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INTRODUCTION

Dedicated BPM’s and HOM coupler signals

for beam position measurements in the main linac.
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The “bunch-train” is the stimulus signal for the BPM system (not to scale).

The time resolution of the BPM system has to be defined, e. g. should be able to resolve

the beam position of any/every single bunch in the bunch-train:

τBPM < tB

The position resolution improves by averaging the nB single-bunch positions:

Resolutionmultibunch ≈
Resolutionsinglebunch√

nB

which is equivalent to reducing the bandwidth of the BPM system.
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BPM ASPECTS

Requirements

A clear defined set of BPM requirements is mandatory; and it has to be kept up to date(!).

• The RMS position resolution of the BPM pickup or complete system (i. e. with read-out

electronics) in a specified integration (measurement) time; e. g. 10 µm SB, 1 µm BT (?).

• The transverse measurement range to be covered; e. g. ± 15 mm @ 10 µm SB res. (?).

Specify extended ranges with reduced resolution; e. g. > 15 mm @ 20 µm SB res. (?).

• Nominal beam/bunch intensities, e. g. 0.5...2 nC/bunch (?). Defines the dynamic

range of the read-out electronics. The BPM system will have a reduced resolution at

lower intense beams(!).

• Linearity and orthogonality, i. e. cross-talk between horizontal and vertical axis; e. g.

< 2 % @ ± 15 mm (?). Systematic nonlinearities of the BPM pickup can be linearized

by 2D field mapping procedures.

• Absolute precision and reproducibility, after a temperature cycle of the cryostat, etc.;

e. g. < 200 µm (?).
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Mechanical and Environmental Aspects

Beside the usual mechanical and vacuum aspects, the operation of the BPM pickup detector

in a cryogenic, cleanroom approved environment requires additional care:

• Beam pipe aperture, i. e. circular cross-section of ?? mm diameter (TESLA: 78 mm).

Keep in mind: The position resolution scales with the beam pipe aperture!

• Longitudinal and radial space for the BPM pickup.

• Flange types and location, bellows, mounting issues.

• RF-signal cables in the cryostat (low signal losses, high temperature isolation).

• Cryogenic RF vacuum feedthroughs for the pickup signals (low VSWR at operation

frequencies, UHV stable ceramics after many temperature cycles).

• Cleanable and cleanroom (class ?) approved BPM pickup construction.
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Other Aspects

• Beam coupling impedance, i. e. wake potential of the BPM pickup due to the perturba-

tion of the beam’s EM-field (adds to the heat load in the cryostat and may cause beam

break-up forces in long bunch trains).

• Assembly and series production issues.

• Radiation related aspects (cables, connectors, electronics, etc.) and reliability (MTBF).

• Costs, number of required BPM’s (TESLA: 2 × 368).

• Special requirements for linac commissioning, e. g. beam intensity measurement, low-

intense “pilot” bunch orbit observation (dynamic range!).

• Data-acquisition and transfer aspects, interface to the control system (fiber or copper

links, data communication industry standards, etc.).

• ...
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CANDIDATES FOR COLD BPM PICKUP’S

Broadband BPM’s (-)

• Electrostatic “Button” BPM or electromagnetic “Stripline” BPM.

• Broadband transfer characteristic (BW > 1 octave).

• Pickup electrodes couple to a part of the EM-field of the beam (image current),

Zelec(x, y) > 0, which sets the position sensitivity in the order of VA/VB ≈ 1 dB/mm

(assuming 70 mm beam pipe diameter).

• The BPM resolution is defined mainly by the S/N-ratio of the read-out electronics and it’s

integration time. Button pickup based BPM systems have a rather low or moderate single-

bunch postion resolution (≈ 50 µm). High resolution (1 µm) is only possible by increasing

the integration time (narrow bandwidth, as done in BPM systems of synchrotron light

sources) or using long stripline pickups in a small beam pipe aperture (SLAC FFTB).

• Low-cost, simple mechanics (Button BPM’s), and low wake potential.
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Semi-Resonant BPM’s (+)

• Re-entrant coaxial-cavity BPM.

• Broadband transfer characteristic (BW > 100 MHz).

• 50 Ω loaded transmission-line, operated on the beam-excited evanescent fields of the

fundamental TE11 waveguide dipole mode (i. e. below cut-off frequency).

• Expect moderate to good single-bunch resolution (≈ 10 µm) depending on integration

time and performance of the read-out electronics.

• Good linearity (< 1 %), moderate operation frequency.

• Rather compact dimensions and simple machinable mechanics.

• Low wake potential.

