Development of a Rogowski coil Beam Position Monitor
for Electric Dipole Moment measurements

at storage rings

Von der Fakultat fiir Mathematik, Informatik und Naturwissenschaften
der RWTH Aachen University zur Erlangung des akademischen Grades

eines Doktors der Naturwissenschaften genehmigte Dissertation

vorgelegt von

Master of Science

Fabian Trinkel

aus Diiren (Nordrhein-Westfalen)

Berichter: Univ.-Prof. Dr. rer. nat. Jorg Pretz
Univ.-Prof. Dr. rer. nat. Kurt Aulenbacher

Tag der miindlichen Priifung: 15. Dezember 2017

Diese Dissertation ist auf den Internetseiten der Hochschulbibliothek online verfiigbar.






Abstract

One of the unsolved phenomena in physics is the matter-over-antimatter dominance in
our universe. The known CP violating processes of the Standard Model of particle physics
are not sufficient to explain this asymmetry. Therefore, additional CP violating sources
beyond the Standard Model are required. One of these sources can be manifest them-
selves in permanent electric dipole moments (EDMs) of elementary particles. For neutral
particles investigations for EDMs started already 60 years ago. Up to now all results
of the EDM measurements are compatible with a vanishing EDM value. Complemen-
tary EDM measurements for charged particles like protons and deuterons in dedicated
electrical storage rings are suggested of different collaborations worldwide.

As a first step towards dedicated storage ring, feasibility studies are performed by the JEDI
(Jiilich Electric Dipole moment Investigations) collaboration at the magnetic storage ring
COSY (COoler SYnchotron) at Forschungszentrum Jiilich in Germany. A first direct
deuteron EDM measurement is planed in the years 2017 to 2019. To create a vertical
polarization build-up proportional to the EDM, a radio frequency Wien filter is used.
However, this polarization build-up can also be caused by interactions of the magnetic
dipole moment with magnetic fields for a not centred beam in the accelerator. Therefore,
the orbit of the particle beam has to be centred in all accelerator elements. An important
device for this orbit detection is a beam position monitor (BPM) with high accuracy and
high resolution.

The existing BPM system at COSY has a resolution of 1 um (for 4096 data points) by a
beam current of 10° particles with a revolution frequency of 750 kHz and an accuracy of
0.1mm. This accuracy value is the main source for systematic uncertainties and limits
this deuteron EDM measurement to 5-1072° e cm. Due to these demanding requirements
for the beam position detection, a development started towards an ultra precise SQUID
(Superconducting QUantum Interference Device) based Rogowski coil BPM. As a first step
we investigated normal conducting Rogowski coils with the option to increase sensitivity
by cooling the system and applying SQUIDs.

The theoretical and experimental basis for a normal conducting Rogowski coil BPM is
investigated in this thesis. A model for the induced voltage of a segment for different Ro-
gowski coil configurations has been developed. Also a model-based calibration algorithm
has been developed, which takes into account an offset between the electrical and geo-
metrical centre, a rotation of the coil itself and different segment weights. A comparison
between the calculated model and a numerical simulation of a bidirectional Rogowski coil
has been performed. The calibration algorithm is also tested on a numerical simulation
of bidirectional Rogowski coil, which is rotated, offset and has different segment weights.

With this model-based calibration algorithm an accuracy of 15 um has been achieved.



A dedicated testbench has been constructed and a grid measurement calibration of a
bidirectional Rogowski coil BPM has been performed with respect to an arbitrary reference
point. As readout electronics for the induced voltages lock-in amplifiers were used. The
resolution of 1.25 um for a single measurement is the theoretical limit of the measurement
setup of the Rogowski coil BPM and lock-in amplifier for room temperature. The accuracy
for the model-based position reconstruction is 150 pym.

Beam position measurements in COSY with an uncalibrated unidirectional and two un-
calibrated bidirectional Rogowski coil BPMs were performed and the data were analysed.
The resolution for both experiments is about 4.4 um for a single position measurement.
A beam-based calibration has been performed with one bidirectional Rogowski coil BPM
and an accuracy of 150 um is achieved with respect to an arbitrary reference point. In
both experiments orbit bump measurements were performed to measure the response of
the Rogowski coil BPMs.
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1 Introduction

Physics tries to explain phenomena in nature with mathematical models. One of these
models is the Standard Model of particle physics (SM), which explains the interaction
of elementary particles with each other. The SM is tested by very precise measurements
at high energies with elementary particles as well as the analysis of processes in our uni-
verse. Nevertheless, the SM fails to explain the dominance of matter over antimatter
in known parts in the universe. Processes, which violate fundamental symmetries in the
early universe, could be the source of the seen asymmetry of matter over antimatter. This
violation could be manifest in electric dipole moments (EDMs) of elementary particles.
The prediction of EDMs are strongly suppressed in the SM and therefore of high inter-
est for physics beyond it. Extensions to the SM with EDMs are carried out and as a

consequence a measurement of an EDM would confirm these models.

