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1.1.1. [bookmark: _Toc419582938]Cryogenic System Configuration
The SRF Linac cryogenic system (Figure 1.1) consists of three major subsystems: the Superfluid Helium Cryogenic Plant (SHCP) that produces the refrigeration, the Cryogenic Distribution System (CDS) that delivers the refrigeration from the SHCP to the SRF Linac, and the associated auxiliary systems. The cryogenic system is expected to operate for 20 years, with an estimated continuous operation of two to five years without a scheduled shutdown. The expected availability of the SHCP is 98%, which would define the availability of the entire system. The cryogenic system as a whole is required to perform the following functions:
· Provide sufficient cooling at appropriate temperature levels to enable operation of the SRF cavities and other cryogenic components within their respective operational conditions.
· Ensure that the system shall support controlled cool-down and warm-up of cryomodules.
· Ensure that the system and its components comply with the Fermilab ES&H manual.
· Provide for proper protection of process fluids from contamination.


[bookmark: Figure_3_43][bookmark: _Toc426116019]Figure 1.1: Layout of PIP-II cryogenic system.
The cryogenic system will be designed to operate as efficiently as is practical over a wide range of operating requirements [83]. Efficiency will be important for the operating modes that are expected to last for extended periods of time, such as normal Linac operation at 2 K, 2 K standby (RF off) and 4.5 K standby. Operating procedures for the cryogenic system include:
1. Controlled linac cool down and warm up.
The cryogenic system must be able to reliably cool down and warm up the cryomodule string within the cool down rate and temperature difference constraints imposed by the cryomodule design.
2. Linac liquid helium fill
This represents the 4.5K liquefaction capacity of the cryogenic system and determines the time required to fill the cryomodule string with 4.5K liquid helium.
3. 4.5 K standby
During extended shutdown periods, it is desirable to keep the cryomodule string cold and all circuits at positive pressure, thus minimizing the operating cost as well as the risks of contaminating the cold circuits.
4. 2 K standby
During shorter shutdown periods, it is desirable to keep the cryomodule string at 2K. With the RF off, the heat load to the cryogenic system at 2K will be about 50% of the nominal load in the pulsed regime of linac operation.
5. 2 K design operation
This represents the normal pulsed CW operation of the Linac at the estimated heat loads.
1.1.2. Superfluid Helium Cryogenic Plant (SHCP)
The SHCP will utilize a mixed compression cycle, as opposed to all cold compression cycle. The mixed cycle has been successfully used in many superfluid helium cryogenic plants including LHC (CERN) and CMTF (Fermilab). The cycle was also recently chosen by XFEL (DESY) and European Spallation Source (ESS) after independent review of an industrial studies conducted by the helium cryogenic plant manufacturers [Ref]. Simplified cycle diagram is presented in Figure 1.2. The cycle utilizes a combination of three stages of cold compressors and a sub atmospheric warm compressor operating in series.  The major advantage of this cycle is the wide range of efficient capacity modulation.
The PIP–II SHCP design will incorporate the components to accommodate all required operating modes of the PIP-II Linac as well as devices necessary for its function verification. The cryogenic load requirements for the SHCP are presented in Table 1.1. The “Nominal” refers to the SHCP capacity required to take care of all the dynamic and static heat loads without considering safety factors in the loads. The “Maximum” capacity takes care of the required safety factors in the heat loads. The SHCP shall be designed for stable operation for any external load between zero and the maximum values specified. The SHCP shall have a provision to simulate the heat loads for performance tests. The detailed specifications for the SHCP are developed jointly by Fermilab, USA and DAE, India as a part of the ongoing IIFC collaborative efforts. The SHCP, shall be procured from industry by DAE and supplied in kind to Fermilab. The major components of the SHCP, are the helium warm compression system (WCS) and the cold box (CB), both of which, along with SHCP process control system and instrumentation, are part of the procurement.
The WCS consists of the group of equipment needed to compress the required mass flow of pure helium gas, both for the atmospheric as well as the sub-atmospheric pressure circuits, cool it to ambient temperature and restore it to its original purity. The performance of the WCS should satisfy the cryogenic load requirements (Table 1.1) for all modes of operation. The major components of WCS are as follows:
· Compressor skids.
· Bulk oil removal, cooling and circulation equipment.
· Final oil removal system.
· Charcoal adsorbers.
· Dryer.
· Oil and Gas Filters.
· Gas management panel.
· Helium guard for sub-atmospheric circuits.
· Pump and purge system.
· Gas analysis equipment.
· Safety devices.
· Electrical systems and controls.
· Valves.
· Interfaces for connecting to the CB and helium buffer vessels.


