Vacuum System
1. Introduction

PIP-II Vacuum system will include all vacuum environments for beam that covers from ion source to Booster. The complete PIP-II Vacuum system consists of three regions, front end (Ion source, LEBT, RFQ, MEBT), Main Linac (Cryomodules, CM), beamline to Booster. There are vacuum gate valves to isolate each other when necessary for commissioning or operation. The vacuum system design will also focus on the requirement of low particulate vacuum that is sufficient but practical, cost efficient to ensure the performance of CM. 
The PIP-II vacuum system faces significant technical challenges, including a large hydrogen flux from the H- ion source (500mtorr.l/s) and large outgassing from the MEBT absorber (1mtorr.l/s). Therefore, pumps with large effective pumping speed have to be applied within very tight space. Turbo pumps have been chosen for Ion Source, RFQ, Absorber, and Dump. Ion pumps also will be used for distributed pumping among the beamline where applicable.

The greatest challenge is probably to minimize the risk of degrading SRF cryomodules due to the migration of large gas load and microparticles. Therefore, it is important to apply low particulate vacuum practices in the upstream and downstream vicinities of Main Linac for preventing contamination of the SC cryomodules. The roughing/venting ports will be arranged in the way to minimize the particle migration towards CM, and the flow rate of roughing/venting will be regulated to reduce the risk of particle migration. Differential pumping scheme will be arranged at the vicinity of cryomodules (CM) to minimize the hydrogen gas flux towards CM.
As usual, interlocking will be applied on gate valves as vacuum failure protection and data logging will be implemented for operation and analysis.
2. Scope

PIP-II vacuum system will focus on beam vacuum from Ion Source through LEBT, RFQ, MEBT, HWR, HEBT, and beam dumper, where share common vacuum environment in operation. The insulation vacuum of CM is an integrated part of CM, its operation requirement will be covered in the interface document of CM.

3. Functional Requirements
The requirements of PIP-II Vacuum vary depending on the characteristics of the specific regions (see Figure 1). A summary of the residual pressure for various regions is shown in Table 1. In terms of vacuum level, the requirement can be classified in three levels, 1) UHV and Low Particulate Practice for Main Linac; 2) UHV and Low Particulate Practice for transition region from downstream of MEBT to CM and CM to Upstream of  HEBT; 3) High Vacuum for the region from Ion source to MEBT absorber and HEBT to Booster. All components shall be vacuum certified accordingly before being installed in the beamline.

 Figure 1:  PIP-II Vacuum System Layout

Figure 2: Warm Inserts in between CM in Main Linac
Table1: Beam Vacuum Requirement
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3.1. Vacuum sections: 

Ion Source --- The ion source is supplied continuously with hydrogen gas in order to produce H- ions. Inside the plasma chamber hydrogen pressure of 3x10-2 Torr is to be maintained while the pressure in the downstream of ion source is 10-6 Torr in order to avoid large beam loss due to H- stripping. The pumping system and internal structures of Ion source and the vacuum box are carefully designed to achieve this great pressure gradient within several inches.  Classified as HV region.

LEBT --- The low energy beam transfer line provides beam focusing, beam analysis and proper beam parameter prior to entering RFQ. The pressure of 10-6 Torr is required in this ~2m long region. Classified as HV region.

RFQ --- the RFQ accelerating the H- beam to 2.1Mev. It requires 10-7 Torr vacuum for normal operation. Classified as HV region.

