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[bookmark: _Ref305671949][bookmark: _Toc515625287]Introduction
It is well known for a long time that by flattening the bucket at injection, it is possible to increase the capture efficiency because of increased bucket area and a reduction in space charge density. See, for example, Ref. [1]. Although beam capture efficiency in Booster is already quite efficient,  for  protons, there is still an activation problem in Booster from beam loss. Therefore, even a gain in efficiency of a few percent can help mitigate this problem. This is the main motivation for the installation of 2nd harmonic cavities in the Booster.[footnoteRef:1] [1:  In this report, 2nd harmonic means twice the fundamental frequency.] 

The addition of 2nd harmonic cavities also opens up the possibility of using it at transition to help the beam cross it and linearization of the accelerating voltage for bunch rotation at extraction. 
At transition, the main mechanism for beam loss is bucket mismatch and not from space charge. See Ref. [2]. The 2nd harmonic cavity can be used to shape the bucket so that the beam is better matched to it before and after transition. 
At extraction, the 2nd harmonic cavity can be used to linearize the voltage during bunch rotation so that there can be a reduction in the tails of the rotated distribution. [3]
The above three requirements for the cavity opens up technical challenges that have to be met: 
1. The cavity that operates at  MHz at injection,  MHz at transition and  MHz at extraction. This means that this cavity must be able to track the main frequency ramp that goes between these three frequencies in approximately 33 ms.
2. There must be sufficient volts on the cavity to effectively shape the bucket so that capture can be improved. ESME simulations show that for improved capture, the voltage on the 2nd harmonic cavity must be at least 100 kV, although optimally it should be 50% of the fundamental accelerating voltage. Capture efficiency improves slightly with higher voltage. See section 1.2.1.3
3. [bookmark: _Ref315075149]The voltage  required for transition crossing depends on the method used. For example, if focus free transition crossing is selected, the optimum voltage ratio between the fundamental and the 2nd harmonic voltages is . This means that at least two cavities are required for this scheme to work optimally. See section 1.2.2.
4. For extraction, the required voltage ratio between the 2nd harmonic to the fundamental is 1/8 for canceling the cubic term. Presently (2016), the extraction voltage is 240 kV and thus only 30 kV is required for the 2nd harmonic cavity during bunch rotation.
These technical challenges imply that the cavity must be tunable and thus a ferrite loaded cavity must be used in the design. The high voltage requirement for one cavity means that high Q is necessary. In order to satisfy these requirements, a perpendicular biased cavity is proposed.
[bookmark: _Toc515625288]Historical perspective
Perpendicular biased cavities were proposed as a scheme for achieving higher Q and thus higher voltages compared to parallel biased cavities back in the 1980s. [4] And although this type of cavity has been designed and built for rapid cycling synchrotrons in the past, for example, for TRIUMF and the SSC [5], none of them became operational. The most successful cavity to date has been the TRIUMF cavity [6] that reached its design voltage of 65 kV. However, this cavity subsequently developed a problem and never did see beam.[footnoteRef:2] This is not to say that perpendicular biased cavities are a pipe dream. In the subsequent years, perpendicular biased cavities have been successfully built, commissioned and made operational. However, these cavities typically have a small frequency sweep of  MHz. For example, the Recycler 53 MHz cavities are perpendicularly biased and have a frequency sweep of 10 kHz [7]. [2:  There is a vacuum leak from a crack in the ceramic window in the tuner [34], but the exact cause of the window failure has been lost in the mists of time. This cavity was shipped from TRIUMF to FNAL and it is stored at MI-60 now (2015).] 

Thus, if successful, the cavity that is being proposed for Booster will be the first perpendicular biased cavity that has a large frequency sweep range of about 30 MHz that will be installed into a rapid cycling synchrotron.
[bookmark: _Toc515625289]ESME simulations
We have used ESME [8] simulations to test out a series of voltage settings on the 2nd harmonic cavity to see its effect on capture efficiencies at injection. For these simulations, we will use PIP (Proton Improvement Plan) proton intensities, i.e.  protons at injection. Note:  PIP specifications require  protons at extraction. We will assume that the total voltage available from the fundamental RF is 1 MV.
In the case of transition crossing, we have used the “focus free” method [9, 10] in the simulations as an example. This is just a particular choice that we have chosen because there are other methods to achieve matching of the beam to the bucket before and after transition.

[bookmark: _Ref311783657][bookmark: _Toc515625290]Injection

[image: ][bookmark: _Ref304621652]Figure 1:  The voltage ramp on the fundamental and the 2nd harmonic used in the ESME simulations. In this example, the maximum 2nd harmonic voltage is 100 kV. The beam is injected at 0 ms and allowed to debunch. The RF voltage ramps start at 9.9 ms.



In our injection simulation, 200 MHz structured beam is injected into Booster from Linac at 0 ms. The RF is not ramped from zero volts until 9.9 ms later, this is to allow time for the beam to debunch. After 9.9 ms, the fundamental RF is ramped up to 1 MV using its nominal ramp profile, while the 2nd harmonic RF is ramped up and down in 2.54 ms. The ramp profiles of both RF systems used in the simulations are shown in Figure 1. The injected beam and flattened bucket when the 2nd harmonic voltage is at 100 kV are shown in Figure 2. Besides being flattened, the bucket area is also slightly increased with the 2nd harmonic turned on.
Table 1 summarizes the results when we change the voltage on the 2nd harmonic cavity. These simulations were done with 10500 macro particles and the number of macro particles that remained alive just before transition was counted. From this table, we can see that there is a point of diminishing returns in the capture efficiency after 100 kV. Of course, the efficiencies do not quite correspond to reality but these results give us a notion as to what value to set the voltage on the 2nd harmonic cavity. Using these results, we have specified that the voltage on the 2nd harmonic cavity should be 100 kV for an improvement of ~90% (1.8% loss to 0.2% loss).

[image: ][bookmark: _Ref305161005]Figure 2: (a) The initial distribution of the injected beam that has 200 MHz structure. (b) The captured beam at 11 ms with 2nd harmonic at 100 kV.



	2nd harmonic voltage (kV)
	Number alive
	% alive

	0
	10318
	98.2

	50
	10417
	99.2

	100
	10483
	99.8

	200
	10488
	99.9


[bookmark: _Ref302826166]Table 1: Summary of capture efficiency results.

[bookmark: _Ref302908680][bookmark: _Toc515625291]Transition crossing
The natural problem in transition crossing is matching the beam to bucket right after transition. Any mismatch causes a quadrupole oscillation [11] of the beam that dilutes its longitudinal emittance.  See Figure 3. There is a number of solutions to fix this mismatch besides just damping out the oscillations, for example with a γt jump system [12] or with RF methods discussed in references [9, 10, 13]. But, in the end, all these methods require more volts from the cavities, whether this comes from the fundamental cavities alone or from a combination of fundamental and higher harmonics cavities. We discuss one particular method here, called “focus free” for crossing transition. This method, in principle, only works if the space charge induced instabilities is not a problem. And from ESME simulations for the beam charge of  protons in PIP (and protons in PIP II), space charge has negligible effects.
[image: ][bookmark: _Ref304620192]Figure 3: There is a quadrupole oscillation due to bucket mismatch after transition crossing in the Booster. Data was taken on 04 Nov 2015 for 4.5e12 protons.



For the focus free method to work, we must flatten the peak accelerating voltage so that the head and the tail of the bunch both see the same accelerating voltage as the synchronous particle – in effect the bunch looks like it is “drifting” through transition albeit being accelerated. A quick calculation shows that the ratio between the fundamental voltage and the 2nd harmonic voltage that creates a flatness variation of 0.6% is . This means that bunches which have a length of  degrees or less will see at most % variation in voltage in this optimized case. See Figure 4. Since the required voltage on the 2nd harmonic is 224 kV, we would need at least 2 cavities in this method. 

[image: ]







[bookmark: _Ref302912113]Figure 4: This graph shows the flattened voltages that can be used for going through transition. The dashed red lines on the graph indicate ±0.3% variation in the voltage variation on the optimized flat voltage curve (red). The blue curve is when the 2nd harmonic voltage is limited to 100 kV.




[bookmark: _Toc515625292][image: ]Bunch rotation at extraction
[bookmark: _Ref336854039]Figure 5: Linearizing the bunch rotation voltage.


Booster uses bunch rotation at extraction to reduce the bunch length of the beam before it is injected into the Recycler. It is trivial to show that the required 2nd harmonic voltage to cancel out the cubic term of the fundamental sinusoid voltage is 1/8th its peak voltage. The normalized voltage w.r.t. the fundamental with and without the 2nd harmonic cavity compared to a pure linear voltage is shown in Figure 5. However, for operations, a higher voltage is required because of beam loading and the bunch distribution. 
The results from the ESME simulations with and without the 2nd harmonic cavity are shown in Figure 6.  The optimized voltages are 130 kV for the fundamental and 30 kV for the 2nd harmonic, and thus the voltage ratio is just below ¼. The improvement in rms energy spread is about 17% with this ratio.
[image: ]
[bookmark: _Ref351633273]Figure 6: This is the 8 GeV bunch rotation simulated with ESME. (a) Only the fundamental cavity is used here. The rms energy spread after rotation is 3.44 MeV. (b) This time, the 2nd harmonic is turned on. The voltage ratio between the two cavities is 0.23. The rms energy spread after rotation is 2.85 MeV [14].



[bookmark: _Toc515625293]The voltage ramps
The proposed ramps are shown in Figure 7. The goals are:
1. Improve both injection and transition efficiencies. It is proposed that the cavity be “on” for 3 ms at injection and at transition. 
2. Improve both injection and extraction efficiencies. It is proposed that the cavity be “on” for 3 ms at injection and 1 ms at extraction. It is expected that the required voltage for bunch rotation is < 50 kV.
[image: ]The duty factor of the RF system is 10% or less which helps to reduce the power losses in the garnet. The injection frequency is at 75.73 MHz, the transition frequency is 104.5 MHz and the extraction frequency is 105.6 MHz. The heating and cooling of the garnet and the identification of the local hotpots are discussed in section 8.3.


[bookmark: _Ref304617893]Figure 7: The proposed 2nd harmonic voltage ramp. The cavity is “on” during injection and transition or extraction and “off” otherwise.

[bookmark: _Ref507073778][bookmark: _Toc515625294]The 2nd harmonic cavity
The NX9 model of the cavity is shown in Figure 8. We have used the experiences from both TRIUMF and SSC to improve the design. Our goals for the new design are:
1. Double both the operating and frequency swing ranges.
2. Improvement of the cooling of the garnet.
3. [image: ]Removal of BeO cooling disks.
[bookmark: _Ref304626998]Figure 8:  A cross sectional view of the 2nd harmonic cavity. All dimensions are in inches. 


It turns out that cooling the local hotspots in the garnet is very important because these hotspots can cause a fracture in the garnet and destroy the cavity. See Ref [5] where the authors state that some of the garnet literally melted at the hotspot. Learning from this lesson, we have used MWS (Microwave Studio) and COMSOL to help us locate where these hotspots are so that we can take care of them before any disaster strikes.	
The use of BeO as the material for cooling disks is troublesome because there are significant safety requirements for handling them. Our design uses Al2O3 instead which, although, has a conduction coefficient 30 W/m K that is ten times worse than BeO (265 W/m K), MWS simulations show that when we use Al2O3 cooling disks, the garnet is better cooled than without.
Furthermore, the geometry of the cavity that holds the garnet has been shaped so that cooling channels can be embedded at both the inner and outer radii of the shell that holds the garnet. Thus, this new geometry also increases cooling of the garnet.
The garnet material that we have chosen for our cavity is AL800. It is necessary to use garnet rather than ferrite material, like NiZn ferrite, for perpendicular biasing because in this scheme, the cavity operates near saturation magnetization. As a comparison, AL800 saturates at 800 G (CGS units), while NiZn ferrite saturates at 3.2 kG. Thus, it is much easier to design a magnet that can saturate AL800 when compared to NiZn ferrite. 
	Parameter
	Value
	Units

	Frequency range
	75.7 – 105.6
	MHz

	R/Q
	
	Ω

	Higher order modes impedance
	
	kΩ

	Gap voltage
	100
	kV

	Average garnet permeability (μ)
	
	-

	Anode impedance
	1200 – 5000
	Ω

	Tube efficiency in class B operations
	
	%

	Repetition rate
	15
	Hz

	Duty factor (66 ms cycle)
	~10
	%

	Diameter of beam pipe
	3
	inches


Another garnet material, AL400, is also a possible choice for the tuner. It has a lower saturation magnetization of 400 G compared to AL800. But its Curie temperature is 130°C which is too low because local hot spots can have temperatures that exceed 100°C. Contrast this to AL800 which has a Curie temperature of 200°C. Thus, AL800 is a good compromise between saturation magnetization and Curie temperature [15].
[bookmark: _Ref305154849]Table 2: The specifications of the 2nd harmonic cavity
The loss tangent, , of AL800 is a critical parameter for calculating heating in the garnet. Unfortunately, all the published literature that we have found does not give an accurate parameterization of it. We have spent a lot of effort in measuring  to get it right. Our measurements are described in section 3. We have also measured the loss tangent of the glue that binds the AL800 sectors together and to the alumina cooling ring in section 4. 
The garnet is biased with a solenoid so that its average permeability over the entire tuner volume can span the range from 1.3 to 3.5. The solenoid design will be discussed in section 9. Since the B-field will be ramped at 15 Hz, eddy currents induced on the surfaces of the metal shell of the cavity is a major concern. Eddy current mitigation will be discussed in section 8.6.
The specifications of the cavity are summarized in Table 2.
[bookmark: _Ref505087105][bookmark: _Toc515625295]RF power
In order to save costs on the required infrastructure to power this cavity, we have decided to use the same tetrode tube, the Y567B[footnoteRef:3] that is used to power the Booster RF cavities, to power our cavity. The only caveat is that although the Y567B is specified to work to 108 MHz, it has never been used at Fermilab at the required frequency range for the 2nd harmonic. In order to verify that the Y567B is capable of working in this frequency range, a test stand has been built to check its operating characteristics. The results from these tests will be discussed in section 14. [3:  Although the tube is generically called the Y567B, the actual tube used in the Booster cavities is a mechanically modified version of the Eimac 4CW150000.] 

[bookmark: _Toc515625296]RF windows
In order to separate the vacuum from air, RF windows are required. There are two AL2O3 windows in this design. One window in the power module separates the tetrode cavity from the vacuum and another window separates the garnet section from the vacuum. The final location of the second window is a compromise between minimizing the following effects:
1. Multipacting
2. E-field on the surface of the window
3. Heating of the window 
and ease of assembly of the cavity.
A consideration in the design of the RF window is how it impacts the length of the RF power module. Since the RF power module is strongly coupled to the accelerating cavity, the RF window has to be designed to not impact the input impedance seen by the Y567B. Small changes in the length of the RF module have a significant impact on the input impedance, and some care has to be exercised in its design.
The design of the windows will be discussed in section 12.

[bookmark: _Toc515625297]Cavity design
The optimization of the cavity is an iterative process: the dimensions of the garnet and the non-garnet parts are optimized so that the cavity resonance spans the required frequency range for  to . The value of the coupling capacitor, which affects the resonant frequency range, is chosen so that both the step up ratio is reasonable for the range of μ’s, and the Y567B sees the required anode impedance for it to operate. The iterative optimization of the dimensions, value of the coupling capacitor, and anode impedance continues until the specifications of the cavity summarized in Table 2 are satisfied. The results of the MWS simulations and the transmission line model of the cavity that are used in the cavity optimization will be discussed in section 6. The anode impedance and step up ratio that will allow the Y567B to drive the cavity will be discussed in section 7.2.
[bookmark: _Toc515625298]Tuner assembly
The tuner consists of a sandwich of 5 rings of garnet and alumina cooling rings. The garnet ring that is farthest from the shorted end of the cavity is thinner than the rest of the garnet rings and has a garnet shim glued on top of it. With the shim, the bias magnetic field is more uniform than without. Thus, the shim lowers the RF power losses, which in turn lowers the temperature on this garnet face during operations. As was discussed earlier, cooling of the tuner assembly is critical for preventing runaway heating. The design of the tuner assembly will be discussed in sections 8 and 17.9.
[bookmark: _Toc515625299]Power module
Since the power module and the cavity are strongly coupled, there are two normal modes in the system. Computer simulations have found that for the RF cavity to work properly, these two normal modes must be separated by at least 30 MHz so that the excitation of the cavity does not cause the power module to oscillate as well. This is because power will be wasted exciting the power module. This is an important criterion in the design of the power module. Its design will be discussed in sections 6.1.2 and 6.2.1.
[bookmark: _Toc515625300]HOM damper
The HOM (higher order mode) damper is a Smythe style damper [16]. This type of HOM damper is required because it needs to be broad band because of the large frequency swing of the fundamental, which means that the HOM modes will as well.  The HOM damper is discussed in section 7.
[bookmark: _Toc515625301]Mechanical design and solenoid construction
The mechanical design is critical for realizing the virtual model that we found from simulations. The reasons for the choices that were made will be discussed in section 17.
The solenoid is technically challenging to build because of its small size and high field. And because of the rapid cycling of the Booster, its yoke has to be laminated. Building a laminated solenoid is a very labor intensive process. The construction of the solenoid will be discussed in section 18.
[bookmark: _Toc515625302]Other details
There are a lot of details that have to be worked out to ensure the success of operating this cavity. Low power and high power tests will be discussed in sections 18 and 20. The HLRF system that is necessary for operations will be discussed in section 21. Photographs of the installation of the cavity at L11 will be shown in section 22. And after the successful install, how the cavity is operated and its effect on the beam will be discussed in section 23.
Finally, the success of this project is only possible with the effort from the tireless and dedicated people both inside and outside Fermilab. We gratefully acknowledge their contributions in section 24 and show photos of some of them in section 24.1.


[bookmark: _Ref305671886][bookmark: _Ref305671891][bookmark: _Ref305671921][bookmark: _Ref305671967][bookmark: _Toc515625303]Measuring the static permeability and loss tangent of AL800 (I. Tereckhine, R. Madrak & G. Romanov)
The ability to accurately model the cavity is key to the success of the design. In particular, it is necessary to know the permeability as a function of the bias magnetic field. The tuning range and losses are determined by the real and imaginary parts  and respectively. The bias magnetic field in the tuner is never perfectly uniform, and in order to properly model the device, these properties must be known at every point in the tuner for all bias settings. In the following sections, we describe our measurements of the static permeability and the loss tangent using the available set of AL800 garnet rings, obtained from National Magnetics/TCI Ceramics. More details can be found in Ref. [17].
[bookmark: _Toc515625304]Static permeability
The static magnetization curve was extracted by iteratively adjusting the magnetization curve used in the simulation of the setup, until the simulation results matched measurements. The initial  curve was a guess based on the vendor's data for the initial permeability ( ) and a theoretical value for large bias magnetic field. 
A sketch of the setup is shown in Figure 9. Ten stacked rings, each having the following dimensions: 3.0” OD, 0.65” ID, and 0.5” thick, are placed inside the solenoid that has a flux return on the bottom and sides made from CMD-10 and G4 ferrite. The solenoid's length, ID and OD are 7”, 4”, and 12”, respectively.  The number of turns is 112. A steel plug is inserted on top to improve the uniformity of the bias magnetic field within the samples.
[image: ][bookmark: _Ref335989878]Figure 9: Setup concept for the measurement of the static magnetization.


[image: ]Three different magnetometer/Hall probe pairs were available for measurement, and they were cross calibrated inside of the solenoid with no garnet. The Hall probes were placed between rings, on the top, bottom, and middle of the stack. The bias magnetic field was measured with each probe as a function of solenoid current. 
[bookmark: _Ref335989910]Figure 10: The extracted magnetization curve (B). 

The iteratively obtained magnetization curve was gradually changed starting with low current. At each new current level, changes to the magnetization curve used at the previous level were made until the modeling result matched the measurement data. The existence of 1 mm gaps between rings (due to the presence of the probes) had a significant impact on the field distribution within the sample material, especially near the edges of the rings. It was necessary to take this into account in the modeling. The iterative modeling was accepted as converged when changes to the curve  become smaller than the spread in the measurement data.  The final magnetization curve is shown in Figure 10. A comparison between the magnetic probe readings and the simulated bias magnetic field at the same locations (using the final magnetization curve) is shown in Figure 11.
Note that for the real cavity being designed, the maximum (averaged over the garnet) value of . Although this is the average value, the local value of the permeability, being a function of the [image: ]local bias magnetic field, can be significantly greater. Thus the full magnetization curve is needed for the cavity modeling, unless one can make sure that the bias magnetic field is sufficiently uniform.[bookmark: _Ref335989926]Figure 11: Comparison between measured values and values predicted by a model using the extracted magnetization curve. Values are B as a function of solenoid current.

