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Abstract

Future accelerators like the International Linear Collider
and Free-Electron Lasers require beam position measure-
ments with submicron resolution in critical parts of the ma-
chines. This is achievable using the Cavity Beam Position
Monitors (BPM). This paper presents the basic principles
of this monitor type. Different institutes are working on
the design of cavity BPM systems. An overview of recent
developments with results and limitations is given.

INTRODUCTION

The international linear collider (ILC) will require high
performance beam position monitors (BPM) to control the
beam trajectory with high precision in order to maintain a
stable collision of nanometer sized beams. The BPMs have
to be located at specific positions along the linac up to the
interaction point, where a few nanometer resolution is re-
quired. Additionally a spectrometer will be used in order
to measure the beam energy. The spatial beam offset corre-
sponds directly to the beam energy. To minimize the influ-
ence to the emittance the offset has to be small, therefore
high precision BPMs are required for the ILC spectrometer
with a resolution of 500 nm or better [1].

In case of Free-Electron Lasers (FEL) the overlap of the
electron beam with the photon beam along the undulators
less than 10 % of the transverse size is required. Typical
transverse sizes of beams are of the order of 30 μm. There-
fore a resolution better than 1 μm is required.

In comparison to other types of BPMs, like e.g. the but-
ton [2] or stripline [3] BPM, only the cavity BPM has the
potential to achieve such high resolutions on a bunch by
bunch time-scale. In this paper the cavity BPM principle
is discussed, followed by the description of the electronics,
resolution limitations and measurement methods. A few
examples of such BPMs are presented.

THEORY OF CYLINDRICAL CAVITY
BPMS

Electric Fields

The electric field E of a cavity can be derived from the
d’Alembert equation

ΔE − 1
c2

δ2E
δt2

= 0 (1)

with c being the speed of light. For a cavity with radius
R and length L only the z component is of interest. The
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solution can be represented as

Ez,mnp(r, φ, z, t)=CJm
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(2)
Here jmn denotes the n-th zero of the Bessel function Jm

of order m and

ωmnp = c

√(
jmn

R

)2

+
(pπ

L
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(3)

is the angular resonant frequency of the mode mnp. The
two first modes have j01 = 2.405 and j11 = 3.832 [4].
The first mode (monopole mode, TM010) does not depend
on the spatial component φ, therefore a cylinder symmetric
mode is generated, as shown in Fig. 1. The Bessel func-

Figure 1: Field distribution of the first monopole mode in a
cylindrical resonator. Simulation [5] is used.

tion of the order m = 0 does not depend of the radius r
close to the cavity center. Therefore the field strength is
proportional to the beam charge. The second mode (dipole
mode, TM110) depends on φ resulting in a field distribu-
tion as shown in Fig. 2. For a beam passing close to the
cavity center the Bessel function of order m = 1 can be
derived proportional to r. For that reason the field strength
is proportional to the beam offset and charge.

Nowadays cylindrical cavities can be produced with very
high accuracy. Therefore by measuring the field strength of
the dipole mode a high resolution of the position informa-
tion can be obtained.

Line Voltage
The normalized shunt impedance

R

Q
=

V 2

ωW
(4)
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Figure 2: Field distribution of the first dipole mode in
a cylindrical resonator (horizontal orientation), a second
dipole mode with vertical orientation and the same reso-
nance frequency is generated as well, not shown here. Sim-
ulation [5] is used.

characterizes the energy exchange between the beam and
the cavity. Here W is the energy stored in the cavity and

V =

∣∣∣∣∣
∫ L

0

Ezdz

∣∣∣∣∣ . (5)

The integration path goes along the particle trajectory. It is
convenient to define a shunt impedance (R/Q)0 at a certain
offset x0 with respect to the electrical center of the cavity
for the dipole mode

R

Q
=

(
R

Q

)
0

x2

x2
0

. (6)

The energy after passing a longitudinally Gaussian-like dis-
tributed bunch with a length σz and a charge q is given
by [6]

W =
ω

4

(
R

Q

)
0

x2

x2
0

q2 exp
(
−ω2σ2

z

c2

)
. (7)

Only a fraction of the energy will be coupled out of the
cavity depending on the external quality factor

Qext =
ωW

Pout
. (8)

Taking into account an output line with impedance Z the
voltage is
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√
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(9)

The fraction Vout/(qx) defines the sensitivity of the BPM.
The power dissipated in the cavity wall can be described

by the internal quality factor Q0

Pdiss =
ωW

Q0
. (10)

By combining both quality factors the loaded quality factor
is

1
QL

=
1

Q0
+

1
Qext

. (11)

The energy stored in the cavity decays proportional to the
loaded quality factor

τ =
2QL

ω
. (12)

For a single bunch measurement the signal should decay
faster compared to the bunch spacing.

