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Project Overview 
 
Electrical breakdown in accelerating structures and RF couplers produces 
electromagnetic and acoustic signals that may be used to localize (in a non-invasive 
fashion) the breakdown site inside a cavity. Other indications of breakdown (microwave, 
X-ray, and dark current measurements) have proven insufficient to elucidate the basic 
physics of breakdown. During tests of the ILC design it will be important to record 
information describing electrical breakdown in order to understand why cavities and 
couplers break down, and how cavity/coupler design and operating conditions influence 
accelerator reliability.  
 
The goal of this project is to understand the acoustic properties of ILC RF couplers in 
order to relate the acoustic signatures of breakdown events to the underlying minor 
electromagnetic catastrophes taking place inside the structures. A wildly optimistic (and 
unlikely) outcome would be to develop a technique allowing derivation of an invertible 
acoustic Green's function for an individual structure.  This Green's function could be used 
to predict the signals arriving at various sensors as functions of the acoustic excitation 
caused by a coupler breaking down. The inverse function, provided with data from a 
sufficiently large number of sensors, would yield information about the discharge. A 
more realistic outcome will be to determine how well acoustic information can be used to 
localize and classify different breakdown modes in ILC couplers.  

mailto:g-gollin@uiuc.edu
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Our first year of investigation has concentrated on building software tools and developing 
a small amount of laboratory infrastructure so that we can begin learning about the 
problems we are confronting. Since these effects are well described by classical 
mechanics, the research has proved ideal for participation by undergraduates. The 
students have been remarkably productive and insightful, and are continuing their 
involvement. 
 
Results of Previously Supported Activities 
 
Our work began in FY03 when a one-year Department of Energy grant supported it. (The 
present project is funded through a three-year grant.) Initially we worked with warm 
copper NLC main linac structures. However, much of what we have learned can be 
applied to studies of ILC couplers.  
 
Since NLC structures are held at high temperature when they are assembled by brazing, 
the copper's grain size grows so that sound waves must propagate through a crystalline 
medium with irregularly shaped grains a few millimeters in size which are oriented 
randomly. The speed of sound in copper is about five millimeters per microsecond, so 
acoustic waves with frequencies in the MHz range (whose wavelengths are comparable to 
the grain size) are disrupted by scattering as they propagate. 
 
In FY03 we had worked with two sets of copper dowels on loan from the Fermilab NLC 
structure factory. The copper stock was from a shipment of material used to construct 
actual NLC test structures; one set of dowels had been heat-annealed to bring up its grain 
size, while the other had not and, consequently, had microscopic grains.  
 
We borrowed several 1.8MHz transducers (and associated signal conditioning 
electronics) from Bill O'Brien's lab as well as purchasing a pair of 500 kHz Panametrics 
transducers ourselves. A schematic diagram of our copper/transducer setup is shown in 
Figure 1. A variety of measurements for dowels of different lengths (including speed of 
sound, attenuation length, and beam spread) provided us with a nice set of experimental 
inputs with which to confront our acoustic models.  
 
We developed a pair of three-dimensional models for the propagation and detection of 
acoustic waves in copper. Both described copper as a (possibly irregular) grid of mass 
points connected by springs. (We can vary the individual spring constants and the 
arrangement of interconnections to introduce irregularities representing grains into our 
simulated copper.) The models may seem naïve, but they are able to support a variety of 
complex phenomena and it is a simple matter to tune various physical properties (such as 
the speeds of sound for compression- and shear-acoustic waves) through adjustments of 
the models' parameters.   
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Figure 1. Copper/transducer laboratory setup. We can listen for echoes returning to the transducer which 
fires pings into the copper, or listen to the signal received by a second transducer, or the sum of signals 
from the two transducers. 
  
 
One of the models uses MatLab as a computational engine, generating an analytic 
solution to the coupled equations describing the forces acting on each mass point. The 
other, written by two of the students, performs a fourth-order Runge-Kutta numerical 
integration to compute the response of mass points to acoustic perturbations. We have 
found it invaluable to be able to compare the detailed predictions of the models in order 
to verify their accuracy: scattering off grains produces very complicated effects and it is 
important to confirm that our calculations are accurate. Our numerical integration model 
is able to handle considerably larger systems than is possible with MatLab. However, 
when applied to smaller systems (with a few hundred mass points), both models agree to 
an accuracy consistent with integration step size and machine precision. 
 
