
[bookmark: _Toc359315751]Single Spoke Resonator I (SSR1) Cavities and Cryomodules

Acceleration from 10 to 35 MeV utilizes superconducting cavities with βopt = 0.222 operating at 325 MHz, so-called Single Spoke Resonator of type 1 (SSR1). 
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Figure 3.13: Cutaway view of SSR1 cryomodule designed for PIP-II
SSR1 cavities
1.1.1. RF design and optimization of SSR1 cavity
The RF design and optimization of SSR1 cavity was done using Microwave Studio (MWS) software. In Figure 3.14 the main geometrical parameters used for optimization are shown. LCAV represents the cavity length, end-wall to end-wall along beam axis, LIRIS is the iris to iris length, D is the spoke base diameter, W is the spoke width, T is the inner electrode thickness, h and v are  cylindrical shell and end-wall dimensions. Beam dynamics considerations led to the choice of β=0.21 and a 30 mm aperture diameter. Also an iris-to-iris distance, Liris = 2/3 βλ, was chosen.
Table 3.3 lists the general requirements on the electromagnetic parameters.
The minimization of the peak surface electric field (Epeak) involved W, T and Liris as main parameters, since these define the geometry in the region of high electric field, see Figure 3.15. The ratio D/Lcav, and the end cup profile dimensions were optimized to achieve a low peak magnetic field, see Figure 3.16. Electric and magnetic 3D fields are shown in Figure 3.17, the plots have been generated with Comsol software. 
A spoke cavity has no axial symmetry. Therefore its quadrupole component cannot be compensated over the entire range of cavity operation. Figure x.xx presents the dependence of the quadrupole effect on the beam velocity. Due to engineering limitations, mainly related to the RF couplers, the cavities are rolled by 45o; consequently, their quadrupole field is also rolled and is equivalent to a skew-quadrupole field. The cavity skew-quadrupole fields will be compensated by correction coils located inside nearby focusing solenoids and capable to create dipole and skew-quadrupole fields. 
Multipactoring, higher order modes, transverse kick and multiple effect are other key-aspects for the design of such type of cavity. 
Multipacting analysis was performed to make sure that no evidence of multipactoring activity appears in the operating gradient regime of the cavity. Analysis successfully predicted two multipactoring barriers at 4.5 MV/m and 7 MV/m, respectively, which are far away from the operating barrier of 12 MV/m. Those barriers were later observed during vertical testing of the bare SSR1 cavities, confirming the validity of the analyses.  
Higher order modes were investigated carrying out a thorough simulation study. Monopole, dipole, and quadruple modes were simulated and R over Q for each mode was calculated. Simulated R over Q values show no worries about HOMs and no need for any HOM dampers. Bead pull measurements were carried out for all the HOM monopoles up to 2 GHz. The measured R/Q of the HOM monopoles is less than 1 Ω. Simulated and measured R over Q values are in good agreement. HOMs frequency spread on the tested cavities is within 7 MHz.
Transverse kick that could happen in SSR1 cavities due to geometrical variations of the fabricated cavities from the designed geometry was evaluated. From fabrication experience, three kinds of variations were under investigation concerning the alignment of both the beam pipe and spoke with respect to the beam axis. Simulation study has been carried out implementing these variations in the simulation model. Bead-pull measurements were also conducted to evaluate the transverse kick values in the fabricated cavities. Simulation and measurements are relatively in good agreement. Maximum kick in the fabricated cavities is within 154 keV that would induce about 1.12 mrad beam deviation, which could be definitely corrected with the 10 mrad specified correctors of PIP-II. 
SSR1 geometry has a central electrode that lies on one of the axes perpendicular to the particles motion, breaking axial symmetry of the cavity. This asymmetry reflects on the transverse EM field components giving a quadrupole field perturbation, which affects the particle transverse dynamic. This perturbation is very small and its effects can be easily managed by the corrector inside the cryomodule. Higher order multipoles are not relevant since their amplitude is negligible.




