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Abstract
The implementation of the variable pulse length storage

ring upgrade BESSY VSR involves more than one order-of-
magnitude differences in the total charge of adjacent short
and long bunches within the bunch train. Thus, any sig-
nal ringing beyond a nanosecond in time will cause a mis-
reading of beam position and current, specifically for low
bunch charges. This calls for an significantly improved per-
formance of the beam-position-monitor (BPM) system for
bunch-selective operation. We report on the corresponding
design and fabrication of a new button BPM with advanced
features, such as impedance matching inside the button as
well as optimization of insulator material, button size, and
position, for reduced crosstalk between buttons.

INTRODUCTION
There is a strong scientific motivation to generate sub- to

picosecond level short X-ray pulses, a timescale on which
chemical reactions or phase transitions take place, for in-
vestigating the dynamics of fast reactions [1]. The time
resolution of experiments in storage rings is typically, how-
ever, limited fundamentally in time resolution by the electron
bunch length of 30 ∼ 100 ps full width at half-maximum
(FWHM) apart from several sophisticated methods such
as short pulse generation scheme from transversal chipped
long bunches [2] and Femtoslicing [1, 3]. The BESSY
Variable-pulse-length Storage Ring (BESSY VSR) project
was launched to establish picoseond short pulses for cov-
ering the future increasing demands for short X-ray pulses.
This is feasible by installing superconducting cavities with
resonance frequencies of 1.5 GHz and 1.75 GHz [4] in addi-
tion to the fundamental mode 0.5 GHz NC cavities, which
generates a beating pattern of the sum voltage, thereby cre-
ating alternating buckets for long and short bunches [5].
This provides the capability of user accessible picosecond
pulses at a high repetition rate, up to 250 MHz [6]. For a
sophisticated operation mode as shown in Fig. 1, in order to
preserve the present average brilliance of BESSY II, BESSY
VSR has about ten times more beam current in long bunch
buckets than short bunch buckets to avoid the longitudinal
microwave instability that occurs above a certain threshold
current. Due to this disparity in the beam current of long
and short bunches, it is particularly difficult to measure the
position of the short bunches precisely when there is signal
ringing beyond a nanosecond in time [7, 8]. It can cause the
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performance deterioration of the bunch-by-bunch feedback
system. This stimulates the development of new button-type
beam position monitor (BPM).

Figure 1: Possible complex filling pattern for BESSY VSR
operation with short bunches (blue) and long bunches (red).
Trains of low charges short bunches are added to relax beam
lifetime and to supply THz power as well as short X-ray
pulses at high repetition rate.

LONG-RANGE SIGNAL RINGING
Helmholtz-Zentrum Berlin (HZB) operates the 3rd gener-

ation synchrotron radiation facility, BESSY II, since 1999.
The BESSY II standard button-type BPMs were developed
and installed during construction of the storage ring. We
observed a completely different signal shape in the measure-
ments of the BESSY II standard BPM with 1 mA single
bunch and multi-bunch train [9]. This can occur because
trapped modes inside the insulation of the BPM are not fully
damped within 2 ns, which corresponds to the bunch spac-
ing in the storage ring. When the frequency of the trapped
mode is a harmonic of the fundamental beam frequency
fRF = 500 MHz, the accumulative effect over the multi-
bunch train can cause significant distortion of not only the
shape of the signal but also the amplitude although the am-
plitude of the signal ringing is small. The spectrum of mea-
sured BPM signal during single-bunch operation is shown
in Fig. 2.

In the spectrum of the measured BPM signal, two strong
trapped modes are present at the frequencies of 5.2 GHz
and 5.5 GHz. To confirm the effect of the long-range signal
ringing, the evolution of the signal can be calculated by su-
perimposing the measured single-bunch signal Vsingle with
bunch spacing ∆tb which can be expressed as

Vaccum(t) =
∑
n

Vsingle(t–n∆tb)
∫ t–n∆tb

−∞
dsδ(s), (1)

By using Eq. (1) with 2 ns equi-spaced and equi-populated
without concerning transient beam loading effects, the ex-
pected signal shape with a multi-bunch filling is calculated.
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Figure 2: The curve named Uim is the Fourier transform of
the measured signal and Ib is the spectrum of a Gaussian
beam [8].

