3.1.2.3	Elliptical 650 MHz Cavities and Cryomodules
Acceleration from 185 MeV to 800 MeV will be provided by two families of 5-cell elliptical cavities operating at 650 MHz and designed to βG =0.61 and βG =0.92.  The cavity shape is optimized to decrease the field enhancement factors (magnetic and electric) in order to improve the interaction between the beam and the cavities.  In order to do this, the cavity aperture should be as small as possible subject to the following considerations: 
· field flatness
· beam losses
· mechanical stability
· reliable surface processing
The working gradient is chosen to provide a peak surface magnetic field that allows operation below high-field Q-slope (see chapter 2).  For a frequency of 650 MHz the peak magnetic field should be not greater than approximately 70 mT. In addition we require that the peak surface electric field be lower than 40 MV/m in order to avoid the risk of strong field emission.
The 650 MHz cavities require sufficient wall thickness to minimize sagging caused by the overall weight. Note that stiffening rings are used for both the ILC and 650 MHz cavities to increase the rigidity of cavities. A requirement of limiting the maximum cavity sag to 120 μm (the same as ILC) results in a 4 mm wall thickness. A small cavity wall slope gives more freedom to decrease the field enhancement factors. However, the slope is limited by surface processing and mechanical stability requirements. The chosen slope of about 2° results in an acceptable value for the field enhancement.
Optimization of the two 650 MHz cavity shapes was based on the constraints discussed above. The cavity performance parameters are summarized in chapter 2. The physical description of the cavity shapes is displayed in below. Requirements for maximum cavity detuning amplitude and cavity sensitivity versus helium pressure fluctuations were discussed in chapter 2 (see also Ref. [31]). Note that the 650 MHz cavities have small beam loading, and thus microphonics mitigation is essential. Therefore the cavities are over-coupled; both active and passive means for microphonics compensation are planned to be used [74]. The preliminary mechanical design of the HB650 cavity is shown in figure 3.x.
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Figure 3.x High beta dressed cavity cross section
Neither of the 650 MHz cavities contain HOM dampers – they are not necessary for the required beam current [75]. This choice is also supported by experience accumulated in the SNS [76]. An absence of HOM dampers is more problematic for future PIP-II upgrades.
The 650 MHz cavity and cryomodule section of the linac contains a total of 33 low beta cavities in 11 cryomodules and 24 high beta cavities in 4 cryomodules. All of the needed focusing magnets are at room temperature and located between cryomodules. Figure 3.x illustrates the linac layout and the location of the 650 MHz section.
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Figure 3.x PIP-II linac layout
The cavity string design for each cryomodule is based on similar designs for the SSR1 and SSR2. The cavity string is supported on a room temperature strongback located inside the vacuum vessel. Each cavity is supported by two composite support posts. The attachment to the supports allows axial motion during cooldown to prevent excessive loading on the supports with one end fixed. The fixed end is located nearest the input coupler, minimizing coupler motion during cooldown. 
Unlike cryomodules for XFEL, LCLS-II, and other similar linacs that have their piping continuous across the interconnect region, PIP-II cryomodules are completely self-contained with the only connection between cryomodules being the beamline. Cryogenic connections are made at each cryomodule through bayonet connections at a common connection box that also houses the cryogenic control valves. This eliminates the need for a large 2 K pumping line within each cryomodule and also makes potential replacement of an individual cryomodule for maintenance more straightforward. Each cavity has its own 2 K heat exchanger and relief line connection.
Figures 3.x and 3.x illustrate the cavity string assembly for the high beta cryomodule with the warm strongback, support posts, 2-phase pipe, and cryogenic piping. Figure 3.x illustrates the complete cryomodule assembly.
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Figure 3.x 650 MHz high beta cavity string assembly
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Figure 3.x 650 MHz high beta cavity string detail
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Figure 3.x 650 MHz high beta cryomodule assembly
Static heat loads
The static heat load in a cryomodule is the sum of heat flowing from several sources summarized below.
· input coupler
· mechanical support structure
· magnet current leads (if any)
· thermal radiation and residual gas conduction
· cold-to-warm transition
[bookmark: _GoBack]Each represents some form of connection between cryomodule components and the environment. In the case of the input coupler, support structure, current leads, and cold-to-warm transition, they are mechanical connections to the vacuum vessel with intermediate heat intercepts at 70 K and 5 K. The heat loads to 70 K, 5 K, and 2 K are determined by the temperature dependent thermal conductivities of the materials making up the structures, their lengths and cross-sectional areas. Thermal radiation and residual gas conduction are forms of heat transfer to various temperatures through the multi-layer insulation (MLI) and are estimated to be 1.5 W/m2 to 70 K and 0.15 W/m2 to 2 K where the effective area is the surface area of the insulating layer.
Separate tables in the sections below summarize the heat loads from each static source for the low and high beta 650 cryomodules.
Interfaces
The cryomodule assembly has interfaces to the following.
· Bayonet connections for helium supply and return.
· Cryogenic valve control systems.
· Cryogenic system interface is via a heat exchanger which pre-cools helium from approximately 5 K to 2 K upstream of the cryomodule liquid level control valve (JT-valve).
· Pumping and pressure relief line connections.
· Cryomodule warm support structures.
· Beam tube connections terminated by a particle free vacuum valve.
· RF and high voltage bias connectors to the input couplers.
· Instrumentation connectors on the vacuum vessel shell.
· Alignment fiducials on the vacuum vessel shell with reference to cavity positions.
Instrumentation
Cavity and cryomodule instrumentation will include, but not be limited to the following. Internal wiring shall be of a material and size that minimizes heat load to the internal systems.
· Cavity field probes.
· Coupler e-probes.
· Diode x-ray detectors.
· Cavity tuner control and diagnostics.
· Input coupler temperature sensors.
· Thermal shield temperature sensors.
· Cavity helium vessel temperature sensors (externally mounted).
· Helium system pressure taps.
· Helium level probes in the 2 K phase separator.
· Helium temperature sensors in the 2 K phase separator.
· Cavity vacuum monitors.
· Insulating vacuum monitors.
· Input coupler vacuum monitors.

