






The PIP-II Reference Design Report

V1.00
June 2015


The PIP-II Collaboration:
 

42

Argonne National Laboratory 	
Brookhaven National Laboratory 	
Cornell University 	 
Fermi National Accelerator Laboratory 
Lawrence Berkeley National Laboratory 
Michigan State University	
North Carolina State University 
Bhabha Atomic Research Center, Mumbai 	
Inter-University Accelerator Center, Delhi 	 
Oak Ridge National Laboratory/SNS 
Pacific Northwest National Laboratory
SLAC National Accelerator Laboratory
University of Tennessee 
Thomas Jefferson National Accelerator Facility 
ILC/America’s Regional Team 
Raja Ramanna Center for Advanced Technology, Indore
Variable Energy Cyclotron Center, Kolkota 


 
 
 
 
Edited by:
Valeri Lebedev / Fermi National Accelerator Laboratory


Contents
1.	PIP-II Performance Goals and Summary	4
1.1.	Design Criteria and Considerations	4
1.2.	Options Considered	5
1.3.	Overview of PIP-II	6
2.	Accelerator Facility Design	10
2.1.	800 MeV Linac	10
2.1.1.	Technical Requirements	10
2.1.2.	Warm Frontend	11
2.1.3.	SC Linac - Superconducting Linac	19
2.1.4.	Beam Dynamics in the SC Linac	30
2.2.	Linac-to-Booster Beam Transport	37
2.2.1.	Particle Loss and Limitations on Beam Transport Parameters	37
2.2.2.	Linac-to-Booster Transfer Line	38
2.2.3.	Beam Based Linac Energy Stabilization	40
2.3.	Booster Modifications	42
2.3.1.	Technical Requirements and Scope	42
2.3.2.	Booster Injection	43
2.3.3.	Beam Acceleration in the Booster	54
2.3.4.	Booster Longitudinal Impedance	57
2.3.5.	Transition crossing	62
2.3.6.	Modifications to the Magnet System Required for 20 Hz Operation	63
2.3.7.	Beam Instabilities	64
2.4.	Recycler and Main Injector Modifications	68
2.4.1.	Technical Requirements and Scope	68
2.4.2.	Slip-stacking in Recycler	69
2.4.3.	Acceleration in the MI	71
2.4.4.	MI Transition Crossing	72
2.4.5.	Beam Stability in the Recycler and MI	74
2.4.6.	Electron Cloud Mitigation	76
3.	DESIGN CONCEPTS OF MAJOR SUBSYSTEMS	78
3.1.	SC Linac	78
3.1.1.	Warm Frontend	78
3.1.2.	Superconducting Accelerating Structures	85
3.1.3.	RF Power and Low Level RF	106
3.2.	Booster	114
3.2.1.	Radiation Shielding of the Booster Injection Absorber	114
3.3.	Main Injector and Recycler	117
3.3.1.	Hardware for Main Injector Transition Crossing	117
3.3.2.	RF System Modifications	118
3.4.	Cryogenics	120
3.4.1.	Cryogenic System Configuration	120
3.4.2.	Infrastructure and Utilities Requirements	123
3.5.	Instrumentation	124
3.6.	Controls	127
3.7.	Radiation Safety and Radiation Shielding Design	130
3.7.1.	Radiation Limits	131
3.7.2.	Radiological Design Requirements	133
3.8.	Machine Protection System	139
3.8.1.	MPS Configuration	139
3.8.2.	Protection System R&D	141
4.	Siting and Conventional Facilities	142
4.1.	Linac Siting	142
4.2.	Technical Requirements and Scope	142
4.3.	Conventional Facilities	146
4.4.	Site Power Requirements	148
References	150