Table 3.3: SSR1 electromagnetic parameters 
	Parameter
	Requirement

	Frequency
	325 MHz

	Shape
	Single Spoke Resonator

	βg, βo
	0.215, 0.22

	Leff = β0λ
	203 mm

	Iris aperture
	30 mm

	Inside diameter
	492 mm

	Bandwidth (f0/Q)
	90 Hz

	Epk/Eacc
	3.84

	Bpk/Eacc
	5.81 mT/(MV/m)

	G
	84 Ω

	R/Q
	242 Ω
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Figure 3.14: Cross section of the SSR1 with the main parameters used in the optimization process.
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Figure 3.15: Optimization process of Epeak.
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Figure 3.16: Optimization process of Bpeak.
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                                                          a)                                  b)
Figure 3.17 Electromagnetic field of SSR1.  (a) Electric field. (b) Magnetic field. The field strength increases as the color changes from green to yellow to red.
1.1.2. Structural design SSR1 cavities
SSR1 was the first superconducting spoke resonator developed at Fermilab for the High Intensity Neutrino Source (HINS) accelerator [3]. The optimization of SRF cavities for a pulsed machine such as HINS, focuses on mitigating the effects of Lorentz forces which dominate the behavior of the cavities. 
The first prototype of SSR1 cavity with helium vessel (SSR1-01) designed and manufactured in the framework of HINS project did not meet all the requirements of a cavities needed for PIP-II.
In a machine like PIP-II operating also in continuous wave (CW) machine, the cavities perturbations caused by the fluctuations in pressure of the liquid helium bath (df/dp) needs to be taken in consideration and reduced to minimum.
The sensitivity of the first prototype of SSR1 cavity with helium vessel (SSR1-01) did not meet the PIP-II requirements of df/dp ≤ 25 Hz/Torr. In operational conditions, it was measured at df/dp = 140 Hz/Torr.
A new generation of jacketed SSR1 cavity was carried out in the framework of PXIE project. The design of the helium vessel was improved to reduce considerably the sensitivity of the cavity resonant frequency (df) to the liquid helium fluctuations (dp). The first phase of the design aimed at the optimization of the resonant frequency stability of the cavity by developing a systematic method to characterize the df/dp of the cavity and indicate the design features that mostly influence it, allowing for instance to produce the design of the helium vessel avoiding a trial and error approach. The minimum value of df/dp was mainly achieved coupling the helium vessel with the end-wall of the resonator, adopting a bellows of optimal diameter, developing a tuner of certain stiffnes, and adjusting the design appropriately producing a design of 3rd generation for the bare cavity.
The structural design of the SSR1 cavity was based on the requirements shown in Table 3.4. More details are available in the FRS: Teamcenter ED0001317.
[bookmark: Table_3_3]Table 3.4: SSR1 cavity operational and test requirements.
	Parameter
	Requirement

	Max leak rate (room temp)
	< 10-10 atm-cc/sec

	Operating gain per cavity
	2.0 MeV

	Maximum gain per cavity
	2.4 MeV

	Max. power dissipation per cavity at 2 K
	5 W

	Sensitivity to He pressure fluctuations df/dP
	< 25 Hz/Torr

	Field flatness
	Within ±10%

	Multipacting
	None within ±10% of operating grad.

	Operating temperature
	1.8-2.1 K

	Operating pressure
	16-41 mbar differential

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

	RF power input per cavity
	6 kW (CW, operating)



Bare cavity
The design of SSR1 was obtained by first optimizing the RF performance and later addressing the structural integrity of the resonator by adding an adequate system of stiffeners to the outside surfaces, without any modification to the RF shape, to withstand the pressure exerted by the liquid helium, during the vertical test (2 bar; 29 psi at 4K), and Lorentz forces. 
The parts of the cavity are formed and machined of high-purity niobium (Nb), and joined by electron-beam welding. Four flanges on the cavity, through which it interfaces with the helium vessel, are made of stainless steel connected to the niobium by means of copper-braze joints.
The structural design of the bare SSR1 cavities is shown in Figure 3.18. 
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Figure 3.18: Exploded view of the bare niobium SSR1 cavity.