3.1.2.3.1	Low beta 650 MHz section
The tables and figures below provide details specific to the low beta 650 MHz cavities and cryomodules. Additional details can be found in functional requirements specifications ED0001830 and ED0001834.
	Table 3x: Low beta cavity EM parameters

	Parameter
	Value

	Frequency
	650 MHz

	Shape, number of cells
	Elliptical, 5 cells

	Geometric beta βg
	0.61

	Bandwidth
	65 Hz

	Energy gain at optimal beta
	11.9 MeV

	Surface RF electric field Epeak 
	< 40 MV/m

	Surface RF magnetic field Bpeak 
	< 72 mT

	Cavity quality factor Q0 at 2K
	>1.5*1010 

	Dynamic cryogenic load
	 25 W



	Table 3x: Low beta cavity operational and test requirements

	Parameter
	Value

	Operating mode
	Pulsed with CW capability

	Peak Current
	2 mA

	Max Leak Rate (room temp)
	< 10-10 atm-cc/sec

	Maximum Gain per cavity in VTS
	> 14 MeV

	Sensitivity to He pressure fluctuations
	 < 25 Hz/mbar (dressed cavity)

	
	

	
	

	Lorentz Force Detuning
	-0.8 Hz/(MeV/m)2

	Field Flatness dressed cavity
	 > 90%

	Operating temperature
	2.0 K

	Operating Pressure
	30 mbar

	MAWP
	2 bar (RT), 4 bar (2K)

	RF power input per cavity
	up to 30 kW (CW, operational gradient)

	Cavity half-bandwidth
	29 Hz

	Cavity longitudinal stiffness
	<  5 kN/mm

	Tuning sensitivity
	> 180 kHz/mm



	Table 3x: Tuner requirements
	

	Parameter
	Value

	Coarse tuner frequency range
	200 kHz

	Coarse tuner frequency resolution
	2 Hz

	Fine tuner frequency range
	500 Hz

	Fine tuner frequency resolution
	0.1 Hz



Figure 3.x illustrates the configuration of the low beta cryomodule. The overall length is estimated to be approximated 4.3 m with beam gate valves located at each end.

