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Seven cryomodules will be installed in the reserved space at the end of the linac tunnel to produce a linac output energy of 1.3 GeV with an energy margin specified in Section 2.1. 
The optimum geometric beta of the cavities for the PPU is higher than that of the original high-beta cavities; but the module length and, accordingly, the cavity geometric beta will be kept the same for economic reasons. All helium transfer lines were previously installed during the SNS project with bayonets for the high-beta cryomodules. Waveguide penetrations from the klystron gallery to the linac tunnel were also previously installed.
Some changes that do not require modification of the overall layout will be made based on the lessons learned from experience over the last 12 years and on the pressure-vessel compliance issue. Table 3.1 summarizes the design changes between the original SNS high-beta cryomodule and the high-beta cryomodule for the PPU. Some details for the changes are described in the following subsections.
[bookmark: _Toc400430972][bookmark: _Toc428458]Table 3.1. Design parameter changes 
	Parameters
	Original SNS high-beta cryomodule
	PPU high-beta cryomodule

	Eacc (=EoTg, Tg: Transit time factor at β=0.81) (MV/m)
	15.8
	16.0

	Fundamental power coupler (FPC) rating, peak and average (kW)
	550, 50
	700, 65

	External Q of FPC, Qex
	7 × 105 (±20%), fixed type
	8 × 105 (±20%), fixed type

	Material of cavity
	High RRR niobium (RRR>250) for cells, reactor-grade niobium for end groups
	High RRR niobium (RRR>300) for both cells and end groups

	Higher-order mode couplers per cavity
	Two (one at each end group)
	None

	Tuner
	One mechanical tune, one fast piezo tuner
	1 mechanical tuner (no fast piezo tuner)

	Pressure vessel
	Good engineering practice
	Code stamp required


RRR = residual resistivity ratio
3.1 [bookmark: _Toc272758730][bookmark: _Toc400430890][bookmark: _Toc430800]SRF CAVITY
The cavity RF parameters for the PPU are the same as for the original ones. Table 3.2 shows the common parameters between the original and PPU cavities.
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[bookmark: _Toc428459]Table 3.2. Major parameters of the SNS high-beta cavity
	Frequency (MHz)
	805

	Type
	Elliptical

	Operating mode
	pi

	Geometric beta
	0.81

	Equivalent cavity length (mm)
	906

	Bore radius (mm)
	48.8

	Inter-cell coupling (%)
	1.6

	r/Q at geometric beta at β=0.81 (ohm)
	483

	Epeak/Eacc
	2.2

	Bpeak/Eacc (mT/MV/m)
	4.75

	Wall thickness (mm)
	4 (~3.8 after chemical processing)

	Operating temperature
	2 K

	Qo
	>5 × 109 at 2 K

	Number of cells per cavity
	6

	Stiffener
	Yes (at r = 80 mm)