The investigation of neutral particle EDMs started 60 years ago and the limit for the
sensitivity has been improved during the last decades. So far, the results of these mea-
surements are compatible with a zero EDM within the sensitivities. The measurement
principle for neutral particles is based on trapping the particles and applying electrical and
magnetic fields to manipulate the direction of the polarization. For charged particles it is
not possible to transfer this procedure one-to-one because the electric fields accelerate the
particles and they will not be trapped anymore in the experimental area. Therefore, parti-
cle accelerators and storage rings are considered for charged particle EDM measurements.
Feasibility studies for particle accelerators are under investigation and in particular per-
formed by the JEDI (Jiilich Electric Dipole moment Investigations) collaboration. The
idea is to use a particle accelerator to trap the charged particles and manipulate the po-
larization of the circulating particles with radial electrical and magnetic fields. A change
of the the polarization caused by the electrical field is a direct signal for an EDM. This is
a similar measurement idea as for the EDM measurement of muons, which was performed
in the g-2 experiment. The goal of the JEDI collaboration is to build a dedicated EDM
storage ring, which has the advantage of a higher statistical and systematical sensitivity.
For the investigation of the required hardware and the feasibility studies of the
JEDI collaboration, the accelerator and storage ring COoler SYnchrotron (COSY)
at Forschungszentrum Jiilich in Germany is used. This accelerator is a good starting
point because it provides polarized protons or deuterons and is equipped with devices,
which manipulate and monitor the polarization evolution of the particles. It is planed
to perform a first direct measurement of the deuteron’s EDM during the next years at
the accelerator facility COSY. However, the statistical and systematical sensitivity of
this measurement will be ultimately not sufficient because COSY is no dedicated EDM
storage ring. Nevertheless, the measurement principle for the EDM measurement can be

investigated. For the dedicated ring, the measurement of the orbit plays an important



role because a better knowledge and control of the orbit leads to a higher systematic
sensitivity for the EDM measurement. To reduce systematic effects, the polarized particle
beam has to be stored in the centre of all accelerator elements. A polarization build-up
masking the one due to the EDM will be observed, if this requirement is not met.

The general purpose is the development of a SQUID (Superconducting QUantum Inter-
ference Device) based beam position monitor (BPM) for the dedicated EDM ring. In a
first step, the Rogowski coil is studied as a BPM because the SQUID based BPM will
use this type of coil as a pickup coil. Therefore, Rogowski coil BPMs are investigated
and is presented in this thesis. As a side effect, this type of BPM can also be installed
additionally for a better orbit control for the precursor EDM measurement at COSY. The
results of this first technical step are presented in this thesis.

The thesis is organised as follows: Chapter 2 explains the problem of the Standard Model,
why it fails to explain the matter-over-antimatter dominance in the universe. The def-
inition of the EDM for an elementary particle and its connection to the symmetries in
physics is presented. The measurement principle for a storage ring EDM measurement is
also explained.

Chapter 3 provides an insight into the particle accelerator and storage ring facility COSY.
The location of the elements, the particle source, the cooling elements and the particle
spin manipulating devices are shortly explained.

In chapter 4 the theory of thermal noise is explained and the theoretical background for
the measurement device is presented, which will be used as readout electronics for the
Rogowski coil BPMs.

In chapter 5 a theoretical model for the induced voltage of a segment of a Rogowski
coil BPM is presented. At first, the common measurement method and model for beam
position monitoring at particle accelerators is explained. Subsequently, mathematical
calculations for different Rogowski coil BPM configurations are performed as a theoretical
basis for the dependency of the induced voltage by the beam. In addition, the theoretical
voltage noise of the signal chain for one segment of the Rogowski coil BPM is calculated
and the possible beam position resolution is derived.

In Chapter 6 the numerical simulation results of a bidirectional Rogowski coil BPM are
depicted. The theoretical model of the beam position dependency for the Rogowski coil
BPM is compared with the results of the numerical simulation program. A calibration
algorithm is also developed and tested on the simulated data.

In chapter 7 three different measurements with a real Rogowski coil BPM are presented.
At first the measurement result of a Rogowski coil BPM in the laboratory is shown. An
overview of the developed testbench and the measurement principle is given. A test of the
calibration algorithm is also performed and the reconstruction of the position with the

help of this calibration parameters is done. In the second part of this chapter the results of



a first test of a unidirectional Rogowski coil BPM in the accelerator COSY is presented.
The experimental setup is explained and the results of the different measurements are
compared to the theoretical model. In the last part of this chapter, different measurement
results of two bidirectional Rogowski coil BPMs are presented. The measurement setup
is depicted and the result of the beam-based alignment measurement is discussed. For
comparison with the theoretical model, the results of an orbit bump measurement are
presented.

In chapter 8 the results of the Rogowski coil BPM are summarized and discussed. An
outlook about future investigations and improvements for the Rogowski coil BPM is also
given.

In the last chapter the conclusion is presented.