The line voltage parallel to the cavity axis results in

Vx(t) = Voute
− t

τ sin (ωt). (13)

Note: There are two definitions of τ , the other is without
factor 2 in (12), in this case the factor 2 has to be added in
the denominator of the exponential in the equation (13).

The amplitude Vout depends on the product of beam off-
set and beam charge, therefore by measuring the ampli-
tude and charge separately the offset can be obtained. The
charge can be measured from the amplitude of a monopole
mode. In most cases a second (reference) resonator tuned
to the TM010 mode is used, also giving the relative phase
between the dipole and the monopole mode and thus the
direction of the beam offset.

Influence of the Beam Angle

If a beam enters the cavity under an angle α, each half
of the resonator induces an offset with ±αL/4, see Fig. 3.
The induced field is a dipole mode. The timing oscillation

L

L/2 L/2

� � L/4

Beam

Figure 3: Sketch for the influence of the beam angle α.

in the equation (13) can be divided in each half of the res-
onator. The measured voltage is then

Vα = C∗ [sin (ω(t + L/4c))− sin (ω(t − L/4c))]

= 2C∗ sin
(

ωL

4c

)
cos (ωt).

(14)

Note that the oscillation caused by a beam angle is shifted
by 90◦ with respect to the signal caused by an offset. The
fraction of the angle influence to the offset signal x is about
ωL2α/(8

√
2cx). For short cavities the influence of the

beam angle is reduced.
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Influence of the Bunch Tilt

Consider a bunch with a tilt Θ with respect to the cavity
axis, as shown in Fig. 4. In this case the bunch can be

Bunch

z

q/2

q/2

Figure 4: Sketch for the influence of the bunch tilt Θ.

divided into two parts each carrying a half of the bunch
charge and contributing to the dipole mode. The measured
voltage from the BPM in this case is:

VΘ = C∗∗ [sin (ω(t + σz/c)) − sin (ω(t − σz/c))]

= 2C∗∗ sin
(ωσz

c

)
cos (ωt).

(15)

The signal is shifted by 90◦ with respect to the offset signal.
The fraction of the tilt influence to the offset signal is about
Θωσ2

z/(2cx). A shorter bunch will have less effect to the
dipole mode.

Rejection the Monopole Mode

The resonance frequency of the monopole mode is dif-
ferent of that of the dipole mode but the amplitude of the
monopole mode is orders of magnitude larger compared to
the dipole mode. Furthermore, at a moderate loaded quality
factor there is a contribution at the dipole mode frequency
due to the given bandwidth of the monopole mode.

Therefore a spatial filter (a slot or a waveguide) has to
be inserted on the resonator, as described in ref. [7]. Usage
of the slot exploits the differences in the field distribution
of the monopole and dipole modes in order to reject the
tails from the monopole mode, as shown in Fig. 5. The
monopole mode is damped in the slot but the dipole mode
can still propagate. By inserting an antenna in the waveg-
uide/slot the voltage of the dipole can be measured like rep-
resented in the equation (13).

Waveguides provide a larger orthogonal coupling reduc-
tion compared to antennas mounted directly in the cavity.
One has to point out that the waveguides/slots have to be
implemented with high precision. Otherwise it would shift
the dipole mode distribution resulting in higher orthogonal
coupling [9].

