Page 17 of 18

Microphonics Evaluation for the CEBAF Energy Upgrade

Kirk Davis, Tom Powers; Jefferson Lab
1. Introduction  
This document is intended to summarize test results relevant to predicting the microphonics performance of the CEBAF energy upgrade (EU) cryomodules.  Two cryomodules have been tested that are considered prototype EU cryomodules: SL21 and FEL03.  Both cryomodules were tested in October 2004 in situ at an operating temperature of 2K.  For comparison purposes, test results are presented for an “original” CEBAF cryomodule, SL20.

   Microphonics is defined as dynamic cavity detuning caused by structural vibrations transmitted to the cavity.  The source of these vibrations includes ground motion transmitted through the cryomodule supports to the cavity, vibrations transmitted via the waveguides directly to the cavity, and liquid helium (LHe) pressure fluctuations transmitted through the refrigerant and piping.  Vibrations can also be induced directly onto the cavity walls by Lorentz forces during RF power fluctuations; this is not a major source of microphonics in a CW machine, but can require compensation using tuners during startup.  Finally, significant microphonics can result from mechanical resonances inherent to the cryomodule itself.  These resonances can be excited by any of the above external sources of noise, including broadband “white” noise.
  Microphonics can be minimized by 1) controlling the amount of external energy applied to the cryomodule, 2) controlling the structural dynamics of the cryomodule through passive means, and 3) controlling the cavity response through active means.  Here, we will examine the effectiveness of our current combination of the first two approaches: limiting resonances in general, and specifically avoiding a resonance where there is also a driving source in the environment.
2. Microphonics Testing of the FEL03 Cryomodule
All testing was performed in the Free Electron Laser (FEL) vault in October, 2004.

A. Background Microphonics Amplitude while Operating In Situ at Gradient

The Cavity Resonance Monitor was used to measure the cold (2K) cavity RF resonant frequency shift while operating at gradient with no beam in the FEL vault.  The klystron was used to drive the cavity using an RF signal generator as a phase-locked loop (PLL) by feeding a phase error signal into its FM input. Overall PLL gain was measured to exceed 200 in each case, resulting in a measurement error contribution of <0.5%.   The results of this testing is summarized in Table 1.  A typical histogram of cavity detuning is shown in Figure 1.  The histograms were produced by sampling 100 times per second for 500 seconds.
Table 1: FEL03 Background Microphonics Testing Summary
	Cavity #
	1
	2
	3
	4
	5
	6
	7
	8
	Avg

	RMS amplitude (Hz)
	1.27
	0.81
	0.75
	0.73
	0.61
	0.71
	1.1
	1.0
	0.9

	6σ (Hz)
	7.6
	4.9
	4.5
	4.4
	3.7
	4.3
	6.6
	6.2
	5.3

	Peak-to-peak (Hz)
	10.4
	7.0
	6.1
	5.8
	5.2
	5.7
	9.9
	8.8
	7.4


Figure 1: [image: image1.emf]FEL03-5 Background Microphonics Histogram
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Background Microphonics Spectrum while Operating at Gradient

A background vibration survey of the floor and beamline components in the FEL vault was previously performed in Fall ’03, spectral peaks occurred at 17, 24, 29.5, 59.5, and 88.5 Hz.  Most or all of these frequencies show up in the spectrum plots for the FEL03 cavities (see Figure 2).  There is no indication (from piezo swept sine measurements) of strong mechanical resonances that coincide with any of these forcing functions, except that several cavities have moderate resonances near power line harmonics, which are excited by background vibrations and show up as peaks in the cavity operational RF spectrum.  The majority of the overall detuning is composed of peaks at or below 60 Hz; the overall shape of the spectrum is 1/f, which is also a general characteristic of ground vibration.
Figure 2
[image: image2.emf]FEL03, Cavity 1, Bkgnd Microphonics Spectrum, 10 MV/m
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Piezo Transfer Function
  A swept sine measurement was made for each cavity to compute the transfer function between the piezo drive signal and the cavity detuning.  Cavity detuning was measured using a custom-built cavity resonance monitor (CRM).  The cavity under test is driven with high power RF with a phase-locked loop closed across the cavity.  The output voltage of the CRM is proportional to the difference frequency between the cavity under test as compared to a fixed-frequency reference LO
.  We noted while taking the data, that a mode at approximately 450 Hz dominated the response: this mode would appear on the CRM output whenever the piezo drive was at subharmonics of 450Hz (e.g. 450, 225, 112.5, 56.25, …).  The peak in the transfer function at approximately 450 Hz can be seen in most of the transfer function plots, and is surrounded by a grouping of peaks that form a general rise in the transfer function amplitude. A 446 Hz peak is well isolated from adjacent peaks in the plot for cavity #1, so that the Q of the mode can be estimated to be 149.