More details can be found in Ref. [18].
[bookmark: _Ref515458519][bookmark: _Toc515625305]Loss tangent
To measure the magnetic loss tangent of the garnet, a test resonator was constructed using the same set of garnet rings used for the static permeability studies. The measurement setup is shown in Figure 12. The cavity was the quarter-wave coaxial type with the garnet rings as a filler material. The resonator is placed inside the same solenoid that was used for the static permeability measurements, which allowed measurements for a range of frequencies. Again, a steel plug was placed on top of the cavity, to help with field uniformity. The quality factor Q of the cavity was measured at various settings of the bias current. As the Q is an integrated quantity, and the loss tangent depends on the magnitude of the bias magnetic field and the frequency, an iterative approach is used, as before, since the field in the sample is not uniform.
Weakly coupled probes were used for the excitation and for measurement of s21 with a network analyzer.
Figure 13 shows a field map in the sample for  A current in the solenoid. The frequency of the cavity is 84 MHz, which means the gyromagnetic resonance would occur is at 30 Oe. The minimum field in the sample is  Oe. Note that, without the steel plug, even for  A, a large fraction of the sample was in gyromagnetic resonance, and similar resonances were observed, although in smaller volumes, up to near the maximum value of the current.
[image: ][bookmark: _Ref335989949]Figure 12: Measurement setup for measuring tan δm.

[image: ][bookmark: _Ref335989972]Figure 13: The field map in the sample for Isol = 30 A. The horizontal axis is the radial coordinate, and the vertical axis is the longitudinal symmetry axis of the cavity and cylindrical ring stack. Only one half of the cavity/sample (in the radial direction) is shown.


Figure 14 shows measured values of Q as a function of .  Resonant frequencies of the cavity range between 78 and 121 MHz. The significant increase in power loss at currents below 35 A can be attributed to onset of gyromagnetic resonance somewhere in the sample. Power losses in the cavity are resistive (copper), dielectric () and magnetic (The resistive losses can be calculated without difficulty since the conductivity of copper is well known. National Magnetics has supplied a measurement of .

[image: ][bookmark: _Ref335990003]Figure 14: The measured Q of the resonator as a function of Isol.


Magnetic power losses are traditionally characterized by the loss coefficient [19]. Since , neglecting terms proportional to :
	
	
	[bookmark: _Ref508105150][bookmark: _Ref335990193]		(1)


where  is the frequency of interest, is the precession frequency for a given bias magnetic field, ,  in the material,  is the gyromagnetic ratio,, and  is the saturation magnetization. For AL800,  T or 800 G.
The expression in Eq. (1) is accurate when , and this imposes a lower limit on . Assuming that this requirement is satisfied, for a material with properties parameterized by  at a point with field given by , and RF frequency, the loss tangent is proportional to . It is unclear as to whether  itself has a dependence on the bias magnetic field. Some sources argue that it is a constant [19] while others dispute this [20].
Values of  for the AL800 sample were determined for each value of  by adjusting its value in the model until the model predicted the same values for Q and frequency that were seen in the data. 
Copper and dielectric losses are easily calculated by simulation. Inputs to the simulation were manufacturer measured values of dielectric constant , , and  G. In addition, the static permeability curve described in the previous section was used. Results are shown in Figure 15. The sharp rise of  at low currents can be explained by either (a) the onset of the resonant condition in some (initially small) parts of the sample or (b) that  has a dependence on the field or frequency.  With the relatively low excitation current in the current experimental setup, the local power loss can be orders of magnitude higher than the averaged one. Results can be trusted only for the cases were resonance is nowhere within the material, i.e. when  A.
[image: ]
[bookmark: _Ref306025018]Figure 15: Extracted value of the loss coefficient  as a function of solenoid current. The rise at lower currents is likely due to an onset of gyromagnetic resonance.



As an initial assumption,  (used in Eq. (1) to calculate ) was accepted to be constant over a wide range of frequencies, with . This assumption will be verified later by direct measurements. 
For a comparison,  can also be calculated using the following formula with the line width data,  Oe, supplied by the vendor 
	
	

	[bookmark: _Ref306023470][bookmark: _Ref335990181]		(2)


The above gives . Thus the vendor’s  agrees to within 10% of the  found in these measurements. 
[image: ][bookmark: _Ref305835587]Figure 16: The relationship between μ’’ and μ’ for AL800.


Given the above-mentioned onset of gyromagnetic resonance, the biasing field equipment for devices that contain garnets should be designed to avoid field non-uniformity and the resulting onset of this resonance. Taking this into consideration, a more refined setup for permeability measurements has been built. This has been used to measure parameters of witness samples of the material that will be used in the 2nd harmonic cavity. See section 16.1. In addition, a test system (a cavity and a bias magnet) has been used to perform measurements on the actual garnet rings that will be used in the cavity. See section 16.2.
More details can be found in Ref. [17].
Furthermore, from the damping constant , the  as a function of  curve can be generated. The result is shown in Figure 16. This curve is how the losses in the garnet of the transmission line model of the cavity, discussed in section 6.1, is calculated. The non-linear least squares fit to the measured data n that relates  to  is
	
	
	(3)







[bookmark: _Ref336064879][bookmark: _Toc515625306]Measuring the loss tangent of Stycast epoxy (R. Madrak & I. Terechkhine)
It was decided to use Stycast 2850FT with Catalyst 9 [21] to join the sectors of AL800 to form a ring, and to attach the AL800 rings to the alumina cooling rings. The manufacturer specifies the dielectric constant as 5.01 and the dissipation factor as  at 1 MHz.  It was necessary to measure the loss factor in the frequency range at which the harmonic cavity will operate.
A 76 MHz quarter wave resonator was constructed from standard 3-1/8” transmission line. A 2” thick ring of epoxy with an OD/ID of ~3”/1.375” was made to fit into the end of the resonator. A model of the setup is shown in Figure 17. The Q was measured with and without the epoxy sample. Without epoxy, Q was 1628, though the simulation predicted 2342. The conductivity of copper in the simulation was scaled down until the measured and simulated values of Q with no epoxy agreed. An analytical approximation of Q resulted in . This value was then used in the simulation with epoxy, in which case the measured and simulated values were 235 and 230. The conclusion was  from this measurement is 0.017, substantially smaller than the vendor’s value of  at 1 MHz. As a check of the sensitivity, the value of  in the simulation was increased to , in which case the simulation predicted Q = 138.
[image: C:\Users\madrak\Desktop\project_v2\tande_stycast2.png]

[bookmark: _Ref335892716]Figure 17: A sketch of the 76 MHz quarter wave resonator made from 3-1/8” transmission line. The measurement of tan δε for a 2” thick ring of epoxy, and no garnet was done in this setup.

. 



[bookmark: _Ref504628478][bookmark: _Toc515625307]Measuring the loss tangent and dielectric constant of thermal grease (R. Madrak)
To make good thermal contact between the garnet-alumina rings and the outer and inner conductors of the cavity, thermal grease will be used. This is crucial because heat is removed by cooling lines on the outer and inner conductors. In addition, the grease will fill in small air gaps which could enhance the local electric field and cause sparking. The same grease will also be used between rings for the latter reason.
[image: ]The grease that was chosen is MG Chemicals® Super Thermal Grease II 8616 [22]. The grease has a base of synthetic oil, and its principal components are aluminum oxide and zinc oxide. Values quoted in the technical data sheet for the dielectric constant were 6.77 and 6.69 at 1 and 10 kHz, respectively. At these frequencies, the dissipation factor is 0.01.[bookmark: _Ref506356957]Figure 18: The half-wave resonator containing the thermal grease.


The properties of the grease were measured at low (kHz) frequencies, and also in the MHz range. In the first measurement, a half resonator was constructed from standard 3-1/8" transmission line. Thermal grease was added to a section of the line as shown in Figure 18. The frequency and Q of the resonator were measured with a network analyzer (S21). The setup was simulated in CST Microwave Studio. First, the conductivity of the metal outer and inner conductors was tuned so the Q values of the empty resonator matched in simulation and data. Using the tuned value for the conductivity, the setup with grease was simulated. The dielectric constant was tuned in the simulation the make the frequencies match in data and simulation, and then tan  was tuned to make the values of Q match. The resonant frequencies with and without grease were ~68 and 59 MHz, respectively. The values obtained for  and  were 5.2 and 0.03. These were not what was given by the data sheet at lower frequency, but still considered acceptable given the relatively thin layer of grease that is expected to be used.
The value of  was also measured at lower frequency by measuring the capacitance of a layer of grease sandwiched between two metal plates. The distance between the plates was maintained using small G10 spacers, and the capacitance was measured using a HP4263 LCR meter with and without the grease. The value of  was obtained from the ratio of these two measurements, after correcting for the presence of the G10. The values obtained were between ~5.8 and 5.5 for 100 Hz to 100 kHz, which were again considered acceptable, though they did not agree well with specifications quoted in the data sheet.




[bookmark: _Ref336071340][bookmark: _Toc515625308]Modeling the cavity
[bookmark: _Ref305678423]The simulations can be divided into two major parts:  those that were done using a transmission line (TL) model and those that were done using a MWS model. Although MWS is the final arbiter on the behavior of the cavity, the TL model serves as a sanity check of the MWS results. Another advantage of the TL model is that calculating the results from any change in the model is relatively fast compared to MWS and thus besides serving as a sanity check, it also guides changes to the MWS model for it to achieve the desired cavity characteristics shown in Table 2.
[bookmark: _Ref306024899][bookmark: _Toc515625309]The transmission line model (C.Y. Tan & R. Madrak)
[image: ]The TL model that we have used in our Mathematica [23] calculations is shown in Figure 19. This is a simplified model of the MWS model shown in Figure 8 and described in section 6.2. A more complex Advanced Design System (ADS) [24] TL model has also been made, but the results are essentially the same when compared to the model shown here. And thus, we will only talk about the simplified TL model here. The ADS model is described in section 6.1.3.[bookmark: _Ref305749490]Figure 19: The TL model of the 2nd harmonic cavity.

a

The TL model is shown in Figure 19. Going from left to right, we will discuss the approximations that we have used in this model which are:
1. We have ignored the Al2O3 cooling plates that are sandwiched between the garnet rings, i.e. our model assumes a continuous cylinder of garnet material. 
2. We have ignored the neck between the garnet and the main body of the cavity.
3. We have ignored the taper of the power module and approximated it as a uniform cylinder.
4. We model the Y567B as a capacitor  pF.  is the output capacitance of the Y567B in the grounded grid configuration.
5.  is the sum of the outer capacitance between the coupling capacitor and the outer wall of the transmission line and the capacitance of the RF window between the power module and the cavity.
6. We have neglected the impedance of the stem that connects power module to the coupling capacitor.

	Parameter
	Value
	Units

	Garnet part

	inner radius of transmission line 
	170
	mm

	outer radius of transmission line 
	105
	mm

	Vacuum part

	
	291
	mm

	
	100
	mm

	inner radius of transmission line 
	45
	m

	outer radius of transmission line 
	125
	m

	Power module

	
	339.2
	mm

	inner radius of transmission line 
	100.85
	mm

	outer radius of transmission line 
	203.2
	mm

	Capacitors

	gap capacitance 
	2.9
	pF

	coupling capacitance 
	8.0
	pF

	outer capacitance 
	4.5
	pF

	anode capacitance 
	60
	pF

	Power module RF window capacitance
	3.4
	pF

	relative permittivity of garnet
	14.4
	-

	dielectric loss tangent 
	0.0001
	-


[bookmark: _Ref305763810]Table 3: The parameters of the TL model.
A summary of the parameters of the used in the TL model that come from the MWS model discussed in section 15 are shown in Table 3. Notice that the length of the garnet  is not in Table 3 because we have varied this length to get the cavity to resonate at 76 MHz when . Our optimization found that  mm.
Using this length and the parameters in Table 3, we can calculate various cavity parameters of interest. These parameters are plotted in the next section.
[bookmark: _Toc515625310]Plots
	
	 
	(4)


We show in Figure 20 the frequency range of the cavity as a function of permeability of the garnet. It is clear from this figure that the TL model covers the required frequency range for .
The shunt impedance[footnoteRef:4] as a function of the resonant frequency calculated with the TL model is shown in Figure 21. We can calculate  of the cavity using the shunt impedance and the following formula that we will derive in Appendix B  [4:  We will use the RF engineer’s definition of shunt impedance throughout this report rather than the accelerator physicist’s definition of shunt impedance. See Appendix A for an explanation of the differences between the two definitions.] 

where  is the imaginary part of the admittance of the parallel RLC circuit model of a resonator and  is the angular resonant frequency of the circuit. The  of the TL model is shown in Figure 22. Once we have , we can calculate the Q of the cavity and the result is shown in Figure 23. From this figure, we can see that at low frequencies, the garnet dominates the losses, while at high frequencies, the losses are dominated by the copper part of the cavity.[image: ]
[image: ][bookmark: _Ref305835944]Figure 20: This figure shows the resonant frequency as a function of permeability. The cavity clearly covers the required frequency range.
[bookmark: _Ref305841605]Figure 21: This is the shunt impedance of the TLM model cavity as a function of its resonant frequency.

[image: ][image: ][bookmark: _Ref305849877]Figure 22: R/Q of the TL model cavity.
[bookmark: _Ref305848877]Figure 23: The Q of the TLM cavity and the garnet is shown here. At low frequencies, the losses in the cavity is dominated by the garnet while at high frequencies, it is dominated by losses in the copper.



[image: ][image: ][bookmark: _Ref305852236]Figure 24: The step up ratio as a function of resonant frequency.

[bookmark: _Ref305918423]Figure 25: The impedance seen by the tube as a function of resonant frequency.


The step up ratio of the cavity is shown in Figure 24. We define the step up ratio to be , where  is the voltage across the accelerating gap and  is the voltage at the power input of the cavity, marked with “B” in Figure 19.
The impedance seen by the anode of the tube, shown in Figure 25, is an important parameter because it determines whether the cavity can be driven by the Y567B. We can see that the TL model predicts that the anode impedance  for the entire frequency range of interest. The determination of the tube efficiencies will be discussed in section 7.2. 
[image: ][bookmark: _Ref305925615]Figure 26: The rms power loss of the TL model cavity assuming a 100 kV gap voltage.


The rms power loss in the cavity assuming a 100 kV gap peak voltage is shown in Figure 26. We constructed this figure using the gap peak voltage and the shunt impedance of the cavity shown in Figure 21. At low frequency, most of the power is lost in the garnet (See Q plot in Figure 22) while at high frequency most of the power is lost in the copper.
[bookmark: _Ref305764702][bookmark: _Toc515625311]Power module
The power module is capacitively coupled with  to the cavity at point “A” shown in Figure 19. At the end of the power module transmission line is a capacitor, , which is used to model the Y567B tube.  is the output capacitance of the tube. The power module structure will resonate by itself and thus when it is coupled to the cavity resonator there are two normal modes (and their harmonics) in the structure. The natural resonant frequency of the module alone in this case is ~200 MHz and it is sufficiently far away from the natural frequency of the cavity in the required  range that the power module itself does not resonate and take away power from exciting the accelerating gap.
[bookmark: _Ref306018368][bookmark: _Toc515625312]ADS model
The ADS model of our cavity is shown in Figure 27. It is a more detailed transmission line model than the TL model shown in Figure 19. The main improvements in the ADS model that we have made over the TL model are the inclusion of the tapers and the Al2O3 garnet stack. We model the taper by joining transmission lines that have successively smaller radii to mimic the taper. Despite adding in the details, we have found that the results from the ADS model and the TL model give nearly the same results, and thus all the essential physics are captured with the TL model.
[image: ]
[bookmark: _Ref306021769]Figure 27: The ADS model of our cavity. It is a much more detailed transmission line model.


[bookmark: _Ref305749722][bookmark: _Toc515625313]The CST Microwave Studio model (G. Romanov)
[image: ]The CST Microwave Studio model of the 2nd harmonic cavity has gone through many iterations. The first model simply scaled the dimensions of the TRIUMF KAON cavity [6] to get the required frequency range of 75.7 MHz to 105.6 MHz. The final model shown in Figure 28 took into account the measured properties of the garnet, solenoid field, power amplifier (PA) and the higher order mode (HOM) cavity. In this section, we will only summarize the results that are not covered in the later chapters. The evolution of the model can be found by reading the presentations given in the fortnightly meetings on http://beamdocs.fnal.gov/AD-public/DocDB/DocumentDatabase (search for 2nd harmonic).[bookmark: _Ref505152732]Figure 28: The final MWS model that includes every component.


[bookmark: _Ref305678510][bookmark: _Toc515625314]Power amplifier model
[image: ]We define the power module (shown in Figure 8) to be the part that contains the PA and the shell that houses it. The PA is capacitively coupled to the accelerating cavity with a ring. The power module of the 2nd harmonic cavity is strongly coupled to the accelerating cavity and thus any changes to the power module strongly affects the RF characteristics of the cavity. In fact, due to the strong coupling, the power module and the accelerating cavity cannot be considered as two separate entities and must always be treated as a multi-modal resonant structure in all optimizations.[bookmark: _Ref505233288]Figure 29: These pictures show the E-fields when the PA installed in (a) the PA test cavity and (b) the 2nd harmonic cavity.

Our early simulations simply modeled the PA as a 60 pF capacitor. This proved to be insufficient because the RF characteristics of cavity are very sensitive to the shape and length of the power module. Small changes to the dimensions of the shell to accommodate water pipes and electrical connections have non-trivial RF consequences. Therefore, a good MWS model of the PA was made so that it could be synchronized with the mechanical model. This meant that we could verify that any mechanical changes would not have detrimental effects on the RF characteristics. In order to assure ourselves that the PA model was done correctly, it was verified by checking that the resonant frequency that MWS found for the PA test cavity (see section 14) was the same as the measured one [25]. Figure 29 shows the PA model installed in both the test cavity and the 2nd harmonic cavity.
	 
[image: ]We also studied where the simulation port should be placed in the PA model so that the anode impedance can be calculated. Our studies (See references [26, 27]) showed that the exact location of the port within the PA was not critical for evaluating the value of the anode impedance. We chose the port location shown in Figure 30.[bookmark: _Ref505234079]Figure 30: Location of CST simulation port in PA and the coupling ring.


[bookmark: _Toc515625315]Capacitive coupling ring
The capacitive coupling ring, shown in Fig 30, couples the power from the PA to the accelerating cavity. It is necessary to properly shape the coupling ring so that sparking does not occur. The screws that hold the coupling ring to the stem are recessed as well so that the fields are always below the Kilpatrick and W. Peter et al limits [28]. The limits in the frequency range from DC to 100 MHz are shown in Figure 31. From this plot, we will limit the surface fields to between 10 and 12 MV/m (or 100 kV/cm and 120 kV/cm). This is a very conservative limit because from the experiments that were conducted by W. Peter et al, they showed that the surface fields can be a factor of 2 higher before surface breakdown occurs.
The surface fields calculated by MWS after appropriately shaping the coupling ring and the edge of beam pipe at the accelerating gap are shown in Figure 32. The maximum surface field on the coupling ring is less than 59 kV/cm and on the beam pipe at the accelerating gap is less than 66 kV/cm. These two values are much less than the surface field limits and thus should not present sparking problems.

[image: ]
[bookmark: _Ref505248471][image: ]Figure 31: The curves show the conservative limits for surface fields. The limits for our cavity are between 10 to 12 MV/m.

[bookmark: _Ref505263043]Figure 32: This is the E-field distribution in the cavity. The areas of concern are at the coupling ring and the beam pipe edge of the accelerating gap. The zoomed in view shows how the ring is connected to the stem via recessed screws.

[bookmark: _Toc515625316]Field probes
A pair of field probes will be placed near the accelerating gap. These field probes will be placed orthogonally at the gap. The locations of these probes will give 10 V when the gap voltage is 100 kV. There is minimal effect on the resonant frequency with the addition of these probes [29]. The probe is made from a Type-N connector [30] and a button. See Figure 33.
[image: ][bookmark: _Ref505244521]Figure 33: The field probes near the accelerating gap. An example of a field probe used in the Recycler cavity is shown on the bottom right. The button will be smaller in our cavity.

