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(FLAIR) at GSI, Germany will decelerate antiproton beams
of very low intensities from 300 keV down to 20 keV. Such
beams can be easily disturbed by standard monitoring de-
vices and the development of new sensitive diagnostic tech-
niques is required. To overcome the limitations related to
a very low number of particles, a low signal-to-noise ratio
and ultra-low kinetic energies, a resonant capacitive pick-
up has been proposed as a beam position monitor. In the
planned solution, the signal gain will be realised by the use
of a specially designed resonant circuit optimized to meet
the requirements of the USR. The current overall design
studies of the resonant capacitive pick-up, including sim-
ulations of the beam displacement sensitivity and linearity
for different pick-up geometries and the equivalent reso-
nant circuit characterisation, will be discussed.

INTRODUCTION

The novel U
¯

ltra-low energy S
¯
torage R

¯
ing (USR) is cur-

rently being developed for the future F
¯
acility for L

¯
ow-

energy A
¯

ntiproton and I
¯
on R

¯
esearch (FLAIR) [1]. It will

be able to accept, store and decelerate a 300 keV beam of
≤ 2 · 107 antiprotons down to 20 keV.

For the standard operation of the USR, ∼100-ns-long
bunches might be of the main interest. With the ring cir-
cumference of 42.6 m, the revolution time trev of the 300
keV antiproton beam will be equal to 5.6 μs. In this case,
a harmonic mode h = 10, corresponding to the RF fre-
quency fRF = 1.78 MHz and RF buckets of about 560 ns,
might be chosen. The RF field will typically be applied af-
ter the beam has reached a quasi-DC state which will lead
to the generation of 10 bunches not longer than ≈150 ns.
After the deceleration stage, the main RF frequency will
have to be decreased to 459 kHz to follow the longer revo-
lution time trev = 21.8 μs of 20 keV antiprotons resulting
in bunches being not more than ≈550 ns long. Therefore,
the standard operation of the USR will include≈1.1 m long
bunches of ultra-slow particles (β = 0.006–0.025) carrying
a very low charge (300 fC) with the repetition rates in the
range of ∼0.4–2 MHz.
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In addition, a production of ultra-short (1–2 ns) bunches
for in-ring experiments is also foreseen for the USR [2].
Initially, a 20 keV coasting beam is planned to be adia-
batically captured into 50 ns stationary buckets formed by
a 20 MHz cavity operating at a high harmonic mode. With
h = 436 one gets only ≤ 5 · 104 particles (8 fC) per bunch.
The final bunch length will depend on the initial RF volt-
age applied to capture the circulating beam. The desired
ultra-short bunches of 1–2 ns duration, corresponding to
≈2 mm only, will then be formed by an additional double
drift buncher with a voltage of ≈300 V.

Accurate beam position measurements, necessary for the
successful operation of the USR, will require devices suit-
able for the proposed beam distributions. For the standard
mode (h = 10) with the bunch repetition frequencies of
the order of 1 MHz and the bunches much longer than the
space available for a beam monitor, a capacitive diagonal-
cut pick-up (PU) is a favourable solution. It offers a high
linearity which is a huge advantage when the beam diame-
ter can reach up 2 cm in some parts of the USR before elec-
tron cooling. However, this relatively simple device will
not be suitable for the ultra-short, very slow bunches in-
tended for the in-ring experiments. In this case, other mon-
itors extracting information from electromagnetic fields of
moving charged particles might also fail to measure the
beam displacement. Figure 1 shows the transverse electric
field calculated at a distance of 125 mm from the beam for
20 keV antiproton cos2-like bunches formed with h equal
to 10, 75, 200 and 436. For the highest h, the modulation of
the signal is practically lost, thus none of the beam position
pick-ups will work.
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Figure 1: Normalized transverse electric field at a distance
of 125 mm from the 20 keV cos2-like bunches formed with
h = 10 (460 kHz, blue curve), 75 (3.5 MHz, red curve), 200
(9.2 MHz, yellow curve), and 436 (20 MHz, green curve).
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CAPACITIVE PICK-UP DESIGN AND
SIGNAL ESTIMATIONS

As already mentioned, a diagonal-cut capacitive pick-
up will be used for the beam position measurements. The
whole monitor will consist of two units, each l = 100 mm
long and able to monitor the displacement in one axis. In
order to avoid beam-to-ground impedance jumps and so the
beam instabilities, the PU should have the same diameter
as the beam tube, thus the radius r = 125 mm has been
assumed. The coupling capacitance between opposite PU
plates and adjoining PU units can be minimised by intro-
ducing guard rings on ground potential [3]. Figure 2 shows
the simulations performed for different PU geometries. In
all cases, not only is high linearity achieved, but also the
guard ring separating two plates results in a greater sensi-
tivity to the beam displacement.
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Figure 2: Response curves for two exemplary PU geome-
tries with (squares) and without (triangles) ground voltage
set to a guard ring introduced between PU plates.