	Fundamental power coupler per cavity
	1
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3.2.1 [bookmark: _Toc430801]Accelerating Gradient
The accelerating gradients of the PPU cavities, shown in Section 2.1, are based on the results from the spare high-beta cryomodule and the R&D for performance improvements.
New cavities for the PPU. A high-beta spare cryomodule was developed in-house and has been installed in the tunnel for operation since summer 2012. All four cavities in the spare cryomodule were commissioned at 17 MV/m or higher at the full duty factor. Only one cavity shows minor x-rays starting from 15.5 MV/m, and all four cavities have been running at 16 MV/m for the production run [1,2]. The available RF power limits the operating gradients to 16 MV/m for these cavities. Originally, the performance of the SNS cavities in the linac was mainly limited by field emission and multipacting, resulting in lower operating gradients at 13.0 MV/m on average. After the deployment of plasma processing to 7 high-beta cryomodules out of 12 cryomodules, the average operating gradient of all high-beta cavities is now 14.8 MV/m. Improvement of the cavity performance for the spare cryomodule came from changing the cavity chemical processing recipe from buffered chemical processing (BCP) to electropolishing (EP). EP produces a smoother surface finish and has typically shown higher operational gradients and higher field emission onset. Another identified limitation of all original SNS cavities is that the end group surfaces are very rough as a result of high-aspect-ratio deep drawing and the additional heat treatments. These end groups were fabricated from reactor-grade niobium, rather than high-purity or high–residual resistivity ratio (RRR) material, in an attempt to reduce the material costs of the cavities. The reactor-grade material was then heat-treated in a vacuum furnace to improve its thermal conductivity, but the treatment increased the niobium grain size in the process. The increased grain size, coupled with BCP, resulted in preferential etching of the grain edges, creating a very rough surface finish on all original SNS cavities. This rough surface on the end groups is difficult to clean and has many sharp edges at the grain boundaries. It could also produce trapped volumes for particulates and gases, consequently increasing the secondary emission yield and field emission. The EP process that was applied to the spare cryomodule cavities improved the surfaces of both the cells and the end groups and allowed for better cleaning of all surfaces following the chemical processing. The cavity performance observed in the high-beta spare cryomodule offers high confidence that the PPU cryomodules will meet the gradient specification by using EP instead of BCP for the final chemistry and by improving the cavity end groups.
Original SNS cavities in the tunnel. The original cavities show electron loading from field emission and multipacting below the design accelerating gradients, which are the main limiting factor. In addition, as the repetition rate was increased, more severe collective effects between cavities were observed—i.e., operation of one cavity affecting the performance of neighboring cavities. The severity of the collective effects is determined not only by the amplitude of the accelerating gradients in the cavities of a cryomodule, but also by their relative RF phases. This is so because both affect the trajectories of the electrons, the electron energies, and the locations at which the electrons impact on the cavity surfaces. As a result of the collective effects, cavities became thermally unstable at lower gradients than they did during lower-repetition-rate operation, thus limiting the final linac output energy. When electrons hit any intermediate-temperature region in the cavity string, bursts of adsorbed hydrogen gas can sometimes occur and trigger vacuum interlocks. These can lead to redistribution of the adsorbed gas in the cavity string and to lower operating gradients. Therefore, operation into high electron loading must be prevented for the sake of stability, which limits the final linac output beam energy. Each cavity is set at a stable gradient based on the collective limiting gradients achieved through a series of SRF cavity/cryomodule performance tests at SNS, whereas the design calls for setting uniform gradients [3]. 
At SNS, in situ processing in the tunnel has been identified as an important area of research for improving the SRF cavity performance while minimizing the machine operational impact and reducing the cost of the improvements. Research and development for in situ processing using plasma was successfully performed at SNS [4]. The plasma processing technique was deployed to seven high-beta cryomodules during the machine maintenance periods between 2016 and 2018. The results show that the accelerating gradient of the plasma-processed cavities was increased by 2.5 MV/m (or 20%) on average. Consequently, the beam energy has been increased from 940 MeV to 1010 MeV. The accelerating gradients of the original cavities for the PPU baseline assume some gradients for medium-beta cavities have been increased by plasma processing. 
The high-power RF systems for the original cavities will be kept the same for economic reasons. Since the output power of the original high-power RF systems at saturation is 550 kW, the accelerating gradients of high-performing original high-beta cavities will need to be lowered for the PPU beam loading as shown in Figure 2.2. 
In addition, a spare medium-beta cryomodule will be available for conducting repairs on the inoperable medium-beta cavities, 5a and 11b. It is assumed that one of these cavities will be repaired for operation in advance of the PPU. The effort to fabricate and assemble the medium-beta spare is ongoing.
If performance improvements after the repairs or in situ plasma processing do not meet expectations, the linac output energy will still be 1.3 GeV, but with a reduced energy margin.
Dynamic detuning compensation. The observed dynamic detuning of the original SNS high-beta cavities due to the Lorentz force is in the range of 1–2 Hz/(MV/m)2 during the whole pulse. The dynamic detuning during the beam is less than 0.5 Hz/(MV/m)2. Since the cavity bandwidth is relatively large (half bandwidth is ~570 Hz) or the external Q is relatively low (<106) because of the high beam loading, the additional RF power needed to compensate for the dynamic detuning is minor. This amount of detuning is well managed by the adaptive feed-forward (AFF) implemented in the SNS low-level RF system. Fast piezo tuners were installed to mitigate any unexpected mechanical resonance conditions. To date, there has been no strong need to use them, so they have never been operated. Moreover, the present SNS piezo tuner design has proved to be mechanically unreliable and will not be part of the tuners for the PPU.
3.2.2 [bookmark: _Toc272758732][bookmark: _Toc430802]End Group 
End group thermal stability. The RRR of niobium for the end group of the original cavities is about 70 after heat treatment. The end group is cooled by indirect conduction to the helium circuit. The thermal processes of the end group are relatively slow, since the surface magnetic fields are relatively small and the cooling relies on conduction. In terms of thermal stability, the end group can allow fairly large material defects because the field is low and the total thermal load is small. But the end group is sensitive to heating from a broad range of thermal loads—such as thermal radiation from the inner conductor of the fundamental power coupler (FPC), field emission, and multipacting—because of the long conduction path to the thermal sink. As mentioned earlier, most of the original cavities show large field emission, which is the major operational limiting condition, leading to end group heating, gas bursts, and cavity quench [5].
The primary helium is supplied to a cryomodule through a Joule-Thomson (JT) valve. During normal operation, these valve positions are very stable, indicating that the thermal load of each cryomodule is constant. Several cryomodules have shown sudden increases in the JT valve position during normal operation, which indicates the head load has increased by as much as 40 to 50 W. This kind of heat load can only be sustained in the end group without producing a full quench of the cavity. Operating the cavity with a metastable condition sustaining a normal conducting section in the end group is referred to as a “partial quench.” The initial seed point heat load is estimated to be <1 W. This spot interacts with stray RF fields, and the interaction creates the partial quench condition. By upgrading the cavity design to include a high-RRR niobium end group, the thermal conductivity of this section of the cavity is greatly improved. With the increase in thermal conductivity, the normal conducting section of the end group is unable to expand, and the partial quench condition is eliminated. Horizontal test apparatus testing of a medium-beta cavity with high-RRR end groups was performed. In this test, a point heat load was applied to the end group while the cavity was at operating gradient. The thermal stability of the cavity was greatly improved, by a factor of 10, from the simulation model of the original SNS cavities.
The other thermally weak location in the original cryomodules is the cavity end group at the field probe side at the warm-to-cold transitions (Figure 3.1). At normal operating conditions, the temperature at this location is about 7–8 K. When there is electron loading, other external thermal loads such as beam halo, or a combination of these around this warm-to-cold transition, the local temperature easily goes to the hydrogen evaporation temperature. This can result in a large vacuum burst, in which the electrons interact with the RF field. Sometimes, a vacuum burst changes the cavity condition drastically, and cavities then require serious conditioning or reduction of the gradient. In the high-beta spare cryomodule, a thermal cooling block cooled by 5 K supercritical helium was installed at each side. 
With these two changes—a higher RRR for the cavity end groups and the cooling blocks for the warm-to-cold transition—the whole system will have a much larger thermal margin against thermal radiation from the FPC; thermal loads from electron loading, such as field emission and multipacting; and any other additional external thermal loads. These are all included in the PPU design.