[bookmark: Figure_3_44][bookmark: _Toc426116020]Figure 1.2: Simplified Schematic of a Mixed Compression Cycle.
The CB of the SHCP is a vacuum vessel with clean inner surfaces, covered by multi-layer insulation and housing all the equipment and piping involved with the refrigeration process. The CB package also includes instrument panel with transmitters, switches, process and utility instrumentation, instrument air and cooling water connections and distribution, purge connection, electrical cabinet for terminals, transmitters and other hardware. The major components of the CB are as follows:
· Aluminium plate-fin process heat exchangers.
· Cryogenic turboexpanders (TEX).
· Cryogenic cold compressors (CC).
· Valves at cryogenic temperature with manual or pneumatic actuators.
· Valves at ambient temperature operating at sub-atmospheric pressure.
· Safety valves and other safety devices.
· Dual bed 80K adsorbers and single bed full flow 20K adsorber.
· Filters.
· Phase separator and sub-cooler.
· Vacuum insulation system.
· Heaters.
· Temperature sensors and pressure sensing taps.
· Interfaces for connecting to the WCS, liquid helium Dewar and Cryogenic Distribution System (CDS).
SHCP control system will be equipped with all instrumentation necessary for safe and reliable operation. The instrumentation will allow for flow and pressure measurements, temperature, speed controls and impurity monitoring. The control system will consist of a main process control programmable logic controller (PLC), remote input/output modules at equipment positions and Human-Machine-Interface displays. It will include all software required for safe and reliable operation of the system. 
Most of the auxiliary equipment, including warm helium storage tanks, liquid helium Dewars, etc., will be reused from the Tevatron. Chillers for turbines and cold compressors, insulation vacuum pumping system (roughing and diffusion pumps), and associated instrumentation will be procured from industry. 
[bookmark: Table_2_5][bookmark: _Toc428530377]Table 1.1: Cryogenic load requirements for the SHCP
	Capacity
	High Temperature Thermal Shield (HTTS)
35 – 80 K
	Low Temperature Thermal Shield (LTTS)
4.5 – 9 K
	2 K

	Maximum [W]
	≥ 9,100
	≥ 1,500
	≥ 1,900

	Nominal [W]
	≥ 7,000
	≥ 1,150
	≥ 1,750


1.1.3. The Cryogenic Distribution System (CDS)
The CDS consists of the equipment required to feed and return the cold helium via vacuum insulated pipelines to the SRF Linac components. The equipment include distribution boxes (DB), cryogenic transfer lines, bayonets and turnaround boxes. The salient features of the CDS may be described as following:
· A multi-circuit transfer line will run from the SHCP CB (Figure 1.3), into the PIP-II tunnel and along the length of the SRF Linac. The design of this transfer line will be consistent with CW operation.
· In steady state operation, the CB will supply supercritical helium at around 4.5K and a maximum supply pressure of 4 bar to the CDS.
· The supercritical helium line is divided into two streams inside the cryomodules, one of which is directed to the sub-atmospheric heat exchanger and subsequent JT valve, while the other is directed to the LTTS. This LTTS return line enters the CDS at a temperature of about 9K in normal operation.
· The sub-atmospheric return stream from the CDS to the CB has a temperature of about 3.8K in normal operation.
· The CB will supply to the CDS, high pressure helium gas at 35-40 K for the HTTS. This shield flow is returned from the CDS to the CB at about 80K.
· The CDS will have a separate cooldown (return) line, which will return helium gas to the CB at different temperatures during the cooldown operation of the CDS and cryomodules.
· The CDS transfer line would make use of 25 inline bayonet cans, one for each cryomodule, and a turnaround box at the end. In parallel, in the vertical plane, there will be a warm helium vent header.
· Connections between the distribution boxes and the cold box are accomplished via removable vacuum insulated cryogenic transfer tubes ("U-tubes"), while the connection to the tunnel transfer line is welded. This architecture provides flexibility for positive isolation of tunnel components and strings of cryomodules from the SHCP during installation, commissioning, operation and maintenance, including repairs.
· Each cryomodule is connected to the transfer line via u-tubes, which provides for maximum segmentation of the Linac.
· The estimated pressure drop for the transfer line elements along the CDS and the cryomodules are presented in Table 1.2.
Table 1.2: Estimated pressure drop along the CDS and cryomodules
	