ELECTRONICS

The signal processing can be done as shown in Fig. 6. In
a hybrid the two opposite signals (which have a phase shift
of 180◦) are subtracted. This reduces the influence of the
monopole mode and doubles the amplitude of the dipole
mode. Due to different cable length the phase of 180◦ can
be shifted. Therefore phase shifters are connected before
the hybrid to compensate the shift. In some cases the am-
plitude from the rejection of dipole and monopole modes

Figure 5: The dipole mode is selectively coupled out by
means of two long, narrow, radial slots on one cavity face.
The beam is indicated by a black dot, the electric field vec-
tor points circumferentially across the slot while the mag-
netic field vector points radially. The cavity has four slots
(two for each plane to assure the symmetry). Details are
given in ref. [8]
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Figure 6: Block diagram of the electronics used for the
signal processing of the dipole resonator.

due to spatial filter is large enough to dispense this part.
This scheme is less sensitive to phase drifts due to temper-
ature changes. To increase the dynamic range a switchable
attenuator can be integrated in the electronics. A band-pass
filter rejects higher order modes and an amplifier increases
the amplitude.

If the following electronics can not be positioned close to
the BPM, the signal has to be transmitted via long cables.
The transmission of high frequency signals via cables is
low, therefore down conversion with a local oscillator (LO)
is done to an intermediate frequency. Two frequencies are
multiplied:

A sin (ω1t + φ1) · B sin (ω2 + φ2) =
AB

2
[cos ((ω1 − ω2)t + (φ1 − φ2))−
cos ((ω1 + ω2)t + (φ1 + φ2))].

(16)

Followed by a low-pass filter only the lower frequency ω1−
ω2 is received.
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The intermediate frequency can be transported with
lower attenuation to the other part of the electronics. Here
a second band-pass filter for the intermediate frequency is
used followed by an amplifier. Two parallel down conver-
sions (I-Q demodulation) are used with a reference fre-
quency either with a matched phase (realized with the
phase shifter beforehand) and with reference frequency
shifted by 90◦. This reduces the influence of beam an-
gle α and bunch tilt Θ, compare with equations (13), (14)
and (15).

Two methods are in use for the I-Q demodulation: Ho-
modyne and Heterodyne one. The first one uses the same
frequency as the dipole mode. Therefore the same inter-
mediate frequency enters the conversion. This results in
a zero frequency, as follows from equation (16) and only
the amplitude information is maintained. The Heterodyne
method uses a reference frequency, which is different from
the intermediate frequency. In this case a lower frequency
provides the amplitude and phase information.

The used electronics can imply all components men-
tioned above as shown in Fig. 6, but some of those can
be dispense. For example the remote controlled attenuation
switch is used only when a large dynamic range is required,
or the first down conversion is used only if the I-Q demod-
ulator is positioned far away from the BPM. In case the
resolution above 1 μm is required, the I-Q demodulation is
not in use.

RESOLUTION

The position signal is influenced by the monopole signal,
by the beam angle and bunch tilt, by orthogonal coupling
and cavity noise. The latter can be calculated as

Vnoise =
√

4kTZBW, (17)

where k is the Boltzmann constant, T is the temperature, Z
is the impedance (usually 50 Ω) and BW is the bandwidth
of the entire system including the electronics. The ampli-
fiers of the electronics will amplify also the cavity BPM
noise. Additional electronics noise will contribute, degrad-
ing the resolution. The amplifiers and the ADC usually
have the largest contributions to the noise. Therefore low
noise components for the electronics with stabilized envi-
ronment temperature have to be chosen.

MEASUREMENTS

The resolution of a cavity BPM is measured by using 3
BPMs placed one after another with distances zij = zi−zj

(i, j = 1, 2, 3) to exclude the beam jitter. The outer BPMs
(1,3) are measuring the beam position and predict the posi-
tion on the BPM 2. The difference of several measurements
gives the RMS value σ2. For the resolution R2 a geometric
factor has to be taken into account as described in ref. [6]

R2 =
σ2√

12 +
(

z12
z13

)2

+
(

z23
z13

)2
. (18)

Here one has to assume that all three BPM have the same
resolution. For z13/2 = z12 = z23 the equation (18) sim-
plifies to R2 = σ2

√
2/3.

Another method for the resolution measurement is the
correlation of a large number of BPMs with a single BPM
of a long beamline. In this case the resolution will be over-
estimated because the other BPMs are assumed to be noise
free.

EXAMPLES OF RECENT
MEASUREMENTS

SPring-8 Compact SASE Source Cavity BPM
Prototype

The design of the cylindrical cavity BPM with 4.76 GHz
resonance frequency can be found in [10]. First measure-
ments have been made with 4 BPMs placed between the
undulators. The electronics was build without I-Q demod-
ulator. Therefore phase drifts for different machine condi-
tions and beam angle and bunch tilt influences the resolu-
tion measurement. The resolution between 1.7 and 5.2 μm
was obtained [10].