2 Motivation

This section explains, why it is of interest to search for permanent electric dipole mo-
ments (EDMs) of elementary particles. The theoretical background for elementary parti-
cle EDMs is described. An overview is also given about the existing EDM measurements,
their limits and the concept for charged elementary particle EDM measurements is ex-

plained.

2.1 DMatter-over-antimatter asymmetry

Many scientific questions for mankind have been answered during the 20" century, how-
ever there are also many unanswered ones. One of these questions is the existing asymme-
try of matter and antimatter, which is one of the big and open puzzles of cosmology. The
established Standard Model of particle physics (SM) fails to explain the reason for the
measured abundance of matter over antimatter in the universe. The matter-antimatter
discrepancy is physically manifest in the baryon-antibaryon-asymmetry nga, defined as
the difference of the baryon density np and the antibaryon density 7z normalised to the
photon density n, [1, 2]

ng —ng

MBA = (2.1)

Ty

In the cosmological models this asymmetry parameter is used and measurements have
been performed by astrophysical experiments to determine it. One experiment measured
the appearance of the lightweight nuclei in the early Big Bang during the nucleosynthesis
(BBN). Recombination occurred about 378.000 years after the Big Bang. Another exper-
iment analysed the microwave background (CMB). This measurement was performed by
the satellite WMAP! and Planck. The results of both measurements are compatible with
each other and can be found in [3, 4]

ng —ng

oA = (6.09 + 0.06) - 10"1° (CMB), (2.2)

Ty

581071 < npa <6.6-107'°(BBN, 95%C.L.). (2.3)

The theoretical expectation is an equal amount of matter and antimatter produced during
the Big Bang. Cosmological model and SM calculation lead to an antisymmetry parameter
of [5]

nsm = 10715, (2.4)

!'Wilkinson Microwave Anisotropy Probe



The results of the two measurements and the theoretical prediction are eight orders apart.
Two solutions are possible to solve this discrepancy between theoretical prediction and

the measurement of the asymmetry:

1. A separation of matter and antimatter in the universe exists and we all live in the

part, which is matter-dominated.

2. There is a process, in which the annihilation of matter and antimatter results in a

measurable surplus of matter.

To prove the first assumption, the experiment AMS-02? searches for single heavy anti-
nuclei on the international space station. If the experiment measured such an anti-nucleus,
this would be an indication for regions in our universe, which are antimatter-dominated
6, 7].

For the case of asymmetric annihilation of matter and antimatter, Sakarov proved three

conditions [8]:

1. Baryon number violation: some mechanism must exist, which violates the baryon
number conservation. Otherwise, there would be no asymmetry between baryons

and antibaryons.

2. Violation of C and CP symmetries: the process has to violate the charge
conjugation symmetry (C) and the combination of charge and parity transformation
symmetry (CP). These symmetry breaking processes are necessary to produce an

imbalance of baryons and antibaryons.

3. Out of thermal equilibrium: if the process took place in thermal equilibrium,
each process would then occur as often as its reverse process. This would not lead

to a net change of the baryon number.

CP violating processes are described by the SM. However, the number of such processes is
too small to explain the measured asymmetry between baryons and antibaryons. There-
fore, it is necessary to search for CP violating processes beyond the SM. One source for

such physics could be manifest in EDMs of charged elementary particles.

2.2 Discrete physical symmetries and their transformations

In physics symmetries play an important role because they are linked to conservation
laws. Additional violations of the until now known sources of such a discrete C-, P- and

T-symmetries would lead to physics beyond the SM. For this reason, symmetry breaking

2 Alpha Magnetic Spectrometer



processes are of huge interest nowadays. In particle physics mainly three discrete symme-
try transformations are considered: the parity transformation (P), the charge conjugation
transformation (C) and the time reversal transformation symmetry (T). A definition of

each symmetry will be explained in the following.

2.2.1 Parity transformation

The parity transformation P reverses the sign of the spatial coordinates of a physical
process. The time coordinate stays the same. A P-symmetric process behaves exactly
as its mirror image process. In particle physics interactions in the electromagnetic and
the strong sector are parity conserving, whereas the weak sector shows evidence of parity
violation |9]. An experiment to prove this hypothesis was performed in 1957 to measure

the beta decay of polarized ®°Co [10]. The decay reaction is described in equation 2.5.
OCo =% Ni+e +7, (2.5)

It was observed, that the flight direction of the emitted electrons was always opposed to
the nuclear spin of the %°Co. The application of the parity transformation flips the sign
of the velocity, but the polarization direction stays the same. This was the first proof of
a parity violating process. Another result of this measurement is the fact, that the spin
of the antineutrino is always aligned with its momentum. The assumption of massless
neutrinos and antineutrinos leads for coupling in weak interaction to only left-handed

neutrinos and right-handed antineutrinos.

2.2.2 Charge conjugation transformation

The application of the charge conjugation C to a particle, means a transformation of the
particle into its antiparticle. It is a change of all the additive quantum numbers of the
particle. The application of the charge conjugation C transforms a left-handed neutrino
into a left-handed antineutrino. However, this left-handed antineutrino does not interact

in the weak sector, which is an example of a C-symmetry violating process.