Jacketed cavity
From a mechanical engineering standpoint, a jacketed SRF cavity is typically comprised of an inner niobium vessel (or SRF cavity) surrounded by a liquid helium containment vessel made of stainless steel or titanium. The helium bath may reach pressures exceeding 15 psi (0.103MPa) and generally has a volume greater than five cubic feet (0.142 m3). All this leads to consider a jacketed SRF cavity as a system of pressure vessels. Based on the Department of Energy (DOE) directive 10 CFR 851, it is mandatory for safety reasons that all pressure systems designed, fabricated and tested by U.S. National Laboratories conform to ASME Codes. As a consequence, jacketed SRF
cavities fall within the scope of the following sections of the ASME Boiler and Pressure Vessel Code.
It is acknowledged that a true Code design is not currently possible, primarily due to the use of non-Code materials, the unfeasibility of Code required nondestructive examinations of welded joints and the use of unqualified procedures for welding and brazing. A set of rules have been developed by engineers at Fermi National Accelerator Laboratory [ref] based on their current understanding of best practice in the design, fabrication, examination, testing, and operation of the jacketed SRF cavities. These guidelines comply with Code requirements wherever possible, and for non-Code features, procedures were established to produce a level of safety consistent with that of the Code design. 
The jacketed SSR1 cavity consists of two nested cryogenic pressure vessels: the inner vessel is the superconducting SSR1 cavity, see Fig. 3.18, and the outermost vessel is the helium containment (or helium) vessel, see Fig. 3.19.  The helium vessel is entirely made of 316L stainless steel and it is assembled around the cavity by full penetration tungsten inert gas (TIG) welds.
[image: ]
Figure 3.19: Exploded view of the stainless helium vessel surrounding the SSR1 cavity.

The typical operating temperature of an SRF cavity is in the range from 1.8K to 2.1 K. A bath of superfluid helium, confined by the helium vessel, surrounds the cavity exerting a pressure on both vessels. The RF volume of the cavity is pumped down to ultra-high vacuum, and the entire jacketed cavity is placed in a cryostat under insulating vacuum, see Fig. 3.20. The greatest risk with vessels containing superfluid helium is that an accidental loss of vacuum results in very rapid boiling of the helium, causing a consequent pressurization of the helium space. Moreover, differential pressure can be detected between the volumes defined by cavity and helium vessel during the first phases of operation before the cooldown, see Fig. 3.20. A relief valve setting of 0.2 MPa is needed to ensure the cavity is protected during initial testing and during cooldown which occur when the cavity is at or near room temperature. A higher rating at low temperature allows the system piping to be sized for higher short-term pressure increases which can occur
during a loss of cavity or insulating vacuum when the cavity is cold.
Therefore, the jacketed SSR1 cavity must have two values of maximum allowable working pressure (MAWP), 0.2MPa at 293K when the niobium material strength is low, and 0.4MPa at 2K when the niobium strength is significantly higher.
The geometries of the structures and loading conditions of SRF cavities, and therefore the stress distributions, are often complicated and do not lend themselves entirely to design by design-by-rules method. The design-by-analysis method can be used to optimize those features not amenable to design-by-rules method. Design-by-analysis method assumes a numerical analysis technique will be used, and either elastic or elastic-plastic analysis is permitted.
In the case of the SSR1, ANSYS structural analysis software was used to perform the finite element analyses and provide protection against four modes of failure: plastic collapse, buckling, cyclic loading and local fracture.

[image: C:\Users\donato\Downloads\LoadsonSSR1.png]
Figure 3.20: Cutaway view of jacketed SSR1 cavity with schematic loads applied. The pressure (P) is applied normal to the surfaces de_ning the helium space, the frequency tuning displacement (T1) is applied normal to the beam pipe (along the arrows), the gravitational force (D), and the cooldown (T2) applied to the entire system.
1.1.3. [bookmark: Figure_3_15]Testing SSR1 cavities
To date 12 bare SSR1 cavities have been fabricated, see Figure 3.x2 a), and tested at 2K in the vertical test stand, see Figure 3.x1. Ten of them has shown parameters suitable for PIP-II, so they were jacketed with helium vessel, see Figure 3.x2 b), according to the newest design.
The 10 jacketed cavities met all the quality controls showing sound structural behavior and very promising performance in terms of sensitivity to He-pressure fluctuations (df/dp), see Table 3.x1.
Performance of the first jacketed SSR1 of new generation (S1H-NR-107) were evaluated during tests in STC, see Figure 3.x3, and presented in [ref, ref]. The results fulfill the specifications of the project from the RF and mechanical perspectives.
The curve of the quality factor (Q0) as function of accelerating voltage meets the PXIE specifications, see Figure 3.x4. The curve profile measured for the jacketed cavity (in STC) matches the one of the bare cavity (in Vertical Test Stand). This means the jacketing (welding) process has not degraded the niobium cavity performance. 
After cooling down to 2 K, an initial look at df\dp was done by varying the helium bath pressure from 18 to 43 Torr and measuring the location of the peak of the cavity resonance with a network analyzer. The measured pressure sensitivity is df\dp = 4.5 Hz/Torr, which exceed the specification of the PIP-II project and validate the design approach of the SSR1 helium vessel.
[image: C:\Users\donato\Downloads\SSR1_Summary_12FermilabCavities.png]
[bookmark: _Ref145139214][bookmark: _Toc426115992]Figure 3.x1:  Q0 vs. acceleration gradient from the cold test of the twelve SSR1 cavities (β = 0.222). 
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a)                                                                                b)
Figure 3.x2: a) SSR1 bare cavity; b) jacketed SSR1 cavity
  