[bookmark: _Ref505764454][bookmark: _Toc515625317]Calculated RF parameters
The RF parameters that MWS calculated for the cavity are shown in Figure 34 and Figure 35. These values will be used in the subsequent analysis of the cavity power requirements. These curves came from the MWS calculations dated 22 May 2017, MWS model file 2Dto3D_FD_CutOff_20170509. The DC part of the solenoid current is 745 A into 11 solenoid turns which keeps the cavity at the injection frequency of 75.7 MHz at all times. The AC part of current ramps the solenoid to produce the magnetic field necessary to bias the tuner for higher frequencies. Editor’s note: The results here assume that the solenoid is divided into a DC coil with 11 turns and an AC coil with 48 turns. The actual as built solenoid will have 60 (not 59) turns connected electrically in series.
Note: The Engineer’s definition of the shunt impedances are used here. See Appendix A .


[image: ][bookmark: _Ref505695115]Figure 34: The shunt impedance, resonant frequency and loaded Q as a function of the solenoid current going into 48 solenoid turns.

[image: ]
[bookmark: _Ref505756482]Figure 35: The anode impedance and the step up ratio. 

[bookmark: _Ref509919094][bookmark: _Toc515625318]HOM damper
The HOM (higher order mode) damper is an important part of the cavity design to lower the HOM modes of the cavity so that they do not become the source of beam instabilities. The HOM damper design is a modification of the Smythe style HOM damper cavity [16] that was used in both the TRIUMF cavity and the SSC [31] LEB cavity. The damping characteristics of the HOM damper have been calculated with a semi-analytic approximation and with MWS. Both methods are presented here. The goal is to have the higher order modes have impedances less than 2 kΩ. (This is very conservative because there are more than 20 fundamental cavities and their impedances can, in principle, add up to a lot more than 2 kΩ.)
[bookmark: _Toc515625319]Semi-analytic approximation (C.Y. Tan)
This semi-analytic approximation of the Smythe style damper cavity comes from Smythe [16] and Paramonov [32]. The reasons for using the semi-analytic approximation are that
1. Quick optimization of the geometry of the damper cavity.
2. Superfish [33] does not have the capability of calculating the effects of a resistive load.
Figure 36 shows the cavity + HOM damper cavity approximation. The cavity impedance is ,  is the impedance of the HOM damper cavity,  is the gap capacitance,  is the load resistor, and  is the beam current.  is the total impedance from the ,  and  contributions.
[image: ]Smythe then asserts that  can be made to look like a circuit that consists of a new gap capacitor  and a damping resistor  in parallel. Again see Figure 36. Since  and  are in parallel, we have[bookmark: _Ref312400077]Figure 36: On the left is the cavity+HOM damper equivalent circuit. The symbols are explained in the text. On the right is the Smythe approximation where he introduces the equivalent damping resistor R’d.


	
	
	(5)


where . But  is completely imaginary and  is completely real and thus
	
	
	[bookmark: _Ref312402571](6)


Since Superfish does not have the capability of calculating the effects of the load resistor, we have to use  that was found in Eq. (6) to calculate the effect on the shunt impedance. This is what we will do below.
Now, since Superfish can calculate both the voltage  across the accelerating gap, i.e. across  without any resistors, and the voltage  across the HOM cavity gap, i.e. at the same location where  will be attached, we can these values to relate  to . We do this by assuming that the damper resistor  only perturbs the voltage across the accelerating gap and the HOM cavity gap, thus we can assume that both  and are the same with it is attached. When this approximation holds, we must have the rms power lost through  equal to the power lost through , i.e.
	
	
	(7)


Therefore, the relationship between  and  is
	
	
	(8)


[image: ]Finally, using Figure 37, we can calculate the shunt impedance  of the cavity without the HOM damper is in parallel with , the reduced shunt impedance of the cavity  is simply given by[bookmark: _Ref312406953]Figure 37: The cavity impedance Z1 can be broken up into an inductance (and perhaps a capacitance as well) and the shunt impedance Rshunt that is the impedance without the HOM damper.

	
	
	(9)


Simple HOM damper
We have the required equations to calculate the shunt impedance of the cavity from the previous section after we calculate  and  for a given model from Superfish. We show the results of a Smythe style HOM damper cavity attached to the accelerating cavity shown in Figure 38. 

[image: ][bookmark: _Ref312408698]Figure 38: The accelerating cavity with a Smythe style damper cavity attached. The insets show where the voltages will be calculated and its dimension.


The dimensions of this simple HOM cavity are summarized in Figure 38. We point out that the HOM gap is ridiculously small at 0.25 cm. In the final design this gap will have to be optimized to give us the required impedance of each HOM.
When the load resistance , the HOMs of the accelerating cavity are damped. The results are quite good: although the impedance of the fundamental is reduced by 11% from 494 kΩ to 440 kΩ, the next higher harmonic, which has the highest impedance, is reduced by 93.3% from 228 kΩ to 1.6 kΩ. The comparison between the impedances with and without the HOM cavity is shown in Figure 39.
[image: ][bookmark: _Ref312413819]Figure 39: The shunt impedance of the cavity with and without the HOM cavity is shown here.


[bookmark: _Ref505087088][bookmark: _Toc515625320]Microwave studio model (G. Romanov)
The MWS model of the HOM cavity connected to the accelerating cavity is shown in Figure 40. Using MWS, the HOM cavity dimensions were optimized to suppress the HOM modes while minimizing the effect on the fundamental. The initial HOM cavity dimensions came from the semi-analytic approximation discussed in the previous section. The optimized parameters are shown in Table 4 for a damping resistance of 21.875 Ω (Four 87.5 Ω resistors in parallel). In later MWS calculations, realistic resistor values are used: four 80 Ω resistors in parallel to give 20 Ω. Figure 40 illustrates the locations of these parameters.
	Parameter
	Description
	Value (cm)

	H_L
	Cavity length
	7.2

	H_R_in
	Inner radius
	5.0

	S_L
	Coupling gap length
	2.5

	d_slot
	Coupling gap width
	1.0

	S_R_in
	See Figure 40
	11.5

	S_R_out
	See Figure 40
	12.5

	H_R_out
	See Figure 40
	12.5

	S_tip
	See Figure 40
	0.0


[bookmark: _Ref377305820]Table 4: The dimensions of the HOM cavity after optimization
[image: ]	The higher order modes of the cavity without the HOM cavity are calculated with two different MWS tube models and the semi-analytic model is shown in Figure 41. In all three cases[bookmark: _Ref377305735]Figure 40: The HOM cavity is attached to the gap end of the cavity. The parameters shown in Table 4 to optimize the size of the HOM cavity are shown here.

· The R/Q of the operating mode is almost the same in all three models.
· The HOMs associated with the tuner are nearly unchanged.
· The HOMs associated with the tube cavity go to higher frequency.
· The tube cavity provides additional damping of the HOMs.
The fundamental operating mode and HOM 1, 2 and 4 when the HOM cavity is connected (without damping resistors) are shown in Figure 42. These HOMs are well separated from the fundamental operating mode by >30 MHz and so do not interfere with the fundamental. However, the Q of the fundamental operating mode is lowered with the addition of the HOM cavity. Its impact is the greatest at the high frequency end where the Q is lowered by 10%. See Figure 43. The effect on the shunt impedance is minimal.
[image: ][image: ][bookmark: _Ref377367703]Figure 41: The R/Q of the cavity without the HOM cavity from three different models. Note: HOM 1 is not seen in the Superfish model.
[bookmark: _Ref377365132]Figure 42: The behavior of the modes of the cavity with the HOM cavity without damping resistors.

[image: ][image: ]The strongest HOM mode is HOM 2 (HOM 1 is not seen in the Superfish calculation). When the damping resistance is 20 Ω (four 80 Ω in parallel shown in Figure 44), the shunt impedance of HOM 2 at injection is reduced from 150 kΩ (without damper resistors) to 2 kΩ while the fundamental is increased from 93 kΩ at 76 MHz (See Figure 34) to 120 kΩ. See Figure 45. The behavior of HOM 2 as a function of bias current is shown in Figure 46.[bookmark: _Ref377368547]Figure 43: The Q of the cavity with and without the HOM cavity. Editor’s note: The current required assumes 48 turns for AC and 11 turns for DC. See section 6.2.4.

[bookmark: _Ref505067097]Figure 44: The location of the four damping resistors used in the CST model. These four resistors are effectively in parallel.


[image: ][bookmark: _Ref377376644]Figure 45: Optimizing the damping resistance. 

[image: ]
[bookmark: _Ref377376662]Figure 46: The behavior of HOM 2 as a function of the solenoid bias into 48 solenoid turns. 



	No HOM cavity
	With HOM cavity and no damping resistors

	Mode
	Frequency (MHz)
	Shunt impedance (kΩ)
	Q
	Frequency (MHz)
	Shunt impedance (kΩ)
	Q

	Fundamental
	69.2
	91
	3300
	71.2
	124
	4800

	2
	142.3
	45
	5100
	140.3
	26
	4.900

	
	
	
	
	143.6
	18
	4500

	3
	153.9
	0.035
	3500
	160.5
	0.003
	4400

	
	
	
	
	160.5
	0.02
	4400

	5
	188.1
	120
	5000
	187.3
	155
	5300

	10
	258.6
	14
	4500
	257.7
	108
	6100


[bookmark: _Ref508718123]Table 5: Some modes and their properties before and after the addition of the HOM cavity without damping resistance for μ=4.


[bookmark: _Ref305758101][bookmark: _Toc515625321]Y567B load lines (C.Y. Tan)
In order to drive the cavity, we have to check that the impedance seen by the Y567B is within its range so that it can power it efficiently. In our setup, the Y567B is in the “grounded grid” configuration for powering the cavity. It is also operated approximately as a class B amplifier. Our analysis of the power efficiency comes from Carter [34, 35]. We will assume that the tube is operated as a class B amplifier in the following analysis. And, in this operating mode, the best-case theoretical amplifier efficiency is 75% where power efficiency is defined to be the ratio , and  is the power going into the wanted RF part of the half sine wave and  is the power going into the DC component of the half-sine wave.
[image: ]We determine the required anode voltage from the tube to get 100 kV gap voltage with the step up ratios shown in Figure 25. (Note: At the time when this calculation was made, the MWS model was not mature enough to be used and so the TLM was used instead. The final results from MWS shown in Figure 35 for the anode impedance and the step up ratios are close enough to the TLD model that a recalculation was not done.) We increase the required voltage by 1 kV to take into account the screen voltage. We then use the anode voltage and the power loss (shown in Figure 26) and 75% power efficiency to calculate the anode current. From here, we multiply the anode current by 4  (rather than π to take into account non-linearities of the tube) to obtain the peak anode current. [bookmark: _Ref312400576]Figure 47: A set of load lines (blue) is plotted against the grounded grid constant current curves of the Y567B.

Using the method described by Carter, we use the peak current found above, minimum cathode to grid bias of 250 V, minimum anode voltage of 1 kV, to get the end points of the load lines. An example of load lines that we have used the data from Figure 25 and Figure 26 is plotted against the grounded grid constant current characteristic curves of the Y567B is shown in Figure 47. And from these load lines, we can calculate the tube efficiency as a function of anode impedance shown in Figure 48. As we can see from this figure, the tube is most efficient at 1.3 kΩ, i.e. at injection. This is exactly where we would want the highest tube efficiency because this is where the tube is required to output the highest power. Therefore, from these calculations, the Y567B is able to drive our cavity because the power required is always  kW for the entire frequency range.
There are two observations that we would like to point out:
1. The anode impedances calculated by the load lines are different compared to the TL model at high frequency. For example at 110 MHz, the anode impedance calculated by the load lines method gives 5.5 kΩ while the TL model gives 7.5 kΩ. However, at 76 MHz the results are much closer: the load lines method gives 1.1 kΩ and the TL model gives 1.2 kΩ.
2. The anode impedance does not only determine the efficiency. The efficiency also depends on the step up ratio, and thus the value of the anode voltage and current. Therefore, it is insufficient to just specify the anode impedance to have an idea of what the efficiency is, i.e. the anode voltage also matters.
[image: ][bookmark: _Ref305937406]Figure 48: The tube efficiency as a function of anode impedance.




[bookmark: _Ref336071063][bookmark: _Toc515625322]Tuner (I. Terechkine, G. Romanov)
[image: ]The accelerating cavity is loaded with garnet which is a gyromagnetic material. The permeability of the garnet is a function of the bias magnetic field. The part of the cavity that is the garnet is placed within the bias magnetic system is called the tuner. Five garnet rings with a specially shaped shim piece form the tuner stack. The shim piece is there to improve the bias magnetic field uniformity at the transition between the loaded and unloaded parts of the transmission line. Each of the 21 mm thick garnet rings have a thin alumina ring glued to it, while the 16 mm thick garnet ring has two thin alumina rings glued to it. The alumina rings enable the heat that is generated by the RF to be conducted out to the shell of the tuner. The shell of the tuner is copper plated stainless steel with water cooling pipes brazed to it. The thickness of the shell and the thickness of the copper coating has been chosen to reduce eddy currents without compromising the RF properties of the cavity. Figure 49 shows a cross-sectional view of the tuner assembly.[bookmark: _Ref504486395]Figure 49: The tuner assembly consists of 5 garnet rings that are glued to an alumina substrate and a specially shaped shim piece. The shell is made of copper plated stainless steel with slits to reduce eddy currents.


[bookmark: _Toc515625323]Garnet ring
Each garnet ring is made of 8 sectors of garnet glued together and then glued onto an alumina substrate. See Figure 50. The reason why the ring cannot be made as one contiguous piece of garnet is because currently (as of 2016), the only known vendor for garnets, National Magnetics, does not have a large enough oven to make anything bigger. 
[image: ]For quality assurance, each garnet sector is accompanied with a witness piece. Every witness piece and ring undergoes RF tests. The results of these tests will be discussed in section 16. [bookmark: _Ref504547065]Figure 50: Each garnet ring is made from 8 sectors of garnet glued together and then glued onto an alumina substrate.


[bookmark: _Ref504628206][bookmark: _Toc515625324]Stycast 2850FT epoxy
The epoxy used to glue the ring together is Stycast 2850FT [21]. The procedure for gluing the garnet sectors together is detailed in section 17.1.1. The RF properties of Stycast have been measured and was discussed in section 5.
[bookmark: _Toc515625325]Shim
A shim ring has been added to the front of the tuner stack to improve the bias magnetic field uniformity at the transition between the loaded and unloaded parts of the tuner [36]. The shim ring like the garnet ring, is made of 8 sectors of garnet glued to an alumina substrate. See Figure 51.
[image: ][bookmark: _Ref504550681]Figure 51: The shim ring consists of 8 sectors of garnet glued onto two alumina rings. A shim alumina ring is glued to the top surface.


[bookmark: _Ref505072641][bookmark: _Ref305740293][bookmark: _Toc515625326]RF thermal analysis
[image: ]The region where there is high RF power loss is closely associated with the regions where the bias magnetic field is at its weakest. From our simulations, the transition region between the loaded and unloaded transmission line is where there is a sharp increase in the complex magnetic permeability. There are several ways to improve the field quality at the transition. The option that is chosen is to add a shim on this transition surface. The result of adding a shim to the tuner greatly improves the uniformity of the field in the tuner as shown in Figure 52.[bookmark: _Ref504552084]Figure 52: The magnetic field density and contour plots in the tuner (a) without the shim and (b) with the shim. It is clear from these results that the magnetic field is a lot more uniform when the shim is added.


If we call the garnet at the transition surface the top ring, then due to the lower power loss on the top surface with the addition of the shim ring, its thickness of the top ring has been increased from 13.5 mm (without the shim ring) to 16 mm. The rest of the rings are 21 mm thick.
There are two 3 ms intervals of interest during the ramp: injection and transition where the gap voltage is at 100 kV. See Figure 7. The power dissipation in the top ring during these two active intervals are shown in Figure 53. The time averaged heat deposition is ~300 W during injection and ~115 W during transition. Thus, thus the total heat dissipated is ~415 W. For the shim, the heat deposition is 21 W during injection and 15 W during transition. This gives a total of 36 W.
To evaluate the temperature in the top portion of the tuner, we have to use the average power density distribution in those parts of the tuner. The RF power loss density in the top two alumina rings and the RF losses at the top of the tuner stack are shown in Figure 54.
[image: ][bookmark: _Ref504636952]Figure 53: The power dissipated in (a) the top ring and shim during injection and (b) in the top ring during transition.

[image: ]
[bookmark: _Ref507065949]Figure 54: (a) The RF power loss density in the top two alumina rings and (b) the density map of the RF losses at the top of the tuner.
The temperature distribution map of the top part of the tuner with and without thermal contact on the inner and outer cylindrical surfaces are shown in Figure 55. The details of how these maps were created from the power loss distribution can be found in Ref. [36]. The maximum temperature rise is 49°C without thermal contact for the garnet rings but thermal contact for the alumina rings. And it is 44°C when there is contact on both the garnet and alumina rings.
[image: ]
[bookmark: _Ref504639388]Figure 55: The temperature map when (a) the garnet ring does not have thermal contact with the walls both the inner and outer cylindrical surfaces while the alumina rings do; (b) all both the garnet and alumina rings have thermal contact. The maximum temperature is lowered by 5°C between cases (a) and (b).

[bookmark: _Toc515625327]Optimizing the shape of the shim
[image: ]Although a rounded shim with straight edges was used in the thermal analysis in the previous section, we found that there is anomalous heating of the top alumina disk. Our analysis showed that this was due to an elevated electric field between the shim and the inner electrode of the cavity. Figure 56 shows the static RF power loss density in the alumina (a) and the values of the electric field in the area (b). [bookmark: _Ref504641585]Figure 56: (a) RF power loss density and (b) the electric field.

[image: ]The maximum value of the radial component of the electric field on the surface of the alumina at the triple point is ~40 kV/cm. However, this value can be reduced to 27.5 kV/m by simply reshaping the shim. An added advantage after the modification is that the minimum bias magnetic field is slightly increased from 67.3 Oe to 69.3 Oe and the localized permeability decreased from 12 to 11.75. Figure 57 shows the before and after results.[bookmark: _Ref504641557]Figure 57: (a) and (b) show the magnetic field density and the relative permeability of the top of the tuner stack with a rounded shim. (c) and (d) shows the same plots for an angled shim.

[bookmark: _Ref514749866][bookmark: _Toc515625328]Total RF power loss
The total RF power loss in the tuner for the ramp shown in Figure 7 (injection and transition with two  3 ms pulses) has been evaluated. It is about 3 kW. Details of the calculation can be found in Ref. [37].
[bookmark: _Ref505081547][bookmark: _Toc515625329]Thermal grease 
Thin layers of thermal grease will be applied between all contact surfaces in the tuner stack. The grease that will be used is Super Thermal Grease II 8616 [22] which is a mixture of alumina and zinc oxide suspended in non-silicon based oil. We chose this grease because
1. It has acceptable thermal conductivity of 1.78 W/m·K.
2. It has a high dielectric constant of 6.77 at 1 kHz. The high dielectric constant is desirable because the grease will be used to fill in the air gaps between copper and garnet or copper and alumina which reduces the electric field at the triple points of contact. Its dielectric property at our frequency of interest has been measured and was discussed in section 5.
3. It does not contain silicon which can contribute to mixed waste in a radioactive environment. 
Its RF properties in our frequency of interest were measured and was discussed in section 5.

[bookmark: _Ref509918948][bookmark: _Toc515625330][image: ]Eddy currents[bookmark: _Ref504981702]Figure 58: This is the solenoid geometry used in the 2D analysis. Note: This is not the final solenoid design.

The details of the Eddy current analysis can be found in Ref. [38]. Warning: This analysis was done before the solenoid design was finalized. In this study, the solenoid has 50 turns rather than 60 turns as in the as-built solenoid. Nonetheless the results apply for how the tuner shell should be made.
The solenoid and tuner geometry that is used in this analysis is shown in Figure 58. A simplified current pulse for this study is shown in Figure 59. In this study, We will assume that the solenoid has 50 turns and has this current pulse at a repetition rate of 15 Hz.
[image: ][bookmark: _Ref504981842]Figure 59: This is the simplified current pulse sued for the Eddy current impact study. In this study the number of solenoid turns used is 50.