 
 

[bookmark: _Toc400430929][bookmark: _Toc429200]Figure 3.1. Thermal block locations for the 5 K boundary.
Higher-order mode (HOM) coupler. When an HOM is near the beam spectral lines, the induced voltage could be harmful to the beam and/or generate large HOM-induced power on the RF surface. To address these two main concerns, systematic studies were carried out. In the case of SNS, bunch tracking simulations for both the transverse and longitudinal directions show that beam instabilities are not a main concern if the external quality factor Qex for each HOM is less than 108, the loaded cavity Q for each non-pi mode fundamental mode has the expected value, and the expected cavity-to-cavity frequency variation is present. With respect to the HOM-induced power issue, general analytic expressions of beam-induced voltages and the corresponding HOM power from the multiple beam time-structures were analyzed and were fully understood by exploring the parameter space of the HOM properties. The damping requirement of each mode is set up in terms of Qex by taking into account the actual HOM frequency behavior of elliptical superconducting cavities. The probability that a cavity HOM frequency will coincide with a beam driving spectral line was estimated to be very small during the linac design phase. However, many factors can cause HOM frequencies to move around over time; and to permanently satisfy the damping requirement, an HOM coupler was installed on each end group of the SNS cavity as a simple precautionary measure [6,7,8].
Unfortunately, operational experience showed that the accelerating mode can sometimes be coupled out and lead to failure of the HOM RF feedthroughs. About 15% of installed cavities in the SNS SCL are showing abnormal signals through their HOM feedthroughs. All attenuators for the HOM signals were damaged in 1 year of operation during the early days of commissioning and operation. Observations and physical conditions near the HOM couplers imply that HOM coupler failures or degradation are a result of electron activity originating from multipacting, field emission, and even gas discharge at the fundamental mode. A few cavities were inoperable as a result of large coupling with the fundamental accelerating mode. In 2007, the SNS reevaluated the HOM characteristics, including dangerous HOM measurements for all installed cavities. It was concluded that HOM couplers are not needed for the SNS, and it was decided to remove HOM couplers whenever cryomodules are taken out of the tunnel for repairs. Five cryomodules have been taken out of the tunnel so far, and leaks were detected in half of their HOM feedthroughs. Therefore, the PPU cavities will not have HOM couplers.
Refurbishment of the spare cavities and new cavities. Consideration was given to using the existing 20 high-beta spare cavities, produced during the SNS project, in the PPU. However, given the end group design of the original cavities, meeting the gradient specification (16 MV/m) for the PPU project is a large risk. Two cavities were refurbished at a cavity vendor’s facility. The reactor grade end groups were removed from the cavities and replaced with high-RRR end groups. The refurbishment proved to be difficult and resulted in poor operating performance of the refurbished cavities. This outcome supported the plan to move forward with all new cavities for the PPU. New cavities give the best chance of success in meeting the gradient requirement and, ultimately, producing the required beam energy. Figure 3.2 shows a model of the original cavity versus the modified cavity for the PPU. Figure 3.3 depicts the completed end group replacement.
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[bookmark: _Toc400430930][bookmark: _Toc429201]Figure 3.2. End group modification. 
(Top: cavity with modified end group for the PPU. Bottom: Original SNS high-beta cavity).
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[bookmark: _Toc400430931][bookmark: _Toc429202]Figure 3.3. Completed end group replacement.
Helium vessel. The helium vessel is constructed of titanium and a niobium/titanium alloy. In the original design, the stiffeners in the head of the vessel were welded to a ring that allowed flexibility in adjusting the final position of the vessel body to the heads of the vessel. Because of the position of this ring, a full-penetration weld was not possible. The new design eliminated this ring and redesigned the stiffener to fit completely with the heads of the vessel. Therefore, the main body of the helium vessel was lengthened to account for the added length of the slip fit rings. The main body of the vessel will be attached to the heads of the vessel via full-penetration welds. This arrangement more closely meets the intent of the ASME Boiler and Pressure Vessel (B&PV) Code. Figure 3.4 shows the original helium vessel design versus the new design. This modification was successfully incorporated in the spare high-beta cryomodule.
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[bookmark: _Toc400430932][bookmark: _Toc429203]Figure 3.4. Original (left) versus new (right) helium vessel designs.
3.2.3 [bookmark: _Toc272758733][bookmark: _Ref273006713][bookmark: _Ref273089295][bookmark: _Toc430803]Fundamental Power Coupler 
The original SNS FPC is designed and scaled from the one KEK developed for 508.8 MHz. A simple window geometry was chosen to facilitate manufacturing and assembly. The design of the SNS FPC relies on a simple coaxial line at 50 Ω. The planar alumina window includes impedance-matching elements, as well as a TiN anti-multipacting coating. The chokes at both sides of the ceramic window have the important role of improving the window matching. The depths of the chokes were optimized in the simulations to allow sufficiently low return loss and insertion loss [9]. The transition between the WR975 waveguide from the klystron and the coaxial line of the FPC is provided by a doorknob configuration. Even a small mechanical change inside the structure can result in a significant change in the RF performance; such disturbances include grooves, slits, rounded corners, and others. The FPC includes the possibility of biasing the inner conductor, via a capacitor gap between the doorknob and the inner conductor itself, at variable voltages between –2.5 and +2.5 kV. The gap is filled with Kapton foil, which is capable of withstanding the biasing voltage. The requirement for the maximum allowable thermal radiation from the FPC to the end group is 2 W. The outer conductor of the FPC has a direct conduction path to room temperature. To minimize heat transfer to the end group, the FPC outer conductor is designed to be cooled by supercritical helium at 3 atm and 5 K with a 0.04 g/s mass flow rate, which removes about 30 W of static and dynamic heat load. The inner surface of the outer conductor is designed to be copper-plated with 15 µm (RRR=10) of copper on stainless steel to reduce wall dissipation. The inner conductor of the FPC is made of copper and does not have active cooling. Figure 3.5 shows an FPC schematic, the inner conductor assembly, and the outer conductor assembly.
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[bookmark: _Toc400430933][bookmark: _Toc429204]Figure 3.5. SNS fundamental power coupler (left: schematics, middle: inner conductor assembly, right: outer conductor assembly).
The original FPCs were tested at up to a 2 MW peak, a 0.6-ms long RF pulse width, and 60 pulses per second (pps) for the full traveling wave condition and in excess of 600 kW at a 1 ms long RF pulse width and 60 pps for full standing wave mode in the test stand. The FPCs have been reliably performing at over 550 kW peak power in real cavity operation at various standing wave ratios limited by the operational envelope in the linac. The FPC for the PPU cavities must be able to transfer up to 700 kW peak power over a 1.3 ms pulse width at a repetition rate of 60 pps. Based on the testing and operational experience, the RF performance of the original FPC can satisfy the PPU requirements; however, a design modification is needed to maintain the inner conductor temperature at a sufficiently low level. Since the thermal radiation from the inner conductor will be higher as a result of the increased average RF power, a thicker inner conductor will be used for the PPU, which is sufficient and provides the simplest solution. Active cooling for the inner conductor was also taken into account, if the passive enhancement of cooling with the thicker inner conductor is not adequate. Active cooling will require a more complex design configuration and may result in operational difficulties at an upset condition. The temperatures are calculated for various inner conductor thicknesses at both full traveling and standing wave conditions. During pulsed operation, the actual condition in the FPC is between full standing and full traveling wave conditions, closer to the full traveling wave condition. Figure 3.6 shows comparisons of inner conductor tip temperatures. With a 7.5 mm thick inner conductor, the inner conductor tip temperature at the PPU condition can be kept below that of the FPCs presently operating at SNS, which have an inner conductor thickness of 3 mm. The prototype FPC for the PPU with the increased wall thickness was manufactured by the vendor that provided the original FPCs, installed in a horizontal test apparatus, and successfully tested. Except for the wall thickness of the inner conductor, all other designs are exactly the same. The Qex value chosen for the PPU in Table 3.1 is optimized to reduce the RF power requirement.
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[bookmark: _Toc400430934][bookmark: _Toc429205]Figure 3.6. Comparisons of calculated inner conductor tip temperatures.
3.2 [bookmark: _Toc272758734][bookmark: _Toc400430891][bookmark: _Toc430804]CRYOMODULES
The SNS SCL consists of 23 cryomodules, 11 of which are medium-beta and 12 high-beta. The medium-beta cryomodules each contain three six-cell elliptical cavities, whereas the high-beta cryomodules contain four six-cell elliptical cavities. The cavities are described in Sect. 3.1. The design was based on the Continuous Electron Beam Accelerator Facility cryomodule, with improvements inspired by the Large Hadron Collider, TESLA (Tera-electron-volt Energy Superconducting Linear Accelerator), and the Jefferson Laboratory 12 GeV upgrade design efforts [10]. Figure 3.7 shows the elevation view of the original high-beta cryomodule design by Jefferson Laboratory.
[image: Description: HBCM]
[bookmark: _Toc400430936][bookmark: _Toc429206]Figure 3.7. The original high-beta cryomodule.
The cryomodule consists of a cavity string, a space frame, a thermal shield, two layers of magnetic shielding, a vacuum vessel, and two end cans. The general arrangement of these components is depicted in Figure 3.8.
[image: Description: jeostiff05nov]
[bookmark: _Toc400430937][bookmark: _Toc429207]Figure 3.8. Cut view of the original high-beta cryomodule.
During the PPU project, seven cryomodules similar to the original high-beta cryomodules will be installed in the linac tunnel. The relevant parameters for the mechanical design of the original high-beta cryomodules, which remain as design constraints for the new cryomodules, are listed in Table 3.3.
[bookmark: _Toc400430974][bookmark: _Toc428460]Table 3.3. Design constraints for the PPU cryomodules
	Parameter
	Value