Table 3.x1: Frequency sensitivity to pressure (df/dp) for the ten jacketed SSR1 cavities manufactured up-to-date. 
	Cavity Serial #
	df/dp of bare cavity at 293K 
[Hz/Torr]
	df/dp of jacketd cavity at 293K (w/o tuner) [Hz/Torr]
	df/dp of fully operating cavity at 2K*
[Hz/Torr]

	S1H-NR-105
	-560
	0
	0*

	S1H-NR-106
	-564
	0
	0*

	S1H-NR-107
	-561
	8
	4

	S1H-NR-108
	-553
	-1.2
	0*

	S1H-NR-109
	-555
	5.4
	2*

	S1H-NR-110
	-569
	7.9
	4*

	S1H-NR-111
	-526
	2.7
	2*

	S1H-NR-112
	-525
	9.0
	5*

	S1H-NR-113
	-555
	6.3
	3*

	S1H-NR-114
	-557
	10
	5*


*Except S1H-NR-107 that was already measured in STC at 2 K, the “df/dp fully operating cavity at 2K” for other cavities is an estimation based on calculations and experience with S1H-NR-107.

[image: ]       
Figure 3.x3: Jacketed S1H-NR-107 dressed with tuner mechanism and power coupler, installed in the Spoke Test Cryostat (STC).

[image: ]
Figure 3.x4: Quality factor (Q0) and radiation vs accelerating voltage (Eacc) measured for the S1H-NR-107 at STC.