Circuit
	Operating Pressure
	Estimated pressure drop

	
	[MPa]
	[kPa]

	2K return
	3.13e-3
	0.4

	4.5K supply
	0.22 ≤ P ≤ 0.4
	25

	LTTS return
	0.22 ≤ P ≤ 0.4
	3

	HTTS supply
	0.3 ≤ P ≤ 1.8
	5

	HTTS return
	0.3 ≤ P ≤ 1.8
	7



[image: ]
Figure 1.3: Simplified Schematic showing the SHCP, the CDS and the distribution of cryogenic refrigeration to load (cryomodules).
1.1.4. Steady State Operation of the SHCP
The different steady state operation modes of the proposed SHCP are listed in Table 1.3. The major features of the steady state operation are described as following:
· Ability to cope with the cooling loads for each of the steady state operation modes listed in Table 1.3.
· In the “4.5K stand by” mode, the only heat load applicable is the static heat load (heat in leak) of cryogenic distribution system and testing components.
· In the “Maximum capacity” mode, along with the static heat load, the dynamic heat load due to magnet current and RF power being turned on, also comes into the picture. This mode represents the maximum SHCP refrigeration capacity at 2K to deal with the maximum heat load considering all the safety factors.
· The “Nominal design” mode represents the design condition of the SHCP to take care of all the dynamic and static heat loads but without considering the safety factors.
· Apart from these refrigeration modes, there exists a provision of a helium liquefaction mode at 4.5K.
· Complete exclusion of liquid nitrogen pre-cooling in the SHCP design.
· Capability of transition from one operation mode to another with minimal manual intervention.
· Automatic reaction to changes in heat load by reducing or increasing SHCP performance without active participation of an operator.
Table 1.3: Steady State Modes of operation of the SHCP
	Circuit
	LHe
[g/s]
	4.5K Standby [W]
	Nominal Design [W]
	Maximum Capacity [W]

	2K
	N.A.
	N.A.
	≥ 1,750
	≥ 1,900

	4.5K
	TBD*
	_
	_
	_

	LTTS
	_
	≥ 1,150
	≥ 1,150
	≥ 1,500

	HTTS
	≥ 7,000
	≥ 7,000
	≥ 7,000
	≥ 9,100


1.1.5. Transient Operation of the SHCP
The transient operation modes of the SHCP involves the cool down, warm up and responses to fault conditions and normal shut down. The salient features of the cool down mode are described as follows:
· Capability of cooling down the SHCP CB either alone or together with the Linac cryomodules (CM).
· CB to operate in a mode of liquefaction at rising level once the Linac CM cold masses reach a temperature below 5 K.
· Capability of supporting cool down of LTTS and/or HTTS circuits prior to, or simultaneously with, the cooling of the 2K circuit.
· Pump down to achieve 2K by switching on the CC train to start only when the 4.5K circuit is in normal operation, the Linac CMs are filled with 4.5K liquid helium (LHe) and  when the cool down of the sub-atmospheric circuits including the header is completed.
· Capability to cope with different pump down volumes right from one CM to the entire Linac CM set.
· Capability to re-start pump down after a scheduled or un-scheduled stoppage of the CC train.
· Capability of pumping down a single CM in case of replacement/maintenance of the same.
· Capability of pumping down both with or without the sub-atmospheric header.
The salient features of the warm up mode are described as follows:
· Capability of warming up the CB either alone or together with the Linac cryomodules (CM).
· Capability of warming up together with any number of CMs, ranging from one to the entire set.
The salient features of the SHCP responses to fault conditions are described as follows:
· Capability of withstanding heat load variation, without a trip or significant excursion of operating parameters.
· Provision of protection of plant components in the event of beam line vacuum loss and insulation vacuum loss in CMs.
· Support, without damage to plant components, abnormal shut down modes such as those due to component trip, failure of compressor system, utilities interruption and other emergency trips.
· Capability to cope with unexpected controls or communication interruption or failure without damage to plant components.
· Capability of plant restart without warm-up or purge of its circuits after incidents such as power glitch, cooling water outage, etc. 
· Capability of TEX and CC restart without warm-up or purge of cold circuits. 
· Capability of plant restart without warm-up or purge of its circuits after reset of an interlock that caused a component or element false trip.
The salient features of the SHCP normal shut down mode are described as follows:
· Capability of plant shutdown via either local or remote command without damage to components.
· Normal shutdown mode sequence to bring about pressurizing of all circuits (including the normally sub-atmospheric circuits) to above atmospheric pressure to protect these from possible contamination.
1.1.6. Interfaces of the SHCP
The major interfaces of the SHCP includes that between the CB and WCS, CDS and LHe Dewar. The CB will be connected to the WCS by at maximum four main helium lines (HP delivery, LP return, sub-atmospheric return and MP return) without counting auxiliary lines for bearing gas, purging requirements, etc. The physical interface between the SHCP CB and the SRF Linac CDS will be one single transfer line port incorporating six lines (Fig. 1.3, Table 1.4). The port would contain a vacuum barrier to separate the insulation vacuum of the transfer line from that of the CB. 
Table 1.4: CDS Transfer line sizes 
	Line description
	Line size (NPS)

