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OVERVIEW OF RECENT TRENDS AND DEVELOPMENTS
FOR BPM SYSTEMS*

M. Wendt#, Fermilab, Batavia, IL 60510, U.S.A.

Abstract

Beam position monitoring (BPM) systems are the
workhorse of beam diagnostics for almost any kind of
charged particle accelerator: linear, circular or transport-
lines, operating with leptons, hadrons or heavy ions.
BPMs are essential for beam commissioning, accelerator
fault analysis and trouble shooting, machine optics, as
well as lattice measurements, and finally, for accelerator
optimization, in order to achieve the ultimate beam
quality.

This presentation summarizes the efforts of the beam
instrumentation community on recent developments and
advances on BPM technologies, i.e. BPM pickup
monitors and front-end electronics (analog and digital).
Principles, examples, and state-of-the-art status on
various BPM techniques, serving hadron and heavy ion
machines, sync light synchrotron's, as well as electron
linacs for FEL or HEP applications are outlined.
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Figure 1: Measurement of the beam trajectory.

The observation of the beam trajectory

u(s)= Ay/Bsin(Qe + 5) 1)

with u = (x, y) as the transverse coordinates, A the
amplitude of the oscillation, § the beta-function, Q the
betatron tune, ¢ = 0...2w, and J an initial condition, is one
of the most fundamental beam measurements in any
particle accelerator. A series of beam position monitors
(BPM) are distributed along the beam-line, preferably
near the focusing elements (e.g. quadrupole magnets), see
Figure 1. The BPMs monitor the transverse beam
displacement (x, y) at their locations s,, knowing the
distance ds between two monitors we may also get the
slope (x’, y’) of the beam trajectory — if no optical
elements are in-between.
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Figure 2: Schematics of a beam position monitor.

Each beam position monitor consists of a BPM pickup,
with two or four symmetrically arranged electrodes,
followed by a readout electronics system for signal
conditioning and processing (Fig. 2). The pickup
electrodes sense a part of the electromagnetic field of the
passing beam and convert it to an electrical signal. The
read-out electronics extract the beam position information
out of the electrode signals by conditioning the analog
signal, followed by digital signal processing techniques.
The position data and other controls of the BPM read-out
system are handled by a data acquisition interface,
typically a CPU processor, which interfaces to the
accelerator control system. The digital signal processing
and data acquisition has to be supported by timing and
clock signals, which are also used for time stamping, i.e.
synchronizing BPM data across the entire system, as well
as accelerator event and RF signals (for analog signal
conditioning).
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Figure 3: Beam structure.

The particle beam is a bunched stimulus signal for the
BPM, with tyyn = n/fre. As Figure 3 indicates, the beam
bunches may have different intensities, sometimes even
missing bunches. The beam structure spans fye,m, and
typically repeats with f,, in linacs and transport-lines, and
tey in circular accelerators. Depending on the
measurement or integration time of the BPM, we can
resolve the beam position of single or all individual
bunches, or the average over one or several beam pulses
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or turns. Multipurpose accelerators, such as the CERN PS
or the Fermilab Main Injector may accelerate different
beam structures, apply sophisticated RF gymnastics and
even use different particle species, which further
complicates the operating conditions for the BPM system
[1].

Some important characteristics of a BPM system are:

e Measurement / integration time, as described.

e  Position resolution, i.e. the minimum beam
displacement difference the BPM can resolve
(typically depends a lot on the integration time).

e Linearity and accuracy, i.e. the absolute error of
the reported beam position, over a part or the
complete range of the beam pipe aperture.

e x-y coupling

e Dynamic range, in terms of beam intensity. The
reported beam position has to be independent of
the beam intensity, saturation or noise effects
will appear at high / low beam intensities and
compromise linearity and position resolution.

e Reproducibility and long term stability are
important for storage rings and beam lattices
which critically rely on references orbits.
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Figure 4: BPM and quadrupole offsets.

The zero-order effect of the linearity correction is the so-
called BPM-offset. Fig. 4 illustrates the BPM and
quadrupole offsets with respect to the vacuum pipe. A
beam-based alignment (BBA) procedure can be
performed to characterize the BPM-to-quadrupole offset
and tilt, including the effects of the electronics [2], [3].
[4].