• Operational experience under cryogenic & cleanroom conditions at a test installation in

TTF2(!).
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Re-entrant coaxial-cavity BPM for TTF2.
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Resonant BPM’s (+)

• Dipole-mode (TM110) “pill-box” cavity BPM, with of without modifications (shape mod-

ifications to fix the polarization axes, waveguide ports to suppress the fundamental mono-

pole TM010 mode, etc).

• Narrowband, resonant transfer characteristic (Q ≈ 500...5000).

• The beam excited dipole eigenmode of the cavity BPM has a linear beam displacement

dependence, giving a zero output signal with the beam in the center.

• Cavity BPM’s have the potential to achieve very high resolutions (nm-range), depending

on the TM110 mode operating frequency, it’s Q-value, and some other factors (precision

of the mechanics, common mode suppression, read-out electronics, etc.).

• Cavity BPM’s have several issues, which can be addressed by modifying the basic pill-box

design: xy-axes cross-talk (polarization), common mode suppression, single-bunch time

resolution, wake potential.

• Long term operational experience(!) under cryogenic & cleanroom conditions with several

1.5 GHz dipole-mode cavity BPM’s at TTF.
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Figure 6: The BPM as mounted in the beam line of the ELBE linac
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Figure 7: The test setup without electronics

By changing the steerer current, repositioning of the beam within the BPM can be achieved
in x- and y-direction, and predicted beam displacements can be compared with measured values.

Fig. 8 displays the BPM ∆-port voltage against vertical beam displacements, for fixed x
(≈ 0) position. Each point plotted in Fig. 8 was averaged over ∼1000 bunches to eliminate
possible beam position and charge fluctuations. The point y=0. is defined as the position with
minimum power. Voltages with negative offsets were assigned to be negative in order to obtain
a straight line behaviour over the whole displacement range. The position behaviour of the
difference signal is basically in agreement with expectations. Apart from a peculiar situation
around y=0., the ∆-response is in good approximation linear over more than ±8 mm beam
offset.

The sensitivity of the BPM denoted as the slope of the straight line fit over the measured
voltages is 2.95 mV/mm, if all data points in Fig. 8 are included. The position resolution is
defined as the square root of

< ∆x2 >=

n
∑

i=1

(V fitted
i − V meas.

i )2

K2
/n (9)

7

Examples of cavity BPM’s:

• 1.5GHz cavity BPM of the TTF at DESY,

now operating in the cryostat (up, left).

• Modified 1.5 GHz cavity BPM tested at

the ELBE linac (up, right).

• C-Band cavity BPM tested at the SLAC

FFTB, showing 25 nm resolution!

(down, left).
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HIGH PRECISION CAVITY BEAM POSITION MONITOR

A. Liapine, H. Henke, TU-Berlin, 10587 Berlin, Germany

Abstract

A cavity beam position monitor is proposed for measur-
ing the beam deflection in the TESLA energy spectrome-
ter. The precision of the measurement has to be better than
1 µm. A slotted cavity is applied in order to reject the back-
ground signals and enhance the precision and the dynamic
range of the monitor. The paper gives the design overview
for two prototypes with operating frequencies of 1.5 GHz
and 5.5 GHz, respectively. The results obtained on the test
bench with direct conversion electronics are presented. A
resolution of about 100 nm was achieved.

INTRODUCTION

The magnetic spectrometer proposed for TESLA de-
flects the beam by means of strong magnets. This deflec-
tion depends on the magnetic field strength and the energy
of the particles in the beam. Precise measurements of the
magnetic field strength and the beam deflection have to pro-
vide the energy resolution of 10−4 or better. The integrated
magnetic field can be measured with a precision of up to
2 · 10−5. The beam deflection is supposed to be measured
with a few beam position monitors (BPMs). These have to
have a resolution of better than 200 nm in a range of a few
mm (goal:±2.5 mm).

A cavity BPM with a novel slotted structure was pro-
posed in order to satisfy the resolution demands. A cylin-
drical cavity is excited by the beam passing through the
cavity. The excitation of the dipole mode TM110 is pro-
portional to the beam position. The slots connected with
output waveguides serve to couple the dipole mode (fig. 1).
At the same time the monopole modes, TM010 and TM020,
that have the strongest excitation and produce strong back-
ground signals, are not coupled. This structure allows a
strong dipole mode coupling without an influence of the
monopole modes and as a result provides a high precision.

Figure 1: Monopole modes rejection in the slotted cavity.

Two designs of the cavity BPM for the frequencies 1.5
GHz and 5.5 GHz respectively are discussed below.