1.1.1. [bookmark: _Toc420010664][bookmark: _Toc359315749]Superconducting Accelerating Structures 
The parameters and requirements associated with all of the accelerating structures and cryomodules within the linac have been summarized in Tables 2.3, 2.4 and 2.5. This section describes design concepts for the cavity types required in the linac, and the associated cryomodules.
Half-Way Resonator (HWR) Cryomodule 
The initial proposal included 325 MHz Single Spoke Cavities of type 0 (SSR0), to accelerate the H beam from 2.1 to 10 MeV.  To maintain high beam quality, an adiabatic increase of the accelerating gradient in the SSR0 cavities was necessary, and satisfying the adiabaticity condition required 3 cryomodules comprising 24 SSR0 cavities. After careful consideration, a design based on 162.5-MHz Half-Wave Resonator (HWR) cavities was selected instead.  This design has several substantial advantages if compared to the 325 MHz SSR0 option:
· Only 8 HWRs are required to accelerate the beam to ~10 MeV while maintaining high beam quality.
· Reduced RF defocusing due to both the lower frequency and the lower synchronous phase angle results in a much faster energy gain without emittance growth.
· It opens the possibility to use 162.5 MHz rebunchers in the MEBT to allow for longer drift spaces for the fast beam choppers.
· Significant cost reduction due to the reduced component count.
[image: ]
[bookmark: _Ref344726037][bookmark: _Ref358385455]Figure 3.8: Half-wave resonator model in Microwave Studio (MWS).  The picture shows electric (top) and magnetic field (bottom) distributions on the surface.  Red is high intensity and green is low intensity [72].
The beam dynamics optimization determines that a cavity beta of βOPT=0.112 is optimal. The cavity design is based on recent advances in SRF technology for TEM-class structures being developed at ANL. Highly optimized EM parameters which maximize the real-estate gradient while maintaining low dynamic cryogenic loads and peak surface fields were achieved using a conical shape for both the inner and outer conductors. A “donut” shaped drift tube in the center conductor (see Figure 3.8) has been developed to minimize the undesirable quadrupole component of the electric field as is shown in Figure 2.28. Utilization of the HWR requires two major sub-systems: a 10 kW RF coupler and a slow tuner. A capacitive adjustable 10 kW RF coupler prototype has been designed, constructed, and successfully tested.  Figure 3.9 shows the 10 kW RF coupler attached to a half-wave resonator on a 2” port located in the plane of the beam ports at 900.  Figure 3.10 shows the coupler performance with full reflection up to 5 kW, the design goal; however, it is important to note that the coupler bellows and cold window have been tested up to 9 kW with full reflection in previous tests.  The first production half-wave resonator with slow tuner installed is shown in Figure 3.11.  The slow tuner is a pneumatically actuated device which compresses the cavity at the beam ports.  The slow tuner shown in Figure 3.11 is based upon multiple prototype tests conducted at both room temperature and 4 K.  Design changes implemented in this unit include the elimination of the bushing/rod assemblies which can bind and gall.  This assembly will be tested in February 2016 and will verify our cavity frequency tuning calculations, slow tuner design and determine its 2 K performance.  Previous testing and evaluation of the microphonic RF noise found the cavity dynamic detuning to be <5 Hz so a fast tuner is not required. The RF power margin (see Table 2.11) was chosen to be sufficient to control microphonic induced RF phase noise (mainly related to helium pressure fluctuations) without a fast tuner at the nominal cavity loaded bandwidth of 60 Hz. The main parameters of the HWR are shown in Tables 2.3 - 2.5.
[image: ]Figure 3.9: HWR cavity 3D model in INVENTOR with coupler hardware, insets.  R.T. = room temperature.
[image: ]Figure 3.10:  Cold testing results from running the RF coupler up to 5 kW, the design operating power level and operating conditions.  During testing multipacting between 500 W and 5 kW conditioned easily and did not limit the RF power rise.

The cavity mechanical design was performed using Autodesk Inventor and ANSYS.  The complete niobium cavity with integral stainless steel helium vessel geometry is modelled to analyze the system response to fluctuations in helium system pressure, appurtenance loading of the slow-tuner and the safety of the design.  Figure 3.11 shows a cut-away view of the cavity together with an image of the finished hardware.
	The regions of the cavity with appreciable surface electromagnetic fields are formed from high-purity (Residual Resistance Ratio, RRR > 250) 0.125”±0.010” thick niobium sheet and are the cavity outer conductor, inner conductor, toroid ends, re-entrant noses, re-entrant nose doubler plates and coupling port extension tubes.  Please note that the re-entrant nose doubler plates are made from the same size sheet as the re-entrant noses and both parts are made from RRR > 250 niobium to avoid mixing low-/high-purity sheets in fabrication even though the doubler plates are completely shielded from the cavity electromagnetic fields. The toroid gussets were machined from ½” thick RRR ~ 25 niobium plate while the beam ports (RRR > 250), coupling ports (RRR ~ 25) and inner conductor drift tube (RRR > 250) were machined from bar stock.  The sheet niobium forming and subsequent machining was done by Advanced Energy Systems in Medford, New York, and Adron EDM in Menomonee Falls, Wisconsin.  The machining of the bar stock was done by Numerical Precision in Wheeling, Illinois, while the toroid gussets were wire-electrostatic discharge machined (EDM) at Adron EDM. 
	The integral helium vessels surrounding the niobium cavity are fabricated using joint certified 304/304L stainless steel (SST).  Niobium-to-stainless steel braze transitions [73] are utilized for joining the SST helium jacket with the niobium cavity at seven locations: 2 for the beam ports, 1 for the power coupler port and 4 for the toroid coupling ports.  The cavity mechanical structure is designed to satisfy FNAL’s safety requirements.  These requirements include the niobium within the pressure boundary, prohibiting the application of any ASME U-stamp.  To provide an equivalent level of safety in the design the analysis performed uses the techniques and rules set forth by the ASME boiler and pressure vessel code Section VIII, Division 2, Part 5, Design by Analysis with niobium material properties given in [74].  Using this the ASME BPVC was applied to the complete niobium/SST structure to demonstrate protection against failure for a 2 bar Maximum Allowable Working Pressure (MAWP) at 293 K and a 4 bar MAWP at 2 K; we 
[image: ]
Figure 3.11: Top, 3D cut-away view of the half-wave cavity with stainless steel helium jacket.  Bottom, a finished half-wave resonator with tuner ready for testing.  The coupler is not visible.

