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Abstract

Electric Dipole Moments (EDMs) violate parity and time
reversal symmetries. Assuming the CPT-theorem, this is
equivalent to CP violation, which is needed to explain the
matter-over-antimatter dominance in the universe. The goal
of the JEDI collaboration (Jiilich Electric Dipole moment
Investigations) is to measure the EDM of charged hadrons
(p and d). Such measurements can be performed in storage
rings by observing a polarization build-up, which is pro-
portional to the EDM. Due to the smallness of this effect
many systematic effects leading to a fake build-up have to be
studied. A first step on the way towards this EDM measure-
ments is the investigation of systematic errors at the storage
ring COSY (COoler SYnchrotron) at Forschungszentrum
Jiilich. One part of these studies is the control of the beam
orbit with high precision. Therefore a concept of Beam
Position Monitors (BPMs) based on pick-up coils is used.
The main advantage of the coil design compared to electric-
pick-up BPMs is the stronger response to the bunched-beam
frequency and the compactness of the coil itself. A single Ro-
gowski BPM measures the beam position in horizontal and
vertical direction. Results of such a BPM in an accelerator
environment are presented.

INTRODUCTION

The goal of the JEDI collaboration is to measure the
EDMs of charged particles (p and d) at the storage ring
COSY [1,2]. To create an EDM signal an RF Wien filter
introduces a vertical polarisation build-up of the stored po-
larized particles. This signal is proportional to the particles’
EDM [3,4]. To handle systematic effects, it is important
to control the orbit with high precision. These systematic
effects can contribute to an unwanted polarization build-up,
which may erroneously be interpreted as an EDM signal [5].
The existing orbit control system at COSY will be improved
to fulfil these requirements [6]. Furthermore, an investiga-
tion started with the goal to develop a prototype of a SQUID-
based BPM [7]. For this SQUID-based BPM Rogowski coils
are used as magnetic pick-ups [8]. This SQUID-based BPM
development is divided into different steps. A first step is
the test of a Rogowski coil, which is used as a BPM. The
Rogowski coil consists of a torus, which is divided into four
segments. Each segment is wound with a thin copper wire
to measure the voltage, induced by the bunched beam. With

* f.rinkel @fz-juelich.de
T http://collaborations.fz-juelich.de/ikp/jedi/index.shtml

ISBN 978-3-95450-177-9
302

this configuration it is possible to measure the beam position
in the horizontal and the vertical plane. An advantage of the
Rogowski coil BPM is its thickness of only 1 cm compared
to the length of the existing BPMs with an extent of about
13 cm for one plane. This allows for installations in places
with tight spatial constrains.

DESIGN OF ROGOWSKI PICK-UP COIL
AND COSY INSTALLATION

The idea to measure the beam position with a segmented
Rogowski coil is based on the measurement of the magnetic
field induced by the particle flux. The geometry can be
characterised by two radii. The radius R defines the distance
from the centre of the tube to the centre of the torus and the
radius « is the radius of the torus itself. In the presented
setup the radius R is 40 mm and the radius ¢ = 5 mm. The
sketch of the different segments of the Rogowski coil BPM
is shown in figure 1. Each segment is wound with a thin
copper wire, which has the diameter of 150 um. The number
of windings for each segment is about 350. The depicted
coordinate system is used in the following mathematical
derivation. The segments are labelled with the numbers 1 to
4. The torus consist of vespel, which is vacuum-proofed.
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Figure 1: Sketch of a Rogowski coil BPM arrangement,
which measures the horizontal and vertical beam position.

Two Rogowski coil BPMs with a distance of 13.3 cm to
each other were installed in COSY storage ring to measure
beam positions in the horizontal and in the vertical plane.
The front Rogowski coil is installed on a fixed frame to use it
as a reference BPM to suppress systematic effects like cycle
to cycle orbit changes. The rear Rogowski coil is placed on
a piezo table. The travel range is from —20 mm to 20 mm in
horizontal and vertical plane. The resolution of the piezo
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tables is 1 um. With this setup it is possible to move the
Rogowski coil BPM to certain positions and to perform a
calibration of this BPM in an accelerator. The whole setup
is shown in figure 2.

Figure 2: Schematics of the measurement setup, which was
installed in the accelerator COSY. Front Rogowski coil BPM
is mounted to a fixed frame. The rear one is mounted on a
piezo table, which can be moved in horizontal and vertical
direction.