SSR1 Cryomodule
[bookmark: _Table_3.3:_SSR1][bookmark: _Table_3.4:_SSR1]
The SSR1 cryomodule will operate with continuous wave (CW) RF power and support peak currents of 5 mA chopped with varying patterns to yield an average beam current of 1 mA. The RF power per cavity at 1 mA average current and 2.2 MV accelerating voltage (β=0.22) should not exceed 4 KW with an overhead reserved for microphonics control.
[image: ]
1.1.4. SSR1 string assembly
The cavity string assembly of the SSR1 cryomodule which constitutes the beam-line volume, contains eight superconducting Single Spoke Resonators type 1 (SSR1) with their cold-end input couplers and four solenoids: in the following order: C–S–C–C–S–C–C–S–C–C–S–C, see Fig x.xx. Horizontal and vertical dipole correctors are located inside each solenoid. A four-electrode beam position monitor (BPM) is located at each solenoid.
The connections along the beam-line are made using aluminum diamond seals and stainless steel flanged joints and bellows. At each end, the beam-line is terminated with ultrahigh-vacuum gate valves through which the beam-line will be pumped down. The planned pumping system for the cryomodule consists of two turbo pumps with a pumping speed of S = 300 L/s and an ultimate pressure of 1 · 10−8 Torr at the pump inlet. The cavity string will be assembled in a class 10 cleanroom to minimize particle contamination in the beam-line known to cause field emission and therefore degrading cryomodule performance. Limiting the number of beam-line components and sub-assemblies from the initial stages of design simplifies greatly the installation procedure promoting a cleaner assembly approach. A vacuum level of 5 · 10−5  or lower is achievable by pumping only through the beam-line [ref]. The pressure threshold of 5 · 10−5 Torr was chosen to avoid negative effects such as increased field emission [ref] and residual resistance due to condensed gases [ref]. This level of vacuum must be reached in less than 12 hours to minimize the down-time associated with thermal cycles for the cryomodule.
[image: C:\Users\donato\Downloads\F10044542.png]
Figure x.xx SSR1 cavity string assembly
SSR1 Solenoid and Beam Position Monitor (needs to be checked)
The four magnet packages in the cryomodule each contain a focusing solenoid (lens) and four corrector coils all operating in a helium bath at 2 K. The general design requirements for the lenses in the SSR1 cryomodule are summarized below. 
Requirements essential for the beam dynamics in the linac: 
· The integrated focusing strength of the lens must be not less than 4 T2m; 
· Each lens must contain 4 coils which can be combined into two dipole correctors; bending strength of each corrector must be not less than 0.0025 T‐m; 
· The clear aperture in the lens must be not less than 30 mm; 
· The uncertainty in the location of the effective magnetic axis in the focusing solenoid of the lens relative to reference points on the outer surface of the device must be better than 0.1 mm rms. 
Requirements essential for proper functioning of the cryomodule: 
· Maximum current in the solenoid must be less than 100 A; 
· Maximum current in the dipole correctors must be less than 50 A; 
· A LHe vessel must be used for cooling the windings down to 2 K; 
· The lenses must be quench‐protected; the energy deposited in the lenses after quenching must be as low as reasonably achievable; 
· The LHe vessel must meet the requirements of the Fermilab’s ES&H manual chapters for pressure vessel; 
· The design of the LHe vessel must ensure reliable and reproducible mechanical connection to the alignment fixture of the cryomodule; 
· The maximum magnetic field generated by lenses in the cryomodule in the area near the surface of the SSR1 superconducting cavities must not exceed the level that would result in more than two‐fold reduction of the intrinsic quality factor after quench event at any point on the surface of the cavity. 
[image: C:\Users\donato\Downloads\F10044251a.png]
[bookmark: Figure_3_19][bookmark: _Ref346882630][bookmark: _Toc426115995]Figure 3.19: Solenoid and BPM assembly.
The linac lattice, especially the low-beta section, provides limited space along the beamline for beam diagnostics either inside individual cryomodules or between adjacent modules. In order to conserve axial space along the beamline a button-type beam position monitor (BPM) has been chosen for installation in the SSR cryomodules. For a non-relativistic beam they also generate larger signal than strip-line BPMs. A total of four BPMs will be installed in the cryomodule, one near each magnetic element. These devices are compact and lend themselves well to incorporation into the solenoid magnet package as shown in Figure 3.19. The bellows at either end of the beam tube allow independent alignment of each magnet.  
Input Coupler (needs to be checked)
The input coupler is a 105-ohm coaxial design that supplies approximately 2 kW CW to each cavity in PXIE and ultimately up to 18 kW CW in PIP-II. The coupler contains a single warm ceramic window. During cryomodule fabrication, the cold section is installed on the cavity in the cleanroom prior to assembly of the string. The warm section is installed from outside the vacuum vessel during final assembly. The inner conductor is solid copper with copper plated bellows to accommodate motion due to misalignment and thermal contraction. The cold end of the outer conductor is 316Lstainless steel. The warm end is copper with copper plated bellows. Heat load estimates do not suggest a significant penalty for not copper plating the outer conductor. A forced-air cooling tube is inserted into the inner conductor after assembly that supplies air to cool the coupler tip. Fig. 4 shows the current coupler design. The input coupler design is described more thoroughly in [ref].
[image: C:\Users\donato\Downloads\F10015154.png]
Figure x.xxx Input coupler assembly
1.1.5. SSR1 coldmass 
Each cryomodule will have a single thermal shield cooled with helium gas, nominally at 45-80 K. It is currently envisioned to be aluminum with cooling channels on both sides. Two 15-layer blankets of multilayer insulation, between the vacuum vessel and thermal shield will reduce the radiation heat load from the room temperature vacuum vessel to approximately 1.5 W/m2. A 5 K circuit will be available to intercept heat on the input couplers and current leads, but there is no plan to install a full 5 K thermal shield.
All of the cavities and solenoids will be mounted on individual support posts which are in turn mounted to a full-length strongback located between the vacuum vessel and thermal shield. This enables the entire cavity string to be assembled and aligned as a unit then inserted into the vacuum vessel during final assembly. Presently, the strongback is aluminum, but stainless steel is an option. Maintaining the strongback at room temperature helps minimize axial movement of the cold elements during cooldown, reducing displacement of couplers, current leads, and many other internal piping components. The support posts are similar to supports utilized in SSC collider dipole magnets and ILC and XFEL 1.3 GHz cavity cryomodules. The main structural element is a
glass and epoxy composite tube. The tube ends and the intermediate thermal intercepts are all assembled using a shrink-fit technique in which the composite tube is sandwiched between an outer metal ring and inner metal disk [1]. All the cavities and solenoids are mounted to the support posts using adjustable positioning mechanisms.
Alignment? 
Cooldown?
[image: C:\Users\donato\Downloads\F10002435.png]
Figure x.xxxx SSR1 coldmass assembly
Radio frequency tuner
The so-called tuner is capable of compensating the effects of external perturbations on the resonant radio-frequency of the SSR1. The compensation is achieved through active responses via an actuation system and passive responses which are inherent to the elastic behavior of the overall system. Active resonance stabilization of the cavity operating in continuous wave (CW) or pulsed regime, is object of ongoing R&D activities carried out by Resonance Control Group at Fermilab.