	Slot length
	7.891 m

	CM length (bore tube)
	6.291 m

	Number of bayonets
	4

	Number of control valves
	5



In 2012, SNS completed fabrication and testing of a spare high-beta cryomodule. The approach to the engineering design for this cryomodule was to maintain critical features of the original design, such as bayonet positions, coupler positions, cold mass assembly, and overall footprint. The components that were fixed in location and those that were considered movable are shown in Figure 3.9. This new cryomodule design was required to meet the pressure requirements put forth in 10 CFR 851, “Worker Safety and Health Program.” The most significant engineering change was applying Section VIII of the ASME B&PV Code to the vacuum vessel of this cryomodule, instead of using the traditional designs in which the helium circuit is the pressure boundary. Applying the B&PV Code to the helium circuit within the cryomodule was also considered. However, it was determined to be schedule-prohibitive because it required a code case for the niobium materials, which are not currently covered by the code. Good engineering practice, however, was applied to the internal components to verify the quality and integrity of the entire cryomodule [1]. Details of the changes to the vacuum vessel and end cans to apply the code to these components are detailed in Sects. 3.2.3 and 3.2.4, respectively. 
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[bookmark: _Toc400430938][bookmark: _Toc429208]Figure 3.9. Cryomodule reference interface locations.
Several other improvements were made to the spare high-beta cryomodule beyond the changes implemented as a result of applying the B&PV Code. The HOM feedthroughs on the end groups of the cavities were blanked. The helium vessels were upgraded to meet the intent of the code. Cooling blocks were added to the outside end groups of the cavity string to thermally stabilize these regions. Cold instrument feedthroughs were minimized in the design to prevent possible leaks. All of these improvements are discussed in detail in this report. The completed high-beta spare cryomodule is shown in Figure 3.10.
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[bookmark: _Toc400430939][bookmark: _Toc429209]Figure 3.10. SNS spare high-beta cryomodule.
The spare high-beta cryomodule serves as the baseline design for the PPU cryomodules. A couple of modifications to this design will be necessary for the cryomodule to function according to the requirements of the PPU. The cavities will be upgraded as detailed in Sect. 3.1 and an upgraded FPC will be used as discussed in Sect. 3.1.3. Other than these two changes, the PPU cryomodule is very similar to the spare high-beta cryomodule. Methodologies for fabrication and assembly were developed and staff expertise was gained during the assembly of the high-beta spare.
3.2.1 [bookmark: _Toc272758735][bookmark: _Toc430805]Head Loads and Helium Circuits
There are three cooling circuits within the cryomodule. Primary cooling provides the liquid helium that cools the cavities within the helium vessels. Secondary cooling provides supercritical helium cooling to the couplers. Because the FPC requires 5 K supercritical helium to cool the outer conductor, as mentioned in Sect. 3.1.3, the Large Hardon Collider concept of producing 2 K helium in the cryomodule rather than in the refrigerator is used [10]. This drives the design of placing individual heat exchangers in each of the cryomodules rather than locating one large heat exchanger in the refrigerator. In addition, efficiencies are improved with this heat exchanger placement. Shield cooling provides cooling to the thermal shield located in the cryomodule and transfer lines. Figure 3.11 is the updated flow diagram for the spare high-beta SNS cryomodule. The PPU cryomodules will have the same helium circuits as the spare high-beta cryomodule.
The primary helium flow to the cryomodule will be split into two circuits, the primary and the secondary. The primary helium flow will enter the cryomodule in the supply end can and flow through the heat exchanger in the return end can, through the primary Joule-Thomson (JT) valve located on the supply side of the cryomodule, and into the helium vessels. Helium will exit the helium vessels and flow either out the cooldown circuit or through the heat exchanger back into the return transfer line. The cooldown path will be used to imbalance the heat exchanger during the cooldown of the cryomodule so that a desired cooldown rate of 100–150 K/h can be achieved.
The secondary circuit will flow through a secondary JT valve, a cooling block on the end group of the supply side cavity, each of the FPC flanges, a cooling block on the end group on the return side cavity, into a surge tank, and out to four parallel paths to the FPC outer conductors. The return from the couplers will flow though metering valves for each of the couplers. The four flows will be combined and discharged into the cooldown header and act as a liquefaction load on the refrigerator.
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[bookmark: _Toc400430940][bookmark: _Toc429210]Figure 3.11. Helium flow schematic and instruments for the spare high-beta cryomodule.
The shield flow will be supplied from the turbine 1 outlet in the main cold box at approximately 38 K. It will flow from the turbine outlet, through the transfer line, and into the cryomodules through the shield supply valves. Helium will then flow through the cryomodule and back into the return transfer line, where it will return to the medium-pressure header in the main cold box. The design criteria for the original high-beta cryomodule [11] are listed in Table 3.4, along with those for the PPU based on the operating experience of the spare high-beta cryomodule. 
The original SNS cryogenic system was designed with a 100% capacity margin from the primary and secondary circuits and a 35% margin for the shield passage. This was done to account for the uncertainty of the design, to mitigate risk to the project, and to ensure capacity for upgrade. With these margins in place, it is anticipated that the addition of seven cryomodules to the linac tunnel will be well within the capability of the SNS cryogenic system. See Section 3.3 for more detailed cryogenic system information.
[bookmark: _Toc400430975][bookmark: _Toc428461]Table 3.4. Cryogenic load design values for the high-beta cryomodule
	Parameter
	Original cryomodule 
	PPU cryomodule