[image: ]
Figure 3.x Low beta cryomodule configuration
Table 3x summarizes the static heat loads for the low beta cryomodule. In addition there is a dynamic heat load to 2 K of approximately 25 W per cavity or 75 W for each cryomodule.
	Table 3x: Low beta cryomodule static heat loads

	
	Each cavity (W)
	Multiplier
	Total per CM (W)

	
	70 K
	5 K
	2 K
	
	70 K
	4.5 K
	2 K

	Input coupler (static)
	4.4
	1.8
	0.2
	3
	13
	5
	1

	Support post
	0.4
	1.8
	0.0
	6
	2
	11
	0

	MLI
	30.6
	0.0
	1.5
	1
	31
	0
	1

	Cold to warm transition
	0.7
	0.1
	0.0
	2
	1
	0
	0

	Total static (per CM)
	 
	 
	 
	
	48
	16
	2



Table 3x summarizes the general and cavity-related requirements for the low beta cryomodule.
	Table 3x: Low beta 650 MHz cryomodule requirements

	General
	

	Physical beam aperture, mm
	118

	Overall length (flange-to-flange), m 
	4.3

	Overall width, m
	≤1.6

	Beamline height from the floor, m
	1.3

	Cryomodule height (from floor), m
	≤2.00

	Ceiling height in the tunnel, m
	3.20

	Max allowed heat load to 70 K, W 
	100

	Max allowed heat load to 5 K, W 
	15

	Max allowed heat load to 2 K, W 
	100

	Maximum number of lifetime thermal cycles
	50

	Intermediate thermal shield temperature, K
	45-80

	Thermal intercept temperatures, K
	5 and 45-80

	Cryo-system pressure stability at 2 K (RMS), mbar
	~0.1

	Environmental contribution to internal field
	<0.1 mG

	Transverse cavity alignment error, mm RMS
	<0.5

	Angular cavity alignment error, mrad RMS
	≤5

	Beam duration for operation in pulsed regime, ms
	≤1

	Repetition rate for operation in pulsed regime, Hz
	≤20

	Cavity-related
	

	Number, total per cryomodule 
	3

	Frequency, MHz
	650

	Beta (geometric)
	0.61

	Operating temperature, K
	2

	Operating mode
	CW

	Operating energy gain, MV/m
	17.7

	Coupler power rating (TW, full reflection), kW
	100



In addition there are requirements on the pressure ratings for each of the systems in the cryomodule. Those are summarized in table 3x. The pressure ratings are the same for both low and high beta cryomodules.
	Table 3x: System pressure ratings (all are differential pressures)

	System
	Warm MAWP (bar)
	Cold MAWP (bar)

	2 K, low pressure
	2
	4

	2 K, positive pressure piping
	20
	20

	5 K piping
	20
	20

	45-80 K piping
	20
	20

	Insulating vacuum
	1 atm external, vacuum inside
	Na

	Cavity vacuum
	2 bar external, vacuum inside
	4 bar external, vacuum inside

	Beam pipe outside cavities, includes beam position monitors and warm to cold transitions
	1 atm external, vacuum inside
	1 atm external, vacuum inside



3.1.2.3.2	High beta 650 MHz section
The tables and figures below provide details specific to the high beta 650 MHz cavities and cryomodules. Additional details can be found in functional requirements specifications ED0001321 and ED0001322.
	Table 3x: High beta cavity EM parameters

