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Introduction
The Booster’s high order mode (HOM) dampers were originally built to address the problem of longitudinally coupled oscillations of bunched beam, which was causing longitudinal emittance growth and beam instabilities.  Studies in the Booster accelerator discovered that large bunch couple oscillations occured after transition for bunch intensities greater than 1.5 x 1010 ppb.  To stabilize these oscillations, the Booster’s HOM dampers were designed to reduce the impedance of the resonant modes responsible for the longitudinal coupling.
Bunch Coupled Modes
Further beam studies found one cavity mode at 83 MHz that did not tune with ferrite bias current, and that corresponds to mode n = 36 at extraction.  Two additional modes, at 165 MHz and 217 MHz, were identified that tune with bias current, but both of which sweep through mode n = 16 after transition.  The 165 MHz mode tunes from 127 to 169 MHz, and the 217 MHz mode tunes from 202 to 221 MHz.  Impendances for each of these modes was measured as follows:
83 MHz:		Z = 10 kΩ
165 MHz:	Z = 2.3 kΩ
217 MHz:	Z = 16 kΩ
High Order Mode Damper Design
Each of the three modes has it’s own HOM damper.  The basic design of all three dampers is similar, but each has variations and modifications unique to the respective modes.
83 MHz Damper
The 83 MHz damper has two inductively coupled “coupling loops” installed inside each Booster RF cavity.  The coupling loops are made of 1/8” copper approximately 12” long by 7” wide, which has been bent to concentrically match the curve of the outer cavity wall.  The loops are installed within the upstream and downstream halves of each cavity.  These loops were originally installed to provide broadband attenuation by rejecting the operational RF frequencies, while allowing HOM frequencies to be dissipated in a water-cooled 50 Ω load resistor “cantenna”.
Two modifications were made to allow them to be used as the 83 MHz HOM dampers.  First, a 1/2” spacer was added where the loop attaches to the inside of the cavity, increasing the area of the loop by about 50%.  Second, a resonant circuit was added between the loop and the 50Ω load resistor.  The resonant circuit consists of two unequal lengths of RG213 cable in parallel.  The signal is split between these two transmission lines before being recombined and then terminated into the cantennas.  Later, the cantennas were replaced with oil-cooled 50 Ω load resistors, and relocated to equipment racks in the Booster RF galleries.
165 & 217 MHz Dampers
The 165 MHz and 217 MHz dampers both have a single coupling loop similar in design to those used for the 83 MHz mode.  The 165 MHz loop is 6” x 2” and the 217 MHz loop is 6” x 3.5”.   They are both supported by a 1/2” copper rod, which is soldered to the center conductor of an HN connector mounted on the cavity exterior.  The coupling loops are capacitively coupled to both the outer cavity and the cavity drift tube, while the 1/2” support rod and HN center pin acts as the inductor for the resonant circuit.
Outside the cavity, an additional external damping network is connected to the HN connector of both the 165 MHz and 217 MHz dampers.
External Damping Network
The external damping networks are self-contained band-pass filters that plug into the HN connectors mounted on the exterior of the BRF cavities for the 165 & 217 MHz HOM dampers.  The external damping networks are housed in 2” x 3” x 5” shielded aluminum boxes.  Each network has a loop of 12 gauge bus wire acting as a ~55 nH inductor, a pair of parallel 100 pf capacitors, and three 10Ω/45W load resistors.
[image: ]Figure 1: 165 MHz external damping network

The network is configured to act as a series LC resonant band-stop filter that rejects the operational Booster frequencies, but passing the HOM frequencies to pass through to be dumped in the load resistors.  The filter is tuned to a center frequency of 48 MHz with a Q of approximately 25 to minimize the total integrated power at the fundamental frequency dissipated in the load resistors over the acceleration cycle.
[image: ]
Figure 2: Electrical schematic of 217 MHz HOM damper
Calibration and Testing the External Damping Network
Whenever an HOM damper external damping networks is replaced for repair or maintenance, it should be calibrated and tested to set the proper center frequency and verify the Q of the filter.  Perform the follow procedure to calibrate and test the external damping network.
Equipment
The follow equipment is required to calibrate and test the external damping network:
· [bookmark: _GoBack]Network analyzer (insert example model number)
· Network analyzer input cable
· Network analyzer high voltage probe (insert model number)
· Network analyzer calibration kit (insert model number)
· Pliers (soft-jawed, if available)
Network Analyzer Settings
Before beginning the damper calibration and test, verify the folowing settings on the network analyzer:
· Averaging: On
· Averaging Count: 16
· Datapoints: 1401
· Power: 10 dBm
· IF Bandwidth: 4 kHz
· (check notes at work for other settings)
Connect input cable to Port 1 and the HV probe to Port 2, then perform a full two-port calibration on the network analyzer.  When the network analyzer is calibrated, configure the display as follows:
· Sweep Start: 20 MHz
· Sweep Stop: 120 MHz
· Measurement: S21
· Log Mag
· Markers: 37 MHz, 48 MHz, 53 MHz
· Scale: 10 dB/unit
· Ref: 0 dB
· (check notes at work for other settings)
Calibration: Adjusting the Center Frequency
With the HV probe placed at the filter input, where the center conductor of the HN or N connector meets the bus bar bracket (see Figure 3), take an S21 measurement of the filter. 
[image: ]Figure 3: HV prove test point

Use the pliers to carefully adjust the size and shape of the inductor bus wire.  Increasing the area of the inductor shifts the filter’s center frequency to the left (lower frequency), and decreasing the area shifts the center frequency right (higher frequency).  Set the center fequency for 48 MHz. Take a screen shot of the spectrum for documentation.

[image: ]

Next take an S11 reflection measurement of the filter network.  Take a screen shot of the spectrum for documentation.

[image: ]

Testing: Measuring Q
Optionally, the Q of the external filter network may also be measured using the method below.
First, adjust the network analyzer to sweep from 40 MHz to 60 MHz.  Then, using the same method outlined above, perform an S21 measurement using the HV probe.
Set a marker at the minimum of the measured trace.  This is the filter’s center frequency, f0.  Record the measured gain at that frequency.  
Next, set a marker to the side of the center frequency (fH) and another marker to the low side (fL).  Adjust each marker until their measured gains are approximately 3dB higher than the gain at the center frequency (fH≈Gain@f0+3dB and fL≈Gain@f0+3dB).  Record the frequencies and gains.
[image: ]
Calculate the the Q of the filter by dividing the center frequency by the difference of the high and low frequencies…

EXAMPLE:
Using the data shown in Figure 6 above…	
	
	Freq. (MHz)
	Gain (dB)

	
	48.00
	-30.894

	
	48.80
	-27.878

	
	47.26
	-27.931
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