Digital signal processing allows us to simultaneously
output BPM data with different integration times, e.g.
multiturn averaged position data, single pass / turn-by-
turn, or even single bunch displacement information. This
enables besides the beam orbit characterization, a large
variety of direct and indirect beam measurements and
observations, e.g. injection oscillations, betatron and
synchrotron tunes, dispersion and beam energy, x-y
coupling, beam optics, magnet alignment and errors, non-
linear field effects, etc. [5]. For machine commissioning
the processing of the beam intensity signal is of great
value, while precise, RF derived clock signals also enable
beam phase and time-of-flight measurements with today’s
BPM systems.
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BPM PICKUP

The BPM pickup is an arrangement of electromagnetic
antennas or a resonant device, and part of the accelerator
vacuum system. In a simplistic view, for relativistic
beams (v = ¢y), the output signal of a BPM pickup can be
expressed:

Veee (X, 3, @) = 5(x, ) Z(@) I, (@) (22)
VA (.X, yaw) = s(x, yaw) Z(w) Ibeam(w) (2b)
where V is the output signal for a broadband pickup
electrode (2a) or a resonant cavity (2b), Z(w) is the
frequency dependent transfer function or shunt impedance
of the pickup, and s(x,y,w) is sensitive to the beam
position (x,y), and eventually also frequency dependent.
The beam current Iy.,,,(®) can often be approximated by a
Gaussian function for the bunch signal, with a repetition
similar as shown in Fig. 3. Most BPM pickups can be
classified as either broadband or resonant. Besides being
an RF or microwave device, the BPM pickup has to be
UHV certified, and in some superconducting cryogenic
installations also must operate at cryogenic temperatures
and meet special cleanroom requirements.

Broadband BPM Pickups

Figure 5: Beam and image currents.

For a broadband BPM pickup the sensitivity s in eq.
(2a) is independent of ®. Broadband BPMs operate in
terms of the image current model (Fig. 5), this Laplace
problem was solved analytically for a beam pipe with
circular or elliptical cross-section [6], [7], [8]:

1-p° (
0
1+ p*> —2pcos(g, — @)
Eq. (3) returns the image current density Jy, at the surface
of the beam pipe (R=1, ¢,,) for a beam position at (p=r/R,
®), where ly=I,.,./2m. Integrating ¢,, over the range of the

BPM electrode ¢ gives the electrode current I, for
which the geometric part is (note: cylindrical coordinates)

s(p, ) =90+ 42'07COS(11 ) sin(n—;j (4)

n=1

J,(R=19,)=1 3)

Two symmetric arranged electrodes A, B (e.g.
horizontal, as in Fig. 5) can now perform as BPM:

A-B A
or = f| 20lo — 5
+Bj f( g“)(BD ®

beam pos. =
p f(A
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With typical pickup dimensions, e.g. R=25 mm, ¢=30",
the sensitivity computes to 2.75 dB/mm around the beam
pipe center. As eq. (2a) indicates, all broadband BPMs,
suffer from a strong ly,, common mode term in the
output signal, with a small amplitude modulation
component due to the beam position (x,y). The position
sensitivity is basically fixed by the geometry and the
related image current distribution, eq. (3), (4), (5).

Most prominent and widely applied member of the
broadband BPM family is the electrostatic (capacitive)
coupling so-called “button BPM” (different commercial
button BPM feedthroughs are available). Also the
stripline BPM (electromagnetic coupling) is popular, the
length of the striplines, allows to match Z(®) to the bunch
spectrum  Iyyen(®). Circular  split-plane  (“‘shoe-box™)
BPMs have an almost linear position dependence, which
also can be achieved with large capacitive electrodes,
spanning ¢ = 60°. [9] uses BPMs with magnetic coupling
loop antennas for beam position monitoring near the
dump, and [10] gives further theoretical background on
magnetic BPMs, also for detection of the beam angle.
[11] developed a inductive BPM with single pass
capability and sub-micrometer resolution.

While all broadband BPMs basically follow with their
position characteristics the image current model, they
differ in their frequency behavior Z(w), which is
discussed extensively [12], [13], [14]. The numerical
solution of the Laplace equation allows a more precise
approach to evaluate s(x,y), also for non-circular cross-
sections of the beam pipe. The results can be fitted with
2-D polynomials or look-up tables, allowing a
linearization in the post-processing of the BPM data.

The effect of non-relativistic beams to the sensitivity of
different BPM electrode shapes has been studied in great
detail with help of numerical methods [15].

Resonant BPM Pickups

signal level
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Figure 6: “Pillbox” cavity as BPM.

A cylindrical “pillbox” with conductive walls of length
£ and radius R resonates at its eigenfrequencies
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This resonator can be utilized as passive, beam driven
cavity BPM by providing beam pipe ports (Fig. 6). A
subset of the eigenmodes eq. (6) is excited by the bunched
beam, for the application as BPM the lowest transverse-
magnetic dipole mode TM is of interest. Its

E :CJI(]};rjei“’ cos @ (7)

field component couples to the beam with an almost
linear dependence to the beam displacement r, and
vanishes when the beam is in the center (r = 0). Four
symmetrically arranged pin antenna feedthroughs fix the
polarization of TM,y, to the horizontal and vertical axis,
and provide the unnormalized difference signal 4 =
SV, Jpeam), the beam intensity is hidden in the constant C.