It is shown in Fig. 3 with the measured signals with a single
bunch and multi-bunch filling.

Figure 3: Measured signals: single bunch (Green) with
current of 1 mA, multi-bunch train (Blue) with signal current
of 0.8 mA, and the signal calculated (Red) by superimposing
the single bunch signal with 2ns spacing.

The long-range signal ringing cause a considerable signal
interference to the neighboring bunches. The accumulated
signal shows a good agreement in terms of the signal ringing
frequency and the local flat-top in front of the second peak.
The influence of the long-range signal ringing has proven
obviously. To estimate the distortion of the peak value due
to the accumulative effects precisely, the relative peak-value
spread ∆Vpeak/Vpeak is calculated.

Assuming equivalent bunch charge in the multi-bunch
train which represents that the sum of induced voltage on
four electrodes Σl is a constant, the position of the n-th
bunch with the cross-talk coefficient α which represents the
strength of the interference to the neighboring bunch is given
by

xn,tot = xn +
n–1∑
l=1

k
αn–l∆l

(1 + αn–l)Σl

, (2)

where xn is the central position of the n-th bunch, k is the cal-
ibration factor, α is the cross talk coefficient, ∆l and Σl are
the difference and sum of the l-th bunch signal, respectively.

Figure 4: Relative peak-value spread (∆Vpeak/Vpeak) along
a multi-bunch train with equivalent bunch charge. With
equi-spaced and equi-populated signals, 3% shift and 0.66
% spread of peak values are observed.

From the Eq. (2), the second bunch position is approximately
x2 ∼ x2 + αx1. The peak-value shift due to the signal ring-
ing can cause a 3 % position misreading of the following
bunches. In the case of BESSY VSR, this effect causes a
severe misreading of the beam position of the short bunches
since the filling pattern has a large disparity in the beam
current between the short and long bunches.

In order to clarify the source of the long-range signal ring-
ing, the cutoff frequency inside the button is calculated using
the physical dimensions and materials. The button struc-
ture is a coaxial-type waveguide so that desirable transverse
electromagnetic (TEM) mode is allowed to propagate at all
frequencies. But at frequencies above the cutoff frequency
fcut, the first higher-order mode TE11 will also propagate.
This higher-order mode defines the cutoff frequency and the
TEm1-mode in a coaxial waveguide can be defined as [10]

fcut =
1√
εr

c
π

m
ri + ro

, (3)

where ri and ro are the radii of the inner and outer conduc-
tors, respectively, m = 1,2,3, · · ·, which indicates the field
variation in azimuthal direction, and εr is dielectric constant.
Using Eq. (3) and the structure of the BESSY II standard but-
ton BPM, the cutoff frequency along the button is calculated
and the result is shown in Fig. 5.

Figure 5: Mechanical structure including material and di-
mensions and cutoff frequency along the BESSY II standard
button BPM with diameter of 11.4 mm, thickness of 2.6 mm,
and gap of 0.3 mm

Since the fcut in a coaxial waveguide is inversely pro-
portional to the square root of a dielectric constant of the
insulator, the button has a minimum fcut value at the insula-
tor. The BESSY II standard button BPM has the diameter
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of 10.8 mm and gap of 0.3 mm. The thickness of the button
electrode is 2.6 mm and an aluminum oxide (Al2O3) insu-
lator with the diameter of 11.4 mm and thickness of 3 mm
was used for a vacuum seal. Therefore, the cutoff frequency
at the insulator is 4.91 GHz and it is able to trap long-range
modes which are observed in the spectrum of the measured
BPM signal as shown in Fig. 2.