The bias current pulse has been designed so that at injection, it is 168 A for the cavity to have a resonant frequency of 75.7 MHz. To reach the injection state, a “setting” current ramp is used with a ramp rate of 20 A/ms. After injection, the maximum current ramp rate is 60 A/ms. After the transition period, which ends at 19 ms, the current is brought back to zero before the next accelerating cycle. The ramp down rate is also 60 A/ms.
In the conceptual design of the tuner, the shell is made of 3 mm thick stainless steel with a 25 μm thick copper coating. Our 2D simulations of the Eddy current impact analysis concludes that the shell is magnetically semi-transparent. The Eddy current in the shell reaches 1200 A, which is about 14% of the total current turns at injection ( A turns). The average heat generated in the shell with this current ramp can reach about 1.5 kW with most of the heat deposited in the outer part of the shell. 
Besides heating, the Eddy current in the shell changes the spatial distribution of the bias magnetic field inside the tuner. Thus, both the redistribution of the bias magnetic field and the heating complicates the design of the cooling for the shell. The most natural way for increasing the transparency of the shell to the changing magnetic field and decreasing the power loss is to interrupt the azimuthal component of the current flow by adding longitudinal slots to the shell. This analysis requires the use of a 3D model.
[bookmark: _Toc515625331]3D model
[image: ]The geometry of the RF shell used for the 3D Eddy current impact analysis is shown in Figure 60. Although there are more design features than that used in the 2D model shown in Figure 58, this geometry is still simplified but captures the needed details for the Eddy current analysis. We will not consider RF performance at this stage.[bookmark: _Ref504989974]Figure 60: The geometry of the tuner and solenoid used for the 3D study. Note: This is not the final solenoid design.


We have found that the most challenging part of the accelerating cycle is at injection [37]. During this time, the bias magnetic field in the garnet can get dangerously close to the gyromagnetic resonance. Therefore, we will only study this part of the cycle. The results at injection can be used to evaluate the impact of the Eddy currents for the entire accelerating cycle because the bias current ramp rate reaches its maximum here. Figure 61 shows the bias current that we have constructed to ensure that we have the required frequency ramp for the tuner at injection only.
The 3D simulations discussed in Ref. [38] show that by splitting the tuner shell into four insulated sectors, the azimuthal component of the Eddy current is interrupted. In Figure 62, we show the current flow before and after segmentation. The new current flow pattern tells us how to add longitudinal slots to the shell if needed. When we add these slots, it will have to be done without disturbing the TEM-type mode in the tuner and compromising the structural integrity of the shell.

[image: ][bookmark: _Ref504993310]Figure 61: The current time profile for injection only. The darker part of the curve is the region where beam injection occurs.

[image: ][bookmark: _Ref505066503]Figure 62: (a) shows the azimuthal Eddy current flow when the tuner has not been partitioned into 4 segments. (b) is the Eddy current flow after partitioning.


[image: ]We made several shell models that had different longitudinal slot patterns to check their impact on the setting current rise rates and its effect on the bias magnetic field. We used the slot pattern shown in Figure 63 as the reference design. We found that the addition of more slots to the reference tuner shell and to the end plates only led to subtle changes in the distribution of the Eddy currents and fields. Increasing the number of segments from 4 to 8 also did not show any significant improvement of the bias magnetic field uniformity but only made the mechanical design more difficult. Therefore, we settled for just partitioning the tuner into 4 segments without any additional slots in the final design, i.e. Figure 62(b).[bookmark: _Ref505066203]Figure 63: Two views of the reference tuner shell that show the slot patterns. Note: the final design does not have slots.


[bookmark: _Toc515625332]Bias magnetic field distribution
The magnetic properties of the garnet are highly non-linear. Its permeability and local magnetic field can have large variations in a small area. If the bias magnetic field becomes close to the gyromagnetic resonance at any RF frequency, then significant RF loss can result. It was shown in Ref. [37] that the part of the tuner closest to the accelerating gap is the most vulnerable part of the cavity that can be subject to the increase in RF power loss. And so, we must pay attention to the field at this location. We also have to pay attention to the field of the tuner at the end flange because of the segmentation. Here, the field is partly forced into the gap between segments of the shell. Figure 64 and Figure 65 show the bias magnetic field and permeability in these two regions.
We have found from the results shown in Figure 64 and Figure 65 that the volumetric average permeability of the tuner is 3.41 at injection. The minimum bias magnetic field in the tuner is about 200 G which is comfortably higher than the gyromagnetic resonance value of about 27 G at the injection frequency of 75.7 MHz.
[image: ][bookmark: _Ref505070001]Figure 64: The maps of (a) the magnetic field in oersted (Editor’s note: correcting an error in units from Ref. [38]) and (b) the permeability in the plane closest to the gap (z = 118 mm) at injection (3.75 ms).

[image: ][bookmark: _Ref505070018]Figure 65: The maps of (a) the magnetic field oersted (Editor’s note: correcting an error in units from Ref. [38]) and (b) the permeability in the plane closest to the end flange (z = 10 mm) at injection (3.75 ms).


[bookmark: _Ref508179712][bookmark: _Toc515625333]Tuner shell heating and cooling
[image: ]The RF loss in the garnet stack has been discussed in section 8.3 and Ref. [37] and the Eddy current distribution in the tuner has been found and so we can calculate the temperature distribution in the tuner. Figure 66 shows the tuner with the cooling channels in the inner surface of the shell with the solenoid removed. The outer shell has a similar cooling arrangement. Each segment will be cooled with its own electrically insulated cooling circuit. The cooling water is assumed to be 27°C in these simulations. The goal is to keep the temperature of the tuner shell below 100°C which became possible from the use of the thermally conducting grease between the shell and the rings.[bookmark: _Ref505072930]Figure 66: The tuner with the solenoid removed. The cooling channels on the inner surface of the shell can be clearly seen here. (Editor’s note: there is an extra cooling disk between the end flange and the tuner stack that is not shown here).

After many iterations of the cooling design, we have found that by adding an alumina disk between the end flange and the tuner stack, we only need to apply cooling to the peripheral surfaces of the flange. In this case the temperature of the flange does not exceed 95°C. Cooling has to be applied to the neck region as well because we have found that Eddy current heating is high at the electrical connection of the neighboring segments. Figure 67 shows the proposed cooling scheme.
[image: ][bookmark: _Ref505075713]Figure 67: (a) is the proposed tuner cooling scheme and (b) the temperature map.

[bookmark: _Ref508087411][bookmark: _Toc515625334]Triple points (G. Romanov)
[image: ]We have to be very careful in the design and assembly of the tuner to avoid triple points where the E-field can be greatly enhanced. Areas where the garnet, alumina and metal shell meet must be carefully filled with thermal grease (See section 8.5). If we assume that the dielectric constant of the thermal grease is about 6 then the E-field can be reduced by a factor of between 6 and 7. See Figure 68. Another location of concern is the interface where the tuner shell segments are bolted together shown in Figure 69. The E-field is reduced by a factor of 3 to 3.5 without thermal grease but with straight edges. The addition of thermal grease should reduce the E-field even further.[bookmark: _Ref505086166]Figure 68: (a) shows the field with air in the gap and (b) with grease. The E-fields are reduced by a factor between 6 and 7 in (b).

[image: ][bookmark: _Ref505086706]Figure 69: The gap at the location where the tuner segments are bolted together can have a lower E-field by a factor of 3 to 3.5 by having straight edges shown in (a) compared to straight edges shown in (b). In this comparison, there is no thermal grease filling the gap.

[bookmark: _Ref514749884][bookmark: _Toc515625335]Total Eddy current power loss in shell
[image: ]The total Eddy current power loss has been evaluated. Using Table 2 of Ref. [38] for the case where we have no slots but with 4 segments is about 530 W. This value was found for the simplified ramp shown in Figure 70. (Editor’s note: in the final ramp design, the starting and stopping points of the ramp is about ~140 A and not at 0 A. See Figure 74. Therefore, the power loss is smaller than 530 W.)[bookmark: _Ref514749527]Figure 70: A simplified bias ramp for a 50 turn bias solenoid.

[bookmark: _Ref305678974][bookmark: _Toc515625336]Bias solenoid (I. Terechkine)
[image: ]The magnetic permeability of garnet in the tuner is determined by the bias magnetic field. In this design, the bias magnetic field is generated between the two poles of a magnet with a solenoid type winding. The central (axial) part of the dipole accommodates the beam pipe. The solenoid has been designed so that it can produce the necessary fields to bias the tuner so that it can follow the Booster ramp. The fast cycling of the Booster at 15 Hz means that the solenoid yoke has to be made of laminations to reduce the effects of Eddy currents. The cross-sectional view of the solenoid and tuner is shown in Figure 71.[bookmark: _Ref377718234]Figure 71: A cross sectional view of the bias solenoid and the tuner. All dimensions are in millimeters.

The winding is made of three coils. Depending on the chosen scheme to power the magnet, the coils can be connected in series or independently. In our design, the three coils are connected in series for a total of 59 turns. The coils are made from 10.4 mm square copper wire with 5.8 mm diameter cooling channel. (Editor’s note: In the final design, the coils are made from 0.460” square with 0.25” hole copper conductors. There are 60 turns in total and not 59 turns. See section 18.3. The measured inductances and resistances of the coils without the garnet tuner are shown in Table 11). The calculated resistances of the coils are shown in Table 6. The inductances of the coils in series as a function of DC bias for two different coil excitations are shown in Figure 72 when the garnet tuner is within the solenoid. In particular, the inductance of the coils when they are biased at 100 A which is close to injection is 4.7 mH. (These results are from document Bias_System_Parameters.docx dated 20 Jul 2017, and private communications dated 08, 09 Aug 2017).
The DC current at injection is 139 A into 59 turns (8200 A·turns) so that the tuner is biased for a resonant frequency of 75.7 MHz. 

	Winding
	Number of turns
	Resistance (mΩ)

	1
	11
	4.5

	2
	23
	8.8

	3
	25
	8.3


[bookmark: _Ref377727083]Table 6: Calculated resistance of the windings. All three windings will be connected electrically in series but cooled in parallel.
[image: ]
[bookmark: _Ref377730553]Figure 72: The inductance of the coils connected in series for two different coil excitations. These results show that the inductance is independent of the way the coils are excited. These results were done with the garnet tuner within the solenoid.


[bookmark: _Toc515625337]The current ramps
The required solenoid (59 turns) current ramps for the cavity to operate at injection, transition and extraction are shown in Figure 73. The maximum  and inductive voltages at these three breakpoints are summarized in Table 7. Note that the current ramp will follow some curve outside these regions in order to make sure that the revolution harmonics do not land on the fundamental or HOM resonances.
	Booster breakpoint
	Maximum dI/dt (kA/s)
	Maximum inductive voltage

	Injection
	16
	80

	Transition
	17
	70

	Extraction
	1
	3


[bookmark: _Ref377737489]Table 7: Maximum parameters in the three Booster break points.
[image: ][bookmark: _Ref377737175]Figure 73: The current pulses required to bias the garnet. These current values assume that the solenoid has 59 turns. The current ramp outside these regions are not shown here. The exact ramp will be determined operationally.

[bookmark: _Toc515625338]Coil heating and cooling requirements
The coils will need to be cooled because heat will be generated by the current ramp. Using the fictitious ramp shown in in Figure 74, the power loss in the windings is 4.1 kW (derived below). This is a lot of power and so cooling of the windings is imperative. The exact current ramp need only be known in the three regions shown in Figure 73. The current outside these regions will be determined operationally to keep the revolution harmonics of the beam outside the fundamental and the HOM resonances. A fictitious current ramp shown in Figure 74 models the required ramp with sufficient precision for our thermal analysis.
The fictitious current ramp starts from 139 A at injection and rises linearly in 20 ms to 592 A. It stays constant until  ms before linearly ramping down to 139 A. The rms current,, for this ramp is simply
	
	
			(10)


where  is the current pulse shown in Figure 74.
[image: ][bookmark: _Ref504038861]Figure 74: A fictitious ramp for the purpose of calculating the heating and required cooling of the coils. The required ramps for injection, transition and extraction are superimposed onto the fictitious ramp.

The resistance of the coils is the sum of the resistances in series from Table 6 and is  m. Thus, the rms power, , deposited in the coils from the fictitious ramp is
	
	
			(11)


[bookmark: _Toc515625339]Flow rate
We can use the specific heat formula to calculate the energy required to raise the temperature of water by . If we assume that the water temperature rise is , then we have
	
	
			(12)


where  is the mass of water in kg,  J/kg/K is the specific heat of water at constant pressure. Solving for , we get  kg. The volume, , of water that corresponding to this mass in 1 second is 
	
	
			(13)


where  is the density of water. Thus the flow rate, , is
	
	
			(14)


which is quite large for only 1 cooling channel with a narrow cross-sectional area.
[bookmark: _Ref507138930]3 cooling channels in parallel
The way the coils will be wound and connected, it is possible to have 3 cooling channels connected in parallel (but electrically in series). If we have 3 cooling channels then the cross-sectional area is increased by 3. Therefore, for a hole in the wire that has a diameter  mm, the cross-sectional area is
	
	
			(15)


And by using 3 channels, the cross-sectional area is increased by this factor
	
	
			(16)


From the above, we can calculate the velocity of water and it is
	
	
			(17)


We can calculate the required differential pressure,  that generates . We do this by using the following formula is used at Technical Division for calculating the required water pressure [39]
	
	
			(18)


where  is the differential pressure in atm,  is the velocity of the water in m/s,  is the length of the pipe in m, and  is the diameter of the pipe in mm. When we substitute in the numbers we had shown above and set  m, we have
	
	
			(19)


Therefore, cooling of the coils is easily done.
[bookmark: _Ref508180049][bookmark: _Toc515625340]The poles and flux return
[image: ]The flux return of the solenoid (the detailed analysis of the flux return can be found in [40]) both closes the magnetic circuit and reduces fringe fields. Since the solenoid will have to ramp at 15 Hz, the flux return has to be laminated to minimize both Eddy current heating and its impact on the bias magnetic field. We have selected M15 silicon steel sheets that are 0.025” thick to be the flux return material. (Editor’s note: In the final design, the actual thickness of the silicon steel is 0.014”. See section 18.1.). Its magnetization curve is shown in Figure 75.[bookmark: _Ref504130607]Figure 75: M15 silicon steel magnetization curve.


[image: ]Both 2D and 3D modeling of the flux return were done. It was necessary to perform a 3D analysis of the poles and flux return because they are made from stacks of laminated steel and there are gaps between the stacks that cannot be accounted for in the 2D model.  Figure 76 shows the configuration of the flux return and the poles and the 3D COMSOL model used to calculate the bias magnetic field.[bookmark: _Ref504139649]Figure 76: (a) and (c) show the cross-sectional views of the flux return and poles and the laminations. (b) is the 3D COMSOL model.


Figure 77 shows the map of the flux density in the flux return at the maximum current in two planes: the inner surface of the pole and the longitudinal cross section at zero degrees. The geometry of the laminations was chosen to avoid saturation at high current. At the design stage, further optimizations of the flux return were made with the goal of simplifying its fabrication and assembly. The discussion of the actual assembly of the solenoid is in section 18.
[image: ]
[bookmark: _Ref504383016]Figure 77: The magnetic flux density at high field is shown on the left. The flux returns in two planes are shown on the right.

[bookmark: _Toc515625341]Effect on the tuning stack
The effect on the permeability and bias magnetic field in the tuner stack at the maximum current before the flux return saturates is shown in Figure 78. At this bias current, the average permeability is significantly lower than the permeability required for the cavity to be resonant at transition, i.e. at 104.86 MHz. 
At injection, the permeability and bias magnetic field in the garnet for the cavity to be resonant at 75.73 MHz is shown in Figure 79. And since the gyromagnetic resonance at 75 MHz is about 32 Oe, this calculation shows that the all low field regions in the tuner are still far away from the gyromagnetic resonance condition.
[image: ]
[bookmark: _Ref504390339]Figure 78: The relative permeability and bias magnetic field in the tuner at the maximum current in the solenoid before the flux return saturates.

[image: ]
[bookmark: _Ref504390352]Figure 79: The relative permeability and bias magnetic field in the tuner at low field for injection. The magnetic field levels are 80, 100, 150 and 200 Oe for the contour plot on the right.

[bookmark: _Toc515625342]Bias solenoid power supply (M. Kufer)
[image: ]The block diagram of the bias solenoid power supply is shown in Figure 80. It consists of a charging power supply and four Performance Controls GA301-P-002 gradient amplifiers [41] connected in parallel.[bookmark: _Ref510787316]Figure 80: The block diagram of the bias solenoid power supply.



[bookmark: _Ref507487965][bookmark: _Toc515625343]Bias ramp for operating at injection only (C.Y. Tan)
Due to funding constraints in FY2018, our cavity will only be “on” during injection for the first 3 ms. Therefore, for the rest of the ramp, the bias ramp has to be “parked” so that its fundamental resonance and HOMs lie between revolution harmonics as much as possible or to not be at any revolution harmonic for very long.
[image: ]Our initial choice was to “park” the fundamental resonance at the “flat” part of the frequency ramp. Figure 81 shows a plot of several revolution harmonics as they evolve during the ramp. We can see that the flattest part of the frequency is after about 20 ms. The range of revolution harmonics that are available to us for parking is between 120th  to 129th revolution harmonic. Higher revolution harmonics, like 130th, are unavailable to us at this time because of the constraints on the bias power supply. [bookmark: _Ref507415439]Figure 81: Plotted here are several multiples of the revolution frequency, frev. The shaded region is the range of frequencies that are allowed from the capabilities of the  bias power supply. The flattest part of the frequency curve is above 20 ms. 


[image: ] Unfortunately, “parking” after 20 ms at around 78 MHz mid-way between 76 MHz and 81 MHz was deemed to be too close to the HOM resonance of the fundamental cavities.  This resonance was the source of the coupled bunch mode instability at high field and so we decided not to use the parking scheme. So instead of parking, we will linearly ramp down the frequency back to 76 MHz. [bookmark: _Ref507485838]Figure 82: The proposed bias current and frequency ramp. The first 3 ms of the ramp must faithfully be 2× the fundamental.


The proposed current and frequency ramps are shown in Figure 82. We will faithfully follow the required frequency ramp that must be twice the fundamental frequency from 0 to 3. We will then linearly ramp down from 3 ms to 33 ms to the injection frequency 76 MHz and sit there until the beam is re-injected at 66 ms.
Note that the bias supply has a finite bandwidth and so the high frequency components of the current cannot be reproduced, i.e. all the sharp changes in current will roll off. The way that we plan to compensate for the roll off is to pre-shape the current ramp so that current output of the power supply will reproduce the required ramp especially between 0 to 3 ms. If we suppose that the bandwidth of the power supply is 1 kHz, our proposed pre-shaped current ramp is shown in Figure 83. After going through a 1 kHz low pass filter, the required current curve is recovered from 0 to 3 ms. But there is some overshoot after 3 ms that we can tolerate.


[bookmark: _Ref507487976][bookmark: _Toc515625344]RMS current of the bias ramp
[image: ]The rms current of the bias current ramps shown in Figure 82 and Figure 83 is 150 A. This current is within the specifications of the bias power supply.[bookmark: _Ref507487497]Figure 83: The current has to be preshaped so that after it passes through a bias supply that has a 1 kHz bandwidth, the output current has the required profile between 0 and 3 ms. There is a small overshoot of the current after 3 ms that can be tolerated.






[bookmark: _Ref505087135][bookmark: _Toc515625345]Phase locked loop (C.Y. Tan)
A phase locked loop (PLL) is required to keep the RF at the correct point of the cavity phase when both the RF frequency and the cavity resonance are ramped. The block diagram of the PLL is shown in Figure 84.

[image: ][bookmark: _Ref377192871]Figure 84: This is the block diagram of the PLL. There is a bias current  that flows into the solenoid so that it always biased even when  is zero.