Position Determination

In [9] the theoretical description of the magnetic field
generated by a particle beam and the induced voltage for a
horizontal or vertical Rogowski coil BPM is derived. The
formula to calculate the horizontal (x) and the vertical (y)
beam position with a Rogowski coil BPM divided into four
segments is given by the following equations:
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2 U +U, +Us+ Uy
_ aVR2 — a2 (Uy + Uy) — (Us + Us) (L
Y 2 U +U,+Us + Uy
———
m
nVR —a?

The sensitivity m is given by and depends only on
the torus parameters R and a. The induced voltage in the
corresponding segment is denoted by U; (compare figure 1).

MEASUREMENTS AT COSY

Accelerator Setup

The measurement is performed with a bunched deuteron
beam (about 10° particles) with a momentum of 970 MeV/c
and a revolution frequency of 750 kHz. The measurement
time of one cycle amounts to 220 s. As preparation for the
measurement, the piezo table is moved to a certain position,
before the beam is injected. Subsequently the induced volt-
ages are measured with the two Rogowski coil BPMs after
each applied trigger signal. In total 38 trigger signals are
used for the data acquisition in one cycle.

Readout Scheme for one Rogowski coil BPM

Each pick-up segment of the BPM is connected to a pre-
amplifier with a high input impedance (0.5 MQ) with an
amplification of 13.5 dB. The pre-amplified signals are fed
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into two synchronized lock-in amplifiers!. The four voltages
are measured and recorded with the data acquisition, when a
trigger signal is sent. The reference frequency of the lock-in
amplifier is the beam revolution frequency, defined by the
bunching cavity. Figure 3 shows a schematic drawing of
the wiring. The COSY RF signal is converted into a TTL
pulse and sent to the lock-in amplifier. The chosen 3 dB filter
width of the lock-in amplifier is 15.7 Hz. This filter leads to
an effective averaging time of 10.2 ms (<8000 turns). The
sampling rate of the device is set to 225 Sa/s.
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Figure 3: Readout scheme for the signals of one Rogowski
coil BPM.

ROGOWSKI COIL CALIBRATION
METHOD

The goal of the Rogowski coil BPM calibration is to com-
pare the piezo table resolution with the resolution of the
Rogowski coil BPM itself. A calibration of the Rogowski
coil BPM increases the accuracy of beam position determi-
nation. The main idea of the calibration algorithm is taken
from [10]. At first a grid measurement is performed with
the help of the installed piezo tables. Before the particle
beam is injected, the Rogowski coil BPM 1, placed on the
piezo table, is moved to one defined position. Then the beam
is injected and the voltages of Rogowski coil BPM 1 and
Rogowski coil BPM 2 are measured after each trigger signal.
This procedure is repeated at several positions as shown in
the 2D graph of figure 4 (left). A sketch of the applied piezo
table positions is shown in figure 4 on the left side. With this
measurement grid the beam position resolution of the Ro-
gowski coil BPM 1 is determined. But the measured beam
positions are not coincide with the applied table positions.
Therefore, a Rogowski coil BPM calibration is performed
to reduce systematic effects like offsets or a rotation of the
torus. The Rogowski coil BPM is calibrated with respect
to the electrical centre of the system. The right sketch in
figure 4 illustrates the coordinate system of the piezo table
(xT, y1) and the coordinate system of the Rogowski coil BPM
(x”,¥""), which is rotated by the angle ¢ to the electrical
centre (x’, y’). The calibration algorithm minimizes the y2:

X=X+ Xy 2)

The x? is split into a horizontal and vertical components.
These components are defined in equation 3. The y2 con-
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The beam position in horizontal and vertical directions
are calculated with and without the calibration factors for
each trigger signal. One measurement consists of 38 trigger
signals for one applied table position. A linear fit is applied
to the 200 s cycle to calculate the mean position over the
cycle. An example of this procedure is shown in figure 5 for
one horizontal displacement, where the calibration factors

Figure 4: Left: coordinate system of the piezo table sys-

tem. The dots show schematically the applied grid positions. ~ 1© applied.
Right: sketch of the coordinate system of the piezo table T XTET
(x1, yr) and the coordinate system (x”’, y”’) of the Rogowski - X, (mmm) 11,5519 % 0.0020
coil BPM, which is rotated with respect to the electrical £ slope (mm/s) -0.000037 % 0.000016
E -1.54
centre by the angle ¢. xof and y.g define the offset to the £
electrical centre (x’, y”). 15
% 1.55
E-I.SSS

siders the square of the horizontal beam position correction
defined by the terms x’cos(¢) — y’sin(¢) minus the table
position xt and the offset to the electrical centre x,¢. The
numerator is weighted by the square of the errors on the
horizontal and vertical beam position with respect to the
rotation angle ¢ and fluctuation of the beam itself o gy
and o7y, fiuc-

> (x'cos(y) — y'sin(p) — x1 — Xo)®
o (O'XCOS(QO))Z + (O'ySin(<P))2 + (O-X, ﬂuc)2
2 __(y'cos(p) + x'sin(p) = yr = yor)
Y (oycos(9))? + (oxsin(@))? + (0, fiuc)?