	2 K heat load (static/dynamic)
	28/20 W
	25/40 W

	Coupler flow
	0.075 g/s
	0.067 g/s

	Shield load including transfer line
	200 W
	200 W


3.2.2 [bookmark: _Toc272758736][bookmark: _Toc430806]Cold Mass
The cold mass of the cryomodule consists of the cavity string, space frame, 50 K thermal shield, magnetic shield, and insulation. The cold mass of the spare high-beta cryomodule just before the second layer of magnetic shielding was installed is shown in Figure 3.12. 
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[bookmark: _Toc400430941][bookmark: _Toc429211]Figure 3.12. Cryomodule cold mass assembly.
The original SNS tuner design shown in Figure 3.13 has been adapted from a Saclay design for the TESLA Test Facility cavities [12]. It is attached to the cavity at three points—two standard standoffs and one piezo tuner. The tuner is adjusted by a motor and harmonic drive unit. This provides a tuning range of approximately 400 kHz [13].
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[bookmark: _Toc400430942][bookmark: _Toc429212]Figure 3.13. Schematic of the original SNS tuner assembly.
One key change to the original cavity string assembly is the removal of the piezo tuner from the tuner assembly. The original design included the piezo tuner to mitigate any unexpected mechanical resonance conditions driven by the Lorentz force. Since the SNS cavity RF circuit has a large bandwidth, and the SNS cavities do not have adverse mechanical resonance conditions, the cavity phase and RF amplitude are well managed within the requirements by the AFF implemented in the SNS low-level RF system [14]. The piezo tuners have never been actuated in operation at SNS. Moreover, several failures with piezo stacks have occurred because of pressure changes in the cryomodules either during the 2 to 4 K transition or during upset conditions. The piezo tuners were replaced with the standard standoffs used on the other two legs of the tuner. Because of this history, it was decided to eliminate them from future cryomodules built for SNS.
Thermal and magnetic shielding is incorporated in the design of the cold mass. The cavity string is surrounded by a thermal shield that operates at approximately 50 K. This shield is wrapped in multilayer insulation and provides a thermal radiation barrier between the cavities and the ambient environment. The thermal shield used for the PPU cryomodules is very similar to the original shields used for the original cryomodules. Two layers of magnetic shielding are incorporated into the cold mass assembly. One layer is installed on the outside of the helium vessels within the cavity string, and the other on the outside of the space frame. These layers reduce the Earth’s magnetic fields by a factor of 20 or higher to minimize the effect on cavity operation. The only change to the shields is to adjust their geometry to properly fit within the new B&PV Code–compliant vacuum vessel.
Another component of the cold mass is the space frame, which was developed at Jefferson Laboratory to facilitate the installation of long cavity strings into cryomodules at a relatively low cost. Because the original cryomodules were assembled at Jefferson Laboratory and shipped to SNS, the space frame was strengthened to handle the transportation load while maintaining the alignment of the cavities. This same design will be used in the PPU cryomodules. The space frame provides support to the cavity string through nitronic rods. The space frame is supported from the vacuum vessel. The use of this system to support the cavity string limits the conduction of heat to the cavities. Nitronic rods were selected to support the transportation loads because of their high strength. An alternative of using stainless steel may be considered for the PPU cryomodules.
3.2.3 [bookmark: _Toc272758737][bookmark: _Toc430807]Vacuum Vessel and Support Stands
To meet the new B&PV Code, the decision was made to define the vacuum vessel and end can envelope as the pressure boundary because of the difficulty in applying the pressure code to materials in the helium circuit. The niobium, titanium, and niobium–titanium alloys are not code-listed at the operating temperature that is routinely maintained within the cryomodules. The approach of using the vacuum vessel as the pressure boundary made use of an interpretation of VIII-1-89-82 in which it was deemed acceptable to stamp the exterior vessel of a heat exchanger if the tube side exceeds the rated operating pressure, provided the shell and associated relief devices are designed to withstand the highest design pressure associated with the tube side. Moving the pressure boundary from the cavity helium circuit to the vacuum vessel has additional safety benefits: (1) The vacuum shell material is 304 stainless steel, which is one of the best materials for fracture toughness and ease of fabrication. (2) The vacuum shell will never reach the helium operating temperature even with a catastrophic failure of the helium lines because of the thermal mass of the vessel material, which is at room temperature. Therefore, the material properties at LN2 temperature can be used. (3) The vacuum vessel envelope could be easily pressure-tested without the SRF cavity string installed [15].
Enacting the code allowed the removal of the bridging ring from the original design concept. That required that the main part of the vacuum vessel in the spare cryomodule be longer than the original cryomodules. Removal of the bridging ring complicated assembly in the warm-to-cold transition region, necessitating design changes to this region of the cryomodule. The changes affected the flexibility of the alignment of the string to the warm beam line flange. Therefore, modeling of the string within the vacuum vessel had to be very precise because the movement of the warm-to-cold transition in the old design was eliminated. The alignment during the spare high-beta cryomodule assembly was performed with a laser tracker, and the modeling was successful, so that the string aligned with the warm valve within the specification limit of 1 mm [1]. Figures 3.14 and 3.15 depict changes in the design of the vacuum vessel.
[image: ]
[bookmark: _Toc400430943][bookmark: _Toc429213]Figure 3.14. Original (left) versus new (right) vacuum vessel.
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[bookmark: _Toc400430944][bookmark: _Toc429214]Figure 3.15. Original (left) versus new (right) vacuum jacket design.