  A spectral peak in the background microphonics spectra at about 350Hz shows up for most cavities.  This appears to coincide with another high-Q mode as shown by the peak in the piezo transfer functions for most cavities.  Once again, the Q for cavity #1 at 351.6 Hz was calculated to be 117.
  The modes are well damped at low frequencies; most of the high Q modes are above 240 Hz, where the transfer function begins a general rise.  An extended frequency sweep was performed for cavity #4 that shows a broad increase in the function over the range of approx. 240 to 560 Hz.  This explains the relatively quiet background microphonics measurements, most of the high-Q resonances are above the frequency range where most of the excitation energy lies.

Figure 3
[image: image3.emf]FEL03, Cavity Position 1, Piezo Transfer Function (1497 MHz)
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Lorentz Transfer Function

A swept sine measurement was made for each cavity to compute the transfer function between change in cavity gradient (AM modulation produced by the source output of a dynamic signal analyzer) and the resulting change in cavity RF center frequency (CRM output)
.  See Figure 4.  A physical reference for the low frequency asymptote of these curves can be established from measurements of the static Lorentz coefficient, which is about 1 Hz/(MV/m)^2.  The resulting transfer functions are severely compressed in dynamic range, as compared to the piezo transfer functions.  Similar tests on SNS cavities have shown that the two methods yield similar shapes, with the Lorentz method dynamic range about 10dB less in dynamic range.  Most of the Lorenz transfer function measurements for the FEL03 cryomodule show almost no discernable peaks below 240Hz, and above this frequency, the dynamic range is compressed by about 20 dB.  The exact explanation for this reduction in dynamic range is unknown, but it is worth noting that the RF bandwidth of the FEL03 cavities (an average of 69 Hz) is much less than for the SNS cavities (about 550 Hz), and that Lorentz pressure is a distributed force whereas the piezo actuator energy is coupled into discrete points on the cavity/vacuum vessel structure.
Figure 4
[image: image4.emf]FEL03, Cavity Position 1, Lorentz Transfer Function (Swept Sine)
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Microphonics Testing of the SL-21 Cryomodule
All testing was performed in the CEBAF tunnel in October, 2004.

Background Microphonics Amplitude while Operating at Gradient
The Cavity Resonance Monitor was used to measure the cold (2K) cavity RF resonant frequency shift in the CEBAF Tunnel.  The HPA was used to drive the cavity using an RF signal generator as a VCO/PLL by feeding a phase error signal into its FM input.

Table 2: SL-21 Background Microphonics Testing Summary

	Cavity #
	1
	2
	3
	4
	5
	6
	7
	8
	Avg

	σ (Hz)
	1.26 
	0.76 
	0.99 
	1.24
	0.84
	1.18
	0.80
	1.05
	1.0

	6σ (Hz)
	7.57
	4.57
	5.94
	7.45
	5.06
	7.08
	4.81
	6.32702
	6.1

	Peak-to-peak (Hz)
	12.1
	6.7
	18.3
	11.1
	8.9
	10.0
	7.1
	9.6
	10.5


Figure 5
[image: image5.emf]SL21, Cav 1, Background Microphonics Histogram (CEBAF Tunnel)
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Background Microphonics Spectrum while Operating at Gradient
The spectrum of the microphonics was measured concurrently with the microphonics amplitude tests described above. See Figure 6. Power line harmonics were evident, as was 32.5 Hz and 10 Hz.  Three prominent peaks at approximately 123 Hz and 147 Hz and 167 Hz were also noted. No peak near 450 Hz was noted (see FEL03 Piezo Transfer Function section).