For the 300 keV bunches at fRF = 1.78 MHz consist-
ing of 2 · 106 particles each and the foreseen PU length
l = 100 mm, radius r = 125 mm and plate-to-ground ca-
pacitance C ≈ 100 pF, the expected peak voltage can be
as low as ∼100 μV [4]. If the coupling capacitance be-
tween two plates is ignored, one can assume a simple lin-
ear response ΔU/ΣU = x/r, where ΔU is the differential
signal between two opposite plates, ΣU is the sum signal
and x is the beam displacement. In this case, the differ-
ential signal for x = 0.1 mm will be as small as 150 nV
and a low-noise amplifier will be required. Nevertheless,
even with the equivalent amplifier input noise lowered to
0.6 nV/

√
Hz (e.g., see [5]), a 20 MHz bandwidth system

necessary for the USR bunch structure observation will re-
sult in the signal-to-noise ratio S/N ≈ 0.3 for 0.5 mm of
beam displacement. Smaller bandwidth of 2 MHz could at
least allow for the bunch-by-bunch observation, but in this
case S/N ≈ 0.9 is still quite low. If a resolution better
than 0.5 mm is to be achieved, a further bandwidth reduc-
tion will be required. Therefore, it has been proposed to
build the pick-up as a part of a resonant circuit well tuned
to the repetition frequency. Due to the bandwidth restric-
tion, it will not be possible to measure the individual bunch
properties, but a much higher sensitivity can be expected.

EQUIVALENT CIRCUIT STUDIES

An equivalent circuit of a capacitive PU plate with an
external inductance coil introduced to create a resonant so-
lution is shown in Fig. 3. The image current I flowing from
the pick-up into the circuit can be estimated for a point
charge moving inside the PU; then the total bunch signal
can be calculated by summing up the weighted contribu-
tions. Although cos2-like bunches with the full width at
the baseline T = 150 ns and fRF = 1.78 MHz have been
assumed for the purpose of this study, the differences in the
signals from arbitrary charge distributions for low β values
can be neglected [6]. Figure 4 shows the calculated image
current. A sine function of the same amplitude of ≈500 nA
has been used for the resonant circuit analysis.
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Figure 3: Equivalent circuit of the resonant capacitive PU
plate with the image current I , plate-to-ground capacitance
C, added inductance coil L and amplifier input resistor R.
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Figure 4: Image current flowing from the pick-up into
an external circuit (blue curve) and a sine function with
the same amplitude and repetition frequency (dashed red
curve). The signal is generated on a PU plate of l = 100
mm and r = 125 mm by cos2-like bunches with β = 0.025
and T = 150 ns.

The behaviour of two PU plates has been compared and
studied in terms of the detectable voltage difference for
Ipeak = 500 nA, C = 100 pF, R = 1 MΩ, ω0 = 2πfRF

and L = 1/(ω2
0C) = 80 μH. Signals from the off-centre

beam has been estimated according to [7]. In the first as-
sumption, ohmic losses RL << R in the inductance coil
and the coupling capacitance Cc between the plates were
ignored which resulted in the peak voltage of 0.5 V and the
differential signal of 4 mV for 0.1 mm of beam displace-
ment. However, damping and a shift of the resonance fre-
quency ωd = ω0

√
1 − R2

LC/L occurs when RL is taken
into account. With RL = 50 Ω, the change in the resonance
frequency Δf is smaller than 3 kHz, but the peak voltage
and the differential signal for x = 0.1 mm decrease to about
8 mV and 50 μV respectively. When the coupling capaci-
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tance is considered, the differential voltage at fRF = 1.78
MHz may drop down even by three orders of magnitude for
Cc as low as 2 pF and no RL included; with RL = 50 Ω,
the same signal is decreased only by a factor of 2. In both
cases, the effect is due to the resonant response distortion.
Figure 5 shows the behaviour of the system for Cc = 10 pF
and RL = 50 Ω. As can be seen, the signal from each plate
is maximized at the desired frequency, but the maximum of
the differential signal, still about 50 μV, is shifted to f =
1.62 MHz. Therefore, a careful selection of the inductance
and the frequency is necessary. One can also consider a dif-
ferent setup with one inductance coil only connecting two
plates for the direct measurement of the differential signal.
In this case, the signal is not increased above the previous
value of 50 μV, but the required inductance L ≈ 130 μH is
higher.
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Figure 5: Equivalent circuit of two plates of the resonant
capacitive PU and the resulting signal: peak voltage (blue
curve) and differential voltage scaled by a factor of 100 for
the picture clarity (red curve).

LOW-β EFFECT

The influence of the low β value on the pick-up response
should be discussed as well. The sensitivity of the beam po-
sition monitor for a logarithmic ratio processing and small
beam displacements can be expressed by a relativistic com-
ponent multiplied by (1 − G), where the correction factor
for a non-relativistic beam is approximately [8]:

G ≈ 0.139
(

2πfRF r

γβc

)2

− 0.0145
(

2πfRF r

γβc

)3

(1)

Figure 6 shows the pick-up sensitivity deviation from the
relativistic case for 300 keV and 20 keV beams. As can be

noted, the correction factor increases with the increasing
harmonic mode, but for the considered standard operation
of the USR it should still be as low as 0.5%.
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Figure 6: Correction factor calculated for 300 keV (blue)
and 20 keV (red) bunches as a function of their repetition
frequency (dots correspond to harmonic mode h = 10).

CONCLUSIONS

The studies of the foreseen capacitive pick-up design
were presented. The diagonal-cut plates assure high lin-
earity of the monitor, whereas grounded rings provide its
greater sensitivity. Due to a very low number of particles
and a low signal-to-noise ratio, a narrowband system is re-
quired and it has been decided to adopt a resonant circuit
solution. Although the values of the considered circuit pa-
rameters were only estimated, the study provided an insight
into the behaviour of the proposed system and the differen-
tial signal at least several times stronger is expected. Fi-
nally, it was shown that the sensitivity of the PU is strongly
dependent on a harmonic mode h and not the β value itself.
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