NEW BUTTON BPM DEVELOPMENT
For the new button-type BPM, the dimensions of the vac-

uum chamber are reduced to 55 (H) × 24 (V) mm to improve
vacuum conditions near the SRF cavities and to secure the
free space of 10 mm between the vacuum chamber and the
magnet bore for heating jackets. Furthermore, the diameter
of the button is reduced to 8.4 mm to mitigate the coupling
between the ports and the effect of trapped modes, and to
fit into smaller vacuum chamber dimensions. The clearance
gap between the button housing and vacuum chamber is also
minimized to avoid the generation of high order modes. The
thickness of button is also reduced to 2 mm to enhance the
signal intensity by reducing the capacitance of the button.
In the right side of the chamber, the synchrotron radiation
shade is placed to avoid the power deposited by synchrotron
radiation so that the BPM chamber has an asymmetric shape.
The cross-section diagram of the new button BPM is shown
in Fig. 6.

Figure 6: Cross-sectional diagram of new button BPM with
diameter of 8.4 mm, thickness of 2 mm, and gap of 0.3 mm.

The new BPM buttons are welded directly on the vacuum
chamber without flanges. The insulator materials are eval-
uated carefully to satisfy a fabrication process and to push
the cutoff frequency of the trapped modes higher such that
it is damped fully within 0.5 ns. The mode decays in an
insulation material proportional to

|H(t)| = e−
ω

2Q t, (4)

whereω = 2π f and Q is the quality factor Q = ε ′r/ε ′′r , where
ε ′r is the real part of the permittivity and ε ′′r is the imaginary
part of the permittivity. A fused silica (SiO2), which has a
real part of the permittivity of 3.74 and the imaginary part
of the permittivity of 0.00144, is preferred than aluminum
oxide Al2O3 which has the real part of the permittivity of 9.5
and the imaginary part of the permittivity of 0.00343 because
the fused silica has the 44% higher cutoff frequency although
the quality factor is 5% smaller than aluminum oxide. The

internal button structure is also optimized to match with
the impedance of 50 Ω for reducing TEM-modes reflected
back to the chamber. Using Eq. (3) and the structure of the
new button BPM, the cutoff frequency along the button is
calculated and the result is shown in Fig. 7.

Figure 7: Mechanical structure including material and di-
mensions and cutoff frequency along the new button BPM.

The cutoff frequency of the trapped mode at the insulator
was shifted to a higher frequency by reducing the diame-
ter of the button. In the BESSY II standard button BPM,
there are several places where the radius of the outer con-
ductor is changed with a step discontinuity regardless of
impedance mismatching. A taper structure is adopted to
reduce the reflection between the two different geometries
and it is transmission line whose characteristic impedance
is gradually tapered from one value to another. The taper is
possible to reduce the resulting impedance by providing a
tapered region between the two different geometries. As the
flexural wave approaches the edge of the taper, the wavenum-
ber progressively increases. For an ideal taper reaching zero
thickness, the wavenumber would approach infinity. There-
fore, the optimum position of the relative edges between
the inner and outer conductor was investigated with geomet-
rical consideration for maintaining the impedance over an
inclined plane of the taper.

∆z1 = kco
(r22–r21)

zpos
(r21–r11) ,

∆z2 = kco
(r22–r21)

zpos
(r22–r12) ,

(5)

where zpos is the taper length, r11 and r12 are the outer radius
of inner and outer conductor at the smaller radius, r21 and r22
are the outer radius of inner and outer conductor at the larger
radius, respectively, and kco is the geometrical coefficient.
The reflected pulse as a function of geometrical coefficient
kco was calculated.

Figure 8: Optimization of two taper edges as function of kco
which represents relative position between two conductors.
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As shown in Fig. 8, the relative displacement between two
conductors can reduce the reflection coefficient from 0.05 to
0.02. Particularly, the taper structure reduces the reflection
coefficient significantly compared to the step discontinuity
structure which has the reflection coefficient of 0.2. We
performed the numerical simulation using CST-PS [11] to
confirm the improvement of signal quality by combined
effects of the mitigation of trapped resonance modes excited
in the insulator and the button lodging hole, and impedance
matching.