2.2.3 Time reversal transformation

Time reversal signifies a sign change of the time coordinate without changing the coordi-
nates of the system (¢t — —t, ¥ — ). A physical process, which is reversable in time leads
to the same rates as the unreversed one. Experiments were also performed to measure
possible violations for this symmetry transformation. The measurements in the electro-
magnetic and strong sector showed no proof of violation. An evidence for T violation was
observed by the weak decay of K — K% and K° — K° The asymmetry of the rates was



calculated and showed a direct T violating process [11]

r(K°— K% —r(K° — K°)
r(K° — K% +r(K° — K°)

= (6.6 £ 1.3 + 1.04s1) - 1072, (2.6)

Another strategy proposed by Schwinger in the year 1951 was to take the CPT theorem
into account [12]. This means, that the symmetry of a process is conserved for any local
quantum field theory, which is invariant under Lorentz transformations, by the application
of the CPT theorem in an arbitrary sequence. A direct T violation implies CP violation to
conserve the CPT theorem. A violation of the CPT-symmetry would indicate a Lorentz
violation [13]. Investigations for CPT-symmetry violating processes are performed by

measuring the equality of mass and decay rates between particle and antiparticle.

2.2.4 Combination of charge and parity transformation

A first indirect CP violating process was observed in 1964 by the measurement of the

kaon decay K9 particles [14]. The decay reaction is the following

K} »mn and K) — mrr

0.0 + (2.7)

with 77 = 7°7 or mr = #t7~ and wrr=x" 0 07070

T T Or TAMT =T T T .

The experiment showed, that the K? decays into two and three pions. If the produced K9
were pure CP eigenstates, the two-pion decay would not be allowed. This measured CP
violating process was included into the SM of particle physics by introducing a unitary
CKM-Matrix (Cabibbo-Kobayashi-Maskawa) [15]. The matrix describes the mixing of
three generations of quarks and the existence of the charm quark, before it was observed.
The CP violating term is described by the complex phase 6. However, this matrix is not
adequate to describe the asymmetry of matter and antimatter in the universe. Therefore,
for physics beyond the SM, additional sources of CP violating processes are of interest
to explain this asymmetry. Such a source could be manifest in permanent EDMs of

elementary particles.

2.3 Electric Dipole Moments

In the previous section, there was the discussion about additional sources of CP violating
processes. The permanent EDM of elementary particles could be the consequence for
the additional sources. In the following section a general idea is given, why permanent

particle EDMs are of interest and what are the limits of current measurements.



2.3.1 Definition of an Electric Dipole Moment

In classical physics an EDM is defined as the separation of charges along the spatial vector

—

.
d = /,o(F)-FdF, (2.8)
1%

where the charge density is defined as p (7). The EDM in particle physics is a fundamental
property of the particle itself. The alignment of the EDM is either parallel or antiparallel
to the spin S of the particle [16] because the quantization axis of the spin is the only
observable direction. The definition of the EDM d and the analogue of the magnetic
dipole moment i (MDM) is given in equation 2.9.
d = nEDMﬁg
(2.9)

= g-L3§

The values ¢ and m define the charge and the mass of the particle. The constant c is the
speed of light. The particle has a g-factor and ngpy is defined in analogy to the g-factor.
The Hamiltonian H of a particle with an electric and magnetic dipole moment in its rest

frame with magnetic and electric fields is given as
H=—ji-B-d-E. (2.10)

The application of the parity and time reversal transformation to the Hamiltonian results

n
P:H =—ji-B+d-E,
cHemanE (2.11)
T:H=—ji-B+d E.

For parity transformation the spin vector and the magnetic field have the eigenvalue +1.
The electric field flips, which leads to an eigenvalue of —1. The product of EDM d and
electric field E results in a sign change in the Hamiltonian, which is a parity violating
process.

The application of the time reversal transformation to the Hamiltonian shows the EDM
is also a symmetry violating process. For both, the magnetic field and the spin reverse
their sign under the time reversal operation. The electric field has the eigenvalue +1.
Therefore, the EDM violates the time reversal transformation for a non-vanishing EDM
d. In figure 2.1 the parity and time reversal transformation for an elementary particle
is illustrated. Given the CPT theorem, a time reversal symmetry violating process leads

directly to a CP violation process.
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Figure 2.1: Sketch of an elementary particle with a magnetic and electric dipole moment.
The electrical and magnetic dipole moment are aligned to the electric and magnetic field.
The application of the parity transformation results in a flip of the electrical field. The
time reversal transformation flips the sign of the magnetic and electrical dipole moment
and the magnetic field. Both transformations are symmetry violating.

2.3.2 Motivation for Electric Dipole Moment searches as a source for CP
violation in the Standard Model

In this section the motivation for the search of EDMs of elementary particles is explained.
The CP violation introduced by the EDMs in the SM of the particles could be explained
by adding higher-order correction terms for the weak and the strong sector.