In the analysis of the of the PLL model, the RF cavity is modeled as a parallel RLC circuit. Let  be the current in the bias solenoid. The impedance of the parallel RLC circuit is given by
	
	

			(20)


where the shunt impedance, , the cavity inductance  and capacitance  have explicit dependence on the bias current . The above can be linearized to give
	
	
	[bookmark: _Ref377286698]		(21)


where , , and . And thus the linearized phase of the cavity impedance is
	
	
			(22)


In the time domain, how the cavity shifts the drive phase can be seen with the following equation
	
	
	[bookmark: _Ref377286466]		(23)


where  and  are the phase and frequency of the drive applied to the cavity, and  is the resonant frequency of the cavity when the solenoid current is at . The above can be further simplified for analysis if the following approximations are adopted
1. Both  and  are constant in the small range around the resonant frequency, , of the cavity when the bias current is at .
2. If  then . 
3. With the above approximation for the slope, any frequency close to  is given by . 
Thus, by using the above approximations, Eq. (23) can be further simplified. It becomes
	
	
			(24)


In Laplace space, the above becomes
	
	
	[bookmark: _Ref377286467]		(25)


where  is the transfer function that relates how the cavity shifts the phase of the drive for a given change in bias current.
[bookmark: _Toc515625346]Output of phase detector and the transfer function of the PLL
The output of the phase detector in Laplace space is
	
	
			(26)


where  has units of V/rad. And then through the rest of the block diagram up to the solenoid, the output voltage is
	
	
			(27)



At the solenoid, the bias current is
	
	
			(28)


where  has been added so that when , there is current in the solenoid that keeps the resonance at . When the above is substituted into Eq. (25), the amount the drive phase is shifted by the cavity resonance is
	
	
			(29)


In the simplified model described above, 
	
	
			(30)


The  is troublesome, but is neglected in all VCO analysis (see For example Best [42] page 15). If this term is neglected, the phase variation of the drive is
	
	
			(31)


which has the Fourier transform
	
	
			(32)


if .
After some algebra, the phase error between the cathode and anode is found to be
	
	
	[bookmark: _Ref377286610]		(33)


Where  and .
[bookmark: _Toc515625347]Loop performance analysis
In this section, the loop performance is analyzed. In order to proceed, the proportional-integral (PI) filter is chosen to be the loop filter so that a pole is introduced into the feedback loop. The PI filter is
	
	
			(34)


where  and  are the RC time constants that determine the shape of the filter response.
[bookmark: _Toc515625348]Phase step applied to 
When there is a drive phase step, , in the drive
	
	
			(35)


By using Eq. (33), 
	
	
			(36)


and applying the final value theorem to the above
	
	
			(37)


Thus, the phase step error approaches zero as .
[bookmark: _Toc515625349]Frequency step applied to 
When there is a frequency step, , in the drive
	
	
			(38)


By using Eq. (33),
	
	
			(39)


and applying the final value theorem to the above 
	
	
			(40)


Thus the frequency step error approaches zero as .
[bookmark: _Toc515625350]Frequency ramp applied to 
When there is a frequency ramp, , in the drive
	
	
			(41)


By using Eq. (33),
	
	
			(42)


and applying the final value theorem to the above 
	
	
			(43)


Thus the frequency ramp error approaches zero as .
Therefore, in all three scenarios, the feedback loop is able to compensate for those errors and eventually reduce the phase error to zero.
[bookmark: _Toc515625351]PI-like filter
In real life, a PI filter is impossible to build because it has an infinite response at DC. A realizable PI filter will have a roll off. An implementation of a PI-like filter is shown in Figure 85.
[image: ]


[bookmark: _Ref377216609]Figure 85: This is a PI-like filter that has the time constants s and  s.

The PI-like transfer function for an ideal opamp is
	
	
	[bookmark: _Ref377286656]		(44)


[image: ]The roll offs in this particular design are at  Hz  s, and  kHz  s. The frequency response with these values are shown in Figure 86. The PI filter response from Eq. (44) when plotted together with this curve shows that between 10 Hz and 10 kHz, the PI-like filter acts like a PI filter and hence like an integrator.[bookmark: _Ref377217781]Figure 86: The PI-like and PI filter frequency responses that have the time time constants s and  s. The measured frequency response of an implementation of the PI-like filter shown in Figure 85 is also shown here. The behavior of the implementation is very similar to the theory.

[bookmark: _Toc515625352]Time domain analysis
In the time domain analysis, the goal is to determine the tracking error of the PLL during the ramp. The maximum loop error that is allowed comes from the available rms power from the PA. Therefore, given the maximum power  of the PA, the minimum allowable impedance can be found with the formula
	
	
			(45)



If the maximum available power  kW and the required gap voltage is 100 kV, then the minimum shunt impedance  kΩ.
[bookmark: _Toc515625353]Allowable frequency error at injection
The first 3 ms at injection, the frequency sweep of the cavity is from 76 MHz to 81 MHz. The Q and shunt impedances of these two frequencies are summarized in Table 8.
	Frequency (MHz)
	Qc
	Rc (kΩ)
	Max allowable freq error (kHz)

	76
	3200
	92.75
	

	81
	3800
	110
	


[bookmark: _Ref377219113]Table 8: The start and end point Q and shunt impedance for the first 3 ms of the ramp.
By using the linearized form of the cavity impedance from Eq. (21), the maximum allowable frequency error  from resonance given  is
	
	
			(46)


Using the above formula and the numbers from Table 8,  kHz when  kΩ.
[bookmark: _Toc515625354]Numerical results
The shunt impedance, tuning curve and Q of the cavity calculated by MWS are shown in Figure 34.  Editor’s note: The results here assume that the solenoid is divided into a DC coil with 11 turns and an AC coil with 48 turns. The final as-built solenoid will have 60 (not 59) turns connected electrically in series. These curves are applied to the proposed AC part of the solenoid pulsed current shown in Figure 87.  The tracking and the frequency error during the first  ms of the frequency ramp are shown in Figure 88 for  for the proposed AC pulsed current. The first 1 ms of the ramp is used to settle the PLL.  It is clear that the frequency error is well within the required  kHz frequency error.[bookmark: _Ref377286035]Figure 87:  This is the proposed AC part of the solenoid current ramp at injection from 0 ms to 3 ms.



[image: ][image: ]
[bookmark: _Ref377286020]Figure 88: This is the PLL frequency error of the (1+3) ms ramp. It is well within the kHz requirement.

[bookmark: _Ref305739958][bookmark: _Toc515625355]RF windows (D. Sun)
Hello world


[bookmark: _Ref305678996][bookmark: _Toc515625356]Cathode resonator (R. Madrak , J. Dey, & C.Y. Tan)
A cathode resonator is required to match the output impedance of the solid-state amplifier (SSA) to the input impedance of the Y567B, which is mainly reactive due to the cathode-grid capacitance. However, due to the large frequency swing ~30 MHz requirement, the cathode resonator has to have a very low , and thus the impedance match is far from perfect except at the peak frequency. Section 13.2 discusses the cathode resonator model that served as the starting point of the design. However, it was discovered soon after the first resonators were made that the model is too simplistic and did not adequately predict the matching impedance, and thus the VSWR. It was also found that the input capacitance of the Y567B is dependent on frequency, which was not known during the initial design stage. This meant that the size of the inductance required for resonance at the design frequency was wrong and had to be corrected in the final design. Although the model’s usefulness is limited in scope, the relative changes it predicts can still be used as an aid in the “trial and error” method to arrive at the final design. 
It was found that the cathode resonator, by itself, still presented a poor match to the SSA. A matching tuning stub was added between the SSA to the resonator to improve the VSWR. The details of the tuning stub are discussed in section 13.3.[bookmark: _Ref335897089]Figure 89: Center conductor of the cathode resonator for the Booster fundamental PA.

[bookmark: _Toc515625357]
Modified Booster cathode resonator 
[image: C:\Users\madrak\Desktop\project_v2\fund_cathres_outer.png][bookmark: _Ref335897131]Figure 90: Outer conductor of the cathode resonator for the Booster fundamental PA.

The cathode resonator is a modified version of the fundamental Booster cathode resonator. Figure 89 shows the center conductor and Figure 90 shows the outer conductor. Since the harmonic cavities operate at a higher frequency, the inductance of the resonator must be smaller and therefore it must be shorter. A prototype version of the Booster fundamental cathode resonator was available to be modified. Both the center conductor and outer conductor were cut transversely by the same amount  (to remove length), and re-welded. This is shown in Figure 91 for the center conductor.
[image: C:\Users\madrak\Desktop\project_v2\cathres_mod.png]
[bookmark: _Ref335897168]Figure 91: Modifications to the prototype Booster fundamental cathode resonator.

[bookmark: _Ref335894472][bookmark: _Toc515625358]Cathode resonator model (R. Madrak & C.Y. Tan)
[image: ]The cathode resonator model that we are using is based on the model developed by T. Berenc [43]. There are some major differences between our model and Berenc’s model. The first difference is that we do not include transconductance, , of the Y567B. Experimentally, we have found that  in the frequency of interest is > 1 kΩ, and thus its contribution to the parallel RLC circuit is negligible when compared to the swamper resistors that contribute either 12.5 Ω or 25 Ω depending on the setup. The second difference is that we have added a series impedance, , in series with the RLC circuit.  is the collective impedance of the banana plugs + adapters used to connect the solid state amplifier (SSA) to the cathode resonator. Our s11 measurements show that the banana plugs + type N to HN adapters together have a surprisingly large inductance of about 35 nH. The improved resonator model is shown in Figure 92. Although we have made a better model, and used it for our initial design, we have found that it is not very useful for absolute results. For example, the VSWR that the model calculates does not match measurement.
[bookmark: _Ref335486007]Figure 92: The resonator model for calculating the bandwidth of the cathode resonator. Rk comes from the swamper resistors, Lk is the inductance of the cathode resonator shown in Figure 91, and Cin is the cathode capacitance of the Y567B. Zb is the inductive contribution from the banana plugs + adapters, Z0 = 50 Ω is the characteristic impedance of the cable (note: In Booster fundamental cavities, Z0 = 12.5 Ω) between the SSA and the resonator. Rs = 50 Ω is the SSA output impedance.





However, despite its shortcomings, we will continue with our analysis. The impedance of the cathode resonator shown in Figure 92 is
	
	
	(47)


where  is the inductive impedance of the cathode resonator, and  is the capacitive impedance at the input of the Y567B.
The input capacitance, , has been measured as a function of frequency and is shown in Figure 93. This was done using three different cathode resonators that were connected to the Y567B for measuring the resonant frequencies. Weakly coupled probes were used in a transmission measurement (s21) so that the peak was narrow, and the resonant frequency was measured. Since the geometries of the cathode resonators are known, their inductances, , are easily calculated. The Y567B input capacitance is then determined by the equation . Since there is a large change in in the frequency range of interest, our final choice of  has to be a compromise. 
[image: ][bookmark: _Ref335642287]Figure 93: The measured input capacitance of the Y567B as a function of drive frequency. The red circles come from measurement.


[bookmark: _Toc515625359]VSWR example
We can use the model to calculate the VSWR so that the maximum power from the SSA is delivered to the cathode resonator. For these calculations, we will use  Ω that was obtained from measurements. We will make the cathode resonator resonate at the midpoint between 76 and 106 MHz, i.e. 91 MHz. To do so, we must have  nH and  pF from Figure 93. The only variables left are the swamper resistance  that we can vary in integer fractions of 50 Ω and the characteristic impedance . An example of how the VSWR changes as function of these two variables is shown in Figure 94. The best VSWR is obtained when  Ω is when  Ω.
[image: ]We have to emphasize here that the model is not that useful for predicting absolute values because it is too simplistic and does not capture the true behavior of the system. For example, we have found that when  Ω, the VSWR ≈ 6 at both 76 and 106 MHz, although our model says that the VSWR >10 at 76 MHz and VSWR ≈ 7 at 106 MHz.

[bookmark: _Ref335658070]Figure 94: The VSWR calculated with the model. The VSWR predicted by the model is too pessimistic.

[bookmark: _Ref335895450][bookmark: _Toc515625360]Matching tuning stub (J. Dey, R. Madrak & C.Y. Tan)
Note: High power tests with a newly designed cathode resonator (see section 14) demonstrated that the tuning stub is not needed. This section is left here, as is, for reference only.
In order to reduce the reflected power from the cathode resonator so that the TOMCO solid-state amplifier (SSA) does not substantially de-rate (see section 13.4), it is necessary to either have a matching network or a circulator between the SSA and the cathode resonator. We choose to make an open stub tuner for matching, which is shown in Figure 95.[image: ]  Our requirement is  because this means that % of the power is reflected. This is an acceptable limit for driving the Y567B so that it can output  kW. See section 13.4.[bookmark: _Ref335401365]Figure 95: This is the diagram of the open tuning stub that is added before the cathode resonator Zc for matching to Z0. The two lengths d and l can be found so that VSWR=1 at one chosen frequency.

We measured the impedance of our test cathode resonator, , that has its center frequency at 94 MHz rather than at the mean frequency of MHz. This cavity has  Ω swamper resistors in parallel connected to it. The results are shown in Figure 97. We can use these results and together with the standard method used for tuning stub matching (for example in Pozar [19], section 5.2), to find  and . We found that for  Ω (see Figure 95) and choosing, by trial and error, the matching frequency,  MHz, we have  m and  m (or equivalently an electrical length of 1.9 ns). The required bandwidth is 30 MHz and from our model, we have a VSWR of 3.3 at  MHz and 4.4 at  MHz. The trick that we have done here for increasing the bandwidth is that, instead of selecting  to be in the middle of the required frequency range, we have chosen  to be close to the outside of this range. This, then, allows the capacitive part of the length  transmission line below  to cancel out more of the inductive contribution from the banana plugs + type N to HN adapters. 
We have found experimentally that by starting with the  and  found from above, we can tune the stub so that the  with a 30 MHz bandwidth. Figure 97 is the comparison between theory and the measured VSWR of the cathode resonator with the tuning stub added. It is clear from this figure that we have the required bandwidth and the VSWR is better at 109 MHz and worse at 79 MHz. Our final cathode resonator with the correct center frequency and a high power tuning stub will need to be tuned so that the required  occurs at both 76 MHz and 106 MHz. 
[image: ][image: ]
Figure 96: The impedance of the test cathode resonator with (4×50 Ω) swamper resistors in parallel.  It resonates at 94 MHz.
[bookmark: _Ref335460568]Figure 97: The measured VSWR versus the theoretical VSWR that has center frequency at 94 MHz. The dotted vertical lines indicate the locations of (94−15) MHz and (94+15) MHz. The measured VSWR at these two locations is approximately 4. 

[bookmark: _Toc515625361]The matching tuning stubs 
[image: ]The low power matching tuning stub is shown in Figure 98. The open end of the tuning stub  consists of one 1 ns cable + 4 bullets + 4 barrels which together gives 1.8 ns of electrical length. This is about the same electrical length of 1.9 ns that was calculated in the previous section. Decreasing the length of the RF connection to about 0.06 ns (i.e. half a BNC tee because we will assume that the “parallel” connection happens in the middle of the tee), which was also calculated from the previous section, at the resonator itself increases the bandwidth of the match. This decrease was achieved by replacing the original HN connector with a BNC connector. The swamper resistance in this case is 12.5 Ω.[bookmark: _Ref335632171]Figure 98: The low power open tuning stub. The open end of the stub consists of one 1 ns cable and 4 bullets + 4 barrels to give 1.8 ns of electrical length.



[bookmark: _Ref335462272][bookmark: _Toc515625362]TOMCO SSA de-rate table
The TOMCO SSA de-rates from 8 kW as a function of VSWR [44]. However, the amplifier does not limit output unless the amount of reflected power is above the threshold for 2 seconds, for which it can withstand 100% reflected power at full output. Since we operate in pulsed mode with pulse widths substantially less than 2 seconds, this situation will never be realized. See section 14.
	Forward power degradation (VSWR)
	Percent of full power

	1
	100

	1.5
	100

	2
	80

	3
	60

	5
	40

	10
	30

	∞
	20


[image: C:\Users\madrak\AppData\Local\Microsoft\Windows\INetCache\Content.Word\tomcoout.png]Table 9: TOMCO SSA de-rate table. The SSA is capable of supplying 8 kW at full power.[bookmark: _Ref505845864]Figure 99: The de-rate table is plotted here.


[bookmark: _Ref335463632][bookmark: _Toc515625363]Y567B measurements [45](R. Madrak & J. Reid)
We will use the same power tetrode (Eimac Y567B) which is used in the main (fundamental frequency) Booster cavities (~38 - 53 MHz), the Main Injector, and the Recycler (~53 MHz). According to the specifications for the Y567B (Eimac 4CW150000 [46],), it can operate with up to 150 kW of power dissipated in the anode, and up to 108 MHz. In present Booster cavities, the output maximum is 100 kW, with an efficiency of ~60 – 70%. The 2nd harmonic cavity is expected to have shunt impedances of 96 kΩ and 180 kΩ at 76 and 106 MHz, respectively. For the required peak voltage of 100 kV across gap, substantially less power will be needed by the Booster 2nd harmonic cavities when compared to the existing cavities operating at the fundamental frequency. Nevertheless, we must verify that the tetrode can produce the required output power at the frequencies of the 2nd harmonic.
[bookmark: _Toc515625364]The power amplifier and test station
[image: C:\Users\madrak\Desktop\project_v2\patest_schem.png] Testing and use of the tetrode at a given frequency requires a module (“power module”) to mechanically support the tube and supply voltage to its various electrodes, a drive resonator (“cathode resonator”), and an output resonator (“anode resonator”). The tetrode, power module, and cathode resonator together are referred to as the PA (power amplifier).
[bookmark: _Ref351892159]Figure 100: Drawing of the PA test setup.

The power module is essentially a shell with the tube socket. The drive resonator is a coaxial line which looks inductive. This ideally should cancel the imaginary part of the tube input impedance, which is capacitive. “Swamper loads” (two 50 Ω loads in parallel) are connected to it so that the resonance is broad, and the tube can be driven over a wide frequency range by a solid state amplifier which would ideally see a purely resistive 50 Ω load.
The anode resonator serves as a (non-tunable) stand-in for a real cavity during PA testing. A water cooled 50 Ω load is attached to it to mimic the power dissipation in the ferrite of a real cavity with a tuner. The resonator and power module form a shorted transmission line; a different resonator must be constructed for each frequency at which we want to test the tube. Since a spare Booster power module was available, we used this for our testing. In the case of the real 2nd harmonic cavity, the design for the power module is smaller so that the input part of the cavity does not excessively detune it. For the PA testing we also use the same coupling scheme as the main Booster PAs. That is, a shroud is attached to the anode of the tetrode and inserted into a blocking (coupling) capacitor which is mounted on the anode resonator center conductor. This scheme will also be different in the real 2nd harmonic cavity, but it is suitable for testing the tetrode.
[image: ][bookmark: _Ref351892177]Figure 101: Photograph of the PA power test setup.


Given the components used, the 2nd harmonic test station looks very much like a fundamental Booster PA test station, except that the anode and cathode resonators are different sizes. The cathode resonator was constructed from a prototype fundamental cathode resonator by shortening it. (See section 13 for more details.) A new anode resonator was constructed so that the complete setup would resonate at 76 MHz. A drawing and photograph are shown in Figure 100 and Figure 101.
The first anode resonator was designed to test the PA at 76 MHz. The setup was modelled using a transmission line plus lumped circuit analysis with Agilent (now Keysight) Advanced Design System (ADS), and also with CST Microwave Studio. The simulations are discussed in section 14.2. 
After construction of the first resonator, the measured frequency was only 71.7 MHz. Power tests were done at this frequency, and then later the resonator was modified to test at exactly 76 MHz. 
The PA was also tested at 106 MHz. Since a quarter wave resonator would have been too small to be practical (for instance, to connect the load), the 106 MHz resonator plus PA form a 3 /4 resonator. A picture is shown in Figure 102(a).
[image: ][bookmark: _Ref505840903]Figure 102: (a) Photograph of the 106 MHz PA test setup. (b) Drawing that shows a removable spacer (2” long) that was included in the design.

[bookmark: _Ref505841181][bookmark: _Toc515625365] Simulations and anode resonator design
[image: ]To determine the geometry of the anode resonator such that the system would resonate at 76 MHz, a transmission line model of the existing setup for the fundamental Booster PA tests was constructed. The transmission line dimensions are determined by the diameters and lengths of the anode resonator inner and outer conductors, tube anode diameter, and power module outer shell diameter. The resonator is shorted at one end and the other end is foreshortened by the tube output capacitance of ~60 pF. The blocking capacitor is represented by another lumped capacitance of 1000 pF. The model in the Keysight/Agilent Advanced Design System (ADS) software is shown in Figure 103. The simulation predicted a resonant frequency of 53 MHz and a Q of 60, which agreed with what was measured. The dimensions of the transmission line corresponding to the anode resonator part of the setup were then modified so that the frequency of the setup was 76 MHz. Changes are shown in Figure 104.[bookmark: _Ref505841484]Figure 103: The transmission line model of the Booster fundamental PA test setup in Keysight/Agilent ADS.


