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Chapter I11.6

Beam coupling impedance measurements with beam and on a bench

Nicolo Biancacci
CERN, Geneva, Switzerland

The beam coupling impedance is one of the key quantities describing the interaction between a
particle beam travelling in a particle accelerator and its surroundings. Under specific circumstances,
the impedance can lead to severe beam instabilities which limit the overall performance of a running
accelerator or pose challenges for the achievement of a project.

In this contribution, we present the main techniques in use to characterize the impedance either with
beam-based procedures, or with RF measurements on a test bench. The former is usually performed
on running machines for which limitations are found or need to be assessed, the latter is typically
performed before/after equipment installation and for validation purposes.

We will also introduce some of the measurement techniques used to characterize the electromag-
netic properties of materials. This is relevant, for example, for the correct material modelling in
simulations, or to validate a fabrication process.

The beam coupling impedance represents the electromagnetic interaction of a particle beam with the
surrounding accelerator equipment (such as beam pipes, RF cavities, kickers, instrumentation, etc.) [1—
3]. As the current flowing in the coils of the bending magnets creates the main magnetic field in the
accelerator, in a similar way, a circulating beam represents a current source and, during the passage in
accelerator equipment, excites electromagnetic (EM) fields. The EM fields created by a source particle
can act back on the trailing particles in the beam. Given a trailing test charge at a distance s from the
source, the change in momentum normalized to the source and test charges is called wakefield, or wake

function.

For example, if we consider the longitudinal electric field &; created by a source charge with
velocity v, charge (), and longitudinal coordinate zg = wt, this will induce a change in longitudinal

momentum Ap; on a test particle carrying the elementary charge ¢ at zp = zg + s given by

o

Ap(s) = / dt ¢&(zp, zs = vt) , (IIL.6.1)
S 2r=z25+s

where we neglected the possible dependence on the transverse coordinates of the source/test particles.

The longitudinal wakefield is defined as

v

Wils) = -5
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The frequency content of a wakefield created by a single particle is called beam coupling impedance or
simply impedance.

Figure II1.6.1 shows a schematic example of the concepts illustrated above. A charged particle
beam excites the electromagnetic fields in a cavity (left). The normalized longitudinal momentum kick

is given by the wakefield function (center), whose Fourier transform is the impedance definition (right).
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Fig. I11.6.1: A charged particle beam excites electromagnetic fields in a cavity (left). The longitudinal
wakefield and corresponding impedance are shown respectively in the center and in the right plots. Axes
are normalized with respect to the main resonance frequency.

In analogous way, one could define the transverse wakefield and impedance. Depending on the

plane and relative transverse source/test position we distinguish at least 5 impedances (and corresponding

wakefields) as shown in Fig. I11.6.2:

* the longitudinal impedance: both source and test particles are on-axis;

* the driving (or dipolar) impedance: the source particle is displaced transversally, whereas the test
particle is on-axis;

* the detuning (or quadrupolar) impedance: the test particle is displaced transversally, whereas the

source particle is on-axis.

Longitudinal wake/impedance Horizontal/Vertical driving wake/impedance Horizontal/Vertical detuning wake/impedance

n =

Fig. II1.6.2: Five impedances (and corresponding wakefields) are needed for the development of an
accelerator impedance model: the longitudinal (on the left), driving or dipolar (on the center), detuning

or quadrupolar (on the right) impedances.

In principle, one could develop up to any order on source/test positions, but in practice the linear
terms are usually sufficient for the development of an accelerator impedance model. It is important to

notice that the concept of impedance reduces the problem of computing the scattered electromagnetic
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fields in a structure from a beam excitation to a point charge excitation. Once the response (also referred

to as Green function) is known, one can obtain the convoluted response from the full beam distribution.

The impedance is acting as a retro-action system on the beam response to self-excitation, similarly
to what can happen putting a microphone in front of an amplifier speaker: the initial sound is indefinitely
amplified as long as the output is seeding the input of the system. In the same way, the beam may undergo
oscillations under the effect of the impedance, which self-enhance themselves inducing particle loss or
beam quality degradation. Figure II1.6.3 shows an impedance-driven instability recorded in the Large
Hadron Collider (LHC).
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Fig. I11.6.3: A coherent instability (i. e. from the centre of mass <x>) recorded in the horizontal plane
of beam 2 during the LHC fill 4205.

By definition, the impedance is inherently present in every accelerator and it contributes to its
intensity limitations, either directly or together with other collective effects (e.g. space charge, intrabeam
scattering (IBS), electron cloud, beam-beam, etc.). Detrimental coherent and incoherent impedance
driven effects can prevent the achievement of the final beam parameters (intensity, emittance, etc.) and

it is therefore important to control, and in some cases necessary to reduce, the machine impedance.

In this context, the development of a machine impedance model allows to:

* predict the impedance-related machine performance limitations;
* prepare for machine upgrades (adding/removing impedances);
* optimize beam parameters for existing machine operation modes;

* be ready to address expected and unexpected instabilities.