Weak sector: The imaginary phase in the CKM-Matrix contributes to the CP violation
in the SM. For particles like the neutron or proton, this phase contributes as a three-order
loop in the Feynman diagram in the weak sector. The electron EDM contributes in the
four-order loop level in the Feynman diagram. This results in a very tiny value for the

neutron and electron EDM and these estimates |1, 16| are in the order of
dy ~ 107*e¢cm  and d, ~ 10 *eccm. (2.12)

The current limits of EDM measurements are six magnitudes larger than the predicted
ones. For physics beyond the SM, the predicted EDM limits are larger and therefore,
permanent EDMs of elementary particles are of interest to explain the matter-antimatter-

asymmetry in the universe.
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Strong sector: Another source for EDMs can be manifest in the strong sector of the
SM, known as the f-term. The Lagrangian £ with the additional f-term for elementary
particle EDMs is defined as

2
7 9
Ly = —(964—;26“”‘15GZV 2. (2.13)
The G7,, is the gluon field tensor, "8 describes the total Levi-Civita tensor, g, denotes
the strong coupling constant and 6 is a dimensionless parameter. This § parameter could
lead to huge EDMs, especially for the proton and neutron, in comparison with the EDM
predictions for the weak sector [17]. For the strong sector the proton and neutron EDM

is given by equation 2.14 parametrized in the § parameter.

d? = 0-(-2.9 £0.9)-10"%cm
p! =0-(1.1 +1.1)-10 % cm

n

(2.14)

The current limit of @ calculated by the upper limit of the neutron EDM measurement is
[17-19]

0 < 1071 (2.15)

The theoretically expected magnitude for § is in the order O (1). This is one example
of a fine-tuning problem in physics. For this reason a strong interest exist to measure

permanent EDMs of elementary particles.

2.3.3 Experimental measurements of Electric Dipole Moments

In the past decades many experiments were performed to measure the EDMs of elementary
particles to observe new CP violating processes. In this section the measurement technique
will be explained.

First of all, polarized particles are trapped. In the next step the evolution of the polariza-
tion is measured in dependency of external, homogeneous and static magnetic and electric
fields. Because of the interaction of the EDM d with the electric field E, a frequency shift
is introduced. The static magnetic field B introduces also a Larmor frequency shift be-
cause of the interaction with the MDM . To get rid of the frequency shift caused by
the interaction of the MDM ;i with the magnetic field, the electric field is systematically
flipped. This gives the opportunity to disentangle the EDM from the MDM. To measure
the EDM a?; two electric field polarities have to be applied to determine the magnitude of
the EDM

(2.16)
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The first measurement of an EDM was performed for the neutron in 1949 and the result
of this measurement was published in 1957 [20]. The first limit for the neutron EDM was

calculated to
dy = (=0.14+2.4)-10 e cm. (2.17)

The measurement techniques and the control of the systematics have been improved in
the last 60 years. Therefore, the upper limit for the neutron EDM decreased. In the

following, a few upper limits of different experiments are presented:
e Ultra cold neutrons: d, < 3-10"%ecm (90% C.L) [21]

e Derived from the polar molecule monoxide: d, < 8.7-107*ecm ( 90% C.L.) [22]

Neutral *Hg atoms: diog, < 7.4-10"*ecm (95% C.L.) [23]

Derived from the atomic 'Hg EDM measurement [24]: d, < 2.0-107%%e cm [23]

e Spin precession data from the muon g-2 experiment: d, < 1.8-10""Yecm (95%
C.L.) [25].

The different EDM measurement results are compatible with zero. To find physics beyond
the SM, high-precision experiments are performed like the permanent EDM searches of
elementary particles or high-energy physics, which is done at the LHC? at CERN®. The
EDM limits of the proton and electron are calculated by measurements of neutral atoms.
Theoretical knowledge is taken into account to derive these EDM limits [24]. A first direct
EDM measurement for charged particles was performed at the experiment muon g-2,
where - and g~ -beams were used. The measurement of these presented EDMs would
lead to the distinctions of the different CP violating sources. Because of the acceleration of
the charged particles in external electrical fields, the common way of trapping the particles
is not possible anymore. The particles cannot be stored in these traps. Therefore, the
concept of using particle storage rings for trapping the particles for an EDM measurement

is discussed in the next section.