As a check, the anode resonator and tube were also simulated in CST Microwave Studio. In the first (simplified) model the output capacitance of the tube was represented by a physical parallel plate capacitor at the end opposite the short. Again, the fundamental PA test station was modeled first and tuned (by adjusting the capacitor gap) until it predicted the correct resonant frequency. The model was then modified using the anode resonator dimensions which ADS had shown to give a resonant frequency of 76 MHz. The CST model predicted 78 MHz. It was decided that this was sufficient agreement, especially since the simulations were both using simplified models of the tetrode. (The coupling capacitor was simplified as well).[image: ]
 The anode resonator was constructed according to the calculated dimensions, however, the resulting resonant frequency of the system was 71.7 MHz and not the desired 76 MHz. We proceeded with power tests since it was likely that it was sufficient to test the PA near 76 MHz. In order to test the PA at exactly 76 MHz, a modification to the setup was designed. A ring was manufactured and bolted to the bottom of the anode resonator, making it effectively shorter and higher frequency. A modification to the load connection scheme was also made. In order that the impedance seen by the tube was optimal and similar to that in the 71.7 MHz tests, the connection scheme for the load was changed from a direct straight across connection to one in which the conductor attached to the load loops up and back down again, as shown in Figure 105. (In order to maintain the same impedance with the added ring and a straight across connection, the connection point would have had to be moved up further than the end of the anode resonator center conductor, into the coupling capacitor region.)[bookmark: _Ref351893509]Figure 104: Modifications to the PA test setup.

For the design of the 106 MHz test station, we again used a model similar to that shown in Figure 103. The main differences were the following. First, the 106 MHz resonator and PA formed a three quarters wavelength resonator, instead of a quarter wavelength resonator. Second, the value of the tube output capacitance was changed from 60 pF to 73.1 pF, which is the capacitance, which, when used in the model for the initial 71.7 MHz resonator, gave the correct measured frequency. Nevertheless, we had seen before that extrapolating from 53 MHz to 76 MHz gave a cavity with a low frequency. In anticipation that this might happen again, we designed the 106 MHz cavity to have 2 inch long removable spacers on the inner and outer conductors. The cavity nominal predicted frequency was 106 MHz with the spacers in. If the frequency was too low, the spacers could be removed or shortened. As it turned out, the test cavity was exactly on resonance at 106 MHz with the spacers removed. The [image: ]change in the design to 106 MHz is shown in Figure 102(b) to be compared with Figure 104.[bookmark: _Ref505842085]Figure 105: Original (left) and modified (right) anode resonator. The modified setup contains a ring at the bottom to increase the resonant frequency to from 71.7 to 76 MHz. In addition, the load connection geometry is changed so the tetrode sees the optimal impedance.


[bookmark: _Ref505849063][bookmark: _Toc515625366] Cathode resonator
Editor’s note: A more detailed discussion of the cathode resonator can be found in section 13. 
A schematic of the drive circuit is shown in Figure 106. The amplifier, made by Tomco [44], has a maximum output power of 8 kW. It is meant to drive a 50 Ω load. To protect the amplifier components, forward output power is limited depending on the fraction of reflected power as shown in Figure 99 in section 13.4. However, the amplifier does not limit output unless the amount of reflected power is above the threshold for 2 seconds, for which it can withstand 100% reflected power at full output. Since we operate in pulsed mode with pulse widths substantially less than 2 seconds, this situation will never be realized.
[image: C:\Users\madrak\AppData\Local\Microsoft\Windows\INetCache\Content.Word\paxsec.png][image: C:\Users\madrak\AppData\Local\Microsoft\Windows\INetCache\Content.Word\driveschem.png][bookmark: _Ref505846426]Figure 106: The schematic of the drive configuration.

Four 50 Ω Heliax cables connect the combiner outputs to the cathode resonator, through HN connectors and banana plugs (inside the resonator).
The cathode resonator was modeled in a manner similar to that of the anode resonator, and is also discussed in Ref [43]. That is, it is essentially a shorted quarter wave resonator foreshortened by the tube input capacitance of 250 pF. Note, according to [43] this includes both the tube inter-electrode capacitance and the capacitance of the tube socket. The frequency of the new resonator, the “76 MHz cathode resonator”, was shifted up by shortening the Booster prototype fundamental resonator (see Figure 107 and Figure 91) so that its peak was near 76 MHz. As with the fundamental resonators, this frequency was chosen as the peak (as opposed to mid-range) since it is where the shunt impedance of the cavity is the lowest and thus where the most drive power would be needed.[bookmark: _Ref505846739]Figure 107: Cross section of the fundamental Booster PA. The cathode resonator is drawn in blue.

The simulation predicted that the response would be down by only 1.1 dB at 106 MHz, compared to 76 MHz. Unfortunately, this turned out to not be true. In fact, with this cathode resonator, we have measured in low power tests that the fraction of reflected power is 77% at 106 MHz; at 76 MHz only 5 –10% is reflected. The failure of the simulation to accurately predict the falloff in response and is larger than expected reflection is possibly due to a frequency dependence of tube input capacitance.
[image: C:\Users\madrak\AppData\Local\Microsoft\Windows\INetCache\Content.Word\CathResMeasSetup-Model.png]One way to improve the situation, which has been studied at low power levels and has shown promise (see section 13.3), is to attach an open stub (made from Heliax cable) to the resonator to adjust the impedance. Here, we are shaping the response curve as a function of frequency to something which is more desirable. It turned out to be sufficient to slightly modify the design of cathode resonator — this time, aiming for maximum response between 76 and 106 MHz as opposed to at 76 MHz. So the response at 76 MHz is inferior to that of the initial resonator, but is nevertheless workable at both frequencies. This “modified cathode resonator” was shorter than the 76 MHz cathode resonator by 0.18". Also, the center conductor was not tapered; the OD was constant (5.75"), and the same OD as the base (larger OD part) of the 76 MHz cathode resonator. Before building the modified cathode resonator, we constructed one out of sheet metal and measured the reflected power at low power levels. We then iterated upon this to obtain the best possible responses at both 76 and 106 MHz.[bookmark: _Ref505847417]Figure 108: Low power measurement setup for 76 MHz for measuring the cathode resonator reflected power.


[image: C:\Users\madrak\AppData\Local\Microsoft\Windows\INetCache\Content.Word\CathRes1_RefPower.png]Figure 108 shows the setup used to measure the low power response of the cathode resonators with no high voltage on the tetrode. The filaments were on. Figure 109 shows the directional coupler measurements of the percentage of reflected power for the (1st) 76 MHz cathode resonator. As we will see in the next section, this is lower by up to around 5% when the tetrode is actually on, at 76 MHz. Figure 110 shows the response of the modified cathode resonator with the same low power setup. At 76 MHz ~32% of the power is reflected; at 106 MHz, ~59% of the power is reflected.[bookmark: _Ref505847569]Figure 109: Measurement of the 76 MHz cathode resonator reflected power before modifying the resonator.

[image: C:\Users\madrak\AppData\Local\Microsoft\Windows\INetCache\Content.Word\CathRes1_RefPower.png][bookmark: _Ref505851709]Figure 110: Measurement of the 76 MHz cathode resonator reflected power.

The modified cathode resonator was the one used in the power test at 106 MHz. For high power tests at 76 MHz, the PA was initially tested using the 76 MHz cathode resonator, and was then tested a second time with the modified cathode resonator. Again, in the high power tests, the measured reflected power was less than or equal to that measured in the low level tests. (See section 14.4 below.)
[bookmark: _Ref505847692][bookmark: _Toc515625367]High power tests
The PA was first tested at 71.7 MHz in April 2016 and then at 76 MHz, with a modification to the anode resonator, in January 2017. The impedance seen by the tetrode is set by the vertical position of the 50 Ω water load, which is adjustable. We aimed for  kΩ where and  are the DC anode voltage and current. Following Carter [34], by Fourier analysis for class B [footnoteRef:5] operation, this corresponds to an impedance at the RF frequency of . [5:  Technically, the amplifier is operated as class AB, but since the conduction angle is not very much more than 180°, this estimate can be used.] 

The test was performed with 25 – 50% duty factor and 40 ms wide RF pulses. Power dissipated in both the anode and load were determined calorimetrically by measuring the flow to each and the temperature differential in the cooling water. As a cross check, power dissipated in the load was also measured using a directional coupler in line with it. Other measured quantities were DC anode voltage and current, forward and reflected drive power, and anode and cathode monitor response. Forward and reflected drive power were measured by one directional coupler on the output of the drive amplifier, and also by one of four directional couplers on the four inputs to the cathode resonator. A schematic of the test setup is shown in Figure 111.
For the main study, several data points were taken starting at an anode voltage of 12 kV and increasing it to 21 kV. At each point, the drive power was adjusted so that the screen current was 300 mA. In this case the tetrode was operating with an efficiency of  %. For another study (only at 76 MHz), the anode voltage was kept constant at 21 kV and the drive power was varied, regardless of the screen current or efficiency. This was done in the interest of measuring output power in the case where the drive power is small due to poor impedance matching to the cathode resonator.
[image: ]For the main study, several data points were taken starting at an anode voltage of 12 kV and increasing it to 21 kV. At each point, the drive power was adjusted so that the screen current was 300 mA. In this case the tetrode was operating with an efficiency of 70%. For another study (only at 76 MHz), the anode voltage was kept constant at 21 kV and the drive power was varied, regardless of the screen current or efficiency. This was done in the interest of measuring output power in the case where the drive power is small due to poor impedance matching to the cathode resonator.
[bookmark: _Ref351895039]Figure 111: Schematic of the PA test setup.


For the main study, several data points were taken starting at an anode voltage of 12 kV and increasing it to 21 kV. At each point, the drive power was adjusted so that the screen current was 300 mA. In this case the tetrode was operating with an efficiency of 70%. For another study (only at 76 MHz), the anode voltage was kept constant at 21 kV and the drive power was varied, regardless of the screen current or efficiency. This was done in the interest of measuring output power in the case where the drive power is small due to poor impedance matching to the cathode resonator.
In the 76 MHz power test with the 76 MHz cathode resonator, A maximum output power of 138 kW was obtained with an anode voltage of 21 kV and forward drive power of 3 kW. The tube efficiency was 70%. Similar results were obtained in the 71.7 MHz test.
The tetrode was next tested at 106 MHz, with the modified cathode resonator (see section 14.3). Plots are shown in Figure 112 to Figure 115. In these plots, “dir cplr” refers to the directional coupler on the output of the drive amplifier. “DC 1/4 x 4” refers to the power at one of four directional couplers on the input to the cathode resonator. The power in one of these has been multiplied by four.
The final test conducted was again at 76 MHz, but this time with the modified cathode resonator. Plots are shown in Figure 116 to Figure 119.
Given the predicted shunt impedances of 96 kΩ and 180 kΩ at 76 MHz and 106 MHz, respectively, we expect we will need 52 kW and 28 kW to produce a peak voltage of 100 kV in the cavity. Technically, for, extraction, only 30 kV is needed, in which case the PA output is only 2.5 kW. For transition, it is likely that more than one cavity will be needed. As shown in the plots referenced above, the tetrode can produce more than the required amount of power at both frequencies, using the modified cathode resonator. In addition, the drive powers (and associated fraction of power reflected) required to produce these output power levels are within the safe operating range for the drive amplifier, as shown in Figure 99.
[image: ]Additional plots and more detail can be found in Ref. [45].
[bookmark: _Ref505850699]Figure 112: Output (load) power, power dissipated in anode, and efficiency for each value of DC anode voltage from the 106 MHz test. At each point the drive power was set to produce 300 mA of screen current.

[image: ]Figure 113: Drive power used at each anode voltage setting to produce 300 mA of screen current from the 106 MHz test. The measurements using the dedicated power meter (Pmeter) are more accurate. Additional measurements of the voltage were taken on the oscilloscopes, and power was calculated. This serves mainly as a cross check.

[image: ][bookmark: _Ref351963153]Figure 114: Fraction of reflected power, measured in several ways, for each DC anode voltage from the 106 MHz test.

[image: ][bookmark: _Ref505850734]Figure 115: DC anode voltage and current for 300 mA screen current from the 106 MHz test.

[image: ][bookmark: _Ref505851406]Figure 116: Output (load) power, power dissipated in anode, and efficiency for each value of DC anode voltage from the final 76 MHz test. At each point the drive power was set to produce 300 mA of screen current.



[image: ][image: ] Figure 117: Drive power used at each anode voltage setting to produce 300 mA of screen current from the final 76 MHz test. The measurements using the dedicated power meter (Pmeter) are more accurate. Additional measurements of the voltage were taken on the oscilloscopes, and power was calculated. This serves mainly as a cross check.
Figure 118: Fraction of reflected power, measured in several ways, for each DC anode voltage from the final 76 MHz test.


[image: ][bookmark: _Ref505851419]Figure 119: DC anode voltage and current for 300 mA screen current from the final 76 MHz test.




[bookmark: _Ref305763902][bookmark: _Toc515625368]Mock cavity measurements (K. Duel, R. Madrak, G. Romanov, I. Terechkine)
In the interest of validating the simulations, a model cavity was constructed. The goal was to measure the frequencies of the fundamental and higher order modes, as well as the corresponding shunt impedances and Qs, as a function of magnetic field bias. For the simulation validation, the measurements were compared with the simulation’s prediction. Input to the simulation characterizing the AL800 had already been made based on previous material measurements. See section 3.
A drawing of the model cavity assembly is shown in Figure 120. The outer conductors are made of sheet (0.010” or 0.013” thickness) copper. The center conductor is machined from solid copper. The model cavity dimensions were based on those of the real cavity at the time the model cavity was designed (the real cavity design has continuously evolved). In the larger OD section (without garnet), the center and outer conductor size, as well as the gap distance, are the same as in the real cavity. 
The radial dimensions in the garnet section are much smaller than those in the real cavity. This is due to the fact that in order to perform measurements, an external field must be applied. The solenoid, which was available, has an inner bore of only 4”. Thus, the radial dimensions of the inner and outer conductors in the garnet section were scaled down so that they would fit inside of the solenoid. The ratio of the outer to inner diameter was kept the same as in the real cavity so the model and real cavities still have the same characteristic impedance in that section.
Measurements of frequency and Q were performed using probes located near the gap, weakly coupled to the cavity electric field. A stretched wire measurement [47, 9] was also performed. In this case, a 0.028” diameter wire was stretched across the cavity gap, through the inside of the center conductor (the “beampipe”), and through electrically insulating bushings to the exterior of the cavity, as shown in Figure 24.  More traditionally the wire would exit the cavity through the “beampipe” on the shorted end, but this was not practical in the present case because it was necessary to have the garnet as close as possible to the bottom of the solenoid. This is to reduce magnetic field non-uniformities inside the garnet, which lead to ambiguities when comparing measurement and simulation. Matching resistors were added to each end of the wire. This is to match a network analyzer’s 50 Ω output to the characteristic impedance of the transmission line formed by the wire inside of the beampipe. While performing a S21 (transmitted power) measurement from one end of the wire to the other, the shunt impedance across the gap can be viewed as a resistive element in a voltage divider with the matching resistors and the network analyzer’s 50 Ω termination. Measuring the value of S21 at the peak of the resonance and knowing the values of the resistors in the matching network allows for the calculation of the shunt impedance. For some modes, the presence of the stretched wire reduces the cavity Q and shunt impedance (though R/Q should be preserved [48]). Thus, the extracted value of the shunt impedance, Rshunt, is scaled by Qprobe/Qsw, where Qprobe and Qsw are the measured values of Q from the probe measurement and the stretched wire measurement. 
[image: C:\Users\madrak\Desktop\model_assy_fig.png]After the probe measurements and stretched wire measurements were performed with garnet, it was removed from the cavity, and the frequency and Q of the fundamental mode was measured. (Due to the nature of the construction of the cavity, it was not advisable to do this measurement first.)  This allows us to separate any losses in the garnet from losses in the copper and any imperfect joints. While the predicted value of Q was ~3600 at ~135 MHz, the measured value was only ~1900.  Not all of the joints were soldered, and after some manipulations it was seen that the Q could be temporarily increased to ~2500 by applying additional pressure or adding shielding to some joints. This indicates that there were losses due to imperfect joints between various parts of the cavity. For a more detailed discussion see [Yuri].[bookmark: _Ref314921895]Figure 120: Drawing of the Model Cavity:  1) Cavity shorted end and shorting plate, 2) Garnet center conductor, 3) Transition plate, solid copper, 4) Outer conductor, 5) Screws connecting center conductor to shorting plate, 7) G10 bushing for stretched wire, 8) Garnet outer conductor,  10) Cavity gap end, 12) Garnet, 13) G10 bushing for stretched wire. 

Figure 121 shows frequency as a function of bias for simulation and data. The data are from the measurements with the probes. (The stretched wire measurement is needed for Rshunt only). The agreement is good. 
Figure 122 shows the quality factor, for data and simulation, where again the data is from probe measurements. Though it is not rigorously correct, the simulation uses an effective copper resistivity that is larger than nominal to mimic the effect of the losses due to poor RF joints. The resistivity used was that which resulted in the maximum observed Q in the bare cavity (~2500).
[image: ]The  main purpose of the cavity was to validate the modeling of the garnet which has been achieved.[bookmark: _Ref315075047]Figure 121: Frequency as a function of solenoid bias from measurements (probe data) and simulation (labeled as “f_calc” in the plot).



[image: ]
[bookmark: _Ref315075062]Figure 122: The quality factor as a function of solenoid bias for data and simulation. The simulation uses an effective conductivity for the copper (lower than nominal) to mimic losses due to poor RF joints.

[bookmark: _Ref504546100][bookmark: _Toc515625369]Garnet characterization (J. Kuharik, R. Madrak, G. Romanov,  I. Terechkine & C.Y. Tan)
As part of the quality control process for building our cavity, we have to assure ourselves that the garnets and the garnet rings that were delivered by National Magnetics had consistent RF properties. One major reason for our caution was the reported measurements from the garnet ring test for the SSC LEB (Low Energy Booster). Their measurements showed that one ring out of five had  that was substantially different from the batch [49]. Therefore, to ensure that the RF properties of our garnet rings are uniform, we have built two test systems for this purpose. The first is a garnet witness piece test stand and the second is a garnet ring test stand.
The garnet witness piece test stand is used to measure the permeability of the witness pieces. Witness pieces are small samples from the actual rectangular blocks that are used to manufacture each sector of the garnet ring. Each garnet sector and its corresponding witness piece are paired by their identification numbers.
The garnet ring test stand is used to measure the permeability and RF losses in each fully assembled garnet ring. The garnet ring test stand consists of a specially designed cavity and a solenoid to bias the garnet. After measuring the resonant frequency and Q of the empty test cavity, the same measurements are repeated with the cavity loaded with the garnet ring as a function of solenoid bias. The resonant frequency range  of the loaded cavity is 60 MHz to 121 MHz.
[bookmark: _Ref335991441][bookmark: _Toc515625370]Garnet witness pieces measurements (J. Kuharik & I. Terechkine)
Our goals for testing the garnet witness samples are to discover whether the magnetic permeability of the samples is near the predicted value and whether all of the samples have the same permeability within our measurement uncertainties.
[bookmark: _Ref511630910][bookmark: _Toc515625371]Theory
In free space, the magnetic flux density  is related to the magnetic field strength  by the permeability of free space , i.e.
	
	
	[bookmark: _Ref510003997](48)


where  is the magnetic flux density in teslas,  is the applied magnetic field strength in amperes per meter and H/m is the permeability of free space.
In a magnetic material, such as the AL800 garnet, 
	
	
	[bookmark: _Ref510682740](49)


where   is the relative permeability of material, and  and  are the magnetic flux density and field strength within the material respectively.
The above forms the basis for extracting  once the magnetic field strength,  is known. This can be done for our setup shown in Figure 123. In this setup, a known current, , is applied to an “excitation” coil which surrounds the sample. We then measure the induced voltage in a “measurement coil”. Using Ampere’s Law, the closed path line integral shown in red in the figure is
	
	
	[bookmark: _Ref510680307](50)


[image: ]where  is the is the number of turns in the “excitation” solenoid . The integration path passes through the garnet region of length  and the high permeability yoke region. Therefore, the above integral can be written as [bookmark: _Ref509998394]Figure 123: A cross-sectional view of our flux return box, solenoid and witness sample. The red rectangle is the closed loop integration path for applying Ampere’s Law. The tightly fitted pole pieces at the end of the solenoid ensures that no field leaks into air gaps between the solenoid and the yoke.