Figure I11.6.4 shows the typical result of the impedance model development for the LHC. For
illustrative purpose, only the horizontal driving impedance is shown. The impedance is calculated, ei-

ther analytically or with numerical simulations, for each machine element. As one can see, the largest
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Fig. II1.6.4: Example of an accelerator impedance model. On the left the LHC schematic is shown,
on the right the corresponding model for the horizontal driving impedance. The quality of the model is
strictly tested against beam-based or/and bench impedance measurements.
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impedance contributors are typically the elements close to the beam (e.g. collimators) or/and large in
number (e.g. the beam pipe). To ensure and test the quality of a model, the development of an impedance

model is cross-checked and refined taking input from beam-based and bench impedance measurements.

II1.6.1 Beam-based impedance measurements

In this section we will describe some of the commonly performed beam-based impedance measurements.
Figure I11.6.5 shows a simplified (and not exhaustive!) list of the main techniques used to access the real
and imaginary parts of the longitudinal and transverse impedances. The reader will contextually find

appropriate references for a more detailed description of each technique.

Beam-based impedance
measurements
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Fig. I11.6.5: Schematic view of a selection of methods commonly used for beam-based impedance mea-

surements in longitudinal and transverse planes.
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II1.6.1.1 Transverse impedance

In absence of collective effects, the beam would undergo betatron oscillations along the closed-orbit

path. This motion is described by Hill’s equation
d
%yi(s) + Ko(s)yi(s) =0, (111.6.3)
in which Ky(s) represents the quadrupole magnet strength along the longitudinal coordinate s, and,

to simplify the notation, we exclusively refer to the vertical coordinate y; of a particle ¢ in the beam.
Applying a Floquet transformation we can find Hill’s solution of Eq. (II1.6.3) in the form

yi(s) = \/€yBy(s) cos(¥y(s) + 6;), (I11.6.4)

where (3, is the betatron function (or S-function) fixed by the lattice properties, €, is the single particle
invariant, 6; is the betatron phase at s = 0 and 1, (s) the betatron phase advance along the lattice given
by

s 1
Yy(s) = / 5.0 ds, (IIL6.5)

where the integral starts from s = 0, a conventional accelerator starting point. We define the tune (), as

the number of particle oscillations per turn given by

R N A 11L.6.6
Qy_%/oﬁy(s)s’ (II1.6.6)

with C the accelerator circumference.

In presence of a transverse impedance, the motion is perturbed as

d < F; >
%?Ji(s) + Ko(s)yi(s) = B2E,

(I11.6.7)
where < F; > is the average force experienced by the particle, Ey = ym,c? is the energy of the

travelling proton particle, with ¢ the speed of light, m,, the rest mass, y the Lorentz factor, and 5 = v/c.

Under these conditions, the centroid motion undergoes an exponential growth in amplitude with
growth-rate 7,° 1 directly proportional to the real part of the transverse impedance, and a betatron fre-

quency shift, or tune shift AQ,, related to the imaginary part of the impedance.

This simplified picture purely refers to the rigid motion of the beam in presence of driving
impedance. In reality the beam, as any physical structure, can have different modes of oscillations,
each of them differently affected by the impedance. In this frame, codes like DELPHI [4] can provide a
more detailed insight of the theory developed, e.g., in Ref. [2].

111.6.1.1.1 Real part

Figure I11.6.3 showed an instability recorded in the LHC. The instability can be seen as an exponential
growth of the centroid motion, eventually leading to particle loss on the beam pipe or collimation region

of the machine. The rise time of the instability 7, (or, conversely, the growth-rate 7~ 1y is directly related
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II1.6.1. Beam-based impedance measurements

to the real part of the transverse impedance: the larger the impedance, the shorter the rise time. In
particular, looking at the dependence of 7, versus chromaticity @, one can deduce the behaviour of the
real part of the machine impedance versus frequency. An example of the method application is shown in
Fig. I11.6.6 for the SPS [5] and for the LHC [6].

For the SPS, measurements are shown in dots, together with full or dashed lines representing the
analytical estimations of the growth rate before/after the machine Long Shutdown 2 (L.S2). Measure-
ments are shown with respect to the chromatic frequency fe, = fo Q’y /n, with f the beam revolution
frequency and 7 the slippage factor. No change in the impedance was expected and confirmed by the

measurements, which are in remarkable agreement with predictions.

For the LHC, measurements are shown in dots and tend to agree with the machine impedance
model accounting for a factor of about 2 in the transverse impedance. This is an example where mea-

surements help as an input for the refinement of the impedance model.
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Fig. I11.6.6: Determination of the real part of the transverse dipolar impedance in the SPS (left) and in
the LHC (right). Courtesy of C. Zannini and D. Amorim respectively.

A beam undergoing oscillations with exponentially increasing amplitude will eventually hit the
vacuum chamber and be lost. Rise-time measurements are therefore “easier” in fast-cycling machines,
as one can inject new bunches rapidly. In large colliders, like the LHC, a machine refill can take hours,
especially for experiments at high energy. In this case, the technique can be still used with the help of
a transverse damper: once the instability is triggered, the damper gain is quickly increased in order to
damp it. If the beam parameters (e.g. emittance, intensity) have not been degraded, one can “re-use” the

beam for another measurement.