Some of our modeling involves two-dimensional grids of roughly 105 points. We "drive" 
signals into them using a transducer model in which the piezoelectric device is described 
as a damped oscillator excited by shocks of short duration. Because of reflections at the 
ends of the cable used to drive the real transducers, the actual drive signal is complicated; 
we find we can model it adequately as a series of four closely spaced impulses. Figure 2 
shows a comparison of our simulation and measurements of the transducer signal for a 
pair of echoes in a copper dowel. We have used the first echo to guide our selection of 
drive parameters; the shape of the second echo is well reproduced. 
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Figure 2. Modeling the excitation of a piezoelectric transducer. 
 
  
Propagation of a simulated acoustic wave in a homogeneous 250×650 point grid is shown 
in Figure 3a. The lateral spread of the pulse is a consequence of the relatively small 
number of mass points receiving the initial excitation. 
 
 

 
 

Figure 3a. Acoustic pulse propagating in a homogeneous 250×650 point grid. 
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We can simulate the transducer signal as a function of time by summing the amplitudes at 
the "face" of a transducer as it experiences the effects of the acoustic pulse. Results, 
shown in comparison with a real oscilloscope record of transducer signal vs. time are 
shown in Figure 3b. They are promising but need more refinement. 
 

 
 
Figure 3b. Simulated transducer response to an acoustic pulse propagating in a homogeneous 250×650 
point grid. The transducer is at the downstream edge of the array. 
 
 
The effect of inhomogeneities on an acoustic wave is dramatic, as can be seen in 
Figure 4, below. Spring constants in the parallelogram-shaped region are half as large as 
those used elsewhere in the grid. The disruption suffered by the pulse dumps a significant 
amount of acoustic energy into the "bulk" of the copper. The version of the simulation 
shown in the figure does not include any damping. Even so, the echo returning to the 
transducer is badly disrupted.    
 
Notice the acoustic "glow" which washes over the transducer site due to scattering off the 
discontinuities in material properties evident in Figure 4. We see this sort of effect in the 
(real) heat-treated dowels when driving them with our 1.8 MHz transducers, as can be 
seen in Figure 5, below.  
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Figure 4. Propagation of an 
acoustic wave through an 
asymmetry in a two-dimensional 
grid. Spring constants inside the 
region indicated by the 
parallelogram are half as large as 
they are outside the 
parallelogram. 
 
Simulated signal in the 
transducer (which generates the 
initial pulse and then measures 
subsequent acoustic activity) is 
shown in the small graph below. 
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Figure 5. Acoustic glow at long times observed in a heat-treated (grainy) long copper dowel. Note that the 
scope trace is NOT showing noise: the fine structure is remarkably reproducible from shot to shot. 
Configuration uses a single transducer: ping, then listen to baseline signal as pulse travels into copper, 
pumping energy into acoustic baseline “glow.” Scope scales are 5 mV and 100 µsec per division.  
 
 
The amplitude of an acoustic pulse decreases because of attenuation as well as scattering 
of energy out of the pulse. Not surprisingly, a pulse bouncing back and forth in a heat-
treated (grainy) dowel dies out more rapidly than does a pulse traveling in a dowel which 
hasn't been heat-treated. This is evident in Figure 6, which shows a comparison of the 
sizes of the first and second echoes for pulses traveling in short (2.5 cm length) copper 
dowels. 
 

 
 
Figure 6. Pulses associated with the first and second echoes in short (2.5 cm) copper dowels. Note the 
relative sizes of the first and second echoes in each dowel; more energy is scattered out of the pulse 
traveling in the heat-annealed (grainy) copper. Horizontal and vertical scales are 2 µsec and 500 mV per 
division respectively.  
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Results of First Year Activities Supported by This Grant 
 
Our work continued in FY04. We increased the sophistication of our model to 
incorporate arbitrary numbers of grains, and began studying our ability to reconstruct the 
source of an acoustic signal. 
 