Resonant structures, e.g. “pill-box” or rectangular
cavities, also coaxial resonators, and more complex
waveguide-loaded resonators, became very popular to
fulfil the high resolution, single-pass beam position
monitoring demands of linear accelerators for the high
luminosity final focus lattice [16], [17], or driving a
SASE-FEL beam-line [18]. In [19] the operation of a
simple cavity BPM inside a cryostat is presented. The
discussion on the theoretical background was recently
updated [20]. The x-y decoupling of the TMjj
polarization is addressed in [21]. The high resolution
potential of a BPM system with C-Band choke-mode
resonators was demonstrated the first time at the SLAC
final focus test beam, achieving 25 nm single-bunch,
single-pass position resolution [22].

Coupling slot (somewhat exaggerated)
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Figure 7: Waveguide-loaded cavity BPM.

The presence of the fundamental TM;;, monopole
mode adds a strong common mode component to the
dipole-mode position signal, and even having a different
frequency fy1, it limits the performance of the cavity
BPM. A waveguide of width a, with a cut-off frequency

1
foo < fo=—— < f (8)
010 10 Za\/ﬁ 110

acts as very efficient, internal high-pass filter, and makes
the cavity BPM quasi “common-mode free” (Fig. 7). The
coupling slot between resonator and waveguide also helps
to align the TM( polarization planes, and minimizes the
x-y coupling. However, the finite Q-value of the
resonances still causes an unwanted leakage of the
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monopole-mode at the frequency fi;o of the dipole mode,
thus limiting the resolution.

The first test of a system of three waveguide-loaded 14
GHz cavity BPMs was performed at BNL, demonstrating
150 nm beam position resolution [23]. Separate
waveguide-loaded rectangular resonators (Fig. 8),
operating at different C-Band frequencies achieved 8.7
nm resolution at the ATF2 final focus test beam-line [24].
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Figure 8: The ATF2 IP-BPM.

A magnetic waveguide-to-coaxial port coupling was
introduced for the C-Band cavity BPMs at SPring-8 [25],
a similar construction is tested for the XFEL [26]. The
monopole-mode (TMy,() reference resonator, required to
deliver beam intensity and phase reference signals to the
read-out electronics, is also used as beam arrival time
monitor, showing a 25 fsec temporal resolution
performance. A low-Q, mass-producible X-Band cavity
BPM for the CLIC main linac is under development,
targeting <50 nm spatial resolution at <50 nsec
integration time. Details on the effects of tolerances are
discussed, as well as performance limitations due to mode
leaking, and a comparison between single vs. multi-bunch
beam stimulus [27].

Beam position monitoring based on TEM coaxial
resonators, the so-called re-entrant cavity BPM, has also
been studied, and is proposed to operate inside the
cryomodule at the European XFEL project [28]. A
waveguide-loaded version demonstrated sub-micron
resolution, when tested under single-bunch, single-pass
beam conditions [29].

Beam excited dipole mode signals from the HOM-
couplers of standing wave accelerating structures have
been studied at the FLASH FEL facility. An online SVD
algorithm was used to orthogonalize the signals, thus
make HOM signals usable as beam position monitor [30].

READ-OUT ELECTRONICS

The read-out system interfaces the BPM pickup to the
accelerator data acquisition (control) system (Fig. 2).
Signal conditioning, normalization and linearization of
the position signals / data have to be provided for the time
stamped beam position data. To achieve long term
stability, calibration signals for gain-correction, or other
correction methods are added to the system. The BPM
data may also serve in beam orbit feedback systems, thus
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a low latency of the signal processing is of important
value.
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Figure 9: Key elements of the BPM read-out electronics.

An overview of “traditional” BPM read-out techniques
was summarized in [31]. Today the BPM read-out
electronics is typically based on frequency domain signal
processing techniques, which were developed for the
telecommunications market [32]. Bandpass filters in the
analog section prepare the BPM pickup signals into
sinewave-like burst signals, for waveform singal sampling
and processing in the digital section. Microwave and RF
analog components, 12-16 bit pipeline ADCs, FPGAs and
clock distribution chips with sub-psec jitter are some of
the key hardware elements. Figure 9 illustrates a typical
electronics arrangement for a broad-band BPM pickup, 1-
of-4 channels is shown. In some cases the analog down-
mixer can be omitted, for cavity BPMs the schematics is
similar, here the analog mixer is still required. The digital
signal processing takes place in a FPGA, the I-Q down-
conversion to baseband is required if the ADC clock is
not locked to the accelerator RF.

As Figure 9 indicates, the measurement of the pickup
electrodes signals (A, B, C, and D) is performed
separately, normalization and linearization takes place in
the FPGA or CPU. Drifts and aging effects have to be
compensated by a calibration tone signal [33], or a
channel switching scheme [34]. The effect of ADC clock
jitter is discussed in various application notes [35], this
becomes particulary critical in systems with heavy
undersampling (fiena >> fcrx)- The digital data stream can
be filtered and decimated in various ways, Fig. 8 indicates
how narrow-band, wide-band and raw signals can be
handled simultaneously. We usually down-convert fiiona-
Jfnco not exactly to DC, but to a low frequency with an
integer number of oscillations over the measurement
period, this avoids a crawling phase.
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