2.3.4 Electric Dipole Moment searches in particle storage rings

The idea for a storage ring-based particle EDM measurement is the same principle as for
neutral systems. Polarized particles are injected and circulate for hours in the storage
ring. An electric field is applied to the stored particles and the EDM interacts with this
electrical field. For a non-vanishing EDM this interaction would lead to a horizontal

polarization oscillation of the particles. The concept of such an EDM measurement for

3LHC: Large Hadron Collider
4CERN: Conseil Européen pour la Recherche Nucléaire
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polarized particles in a storage ring is explained in the following. The particle beam is
injected with a longitudinal polarization direction. Subsequently, the beam is trapped in
the accelerator by magnetic or electric fields. A Lorentz transformation into the particle
rest frame leads to fields, which are linear combinations of the electric and magnetic
fields of the lab frame. The interaction of the EDM with the transformed fields induces

a vertical polarization oscillation with the frequency &ipm

QEDM = —inEDM <E—|— CEX é) . (218)
mc

The product cg describes the velocity of the moving rest frame with respect to the lab

frame. In the horizontal direction the polarization precesses with the frequency &ypm

(G+1)§+<G+L>Bx§
0 1+~ c

It is assumed for this equation, that gﬁ = Eﬁ = 0. The parameter G is the anomalous

- q

WMDM = _E (219)

magnetic moment and is connected to the g-factor via

G = %. (2.20)

The parameter v is the common Lorentz factor for the Lorentz transformation. The

momentum precession frequency is given by

5=-1 (E—BXE) (2.21)

my [%c

One approach is the alignment of the particle polarization parallel to the momentum
direction. Therefore, the precession frequency of the momentum has to be the same as
the polarization frequency. This condition is described by the following equation, the so

called ‘Frozen-Spin’ condition,

= 1 \ s E
GB = |G- X —. 2.22

( 7 = 1) ar (2:22)
To fulfil this equation, it is possible to use different combinations of magnetic and electric

fields depending on the g-factor. Two possible situations are now discussed:

1. Particles with G > 0: In this case the polarization can only be aligned with the

momentum by using electrical fields at a specific momentum, which is given by

p=+v7—-1-mc=

7 (2.23)
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The G parameter for protons is 1.79 corresponding to a momentum of p =
0.701 GeV/ec.

2. Particles with G < 0: This case can only be fulfilled with combinations of magnetic
and electric fields. A combination of the two fields is needed for bending the particle
beam. It comprises a vertical magnetic field and a radial electric field with the ratio

given by

P () 2

For a pure electric ring the spin precession of the magnetic moment is aligned with the
momentum of the particle beam. The only contributing term is the EDM, which would
lead to a vertical polarization build-up. For electric fields with a field strength of around
10MV/m and an EDM of d &~ 2- 1072 ecm a frequency of 0.03 mHz results. With a
polarization lifetime of around 1000 s the oscillation with the estimated frequency cannot
be measured. Because of this tiny oscillation frequency, it is only possible to measure the
beginning of the polarization rise in one experiment, which leads to a vertical polarization

build-up
P,(t) = Phitiar sin (wgpmt) = Phitiawepmt- (2.25)

The dependency on the vertical polarization build-up P,(t) is proportional to the EDM.
The other possibility for an EDM storage ring is a pure magnetic ring. For this type of
accelerator ring the spins precess with the MDM frequency. A non-zero EDM would lead
to a tilt of the spin rotation axis with respect to the radial axis with the angle n = %
Furthermore, the precession frequency is changed to ws = \/wipy + wapy. However,

the frequency change caused by the EDM is so small, that it can be neglected. In principle
it is possible to measure the tilt of the rotation axis, but the polarization amplitude is
very small and the average of the amplitude is zero. A possibility to increase the vertical
polarization is to use a radio frequency (RF) Wien filter. The working frequency of the
device is a harmonic of the spin frequency. These harmonic RF Wien filter frequencies

are given by
fRF = (1 + k)fs = (1 + k)")/Gfrev with &k € Z. (226)

The conditions of the fields for the REF Wien filter are the following. The electrical field
has to point in radial direction and the magnetic field is perpendicular to the electrical
field. An additional vertical polarization build-up is produced with a running RF Wien
filter because the device adds additional spin resonances. As explained before, the vertical

polarization build-up is proportional to the EDM. The application of this RF Wien filter
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method to a magnetic particle accelerator would permit the first direct measurement of
the proton or the deuteron EDM. A detailed explanation of this RF Wien filter method
is presented in [26, 27]. For this measurement method simulations were also performed
with a particle tracking code to estimate possible fake EDM signals. This fake EDM
signals can be produced by misalignments of magnets and result in a vertical polarization
build-up. The results of these simulations are presented in [28]. Such an RF Wien filter
has been designed, manufactured and will be installed in the particle storage ring COSY
in 2017. The design of the RF Wien filter is based on a stripline concept presented in
[29].

In [28] a spin tracking code is used to estimate systematic effects on an EDM measure-
ment, which uses an RF Wien filter. One systematic effect is the misalignment of magnets,
which leads to a vertical polarization build-up as introduced by the RF Wien filter. The
result of this simulation is, that this fake EDM signal is proportional to the particle beam
position in the quadrupole magnets. This leads to the conclusion, that the RMS value of
the beam position in the magnets is a measure for the fake EDM signal, which has the
effect of unwanted vertical polarization build-up produced by the MDM. Estimates of fake
EDM signals corresponding to a non-zero RMS value are given in [28]. A measured RMS
orbit of 1.3mm corresponds to a vertical polarization build-up for a fake EDM signal of
5-107* ecm. The control of the orbit with a RMS value of 0.13 mm would decrease the
fake EDM signal by one order of magnitude. To get a better orbit control, a correction
algorithm has been developed in [30], which centres the particle beam in the magnets with
the help of correction magnets and BPMs. The existing BPMs with the corresponding
readout electronics has been also investigated in [30]. For the existing BPM system the
resolution is in the order of 1 ym (average of 4096 data points) for 10? particles with a rev-
olution frequency of 750 kHz [30] for a filter bandwidth of Af = 10kHz and a sampling
frequency of 1 MHz. However, the accuracy of the existing read out electronics limits this
to 0.1 mm [30].