Figure 7 shows the propagation of an acoustic wave in a two-dimensional “copper” 
lattice containing roughly 600 grains. The initial wave front was excited as an even mix 
of shear and compression waves. The different propagation speeds of the (slower) shear 
wave and (faster) compression wave are clearly seen, even in the presence of the 
disruption caused by scattering off the grains. 
 

 
 

Figure 7. Propagation of a 50% shear-, 50% compression-mode pulse through a grainy “copper” grid. 
 
We are still able to see reasonably clear signals in our (simulated) receiving transducer in 
spite of the grain-induced degradation in signal quality.  
 
The primary issue to be resolved is whether or not we can reconstruct the location and 
extent of an electrical breakdown in a three-dimensional structure. To that effect, we have 
been working with the 5-cell NLC structure shown in Figure 8. Our model is an 
incomplete representation of the structure: it is a cylinder containing five cylindrical 
voids, as illustrated in Figure 9. We drive excitations into it from one point on the wall of 
the largest void and register the received transducer signals for the four transducer 
locations shown in the figure. 
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Figure 8. Five-cell NLC accelerating structure used in FY04 investigations. 
 
 
 

 
 

Figure 9. Simple three-dimensional model for NLC accelerating structure. Acoustic excitations are applied 
at the indicated point; the effects on mass points are shown for the plane containing the excitation.  
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We find that our ability to reconstruct the breakdown event depends on the amount of 
information available from the transducers. Even with only four ideal transducers, placed 
as shown in Figure 9, we are able to reconstruct the origin of the spark by playing the 
transducer signals backwards, using them to drive signals back into the copper as 
illustrated in Figure 10, and looking for the time of sharpest peak to be found in the data. 
 

 
 

Figure 10. Simulations of generated (left) and reconstructed (right) acoustic excitation using four ideal 
transducers.  
 
Transducers capable of providing this level of information, however, must be able to 
determine the motion of the copper surface in all three dimensions. Commercial devices 
of this sort are available, but their price is considerably higher than for simple 
compression wave sensors. We are currently studying algorithms that are appropriate for 
single-signal devices. 
 
Since the technology recommendation last August, we have begun investigating the 
geometry of ILC RF couplers in order to begin modeling their acoustic properties in place 
of those of the NLC warm copper linac structures. We expect that the tools we have 
developed in the last two years will work well for simulating the coupler. 
 
A Few Comments 
 
Active participants in LCRD 2.15 are constrained by the academic calendar: Gollin 
teaches (although he had been relieved of teaching duties during the Spring and Fall 2004 
terms in order to focus on Linear Collider work), while Calvey, Davidsaver, and Phillips 
are undergraduates with full course loads. Most of our progress occurs during the 
summer. 
 
Calvey and Davidsaver will graduate in 2006, while Phillips will graduate in 2005. They 
have all expressed a great deal of interest in continuing on LCRD 2.15, and will be even 
more productive than they were last summer.  
  
Our budget is simple, consisting primarily of salaries for three undergraduate students, 
the costs of additional instrumentation, and a small amount of travel money. 
 
More detailed information about recent progress is available on the web in various talks 
linked to Gollin’s home page http://www.hep.uiuc.edu/home/g-gollin/. 
 
 

http://www.hep.uiuc.edu/home/g-gollin/
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UIUC Budget for LCRD 2.15 (awarded by DOE) 
 
Item FY04 FY05 FY06 
Summer + academic year salary, 3 undergraduates 
(assume 750 hours/year/student, $6.15/hr) 

$13,845 $13,846 $13,846 

Panametrics transducers (e.g. A133R-RM, $250) $500 $2,000 $2,000 
Signal conditioning circuitry for transducers $500 $500 $500 
National Instruments NI PXI-5112 digitizers  - $10,000 $10,000 
Travel (one trip to SLAC each year) $1,047 $860 $860 
Indirect costs $7,893 $7,794 $7,794 
Totals $23,785 $35,000 $35,000 
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