To simplify the supply end can as much as possible, the primary and secondary JT valves were moved from the end can to the vacuum vessel. This required a change in the vacuum vessel design, and more piping was added to the main body of the cryomodule. Figure 3.16 depicts this change.
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[bookmark: _Toc400430945][bookmark: _Toc429215]Figure 3.16. JT valve positions for the PPU cryomodule (left) and the original (right) cryomodule.
3.2.4 [bookmark: _Toc272758738][bookmark: _Toc430808]End Cans
In designing the high-beta spare cryomodule, multiple changes were made to the end cans. Previously, the end cans had not been designed or fabricated in such a way that the vacuum boundary could withstand pressure. Therefore, the shape and the thickness of the end cans were modified. Because of the design approach of having three separate pressure stamps, the end cans had to be capable of being pressure-tested individually; the same was true for the vacuum vessel. The end cans attach to the side of the vacuum vessel by a flanged connection, an arrangement that allows easy pressure testing of all three vessels. 
The piping within the supply end can was significantly reduced. The new supply end can design is compared with the original design in Figure 3.17. A similar analysis was conducted to simplify the return end can by moving the heat exchanger into the vacuum vessel. To do so, it would have been necessary to change the heat exchanger. However, the decision was made to keep all of the original equipment in the return end can, since that was a proven and reliable design. The piping in the return end can was simplified as much as possible for ease of fabrication (Figure 3.18). Because the new pressure-rated end cans were connected differently to the vacuum vessel, they required new mechanical support brackets, as shown in Figure 3.19.
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[bookmark: _Toc400430946][bookmark: _Toc429216]Figure 3.17. Original (left) versus new (right) supply end can.
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[bookmark: _Toc400430947][bookmark: _Toc429217]Figure 3.18. Original (left) versus new (right) return end can.
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[bookmark: _Toc400430948][bookmark: _Toc429218]Figure 3.19. Interfaces between end cans and vacuum vessel for the PPU cryomodule.
For the spare high-beta cryomodule, the end cans were custom fitted and attached to the vacuum vessel at ORNL. Since ORNL has a U-stamp and an R-stamp, code welds could be made while ensuring the bayonets were properly located and aligned. For the production PPU cryomodules, code welds cannot be made by the partner laboratory. A design effort was conducted to provide adjustment capability to locate and align the bayonets. A bellows was added to the bridging insulating vacuum pipe to both the supply and return end cans. The bellows incorporated into the end can design is shown in Figure 3.20.
[image: ]
[bookmark: _Toc429219]Figure 3.20. PPU cryomodule end cans with bellows for bayonet position adjustment.
Although the helium circuit is not code-stamped under this design philosophy, good engineering practice was applied to this portion of the cryomodule for the spare high-beta cryomodule. The helium vessels were modified so that the stiffening in the heads of the vessels was increased. In addition, the design of the cylindrical portion of the helium vessel was modified so that all welds could be full-penetration welds. The fabrication techniques used were consistent with ASME code practices and procedures. The inspection requirements were also consistent with those called out in the ASME B&PV Code. All welds that would eventually be subjected to cryogenic temperatures were made using low-ferrite filler material. Ferrite is known to reduce toughness in cryogenic applications; therefore, the filler material had a ferrite number below 5 [16]. 
3.2.5 [bookmark: _Toc272758739][bookmark: _Toc430809]Instrumentation Hardware
The original cryomodules were equipped with many in-process diodes for accurate temperature measurement of helium streams. The in-process diodes required a cold instrument feedthrough to bring the wires out of the process space into the insulating vacuum space. During welding for the original cryomodule fabrication, the ceramic portions of some of the feedthroughs were overheated. Many leaks in the cryomodules were observed before the operation of the SNS linac. Multiple repairs were performed by cutting through the insulating vacuum boundary and thermal shield to access the diodes. In the new design for the spare high-beta cryomodule, the cold feedthroughs were removed and replaced by surface-mounted diodes. These surface-mounted diodes have given reliable temperature feedback, and operation using these readings has been successful. The diodes located on the cavity surfaces at the top and bottom of each cavity were also relocated to the outside of the helium vessel for the spare high-beta cryomodule. Using these diodes to determine the cooldown rate has been proved to be very similar to using the cryomodule with diodes directly mounted to the cavities. The only operational issue with the surface mount diodes is that their operation lifetime is adversely affected by the high radiation levels in the linac tunnel. On the PPU cryomodules, these diodes will be replaced with Cernox sensors.
Because of the high radiation levels within the tunnel, the pressure transmitters used on the original SNS cryomodules failed in a short time. They were replaced by Honeywell strain gauges with no internal electronics, making them much more reliable in a high-radiation environment. 
3.2.6 [bookmark: _Toc430810]Shipping
The completed cryomodules will be shipped from the partner laboratory to SNS using the SNS shipping fixture that was used to ship the original cryomodules from Jefferson Laboratory to SNS. The shipping fixture will require modification to accommodate design changes in the PPU cryomodule to meet the pressure vessel code. It is expected that the shipping integrity of the PPU cryomodule will be very similar to that of the original SNS cryomodules. Twenty-four cryomodules were shipped during the original project, which gives confidence that the shipping will be successful.