found that any analysis which passed with the 293 K material properties and 2 bar MAWP would pass at 2K, even with the greater MAWP.  This is due to the increased low temperature strength of the niobium material.  The cavity region with the smallest factor of safety, but still an acceptable one, is the area around the inner conductor drift tube.  This region was reinforced by increasing the wall thickness of the solid rod used to fabricate the inner conductor drift tube.  The thicker wall reinforced the area ensuring safe operation above the safety analysis requirements.  Figure 3.12 shows the cavity niobium strain from a limit-load analysis.  The central portion of the inner conductor is the most susceptible to plastic collapse but still exceeds the FNAL safety requirements.
The results of the safety analysis studies showed that no gusseting is required.  With this model a of f0/P = 8 Hz/mbar was achieved. This value was determined sufficient for operation and further design modifications to reduce f0/P have not been pursued.  Simulations of the slow tuner were performed by applying a force to the SS flanges of the helium jacket. For example, a 10 kN force results in a frequency shift of -120 kHz.  In operation the slow tuners will be limited by mechanical stops to this frequency range and pose no threat of plastically deforming the half-wave resonators.
The primary operational parameters for the HWR presented in Tables 2.3 – 2.5 are based on experience with the ATLAS energy upgrade cryomodule and its long term operation [75], and recent tests of the first HWR cavities [76]. As shown in Figure 3.13, the prototype tests of the two half-wave resonators show <3 n residual surface resistance at 48 mT, which readily supports the design parameters of the HWRs. Recent measurements of the two first HWR cavities showed Q0’s which exceed 1.7∙1010 at the operating gradient which corresponds to a surface resistance of 2.6 n. This value is slightly larger than that achieved with the 72 MHz quarter-wave cavities installed in the ATLAS heavy-ion linac in 2014 and it is a more optimistic value for the surface resistance if one takes into account the 2.2 times increase in the operating frequency. Thus the measured Q0’s provide a margin of more than 3 times relative to a conservative value of Q0 presented in Table 2.6. Note that the ATLAS cavities were measured in a real cryomodule while the HWR cavities where characterized in an off-line test-stand. However experience accumulated in recent years assures us that there is no significant Q0 increase when a cavity is installed in an Argonne cryomodule. 
[image: ]
Figure 3.12: Niobium material strain from a limit-load analysis of the half-wave cavity.  Areas of high strain are around the ports and in the center of the inner conductor where the beam passes.  No strain values are given due to the unrealistic material properties used in a limit-load analysis. 
[image: ][image: ]
[bookmark: _Ref344800001]Figure 3.13: Left, the measured Q0 vs Eacc for the two half-wave resonator prototypes.  Right, the cavity residual resistance corresponding to the Q0 measurements.  Please note that the operating voltage is 2 MV and corresponds to peak surface fields of 48 mT and 45 MV/m, magnetic and electric respectively.

