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Abstract

Stable operation of a modern high current storage rings re-
quires attention to the sources of coupling impedance. Meth-
ods ranging from EM modeling to bench and beam measure-
ments are routinely used to characterize accelerator compo-
nents. The beam-based method presented here complements
existing approaches, and allows precise measurements and
identification of narrowband resonances in structures such
as RF cavities or in-vacuum undulators. We combine the
well-established approach of characterizing eigenvalues of
coupled-bunch instabilities with modern high-throughput
data acquisition tools and automatic analysis methods. By
sequentially exciting low-amplitude oscillation of individ-
ual modes below the instability threshold and observing
open-loop damping, we automatically map the eigenvalues
of all even-fill eigenmodes. Repeating the measurements
while changing operating conditions, such as cavity temper-
atures or undulator gaps, provides a detailed mapping of the
impedance source. These measurements are used to extract
impedance parameters as well as to optimize accelerator
settings. Experimental results from the Advanced Photon
Source and other accelerators illustrate the technique.

INTRODUCTION

In this paper we present a beam-based method for measur-
ing narrowband coupling impedances in a storage ring. Such
narrow resonant modes, typically parasitic modes in vacuum
structures or higher-order modes (HOMs) in RF cavities, can
potentially excite severe coupled-bunch instabilities. Pre-
cise characterization of these resonances is important for
optimizing the operation of existing machines as well as for
planning of upgrades.

MEASUREMENT METHOD

Instabilities and Impedances

In order to characterize the coupling impedances we mea-
sure the eigenvalues of the even-fill eigenmodes (EFEMs).
Modal eigenvalueΛl defines the open-loop trajectory Ale

Λl t

of EFEM l. The real part of the eigenvalue determines the
modal growth or damping rate and the imaginary part — the
oscillation frequency. In the longitudinal plane, the eigen-
values are described by the following relation:

∗ Work at supported by U. S. Department of Energy, Office of Science,
under Contract No. DE-AC02-06CH11357.

† harkay@aps.anl.gov

Λl = Λ0 +
παe f 2

rf I0

E0hωs
Z ‖eff(lω0 + ωs) (1)

where Λ0 = −λrad + iωs is the unperturbed eigenvalue,
Z ‖eff is the effective impedance, related to the physical
impedance as follows:

Z ‖eff(ω) =

∞∑

p=−∞

pωrf + ω

ωrf
Z ‖(pωrf + ω) (2)

In the transverse plane we have [1]:

Z⊥eff(ω) =

∞∑

p=−∞

Z⊥(pωrf + ω), (4)

where c is the speed of light andωβ is the betatron frequency.
The transverse impedance, unlike longitudinal, does not
scale with frequency when aliasing to Z⊥eff .

Modal eigenvalues sample machine impedances at syn-
chrotron or betatron sidebands of many revolution harmon-
ics. To characterize the resonant modes we need a way to
tune their frequencies. For higher order modes in RF cavities
the typical method for tuning the HOMs is to change the
cavity temperature. Mechanisms to change the geometry of
the structure provide another way of tuning the resonances.
These include cavity tuners, in-vacuum undulators (IVUs)
with movable jaws, and others.

A measurement of complex eigenvalues as a function
of a tuning parameter characterizes the aliased effective
impedance Zeff(ω). In order to reconstruct the original
HOM resonance additional information is required. Aliased
impedance measurement defines, with the resolution of the
RF frequency, where in the spectrum the true impedance
might be located. One way to localize the impedance is
to compare these frequencies to the known HOM spectra,
from simulations or bench measurements. If the structure
in question has RF probes, it can be investigated with beam
to resolve various resonances. In this case, a single-bunch
fill pattern is normally used to generate a comb of revolu-
tion frequency harmonics extending beyond the beam pipe
cut-off frequency.

