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[bookmark: _Toc428285704]Introduction:
[image: ]This report summarizes the specification verification testing of the prototype MEBT buncher cavity.  Figure 1 shows a block diagram of the PXIE MEBT, which includes the three buncher cavities and other MEBT components.  Figure 1:  Block diagram of PXIE MEBT.  Buncher cavities located in blue boxes with RF label.

[image: ]Figure 2 shows a vertical cut of the MEBT buncher cavity structure design.  The buncher cavities are the only MEBT components capable of accelerating high intensity H- beam.  	Comment by James M. Steimel x4826 09728N: I would like to keep it accelerating only for simplicity.  I think the audience will know that this implies bunching and decelerating.  My point is as a reference for MEBT safety documents to determine highest possible beam energy.
Key SpecificationsFigure 2:  Vertical cut of MEBT buncher cavity solid model.

The following table summarizes the important specifications for the buncher, derived from the PXIE MEBT buncher cavity FRS [1] and engineering specification [2].
[bookmark: _Toc428285706]Table 1.  Summary of MEBT Buncher Specifications

	RF
	
	

	
	Resonant Frequency
	162.5 MHz

	
	Duty factor (CW)
	100%

	
	Maximum, effective accelerating voltage (β=0.067)
	100 kV

	
	Total RF power for resistive losses and beam loading at maximum, effective accelerating voltage
	~1.5 kW

	
	Frequency tuning range
	100 kHz

	
	Nominal cooling water temperature
	30 C

	
	Coupler power rating (full reflection)
	4 kW

	
	Coupling coefficient
	1.0

	Vacuum
	
	

	
	Operating pressure
	< 3x10-8 torr



[bookmark: _Toc428285707]Preliminary Measurements:
The buncher cavity was subjected to a number of acceptance tests prior to delivery for high power tests.  The following table lists the pertinent parameters that were verified prior to the start of high power measurements in the PXIE enclosure [3].
[bookmark: _Toc428285708]Table 2.  Preliminary Buncher Cavity RF Measurements

	RF
	
	

	
	Resonant Frequency (at atmosphere and mechanical midpoint of tuners)
	162.493 MHz

	
	Quality factor with minimum coupling (no tuners)
	10020

	
	Quality factor with maximum coupling (no tuners)
	5250

	
	External quality factor of input coupler (max coupling)
	11000

	
	Quality factor with tuners
	5090

	
	Frequency tuning range
	250 kHz/tuner

	
	Field probe response
	-33 dB

	
	Resonant frequency change with vacuum
	-35 kHz

	
	Field flatness variation
	0.6%	Comment by James M. Steimel x4826 09728N: I think this is a more standard way to express field flatness.  Does this still communicate your field measurements?



[bookmark: _Toc428285709]Low Level Measurements:
The following measurements were performed with a network analyzer connected directly to the buncher cavity ports.


Figure 3:  Network analyzer setup for low level measurements.
a. [bookmark: _Toc368572275][bookmark: _Toc368657288][bookmark: _Toc428285710]Atmosphere without Water:
The following measurements were made with the cavity at atmospheric pressure and no water cooling.
[bookmark: _Toc368572277][bookmark: _Toc368657290][bookmark: _Toc368572278][bookmark: _Toc368657291][bookmark: _Toc368572279][bookmark: _Toc368657292][bookmark: _Toc368572280][bookmark: _Toc368657293][bookmark: _Toc368572281][bookmark: _Toc368657294][bookmark: _Toc428285711]Input coupling:
S11 measurements on the cavity show that the input coupler is tuned to a coupling factor (β) of 0.904.  Figure 4 shows the S11 polar plot used to calculate the coupling factor.
[image: ]
Figure 4:  S11 measurement looking into cavity input coupler.  The radius of the circle on the polar plot represents the coupling factor (β = r/(1-r)).
[bookmark: _Toc428285712]Field Probe Coupling and Q
Figure 5 shows the plot used to calculate the field probe coupling and the cavity Q.  The loaded Q is 5240.  The field probe coupling is -32.9 dB.  The unloaded Q of the cavity is about 9977 based on the loaded Q and the input coupler coupling.
[image: ]
Figure 5:  S21 of cavity response from input coupler to field probe.
[bookmark: _Toc428285713]Tuner Range
Figure 6 shows a plot of the cavity resonant frequency vs. tuner position.  The full range of the tuner motion is constrained to 20mm.  This corresponds to a frequency range of 212 kHz, and a sensitivity of about 10.5 kHz/mm of tuner motion.