	Parameter
	Value

	Frequency
	650 MHz

	Shape, number of cells
	Elliptical, 5 cells

	Geometric beta βg
	0.92

	Leff = 5*(βgλ/2)
	1060.8 mm

	Iris Aperture
	118 mm

	Half Bandwidth (f/2QL)
	29 Hz

	Epeak at operating gradient
	< 38.3 MV/m

	Bpeak at operating gradient
	< 72 mT

	Cavity quality factor Q0 at 2K
	> 2.0*1010 



	Table 3x: High beta cavity operational and test requirements

	Parameter
	Value

	Operating mode
	Pulsed with CW capability

	Peak Current
	2 mA

	Max Leak Rate (room temp)
	< 10-10 atm-cc/sec

	Operating gain per cavity
	19.9 MeV

	Maximum Gain per cavity in VTS
	> 24 MeV

	Operating power dissipation per cavity at 2 K
	 < 32.5 W

	Sensitivity to He pressure fluctuations
	 < 25 Hz/mbar (dressed cavity)

	Lorentz Force Detuning coefficient
	< 1 Hz/(MV/m)2

	Loaded quality factor Ql
	1.1*107

	Field Flatness of dressed cavity
	 > 90%

	Operating temperature
	2.0 K

	Operating Pressure
	30 mbar

	MAWP
	2 bar (300K), 4 bar (2K)

	RF power input per cavity
	up to 100 kW (CW, operating)

	Cavity longitudinal stiffness
	< 5 kN/mm

	Tuning sensitivity
	> 150 kHz/mm



	Table 3x: Tuner requirements
	

	Parameter
	Value

	Coarse tuner frequency range
	200 kHz

	Coarse tuner frequency resolution
	2 Hz

	Fine tuner frequency range
	1000 Hz

	Fine tuner frequency resolution
	0.1 Hz



Figure 3.x illustrates the configuration of the low beta cryomodule. The overall length is estimated to be approximated 9.9 m with beam gate valves located at each end. It is designed to accommodate either beta 0.9 or 0.92 cavities in any position within the cavity string.
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Figure 3.x High beta cryomodule configuration
Table 3x summarizes the static heat loads for the low beta cryomodule. In addition there is a dynamic heat load to 2 K of approximately 32 W per cavity or 190 W for each cryomodule.
	Table 3x: High beta cryomodule static heat loads

	
	Each cavity (W)
	Multiplier
	Total per CM (W)

	
	70 K
	5 K
	2 K
	
	70 K
	4.5 K
	2 K

	Input coupler (static)
	4.4
	1.8
	0.2
	6
	26
	11
	1

	Support post
	0.4
	1.8
	0.0
	12
	5
	22
	0

	MLI
	53.3
	0.0
	2.6
	1
	53
	0
	3

	Cold to warm transition
	0.7
	0.1
	0.0
	2
	1
	0
	0

	Total static (per CM)
	 
	 
	 
	
	86
	32
	4



	Table 3x: High beta cryomodule requirements

	General

	Physical beam aperture, mm
	118

	Overall length (flange-to-flange), m 
	9.56

	Overall width, m
	≤1.6

	Beamline height from the floor, m
	1.3

	Cryomodule height (from floor), m
	≤2.00

	Ceiling height in the tunnel, m
	3.20

	Max allowed heat load to 70 K, W
	300

	Max allowed heat load to 5 K, W
	25

	Max allowed heat load to 2 K, W
	220

	Maximum number of lifetime thermal cycles
	50

	Intermediate thermal shield temperature, K
	45-80

	Thermal intercept temperatures, K
	5 and 45-80

	Cryo system pressure stability at 2 K (RMS), mbar
	≤0.1

	Environmental contribution to internal field
	10 mG

	Transverse cavity alignment error, mm RMS
	<0.5

	Angular cavity alignment error, mrad RMS
	≤1

	Beam duration for operation in pulsed regime, ms
	≤1

	Repetition rate for operation in pulsed regime, Hz
	≤20

	Cavity-related
	

	Number, total per cryomodule 
	6

	Frequency, MHz
	650

	 Beta (geometric)
	0.92

	Operating temperature, K
	2

	Operating mode
	Pulsed and CW

	Operating energy gain, MV/m
	17.7

	Maximum cavity heat load to 2 K, W (each)
	30

	Coupler power rating (TW, full reflection), kW
	90
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