Figure 9: Comparison of signal shape of measured signal
from BESSY II standard BPM, CST calculation of BESSY
II standard BPM (CST-old), CST calculation of new BPM
with aluminum oxide Al2O3 and fused silica SiO2.

As shown in Fig. 9, the new button BPM design with the
insulator material of fused silica has relatively short decay-
time below 0.3 ns of the signal ringing. However, due to
technical difficulties in securing uniformity of the metal-
ization of fused silica surface and subsequent mechanical
stability of brazing surface during brazing between fused
silica and metal, the insulator material of aluminum oxide
is finally determined for the new design. But still there is
a glass sealing technique used as feedthroughs in BPMs
at PSI and DESY [13, 14] although it is difficult to sus-
tain the impedance matched geometry. The material of the
button is determined to be molybdenum, which has an elec-
trical conductivity σMO =17 × 106 S/m, because the power
of the trapped more will be predominantly dissipated in
the BPM chamber rather than in the well-conducting but-
ton [15]. Thus, more than one order magnitude of the power
is dissipated on the stainless steel chamber σsteel =1.3 ×
106 S/m. With the assumption of M equi-spaced and equi-
populated bunches [16], the dissipated power by the Wake-
field at the new BPM with BESSY VSR operation parame-
ters is 0.42 W which is about 21% lower than the power on
present BPM [17].

The long-range trapped resonance modes excited in the
insulator and the gap between the electrode and button hous-
ing can lead to beam coupling instability [12] so that the
longitudinal beam impedance as a function of the frequency
is calculated using CST-PS. The calculation has also consid-
ered the trapped modes in the button lodging hole, button
gap, and insulator material since the amplitude of the trapped
resonance modes is relevant to the geometric dimension and
the material properties of button, housing, and insulator.

Figure 10: Longitudinal impedance as function of frequency
for various BPMs with different insulator materials [18].

As shown in Fig. 10, the button with the insulator material
of fused silica has a relatively higher amplitude than the alu-
minum oxide insulator at relatively higher frequency and the
amplitude of the second peak is smaller than the aluminum
oxide. The acceptable limit of the narrow-band impedance
as a function of the frequency for avoiding coupled-bunch
instabilities was estimated using the model in Ref. [19] with
the bunch length of 18 ps which corresponds to the nominal
bunch length of BESSY II and long bunches of BESSY VSR.
The acceptable limit of the narrow-band impedance is re-
laxed when the resonance frequency of the trapped mode is
increased. Since the new button BPM a has peak at relatively
higher frequency with a narrow bandwidth, the effect of the
narrow-band coupled-bunch instabilities are not crucial.

SUMMARY
In the beam experiment, we observed the signal shape

evolution of the BESSY II standard BPM over the multi-
bunch train. This indicates signal interference through a
long-range signal ringing. We confirmed that the signal
ringing causes not only changes of the signal shape over
bunch train but also a misreading of the beam position of
neighboring bunches in extreme operation modes of BESSY
VSR. To mitigate the influence of the signal ringing as well
as to reduce wake losses in the new BPM design, the source
of long-range signal ringing in the BESSY II standard BPM
was investigated and it was found, that certain trapped modes
in the aluminum oxide insulator and the button lodging hole
are the cause, as these modes have a relatively long decay-
time. In the new BPM design, the effects are minimized by
optimizing the tapered structure to improve the impedance
matching between the two different geometries, reducing the
button radius, and by replacing the insulator material. But,
due to many technical difficulties, the insulator material of
aluminum oxide is finally chosen for the new design instead
the more favoured fused silica. The dissipated power by the
Wakefield is about 21 % lower than the power on present
BPM and the effects of the long-range trapped modes are
mitigated by increasing the cutoff frequency.
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