To summarize, by scanning a resonant mode and mea-
suring EFEM eigenvalues we can extract the response as a
function of the scanning parameter. In order to translate that
information to the modal frequency and bandwidth we need

,

Λl = (−λ⊥rad + iωβ ) −
ce f revI0
2ωβE0

Z⊥eff (lω0 + ωβ ) (3)
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two pieces of information — the conversion factor/function
between the scanning parameter and HOM frequency and
the original unaliased frequency of the HOM. In some sit-
uations we can obtain the conversion factor by observing
the effect of the single HOM on multiple EFEMs. As the
Advanced Photon Source (APS) measurements demonstrate,
when the resonances have very high Q, their tuning can be
extracted from the eigenvalue shifts of closely spaced syn-
chrotron sidebands with 2 fs separation. In the transverse
plane, closest sidebands are spaced by twice the fractional
betatron tune1. In other situations, tuning sensitivity can be
high enough to move the mode across several revolution har-
monics, thus providing a convenient calibration — this is the
approach taken in the Australian Synchrotron measurements.

Unfortunately, there is no universal recipe for extracting
impedance parameters. In each case, a unique combination
of impedance sources, accelerator parameters, and physically
accessible controls and measurement signals determines
what can and cannot be characterized. Thus, experimenters
should be ready to improvise and to adapt the measurement
to the machine.

Experimental Setup

Our method is based on the transient drive/damp mea-
surement. In this measurement, a bunch-by-bunch feedback
system is configured to excite a single eigenmode with si-
nusoidal output. Upon a software trigger, the excitation is
turned off and the evolution of the eigenmode is recorded in
the open loop configuration. The drive/damp measurement
dates from the mid-1990s [2], [3, page 47]. In general, this
measurement can be performed both below and above the
instability threshold. Since the feedback is turned off for all
EFEMs, it is easier to perform the measurements under the
threshold. Above the instability threshold, unstable modes
grow exponentially, limiting the maximum allowable time in
the open-loop state. This limit interferes with measurements
of slowly damping EFEMs.

An important advantage of the drive/damp measurement
over the traditional grow/damp measurement performed
above the instability threshold is that any eigenmode can be
probed at will. As discussed below, measurements of stable
eigenmodes shifted to faster damping by the HOMs are im-
portant for proper characterization of unaliased impedances.

While the measurement technique was first utilized in
the early 1990s, recent advances in real-time data acquisi-
tion capabilities and online/offline analysis have pushed the
method to a qualitatively new state. Modern diagnostic sys-
tems allow measurement of more than one or two modes
—an arbitrary subset or even all eigenmodes can be quickly
scanned. This extension of the approach was first developed
at Diamond Light Source [4] and has been since used at
multiple accelerators around the world.

With a large number of eigenmodes to probe, efficient data
acquisition is critical. THe feedback processor used in these
experiments (iGp12) captures 20–35 ms of beam motion

1 Closest spacing is 2ωβ −ωrev for ωβ > ωrev/2.

every 500 ms. The repetition rate is limited by the internal
memory readout bandwidth of 320 Mbps. Using a custom
mode scan tool we streamed these acquisitions to a control
computer. The mode scan tool steps the drive excitation
frequency through a range of eigenmodes, specified by the
user, and captures a desired number of measurements for
each mode.

Data sets, captured as described in the previous section,
are automatically processed by our custom Matlab tools to
extract the modal eigenvalues (growth or damping rates and
oscillation frequencies). The traditional approach to analyz-
ing bunch-by-bunch data is to transform signals from bunch
to EFEM basis [5]. Such analysis is powerful, since it ex-
tracts all the eigenmodes, but is computationally intensive.
If, however, we are only interested in a single eigenmode, a
much more efficient approach is available. In this method,
we select the appropriate single detection frequency for the
eigenmode in question2, mix the beam signal with the com-
plex exponential reference signal eiωt , and lowpass filter the
result. This process shifts the desired mode to baseband and
lowpass filtering selects only that eigenmode. THe resulting
complex trajectory is then fitted with a complex exponen-
tial to estimate the growth/damping rate and the oscillation
frequency. For a detailed discussion of the eigenvalue esti-
mation method refer to [3, pages 48–54].