111.6.1.1.2 Imaginary part

The tune shift AQ), is proportional to the imaginary part of the transverse impedance at a given intensity.
The behaviour versus intensity is typically linear in the low-intensity regime, and one can deduce the net

contribution of the machine impedance by studying the linear tune shift versus intensity.

The procedure is illustrated in Fig. I11.6.7: the beam is kicked by a transverse kicker and the
centroid motion recorded at one beam position monitor (BPM) in the machine. On the right plot, the
tune variation versus intensity in the PS at injection energy is shown, from which one can deduce a total

machine (imaginary) impedance of about 9 MQ/m [7]. In this particular case, where the machine is
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Fig. I11.6.7: Tune shift versus intensity measurements in the PS in the vertical plane.

tuned at low chromaticity and the beam is kicked, the transverse impedance represents the summation of

driving and detuning impedances.

An other interesting case is shown in Fig. I11.6.8 for the SPS [8]. On the left plot, the tune variation
versus intensity on the horizontal plane is shown to be negligible: this is due to the cancellation between
the transverse driving and detuning impedances, which are equal but of opposite sign due to the flat shape
of the SPS beam pipe. On the right plot, one can appreciate how, adding more elements into the machine

impedance model, one can approach the measured tune shift in the vertical plane.
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Fig. I11.6.8: Tune shift versus intensity measurements in the SPS. On the left the horizontal plane, on
the right the vertical one. Courtesy of C. Zannini.

The tune shift measured in low-energy machines exhibits a large contribution related to the indi-
rect space charge (ISC). It is often desired to precisely know the fraction of impedance related to the ma-
chine equipment itself, removing the contribution of the indirect space charge. Measuring the transverse
impedance versus intensity at various energies allows to disentangle the role of the energy-dependent
contribution of the impedance. Figure II1.6.9 reports an example of the measurement performed in the
PS where the expected dependence Z;S ¢  1/B~? is shown [9].

Measuring the tune shift versus intensity gives information on the total machine impedance of
an accelerator, which is necessary to build a reliable impedance model. Nevertheless, the element-by-

element contribution is sometimes desirable, especially if a strong impedance source is suspected. This
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II1.6.1. Beam-based impedance measurements
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Fig. I11.6.9: Energy dependent impedance measurement in the PS.

is why a number of impedance localization techniques have been developed over the years [10], using,

for example:

1. the variation of phase advance vs. intensity;
2. local orbit bumps around specific devices;

3. physically movable devices (as collimators).

1) Variation of phase advance vs intensity

As the tune shift convolutes the information of the full accelerator, the phase-advance shift versus
intensity gives information on the localized impedance between two BPMs. Figure I11.6.10 shows a
simulation of the effect of a strong impedance source in the PS: the phase-advance beating exhibits a

kink at the source location, analogously to the beating induced by a thin quadrupole error.
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Fig. I11.6.10: Simulation of the effect of a strong impedance source in the PS. The beating wave exhibits
a kink at the source location.

It is therefore possible to reconstruct the impedance location with a least-squares minimization

procedure, accounting for the possible impedance locations in the machine and their response in terms of

2036



CERN Yellow Reports: Monographs, CERN-2024-003

phase-advance beating [11]. The result of this procedure is shown in Fig. I11.6.11 for the PS at 26 GeV.
At the bottom the phase-advance shift recorded by the BPMs is shown in black, together with the least-
squares reconstruction in red. At the top the strength of possible impedance sources is shown in terms of
fraction of the total machine tune shift. It is interesting to notice that the kickers in section 71 exhibit the
highest impedance contribution of the machine, in line with Ref. [7].
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Fig. I11.6.11: Measurement and reconstruction of the phase-advance shift versus intensity (at the bottom)
and impedance sources along the 100 corresponding sections of the ring (at the top) in the PS at 26 GeV.

2) Local orbit response around specific devices

Another way to measure impedances in localized sections of the machine is by applying orbit
bumps and recording the closed-orbit distortion at various intensities. The impedance kick in a ring loca-
tion is proportional to the beam-orbit displacement. Therefore, scanning the local orbit-bump amplitude
we can probe the device transverse impedance. Figure I11.6.12 shows two examples of the procedure
applied in the APS [12] and NSLS-II [13] machines.
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Fig. I11.6.12: Orbit distortion due to a localized impedance source with orbit bumps in the ALS (left)
and NSLS-II (right). Courtesy of L. Emery and V. Smaluk respectively.
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II1.6.1. Beam-based impedance measurements

