phase space painting in any degree of freedom. All three dipoles are powered by a single resonant power supply. The angle produced by the center dipole is approximately ~44 mrad which corresponds to an integrated field of 1.4 kG-m. The separation of the ORBUMP magnets is approximately 1.75m. Lorentz stripping in these magnets is not an issue at 400 MeV. 
[image: ]
Figure 2.34: The current 400 MeV Horizontal injection insert showing the layout of the three chicane dipoles, foil and injection beam line.
The existing ORBUMP magnets cannot be utilized for 800 MeV injection. Their use would require a magnetic field in the center dipole of ~4.5 kG, resulting in unacceptably large Lorentz stripping. There is also insufficient space for the beam dump. Addressing these problems requires a complete redesign of the injection straight. 
Conceptual Design of Booster Injection at 800 MeV
The injection into the Booster during the PIP-II era will be moved from “Long 1” to ”Long 11” straight section to facilitate injection from the SC Linac located in the Tevatron infield (Figure 2.35). As already noted, all long straight sections have the same geometry and optics. The flange-to-flange length available for the injection insert is 5.6804 m. 
The beam current of the SC Linac (2 mA) is more than an order of magnitude smaller than that of the present 400 MeV linac. It will require much longer injection time (~300 turns over ~500 us) which together with much smaller linac emittance (n_95% ≈ 1.5 mm-mrad versus 16 mm-mrad specified for the Booster beam) allows us to perform transverse phase space painting. It is expected to be a very efficient cure for suppression of the harmful effects of beam space charge and improvement of the longitudinal beam stability.  During the phase space painting process, the Booster closed orbit in each plane will be moved by ~2 of the final Booster accumulated phase space (see details below). The vertical displacement will be performed by pulsed magnets of the injection 3-bump, the horizontal displacement by regular Booster dipole correctors. 
The conceptual design for the straight section is patterned after the present 400 MeV injection 3-bump design by adding a second dipole to the middle bend center. The layout of the injection concept, beam envelopes, and apertures are shown in Figure 2.36. The vertical dimensions of the chicane dipoles and foil changer are represented by the blue boxes and are not to scale. The horizontal dimensions of these devices are roughly to scale. The physical aperture is represented by the black line and the absorber is labeled in the open box. The aperture in the D dipoles is set by the pole tip separation on the central orbit of 2.25” (+/- 28.6 mm).  The aperture in the central chicane magnets, PM-2a and PM-2b, is determined by the injected beam trajectory.
[image: ]
Figure 2.35: Plan view of Booster showing the location of existing and new PIP-II injection insert.
The chicane dipoles move the Booster closed orbit to 45 mm at the foil location. During the injection process this closed orbit is collapsed by ~2 of the final vertical rms beam size or ~17 mm down to ~28 mm.  After the end of injection the chicane dipoles return the closed orbit back to zero. The closed orbit displacement in the center of the two central dipoles is approximately 68 mm. The H- injected beam at the foil position is 45 mm with a vertical angle of -40 mrad. 
Incompletely stripped H- ions (mostly excited states of H0) and H- ions which miss the foil will be intercepted by the beam absorber. It is located downstream of the last chicane dipole and upstream of the Booster combined function dipole. For 800 MeV the required space for the dump is 0.5 m at minimum. There are also other equipment (i.e. correction element package, 0.6 m; vacuum bypass and valve, 0.45 m; ion pumps, 0.2 m; horizontal painting dipole, ~0.2 m, and diagnostics/instrumentation, ~0.25 m)  which are located in the space between the dipoles. 
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Figure 2.36: Conceptual design for 800 MeV injection using a three-bump chicane within the unmodified length of the long straight section.
Table 2.15: Parameters of elements located in the injection straight
	#
	Name
	Accumulated
Length (m)
	Flange-Flange or Drift
Length (m)
	Magnetic
Length (m)
	Magnetic Field (kG)

	1
	Drift 1
	.07067
	0.07067
	
	

	2
	ORBUMP 1
	0.7624
	0.69171
	0.5585
	3.496

	3
	Drift 2
	1.7724
	1.01
	
	

	4
	ORBUMP2a
	2.4641
	0.69171
	0.5585
	3.496

	5
	ORBUMP2b
	3.1558
	0.69171
	0.5585
	3.496

	6
	Drift 3
	3.2570
	0.1012
	
	

	7
	Foil changer
	3.5617
	0.3047
	
	

	8
	Drift 4
	4.1667
	0.6050
	
	

	9
	ORBUMP 3
	4.8584
	0.69171
	0.5585
	3.496

	10
	Drift 5
	5.1584
	0.3
	
	

	11
	Absorber
	5.6584
	.05
	
	

	12
	Drift
	5.6804
	0.02202
	
	


 
The current placement of the C-dipole in the transport beam line is just over the upstream Booster dipole with beam elevation of ~0.15 m above the top of steel of the Booster dipole. The bend angle of the C-dipole is 3 times the angle of the chicane dipoles or approximately 120 mrad. The length of this magnet will be chosen to keep the peak dipole field at a level to minimize Lorentz stripping of the incoming H- ions, i.e. less than 4 kG. Table 2.15 present lengths allocated for different elements and their parameters. The accumulated length is between flanges of the gradient magnets at either end of the straight section and is given at the end of each element. In addition to the elements in the Booster ring, the last magnet in the transfer line (C-dipole) ends 0.505 meters upstream of the ORBUMP2 magnet. It has a magnetic length of 1.8 meters with an angle of -120 mrad and field of 3.26 kG.
Phase Space Painting 
Small values of beam emittances of the linac beam allow us to perform phase space painting in all degrees of freedom. It reduces harmful effect of the beam space charge on the transverse particle motion due to reduction of space charge incoherent tune shifts and is expected to be helpful in achieving longitudinal stability (see below). 
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Figure 2.37: The longitudinal phase space of particles incoming to the Booster (left) and the phase space at the end of injection process (right). 
The rms momentum spread of linac beam of 2∙10-4 is an order of magnitude smaller than the RF bucket height in the Booster (2.2∙10-3). Together with the long duration of the injection process corresponding to 7 synchrotron periods it enables static longitudinal painting, which greatly simplifies the procedure. In this case the linac energy is offset relative to the Booster reference energy and the synchrotron motion mixes particles in the longitudinal phase space in the course of injection. Linac bunches that would be outside of RF buckets are removed by the bunch-by-bunch chopper in the MEBT. Figure 2.37 presents the longitudinal phase spaces of injected beam and the Booster beam at the injection end. The value of the momentum offset (7∙10-4) and the duration of the injection window (55%) were optimized to minimize the bunching factor. Figure 2.38 presents the longitudinal density along a Booster bunch. The corresponding bunching factor is 2.5. In average each Booster RF bucket receives two linac bunches per injection turn. The linac bunch frequency of 162.5 MHz and the Booster RF frequency of 44.705 MHz are not related as integers and therefore the injection process is asynchronous. It results in a variation in number of injected linac bunches in the range of ±0.34% (±2 bunches out of 588 bunches injected into an RF bucket per turn). The rms bunch lengthening in the course of beam transport from linac to Booster is about 14 mm. This value is much smaller that the RF bucket length of 5.65 m and can be neglected in most practical considerations. 
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Figure 2.38: The longitudinal density of an injected bunch after injection.
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Figure 2.39: Horizontal orbit bump for beam painting at the maximum horizontal (red) and zero vertical (green) displacements. Beam envelopes for the normalized acceptance of 25 mm mrad are also shown. The injection straight (Long 11) is in the center of the plot (s[204.3 – 210.3] m). Vertical lines show aperture limitations in the dipoles (horizontal – red, vertical green). 
As mentioned above, the phase space painting in the vertical plane is performed by the dipoles of the injection chicane. Phase space painting in the horizontal plane will be performed by regular Booster correctors located outside of the injection straight. The correctors should create a closed orbit bump with maximum beam displacement on the foil of 6.1 mm. The orbit bump implemented with only the correctors closest to the injection straight (HL10, HS10, HS11, HL12) has minimal extent outside of the injection straight. However, it requires considerable corrector strength of 6.3 kG∙cm. Although the strength of the present horizontal correctors of 9 kG∙cm is sufficient, their slew rate of 3.24 kG∙cm/ms is about 5 times less than the slew rate required for painting. Therefore a longer bump using correctors from nearby short straights looks preferable. Table 2.16 presents the corrector strengths and Figure 2.39 shows the corresponding beam displacement together with the beam envelope in the vicinity of injection straight. The envelope is plotted for the normalized emittance of 25 mm∙mrad which includes close to 100% of the particles (see below). The horizontal beta-function in the short straights is about 5 times smaller than in the long ones. It makes the main contribution to a reduction of corrector strengths by ~3.4 times. The required slew rate of 4.5 kG∙cm/ms still exceeds the slew rate for present correctors by about 1.4 times. This problem can be addressed by an upgrade of corrector power supplies or by usage of a longer orbit bump. 
Table 2.16: Corrector strengths required to create horizontal injection orbit bump
	Name
	HS08
	HS09
	HS011
	HS12
	HS13