Limitations

We would be remiss not to discuss the limitations of the
technique described here. As discussed earlier, measuring
EFEM eigenvalues under the instability threshold allows
the experimenter to extend the feedback-off period as far as
needed, in order to resolve very long damping times. At
the same time, the eigenvalue shift from a given impedance
scales linearly with beam current, thus limiting sensitivity
to smaller impedances.

Another important limitation is due to the fact that we
characterize the impedances by measuring eigenvalue shifts.
If the unperturbed eigenvalueΛ0 changes from measurement
to measurement, it limits the smallest resolvable shifts. This
effect is most pronounced in the transverse plane, specifically,
in the EFEM frequency measurements.

EXPERIMENTAL RESULTS

In this work we present results of three experimental mea-
surements at three different accelerators: longitudinal at
MAX IV 3 GeV ring, vertical at the Australian Synchrotron
(AS), and longitudinal at the Advanced Photon Source (APS).
The measurements are arranged in increasing order of so-
phistication in the experimental technique. At MAX IV,
measurements of a single eigenmode were performed above
the instability threshold. This approach is conceptually iden-
tical to the work presented in [6]. In the AS studies, a group
of vertical EFEMs was measured both below and above
the threshold. Finally, at the APS, complete modal scans

2 Upper or lower synchrotron sideband of the appropriate revolution har-
monic.
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Table 1: MAX IV Parameters

Parameter description Value
Beam energy 3 GeV
Beam current 500 mA
Number of bunches 176
Nominal RF frequency 100 MHz
Harmonic number 176
Synchrotron frequency 680 Hz
Radiation damping time 25 ms

below the instability threshold were used to identify and
characterize multiple longitudinal HOMs in RF cavities.

MAX IV 3 GeV

Relevant parameters of the MAX IV 3 GeV ring are sum-
marized in Table 1. The goal of longitudinal instability
studies in MAX IV was to optimize cavity temperatures for
minimum growth rates. Before temperature optimization
the longitudinal instability threshold was 3 mA. With an
low shunt impedance improvised kicker [7], reduction of
growth rates was necessary to extend the control range of
the longitudinal feedback.

Figure 1 shows the result of a temperature scan of the
main RF cavity 20, with the eigenvalues of mode 167 re-
sponding to the temperature changes. In order to quantify
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Figure 1: Mode 167 eigenvalues and the resonant fit.

Table 2: AS Parameters 

Parameter description Value
Beam energy 3 GeV
Beam current 200 mA
Number of bunches 300
Nominal RF frequency 499.654 MHz
Harmonic number 360
Vertical tune 5.216

the effective impedance we fit a resonant mode response to
the measurements.

The most straightforward analysis technique is to fit res-
onant responses to the measured modal eigenvalues using
temperature as a substitute for frequency. At each tempera-
ture T the eigenvalue can be calculated using the following
five-parameter form:

λ =
iλmaxTTbw

T2
0 + iTTbw − T2

+ λ0 + iω0
s (5)

where T0 is the temperature where peak growth rate λmax

is reached, Tbw is the resonant bandwidth, λ0 is baseline
growth rate3 and ω0

s is the base modal frequency4.
After similar temperature scans were performed on all

main and harmonic RF cavities, we adjusted the cavity tem-
peratures to minimize the growth rates, increasing the longi-
tudinal instability threshold from 3 to 17 mA.

Australian Synchrotron

In the Australian Synchrotron, fast vertical growth rates
are observed, driven by the IVUs. When the IVU gaps are
open, vertical instabilities are dominated by the resistive wall.
When the gaps are closed, however, much faster instabilities
occur. The growth rates of these instabilities depend strongly
on the gap position. Figure 2 shows the growth rates for
mode 359 (−1, resistive wall) and 222–224 as a function
of IVU05 gap setting. As the gap is reduced, the resonant
mode crosses the lower betatron sideband of 222nd revolution
harmonic, then 223rd and 224th. Of course, these can be
baseband harmonics or harmonics above any multiple of the
RF frequency.