3) Physically movable devices

Certain devices, typically insertion ones, can change their relative position with respect to the
beam-orbit, therefore changing the impedance seen by the beam. We will consider the specific case of
collimators. These are typically made of two parallel jaws of absorbing material and are installed to clear
the beam halo and protect the machine from uncontrolled beam losses. Due to the proximity to the beam
and their large number, collimators often share a large fraction of the total machine impedance. The
transverse impedance of a collimator, in the collimation plane, is given by (in the classical thick-wall

regime)
Z, o \/p/b?, (111.6.8)

where p is the jaw resistivity and b the collimator gap. Given this relation, measuring the tune-shift
variation versus gap can give information about the device resistivity. This experiment was relevant, for
example, at the design stage of the low impedance collimators of the High-Luminosity LHC (HL-LHC),
when different jaw material choices were under discussion. Figure I11.6.13 shows, on the right, a section
of a tested collimator with three different stripes of materials exposed to the beam: TiN, MoGr and Mo.
These material choices have lower resistivity with respect to the formerly installed LHC collimators,
made in Carbon Fiber Composite (CFC, p = 5 pQ2m). On the left, the tune shift versus gap is shown,

confirming the reduced impedance in correspondence to the Mo stripe [14].
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Fig. I11.6.13: On the left, tune shift versus gap corresponding to four different materials seen by the
beam in the LHC. On the right, section of the 3-stripes collimator prototype for material testing (top) and
details of the jaw cross-section (bottom).

I11.6.1.2 Longitudinal impedance
111.6.1.2.1 Real part

Under the effect of the longitudinal impedance Z;, the beam looses energy which needs to be supplied
back by the RF cavities. The energy loss AF is given by Ref. [2]

2

N,

AE = T2 3" Rel Zi(puwo) X (puo). (I1L6.9)
0 p
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where N, is the number of particles in the bunch, Tj the revolution period, A?(pwp) the power spectrum
of the bunch distribution sampled at the p*" revolution harmonic. The energy loss is recovered by a

(synchronous) phase shift Ay given by
AE = qVrr cos(ps,0)Ap, (I11.6.10)

where Vrr is the RF voltage of the main cavities operating at the unperturbed synchronous phase
©s,0- Measuring the variation of the synchronous phase shift versus intensity gives information on the
real part of the longitudinal impedance convoluted by the beam spectrum. This is shown for exam-
ple in Fig. 111.6.14, where the time (phase) delay between a low intensity bunch (probe) and a bunch
with variable high intensity is recorded in the PS. The linear fit provides the real part of the machine

impedance [15].
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Fig. I11.6.14: On the left, sketch of the phase-shift measurement setup used to probe the time distance
between a high- and low-intensity bunch with respect to the 40 MHz reference cavity in the PS. On the
right, the time delay recorded as a function of intensity.

111.6.1.2.2 [Imaginary part

Bunch-length oscillations, corresponding to the longitudinal quadrupole mode, can be effectively used
to measure the imaginary part of the longitudinal impedance. The dependence of the oscillation fre-
quency on the intensity is related to the convolution of the reactive part of the impedance with the bunch
spectrum [16].

An example from the SPS is given in Fig. I11.6.15. Bunches with different intensities and bunch
lengths are injected in the machine. The mismatch to the RF bucket provokes strong quadrupole os-
cillations whose frequency is recorded. The linear dependence as a function of the intensity is related
to the reactive part of the impedance. Varying the bunch length provides information on the frequency

dependence of the longitudinal impedance [17].

II1.6.1.3 Other methods

The classification presented and shown in Fig. I11.6.5, as already commented, is not exhaustive. Other
methods can be used depending on the specific beam and machine parameter configurations, as well as

on the level of accuracy up to which the impedance model needs to be developed. It is nevertheless
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Fig. I11.6.15: On the left, bunch-length oscillations for bunches of different average bunch lengths in-
jected in the SPS. On the right, effective reactive impedance as a function of the average bunch length.
Courtesy of A. Lasheen.

important to cite those methods based on the use of an active excitation of the beam with a transverse
damper, allowing not only to deduce the machine impedance, but also the threshold for the loss of Landau
damping (see e.g. Ref. [18]). In the frame of impedance localization, an AC-dipole driven excitation can
be used as an accurate measurement tool [19]. Other non-destructive methods are based on the analysis
of the beam transfer function and on the measurement of the Schottky spectrum [20]. The latter is

particularly common for machines running coasting beams such as LEIR [21].

I11.6.1.4 Synergy between different methods: the LHC TDI

The methods shown until now provide different observation points on a common subject, the determi-
nation of the impedance of a machine. It is therefore natural that the synergy of different methods can

provide better and more comprehensive knowledge than the application of a single technique.

An example comes from the LHC TDI. The TDI (Target Dump Injection) is a special device
installed in the LHC aiming at protecting the machine from injection failures [22]. There is one device
per beam: TDI2 (for beam 1) and TDIS8 (for beam 2). The absorbing blocks should sustain the impact
of a full LHC beam and the jaw was originally designed as a series of Ti-coated hBN (hexagonal boron

nitride) blocks, Al coated with NEG (non-evaporable getter) and CuBe (copper beryllium) materials.

In 2015 an anomalous behaviour was observed during operation (excessive vacuum spikes) and
correlated to the TDI8 movement. Beam-based measurements were performed on the two LHC beams
in order to access the longitudinal and transverse impedance of the machine. Figure I11.6.16 shows the
result of the synchronous phase-shift measurements, on the left, and of the tune-shift measurements, on
the right. From both measurements, a significantly larger impedance was recorded for TDI8 with respect
to TDI2, confirming that the machine issue was indeed impedance-related. In particular, the synchronous
phase shift of TDI8 was found to be a factor of about 2 larger than the one of TDI2. Similarly, the tune
shift was about 4 times larger than the one of TDI2.