	BdL [kG∙cm]
	-1.867
	0.72
	0.192
	0.72
	-1.723
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Figure 2.40: Schematic of injection painting (left pane): square (yellow) – stripping foil, small ellipse (red) – linac beam hitting the foil, large ellipse (pink) – circulating beam after the end of injection process, black line – trajectory of closed orbit displacements in the course of beam painting. Right pane – plot of closed orbit displacements in the course of beam painting relative to the linac beam center (shown by the red dot). The reference orbit stays at zero x-coordinate. The linac beam is displaced outward by 1.5 mm to account for the energy offset (p/p=7∙10-4) required for the longitudinal painting. Positive values of beam displacement in the horizontal and vertical planes correspond to inward and upward displacements, respectively (consequence of the right-hand coordinate frame chosen for description of ring orbit and optics).
The stripping foil and the injected H- beam do not move during injection (see Figure 2.40). Similar to the beam injection in the SNS the rectangular foil is hanged in the vacuum and the linac beam hits it near the corner to minimize number of secondary foil hits by particles of already injected beam. Both betatron and synchrotron oscillations in average push particles out of the foil.  
The horizontal and vertical displacements of the closed orbit are correlated and follow the ellipse as shown in Figure 2.40. The ellipse semi-axes are 6.1 and 11 mm for horizontal and vertical amplitudes, correspondingly. To reduce number of foil secondary hits and improve the uniformity of the distribution the painting curve covers only 84% of the ellipse quarter as shown in the right pane of Figure 2.40.  That results in the actual beam displacements of 5.3 and 9.5 mm for horizontal and vertical planes, respectively. After painting the closed orbit and, consequently, the beam are moved vertically down to the nominal (central) orbit. As can be seen in Figure 2.40 the center of linac beam is additionally displaced outward by 1.5 mm to account for the energy offset required for the longitudinal painting. It also reduces the number of foil hits because the synchrotron motion keeps the center of accumulated beam at zero horizontal coordinate. 
The limited space available for the beam injection and small vertical aperture of Booster dipoles forces us to make vertical painting by changing magnetic field of the chicane. Unfortunately it also affects the vertical position of linac beam on the foil. This displacement is induced by changing magnetic field of the central chicane dipole (see Figure 2.36) as the linac beam has to come through it. This beam position change is corrected by fast dipole correctors located at the end of transport line. 
To minimize the number of passages through the foil the beta- and alpha-functions of the linac beam are scaled from the corresponding values of the Booster by factor of 0.483 so that the linac phase space would be inscribed into the x and y machine acceptances as shown in Figure 2.41. The offsets of linac beam relative to the Booster beam presented in Figure 2.41 are equal to the painting offsets discussed above. Table 2.17 presents Twiss parameters for the linac and Booster beams on the stripping foil. To minimize displacements of linac beam position on the stripping foil we require its dispersions and their derivatives to be equal to zero. The emittance increase related to this dispersion mismatch is negligible. The number of secondary foil hits increases quickly with distance between the linac beam center and the foil edges, i.e. if the foil is moved closer to the circulating beam. To minimize the foil hits we assumed that one percent of the linac beam can miss the foil. For a Gaussian beam it determines that the distances has to be 2.58 times of the corresponding rms beam sizes or 1.95 mm and 3.51 mm for the horizontal and vertical planes, respectively. 
[image: ]
Figure 2.41:  Phase space boundaries of the linac (blue lines) and RCS (red lines) beams. The linac beam boundaries correspond to the normalized boundary emittance of 1.8 mm∙mrad (95% normalized linac emittance) the RCS beam boundaries correspond to the normalized emittances of 16 mm mrad.
Figure 2.42 presents results of experimental measurements of H– stripping by a carbon foil at 800 MeV, as presented in Ref. [39], with their extrapolation for a thicker foil. The extrapolation assumes the following cross-sections for transitions: H-H0=67.6∙10-16 cm-2,H-H+ =1.2∙10-16 cm-2 and H0H+ =26.4∙10-16 cm-2 [40]. It also assumes that there are no transitions with electron capture i.e. H0H-, H+H- and H+H0. This assumption is well justified for 800 MeV energy. The thickness of stripping foil was chosen to be 600 g/cm2. This is thick enough to strip the major fraction of H- to protons leaving less than 0.1% particles as H0 and a negligible fraction as H-. As shown below, this thickness does not cause problems with particle scattering in the foil and foil overheating but should support longer foil operation than a thinner foil. Spattering resulting in foil evaporation is expected to be a major mechanism limiting the foil lifetime. As one can see from Figure 2.42, operation with foil thickness as thin as 400 g/cm2 is still possible. 
Table 2.17: Twiss parameters for the Booster and linac beams at the stripping foil
	
	x (m)
	x
	y (m)
	y
	Dx (m)
	D´x

	Booster
	6.17
	-0.095
	20.03
	-0.028
	2.18
	0

	Linac
	2.98
	-0.046
	9.67
	-0.014
	0
	0
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Figure 2.42: Measurement of H– stripping by carbon foil at 800 MeV presented in Ref. [39] (left pane) and their extrapolation for a thicker foil (right pane). 
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Figure 2.43: X and Y coordinates of all injected (in simulations) particles relative to the current orbit position for particles incoming to the Booster (left) and at the end of injection process (right). 