Figure 6
[image: image6.emf]SL21, Cav 1 Background Microphonics (CEBAF Tunnel)
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Piezo Transfer Function

Piezo tuner measurements could not be made on the SL-21 cryomodule.  Error in estimating the cavity resonant frequency shift during cooldown resulted in being forced to operate the tuners with the cavities in tension.  The cryomodule was designed to operate with the cavities in compression, the piezo actuators will not operate in tension.  Mechanical modifications have been designed to allow this operation, but not installed.

Lorentz Transfer Function

No testing performed.  
Microphonics Testing of the SL-20 Cryomodule
All testing was performed in the CEBAF tunnel in February, 2005.  This is an “original” style CEBAF cryomodule that was tested for comparison purposes.
Background Microphonics Amplitude while Operating at Gradient

The Cavity Resonance Monitor was used to measure the cold (2K) cavity RF resonant frequency shift in the CEBAF Tunnel.  The HPA was used to drive the cavity using an RF signal generator as a VCO/PLL.  Results are summarized in Table 3.  The ground acceleration at the cryomodule base was also measured concurrently, providing a vibration “input” term for analysis.
Table 3: SL20 Background Microphonics Testing Summary

	Cavity #
	1
	2
	3
	4
	5
	6
	7
	8
	Avg

	σ (Hz)
	4.1
	3.1
	2.8
	3.8
	3.8
	3.6
	3.5
	2.3
	3.4

	6σ (Hz)
	24.7
	18.7
	17.0
	22.8
	22.7
	21.4
	21.1
	13.6
	20.3

	Peak-to-peak (Hz)
	30.2
	20
	31.7
	27.4
	29.1
	30.7
	28
	21.9
	27.4


Background Microphonics Spectrum while Operating at Gradient

The spectrum of the microphonics was measured concurrently with the microphonics amplitude tests described above. See Figure 7 and Figure 8. The dominant peak at 59.6 Hz in both the detuning response and the ground input is probably due to 60Hz induction motors, which run slightly below line frequency (typically 0.5% to 5% slow).  The peak at 120 Hz is probably due to transformer vibrations, which typically vibrate at twice the line frequency.  Two prominent peaks at approximately 25 Hz and 49 Hz were also noted in both the ground and cavity response.  As compared to the upgrade cryomodules, the response is richer in energy content at or below 60Hz.  The large number of response peaks in this area that do not coincide with a peak in the ground motion suggests a large number of low-frequency mechanical resonances in the cryomodule, or large amounts of energy coupling into the cryomodule through paths other than ground (e.g. waveguide).  Impulse response (hammer) testing could be performed to identify the source of these spectral lines.
Figure 7
[image: image7.emf]SL20- Average Cavity Detuning for 7 cavities

160.7

80.4

48.8

34.9

25.5

17.0

180.0

52.3

120.0

59.6

59.6

72.0

25.2

13.8

48.9

120.0

161.8

1.E-03

1.E-02

1.E-01

1.E+00

0 60 120 180

Frequency (Hz)

Detuning (Hz)

1.00E-07

1.00E-06

1.00E-05

1.00E-04

1.00E-03

1.00E-02

1.00E-01

1.00E+00

ground motion (g)

avg CRM

avg gnd


Figure 8
[image: image8.emf]SL20- Average Cavity Detuning for 7 cavities
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Microphonics Testing of the Renascence Cryomodule
All testing was performed in the CMTF test cave in Fall, 2005.