Figure 6:  Plot showing the sensitivity of the cavity tuners.
b. [bookmark: _Toc428285714]Vacuum Transition:
Figure 7 shows data used to determine the buncher cavity resonant frequency change due to transition to atmospheric pressure.  The network analyzer was not tracking resonant frequency when the transition occurred, but it was very close to resonance while under vacuum, given the low reflection response (S11-dB) shown on the red curve.  The resonant frequency tracking for the NWA was turned back on about 2-1/2 hours after the vacuum transition, showing the new resonant frequency.  The step in resonant frequency is 31.9 kHz.
[image: ]
Figure 7:  Plot showing the change in buncher cavity resonant frequency due to a vacuum transition.  The green and grey curves represent the NWA center frequency, and the red curve represents the cavity reflected signal amplitude in dB.
c. [bookmark: _Toc428285715]Tuners in Vacuum:
The buncher cavity has two, plunger style, motorized mechanical tuners.  Only one will be operationally variable; the other will stay in a fixed position.  With the cavity under vacuum and 80.8°F water flowing through the body and stem, the variable tuner was adjusted.  Figure 8 shows the cavity resonant frequency as a function of this tuner position with the fixed tuner set to the middle of its mechanical stroke.  The response is significantly non-linear, and the mid-point, resonant frequency tuner position is more than 2/3 of the stroke distance into the cavity.

Figure 8:  Plot showing the change in cavity resonant frequency vs the adjustable tuner position.  The fixed tuner was set to middle insertion (12.5mm).  The zero reference is the limit when fully inserted into the cavity.
The variable tuner was set to its mid-point, resonant frequency position (7.5mm from full in).  The control cables were moved to the fixed position tuner, and the measurement repeated.  Figure 9 shows the cavity resonant frequency as a function of the fixed tuner position.

Figure 9:  Plot showing the change in cavity resonant frequency vs fixed tuner position. The variable tuner was set to the mid-frequency position (7.5mm). The zero reference is the limit when fully inserted into the cavity.
d. [bookmark: _Toc428285716]Water Temperature:
Cooling water temperature was adjusted while the tuners were set to their middle insertion point (12.5mm).  The cavity had separate water taps and monitors for the body and stem.  The two body cooling loops were connected in series.  Figure 10 shows the time progress of the experiment where P:R2RT03 is a measurement of the water temperature going into the stem.  This plot shows that the resonant frequency responds to water temperature at a much faster rate than water temperature can change.  Figure 11 shows the parametric plot of water temperature and resonant frequency.  Any errors in the linear extrapolation due to the thermal expansion time should be small.	Comment by James M. Steimel x4826 09728N: Sampling rate is 1Hz, about 4400 points/time division in the plot.  The statement points out that the time required to heat  the thermal mass of the cavity copper is insignificant compared to the time required to change the cooling water temperature.

Figure 10:  Plot showing the time evolution of the water temperature study.  The red curve represents the water temperature going into the cavity stem, with the same water source going into the body inlet.  

Figure 11:  Parametric plot of data shown in Figure 10.
[bookmark: _Toc428285717]High Power Measurements:
The following measurements were done using the Comark RF power amplifier as the input source for the cavity.  Drive power levels were varied from 100W-1800W, CW for the tests. 
e. [bookmark: _Toc428285718]Power Conditioning:
The buncher cavity was conditioned using the configuration shown in Figure 7.  An RF signal generator drove the Comark 3kW power amplifier to supply RF power to the cavity.  P:PMTR1 measured the power coming out of the amplifier through the 60dB coupler, P:PMTR2 measured the reflected power from the cavity through the 60dB coupler, and P:PMTR3 measured the power coming from the buncher cavity field probe.  The power meter readings were calibrated to represent actual power flowing through the coupler and dissipated in the cavity.  Interlocks protected the amplifier and cavity from high reflected power and high vacuum pressure operation.  Reflected power was controlled by manually adjusting the signal generator frequency setting to match the resonant frequency of the cavity.


Figure 12:  Block diagram of cavity conditioning setup.
Figure 13 shows the cavity conditioning progress up to 1kW of power dissipated in the cavity.  The blue curve represents the cavity vacuum pressure and illustrates the sparking rate during the conditioning process.  Conditioning progress was slow at low power, but progress was steady.  A threshold was reached at about 90W where vacuum activity slowed considerably.  Activity increased as power increased above 100W, where it reached a peak at about 160W (Figure 14).  The power was increased to about 180W, and relatively very little vacuum activity was seen for the rest of the conditioning.
After vacuum stability was established at 1kW of drive power, the cavity was powered at 1kW for 5 consecutive days.  Figure 15 shows the progress from that test.  Variations in reflected power are due to variations in air and water temperatures while the amplifier was running unattended.
The cavity was then quickly conditioned up to 1.8kW.  Figure 16 shows five hours of high power operation at 1.8kW.
[image: ]
Figure 13:  Plot showing cavity conditioning progress up to 1kW.  Green trace is forward power, yellow trace is cavity pickup power, red trace is reflected power, and blue trace is vacuum pressure.
[image: ]
Figure 14:  Zoomed in view of 500W conditioning progress.  This plot shows the threshold of vacuum activity at 160W.
[image: ]
Figure 15:  Five days of 1000W cavity operation.  Reflected power levels vary due to air and water temperature variations during unattended running.
[image: ]
Figure 16:  Plot showing cavity conditioning response at 1.8kW input power.