Figure 2.43-2.46 present results of numerical simulation of the strip injection. The simulation includes multiple scattering in the foil, synchrotron and betatron motions and the details of the painting process described above. The beam space charge effects are not taken into account and betatron motion is linear and without x-y coupling. The simulation showed that that the betatron tunes have to be different by more than 0.01 for uniform painting. The results were obtained for the following tunes:  Qx=6.8 and Qy=6.81. Tune values have little effect on the result as long as they are different. The left pane in Figure 2.43 presents x and y coordinates of all particles which were injected at their arrival on the foil. The coordinates are referenced to the reference orbit position at the arrival time. The right pane presents particle coordinates at the end of the injection process. The left pane in Figure 2.44 shows the particle distribution in Courant-Snyder invariants (single particle emittances). One can see that the distribution is somewhere between the Gaussian and K-V distributions. The latter would be represented by the -function, , in the 4-dimensional space, where , and b is the normalized boundary emittance of KV-distribution. The right pane in Figure 2.44 shows the integrals of the particle distributions presented in the left pane normalized to 1. One can see that 95% of particles are within 17 mm mrad and almost 100% within 23 mm mrad. Similarly, Figure 2.45 presents the longitudinal distribution and its integral. As one can see 100% of particles are within 0.06 eV∙s.
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Figure 2.44: Left pane - the particle distribution over particle normalized Courant-Snyder invariant:, (and similar for y plane); blue – horizontal plane, green – vertical plane, red – the distribution over sum of invariants, . Right pane – the integrals of particle distributions (normalized to unity) presented in the left pane. The insert shows detail near the top of the picture.  
Figure 2.46 presents the distribution of secondary and primary hits of the surface of stripping foil. The peak of secondary hits is located at the foil corner and is equal to 63 hits per particle per cm2. The average number of secondary foil hits is 6.1 per injected particle. The distribution of primary hits is peaked at the center of incoming linac beam and is about 4 times smaller (15.4 hits per particle per cm2). As can be seen from the right pane in Figure 2.46 the peak of the total (summed for primary and secondary hits) hit distribution is determined by secondary hits. 
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Figure 2.45: Left pane - the particle distribution over particle longitudinal emittance (phase space area subtended by particle trajectory). Right pane – the normalized to one integral of particle distribution presented in the left pane. The horizontal axis ends at the bucket boundary. 
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Figure 2.46: The distribution of particle hits on the stripping foil (hits per injected particle per cm2): left – secondary hits, center – primary hits if incoming linac beam, right – sum of primary and secondary hits. 
The beam passing through the foil results in its heating. Although the total deposited power of 33 mW is small, the power density is still considerable due to small size of the injected beam. At its peak in the foil corner the power density is about 2 W/cm2. The major cooling mechanism for the foil is the black body radiation. Conservatively assuming the foil emissivity of 50% one obtains the peak temperature of 640 Co at the foil corner. This temperature is sufficiently small to guarantee a long lifetime for the foil. Figure 2.47 presents a dependence of the hottest spot temperature on time after initiation of beam operation. The temperature reaches its peak after the fourth pulse. An estimate shows that accounting for the foil thermal conductivity yields a quite small correction and it was neglected in the above calculation.  
The total power of the injected beam is about 18 kW. About 1.2% of these particles are expected to be lost during injection: ~1% miss the foil, 0.1% are not completely stripped in the foil, and 0.1% are lost due to single scattering in the foil. In normal operating conditions the resulting heat load on the injection beam dump is about 200 W with 20 W of uncontrolled beam loss mostly intercepted in the first two dipoles. 
Stripping of H- also yields two 400 keV electrons for each stripped H-. These electrons carry a power of about 18 W that needs to be intercepted by the electron beam dump. After leaving the foil the electrons are reflected from the downstream dipole where they are bent by its magnetic field. It results in their bending by 180 deg. and displacement by a few centimeters in the vertical plane. The design of the electron dump must prevent the interaction of secondary electrons with the circulating beam.
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Figure 2.47: Dependence of temperature on time for hottest place on the foil; t = 0 corresponds to the first injection pulse.   
The injection to the Recycler, and, subsequently, to MI requires injection gaps of 3 buckets in the bunch structure of Booster beam. Removal of these bunches will be performed by the bunch-by-bunch chopper located in the linac MEBT.
1.1.5. [bookmark: _Toc420010649]Beam Acceleration in the Booster
The longitudinal emittance of the Booster beam is limited by the RF bucket size in the Recycler. Although the RF bucket size in the Recycler will be larger by 33% due to an increase of Booster repetition rate from 15 to 20 Hz (see details below) the longitudinal rms emittance of the Booster beam is expected to be the same. A larger ratio of bucket size to the beam emittance should enable a reduction of beam loss by factor more than 2, tentatively from 5% to 2%. Thus, the RF bucket size in the Booster is expected to be the same as for PIP. An increase of the Booster ramp rate increases the magnetic field ramping rate and the RF voltage required for acceleration. However, an increase of the RF voltage is not necessarily required if the RF bucket area is the same. Actually, to keep a desirable size of RF bucket during acceleration in the present Booster the maximum RF voltage is required at the cycle beginning (~5 ms after injection) when the accelerating rate is still comparatively small. The decrease of the slip factor with higher injection energy of the PIP-II reduces RF voltage required for the longitudinal beam focusing, thus resulting in about the same requirements for the peak RF voltage. Figure 2.48 presents time dependences of beam and RF system parameters in the course of acceleration. The dependencies were computed assuming small beam current and adiabatic longitudinal motion in the course of acceleration. The latter is not true in the close vicinity of transition and therefore the divergences for the bucket area and the bucket height do not describe actual beam behavior. The plots of the bottom row were computed by turn-by-turn particle tracking and therefore they describe the transition crossing accurately if the beam intensity is sufficiently small. Note that the dependence of RF voltage on time does not include voltage manipulations necessary for successful transition crossing with high intensity beam. As will be shown below these manipulations require up to 1 MV/turn RF voltage. Reliable operation with such voltage requires 22 RF cavities (stations). This is 3 more than expected to be present at the onset of PIP operation. The present RF cavities and power amplifiers are adequate for the beam acceleration although minor modifications to the power amplifiers will be required due to 1.5 times larger beam power.  Detailed simulations of transition crossing are presented in the two following subsections. 
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Figure 2.48: Beam and RF system parameters during acceleration. The initial RF bucket size is 0.075 eV∙s, and the 100% initial longitudinal emittance is equal to 0.06 eV∙s. The red lines in the bottom row present the tracking results for a small intensity bunch, and the blue lines the results of adiabatic approximation.      
Compared to the present Booster operation, the injection energy increase combined with the beam painting result in a significant decrease of the incoherent tune spread due to beam space charge. This effect is usually characterized by the space charge tune shift for particles with small betatron and synchrotron amplitudes, which, for a Gaussian bunch, is equal to: 

	 .	