Background Microphonics Amplitude while Operating at Gradient

The Cavity Resonance Monitor was used to measure the cold (2K) cavity RF resonant frequency shift in the CMTF test cave.  A 1 watt amplifier was used to drive the cavity CW via a VCO/PLL.  A 50000 point histogram at 1ms per sample was performed.  Typical results are shown in Figure 5, results for all eight cavities are summarized in Table 4.
Table 4: Renascence Background Microphonics Testing Summary

	Cavity #
	1
	2
	3
	4
	5
	6
	7
	8
	Avg

	σ (Hz)
	1.57
	1.52
	1.95 
	1.55
	1.85
	2.49
	2.32
	2.55
	1.98

	6σ (Hz)
	9.42
	9.12
	11.7
	9.3
	11.1
	14.9
	13.9
	15.3
	11.9


Figure 9
[image: image9.emf]Renascence Cavity 3, Background Microphonics Histogram
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Background Microphonics Spectrum
The spectrum of the microphonics was measured concurrently with the microphonics amplitude tests described above. See Figure 6. Dominant peaks were observed at 16.8 and 29.8 Hz.

Figure 10
[image: image10.emf]Renascence Cavity Pos 3, CMTF Background Miicrophonics Spectrum 
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Piezo Transfer Function

  A swept sine measurement was made for each cavity to compute the transfer function between the piezo drive signal and the cavity detuning.  Cavity detuning was measured using a custom-built cavity resonance monitor (CRM).  The cavity under test is driven with low power RF using a phase-locked loop closed across the cavity.  The output voltage of the CRM is proportional to the difference frequency between the cavity under test as compared to a fixed-frequency reference LO
.  Each cavity has two PZT tuners that can be operated independently, the results for the two tuners on cavity position #3 are shown in Figure 11 and Figure 12.
  The modes are well damped at low frequencies; most of the high Q modes are above 180 Hz, where the higher Q modes are grouped into three more or less distinct groups: a group around 250Hz, a group around 450 Hz, and a group around 750 Hz.  This explains the relatively quiet background microphonics measurements, most of the high-Q resonances are above the frequency range where most of the excitation energy lies.  Although the general shapes of the responses is similar, they are surprisingly different considering that they are attached symmetrically on either side of the same structure.  Other cavities showed similar groupings, but a significant variation of individual modes exists.  
  [image: image11.emf]RENS, Cavity Position 3, Secondary Piezo Transfer Function (Swept Sine)
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Figure 11
[image: image12.emf]RENS, Cavity Position 3, Primary Piezo Transfer Function (Swept Sine)
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Figure 12
Note the similarity of Renascence piezo sweeps to those taken on FEL03. Note also, the similarity of background spectrum amplitudes and frequencies. Previous testing has always shown that cryomodule microphonics amplitudes are about twice as high in the CMTF test cave as compared to the same cryomodule installed in the accelerator.  This suggests that after being installed in the machine, Renascence should be comparable to FEL03 and SL21 with respect to microphonics.

Lorentz Transfer Function

No testing performed to date.

Modal Testing

During the assembly of the Renascence prototype cryomodule in 2005, four cryogenic single-axis accelerometers were installed directly on the cavity in position 3. Figure 13 shows the sensors assembled onto the cavity.  Testing was performed in an attempt to understand how the mechanical vibration modes of the cavity (and supporting structures) couple to its RF resonant modes.

[image: image13.jpg]



Figure 13 Renascence Cavity Position 3 Accelerometer Locations
	Mode
	Predicted Natural Frequency (Hz)
	Measured Natural Frequency

	
	Shape
	Cryo
	Room Temp
	Room Temp

	1
	bending
	101
	92
	78

	2
	bending
	275
	251
	239

	3
	axial
	355
	324
	374

	4
	bending
	503
	459
	410

	5
	axial
	704
	642
	692

	6
	bending
	744
	679
	782


Table 5: Predicted vs Measured Modes
Figure 14
[image: image14.emf]Renascence Cavity Pos 3 Spectrum Comparisons, 

CMTF Background Microphonics, PZT Transfer Function, & Accelerometer Impulse Response
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	Mode
	Predicted Natural Frequency (Hz)
	Measured Natural Frequency