f. [bookmark: _Toc428285719]X-ray Emmissions:
At each 200W step of CW drive power during conditioning, starting at 100W, x-ray levels were measured around the outside of the cavity.  The instruments did not register any discernable x-ray levels around the cavity during conditioning.
[bookmark: _Toc428285720]

g. Power Measurements:
High power cavity response measurements were performed using the configuration shown in Figure 17.  The network analyzer is set to zero span mode, so the output frequency is fixed, and the markers measure response over time.  Zero span mode is not completely CW mode, because the NWA blanks for 40ms between sweeps.  The sweep time was set to 1 second for the equivalence of a 95% duty cycle.
During each sweep of the NWA, the GPIB-ACNET remote interface requested marker response data from three traces:  S21 phase and logamp (amplifier forward power), S31 phase and logamp (cavity reflected power), and S41 phase and logamp (cavity field probe power).  The two power meters were set to confirm the absolute power going into the cavity.  The remote interface was also configured to control the output frequency of the NWA.
[image: ]
Figure 17:  Block diagram of instrument setup for high power response measurements.
Resonant frequency was monitored through the phase difference between the amplifier forward power and the cavity field probe power.  This difference should stay fixed while the cavity is at resonance, even if the resonance frequency changes (for small frequency changes relative to the cable lengths).  The change in cavity resonant frequency can be calculated from the phase difference according to:

QL is the loaded Q of the cavity measured in the low level measurement process.
Figure 18 shows the calculated resonant frequency and the cavity power over the course of the power response study.  Cavity power is smoothed in this plot at the points where the power was sampled during NWA blanking.  At the point in this study when the cavity power reached 1500W, the power amplifier would trip off on reflected power.  We believe this is due to the NWA source making wild changes in output frequency during the blanking process.  Data is limited to a few points at 1500W.  Figure 19 shows the parametric plot of cavity resonant frequency vs. cavity power.  The linear extrapolation of the data shows a power response of -9.5 kHz/kW.
[image: ]
Figure 18:  Plot of cavity resonant frequency and cavity power over time of study.
[bookmark: _Toc428285721][image: ]
Figure 19:  Parametric plot of resonant frequency vs power.  Linear interpolation is 9kHz/kW.
h. [bookmark: _Toc428285722]Calorimetry:
Figure 20 shows the differential temperature of the water flowing through the cavity stem and body as a function of input power.  Both the stem and body water circuits have about 4 gpm of water flowing through them.  The plot shows that most of the power is absorbed by the stem water circuit.  The body water circuit absorbs a much smaller amount of the power, and at low power, the body water heats the cavity above what the ambient air temperature would allow.
[image: ]
Figure 20:  Parametric plot of differential water temperature vs. power.  Bulk of power is dissipated in the stem.
[bookmark: _Toc428285723]
Summary:
The following table summarizes the commissioning measurements in this report.
[bookmark: _Toc428285724]Table 3.  Summary of Buncher Cavity Test Results

	Water
	
	

	
	Flow rate (stem and body)
	4 gpm

	
	Nominal Temperature
	81° F

	
	Resonant frequency vs. water temperature coeff.	Comment by James M. Steimel x4826 09728N: This coefficient is measured with body and stem water inlets at the same temperature.
	-1.65 kHz/°F

	
	Cavity stem water temperature rise vs. cavity power at 4 g/min flow rate
	1.2°F/kW

	Tuners
	
	

	
	Total frequency tuning range
	300 kHz/tuner

	
	Tuning range above 162.5 MHz (no power)
	~70 kHz/tuner

	RF Power
	
	

	
	Resonant Frequency (tuners at mid-frequency range, nominal water temperature, vacuum)
	162.315 MHz

	
	Loaded quality factor
	5240

	
	Input coupler coupling coefficient
	0.9

	
	Duty factor (CW)
	100%

	
	Resonant frequency vs. cavity power coeff.
	-9.53 kHz/kW

	
	Pickup loop response
	-33dB

	
	Pickup loop response scaling (effective accelerating voltage)
	87 mV/kV

	Vacuum
	
	

	
	Operating pressure (at 1800W cavity power)
	~ 1x10-8 torr

	
	Change in resonant frequency from atm to vacuum
	-32 kHz



[bookmark: _Toc428285725]References:

[1] Functional Requirements Specification Bunching Cavity for PXIE MEBT
Document #: Project-X-doc-1071, Teamcenter document #ED0001307.

[2] PXIE MEBT Bunching Cavity, Fermilab Specification:  ED0000038.

[3] Traveler – PIP2-MEBT-B01-0:  PXIE Buncher Cavity (162.5 MHz RT QWR), Serial #:  PIP2-BUNCH-01, https://vector-onsite.fnal.gov/GenerateTravelerRequest.asp?qsDocID=16685.	Comment by James M. Steimel x4826 09728N: This is not a good reference.  Is there a way I can reference this, so that at least FNAL readers can find this?
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