Here Nb is the number of particles per bunch,  and  are relativistic factors,  and  are the rms beam sizes, x and y are the beta-functions, Dx is the ring dispersion, x and y are the rms emittances, p is the rms relative momentum spread, < >s denotes averaging along the ring circumference, and B is the bunching factor defined as:  with C being the ring circumference and q the harmonic number. The painting simulations discussed above result in a particle density in the bunch center which coincides with the particle density of Gaussian beam with horizontal and vertical normalized rms emittances equal to 5 mm mrad. This value is approximately two times larger than for a Gaussian beam with the same 95% emittance, i.e. 16 mm mrad (corresponding rms emittance is equal to 16/6≈2.7 mm mrad). Consequently, it decreases the space charge tune shifts by about two times. Figure 2.49 presents the dependence of the space charge tune shifts on time within accelerating cycle. As one can see the space charge tune shifts do not exceed 0.2. 
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Figure 2.49: The betatron tune shifts due to beam space for horizontal and vertical planes within accelerating cycle. The reduction of tune shifts due to non-Gaussian shape of the particle distribution (see details in Section 2.3.2.3) is taken into account.  
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Figure 2.50: The shunt impedance of the Booster RF cavity in the frequency range required for PIP-II operation.
For the present RF system the beam-induced voltage significantly exceeds the RF system voltage required for beam acceleration and capture. Figure 2.50 presents the measured shunt impedance of the present Booster cavities, and Figure 2.51 the beam induced voltage and corresponding powers. As one can see, at the RF voltage maximum, the beam induced voltage (at resonance) exceeds the required RF voltage by about 2 times. This ratio achieves its maximum of about 30 at the end of the accelerating cycle. 
Note that the power loss in the cavity walls presented in Figure 2.51 assumes equal voltage distribution in all cavities and their perfect phasing. A more practical way of obtaining small RF voltages in the presence of large beam current is paraphasing of two groups of cavities. This technique is presently used in the Booster and will be used in the future for PIP-II. In this case a small voltage is achieved by operating two groups of cavities with comparatively large and equal voltages with an RF phase difference close to 180 deg. That implies that power loss in the cavity walls will be significantly larger at the cycle beginning and the cycle end, where the RF voltage is small, than the value presented in Figure 2.51.  
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Figure 2.51: Left pane: dependences on time within accelerating cycle for the power loss in the cavity walls (red, Pcavity=V02//Rsh), beam power transferred to the beam (blue) and total RF power to the cavity (green). Right pane: dependences on time within accelerating cycle for the total RF voltage per cavity (red) and the beam induced voltage. 20 accelerating cavities are implied. Voltage jumps at transition are not shown.
An additional reduction of the space charge betatron tune shifts can be achieved with a double harmonic RF system. In this case the voltages of the fundamental (first harmonic) RF system and an additional RF system operating at the second harmonic can create a longitudinal potential well with a flat bottom resulting in a reduction of the bunching factor. The installation of the second harmonic RF system is planned for the presently proceeding Proton Improvement Plan (PIP). Note that relative misphasing of the first and second harmonic RF systems deteriorates the flat bottom of the potential well. That results in an increase of longitudinal density and, subsequently, leads to a particle loss. The required accuracy of relative phasing is about 5 deg. of the first harmonic frequency. Addressing the voltage stability and relative phasing will require a sophisticated low level RF.
1.1.6. [bookmark: _Toc420010650]Booster Longitudinal Impedance 
To exclude the eddy currents excited in a vacuum chamber by fast changing magnetic field the Booster does not have a vacuum chamber in the usual sense of this word, rather its beam aperture is formed by poles of laminated combined function dipoles. That greatly amplifies its longitudinal impedance. 
To estimate the longitudinal impedance of such “laminated” beam aperture we use the model considered in Ref. [41] which derives the longitudinal impedance of flat laminated dipole with constant gap between poles. The chamber geometry is presented in Figure 2.52. The results of Ref. [41] (see Eqs. (5.12) and (5.19) in there) can be rewritten in the following form, presenting the longitudinal impedance per unit length as a function of frequency: 
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Figure 2.52: Geometry of the laminated beam aperture (or “vacuum chamber”). The beam moves in the z-direction. The chamber is infinite in x-direction (normal to the picture plane).

[bookmark: ZEqnNum613319]	 ,	
where 

[bookmark: ZEqnNum772703]	 	

Z0 = 4π/c ≈ 377 , c is the light velocity, a is the half-gap between dipole poles, (b – a) is the depth of laminations,  is the effective dielectric constant of the filling (epoxy plus insulating oxide layer), h is the distance between laminations[footnoteRef:3],  is the skin depth, R is the steel conductivity, and  is the steel permeability. At frequencies of interest the skin depth is smaller than, or about the same as, the magnetic domain size, which greatly reduces the magnetic permeability and makes it complex. For an estimate we use the measured magnetic permeability of soft steel presented in Ref. [42]. The measurements for the intermediate values of magnetic field were fitted to a simple expression which plot is presented in Figure 2.53. Other parameters are presented in Table 2.18. The steel conductivity was taken from Ref. [42]. Results of the numerical integration of Eq.  are presented in Figure 2.54. We assume here that the distance between laminations is constant, while in reality it is changing within each gap and from gap to gap in some uncontrolled way. Consequently, Eq.   has a quite limited accuracy and measurements of the dipole impedance are highly desirable. As shown in Ref [42] the high frequency magnetic permeability, the same as for DC case, depends on the magnetic field in a dipole. That results in a dependence of the dipole impedance on its magnetic field. [3:  The distance between laminations was estimated from the known packing factor.] 

Two types of measurements were used. The first method is based on the stretched wire measurements [43] allowing measurements of a single dipole impedance, and the second one on a shift of accelerating phase with beam intensity allowing an indirect measurement of the entire Booster impedance. 
Table 2.18: Parameters of laminations used for the impedance estimates of the Booster laminated dipoles
	Dipole type
	F
	D
	

	Dipole length 
	2.89
	m

	Number of dipoles
	48
	48
	cm

	Half-gap, a
	2.1
	2.9
	cm

	Lamina half-height, b  
	15.2
	cm

	Lamina thickness, d  
	0.64
	mm

	Dielectric crack width, h
	20
	m

	Conductivity,  
	2.07∙1016 (2.3∙106 -1 m-1 )
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	Dielectric permittivity,  
	4.75
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Figure 2.53: The dependence of magnetic permeability on frequency used for computation of the Booster longitudinal impedance. 
Figure 2.55 presents results of the longitudinal impedance measurements for two spare Booster dipoles [43] performed with the stretched wire. As on can see the measurements and the calculations are in a reasonable agreement for F-dipole. However an agreement is much worse for D-dipole. It is important to note that the measured impedance of the D-dipole is larger than that of the F dipole while theory predicts the opposite - the dipole with larger aperture should have smaller impedance. Most probably it is related to a difference in details of lamination packing in these two dipoles. Thus, we should expect that each dipole has its unique impedance. Consequently, beam based measurements of Booster impedance is the only reliable way to obtain the Booster impedance.   
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Figure 2.54: The dependences of longitudinal impedance on frequency computed with Eq.  for the Booster F and D dipoles. 
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Figure 2.55: Dependence of longitudinal impedance of Booster dipole on the frequency measured with the stretched wire method for F and D dipoles [43]. 
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Figure 2.56: The dependence of accelerating phase on the number of particles in the beam before (red dots) and after (blue dots) transition; 82 bunches in 84 RF buckets: rms bunch length of 0.75 ns, RF voltage at transition of 670 kV and the accelerating phases for zero current before and after transition are 61 and 119 deg., respectively. 
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Figure 2.57: The contribution of Booster laminated dipoles to its longitudinal impedance; based on the theoretical model of Eq.  with d =2.3 and other parameters presented in Table 2.18. 
The direct beam-based measurements of the effective Booster impedance were based on the measurements of the accelerating phase shift with beam current [44]. The data was acquired in the vicinity of transition crossing and only data before the transition were used, because the phase manipulations at transition result in an additional intensity dependent energy loss, consequently, yielding a steeper dependence of the phase shift on the intensity after transition. The measurement results are presented in Figure 2.56. They yield the phase shift of 11.9 deg. for the beam intensity of 4.3∙1012 while the theoretical estimate considered above predicts 9.9 deg. The 20% difference looks as a quite good coincidence taking into account a poor knowledge of the parameters used in the theoretical estimate. For the transition crossing simulations considered below we decrease the dielectric permittivity from 4.75 to 2.3 (see Table 2.18). It results in only minor changes in the shapes of the impedance curves but increases the impedance by about 20% resulting good coincidence between the prediction based on the impedance model and the measurements. Figures 2.57 and 2.58 present the corresponding contribution from the Booster dipoles to the entire Booster impedance and the corresponding decelerating voltage for the nominal PIP-II beam intensity and bunch length at the transition crossing. As one can see the peak of deceleration is achieved near beam center and achieves 140 kV/turn. 
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Figure 2.58: The beam induced voltage due to impedances of the laminated dipoles (red) and the space charge (blue) for 6.5∙1012 particles and rms bunch length of 0.75 ns; the bunch head is at positive coordinates, effect of preceding bunches is accounted. The green dashed line shows the bunch current.
The longitudinal impedance due to bunch space charge is:

	 	
where  and  are the beam relativistic factors, 0 is the revolution frequency, rc is the vacuum chamber radius and  is the rms transverse beam size. It diminishes fast with beam acceleration however, as will be seen in the next chapter, it makes the major contribution to the longitudinal emittance growth excited by transition crossing. Figure 2.58 compares the beam space charge induced voltage to the voltage excited by resistivity of dipole laminations. Other sources of the impedance are small and can be safely omitted in simulations of beam acceleration. 
1.1.7. [bookmark: _Toc420010651]Transition crossing
The longitudinal force of the beam space charge changes its “sign” at transition, in the sense that the particle repulsion before the transition is replaced by particle attraction after it. This results in longitudinal quadrupole oscillations leading to the longitudinal emittance growth. Presently, a longitudinal quadrupole damper is used to suppress these oscillations. It keeps longitudinal emittance growth at manageable level. This effect will be much more pronounced with higher intensity. To prevent the longitudinal emittance growth a faster suppression of quadrupole motion is required. Taking into account that the process is repeatable we plan to add a powerful feedforward system to the existing quadrupole damper. It will suppress quadrupole oscillations much faster and, consequently, will result in significantly smaller longitudinal emittance growth. Figure 2.59 shows how two RF voltage bumps suppress the quadrupole oscillations after transition. This technique is called the voltage jump technique. Another option that was considered is a t jump. However simulations show that it is significantly less effective that the voltage jump.
[image: ]
Figure 2.59: Voltage jumps to control quadrupole oscillations at transition. The upper figure shows quadrupole (bunch length) oscillations following transition without (red) and with (blue) the RF voltage jumps shown in the lower figure. 
1.1.8. [bookmark: _Toc420010652]Modifications to the Magnet System Required for 20 Hz Operation 
The present system has 96 magnets in a 24 cell arrangement (see Figure 2.60). These are driven by four power supplies that are the MR (Main Ring) style, 720 Hz update rate SCRs. Regulation is based on magnetic field measurements in a reference magnet with B-dot coil and transductor electronics. A sinusoidal drive signal excites the resonant system with a quality factor of about 40 for 15 Hz operation. Corrections for losses and line voltage variations are done by a card in a VXI crate. Regulation is good to about a part in 4000. 
The conversion of GMPS (Gradient Magnet Power Supply) controls from 15 to 20 Hz does not look difficult. The system was designed to run at 10 GeV and therefore it is capable to operate at higher voltage and power compared to the present 8 GeV, 15 Hz operation. 
To verify that the Booster dipoles can operate at 20 Hz an experimental test was carried out [45]. Measurements were performed on both a Booster gradient magnet and a Booster choke with the intent to compare the 15 Hz losses with the 20 Hz losses for the proposed Booster upgrade. The analysis carried out after the measurements suggests that running the Booster at 20 Hz with magnet current ramping in the same range as for the present operation will require about 3.9% more power. To increase the resonant frequency the resonant capacitor at each “Girder” must decrease from ~8.33 mF to ~4.69 mF. As result the capacitor voltage will increase by about 32% with a subsequent slight increase in the rms current for the choke, magnets and capacitors.  This also implies that the rms current per µF will increase as well. The girder drive voltage will increase by about 9.2 V (p-p). The present magnet power system runs on 4 power supplies but can operate with only 3 supplies. Booster at 20 Hz would require all 4 PS to operate.
[image: ]
Figure 2.60: Schematic of the Booster magnets power system.  
1.1.9. [bookmark: _Toc420010653]Beam Instabilities
The main challenges in achieving beam stability in the Booster are associated with transverse instabilities at the injection and transition. The longitudinal instability at transition is considered elsewhere [46] and is not discussed below. Table 2.19 provides the main beam parameters used in the following estimates. 
The Booster wide band impedances are known to be dominated by impedances of the laminated magnets. The corresponding equations were derived in Ref. [47, 48]. The magnet parameters used for the impedance calculations are presented in the Table 2.20. 
The transverse impedance and wake function for a round laminated chamber (magnet) with the radius a = 2.1 cm are presented in Figures 2.61 and 2.62. The wake functions for the horizontal and vertical degrees of freedom can be approximated by accounting for the Yokoya factors equal to 0.4 and 0.8, respectively. The gaps for F and D dipoles are different. That makes the wakes of the defocusing magnet approximately two times smaller than for the focusing one. Accounting for the filling factor (fraction of the orbit taken by magnets), m=0.58, leads to the machine weighted horizontal and vertical wakes: 

	 	






Here   is the machine circumference,  and  are the horizontal beta-functions averaged over focusing and defocusing magnets and similar  and  for the vertical beta-functions. and  is the average ring beta-function[footnoteRef:4]. Substituting numerical values one obtains: qx ≈0.50 and qy ≈0.45.  [4:  The same  is used in the instability equations and will be cancelled in the final result, i.e. this value is used for normalization, and its exact value is irrelevant for the final result.] 

Table 2.19: Beam parameters used in estimates of Booster instabilities
	
	Requirement
	

	Bunch population, N
	[image: ]
	

	
Transverse emittance, norm. rms,     
	2.7
	mm∙mrad

	Longitudinal emittance, rms, ||=zE 
	3.2
	meV∙s

	Maximal RF Voltage , V
	0.75
	MV

	
Maximal acceleration rate,   
	0.5
	ms-1

	Transition gamma, t 
	5.47
	


Table 2.20: Magnet parameters
	Half-gap F/D, a
	2.1/2.9
	cm

	Lamina thickness, d  
	0.64
	mm

	Dielectric crack width, h
	20
	m

	Conductivity,  
	[image: ]
	[image: ]

	Dielectric permittivity,  
	4.75
	

	Magnetic permeability,  
	50
	

	



Average -functions,,,,
	30, 7,11,18
	m




For multi-bunch beams with strong space charge [49], the modes are characterized by two indices: the single-bunch (or head-tail, or intra-bunch) index n, and the coupled–bunch (or inter-bunch) index . At the first order of the perturbation theory over the wake function, the coherent tune shift n of the mode  is proportional to the sum of single- and coupled-bunch diagonal matrix elements of the wake function [49, 50]:

[bookmark: ZEqnNum959951]	 	

[image: ]
Figure 2.61: Transverse impedance per unit length (ReZ, ImZ) of a round laminated magnet with radius a = 2.1 cm. 
[image: ]
Figure 2.62: The transverse wake function per unit length of the same magnet as in Figure 2.61. 