With the goal of maintaining the cavity at the proper operational frequency: 325MHz, the tuner has to be designed to compensate uncertainties in the frequency shift due to the cooldown from 293K to 2K, and to minimize detuning caused by microphonics and Lorentz forces. Cooldown uncertainties are estimated to be less than 135 kHz, while the amplitude of perturbations is estimated to be less than 1 kHz. These two values define respectively the requirements for coarse tuning and fine tuning. In order to achieve a low sensitivity to pressure (df/dp) for the cavity frequency, that the stiffness of the tuner seen by the cavity flange (passive stiffness) must be greater than 30 kN/mm.
[bookmark: _Toc428530383][bookmark: Table_3_4]Table 3.x2: SSR1 tuning system requirements
	
	Requirement 

	Coarse frequency range
	135 kHz

	Coarse frequency resolution
	20 Hz

	Fine frequency range
	1 kHz

	Fine frequency resolution
	≤2 Hz



Each cavity will be dressed with one tuning system only.
The reliability of a frequency-tuning system is always of great concern. Past experiences suggest that the active components are prone to failures if not integrated and operated carefully. Failure of the tuning system has an immediate impact on the accelerator complex. Thus, the system shall be designed to allow the replacement of the actuating devices in case of failure or deterioration. Maintenance operations shall be simplified where possible considering that the system will be serviced manually through access ports in the vacuum vessel of the cryomodule.
Among the various type of tuner systems [ref] and based on experiences and lessons learned with the previous SSR1 tuner [ref], we made the choice to design a lever mechanism for the control of the resonant frequency in both operating conditions: CW and pulsed regime.
The resonant frequency will be modified by adjusting the spacing between the cavity end-wall and the spoke, acting on the beam-pipe of the cavity connected to the helium vessel by the expansion joint (bellows). Controlling this gap by elastically deforming the niobium structure, the resonant frequency has to be kept within the ±20 Hz (PXIE specifications) from the nominal value of 325 MHz. 
Figure 3.x5 shows the scheme of the double lever mechanism that allows coarse and fine tuning of the cavity. The large scale tuning (135 kHz) is accomplished via a stepper motor actuating a threaded rod and traveling nut, translating rotational motion into axial motion of a double-lever mechanism, compressing and relaxing the cavity at one of the two beam-pipes. Fine tuning (1 kHz) is achieved with piezoelectric actuators (or piezos) acting as a fine tuning mechanism for the active compensation of perturbation sources like helium bath pressure fluctuations and mechanical vibrations. The two main arms hinged at one end and connected to the actuation system at the other end have a probe that tunes the cavity physically pushing on the beam pipe.
[bookmark: bookmark0]The actuation system consists of a stepper motor held by a bracket and connected to a second arm. This arm is hinged at the other end and keeps the piezos in series with the motor.

[image: ]
Figure 3.x5: Jacketed S1H-NR-107 dressed with tuner mechanism and power coupler, installed in the Spoke Test Cryostat (STC).