	The overall design of the half-wave cavity cryomodule is an evolution of the top-loaded box cryomodules used successfully for an energy upgrade of ATLAS in 2009 [77] and for an intensity upgrade of ATLAS in 2014 [78].  The half-wave cavity cryomodule is assembled in stages.  First, the low-particulate clean assembly of the cavities, RF power couplers, RF pick-up probes, solenoids, beam-line gate valves, vacuum manifold and titanium strong-back support structure is carried out in a Class 100 clean room.  This assembly is hermetically sealed and removed from the clean room.  This separates the “clean” low-particulate beam-line vacuum system assembly from the “dirty” portions of the cryomodule assembly work, preserving, to the best of our ability, the cavity performance.  Once out of the clean room the helium distribution system will be installed and the assembly is then hung from the lid of the cryomodule.  Once hung, the remainder of the cryomodule subsystems are installed such as the slow tuners, instrumentation, alignment targets, solenoid conduction cooled leads, thermal intercepts and RF transmission lines.  The complete lid assembly is then lowered into the lower vacuum vessel completing the cryomodule.
	The half-wave cavity cryomodule vacuum vessel design balances the need to house a 6 meter long accelerator string with all of its support systems inside the limited space available for assembly while maintaining compliance with FNAL’s safety standards.  The vacuum vessel has two cryogenic input coolant streams: (1) 5 K 3 bar gaseous helium and (2) 70 K 20 bar gaseous helium.  The 70 K helium stream cools the radiation shielding and is used for thermally intercepting penetrations running from room temperature.  The 5 K helium coolant stream is split for two separate purposes in the cryomodule.  One 5 K branch is used for thermal intercepting while the second branch is used for the production of 2 K helium.  2 K is achieved by heat exchanging the input 5 K helium gas with the 2.1 K exhaust gas and then J-T expanding the pre-cooled input to drop the 3 bar supply pressure to 32 mbar for 2 K liquefaction.  The manifolds, heat exchanger and reservoirs these coolant streams occupy are all designed to comply with ASME B31.3, the process piping standard [79], and the ASME BPVC.  All systems have independent relieving system sized for the Maximum Allowable Working Pressure (MAWP).
The safety reliefs are all located outside of the cryomodule and vent to atmosphere.  In this manner the pressure systems of the cryomodule are separated from the insulating vacuum vessel.  This allows us to define the cryomodule box as a vacuum vessel since it is not part of any pressure system boundary saving considerable design and fabrication costs.
The FNAL safety requirements do not make following the ASME BPVC mandatory for vacuum vessels but recommend applying the rules anyway.  Because of this the design was developed using the requirements of the 2010 release of the ASME BPVC Section VIII Division 2, Part 5, even though the code explicitly excludes devices with static pressure gradients less than 15 psi.  This analysis method allowed for relatively rapid evaluation of the complex vacuum vessel design which resulted in significant time-savings relative to traditional hand-based calculations.  The ASME BPVC Section VIII Division 2 gives the required procedures for analyzing the 304 SST vessel material properties (yield and ultimate strengths), strain limits, buckling load factors, cyclic loading and collapse criteria.  These analysis procedures, when combined with the ASME fabrication and inspection requirements, protect against failure modes of the device: plastic collapse, local failure, buckling and cyclic loading. We performed our analysis following these requirements and the results are reviewed here. 
The vacuum vessel is evacuated to <1e-6 Torr and a static pressure gradient of ~14.7 psi will exist in operation rounding up gives a 15 psi MAWP which is used for all analyses.  All simulations presented here were done with ANSYS and used a model with no symmetry planes.  The assembly was restrained by placing constraints equivalent to the kinematic mounting system designed for the vessel.  The model analyzed was also loaded with the weight of all elements and appurtenance loads.
[image: ]
Figure 3.14: Limit-load analysis of the cryomodule vacuum vessel.  The labelled area on the side of the cryomodule corresponds to the largest deflection of the vessel with a 15 psig static pressure gradient.  The measured deflection during the first pump down was 0.240” giving good confidence that the vessel exceeds our design expectations.