Fitting resonant responses to the growth rates of individ-
ual modes we generate the plot shown in Fig. 3, this time
using the IVU gap as a substitute for frequency. Spacing
of the peaks for the neighboring modes corresponds to the
resonance shifting by ωrev and provides a convenient way to
calibrate our scanning parameter. Two distances agree within
3% and give us the tuning coefficient of 4.8 MHz mm−1. Fit-
ted bandwidths range from 75 to 78 µm or 360–374 kHz.
The fits show that the shunt impedance increases as the un-
dulator jaws get closer to the beam.

3 Radiation damping rate is expected here, unless constant impedances due
to cavities in other regions are shifting the eigenvalue.

4 Should be the zero current synchrotron frequency without other
impedances affecting the eigenmode.
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Figure 2: Vertical growth rates vs. IVU05 gap setting.
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Figure 3: Vertical growth rates and resonant mode fits.

Unlike cavity HOM tuning, IVU jaws do have to travel
through the resonant region, so the instability cannot be
fully avoided. At the same time, these measurements can
be used in operation to select more stable positions and to
add stability when the resonant mode crosses the betatron
sideband5.

A numerical study of resonant modes in IVU05 was done
using HFSS [8]. Table 3 compares calculated and measured

5 Additional stabilization can come from the increased bunch-by-bunch
feedback gain or from raised chromaticity. Both of these have negative
side effects and are best kept lower in steady state operation.

Table 3: Comparison of Measured and Modeled 
Parameters for the IVU05 Mode 3

Parameter description Measurement Model
Tuning sensitivity, MHz mm−1 4.79 4.81
Bandwidth, kHz 360–374 239
CF @ 6 mm gap, MHz 186.4 194.4

parameters. In general, we see good agreement between
these, taking into consideration the fact that HFSS model
assumed ideal electrical conductivities for all materials and,
therefore, under-estimated the bandwidth.

Advanced Photon Source

Setup Accelerator parameters, relevant to the APS mea-
surements, are provided in Table 4. Since the Advanced
Photon Source is not equipped with a longitudinal bunch-
by-bunch feedback system, an improvised setup was created.
A conventional front-end was used to detect the phase of the
sum signal of a button position monitor relative to the 4th

harmonic of the RF frequency. In the absence of a wideband
longitudinal kicker we used an improvised kicker consist-
ing of two transverse striplines driven common mode. The
longitudinal shunt impedance of such a kicker has sin2(ωl

2c )

dependence on frequency [9]. For the APS striplines peak
response occurs near frf/2. Since nominal fill pattern pop-
ulates every 4th RF bucket, we used the back-end shaper
in iGp12 [10] to apply an inverted kick to the RF bucket
following the bucket where the true kick was applied. The
resulting modulation upconverts the kick to frf/2, placing
the kick signal near the peak of the stripline kicker’s shunt
impedance.

In our experiments we used two main types of streaming
configurations:

• Four acquisition per mode, modes 1–323, roughly
11 minutes scan time;

• Ten acquisitions per mode, a subset of 48 modes, 4 min-
utes scan time.

The first measurement configuration covered all possible
eigenmodes except the lowest frequency mode (mode 0).
Based on several complete scans we have identified a subset
of EFEMs with strong driving terms. These eigenmodes
were then measured in more detail.

Individual measurements Figure 4 illustrates the time-
domain evolution of two eigenmodes in a drive/damp mea-
surement. Mode 36 was driven by the bunch-by-bunch feed-
back system to the initial level of 0.025° and decays expo-
nentially in the 34 ms transient. At the same time, mode 0 is
continuously excited by wideband and narrowband spectral

Table 4: APS Parameters 

Parameter description Value
Beam energy 7 GeV
Beam current 100 mA
Number of bunches 324
Nominal RF frequency 352 MHz
Harmonic number 1296
Synchrotron frequency 2.22 kHz
Radiation damping time 4.82 ms
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Figure 4: Time domain evolution of modes 0 (driven by RF
disturbances) and 36 (excited by the LFB) in a drive/damp
measurement at 100 mA.

components in the vicinity of the RF frequency to a much
higher 0.14° average amplitude.