	
	Shape
	Cryo
	Room Temp
	Room Temp

	1
	bending
	101
	92
	78

	2
	bending
	275
	251
	239

	3
	axial
	355
	324
	374

	4
	bending
	503
	459
	410

	5
	axial
	704
	642
	692

	6
	bending
	744
	679
	782


Table 5
 summarizes the measure vs. predicted frequency and shape for the first few vibration modes iv; note that the bending modes rely only on one accelerometer, shape cannot be directly measured using a single accelerometer for this type of test (roving accelerometer). Figure 14 shows the resulting impulse response for one of the axial accelerometers; plotted on the same axes are the background microphonics and the piezo Frequency Response Function (FRF) for the same cavity.  Note that the accelerometer data was taken with the cryomodule warm, 
	Mode
	Predicted Natural Frequency (Hz)
	Measured Natural Frequency

	
	Shape
	Cryo
	Room Temp
	Room Temp

	1
	bending
	101
	92
	78

	2
	bending
	275
	251
	239

	3
	axial
	355
	324
	374

	4
	bending
	503
	459
	410

	5
	axial
	704
	642
	692

	6
	bending
	744
	679
	782


Table 5
 shows that the predicted modal frequencies shift up by about 10% when the cryomodule is cooled down. Video Clips animating mode shapes using actual measurement data are shown in Figure 15 and Figure 16.
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Figure 15: Resascence Modal Measurement, 2nd Bending Mode (right click to play movie)
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Figure 16: Resascence Modal Measurement, 1st Axial Mode (right click to play movie)

  The Renascence test plan was to repeat these accelerometer measurements at 2K.  Three accelerometers failed during cooldown, while the fourth was rendered inoperative because of a feedthrough/cabling problem.  It is difficult to compare warm measurements to cold measurements.  That is why the test plan was to compare cold accelerometer measurements to simultaneous microphonics measurements using a method known as operational deflection shapes analysis.

    Analysis of the warm modal data is inconclusive, but several conclusions can be drawn with respect to similar testing in the future.  

1. Before this experiment is tried again, accelerometers should be thoroughly qualified in the VTA.

2. Triaxial accelerometers should be installed in as many locations as possible. Ideally at each iris (stiffening ring).

3. Data acquisition at frequent discrete stages of the cryomodule assembly process facilitate understanding of the interaction between adjacent structures.

4. There are multiple peaks closely spaced (in frequency) near each mode.  One hypothesis is that each cavity has a slightly different vibration frequency at each mode due to manufacturing and assembly differences.  The highest peak in each group results from the cavity under test, while adjacent peaks come from other cavities.
Conclusions and Recommendations

The design philosophy chosen in creating the SL21 and FEL03 cryomodules has resulted in lowering the peak cavity microphonics detuning by a factor of three (on average) as compared to the original CEBAF cryomodules.  The string assembly is stiffer, pushing the resonant frequencies higher where there is less excitation energy.  This increased stiffness also contributes to a lower Lorentz coefficient, averaging about 2.0 Hz/(MV/m)2 for SL20 as compared to 1.0 Hz/(MV/m)2 for FEL03, 1.4 Hz/(MV/m)2 for SL21, and 1.7 Hz/(MV/m)2 for Renascence.  Three consecutive cryomodules with significantly improved microphonics does not guarantee success, however, if structural changes are made to subsequent designs.  Without a proactive finite element modeling effort, including a modal testing program, we can only make general design decisions and react correctively when production testing reveals a problem.

  If we assume that the good performance of the upgrade cryomodules with respect to microphonics can be preserved going forward, we may want to consider shifting the majority of the vibration R&D effort to improving the performance of existing CEBAF cryomodules during the planned rework, since there is more room for improvement on the old-style cryomodules.
  Continued testing of environmental vibrations in the CEBAF tunnel, similar to the ground measurements made for SL20, should be performed for other locations and expanded to include other possible excitation sources such as waveguide vibrations and Lhe pressure modulation.  Modal testing should be used to validate structural modifications during the C50 cryomodule rework program.
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