Once removed from the machine, detailed bench-impedance measurements were performed on the
devices (see Sections 111.6.2.1 and I11.6.2.2 for details), which indeed confirmed the degradation of TDI8
with respect to TDI2.
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Fig. I11.6.16: Beam-based impedance measurements on the LHC TDIs in 2015. On the left, measure-
ment of the synchronous phase shift versus TDI aperture, on the right, measured tune-shift variation
while changing the TDI gap. Courtesy of J. F. E. Miiller and B. Salvant respectively.

I1.6.2 Bench impedance measurements

The impedance of a device can also be measured directly on a test bench. This is typically performed
during the production campaign of new equipment for impedance validation purposes. In other cases,
equipment from running machines may require bench impedance measurements when non-conformities
and anomalies are detected during machine operation (e.g., excessive heating, pressure rise or spikes,
etc.). Several methods, mainly based on RF techniques, can be used and compared to numerical simula-

tions. In this section we will cover the following techniques:

¢ Stretched-wire method;
¢ Resonant-wire method;

¢ Resonant-mode characterization.

Additional information and techniques can be found in Ref. [23].

I11.6.2.1 Stretched-wire method

A beam travelling into an accelerator device can be seen, in the ultra-relativistic limit, as a source current

exciting a perfectly planar electromagnetic field given by

z
—jw—

& = ZoH, = Zo—Le c, (NL6.11)
2nr

where &, and H, respectively represent radial electric and azimuthal magnetic fields and Zj is the
characteristic impedance of vacuum. This field is qualitatively similar to that of a coaxial transmission
line. This is why a wire stretched along a device and carrying a current pulse can be used to measure
the beam coupling impedance of the device itself [24]. The main drawback of this technique is the
introduction of an additional inner conductor (the wire), which eventually changes the electromagnetic
boundaries and introduces energy loss already below the beam pipe cut-off [25]. Nevertheless, being a
very practical solution, it is often used in the accelerator community. Moreover, the result can nowadays

be directly compared to a simulated stretched-wire setup.
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The wire can be considered the continuation of the inner conductor of the coaxial cables used for
RF measurements. In this context, the measurement of the beam coupling impedance can be performed
with a Vector Network Analyzer (VNA) measuring the transmission and reflection scattering parameters
of the device under test (DUT).

If the lumped-element approximation holds (DUT length Lpyt < A, with A the wavelength
at the highest frequency of interest) we can calculate the impedance from the transmission scattering
parameters of a series element. The relation between the longitudinal beam coupling impedance Z; and

the scattering parameters is given in this case by the Hahn-Pedersen formula [26]

Sref DUT

Zyp = 22,2 —552—, (I11.6.12)
521

where Z.. is the characteristic impedance of the transmission line created by the wire and the DUT, S55f

is the transmission scattering parameter in absence of the DUT (e.g. an ideal beam pipe) and SPUT the

transmission scattering parameter measured on the DUT.

For electrically long devices, and Z; ~ Z., the lumped-impedance formula is not accurate and the

so called log-formula can be used [27]. This is given by

Sé)lUT

Ziog = —2Z.log ( et ) ) (111.6.13)
21

where log is the natural logarithm. Additional refinements have been proposed over time. For example,

in case of large distributed impedances the improved log-formula can be used [28].

The DUT characteristic impedance needs to be matched to that of the cables connecting source
and load (typically 50 ). Bi-directional matching is achievable with a series and a parallel resistor.
More practically, only the internal matching is implemented (waves in the DUT back to the source/load)
with a series resistor as shown in Fig. I11.6.17. External matching (waves from source/load back to the

DUT) can be improved with additional attenuators [29].

DUT

Zc Zm Zload

ZSOUCE Zm

Fig. I11.6.17: On the left, schematic view of DUT connected to a source and a load through cables and
matching network Z,,. On the right, a matching network made with a series resistor in a sucobox.

The value of Z. can be computed analytically for an air-filled coaxial line structure as

Z. = 60log (F dma") , (I11.6.14)

min

where F' is a form factor depending on the outer conductor geometry (£' = 1 for a cylindrical line, and

F = 1.27 for parallel plates), dmax is the largest dimension of the DUT seen by the wire, diy is the
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diameter of the wire.

More accurately, Z. can be found with the Time Domain Reflectometry (TDR) technique,
i.e. converting the S7; and Syy parameters into input impedance (without matching resistors and attenu-
ators). Applying a Fourier transformation, one can inspect the impedance along the device length. This
operation is automatically performed by VNAs. Figure II1.6.18 shows an example of a TDR measure-
ment of an LHC collimator: the characteristic impedance is shown along the DUT length and increases

with the collimator gap as expected for a coaxial line structure [30].

350

300

250

200

Z (s) [€2]

)
@
=)

— TDR from Port 1
— TDR from Port 2

=50 0 50 100 150 200
s [em]

Fig. I11.6.18: On the left, front view of a collimator. On the right, TDR measurement of the characteristic
impedance of the collimator versus gap.