This significant difference between the externally driven
motion of mode 0 and the achievable amplitudes of other
modes points to the important machine setup requirement
for these measurements. High degree of fill pattern unifor-
mity is critical for successful measurements of this type.
Variation in bunch currents multiplies the modal spectrum,
producing a convolution in the frequency domain. Such
convolution projects some of the motion of mode 0 to other
modes, dramatically raising the measurement noise floor.
Since the noise floor is typically on the order of 1.3 millide-
grees, even small coupling from 140 millidegrees of mode 0
can compromise the signal of interest. The fill pattern unifor-
mity requirement drops somewhat when a true longitudinal
kicker is available, since much higher amplitudes can be
reached.

Results of a single scan are shown in Fig. 5. The mode
spectrum is folded around half the harmonic number h, to
plot mirror modes l and h− l (also denoted as −l) at the same
point. The reason for that is that the coupling impedance
function Z(ω) is hermitian, that is Z(ω) = Z∗(ω) where ∗

connotes complex conjugate [3, page 12]. As a result, eigen-
modes l and −l are driven by Z(ω) and −Z∗(ω), leading to
identical imaginary part shifts (tune shifts) and opposing
real part shifts (growth/damping rates). In such a presenta-
tion, narrowband resonances produce clearly visible shifts
for pairs of modes, especially noticeable for modes 36, 151,
and −95.

In order to tune the cavity HOMs we used cavity tempera-
ture control. In the APS, one can adjust cavity temperatures
in sectors, with four cavities per sector. Both sector setpoint
and individual cavity temperatures were recorded. Compar-
ison of individual cavity temperatures to the setpoint shows
a linear relationship in all cases. Thus, fitting and analysis
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Figure 5: All mode scan at 76 mA. Modes 32, 36, 40, -95,
151 are clearly driven by narrowband resonances.

here were done relative to the sector setpoint rather than the
temperature measurements of individual cavities.

HOM parameter fitting A set of modal scans taken at
different temperature setpoints characterizes the dependence
of all modal eigenvalues on that temperature. Many EFEMs
do not respond to the temperature change. For those modes
with significant eigenvalue shifts away from Λ0, lack of
response suggests the driving impedance is in a different
RF sector. Mode −95 seen in Fig. 5 falls in that group.
Later measurements showed that this mode is driven by
cavity 4 in Sector 40. For modes without significant shifts
from Λ0, either there is no significant driving impedance or
the resonant mode is tuned too far away from the relevant
synchrotron sideband. Figure 6 shows the results of the
temperature variation study in Sector 36. Eigenvalues of two
modes, 36 and −36, are plotted versus temperature setpoint.
The temperature scan was done at a beam current of 76 mA
to keep the beam under the instability threshold. As Fig. 6
shows, mode 36 gets very close to the instability threshold
at 82.5 °F.

The relationship between resonant frequency and temper-
ature is assumed to be linear in the small temperature range
explored in the experiment. For each HOM, we define

ωr (T) = ωsb + KT (T − T0) (6)

Here ωsb is the synchrotron sideband of the revolution har-
monic to which the mode is tuned at temperature T0.
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Figure 6: Modes 36 and 288(−36) are sampling the same
HOM impedance.

If we examine Fig. 6 carefully, we find a clear shift be-
tween peak growth rates for modes 36 and −36. Equa-
tions 1 and 2 help explain the asymmetry between posi-
tive and negative modes. That asymmetry is due to the
fact that the positive mode samples the HOM impedance
at Nωrf + Mωrev + ωs while the negative mode reacts to
the impedance at −Nωrf − Mωrev + ωs. As noted earlier,
impedance function is hermitian, thus the negative mode is
effectively sampling at Nωrf + Mωrev − ωs. Therefore, a
separation of 2ωs can be used to extract the HOM tempera-
ture tuning sensitivity if the mode is narrow enough. From
the plot, the difference between the two peaks is roughly
0.75 °F. That corresponds to 2 fs shift in the impedance
center frequency, or 4.45 kHz. Dividing the two numbers
we get the tuning sensitivity KT ≈ 5.9 kHz/°F.