	4.5K Supercritical helium (supply)
	2” Schedule 10

	Sub – atmospheric helium (2K return)
	10” Schedule 5

	LTTS return
	2” Schedule 10

	HTTS supply
	2” Schedule 10

	HTTS return
	2” Schedule 10

	Cool down (return)
	3” Schedule 10


Table 1.5: SHCP interface with the CDS/LHe Dewar
	


Circuit
	Supply
	Return

	
	P
	T
	P
	T

	
	[MPa]
	[K]
	[MPa]
	[K]

	2K
	_
	_
	2.7e-3
	≤ 3.8

	4.5K supercritical
	0.22 ≤ P ≤ 0.4
	≤ 4.5
	_
	_

	LHe
	0.12
	Sat. Temperature
	LHe Dewar pressure – P1*
	Sat. Temperature

	LTTS
	_
	_
	0.22 ≤ P ≤ 0.4
	≤ 9

	HTTS
	0.3 ≤ P ≤ 1.8
	35 – 40 
	P – P2# 
	≤ 80


* P1 is the pressure drop in LP return of the transferline (about 5 kPa)
# P2 is the pressure drop in the HTTS line as provided in Table 1.2.
The LHe Dewar, apart from providing a buffer supply of liquid helium during regular operation, will be used during the acceptance of the SHCP. The physical interface between the CB and the transfer lines leading up to the LHe Dewar will be bayonet couplings. The process parameters requirements at the interface between the SHCP and the CDS as well as the LHe Dewar for each of the steady state operation modes are presented in Table 1.5.
1.1.7. [bookmark: _Toc419582939]Infrastructure and Utilities Requirements
The major PIP-II cryogenic infrastructure consists of the Warm Compression System (WCS) building, the Cold Box (CB) building and the interconnection between the CB building and the PIP-II tunnel, housing the Cryogenic Distribution System (CDS) components. The design of the cryogenic infrastructure will include adequate provisions to minimize transmission of vibration to the PIP-II tunnel in order to prevent excitation of microphonics in the SC cavities.
The WCS building:
· High bay area: 60’ x 200’ (Floor) with a 25 metric ton EOT crane.
· Electrical power: 3 phase, 4.16 kVAC, 60 Hz with minimum power requirement of about 3.5 MW; 3 phase, 480 VAC, 60 Hz with minimum power requirement of about 200 kW for auxiliary equipment; 1 phase, 120 VAC, 60 Hz incidental requirements (20 kW). Class 2 (AC power from UPS) for operating the control panels.
· Cooling water: About 1500 gpm with a supply temperature of about 85 – 95 oF and allowable rise in temperature of about 18 oF.
· Ventilation blower: 300 kW approx.
· Instrument air: 500 gpm approx.
The CB building:
· High bay area: 50’ x 125’ (Floor) with a 15 metric ton EOT crane and a side bay area.
· Electrical power: 3 phase, 480 VAC, 60 Hz with minimum power requirement of about 100 kW for auxiliary equipment; 1 phase, 120 VAC, 60 Hz incidental requirements (30 kW). Class 2 (AC power from UPS) for operating the control panels.
· [bookmark: _GoBack]Cooling water: About 200 gpm with a supply temperature of about 50 – 60 oF and allowable rise in temperature of about 9 oF.
· Instrument air: 500 gpm approx.
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