A new circuit has been realized with an I-Q demodula-
tion, applying the homodyne method and the beamline was
rearranged with only drifts between 3 BPMs. With this
configuration the resolution improved to 0.2 μm [11].

Re-entrant Cavity BPM for the European XFEL

Cylindrical re-entrant cavity BPM built at Saclay with
dipole mode resonance frequency of 1.724 GHz will be
used in the cold accelerator at cryogenic temperature. The
design is realized without slots, therefore the monopole
mode at 1.255 GHz is filtered with hybrids, as described
in details in ref. [12]. A single down conversion per plane
is used, applying the homodyne method. The charge cal-
ibration is made by using the sum signal from the hybrid,
corresponding to the monopole mode. Measurements at
FLASH show a resolution of 4 and 8 μm, the difference is
caused by different low-pass filters [12, 13]. This results
fulfills the requirement for the resolution of 50 μm.

Undulator Cavity BPM for the European XFEL

The design of the cavity BPM is based on [10] adapted
to the requirements of the European XFEL: smaller beam
pipe (10 mm diameter) and a lower resonance frequency of
3.3 GHz. Few prototypes already produced at DESY, one is
installed at FLASH. The measured frequency, loaded qual-
ity factor and sensitivity are in agreement with the predic-
tion. An improvement of the orthogonal coupling has been
done, see [9]. Next step is to include 3 BPM in FLASH
with electronics to measure the resolution.

Linac Coherent Light Source Cavity BPM

The cylindrical cavity BPMs were developed at the Ar-
gonne National Laboratory with a dipole mode resonance
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frequency of 11.384 GHz to be used between the undula-
tors at LCLS. The detail of the design can be found in ref.
[14]. The fields of the cavities are transmitted with waveg-
uides to the receiver, below the undulator girder. The re-
ceiver uses a single-stage heterodyne method, as described
in [15]. Measurements at the Advanced Photon Source low
energy undulator test line result in resolution between 0.26
and 0.32 μm [16]. Meanwhile 33 cavity BPMs are used
for the resolution measurements at LCLS with the cross
correlation method. The median resolution of all BPMs
is 0.44 μm for the horizontal, and 0.23 μm for the vertical
plane, as described in ref. [17].

ILC Spectrometer With Cavity BPM

A prototype of an ILC spectrometer using cylindrical
cavity BPMs as described in ref. [18] is installed at the
SLAC end station A. The design is presented in [19] and
provides a resonance frequency of about 2.9 GHz. The
electronics consists of a I-Q demodulation with Heterodyne
method, a single stage down-conversion is used. The mid-
dle BPM (of three) is mounted on a dual axis mover sys-
tem. The BPMs vibrational motion of the horizontal plane
is monitored by an interferometer system. It was shown
that the non-rigid motion for the middle BPM is 620 nm,
for the other two it is below 100 nm. Therefore by mea-
suring the BPM resolution and assuming all three have the
same behavior the non-rigid motion dominates the result.
The measured resolution is about 0.5 μm [1] which fulfills
the requirement.

Cavity BPM for the ILC Interaction Point

To control the interaction of the beam collisions the res-
olution of the BPM has to be few nanometers. Some it-
erations are made to improve the resolution. Cylindrical
cavity BPMs are tested with a special metrology system to
stabilize the non-rigid motion, which leads to the resolution
of 15 nm [20] at the KEK Advanced test facility. The next
tested prototype was a rectangular design for each trans-
verse plane to suppress the orthogonal coupling. These
prototypes were fixed on a heavy granite table. The steerers
available for the calibration produce a certain offset. This
system uses a hybrid to increase the weak amplitude and
a homodyne method is applied for the I-Q demodulation.
The resolution of (8.72±0.28(stat.)±0.35(syst.)) nm was
measured [21].

SUMMARY

The basic principles of the cavity BPM designs are pre-
sented. The influence of the beam angle and bunch tilt are
discussed and the rejection of the monopole mode is de-
scribed. An overview of the signal processing is shown and
the main influence on the resolution is discussed. The ex-
amples from different institutes have shown that the cavity
BPMs are able to provide resolutions at a few nanometer
level.
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