The stretched-wire method was applied to the LHC TDI’s in 2015, following the anomalous be-
haviour observed in operation and the results of dedicated beam measurements (see Section 111.6.1.4).
Figure II1.6.19 shows the longitudinal impedance of TDI2, on the left, and TDI8, on the right: the
measurement confirms the larger impedance of TDI8 with respect to TDI2, in particular when the wire
approached the jaw surface. Surface inspection confirmed, lately, that part of the Ti coating on hBN

volatilized and this event triggered a general review of the device’s jaw absorber materials [31].
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Fig. I11.6.19: Stretched-wire measurements on TDI2, on the left, and on TDIS, on the right, as a function
of wire horizontal position. For z = 0 the wire is the middle of the jaws.
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I11.6.2. Bench impedance measurements

II1.6.2.2 Resonant-wire method

When a small impedance needs to be measured, or the device is difficult (or impossible!) to match,
the resonant-wire method can be used replacing the matching resistor with a weakly-coupled matching
capacitor [32]. A small capacitance (order of few pF) can be easily produced approaching two wires as
shown in Fig. I11.6.20.

DUT

Zsouce _‘I |—_ Zc _AI |‘_Zload

Fig. I11.6.20: On the left, schematic view of a DUT connected to a source and a load through cables and
matching capacitors. On the right, a matching capacitor made by approaching two wire segments in a
sucobox.

The DUT is transformed into a transmission line resonator. A series of resonances occurs when
Lpuyr = n\/2 with n € N. From the quality factor @y of the resonances one can deduce the real part
of the impedance, while, from the frequency shift with respect to an ideal delay line, one can obtain the
imaginary part.

At resonance the matching is perfect. With respect to the classic stretched-wire method, one buys
precision at the price of frequency resolution. The method is ideal for low impedances, as very large

ones would lead to low quality factor and resonances might overlap.

As an example we show here resonant-wire measurements performed on the TDI and compared
to the classic stretched-wire method. As one can see from Fig. I11.6.21, the resonant-wire measurements
are well in line with the classic stretched-wire ones for both TDI2 and TDI8. One can also observe that
the wiggle at low frequency is absent when using matching capacitors. Nevertheless one cannot measure

too large impedances as shown for the case of TDIS at the smallest gap.
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Fig. I11.6.21: Resonant measurements performed on TDI2 and TDIS as a function of the collimator gap
and for different apertures.
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II1.6.2.3 Resonant-mode characterization

Accelerator structures can exhibit resonant modes potentially harmful to the beam. A resonator
impedance is fully characterized by the shunt impedance R, the resonant frequency f, and the quality

factor Qg with the expression
Rsh

"1+ iQ(f/f = 1)

Wire measurements are generally not suitable for resonant-mode characterization due to the introduction

(111.6.15)

Zi(f)

of power loss associated to the TEM-mode propagation [25]. Nevertheless, if the mode is weakly coupled

results have been found quite reasonable [30].

As an alternative approach, probes can be used to characterize f,. and Qo of the modes, while R,

can be obtained with perturbation methods such as the bead-pull [33].

Inserting a probe into the DUT we can couple to the electric or magnetic field of a resonant
mode. The termination part can be modified in order to test different coupling mechanisms: one can
use a straight or bent probe, or a loop termination as shown in Fig. II1.6.22 on the left. The probe
ensures a good coupling to the electric field of possible resonant modes while the loop couples mainly
to the magnetic field. The right side of Fig. I11.6.22 shows a case in which low frequency modes were
better coupled magnetically (i.e. with a loop) than electrically [30]. Once resonant modes have been
characterized, appropriate measures might be necessary to reduce their impact on beam stability (e.g.

ferrites were used in [30] to damp potentially harmful low frequency modes).

Port 1 Port 2 0 : ~Z
? — =2r ]
2}
Adaptation Adaptation g 4t .
Flange Flange = Hor. probe — 17cm out — f.g. 15mm
2 6 Straight probe — 17cm out — f.g. 10mm|
Vert. Loop — 18cm out - f.g. 10mm
-8 - : — -
ki 0 2 4 6 8 10

Fig. I11.6.22: On the left, schematic of probe measurements in transmission (top) and examples of
electric and magnetic couplers (bottom). On the right, resonant measurements performed on an LHC
collimator with straight/bent probe and a loop.

I11.6.3 Materials characterization

The knowledge of accurate material properties is essential to correctly model the material impact on
the impedance evaluation, especially when performing numerical simulations. From the electromagnetic

point of view, we will address here the measurement of conductivity, permittivity and permeability.
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I11.6.3. Materials characterization

We do not aim to a comprehensive description, but present several techniques designed around
specific conditions (like beam frequency spectrum, machine operating temperature, bias magnetic field,

etc.).