Within this thesis new BPMs are developed. This type is based on a Rogowski coil de-
sign [31], which detects the magnetic field of the particle beam. The theoretical basis for
beam position determination is developed, simulations are performed to test the theoreti-
cal predictions, a testbench is constructed and built to calibrate a Rogowski coil BPM and
first measurements with two different Rogowski coil BPM configurations are performed
in a particle accelerator. As shown in [32], it is possible to disentangle the polarization
build-up caused by the MDM and the EDM by measuring two beams. The measurement
principle is the following. One particle beam is injected clockwise and the other one
counter clockwise. The EDM signals for both particle beams are the same, but the MDM
signal flips the sign. The measured polarization build-up of the MDM should cancel and
the EDM signal should remain [32]. To calculate the quality of the field inversion, it is

only necessary to measure the relative positions of the two particle beams. An absolute
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beam position determination is not necessary anymore, which is a big advantage because
relative beam position determination is easier and more accurate than an absolute one.
This thesis is the starting point for the hardware investigation of ultra-precise SQUID (Su-
perconducting QUantum Interference Device) [33] based Rogowski coil BPMs [34], which
detect the magnetic fields with a SQUID. The final goal of this hardware development is
the relative position measurement of two particle beams, which circulate clockwise and
counter clockwise in a dedicated EDM ring. These high-precision SQUID-based BPMs
are used to suppress fake EDM signals caused by orbit changes. The resolution of the

SQUID-based BPMs are expected to reach the nm level for a single measurement [34].
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3 The particle accelerator COSY

The particle accelerator COSY (COoler SYnchrotron) at Forschungszentrum Jiilich pro-
vides polarized proton and deuteron beams, which are used for internal and external
experiments. At this accelerator complex many devices are available to manipulate the
particle beam and mainly its polarization. For this reason, it is a good starting point
for a test facility of a future dedicated EDM ring. In the following an overview of the

accelerator complex is presented.

3.1 The accelerator and storage ring facility COSY

The accelerator and storage ring facility comprises polarized ion sources, the cyclotron
JULIC and the storage ring COSY with the internal and external experiments. A sketch
of this accelerator facility and the experiments is presented in figure 3.1. The cyclotron is
connected with the storage ring COSY via the injection beam line. After the polarization
process the ions are accelerated in the cyclotron JULIC up to momenta of 300 MeV /¢ for
protons and 600 MeV /c for deuterons.

RF Wien
Filter

/ ?%
Stochastic : %

g
Cooling ﬁf;,,e\r
L=
R 1
PAX “ﬁ:&:@ &
3. E)H
2MV ¢ B G
Cooler = .
e v"
o . H
. o =0 o — &
< G R —— o o
[J: > .
&-_f‘:.\_-r%;t | Cyclotron
=71 Juuc

Figure 3.1: Sketch of the COoler SYnchrotron (COSY) at Forschungszentrum Jiilich.
The accelerator facility comprises polarized ion sources, the cyclotron JULIC and the stor-
age ring COSY. The blue boxes mark the different experimental places (WASA, ANKE,
EDDA or PAX). The red boxes show the devices (2 MeV Cooler, 100 keV Cooler, RF
Wien filter), which are used for beam manipulation.
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After preacceleration, the particle beam is guided via a 100 m long beam line into the
synchrotron and storage ring COSY [35]. During the injection process, the negatively-
charged polarized particle beam passes a thin stripping foil, where two electrons are
stripped off. This stripping mechanism is applied at COSY because it produces one
order more of polarization instead of injecting directly positively-charged hydrogen or
deuteron beams [36]. The typical number of particles, which are stored in COSY, is
N = 10%. COSY itself is designed as a racetrack with a circumference of 184.3m. The
synchrotron principle is also established at COSY [37]. During the acceleration process
up to momentum of 3.8 GeV/c, the magnetic field strengths of the dipole magnets are
simultaneously adapted to the beam momentum. The acceleration of the particle beam
is performed by an acceleration RF cavity, which is located in one of the straight sections
of the racetrack. After reaching the desired beam energy, the beam is stored. It has
been used in the past for internal experiments like WASA® [38], ANKE® [39], EDDAT [40]
or PAX® [41]. For beam manipulation the two electron coolers [42, 43], the stochastic
cooling [44] and the RF Wien filter [45] have to be used. For beam position tests of the
new Rogowski coil BPMs, the ANKE and PAX experiment places have been used.