[bookmark: Figure_3_14][bookmark: _Toc426115990]The main structural components are made of 316L stainless steel. It is the same material of which the helium vessel is made. This gives the advantage of having the same thermal contraction ratio during the cooldown. Figure 3.x6 shows the 3D model of the SSR1 tuner assembled on the jacketed cavity.
[image: C:\Users\donato\Downloads\F10044249.png]
[bookmark: Figure_3_18][bookmark: _Ref346870912][bookmark: _Toc426115994]Figure 3.x6: SSR1 cavity, helium vessel, tuner and coupler.

Figures of merit for the prototype tuner such as tuning range, components hysteresis and
overall performance were measured during tests in STC, see Figure 3.x3.
The tuner mechanism works great at the extreme low temperature in the entire tuning range
required in the specifications, see Figure 6.4. All specifications in terms of stiffness, tuning ranges, tuning efficiencies, and resolutions of the active components are met. More details were published in [ref].
[bookmark: Figure_3_16]Also, this prototype tuner was successfully used in preliminary studies of resonant control [ref] for SSR1 cavities. The fast tuner was used to drive cavity characterization routines, including mechanical to electrical transfer functions. 
The design of the production tuner is in progress.
[image: ]

[bookmark: Figure_3_17][bookmark: _GoBack]SSR1 Current Leads (needs to be checked)
Each focusing element package contains five coils: the main solenoid, operating up to 100 A, and four coils which can be combined to serve as both x and y steering and skew-quadrupole correctors. Each coil can operate up to 50 A. A conduction cooled current lead design modeled after similar leads installed in the LHC at CERN is being developed for use in the SSR1 cryomodule. Thermal intercepts at 70 K and at 5 K help reduce the heat load to 2 K, nonetheless, these current leads represent a significant source of heat at the low temperature end. There will be one lead assembly for each magnetic element.
1.1.6. SSR1 cryomodule final assemlby
The vacuum vessel serves to house all the cryomodule components in their as-installed positions, to provide a secure anchor to the tunnel floor, to insulate all cryogenic components in order to minimize heat load to 80 K, 4.5 K, and 2 K, as well as maintain the insulating vacuum. It is 1.219 m (48 inches) in diameter. 
Just inside the vacuum vessel, nearly in contact with the inner wall, is a magnetic shield to shield the cavities from the earth’s field. Preliminary tests show that a 1.5 mm-thick mu-metal shield at room temperature reduces the residual field inside the cryostat to less than 10 µT. It is likely that separate magnetic shields will be installed around individual magnetic elements to further reduce
trapped fields in the superconducting cavities.
The intent is that this cryomodule has all external connections to the cryogenic, RF, and instrumentation systems made at removable junctions at the cryomodule itself. The only connection to the beamline is the beam pipe itself which will be terminated by “particle free” valves at both ends. Minimizing mean time between failure and repair and in-situ repair of some internal systems are important design considerations in the cryomodule design.
`[image: C:\Users\donato\Downloads\F10002433.png]
[bookmark: _Ref346882745][bookmark: _Toc426115997]Figure 3.21: SSR1 cryomodule assembly
[bookmark: Figure_3_21]SSR1 Heat Load Estimate 
Table 3.5 summarizes the estimated static and dynamic heat loads at each temperature level in the cryomodule assembly from the primary sources. As mentioned earlier, the nominal 70 K thermal shield and intercepts may operate anywhere between 45 and 80 K.
[bookmark: _Ref346882872][bookmark: _Toc428530384][bookmark: Table_3_5]Table 3.5: SSR1 Cryomodule Heat Load Estimates
	
	Per Unit (W)
	Units
	Total (W)

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

	Input coupler, static
	5.4
	2.8
	0.5
	8
	43
	23
	4

	Input coupler, dynamic
	0
	0
	0.25
	8
	0
	0
	2

	Cavity, dynamic
	0
	0
	1.8
	8
	0
	0
	14

	Support post
	2.8
	0.4
	0.05
	12
	33
	4
	0.6

	Conductor Lead Assembly
	36.8
	13.2
	1.2
	4
	147
	53
	5

	MLI* 
	30.5
	0
	1.4
	1
	31
	0
	1

	Cold-warm transition
	0.7
	0.1
	0.01
	2
	1
	0.2
	0.02

	TOTAL
	
	
	
	
	255
	80
	27


* MLI stands for multi-layer thermal insulation.
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