I11.6.3.1 Measurement of conductivity

Let us consider, firstly, the classic case of measurement of conductivity in DC. The most basic technique
consists in the application of Ohm’s law V' = RI with R the resistance to be determined, I the applied
current, and V' the voltage drop [34]. Plugging two electrodes of an ammeter across a resistor would
allow to measure it. Nevertheless some pitfalls exist: the electrodes introduce a contact resistance R,
therefore the measured quantity would be R 4+ 2R.. This is particularly relevant when measuring a
low resistance. This limitation can be overcome by the four-point (or four-probe) method, in which the
current is measured at the sample extremities with an ammeter, and the voltage drop across the inner part
of the sample with a voltmeter as shown in Fig. I11.6.23. The voltmeter, having high impedance, will

allow minimal current flow, i.e. voltage drop, on the contacts.

Fig. I11.6.23: On the left, schematic of the four-point method: an ammeter is connected in series to a
resistor, the voltmeter in parallel. On the right, the method application to measure a coated sample. In
this case the method is also refereed as “four-wire”.

From DC to few MHz, one can apply standard Non-Destructive Testing methods (NDT) such as
Eddy-Current Testing (ECT). The simplest one, also implemented in commercial sigmameters, is based

on the impedance response of a coil placed nearby a conductive substrate [35,36].

The principle of the eddy-current technique is based on the interaction between a magnetic field
source and a test material. When an alternating current flows through a coil, it generates a primary
electromagnetic field. For frequencies below the self-resonance of the coil, the coil can be seen as an
inductor generating a primary magnetic field. When the field is approached by an electrically conductive
material, the primary magnetic field induces eddy currents which generate in turn a secondary magnetic
field as shown schematically in Fig. I11.6.24 at the top. As a result, the coil input impedance Z,;;, typi-
cally measured with an LCR-meter, will change by an amount AZ,,; according to the electromagnetic
properties of the material under test. Depending on the material, one can correlate the change in coil

input impedance to the material resistivity.

The technique typically requires the sample thickness ¢y, to be at least 3 dgxin, Where dgyiy is the
skin depth at the operating frequency f defined as
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Eddy Secondary
currents magnetic
field

Fig. 111.6.24: At the top, schematic view of the ECT: the primary magnetic field induces eddy currents
which generate in turn a secondary magnetic field. At the bottom, on the left, a thin copper coating is
measured, while on the right a MoGr bulk sample.

Oskin = ,/ P , (111.6.16)
o f

Figure II1.6.24 (bottom), shows also an in-house implementation of the method setup for the char-

with g the vacuum permeability.

acterization of thin resistive coatings at CERN [37]. On the left, a thin copper coating is measured,

typically 5 pm thick, on the right a MoGr bulk sample.

An example of measurement result is reported in Fig. I11.6.25, where the measured resistivity for
CFC, graphite and MoGr samples versus frequency are shown. It is interesting to notice that the resis-
tivity of graphite and CFC samples, despite the large penetration depth in the material, can be obtained
already for tpyix/dskin =~ 0.5.

At higher frequencies, typically GHz, a cylindrical resonator operating in the HO11 mode could
be used as an alternative method to the ECT [38]. Given the high operation frequency, thin samples,
such as coatings, can be easily tested. The basic principle is to leave one side of the resonator open so
that different samples can be measured. From the variation of the HO11 mode @)y, one can deduce the
resistivity of the tested material. The choice of the HO11 mode (or any HOln mode) is dictated by the
absence of current flows on the end cap extremities of the cavity, as shown in Fig. I11.6.26 on the right.
The cavity dimensions are a compromise between the practical manufacturing and the high frequency of
operation needed to have the skin depth smaller than the material thickness.

The left side of Fig. I11.6.26 shows a manufactured cavity connected to the VNA excitation ports
in which tiny loops couple to the magnetic field of the HO11 mode. The end cap can be replaced by

different material samples, either for calibration or measurement purposes.
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Fig. I11.6.25: Measured resistivity for CFC, graphite and MoGr samples as a function of frequency
(dotted lines) together with sample thickness normalized to the material penetration depth (dashed lines).

No currents at contacts

Fig. I11.6.26: On the left, fabricated cylindrical resonator with removable end cap. On the right, HO11
mode magnetic and electric field lines in a cylindrical cavity. No current flow is present on the contact
surface.

The method was applied for systematic measurements of Mo-coated MoGr samples at CERN
in the frame of the production of low-impedance collimators for the HL-LHC [37]. As shown in
Eq. (I11.6.8), the lower the jaw resistivity, the lower the impedance of the collimators, therefore miti-
gating the possible impedance-driven instabilities for the HL-LHC. Figure I11.6.27 shows, on the left, the
variation of (g versus resistivity for different calibration materials and Mo-coated samples, accounting
for different coating sputtering techniques. On the right side, the resistivity of Mo is shown to be in line

with expectation for the complete coating production.

The roughness effect can be important in the GHz range, especially when measuring thin conduct-
ing layers. Different analytical and numerical models allow to treat the contribution of the roughness as
an additional equivalent resistivity. An accurate estimation can be done using the gradient model [39]

in which the conductivity is assumed to change proportionally to the bearing contact area. The latter is
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Fig. I11.6.27: On the left, the variation of )y versus resistivity for different calibration materials and
Mo-coated samples. On the right, measured Mo resistivity versus batch production number.

modelled as a function of the RMS roughness, R, measured with optical or mechanical methods.