Here N is the number of particles per bunch, rp is the classical radius,  and  are the relativistic factors,  is the head-tail phase (see Eq. 6.187, p. 339 in Ref. [51]) with  as the chromaticity and  as the slip-factor, (s) is the normalized line density, yn(s)  is the n-th head-tail eigen-function, M is the number of bunches, and {Qb} is a fractional part of the betatron tune. At sufficiently small head-tail phase, the single-bunch growth rate can be neglected, while the coupled-bunch growth time is calculated as , in agreement with Ref. [52]. Feedback can be taken into account similarly to the coupled-bunch wake [50]; for a bunch-by-bunch damper with a gain g this yields the damping rate

	 	
To make the description complete, the Landau damping has to be taken into account. To find it with good accuracy, the order-of-magnitude estimates of Landau damping suggested in Ref. [49] have to be compared with dedicated tracking simulations, e.g. with the Synergia [53, 53]. Performing this will complete the simulation scheme, yielding accurate predictions and recommendations for various operation scenarios.     
At transition, the strong head-tail instability is suppressed by the chromaticity with a threshold value that is proportional to the bunch population. Thus, the increase of the latter by a factor of 1.5 compared with the current value would require a similar increase of the former. 


[bookmark: _Toc420010654]Recycler and Main Injector Modifications 
1.1.10. [bookmark: _Toc420010655]Technical Requirements and Scope 
The performance requirements of the Main Injector/Recycler complex are summarized in Table 2.21. The Recycler has recently been reconfigured as a proton accumulation ring in support of the NOvA experiment. For PIP-II an increase in beam intensity of 50% over current operations is required. It will be accompanied by a modest (10%) decrease in the Main Injector cycle time for 120 GeV operation. The primary requirement on the Recycler is to slip-stack twelve Booster batches and to deliver this accumulated beam to the Main Injector in a single turn. In order to maintain losses at current levels the efficiency of this operation has to be at least 97%.
Table 2.21: Main Injector/Recycler requirements for 0.9-1.2MW operations at 60-120GeV 
	Performance Parameter
	Requirement
	

	Particle Species
	Protons
	

	Injection Beam Energy (kinetic)
	8.0
	GeV

	Extracted Beam Energy (kinetic)
	60‐120*
	GeV

	Protons per Pulse (injected)
	7.7×1013
	

	Protons per Pulse (extracted)
	7.5×1013
	

	Slip‐stacking Efficiency
	97
	%

	Controlled 8 GeV losses to Abort
	0.8
	%

	Controlled 8 GeV losses to Collimators
	1.7
	%

	Uncontrolled 8 GeV losses
	0.5
	%

	Transition Losses
	0.2
	%

	Cycle Time
	0.7‐1.2
	sec

	Beam Power
	1.00.9‐1.2
	MW

	Beam Emittance (95%, normalized)
	20
	mm‐mrad

	Bunching Factor
	0.5
	

	Laslett Tune Shift (Injection)
	‐0.06
	


* The Main Injector is capable of maintaining beam power of 1.2 MW for energies as low as 80 GeV.
In order to provide the RF power required to accelerate 7.5×1013 protons three options could be considered:
1. Operate the current RF cavities with two power tubes instead of one in a push-pull configuration. This will require doubling of the number of modulators and solid state drivers.
2. Use a new more powerful power tube, such as the EIMAC 4CW250,000B. This will require a new mounting configuration (to accommodate the much longer tube), new modulators, and upgraded power amplifier cooling.
3. Replace the entire RF system with a new one (new cavities and PAs). The advantage of this solution is that it can accelerate enough intensity to reach 2.3 MW in the next round of Accelerator complex upgrade.
Options 1 and 2 will be considered for PIP-II in more details as they are substantially less expensive than Option 3.
1.1.11. [bookmark: _Toc420010656]Slip-stacking in Recycler
To be ready for the next Booster injection in time, the beam separation for slip stacking in the Recycler has to be 1680 Hz or 32 MeV (one Booster batch slippage in one Booster tick). The figure of merit in slip stacking is the parameter alpha that relates the frequency separation in synchrotron frequency unit (fs) to the energy separation in bucket height unit (HB):

	 	
For α=2, the hypothetical independent buckets overlap 50% in energy, and the single particle motion is chaotic everywhere within them. The case of α = 4 gives tangent boundaries for the hypothetical buckets and in the case of α = 8 there is space for a complete empty bucket between the upper and lower hypothetical buckets. In practice we have found that a value of α greater than 5 is adequate. Note that for the given frequency separation further increase of  does not yield larger RF bucket size (area of stable motion). A plot of α as a function of the RF voltage for 1680 Hz separation is shown in Figure 2.63. From that figure we can see that an RF voltage of 140 kV meets our requirements.
The choice of RF voltage determines the area of longitudinal phase space where particles will survive sufficiently long time. Figure 2.64 shows the particles in the initial matching beam contours that survive after 300 msec. The largest beam contour with no particle loss corresponds to an emittance of 0.10 eV-sec ( ±4.2 nsec, ±8.0 MeV). If we want slip stacking with 97% efficiency then 97% of particles from the Booster should be included in that matching contour.
[image: ]
Figure 2.63: α vs. RF voltage for 1680 Hz separation.
[image: ]
Figure 2.64: Particles on initial matching contours in a 140 KV bucket after 300 ms of slip stacking with 1680 Hz separation.
[image: ]
Figure 2.65: The current MI accelerating cycle. The momentum and the rate of dipole current change (acceleration rate) vs time are shown.
1.1.12. [bookmark: _Toc420010657]Acceleration in the MI
The current (NOvA) MI Acceleration cycle is shown in Figure 2.65. The total cycle duration is 1.33 s. The cycle time can be reduced to 1.2 s by optimizing the 8.9 and 120 GeV dwell times. In the same figure the acceleration rate, Idot, vs time is also plotted. From the conversion coefficient of 57.754 A/GeV we can see that the maximum acceleration rate is 240 GeV/s. The MI RF has to to provide enough voltage to support the above acceleration rate and also to provide the required bucket area. From operational experience with slipped stacked beam a bucket area of at least 2.0 eV∙s is required above transition to contain the beam tails and avoid losses. The total RF voltage of 4.4 MV is needed to accelerate the beam and provide the required bucket area above transition. Since the maximum operational voltage from each RF station is 240 kV, all 18 RF stations originally installed in the MI are required. During the NOvA shutdown two spare MI RF stations were installed giving us some margin and allowing us to run with up to 2 RF stations down. The RF voltage and bucket area during the current MI ramp are shown in Figure 2.66.
[image: ]
Figure 2.66: RF Voltage and bucket area during the MI acceleration with present cycle.
The MI ramp can be configured for different momenta. Figure 2.67 presents the MI cycle time vs beam momentum for PIP-II operation. The cycle times have been rounded up to the nearest 1/20 s. Based on the cycle times the calculated MI beam power vs beam momenta is shown in Figure 2.68.