Perhaps the most concerning design change that might affect the cryomodule integrity during the shipment is doubling the FPC inner conductor wall thickness. Extensive modeling was conducted for this component. It was determined that adding a stiffening plate on the outside of the coupler during shipment would produce very similar harmonic oscillations to those in the original cryomodules. Figure 3.21 shows the location of the support.

[image: ]
[bookmark: _Toc429220]Figure 3.21. FPC inner conductor with support.
The simulation results for the original SNS inner conductor versus the PPU inner conductor are displayed in Table 3.5. As seen, the frequencies of the original coupler are very similar to those of the supported PPU coupler.
 
[bookmark: _Toc428462]Table 3.5. Comparison of original and PPU coupler frequencies
[image: ]

Additionally, coupler shipping tests are being conducted to assess the shipping integrity of the inner conductor. The results from these tests will provide valuable data for verifying the shipping modeling efforts. 
The shipment of the first full cryomodule from Jefferson Laboratory to SNS will serve as the shipping test for the project.
3.3 [bookmark: _Toc428940][bookmark: _Toc429083][bookmark: _Toc430811][bookmark: _Toc428941][bookmark: _Toc429084][bookmark: _Toc430812][bookmark: _Toc272758740][bookmark: _Ref273006803][bookmark: _Toc400430892][bookmark: _Toc430813]CRYOGENICS
The SNS cryogenic system design closely resembles that of the Thomas Jefferson National Accelerator Facility cryogenic system, with some modifications [17]. The SNS cryogenic system was designed to provide refrigeration capacities of 125 g/s at 2.1 K, 8300 W of shield cooling, and 15 g/s of liquefaction flow. This cryogenic capacity is sufficient to accommodate the PPU project, and no additional equipment is required for the central helium liquefier. A flow diagram of the system is shown in Figure 3.22. 
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[bookmark: _Toc400430949][bookmark: _Toc429221]Figure 3.22. Cryogenic system overview.
The control system is an integral part of the SNS cryogenic system. Within the Experimental Physics and Industrial Control System (EPICS), multiple control sequences run to control the operation. These sequences include the 2 K pump-down, the heater control, the 2 K trip response, and the JT off sequence. Each time a cryomodule is added to the tunnel, these sequences must be amended to include the new cryomodules. Testing of the sequences will be an essential part of ensuring the success of SCL operation during the PPU project. Perhaps the most critical of these sequences to test is the 2 K pump-down sequence. This is an empirically derived sequence that adjusts the gear ratios of the cold compressors as pressure decreases in the return transfer line header. If cryomodules are added to the tunnel, the flow dynamics and temperature profiles within the system could change, requiring development and modification of the 2 K pump-down sequence.
Because the initial design of the cryogenic system had a large margin of capacity, turn-down studies of the cryogenic system were conducted at SNS to enable the system to run more efficiently. The results of these studies showed that the SNS cold compressors could operate successfully while reducing flow by approximately 25% from the design flow [18]. Results of the turn-down studies are presented in Table 3.6. Typically, the system is operated with the flow turned town 12.5% from the design flow. This allows more efficient operation of the system by reducing power consumption and decreasing nitrogen usage while maintaining the robustness of the original design. Even with the system turned down, it is necessary to input approximately 1 kW of heat into the helium baths of the cryomodules with electric heaters to maintain the minimum flow for the 2 K cold box. When seven additional cryomodules are added, the turned-down system will be more efficient. The heat load of the additional cryomodules will be less than the heat that is currently added to the system. Therefore, the heater sequence will be adjusted to reduce the external heat presently added, as additional new cryomodules are installed.
[bookmark: _Toc400430976][bookmark: _Toc428463]Table 3.6. Results of turn-down study
	
	Design
basis
	Maximum
capacity
	Nominal
capacity
	Minimum
capacity

	First stage compressors (kW)
	608
	
	
	

		C1 (kW)
	
	300
	250
	244

		C3 (kW)
	
	300
	300
	203

	Second stage compressors (kW)
	2074
	
	
	

		C4 (kW)
	
	1456
	1355
	762

		C5 (kW)
	
	1456
	1355
	1154

	
	
	
	
	

	LN2 usage (g/s)
	120
	200
	180
	150

	
	
	
	
	

	Total electric input power to compressors (kW)
	2682
	3512
	3260
	2363

	LN2 equivalent power (@35% Carnot) (kW)
	216
	360
	324
	270

	Total input power equivalent (kW)
	2898
	3872
	3584
	2633

	
	
	
	
	

	HP to cold box (Atm)
	16.8
	17
	16.5
	12.9

	MP cold box out (Atm)
	4
	2.8
	2.8
	2.5

	Cold box HP flow (g/s)
	1150
	1077
	1030
	829

	
	