1.5 GHZ-MONITOR

The 1.5 GHz-cavity is a cylinder with a radius of about
114 mm and a length of 50 mm, fig. 2. The output wave-
guides are ridged in order to reduce their dimensions. The
waveguides are coupled to a coaxial line using magnetic
coupling. It was made out of stainless steel in order to re-
duce the lifetime of the uncoupled monopole modes. The
dipole mode has a low Qext and therefore is not affected.
A sensitivity of about 0.2 mV/100 nm together with a noise
level of 9 µV gives an upper limit for the resolution of about
5 nm. The damping time of the dipole mode is 115 ns.

Figure 2: Prototype of the 1.5 GHz-monitor.

The read-out electronic for the BPM (fig. 3) is based
on the homodyne principle. The signals coming from the
monitor are down-converted using a signal with the fre-
quency equal to the dipole mode frequency of the BPM.
This signal comes from an additional smaller cavity (ref-
erence cavity) operating at the common mode. Filters at
the front-end of the electronics select the dipole mode fre-
quency and reduce the noise. The down-conversion is car-
ried out by an I/Q-mixer (in-phase/quadrature), that pro-
vides a phase independent measurement and allows for the
determination of the offset direction. The down-converted
signals are amplified and delivered to the analog-to-digital
converters. The reference cavity is also used for the charge
measurement.

The resolution of the BPM was measured on a test bench
where the beam was simulated by an antenna exciting the
cavity. The antenna could be moved transversally using
precision movers. The excited signals were measured with
a power meter or processed with the elctronics and digi-
tized. Fig. 4 shows the dependence of the monitor signals
on the antenna position.

The measured characteristic has a non-linearity, much

Proceedings of EPAC 2004, Lucerne, Switzerland
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components and low-level mixers were not well suited for
the application in the BPM electronics.

Figure 8: Signals at the output of the 5.5 GHz-electronics
vs. antenna position.

TEST UNDER BEAM CONDITIONS

The 5.5 GHz copper prototype was tested with beam at
the accelerator facility ELBE in Rossendorf (Dresden, Ger-
many). The accelerator delivers an electron beam with an
energy of up to 20 MeV, a beam charge of up to 80 pC
at a repetition rate close to the parameters of TESLA. The
monitor was installed into the test beamline of the acceler-
ator (fig. 9) surrounded by viewscreens, so that the beam
position could be observed visually. The beam could be
deflected by steerers.

Figure 9: 5.5 GHz-prototype installed into the test beam-
line of ELBE.

During the first measurement the monitor signals were
scanned in order to find common mode and dipole mode
resonances. The dipole mode resonance was 5.555 GHz.
No common mode resonance was found and is therefore
below -70 dBm level (fig. 10). The expected value is about
-80 dBm.

Unfortunately the signal delivered by the reference cav-
ity was too weak to be used in the BPM electronics, al-
though it was amplified. An external oscillator was taken

Figure 10: Scan in the region of the common mode.

instead. The signals at the output of the electronics were
measured for different beam positions and values of the
bunch charge (fig. 11). A position uncertainty of about
100 µm was measured. This value seems to come from the
beam jitter and the uncertainty of the currents in the deflec-
tion magnets.

Figure 11: Signals at the output of the 5.5 GHz-electronics
vs. beam offset.

CONCLUSION

Two prototypes of the slotted cavity BPM for the fre-
quencies of 1.5 GHz and 5.5 GHz together with the read-
out electronics were designed, constructed and tested un-
der laboratory conditions. Resolutions of 130 nm and 300
nm respectively were measured, while the dynamic range
was close to ±1 mm. The 5.5 GHz-prototype was also
tested with beam and showed a high common mode sup-
pression. A position uncertainty of 100 µm was observed
because of the test conditions. Further work on the 5.5
GHz-electronics has to be carried out in order to improve
the resolution and, if possible, the dynamic range. A cross-
check with three monitors is needed for the resolution mea-
surement under beam conditions.
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Examples of “COM free” cavity BPM’s:

• 1.5 GHz cavity BPM prototype, TU-

Berlin & DESY (up, left).

• 5.5 GHz cavity BPM tested at the ELBE

photoinjector (up, right).

• C-Band (4.8 GHz) cavity BPM prototype,

Spring-8 (down, left).
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CONCLUSIONS

• Dedicated BPM’s and HOM-based beam measurements will be used for beam position

measurements along the main linacs.

• Position resolution is an important BPM parameter, but many other aspects have to be

considered.

• The BPM requirements, in connection to the main linac beam parameters, have to be

worked out and continuously updated.

• (Semi)-Resonant BPM’s, e. g. cavity BPM, are a good choice as main linac BPM.
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