MEBT --- The medium energy beam transfer line prepares the H- beam prior to entering HWR, the first CM, by chopping. There is 80% of H- beam that will be chopped in the chopper and absorbed in the absorber. Sputtering and hydrogen production (due to incoming H- flux) inside absorber are expected in normal operation. From the ion source to MEBT absorber, only regular high vacuum is achievable under reasonable cost, and desired for normal operation. Classified as HV region. The region from downstream of MEBT absorber until HWR is the transitional area to bridge the regular high vacuum environment to ultrahigh vacuum and low particulate environment in the CM. it is critical for the normal operation of CM. the UHV and low particulate requirement will be applied in the design, cleaning and installation in this region. Classified as UHV and Low Particulate region. Fast action gate valve will be installed towards CM, in order to protect CM from contamination due to vacuum failure.
Cryomodule Beam Vacuum --- The cryomodules operate at 2K, the internal surfaces provide sufficient cryo-pumping effect so that the residual gas pressure will be lower than 10-10 Torr, mainly driven by the operation temperature. The challenge for this region is to achieve low enough pressure (10-7 Torr) at room temperature before cooling down. The 1100mm-Insert in between CM will also be classified as UHV and Low particulate as well. Gas flow controlling, proper filtration and cold trap shall be applied for pumping down and venting up. Cold Cathode(CC) gauges shall be used to minimize the heat load from gauging. Classified as UHV and Low Particulate region.
CM Insulating Vacuum --- The pressure shall be 10-5 tor prior to cooldown. This system will be pumped with turbo and roughing pumps. Pressure shall be maintained 10-6 Torr or better at cold. CC gauges shall be used. The pumps once used in this system shall not be used for UHV system because of contamination. Classified as HV region.

HEBT --- The beamline consists of magnets and beam instrumentations at room temperature. It is directly connected Main Linac to Booster. In order to maintain a high quality vacuum in CM and the end of Linac, the UHV and low particulate requirement shall also be applied in its differentiap pumping section for transition to regular beam transport line. It requires cleaning of beam pipes and clean installation of this region. Classified as UHV and Low Particulate region. Fast action gate valve will be installed towards CM, in order to protect CM from contamination due to vacuum failure.

3.2. Components

Materials --- Materials chosen for vacuum components shall not only meet low outgassing rate and no contamination in general, but also have to be resistant to radiation, corrosion, have to have low magnetic permeability, particulate generation, etc. in the specific environment. Plating or coating is not allowed in areas require low particulate vacuum. Vacuum personnel shall be informed and/or involved in material related decisions.

Pumps ---  Ion pumps (IP’s) will be used in the beamline. IP’s shall have magnetic shields and positioned so that there is no line of sight from IPs to sensitive areas. Turbo and roughing pumps should be dry. Scroll pumps can introduce TeflonTM and should not be used for beamline or coupler vacuum systems. 

Beamtube --- All beamtubes in UHV region shall be electropolished and hydrogen degassed, an in-situ bakeout may be required. 316L shall be used for area sensitive to corrosion, magnetic field and/or high radiation.
Flanges --- CF flange(70° preferred) is required in UHV and preferred in HV.
Gauges --- Inverted magnetron cold cathode gauges (CC’s), thermocouple gauges (TC’s), ion gauges (IG’s), convection gauges (PG’s), capacitance manometers, and residual gas analyzers (RGA’s) will be used.
Hardware --- In the low particulate vacuum regions, standard unplated ConFlat® copper gaskets should be used with the ConFlat® flanges. They should be ordered individually wrapped and already UHV cleaned. Bolts and studs shall be made of domestic 316L unplated stainless steel. Nuts should be 651 silicon bronze., Silicon bronze studs should be used for blind holes. Nuts, bolts, and studs shall be ultrasonically cleaned prior to installation.
Valves --- Manual and pneumatic gate valves will be installed along the beam line for protection and commissioning purpose. All-metal valves are required in UHV regions. Some gate values, include the fast action valves) will be interlocked, as part of machine protection. 
Cleaning ---All vacuum parts for PIP-II shall be cleaned as UHV, even the parts for HV regions, and bagged properly (ADDP-ME-000145, procedure for particle free vacuum components) for parts used regions require low particulate vacuum.
Certification 

All devices that are part of beamline vacuum shall be certified by vacuum personnel, prior to being installed at the beam line. The certification is to verify that the specific device meet the vacuum requirement. The specific procedures and criteria will be defined accordingly.
Assembly and installation 

The procedures for assembly and installation will be specific to the region. 