	
	
	

	CC flow (g/s)
	125
	140
	125
	90

	Liquefaction load (g/s)
	15
	4
	4
	4

	Shield load (kW)
	8300
	5300
	5300
	5300

	
	
	
	
	

	Carnot work based on 2.1 K operations
	
	
	
	

		Primary load (kW)
	400
	448
	400
	288

		Liquefaction load (kW)
	102
	27
	27
	27

		Shield load (kW)
	61
	39
	39
	39

	Total load Carnot work
	563
	514
	466
	354

	
	
	
	
	

	Carnot efficiency based on 2.1 K operation
	0.194
	0.133
	0.130
	0.134

	
	
	
	
	

	Carnot work based on 4.5 K operation
	
	
	
	

		Primary load (kW)
	542
	607
	542
	390

		Liquefaction load (kW)
	102
	27
	27
	27

		Shield load (kW)
	61
	39
	39
	39

	
	
	
	
	

	Total load Carnot work(kW) 
	705
	673
	608
	456

	
	
	
	
	

	Carnot efficiency based on 4.5 K operation
	0.243
	0.174
	0.170
	0.173


HP = high pressure; MP = medium pressure.
3.4 [bookmark: _Toc400430893][bookmark: _Toc430814]SUPPORTING SYSTEMS
The support systems for the SCL portion of the PPU project include cooling water, beam line vacuum, and insulating vacuum. 
The cooling water system will provide cooling to the air-side portion of the FPC inner conductor and is anticipated to be a direct copy of the existing system. Similar to the operation of the original high-beta cryomodules, a water circuit will provide water cooling for four FPCs in series with an RTD at the outlet of each FPC and a flow switch at the return header. The water cooling system is designed to remove a maximum of 200 W per FPC with a 1 gpm minimum flow. The existing quadrupole magnet cooling system was already verified to meet PPU requirements without modification.
The beam line vacuum system of the PPU cryomodules will be a direct copy of the original SNS cryomodules. Each cryomodule will be equipped with an ion pump that maintains high vacuum. Warm isolation valves will be located at each end of each cryomodule to isolate that section of beam line in the event of a leak. Additionally, these valves will be used to facilitate maintenance on the cryomodules. 
Originally, SNS cryomodules were not equipped with an insulating vacuum system. However, leaks were observed on about a third of the cryomodules. Some of these leaks were from the helium circuit to the insulating vacuum, and some were from the air to the insulating vacuum. Individual pump carts were placed on the cryomodules that had leaks. Because of the elevated radiation levels in the tunnel, the controllers for these pumps did not have long lifetimes. A two-turbo molecular pumping system was manifolded to four cryomodules, and the controllers were relocated to the klystron gallery. This system has proved effective. However, it is expensive and has a limited pumping capacity. Recently, a cryomodule positioned in the tunnel beyond the manifolded pumping systems was found to leak. A turbo pump was directly connected to the cryomodule with a backing scroll pump. The controller was located in the klystron gallery away from the radiation environment. 
An insulating vacuum system with improved performance over the existing systems is required for the PPU. The new system will consist of turbo-molecular pumps and their corresponding valves and instrumentation directly mounted to each cryomodule, and a centralized roughing pump system backing all of the turbo pumps. Both the turbo-molecular pumps and the roughing system will be controlled through EPICS. By placing the roughing system outside the tunnel, personnel access to the tunnel is minimized and the amount of ancillary equipment located in the tunnel is reduced. This system will also include all of the interconnecting piping between the turbo-molecular pump discharge and the roughing pump system.
3.5 [bookmark: _Toc430815]INSTALLATION AND INTEGRATION (INCLUDE ICD SUMMARY)
Seven cryomodules will be installed in the east end of the existing linac tunnel. There are nine available slots for cryomodules with the cryogenic transfer line, utilities, and warm sections in place. To prepare for the installation of these cryomodules, all of the cable pulls will be completed before the PPU cryomodules enter the tunnel. Additionally, the stands that will support the cryomodules will be installed and grouted in place before cryomodules are moved to the tunnel.
A coordinated effort will be required to install, test, and commission the cryomodules within the scheduled outages. Existing procedures have been developed for removing and installing cryomodules in the SNS tunnel. After over 10 years of operation, these iterations have become routine. However, for the PPU cryomodules, there is some added complexity. Since these cryomodules are being installed in slots not previously used, the instrumentation and controls checks of these cryomodules will be more involved. All of the control sequences for RF, heaters, JT valves, and 2K pump down will have to be updated and tested.
The coordination effort for the installation is aided by the Interface Control Documents (ICDs), which detail where the interfaces are and who is responsible for the scope of work on each side of the interface. An example of the block flow diagram in an ICD is shown in Figure 3.23.
[image: ]
[bookmark: _Toc429222]Figure 3.23. Cryomodule interface block diagram.
The mechanical installation of the cryomodules requires a diverse set of resources. including craft riggers and operators, SCL systems technicians, survey and alignment personnel, vacuum team members, water team support, RF technicians, and the Instrument and Controls group. Careful scheduling and planning will be conducted to optimize the work environment and produce a safe, efficient installation of the cryomodules. Multiple shifts may be used during these installation efforts to expedite this effort.
3.6 [bookmark: _Toc428945][bookmark: _Toc429088][bookmark: _Toc430816][bookmark: _Toc428946][bookmark: _Toc429089][bookmark: _Toc430817][bookmark: _Toc430818]ASSUMPTION LIST
To prepare the conceptual design approach for the SCL portion of the PPU, the following assumptions were made.
Plasma processing improves the performance of the medium-beta cavities gradient by an average of 10%.
A spare medium-beta cryomodule will be available to conduct repairs on underperforming medium-beta cavities that are not candidates for plasma processing.
Cavity 11b will be repaired in advance of the PPU. 
Cavity 5a will not be repaired in advance of the PPU.
Available RF power to the original cavities is 550 kW (current configuration).
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