	
	
	(51)


If we assume that  (for example, the yoke material used in our setup is MN-60 which has a relative permeability of 6000), then
	
	
	[bookmark: _Ref510008823](52)


Now, we have to determine . We can do this by using both Faraday’s Law and Lenz’s Law, i.e.
	
	
	[bookmark: _Ref510003422](53)


where  is the magnetic flux and  is the induced voltage. In our setup, the relationship between  and  is
	
	
	(54)


because  is parallel to the “measurement” solenoid coil which has  turns and cross-sectional area . When we substitute the above into Eq. (53), we have
	
	
	[bookmark: _Ref510681772](55)


because  is a constant.  is found by integrating the above
	
	
	(56)


Finally, we can substitute the above into Eq. (52) to get
	
	
	[bookmark: _Ref512259407](57)


which, in principle, is the equation that is used to determine the relative permeability of the garnet. This equation will have to be modified to include the correction for the air gap between the garnet and the coils. This correction will be discussed in section 16.1.4.
[bookmark: _Toc515625372]The witness pieces and measurement setup
Each garnet ring is made up of eight sectors glued together with a 3 mm thick alumina ring base. See Figure 50 and Figure 51. Witness samples have been paired with each sector piece and individually numbered by the manufacturer.  The samples are 17.8 mm in diameter and 16 mm long.  Figure 124 shows an example of a witness sample. The samples are tested in an apparatus designed to provide a uniform magnetic field within the sample throughout the tested range of bias current between 0 to 19.1 A.
[image: ]Figure 125 shows the garnet witness sample test stand at different stages of assembly. The witness sample sits in a box made of MN-60 ferrite as a flux return. MN-60 has a high permeability of 6000. The high permeability of the box ensures that the H-fields are concentrated in the sample. Fig. ?? shows the distribution of B-fields. Figure 125 shows how the witness piece and ferrite box are assembled.[bookmark: _Ref509902324]Figure 124: An example of an witness sample. The sample is a cylinder with a circular cross section that is 16 mm long, and 17.8 mm in diameter.

An excitation coil and a measurement coil were wound to fit inside the measurement box with the excitation coil surrounding the measurement coil, which fits as closely around the sample as possible.  The excitation coil is wound with 183 turns of #14 (0.62 mm) insulated copper wire, and the measurement coil with 80 turns of #34 (0.16 mm) insulated copper wire. The measurement coil has been wound to match closely the diameter of the samples while still allowing the samples to be easily placed inside. Both windings were done on a device with a turn counter to ensure an accurate turn count, as shown in Figure 126(b).
The coils were wound around spools printed with an Ultimaker 2 Extended+ 3D printer. The printed spools measured 20.3 mm in diameter for the excitation coil and 17.8 mm in diameter for the measurement coil. The excitation coil was wound around the larger spool (Fig…) and a layer of Kapton® tape (0.12 mm thick), which functioned as a spacer. After each layer of wire, quick cure epoxy was added to keep the wire bound together.  Prior to the winding, the surface of the spool and end washers were coated in petroleum jelly to prevent the epoxy from adhering to the spool pieces. When the winding was completed, and the epoxy cured, the Kapton® tape was removed from the inner radius.  The measurement coil was prepared using the same method as the excitation coil, but with an additional layer of Kapton® tape which was not removed.  It was found that when the coil was wound using only one layer of tape, the finished coil was too small to easily fit around the witness samples.  The extra space created a small air gap that had to be accounted for in the calculations.  

[image: ] In order to ensure repeatability of the measurements, non-magnetic supports were used to ensure that the position of the excitation coil relative to the samples was centered and repeatable.  Furthermore, the coils, flux pieces, and measurement samples have been marked to ensure repeatability during assembly and alignment of the apparatus. The apparatus is held together with clamps made from PVC and acrylic to minimize movement and to improve contact between the ferrite flux return. The clamps had to be tightened carefully for each measurement.  If the clamps were too loose, vibration during the measurement pulse can affect the measurement and damage the sample.  If the vertical clamp was too tight, the downward compression would damage the samples.[bookmark: _Ref509903066]Figure 125: The garnet witness sample test stand at different stages of assembly. (a) The sample sitting in the partially assembled ferrite box. (b) The top cover is on. (c) The test stand fully assembled.

[image: ]   [bookmark: _Ref509905369]Figure 126: (a) is an example of a 3D printed spool piece and (b) is the winding device with its integrated counter.

[bookmark: _Toc515625373]Circuit and measurement technique
[image: ]The sample measurement circuit is shown in Figure 127. The bias AC field is generated by an Agilent 33250A signal generator and amplified by the Behringer iNuke 6000 amplifier, which can generate currents up to ~20 A in the excitation coil. This current is measured using a precisely known shunt resistance (R = 3.92 Ω). A 1000 µF blocking capacitor prevents the DC component of the current from biasing the magnetic circuit. It has been found that this DC bias, if not removed, can result in substantial distortion of the measurement results.[bookmark: _Ref509817508]Figure 127: The sample measurement circuit. The probes connections discussed in the text are shown here.


The excitation current and the voltage generated in the measurement coil are recorded using a Tektronix TDS5054B-NV digital oscilloscope. Before each measurement, the sample was demagnetized using a decaying 180 Hz sine wave with the initial amplitude of the current 25% greater than the maximum current used in the previous measurement cycle. Figure 128 shows a typical measurement and demagnetization cycle. After each cycle, the apparatus is taken apart and the sample inverted for the next measurement to check whether there is any remnant magnetization or other systematic errors.
[image: ] The excitation current during the measurement is a 180 Hz sine wave with a peak current of 19.1 A. The measurement is taken during the first quarter of the sine wave from zero amps to peak current.  During the measurements, the voltage to ground is measured at either side of the shunt resistor (probes 1 and 2 in Figure 127) and across the measurement coil (probe 3).  The difference between the voltages on probes 1 and 2 is used to calculate the current and magnetic field in the sample (as the magnetic properties of the flux return in the sample holder are known). It is necessary to do a differential measurement as neither side of the amplifier is grounded. The measured voltage across the measurement coil allows the calculation of the magnetic flux through the sample by numerical integration. Two additional corrections have been made to achieve acceptable reproducibility and accuracy of the magnetization curve measurement. First, the internal DC offset of the scope must be taken into consideration because this offset introduces noticeable systematic error in the results of numerical integration. Second, a very small (~0.20 mm) air gap between the witness sample and the measurement coil must be taken into accounted in the calculations.  This air gap contains additional magnetic flux that contributes to the measured voltage and must be excluded when the magnetic flux in the sample is calculated.[bookmark: _Ref509818549]Figure 128: This is a typical measurement and demagnetization cycle. The demagnetization current is a decaying sine wave that starts with a current that is 25% higher than the measurement current.

[bookmark: _Ref511308881][bookmark: _Toc515625374]Analysis
Each measurement results in two sets of data.  The first is the difference between the voltage on the probes on either side of the shunt resistor, , and the second is the voltage across the measurement coil, . Both data sets have a small DC offset that must be subtracted. The correction is made by taking the average of the pre-pulse offset and subtracting it from the entire set.  
The magnetic field strength is calculated from Eq. (50) above, which becomes
	
	
	(58)


where  is the number of turns in the excitation coil,  m is the length of the coil, and  Ω is the shunt resistance.
In the calculation of , we start with Eq. (55) above
	
	
	(59)


where  is the number of turns in the measurement coil and  mm2 is the area of the coil.  The diameter of the measurement coil is larger than the diameter of the witness samples which creates an air gap between them.  We account for the air gap by separating the air gap terms and garnet terms, i.e.
	
	
	(60)


Integrating both sides we have
	
	
	(61)


In the air gap,
	
	
	(62)


The equation, then, becomes
	
	
	(63)


The integration of  is done numerically using a mid-point Riemann sum,
	
	
	(64)


where the integration time has been divided into  equal  intervals, and .
With the above expression for  and having previously calculated , the relative permeability of the garnet is then found using Eq. (49), i.e.
	
	

	(65)



[bookmark: _Ref512411357][bookmark: _Toc515625375]Results
The results of the measurement of 83 witness samples is shown in Figure 129 and Figure 130. Figure 131 shows an example of the reproducibility of the measurements using sample #162. This plot clearly shows that the deviation from the mean at low field ( G) is due to the difficulty in getting a consistent result. Also, these results show that at high bias field, over 800 G, the permeability of the set of witness samples is acceptably uniform.  A fit of the data to the theoretical model with an added offset, 
	
	
	(66)


gives ) G and . This result can be compared with the vendor data shown in Table 10 which has a mean ) G. Our fitted value of  is about 4% smaller than the vendor’s value.
[image: ]Although the fit shows that the measured  is smaller than the vendor’s data., the more important consideration is the consistency of the permeability between batches. This consistency gives confidence that the sectors of the fully assembled garnet rings will not have significant variations between them.  This is important to avoid hotspots and possible damage to the rings during operation of the cavity. [bookmark: _Ref509819071]Figure 129: The average permeability as a function of the bias magnetic field for the entire sample set of 83 witness pieces.

The low field results, when the bias field is less than 500 G,  of these measurements have too much variation to be significant.  This is due to the low signal to noise ratio of the measurements in this region that allows small variations to have substantial effects on the calculations (and also the behavior of permeability below saturation which in theory, has a pole at exactly when ).  One source of the noise at low field is an 88 kHz signal that originates from the iNuke amplifier. This noise signal has little impact on the measurements in our primary region of interest which is above 800 G.
One effort to reduce the overall variability in the measurements was to flatten and polish smooth the pole pieces of the flux return box.  The manufacturing process of the pole pieces left small ridges on the surface which causes imperfect contact with the witness samples.  Unfortunately, after the edges were ground flat, it allowed the witness samples and pole pieces to move out of position during the assembly between measurements.  The improper positioning of the samples negated any potential benefit of the flatter surface.
In summary, the parameters used in the analysis are:
1. Length of the excitation coil  mm. Note: the length of the coil has to be used here because  in Eq. (57) is the number of turns per unit length of the excitation coil.
2. Number of turns in excitation coil .
3. Number of turns in measurement coil .
4. Cross sectional area of the coil  mm2.
5. Cross sectional area of sample  249 mm2.

[bookmark: _Ref512410329][image: ]Table 10: The vendor supplied data for the witness samples. Each witness sample is mapped to each sector of the garnet ring.[bookmark: _Ref511630682]Figure 130: The fractional deviation of each sample from the mean of all the samples .

	Lot #
	Segment #
	’
	
	 (G)
	Line width (Oe)

	66747
	1 to 17
	13.76
	0.0001
	765
	28.6

	66962
	18 to 43
	13.78
	0.0001
	780
	29.0

	67232
	44 to 67
	13.93
	0.0001
	776
	21.3

	67366
	68 to 72
	13.81
	0.0001
	778
	19.98


[image: ][bookmark: _Ref512407780]Figure 131: The fractional deviation of sample #162 from the mean of all samples.

[bookmark: _Ref335991457][bookmark: _Ref513622057][bookmark: _Toc515625376]Garnet ring measurements(J. Kuharik, R. Madrak, A. Makarov, G. Romanov, I. Terechkine, C.Y. Tan)
[image: ]A garnet ring test stand has been built to measure the RF properties of each garnet ring. The test stand consists of a cavity and a bias solenoid, plus power supply, multimeter and network analyzer. A photograph of the test stand is shown in Figure 132. The cavity is a quarter wave resonator with large gap capacitance. The unloaded cavity resonant frequency is ~138 MHz. The bias solenoid consists of 224 turns of 10-gauge square copper wire and a flux return made of 1010 low carbon steel. A drawing of the test cavity and its photographs are shown in Figure 134. [bookmark: _Ref513620769]Figure 132: The garnet ring test stand. The block diagram of the setup is shown in Figure 133.

[image: ][image: ][bookmark: _Ref513620910]Figure 133: The block diagram of the garnet ring test stand.
[bookmark: _Ref509819737]Figure 134: (a) The cavity with its lid open showing the garnet ring and bias solenoid. (b) The cavity closed with the solenoid flux return installed. (c) A cross sectional view of the cavity and the bias solenoid with the garnet ring.

[bookmark: _Toc515625377]Setup
Figure 133 shows the block diagram of the setup for our measurements. RF is supplied to the cavity via an Agilent Technologies E5061B Network Analyzer and an ENI 601L 1.2 Watts linear RF amplifier.  The biasing solenoid is powered with a Sorensen DCS60-20E power supply.  The current is monitored with a FLUKE 26III True RMS Multimeter measuring voltage across a 0.01Ω resistor.
[bookmark: _Ref513622071][bookmark: _Toc515625378]Initial testing and modifications
The Q and resonant frequency of the unloaded and loaded cavity was measured with the setup described above.  Initial testing showed both the loaded and unloaded Q to be lower than expected indicating a problem with the contact between the cavity and cavity lid. The initial measured Q of the loaded cavity was measured between 1750 and 1850. The expected value of Q from simulation was 2400.  
The addition of copper gaskets between the lid and both the inner and outer conductor showed improvement in Q, but the results were greatly dependent on the quality of the gaskets and the gaskets were not reusable after a measurement.
[image: ]It was necessary to find a method that would improve the electrical contact between the lid and the cavity that was reusable for multiple measurements.  A pair of grooves was machined into the lid that allowed for the addition of Spira [50] shield gaskets to improve the electrical contact.  The addition of the Spira shield gasket improved the measured Q by 20%, but it is still 10% less than the simulated results at high bias. The comparison is shown in Figure 135.  Figure 136 shows the cavity lid with the Spira shield gaskets added. [bookmark: _Ref514676347]Figure 135: This is a comparison of the Q for the loaded cavity found from simulation and measurement.


[image: ][bookmark: _Ref513621589]Figure 136: The Spira spring fingers are sued to improve the RF seal between the lid (shown here) and the cavity.


[bookmark: _Toc515625379]Results
We have 5 garnet rings shown in Figure 50. The Q and resonant frequency as a function of bias current (4 – 20 A) has been measured for the 5 garnet rings. Figure 137 shows the Q of each of the 5 rings. Figure 138 shows the averaged Q and difference from the mean for each ring. These measurements show that the RF properties are consistent and there are no outliers. Variability in the low bias region is a result of measurement uncertainty.  Although the Q is lower than simulation results, the frequency data matches closely to CST Microwave Studio modeling, as shown in Figure 139.  
Editor’s note: The difference between the measured Q and the simulated Q of the loaded cavity shown here presented a major problem: we assumed that  is constant based on measurements discussed in section 3.2. However, there is an indication that  is not constant at low field from Figure 15. Using a constant  in the simulations could not match the loaded cavity measurements. The CST MWS simulations [51] showed that for ,  can be treated as a constant with value 0.0036. However, without the actual 2nd harmonic cavity it is difficult to know whether the modeling of the RF losses is close to reality. This was the compelling reason to monitor the temperature of the garnet with IR sensors during high power tests. See 20.1.1.


[image: ][bookmark: _Ref512600566]Figure 137: The Q of the 5 garnet rings as a function of the bias current.

[image: ]
[bookmark: _Ref514677056]Figure 138: The averaged Q of the 5 rings and the difference from the averaged Q for each ring.

We did not measure the RF properties of the 2 shim rings (shown in Figure 51) because, due to an oversight, the depth of the cavity is too shallow to hold the shim rings. For the 2 shim rings, the tests of the witness pieces show that they are within the normal spread of permeability.
[image: ][bookmark: _Ref514677324]Figure 139: This figure shows that the measured and simulated frequency matches for the garnet loaded cavity.






[bookmark: _Ref305745460][bookmark: _Toc515625380]Mechanical design (K. Duel & M. Slabaugh)
[image: ]We will highlight the important considerations and problems that we have found during the manufacture and the assembly of the cavity. The drawing numbers are shown in section 17.11.Sections 17.3 & 17.4 
Section 17.6
Section 17.8 
Section 17.5
Section 17.7
Section 17.1
Section 17.2
[bookmark: _Ref509303524]Figure 140: The 3D model of the cavity sitting on its stands. The parts of the assembly that are discussed in this section are indicated in this figure.


[bookmark: _Ref508366981][bookmark: _Toc515625381]Garnet sectors and alumina 
The garnet sectors are made from rectangular pieces of garnet that are cut into polygons and then glued together with the alumina ring using the procedure discussed below. It is necessary to do it this way because National Magnetics can only make garnet pieces that have the maximum size shown in Figure 141. The polygonal garnet pieces are glued together and then the excess removed by turning to form the final ring.
The alumina ring is made from 99.5% pure alumina (Al2O3, Coorstek material id: AD995 [52]).
[image: ][bookmark: _Ref508365564]Figure 141: Each sector of the garnet ring first starts out as a rectangular piece of garnet shown in (a) and then cut into a polygon. The polygons are then glued together onto the alumina substrate and then turned to produce the final ring.

[bookmark: _Ref504548575][bookmark: _Toc515625382]Procedure for gluing garnet sectors and alumina 
This was the procedure given to the vendor (National Magnetics) on 12 Sep 2016 for gluing the garnet sectors together and also to the alumina.
Materials
1. STYCAST 2850 FT [21]
2. Catalyst 9
Equipment
1. Vacuum Chamber
2. Vacuum pump capable of achieving less than 10 Torr (29 inHg) of vacuum
3. Vacuum gauge
4. Clamps or weights to apply even pressure
5. Scale
Procedure steps
1. Measure the correct ratio of epoxy to catalyst by weight per the technical data sheet specification. Put contents into a container and mix thoroughly. 
2. Put container of mixture in vacuum chamber and pump down until vacuum level is greater than 28 inch-Hg and is maintained for 3 minutes.
3. Let up vacuum chamber and inspect surface of epoxy. If slight ripples or evidence of bubbles surfacing are visible, then put under vacuum again to the same vacuum level and time. If surface appears smooth, then proceed to next step. We repeated step 2 once. Alternatively if a clear vacuum chamber is available, then the mixture can be put under vacuum and observed until the bubbling has ceased.
4. Apply thin layer of epoxy to cover entire mating surface of both pieces.
5. Bring pieces together and apply pressure so that interface is only around 5 mils or less thick. We used a 6 kg weight during our test on 3” square pieces of glass, so ~1.5 psi.
6. Allow epoxy to cure according to the technical data sheet specification.
7. Add the next pie piece and perform procedure again unless there exists the capability to glue all pieces at once with sufficient pressure to reduce interfaces to less than 5 mils thickness.
Note: Use the same procedure for gluing the alumina to the garnet.

[bookmark: _Ref336071065][bookmark: _Toc515625383][image: ]Tuner neck assembly[bookmark: _Ref505758766]Figure 142: The manufactured tuner shell has thickness that do not meet specifications. The specified thickness is  inches.

The tuner neck shell made from stainless steel and spun into the required shape shown in Figure 142. However, the result did not meet the drawing specifications of ”. A quick back of the envelope calculation showed that the Eddy power losses on the 0.14” thickness area would increase by 33%. However, from the MWS simulations shown in Figure 67, this is the coolest part of the tuner neck and so should not pose any heating problems. The frequency shift from the change in volume of the transmission line should be minimal as well.
Furthermore, the tuner neck shell did not meet the length specification as well. It is 90 mils too long. From our inspection of the shell, we suspect that the shell was made from two separate spinnings because the quadrants do not match. In hindsight, instead of making this part from spinning, we would have either milled it from a solid pieces of steel or cast it and then finished it by milling. Figure 143 [image: ]shows two views of the shell.[bookmark: _Ref508366680]Figure 143: Two views of the tuner shell before copper plating. Close examination of the quadrants show that they had to be made from two separate spinnings.

[image: ]Water cooling pipes are hand soldered onto each quarter of the shell. Figure 144 shows two views of the ¼” water cooling pipes after the soldering process.[bookmark: _Ref510684026]Figure 144: The ¼” cooling pipes are hand soldered onto the shell.


Although not shown here, two holes will be drilled into the shell after copper plating for the IR sensor that will be discussed in section 20.1.
[bookmark: _Ref509316933][bookmark: _Toc515625384]Tuner inner shell assembly
The inner shell assembly is shown in Figure 145(a) with only half the required water cooling pipes soldered on it. We noticed that after completing the soldering of the pipes to the inner surface, there was some unevenness on the outer surface. We had anticipated this soldering effect and had left enough material so that this unevenness can be removed with a lathe. After correcting the unevenness, Figure 145(b) shows the required flange that was welded on.
A mask will be painted on the inner surface so that only the outer surface will be copper plated. 
[image: ][bookmark: _Ref509314381]Figure 145: The inner shell of the tuner. (a) Half the required water pipes have been soldered to its inner surface. (b) All the water pipes have been soldered, outer surface machined and the required flange welded on.