3)

The vertical component is calculated analogously. The
orbit fluctuates by 23 um in horizontal plane and 32 ym in
vertical plane for each cycle and represents the orbit stability
of the accelerator COSY. This variation is measured with
the Rogowski coil BPM 2 on the fixed frame.

With equation 4 the horizontal and vertical beam position
is determined. The factors g, g3 and g4 are calibration fac-
tors and weight the measured voltage with respect to induced
voltage U;. In this way different numbers of windings for
each segment and different pre-amplification are taken into
account. The factors m, and m, correct possible manufac-
turing errors of the torus radii.

, Uy + U — g3Us — g4Uy
x'=my -m- s
Ui + gUz + g3Us + g4Uy @)
/ Ui+ 84Uy — 82Us — ¢3U3

Ui + &Us + g3Us + 84Uy

After minimization and calculation of the calibration fac-
tors (g2, 83, 84» Xoff» Yoft> ¢» Mx, My) the horizontal and vertical
beam position is determined with equation 5.

x"cos() — y'sin(¢) — Xoft
y'cos(p) + x'sin(p) — yofr

Xcor

&)

ycor

All measured voltages from each trigger signal with the
corresponding piezo table position are used as input data for
the minimization.
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Figure 5: Corrected horizontal beam position. A linear fit
is applied to determine the mean position of the cycle. The
slope reflects possible drifts of the beam position during the
cycle.

The mean position is given by the parameter x(. The slope
reflects possible drifts of the beam position during the cycle.
Each position has a position accuracy of around 5 ym. In
figure 6 the mean horizontal (x() against the mean vertical
beam position (yp) without calibration factors is shown. The
Rogowski coil BPM detects the beam in horizontal and verti-
cal direction with respect to the applied piezo table positions,
but the data points suggest a rotation to the electrical centre.
There is also an offset to the applied piezo table positions.
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Figure 6: Measured beam position without calibration fac-
tors.

After minimization the calculated calibration factors are
applied to the measured data. Table 1 presents the deter-
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mined and applied calibration factors and the corresponding
2
X

Table 1: Calibration Factors After Applying the Minimiza-
tion Algorithm

Calibration factor value error
Xoff (Mm) +3.5166  + 0.0004
Yoff (Mm) -8.8333 £ 0.0006
22 (%) 96.437 +0.041
g3 (%) 102.128 +0.002
ga (%) 109.261 +0.046
¢ (mrad) -47.08 +0.21
my (%) 96.765 +0.025
my, (%) 97.192 +0.027
% 1.48

Figure 7 represents the measured data points after using
the calibration factors. In addition the applied piezo table
positions are shown. The corrected points are marked with
blue dots and the table positions with boxes. The result
shows that the calibration method works and there is a good
agreement between adjusted table positions and corrected
beam positions. The error on the beam position in horizontal
direction is around 24 ym and for vertical direction 33 um.
It includes the fluctuation of the beam after each injections
(i fiue) and the accuracy of beam position determination
(Tiy,)-
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Figure 7: Corrected beam position with respect to the applied
piezo table positions.

SUMMARY

A new concept of a magnetostatic BPM, which detects
the beam position in horizontal and vertical beam position,
is presented. A beam based calibration method is explained
and applied. The results demonstrate the possibility to mea-
sure with one Rogowski coil BPM the horizontal and vertical
beam position. With the help of the introduced calibration
method it is possible to correct the measured beam posi-
tion to the applied table positions and also to improve the
accuracy of the beam displacement measurement.
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Outlook toward Future Developments

In future work, two calibrated Rogowski coil BPMs will
be installed in the vicinity of a new RF Wien Filter at COSY.
This enables an alignment of the particle beam with respect
to the centre of the Wien Filter. This configuration allows for
studies of systematic effects relevant for EDM measurements.
For a next beam time a calibrated Rogowski coil BPM will
be installed to see the performance of a pre-calibrated system
and to improve the accuracy of the position determination.
Also a next step on the way to the SQUID-BPM will be the
reduction of the coil temperature to decrease the noise level
of the induced voltages.
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