Figure 2.67: MI cycle time vs beam momenta.
[image: ]
Figure 2.68: MI beam power vs beam momenta.
1.1.13. [bookmark: _Toc420010658]MI Transition Crossing
MI transition crossing is dominated by non-linear effects because of the large longitudinal emittance. Since the Booster will be upgraded to run at 20 Hz instead of 15 Hz the frequency separation for slip stacking will be increased to 1680 Hz from present 1260 Hz resulting in larger longitudinal phase space area at injection and, consequently, larger longitudinal emittance after recapture in the MI. To reduce the effects of the transition crossing a first order gamma-t jump has been considered.
For MI the non-adiabatic time Tc which represents the time during which the longitudinal motion of the synchronous particle is not well represented by a slowly varying Hamiltonian, is around 1.5 msec. The nonlinear time Tnl which parameterizes the Johnsen effect [56, p. 285], in which particles with different momenta cross the transition at different times, is 2.3 ms. The nominal bipolar jump illustrated in Figure 2.69 maintains a clearance of

	 	

except for about 0.5 ms. Transition is crossed at   almost sixteen times faster than without the jump.
[image: ]
     time (s)
Figure 2.69: MI bipolar gamma-t jump. Transition is crossed 16 times faster with the transition jump than without.
[image: ][image: ]
Figure 2.70: Initial condition for the ESME simulation. In the left picture two 0.1 eV-sec bunches captured in 145 kV buckets separated by 1680 Hz are shown. In the right picture the resulting distribution after recapture with 1.2 MV in MI is shown.
A series of ESME simulations were performed. They accounted for the space charge impedance, Z/n and the gamma-t jump. The initial conditions are shown in Figure 2.70. The final bunch distribution after recapture in MI has a bunch area of 0.5 eV-sec (100%). Figure 2.71 presents the pdot and the RF voltage curve used for the MI ramp in the ESME simulations.
The beam distributions after transition with and without gamma-t jump are shown in Figures 2.72 and 2.73. From Figure 2.72 it can be seen that without a gamma-t jump the low energy tail of the bunch that develops after transition is similar in the cases with zero charge and full charge indicating that it is non-linear effects and no space charge that is dominating the transition crossing in MI. The low energy tail exceeds the momentum aperture of MI leading in beam scraping and beam loss. With the full gamma-t jump the low energy tail is eliminated while with half the jump the beam is contained within the MI momentum aperture as presented in Figure 2.73.

[image: ][image: ]
Figure 2.71: Pdot and RF voltage during the MI ramp used in ESME simulations.
[image: ][image: ]
Figure 2.72: Phase space distribution after transition in MI with zero charge (left) and full charge (right).
1.1.14. [bookmark: _Toc420010659]Beam Stability in the Recycler and MI
The main beam parameters used for in the Recycler stability estimate are listed in Table 2.22. At injection ( = 9.5) the space charge is strong transversely, i.e. the tune shift Qsc≈0.1 is much larger than the synchrotron tune Qs≈0.0034; the space charge is also important longitudinally, leading to the synchrotron tune depression of about 20% [51], and to a possibly of longitudinal instability similar to the “dancing bunches” [54]. The longitudinal instability can be significantly exacerbated by coupled-bunch interaction through high order modes (HOM) in the cavities, leading to the growth rate [55]:

	 	


Here Rs is the shunt impedance, r is the HOM frequency, and  is the rms bunch length in time units. For Rs=35 k, r/(2)=150 MHz, and  =1.9 ns this yields a rather high frequency suppression factor , leading to . A narrow-band damper could suppress such slow coupled-bunch motion if it will be required. 
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Figure 2.73: Phase space distribution after transition with full charge and two different sizes of the gamma-t jump. Half jump (left) and whole jump (right).
Table 2.22: Beam parameters in the Recycler used in beam stability estimates
	Bunch population, N
	
 
	

	Number of bunches
	
 
	

	Transverse emittance, norm. rms, n 
	2.5
	mm mrad

	Longitudinal emittance, rms, || = E
	3.6
	meV s

	Maximal RF Voltage , V
	0.125
	MV

	Transition gamma, t 
	21.6
	



The transverse single-bunch instability is described by a growth rate [49]

	 	






where  is the chromaticity factor determined by the head-tail phase ,  is a bunch-averaged wake function,   is the average beta-function. For , the chromaticity factor saturates at its maximum, . For the resistive wall case, with the half-gap b and the conductivity , the average wake is estimated as  

	 	

Altogether, this leads to single-bunch instability with a growth time .
The coupled-bunch transverse impedance due to wall resistivity is:

	 ,	
where  is the skin depth at the corresponding coupled-bunch frequency. The corresponding instability growth rate is: 

	 ,	


where the coupled-bunch chromatic form-factor  is given by Eq. . For the parameters of Table 2.22, this yields the growth rate close to the synchrotron frequency, . Suppression of that fast instability most likely would require both the transverse damper and rather strong octupoles.  The Recycler bunch by bunch transverse dampers have been very  effective in damping the wall current instability. During slip stacking the current dampers are not effective and so they are turned off. In order to stabilize the beam the chromaticity is increased by about 11-12 units (TO -18 from -6). 
The space charge effects during slip stacking in the Recycler with high chromaticity have simulated with Synergia [reference]. The space charge footprint at -18 chromaticity a is shown in Fig. xx

[image: ]
Fig. xx: The longitudinal phase (left) and space charge footprint (right) for the PIP II case.

[bookmark: _GoBack]Currently, the Recycler performance is not limited by the electron cloud instability. A series of beam studies and simulations are underway to evaluate if electron cloud will be an issue in Recycler for and MI with the PIP II beam intensities. While beam scrubbing is gradually elevating the thresholds, a future need for the chamber surface coating is questionable. So far beam scrubbing has been effective in reducing the SEY value of the SS beam pipe in both RR and MI. The option of beam pipe coating in both Recycler and MI is also an option.	
1.1.15. [bookmark: _Toc420010660]Electron Cloud Mitigation
Electron cloud generation could be a possible instability source for the intensities in the Recycler and Main Injector. 
[image: C:\Users\duncans\Documents\IPAC 2012\Secondary Electron Yield Measurements of Fermilab’s Main Injector Vacuum Vessel\Submission files\MOPPC019fig2.gif][image: C:\Users\duncans\Documents\IPAC 2012\Secondary Electron Yield Measurements of Fermilab’s Main Injector Vacuum Vessel\Submission files\MOPPC019fig1.gif]

[bookmark: _Ref344836647]Figure 2.74: SEY Measuring Stand.
The best approach is to mitigate the generation of the cloud itself.  There have been a series of measurements in the Main Injector, looking at secondary electron yield and cloud generation.  A dedicated measurement setup now exists at MI-52, with newly developed RFA detectors. Both TiN and C coated beam pipes have been installed and measurements made.  Both coatings show significant reductions in secondary electron generation when compared to an uncoated stainless steel pipe. VORPAL simulations are being benchmarked against these measurements. There is a plan to install a SEY (Secondary Emission Yield) stand in MI in order to measure the effect of scrubbing in situ for different kinds of stainless steel. A picture of the SEY measuring stand is shown in Figure 2.74.	
Research continues into the coating process.  The Main Injector beam pipe is captured in the dipole magnets, so coating needs to take place in situ.  A coating (sputtering) facility is set up in E4R and has successfully coated with TiN a 6m long piece of round MI pipe and measured the coating thickness. It will be used to coat test coupons for SEY measurements in MI. The experience from our coating facility will be used to estimate the effort required to in-situ coat the MI beam pipe with TiN. 