[bookmark: _Ref511208327][bookmark: _Toc515625385]Tuner outer shell assembly
The outer shell assembly before the water pipes were soldered on is shown in Figure 146. The welding process caused some bowing. It is essential that there is good contact between the shell and the garnet tuner stack and so this bow must be machined out. The bow has been corrected by EDM cutting the affected area after the water pipes have been soldered onto it. This sequence is used because soldering causes further unevenness to the shell. Once the machining is complete, the side that has the water pipes will be masked before copper plating. Figure 147 shows the water pipes soldered to the outer shell assembly and Figure 148 shows the outer shell assembly after successfully removing the bow by EDM’ing.
[image: ][bookmark: _Ref509315449]Figure 146: The tuner outer shell assembly exhibited a 20 to 30 mils bow after welding. This bow has to be removed because good contact between the shell and the garnet tuner stack is essential for heat removal.

[image: ][bookmark: _Ref511048531]Figure 147: (a) The water pipes are clamped to the outer shell before soldering. (b) All the water pipes soldered to the outer shell.

[image: ][bookmark: _Ref512848994]Figure 148: (a) The bow is gone after the surface was cut with an EDM. (b) The outer shell copper before plating.


[bookmark: _Ref509236029][bookmark: _Toc515625386][image: ]Power module assembly[bookmark: _Ref509302684]Figure 149: Parts of the power module without the RF window are shown here:  (a) PA shell upper assembly, (b) PA shell and (c) PA cone.

The parts of the power module assembly without the RF window is shown in Figure 149. Although shown in the final drawing, the upper PA shell assembly has not been plated with 0.5 mils of tin because of an oversight. The tin is used for anti-corrosion purposes and has no effect on its RF performance.
[bookmark: _Ref509316987][bookmark: _Toc515625387]Coupling ring
[image: ]The coupling ring was TIG welded to the coupling stem shown in Figure 150. Although, the welding process left some pits which should not cause sparking problems, the joint was further polished to successfully remove most of the pitting. The coupling ring was also tested for virtual leaks before installation and none was found. In version 2 of this cavity, we will use a braze joint instead. [bookmark: _Ref509316796]Figure 150: (a) The coupling ring welded to its stem. (b) There are pits left by the welding process. (c) Most of the pitting removed after polishing.

[bookmark: _Ref508367903][bookmark: _Toc515625388]HOM damper
[image: ]Figure 151 shows the HOM damper after copper plating. The un-plated parts labelled in the figure form the inner surfaces of the HOM cavity. The high resistivity of stainless steel will help damp the HOM modes.[bookmark: _Ref508367687]Figure 151: The HOM cavity. Only the necessary surfaces are copper plated. The rest are left bare to help damp the HOM modes.



[bookmark: _Ref509302961][bookmark: _Toc515625389]Accelerating cavity assembly
[image: ]The assembly of the accelerating cavity are shown in the figures below. During welding, Ar? and He gases flowed across the weld surfaces to prevent oxidation. Even with these precautions, the surface is contaminated, probably with carbon, which has to be carefully polished away.[bookmark: _Ref509303387]Figure 152: The accelerating cavity without the RF window.

[image: ]Figure 153:  (a)The PA neck shell sitting on the accelerating cavity with a heat sink fixture before welding. (b) There is a 1/8” gap between the neck shell and the accelerating cavity which will be filled in during the weld.

[image: ]The cooling used for welding the neck shell to the accelerating cavity is shown in Figure 154(a). This is to prevent the neck from deforming. The successful weld is shown in in Figure 154(b).[bookmark: _Ref513720109]Figure 154: (a) The neck shell is cooled both by convection via the aluminum heatsink and by conduction with ice water flowing in the cooling pipes wrapped around the neck. (b) The completed weld.

[image: ]After the neck has been welded to the accelerating body, the feet and the probe ports are welded next. The assembly after this step is shown in Figure 155. This assembly has been leak checked to  Torr. The next step is for the flat window to be welded to it. [bookmark: _Ref513720920]Figure 155: The feet and probe ports are welded to the accelerating cavity.

[image: ]The flat window has been oriented to the correct direction with the coupler ring attached by the use of a fixture shown in Figure 156(a). Cooling was applied to prevent the window from cracking or melting of the braze joint during the weld. During the weld, a shield made from copper foil was used to protect the window surface from carbon specks. See Figure 156(b). The completed welds are shown in Figure 156(c) and (d). This subassembly has been leak checked to  mbar-L/s.[bookmark: _Ref514678977]Figure 156: (a) The fixture used to center and orientate the flat window so that when the coupler ring is attached, it faces the correct direction. (b) A shield made from copper foil is used to protect the window surface from carbon specks during welding. (c) The completed weld on the vacuum side and (d) the air side.

Following the successful weld of the flat window, the next item to be welded is the PA shell that is shown in Figure 149(b). Again, ice water was used to cool the area near the ceramic window. Figure 157 shows the PA shell welded onto the cavity body.
[image: ][bookmark: _Ref515623467][bookmark: _Ref515623547]Figure 157: The PA shell welded onto the cavity body. (a) The external view. (b) The view of the weld joint.

[bookmark: _Ref509317042][bookmark: _Toc515625390]Tuner stack assembly
Hello world.




[bookmark: _Ref509305533][bookmark: _Toc515625391]Cavity stand
Hello world


[bookmark: _Ref509304773][bookmark: _Toc515625392]Drawing numbers

	Assembly name
	Drawing numbers

	Cavity parts
	F1007285, F10078211, F10078327, F10084457

	Cavity support plates
	F10085366, F10085380, F10085403

	Coupling capacitor stem
	F10049215

	Inner shell and beam pipe assembly
	F10045157, F10071896, F10071900, F10071903, F10071904, F10072881, F10073008, F10086213

	PA base (power module base)
	F10049183, F10049230, F10074277, F10078196, F10084373, F10084526, F10084563

	PA base assembly (power module base assembly)
	F10049209, F10058169

	PA outer shell upper assembly (power module outer shell upper assembly)
	F10074295, F10074300, F10074301, F10074311, 
F10084234, F10084238

	Support stand
	F10078399, F10083770, F10083772, F10086275, F10086868

	Tuner outer conductor parts
	F10045210, F10057399, F10058135, F10073336, F10078528, F10085151, F10086381

	Y567 tube parts
	F10056022, F10072884, F10073542, F10075073, F10075318, F10076332, F10076874, F1007746









[bookmark: _Ref510078704][bookmark: _Ref509918641][bookmark: _Toc515625393]Solenoid construction (A. Makarov)
[image: ]This type of laminated solenoid has never been built at Fermilab. The construction of the solenoid is extremely labor intensive because of the large number of laminations that need to be stacked to form the end plates (about 3000 laminations) and the core blocks (about 4500 laminations). Figure 158 shows the assembly drawing of the solenoid.[bookmark: _Ref513121143]Figure 158: The solenoid assembly drawing (F10076464). The core and the end plates are made by stacking thin sheets of steel laminations.

The travelers for the assembly process can be found in Ref. [53]. The following sections highlight some of the procedures.

[bookmark: _Ref513117742][bookmark: _Toc515625394]End plate assembly
[image: ][image: ]An example of the process for making the end plate is shown in Figure 160. There are 4 different lamination shapes that have to be stacked in order. The different types of laser cut laminations are shown in Figure 159. The laminations are made from C3 coated, M15  silicon steel sheets that are 0.014” thick. Each lamination is individually epoxied and then stacked in order in a stacking fixture. For the end plate (180°) (see Figure 158), it is made up of two 180° halves. For the end plate (360°), it is one circular piece. After the epoxy has cured, the curing fixture is removed and the end plate is revealed. More photographs of the construction process can be found in Ref. [54].[bookmark: _Ref510079365]Figure 159: The 4 different types of laminations that have to be stacked in order.

[bookmark: _Ref510082590]Figure 160: The construction of the end plate of the solenoid. (a) Each individual lamination is epoxied. (b) The laminations are stacked in order. (c) Epoxy is brushed on before applying a layer of fiber glass tape to the edge. (d) Example of 180° of the end plate is clamped in a curing fixture. (e) The 360° end plate in the fixture. (f) The end plate (360°).

[bookmark: _Toc515625395]Core assembly
There are sixty core blocks that have to be made. Each core block is made from more than 66 laminations. The laminations are made from C3 coated, M15  silicon steel sheets that are 0.014” thick. Each lamination is individually stacked in a potting fixture which makes one core block. 
[image: ]Thirty of the above described core blocks are then installed into a stacking fixture where the laminations are compressed. The laminations are bonded by baking the fusion coating that is on adjacent laminations. The second set of thirty core blocks are made with the same procedure so that sixty core blocks are produced. Figure 161 shows thirty core blocks installed in the stacking fixture. [bookmark: _Ref513108906]Figure 161: Thirty core blocks are installed in the stacking fixture so that the laminations can be compressed and baked.


[bookmark: _Ref515353646][bookmark: _Toc515625396]Solenoid coil assembly
The solenoid coil assembly is made of 3 sets of coils. Electrically there are only 2 coils in the solenoid which can be powered independently. The main coil consists of two pancake type sections wound in 4 layers. These sections are connected in series with a jumper brazed to the leads to give 48 turns. An outer 5th layer coil has 12-turns. The total number of turns is 60.
[image: ]Since there are 3 coils, there are 3 independent water cooling passages in the solenoid (two for the main coil, and one for the second coil). The assembly drawing is shown in Figure 162. All the coils are made from 0.46” square, 0.25” ID copper conductor. To prevent shorts between the conductors, fiberglass tape is applied as electrical insulation. The coils are then installed into a potting fixture and vacuum impregnated with epoxy. Figure 163 shows a few of the steps in the procedure for making the solenoid coil assembly.[bookmark: _Ref513110884]Figure 162: The assembly drawing of the solenoid coils (F10072227).

[image: ][bookmark: _Ref513120031]Figure 163: (a) The copper conductor being wound on the winding table. (b) All three coils in the in the potting fixture ready for vacuum impregnation of epoxy. (c) The completed coil assembly glued to the 360° end plate.

[bookmark: _Ref513189297][bookmark: _Toc515625397]Final assembly
In the final assembly, the coils are glued to the 360° endplate with room cure Cab-O-Sil filled epoxy. See Figure 163(c). The coil-end plate and coil alignment was achieved with a simple tooling shown in Figure 164(a) and (b). Then the core blocks are installed around the coils by gluing them with room temperature cure Cab-O-Sil filled epoxy. See Figure 164(c). 
[image: ]The completed solenoid painted in blue and sitting on its slide is shown in Figure 165. The final weight of the solenoid is 750 lbs. The solenoid was delivered from Technical Division to Accelerator Division on 31 May 2018. [bookmark: _Ref513188720]Figure 164: (a) and (b) show the simple tooling used to align the end plate and the coils. (c) Core blocks partially glued to the coils.

[bookmark: _GoBack]The as-found inductances of the coils at “zero” current and resistance are shown in Table 11. The series inductance of coils 1&2&3 is smaller than those shown in Figure 72 because the garnet tuner is not in the solenoid. Note that the measured inductances of the coils connected in series are not the [image: ]sum of the inductance of the individual coils. We do not offer an explanation why this is so at this time.[bookmark: _Ref515432854]Figure 165: The completed solenoid on its slide. (a) The end of the solenoid closest to the cavity gap. (b) The end of the solenoid without its plates which allow the cavity to slide in and out. (c) The 180° end plates are in the foreground. (d) The leads of each coil is labeled here. Notice that (i) the direction of the arrows indicate the direction of the current flow and (ii) that coil 1 out is already electrically connected to coil 2 in.

[bookmark: _Ref515603689]Table 11: Inductance and resistance of the solenoid coils at "zero" current. Values in [.] were measured at Technical Division.
	Coil[footnoteRef:6] [6:  Inductances were measured by R. Madrak and C.Y. Tan with a HP4263A LCR meter after delivery.] 

	Inductance @0.1 kHz (mH)
		Inductance @ 1kHz (mH)
	Inductance @10 kHz (mH)
	Resistance (m)

	1
	0.55 [0.5241]
	0.459 [0.5005]
	0.455
	[5.7]

	2
	[0.5549]
	0.497 [0.46213]
	0.509
	[5.56]

	3
	0.176 [0.1771]
	0.134 [0.13622]
	0.129
	[3.2]

	1&2 in series
	2.06
	2.05
	1.87
	

	1&2&3 in series
	
	2.97
	3.08
	


[bookmark: _Toc515625398]Drawing numbers

	Assembly name
	Drawing numbers

	Bias solenoid and core assembly
	F10076464

	Core block, bias magnet
	F10076827

	Lamination, core block, bias magnet
	F10076825

	Potting assembly, core blocks, bias magnet
	F10087617

	End plate assembly, bias magnet
	F10078436

	End plate assembly, split, bias magnet
	F10076943

	Potting fixture, end plate assembly, bias magnet
	F10078214

	End plate lamination assembly, bias magnet
	F10071718

	Laminations, end plate
	F10071658, F10071717, F10071751, F10071752

	Bias solenoid
	F10072227

	Potting tooling, bias coil
	F10081880

	Coil section, assembly 1
	F10072044

	Coil section, assembly 2
	F10072045

	Coil section, assembly 3
	F10076629




[bookmark: _Toc515625399]Low power tests (R. Madrak & C.Y. Tan)
Hello world


[bookmark: _Ref509918650][bookmark: _Toc515625400]High power tests (J. Reid & R. Madrak)
Hello world.


[bookmark: _Ref508271612][bookmark: _Toc515625401]IR sensor interlock (C.Y. Tan & R. Madrak)
As part of the safety system during the high power tests, we have installed an IR sensor between the solenoid and the tuner. See Figure 166. The IR sensor will monitor the temperature at the front of the tuner stack. The reasons for monitoring the temperature at this location are twofold:
1. Our computer simulations have shown that the highest temperatures are found on this surface. See Figure 54, Figure 55 and Figure 67.
2. There is still some uncertainty in the behavior of the loss coefficient  at low field despite our best efforts in measuring it.  Figure 15 shows the reason for our caution: the rapid rise of  at low field makes it very difficult to measure accurately. 
[image: ]Thus, the IR sensor will allow us to trip off the PA during high power testing and prevent damage to the garnet. Note: we do not expect the IR sensor to survive in the tunnel during operations because of damage from radiation and the effects from Eddy currents. This sensor will only be used during high power testing.
[bookmark: _Ref508267756]Figure 166: The IR sensor is mounted between the tuner and the solenoid. It peers at the front face of the tuner through a hole drilled through the tuner shell. The 10 nF chip capacitor (0602 surface mount capacitor) on the printed circuit board (bottom right photo) is magnetic and has been replaced.

The IR sensor is made by Melexis, model MLX90632 FIR sensor [55]. Note that the 10 nF capacitor (0602 surface mount chip capacitor) that was on the printed circuit board sent to us by Melexis is magnetic. We replaced it with a non-magnetic chip capacitor.
[bookmark: _Ref514829489][bookmark: _Toc515625402]IR sensor test
[image: ]We used a hotplate to heat a spare garnet sample (AL400) for the IR sensor test. We used PTC temperature sensors (Model 311C and 309FCOMP [56, 57] ) that have large surface areas for the comparison measurements. Since the PTC sensors require 2 minutes to equilibrate, we did not generate a plot of the IR sensor temperature versus PTC sensor temperature. Instead, we had the hot plate heat the garnet sample to about 100°C to check whether the IR sensor gave the same temperature. Since the IR sensor averages over an area that subtends  it would not see small, single point hotspots. Our calculations had shown that when there is a strip that subtends an angle of  at 200°C, with the rest of the area at 100°C, the average temperature measured by the IR sensor is 120°C. This calculation took into account the response of the IR sensor.  Note: the Curie point of the AL800 garnet is 200°C. Figure 167 shows the measurement setup.[bookmark: _Ref508270040]Figure 167: The IR test setup.


From the above setup, when both the PTC temperature sensors read 100°C, the IR sensor read 90°C. This means that we will have to correct for this discrepancy in our safety system.

[bookmark: _Ref509919180][bookmark: _Toc515625403]High level RF (R. Padilla, R. Madrak, R. Scala, B. Schupbach)
Hello world



[bookmark: _Ref507659368][bookmark: _Toc515625404]Installing the cavity


[bookmark: _Ref507659370][bookmark: _Toc515625405]Operating the cavity
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[bookmark: _Ref507659373][bookmark: _Toc515625407][image: ]PeoplePhoto 1: The principal designers of the cavity: I. Terechkine (left) and G. Romanov (right).
Photo 2: From left to right: D. Plant, R. Madrak and R. Padilla.

[image: ]
[image: ]Photo 3: K. Duel.
Photo 4: National Magnetics Group: From left to right: A. Samanta, G. Das, P. Oberbeck, and B. Troxell.

[image: ]
[image: ][image: ]Figure 168: Technical Division technicians. Front row from left to right: W. Ostrom, and T. McKenna. Middle row: J. McQueary, P. Sanchez, J. Szal, S. Sanchez, and N. Unold. Back row: C. Pribyl and D. Howard.
Photo 5: A. Makarov.


A  [bookmark: _Ref305836815][bookmark: _Toc515625408]Definition of shunt impedance
During the design of our cavity, there has been great angst about the definition of shunt impedance. It turns out that the source of the “confusion” is because there are two different definitions for shunt impedance. Accelerator physicists use one definition while RF engineers use another. The accelerator physicist’s definition of shunt impedance, , comes from how a charged particle gains energy after it travels through a cavity and the power loss, , of the cavity, (see for example, Edwards & Syphers [58], page 27, Eq. 2.22, and T.P. Wangler [59], page 42, Eq. 2.54) i.e.
	
	
	(67)


where  is the maximum energy gained by a particle of charge  after it goes through the cavity in units of eV. When we set  where we have defined  to be the equivalent peak voltage of a sine wave[footnoteRef:7], we have [7:  Technically, the transit time factor  should be included in the definition of . We have set  here. A more mathematical argument that shows the factor of “2” between the physicist’s definition and engineer’s definition of shunt impedance can be found in a technical note ref ??.] 

	
	
	(68)


From the above, we can see that when we write down the physicist’s definition of shunt impedance in this way, it becomes obvious why there is a factor of “2” between it and the engineer’s definition. This is because the engineer’s definition comes from the RLC circuit for a resonator and it is well known that the shunt impedance, , is
	
	
	[bookmark: _Ref377196851](69)


Thus, since both power losses in terms of rms must be the same, we must have
	
	
	(70)


Therefore, since MWS uses the physicist’s definition of shunt impedance, we have to divide its result by 2 to convert it to the engineer’s definition. We also have to be careful to do the same for  because the shunt impedance is embedded in there as well.
For other cavity parameters, we have to be careful when translating between MWS and the RF engineer’s practical definitions. We have made a cheat sheet, shown in Table 12, for converting between the MWS definitions to the engineer’s definitions. 

	MWS definition
	Engineer’s definition
	Comments

	
	
	Shunt impedance definitions. 

	
	
	is the same rms power loss in both cases. is the peak voltage in the gap.

	
	
	 is the peak anode voltage. Again, the anode impedance definitions between the physicist and engineer is related by .

	
	
	 is the step up ratio.  is the rms gap voltage and  is the rms anode voltage.

	
	
	After some manipulation, it can be shown that  as required.


[bookmark: _Ref335979081]Table 12: Cheat sheet for converting between the physicist’s and engineer’s definitions of cavity parameters.


B  [bookmark: _Ref305844296][bookmark: _Toc515625409]R/Q formula
The  formula for an RLC circuit comes from Ref. [60], which we will derive here.
In a parallel RLC circuit, the admittance of the circuit is given by
	
	
	(71)


where  is the shunt resistance,  is the inductance and  is the capacitance of the RLC circuit.
When we look at the susceptance part of  only, and differentiate it w.r.t. , we get
	
	
	(72)


Since at resonance, , this means that
	
	
	(73)


Therefore, at resonance, we have
	
	
	(74)


We recall that the quality factor Q of the parallel RLC circuit is given by , [19] and thus
	
	
	(75)
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