Figure I11.6.28 shows, on the left, the Scanning-Electron Microscope (SEM) images of a Mo coat-
ing on MoGr substrate: one can appreciate how the surface characteristics reflect the granular structure
of the coating. When accounting for the roughness profile, it is possible to bridge low-frequency mea-
surements to high-frequency ones. This is shown on the right side of Fig. I11.6.28: the resistivity obtained
with the ECT, once corrected for the roughness effect, matches nicely that obtained directly at the GHz
with the HO11 cavity.
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Fig. I11.6.28: On the left, SEM images of a Mo coating on MoGr substrate. On the right, ECT measure-
ments, with and without roughness correction, compared to the HO11 cavity ones.

For higher frequency, e.g. the sub-THz typically achieved by short bunches in synchrotron light
sources, the determination of resistivity requires a rather special setup. Optical methods can be applied
to study the attenuation in waveguides holding the sample under test [40,41]. The comparison with

analytical models or numerical simulations then allows to obtain the sample resistivity.

I11.6.3.2 Measurement of permittivity
The relative permittivity e, = ¢’ — j&” can be measured through resonator measurements [42].

The measurements can be performed by measuring the TE10n modes of an empty rectangular

cavity connected to a VNA and by measuring the same cavity perturbed by the sample material.
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Fig. I11.6.29: On the left, optical setup for resistivity measurements at THz frequency with exploded
view of the sample and holders, on the right, dependence of the attenuation versus frequency for different
materials obtained with analytical formulas (dashed line) and numerical frequency domain simulations
(full line). Courtesy of A. Passarelli.

By evaluating the changes in mode resonant frequency f, and quality factor () when the sample

is inserted into the cavity, permittivity values can be evaluated using the expressions:

Ve (FR
e =1 + 4V < 2’6 - 1) ) (III617)
s rp
Vo fre (1 1
n_ Ye Jre _ I11.6.18
c 4Vs f2, <Q0,p Qo,e> ’ ( )

where “e” and “p” denote respectively parameters related to the absence and presence of the sample in the
cavity, and V, and Vj are the volumes of the cavity and sample, respectively. This method, analogously
to the HO11 cavity used for conductivity measurements, allows to measure the permittivity at specific

frequencies related to the resonator dimensions.

An example of the method application is given in Ref. [43], where a sample of crystal used for
channelling high-amplitude particles in particle accelerators was measured. The crystal was inserted at
the center of a rectangular resonator, changing its transverse position. Figure I111.6.30, on the right, shows
the effect on the first TEO1n modes of the cavity. As one can see, only odd resonances are affected by
the sample, for which the electric field is maximum at the sample location. On the left, the extrapolation
of permittivity is performed to lower frequencies and used for numerical impedance simulations of a

complete crystal-collimator assembly.

Analogously to the case of measurements performed with a HO11 cavity, resonator devices in-
herently provide measurements at discrete frequencies, typically in the GHz range. Open coaxial-probe
measurements can cover the frequency ranges between 100 MHz to 10 GHz, while capacitor measure-
ments with an LCR-meter can typically cover from to 10 Hz to few MHz. Quasi-optical measurement

systems can also be applied for measuring dielectric properties at the sub-THz range [44].
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Fig. I11.6.30: On the right, TE modes of a rectangular resonator in different conditions (no sample
inserted, sample parallel (L) or perpendicular (T) to the electric field lines). On the left, extrapolation of
the complex permittivity to lower frequencies for numerical impedance simulations.

II1.6.3.3 Measurement of permeability

To complement the resonator-based method described for the determination of the relative permittivity,
here we present a method for the determination of the relative permeability p, = ' — ju” based on

reflection measurements.

The sample holder shown on the left of Fig. I11.6.31 is made by cascaded transitions from an
N-type connection to the size of the ferrite ring under test. The reflection coefficient Sy (1) can be
computed analytically for each section of the holder, including the ferrite ring. With this setup, the
permeability can be typically determined between 1 and 100 MHz [45]. Placing the setup in a dipole, one

can study the ferrite under a bias field (e.g., for ferrites used in tunable cavities) as shown in Fig. I11.6.31

on the right.
= : [ ] adapter
TL il . top cove
1 B B e
i U ""ﬂ...a A1995

Fig. I11.6.31: On the left, setup for permeability measurements in reflection. On the right, setup in a
dipole bias field. Courtesy of J. Eberhardt.

Figure I11.6.32 shows the results of this type of measurement in which x’ and p” are determined

as a function of frequency and for different bias fields.
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Fig. I11.6.32: Relative permeability measurement results as a function of frequency and for different bias
fields. Courtesy of J. Eberhardt.

I11.6.4 Summary

In this chapter we described beam-based impedance measurements and bench impedance measurements
commonly performed in accelerator laboratories. The knowledge of the impedance is crucial for the
accurate development of a machine impedance model capable to predict possible beam instabilities under

operation conditions and future upgrades.

We also presented common techniques for the electromagnetic characterization of material resis-
tivity, permittivity and permeability, which are essential input for numerical simulations and design of

accelerator components.
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