[bookmark: _Toc420010661]DESIGN CONCEPTS OF MAJOR SUBSYSTEMS 
[bookmark: _Toc420010662]SC Linac
1.1.16. [bookmark: _Toc420010663]Warm Frontend 
[bookmark: _Toc420010666]Booster
1.1.17. [bookmark: _Toc420010667]Radiation Shielding of the Booster Injection Absorber 
The geometry model used for the shielding calculations with the MARS15 code [79-81] for the injection absorber in the tunnel is shown in Figures. 3.36 and 3.37. The absorber consists of a 2ʹʹx2ʹʹx12ʹʹ tungsten core surrounded with 6ʹʹ of iron located on a concrete pedestal.   
[image: geometry_Elevation_view][image: geometry_Plan_view]
Figure 3.36: Elevation and plan view (left and right, respectively) of the MARS15 model of the absorber.
[image: geometry_Cross_section]
Figure 3.37. Cross section of the MARS15 model of the absorber in the tunnel.
In order to reduce residual activation of the absorber, the absorber core is surrounded with several thick layers of marble. The model also includes magnets upstream and downstream of the absorber as well as layers of marble (4ʹʹ thick and 200ʹʹ in length) on the tunnel floor, walls and ceiling mostly on the aisle side where the residual dose should be as low as possible. At the same time, comparison of the calculated residual dose on the wall side and aisle side reveals the high efficiency of the marble in terms of residual dose reduction. This model is a result of several iterations performed in order to reach acceptably low levels of surface water activation, residual activation of the absorber itself, tunnel, and magnets both upstream and downstream, as well as absorbed dose in the magnets. A comparison of the calculated residual dose on the wall side and isle side shown below reveals high efficiency of marble in terms of residual dose reduction.
The calculated star density distribution around the absorber has the peak value of about 
7.66×10-9 cm-3p-1 and is shown in Figure 3.38. According to the Fermilab concentration model, it means that the activated surface water should be removed with sump pumps approximately once a year.
[image: Smax_YZ][image: Smax_XY]
Figure 3.38: Calculated star density distribution around the absorber: plan view (left) and cross section (right).
The calculated distribution of the residual dose is shown in Figure 3.39.  One can see that the maximum contact residual dose is below 1 mSv/hr on surfaces that can be easily or accidentally reached by personnel during routine maintenance procedures.  Without the 4ʹʹ thick marble layers above and on the isle side of the upstream and downstream magnets, the contact residual dose could be well above 1 mSv/hr.  The maximum residual dose on the tunnel wall on the left side of the absorber is about 15 mSv/hr, while on the right of the absorber the dose on the tunnel wall and floor does not exceed 0.3 mSv/hr.  The latter allows us to further optimize the shielding, if necessary, and reduce the amount of marble on the tunnel walls and floor as well as around the absorber and magnets upstream and downstream.  
The calculated peak absorber dose in the magnet downstream of the absorber is about 4 MGy/yr (see Figure 3.40) while the expected lifetime of magnet components such as kapton, insulation (G10) and epoxy is 20-30 MGy.  In other words, according to the current design the expected lifetime of the first magnet downstream is about 5-7 years.  Shielding optimization in order to significantly increase the lifetime looks questionable because this magnet is practically in contact with the absorber. 
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Figure 3.39: Calculated residual dose around the absorber for 30-day irradiation and 1-day cooling. 
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Figure 3.40:  The calculated distribution of absorbed dose around the absorber.  The peak absorbed dose in the magnet downstream is shown with arrows. 
[bookmark: _Toc359315756]

[bookmark: _Toc420010668]Main Injector and Recycler 
1.1.18. [bookmark: _Toc420010669]Hardware for Main Injector Transition Crossing
Designs for a t-jump in the Main Injector have been studied for the last 15 years.  Details can be found in the Proton Driver Design Report [82]; a brief summary is included here. The system consists of 8 sets of pulsed quadrupole triplets. Each triplet has two quads in the arc and one of twice the integrated strength in the straight section, with a phase advance of  between each quadrupole. The perturbation to the original lattice is localized. In particular, the dispersion increase during the jump is small (∆Dmax ≈1 m), which is the main advantage of a first-order jump system. Each triplet is optically independent from the others and provides roughly 1/8 of the total required jump amplitude (i.e., ∆γt ≈0.25 per triplet). The power supply uses a GTO (gate turn-off thyristor) as the fast switch and a resonant circuit with a 1 kHz resonant frequency. The beam pipe is elliptical and made of Inconel 718. It has low electrical conductivity  and high mechanical strength so eddy current effects are relatively small. The eddy current effects scale as d, where d is the pipe wall thickness. The d value of Inconel 718 is about four times lower than that of stainless steel.
The 8 pulsed triplet locations are summarized in Table 3.12.  Since the original study was done, there have been changes to the Main Injector and these locations need to be revisited.  A set of magnet design parameters has been developed and modeled (see Table 3.13).  
Table 3.12:  Candidate t quad triplet locations
	Pulsed Triplet
	Quad Locations

	1
	104, 108, 112

	2
	226, 230, 302

	3
	322, 326, 330

	4
	334, 338, 400

	5
	404, 408, 412

	6
	526, 530, 602

	7
	622, 626, 630

	8
	634, 638, 100


Table 3.13: Pulsed quadrupole magnet parameters
	
	Requirement

	Integrated Gradient
	0.85 T

	Vacuum pipe cross section (elliptical)
	2.4 x 1.125 in

	Field Quality, 1 inch radius
	2%

	Maximum length
	17 in

	Maximum Current
	200 A

	Maximum Voltage
	As low as possible


1.1.19. [bookmark: _Toc420010670]RF System Modifications 
The Recycler and Main Injector need new 1st and 2nd harmonic RF cavities.  The same cavities will be used in both machines. A cavity design has been developed, with perpendicular biased tuners and R/Q ≈ 30 .  A mechanical drawing of the cavity is shown in Figure 3.41. The cavity parameters are shown in Table 3.14. Higher Order Mode (HOM) Coaxial dampers for the 53 MHz cavities have been designed. The effect of the HOM dampers on the first 2 monopole cavity modes is shown in Figure 3.42. A mock-up of the first harmonic cavity has been constructed and a set of low level RF measurements were taken. A preliminary design of the second harmonic cavity that is a scaled down version of the first harmonic has been completed.
[image: ]
Figure 3.41:  Mechanical dimensions of the 53 MHz cavity.  
Table 3.14: Parameters of the new 53 MHz cavity as a function of ferrite permeability
	Tuner Intrusion 75 mm @ Vpk=240 kV
	r =1.2
	r =2.5
	

	R/Q
	36.4
	31.5
	

	Q0
	12244
	12023
	

	f
	53.3047
	52.6152
	MHz

	Pwall
	64
	76
	kW

	Pferrite
	6
	42
	kW

	Pceramic
	0.2
	0.6
	kW


The power source needs to provide greater than 550 kVA of total power and 4.65 A of current.  To simplify operation and maintenance, the source should have enough bandwidth to power both the 1st and 2nd harmonic cavities.  The EIMAC 8973 power tetrode amplifier has a maximum operating frequency of 110 MHz, output power capabilities greater than 1 MW, and plate dissipation of 1 MW.  An 8973 tube has been purchased and a power test stand is being developed.  
[image: ]
Figure 3.42: Effect of the 53 MHz cavity HOM dampers on the first two monopole modes.


[bookmark: _Toc420010671]Cryogenics
1.1.20. [bookmark: _Toc420010672]Cryogenic System Configuration

Operation at 20 Hz
Increasing the Booster repetition rate from 15 to 20 Hz will be a significant change in the control system. The current timing system is based on a 15 Hz signal derived from the 60 Hz line voltage along with a 15 Hz signal generated by the booster GMPS. These are transmitted out to the rest of the complex as TCLK events generated via the Timeline Generator (TLG). These events will have to be changed to 20 Hz events. The shorter time between events and beam pulses will have to be accounted for by software changes to the TLG which generates the main timing signals for the various accelerators. A variety of systems perform software tasks on each 15 Hz pulse and each will have to be examined to ensure there is sufficient time to complete their task when the timing moves to 20 Hz. Though this is a major change that impacts many parts of the control system, it is currently believed that both PIP-II and the remaining parts of the existing complex should be able to adapt.


[bookmark: _Toc420010676]Radiation Safety and Radiation Shielding Design 
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