Figure 7 shows the results of simultaneously fitting both
modes 36 and −36. The estimated shunt impedance and Q

are fairly close to the URMEL model predictions of 1.67 MΩ

and 41,000, respectively. Extracted tuning sensitivity of
6.3 kHz/°F is in agreement with our rough estimate. Our
earlier assumption of the linear relationship between temper-
ature and HOM frequency is confirmed by the good agree-
ment between measured and fitted eigenvalues.

Figure 8 illustrates one of the practical applications of this
measurement. Plotting the fits to all the HOMs observed
during the scan versus sector setpoint temperature gives us
an easy way to optimize the operating temperature. Within
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Figure 7: Fitting HOM response to both modes 36 and −36
extracts the temperature coefficient of the resonant mode.
With known source frequency around 537 MHz the HOM
is fully parameterized.

the practically achievable range of setpoints from 80 to 90 °F
minimum growth rate point is 87 °F. Since some variation
of temperatures around the setpoint is to be expected, 86 °F
is a slightly better practical choice.
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Figure 8: Growth rates due to all the HOMs observed in
sector 36 at 74 mA.
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Table 5: Rough identification of the HOMs

HOM frequency, MHz 537 918 1207
Cavity Mode number
S36C2 30 136 -98
S40C4 31 138 -95
S40C3 32 139 -92
S38C2 32 139 -91
S36C1 34 141 -88
S40C1 34 142 -86
S40C2 35 143 -83
S36C4 36 144 -82
S38C1 36 145 -80
S36C3 38 146 -77
S37C3 39 149 -72
S38C4 39 150 -71
S38C3 40 151 -69
S37C2 43 153 -63
S37C1 43 154 -61
S37C4 44 155 -59

After the APS upgrade (APS-U), the ring circumference
will change slightly. As a result, to predict the minimum
achievable growth rates with individual cavity temperature
adjustments, we need to match the measured modes with the
individual cavities. Table 5 provides a rough identification
guide for three dominant HOMs in the APS cavities. This
guide is generated as follows. With a single bunch in the
ring to create a comb of revolution frequency harmonics, we
examined individual cavity HOM probes, and for each mode
recorded the revolution harmonic with the highest beam-
induced power. Based on Table 5 we assign measured modes
to individual cavities. For example, mode 36 measured
during the Sector 36 temperature scan is assigned to cavity
4 in that sector. Resonance parameters, extracted from the
fitting process, are then used to predict the APS-U growth
rates at different cavity temperatures.

SUMMARY

New fourth-generation storage-ring based light sources
are moving to beam parameters that make these accelerators
more sensitive to driving impedances. In the longitudinal
plane the sensitivity is enhanced by low synchrotron frequen-
cies, with growth rates scaling as 1/ωs. Transversely, this
higher sensitivity comes about from the very low vertical
emittances, with low emittance beams being more sensitive
to residual dipole oscillations. Operation of bunch-by-bunch
feedback systems at high loop gains, required to suppress
fast growth rates, leads to higher residual motion amplitudes.

Precise characterization of resonant impedances becomes,
therefore, more important for operational optimization, ma-
chine upgrades, and resonance mitigation. Beam-based tech-
niques provide a powerful tool set for identifying and quanti-
fying such resonances. Using multiple even-fill eigenmodes
to sample the resonance we can extract shunt impedance,
quality factor, center frequency (CF), and tuning sensitivity.

In combination with modeling and single-bunch probing the
effective impedances can be "unaliased".

These measurements can help provide much needed in-
formation prior to the installation of new insertion devices,
changes in operating points, or major upgrades.
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