[image: ]
Figure 3.15: The calculated vacuum vessel membrane stresses for an elastic material model for the 304 SST vessel.  Top, the primary stress derived from the calculations.  Bottom, the secondary bending stress derived from the same calculations.  Areas of high stress, 20 ksi for primary and 30 ksi for secondary stresses as set forth in the ASME BPVC, are specified with arrows and labels.  This vessel passes the required limit-load analysis for protections against plastic collapse.
Several analyses are presented here.  The first is a static structural analysis of an elastic-perfectly-plastic vessel model which demonstrated the design was protected against plastic collapse and predicted the deflections due to evacuating the vessel.  Figure 3.14 shows the cryomodule vessel deflections from the limit load analysis, which the vessel passes.  Most areas display stresses well below the allowable for both membrane and bending analyses.  Some local high membrane stresses are predicted, and Figure 3.15 shows the primary membrane stress results from a linear elastic analysis of the cryomodule.  Contour levels in Figure 3.15 have been adjusted such that all stresses over 20 ksi are red and are indicated with labels.  20 ksi represents the allowable limit for 304 SST in the ASME BPVC at room temperature.  The stress concentrations are located on the reinforcing gussets where the largest bending occurs, the weld joint between the cryomodule end-walls and side-walls and on the 4 mounts on the base of the cryomodule. 
Beyond demonstrating that the design protects against plastic collapse the ASME BPVC 
requires several other analyses to demonstrate that a design protects against local failure, buckling and cyclic loading.  The local failure analysis requires that at each point in the component the sum of the primary membrane and the principle bending stresses shall not exceed 4 times the allowable stress or 80 ksi for 304 SST.  This was trivially satisfied with an elastic-material analysis at all locations.  Protection against collapse from buckling must also be demonstrated for a vessel with a compressive stress field under the design loads.  A bifurcation buckling analysis was performed using an elastic 304 SST material model free of geometric nonlinearities in the solution to determine the pre-stress in the vessel.  The acceptance criterion is that the buckling load factor be greater than 2/cr where cr is the capacity reduction factor given in the ASME BPVC.  Since the vessel contains ring stiffened cylinders under external pressure, cr = 0.80 and the minimum required buckling load factor is 2.5.  The lowest buckling mode load factor was found to be 3.17 exceeding the minimum requirement of 2.5 predicting that the device will not buckle under the applied loads.  Finally, the ASME BPVC requires that the vessel will not fail under cyclic loading.  The cyclic loading analysis requires two evaluations: one to protect against high cycle fatigue and another to protect against ratcheting.  The evaluation for high cycle fatigue is not required if the total number of cycles is low as defined in the code.  We expect to have only 80-100 full and partial loading cycles over the lifetime of the vacuum vessel, which does not come close to the cycle requirement of >1,000, the level where a more detailed analysis is required.  Because of this we determined that we satisfied the high-cycle fatigue requirements.  Finally, a ratcheting analysis to evaluate the performance of the device when the
[bookmark: _GoBack] 
[image: C:\Users\b55303\Pictures\FNAL PXIE\Cryo Fab\BLDG 366\IMG_0918.JPG]
Figure 3.16: The finished vessel assembled at Argonne.  The vessel is now being prepared for cryogenic testing.

[image: C:\Users\b55303\Pictures\FNAL PXIE\Cryo Fab\IMG_1246.JPG]
Figure 3.17:  The titanium strong-back hung from the lid of the half-wave resonator lid.  No cavities or solenoids are mounted on the strong-back.

material stresses exceed yield was done and demonstrated Protection Against Ratcheting.
The half-wave cryomodule was fabricated by Meyer Tool and Manufacturing in Oak Lawn, Illinois.  Meyer Tool assembled the magnetic shielding and the 70 K radiation shielding with 32 layers of MLI on the exterior and 16 layers on the interior sides as part of the fabrication contract.  Figure 3.16 shows the complete vacuum vessel at Argonne.  The cryomodule houses 8 sets of identical components. Each set forms a focusing period and includes a resonator, a SC solenoid with 4 dipole coils and a Beam Position Monitor (BPM). 
Beam dynamics requires the solenoids to be aligned to better than ±0.5 mmpeak transversely with ±0.10 for all rotation angles, there are similar cavity constraints. The beam-line string length is 6 m and will be supported and aligned on a cryomodule spanning titanium rail system, called the strong-back as shown in Figure 3.17.  The strong-back is composed of 2” × 8” grade 2 titanium rails with interconnecting plates which hangs from the cryomodule lid.  All components are mounted on top of the strong back with independent kinematic-alignment hardware.  Initial testing of the alignment systems will begin in late March 2016.
Table 3.2 summarizes the estimated static and dynamic heat loads at each temperature level in the cryomodule assembly from all sources. The following sources were included in the calculation of 2K heat load: cavities, RF couplers, helium manifold, radiation from 70K to 2K, instrumentation, high current leads, strong-back hangers, cavity and solenoid cooldown lines, vacuum manifold, slow tuners, and gate valves. 
[bookmark: _Ref358383375]Table 3.2: HWR Cryomodule Heat Load Estimate
	Temperature
	Load, W

	2 K, static
	37

	2 K, dynamic
	12*

	5 K
	60

	70 K
	250


[bookmark: _Ref344801086]*This value takes into account actual voltage distribution on the HWR cavities
[bookmark: _Toc359315751]Single Spoke Resonator I (SSR1) Cavities and Cryomodules
Two 325 MHz cavity types are required to accelerate beam from 10 to 185 MeV (=0.15 to 0.63). They are named SSR1 and SSR2. The general requirements on their parameters are listed in Tables 2.3 – 2.5.
[bookmark: _Toc420010687]
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