Roughing and Venting  

Since the risk of particle migration towards CM, the valves that isolate the CM from its vicinity shall remain closed during the period of roughing down and venting up in the adjacent regions. Turbo cart equipped with flow restriction (50 mbar.l/s) and proper filtration shall be used for such activities, until pressure below 1 torr. It shall also be taken into account that the locations of pumping/venting port are designed so that the risk of particle migration towards CM minimized. 
3.3. Basic Low Particulate Requirement

1. All processes and procedures shall be performed per released written procedures.

2. All processes, procedures and facilities used to install or maintain such hardware shall be validated by testing, (as defined in section III. Verification Methods for Measuring Particle Counts,) before being approved for use on PIP-II(PIP-II) “low particulate” hardware.

3. All “low particulate” vacuum components shall have the final stages of cleaning performed in ISO Class 4 (FED-STD Class 10) environments per ISO 14644, in the operational state, considered size 0.5 μm (352 particles/m3).

4. All interconnection of “low particulate” vacuum components shall take place in an ISO Class 5 Cleanroom (FED-STD Class 10) or Clean Zone per ISO 14644-1, in the operational state, for 0.5 - 5.0 μm particles.

5. Integration, service, or maintenance operations on the Cryomodule beam line vacuum (for example, e.g. removing beamline transport spools, connecting the beamline between two Cryomodules, or connecting the beamline between a Cryomodule and a transitional warm beamline section, etc.) shall take place in ISO Class 4 Clean Zones per ISO 14644, rest state, for 0.3 micron particles, 0.5 micron particles and 1.0 micron particles.

6. All test equipment used to validate “low particulate” components, processes, procedures, and facilities shall be properly calibrated, with valid calibration at the time of their use.

7. All personnel entering the Clean Rooms or Zones while “low particulate” hardware is exposed must be trained cleanroom users.

8. Implementation of low particle technology in an “as low as reasonably achievable” approach can be justified by the cost of determining the true risk imposed by excessive relaxation of requirements. This approach is adopted for the PIP-II(PIP-II) project.

3.4. Region Specific Requirement

For purposes of optimizing the design, fabrication, installation and operation of PIP-II, various regions of the SRF accelerator are categorized into Cleanliness Regions, table 2. The most critical region includes the superconducting cavity and its vicinity that shares common vacuum space. As one moves further away from the SRF cavity, the probability for particulate migration to the SRF cavity is reduced, so does the requirement.
Table 2: Cleanliness Region Description

	A
	SRF cavity, and other surfaces in the same vacuum region(HWR, SSR1, Main Linac)

	B
	Transitional warm Beamline Vacuum Internal Surfaces within “Low particulate Length” of Cleanliness Region A. (MEBT Absorb-HWR, SSR1-HEBT.)

	C
	External Surfaces of Transitional warm Beamline Assembly parts and tools. 

	
	External surfaces of Cryo Beamline components.

	
	External Surfaces of Cleanliness Region A assembly parts and tools.

	
	External Surfaces of Cleanliness Region A assembly jigs and fixtures.

	
	External Surfaces of Transitional warm Beamline Components and Assemblies, within cleanrooms and clean zones during beamline connections. 
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		REQUIREMENT		Ion S.		LEBT		RFQ		MEBT		MEBT_DS		CMs		W-sect		HEBT-US		HEBT

		Pressure (torr)		10-2 -10-6		10-7		10-7		10-7		10-7 - 10-10		10-10		10-10		10-10 - 10-8		10-8

		Leak Check Sensitivity (mbar.l/s)		2x10-9		2x10-9		2x10-9		2x10-9		2x10-10		2x10-10		2x10-10		2x10-10		2x10-9

		Pumping		Turbo, Ion Pump								Ion Pump		Cryo		getter		Ion Pump		Ion Pump

		Vacuum Seals of Joints		metal gasket or elastomer;         CF or KF								CF only; metal gasket only

		Part Cleaning		UHV procedures

		Gauging		Ion gauge										cc gauge				Ion Gauge

		Low Particulate practice		no		no		no		no		Yes		Yes		Yes		Yes		no

		controllers		equiped with RS485 to communicate with control system ACNET via PLC