5Wide-Angle Shower Apparatus

6 Apparatus for Studies of Nucleon and Kaon Ejectiles

"Excitation function Data acquisition Designed for Analysis of phase shifts
8Polarized Antiproton eXperiments
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4 Lock-in amplifier as readout electronics

A lock-in amplifier is used for the Rogowski coil BPM as a readout electronics. In this
section the theoretical background for noise is explained and the lock-in amplifier voltage

measurement principle is presented.

4.1 Noise

In every electrical device noise is the random fluctuation of an electrical signal. The
suppression of electrical noise is possible, but it cannot be fully eliminated. One device,
which filters the noise compared to the wanted signal, is the lock-in amplifier, which will
be explained in section 4.3.

Noise is characterized by a frequency spectrum of the voltage, which is analysed, and
could have different sources such as thermal noise. In this section the noise sources of
electrical devices are discussed and are used in the section 5.9, where the theoretical
position resolution of the Rogowksi coil BPM is calculated. In the following, the theory

of the thermal noise is explained. Details can be found in [46-48|.

4.2 Thermal noise

The thermal noise theory describes the voltage fluctuation of a resistor caused by the
random motion of charge carriers in thermal equilibrium. The motion of the charge
carriers is explained by Brownian random movement. The thermal noise was calculated

by Nyquist in 1927. He calculated the effective thermal noise voltage to

1 At
Uy = lim — U?(t)dt 4.1
= dm 5 [ v (41)
where U(t) is the random thermal noise voltage. It is assumed, that the thermal noise
voltage is normally distributed with a mean of zero and a standard deviation Uy,. For
an ideal resistor R with an absolute temperature 7' the thermal noise voltage is given by

equation 4.2.

Ug = \/4ksTRAf (4.2)

kg is the Bolzmann constant and Af is the frequency bandwidth, in which the voltage is
measured. The thermal noise voltage depends only on the measurement bandwidth and
not on the absolute frequency value. The thermal noise density is independent of the

frequency.
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4.3 Voltage measurement principle with a lock-in amplifier

In this section the measurement principle of a lock-in amplifier will be explained and
a theoretical background is presented according to [49]. With a lock-in amplifier it is
possible to measure the amplitudes and phases of a signal in a very noisy environment.
The first lock-in amplifiers were invented in 1930. The lock-in amplifier measures a signal
in a defined frequency bandwidth around a reference frequency and rejects all other fre-
quency components. The mathematical description of this detection process is presented

in equation 4.3.
%ig(t) = AsigCOS (wsigt —+ Cbsig) and ‘/;ef(t) = ArefCOS (wreft + gbref) (43)

Asig and A;er represent the amplitude of the two periodic functions, w, is the measured
signal frequency and wyr is the reference frequency of the source. ¢y, and ¢ signify the
phase of each function. The principle of the signal processing for a basic lock-in amplifier

is shown in figure 4.1.

Mixer Low-pass filter

Signal Vsig(t)

A 4

Amplitude,
Phase

Reference Vief(t)

Figure 4.1: Sketch of signal processing of a basic lock-in amplifier. The signal and
reference signal are multiplied and subsequently filtered by a low-pass filter. After this
procedure the modulated signal Vj,,q can be determined.

In the first step the measured signal is multiplied with the reference signal. In hardware
this multiplying process is done with a mixer. The mathematical description of this

mixing process is given in equation 4.4.

Vinod (t) = Vaig(t) - Viet(t)
= Aig€0S (weigl + Gsig) - ArerCOS (Wrert + Prer) (4.4)
- Amod [Cos(t(wsig - Wref) + (¢sig - ¢ref)) + Cos(t<wsig + wref) + (gbsig + Qbref))]

1
§AsigAref w— W+

Subsequently, the modulated signal is low-pass filtered, which rejects all unwanted fre-
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quencies higher than the reference frequency. This leads to following equation for the

mixed signal

1
Vmixed = §AsigAref - COS (¢sig) . (45)

It is on purpose, that the signal frequency wg;, equals the reference frequency wyer, which is
the lock principle of a lock-in amplifier, and the ¢, is set to zero. The amplitude and phase
of equation 4.5 are determined by the lock-in amplifier. A sketch of the multiplication of
the signal and the reference signal from equation 4.4 is depicted in figure 4.2. The vertical
black line marks the reference frequency wyer and the blue one the frequency wg, of the
signal with additional noise. After multiplying the signal with the reference signal, the
frequencies w_ and w, are generated. The low-pass filter suppresses all frequencies higher
than w_. In summary, the lock-in amplifier is an extreme narrowband frequency filter

and therefore used to measure with high accuracy small voltages in a noisy environment.

Low-passfilter | | Signal + Noise

!

A (V)

>

w_ Wref  Wsig W4 w (Hz)

Figure 4.2: Frequency distribution after mixing of the signal with the reference signal.
The vertical black line mirrors the reference frequency w.er and the blue one the frequency
wsig Of the signal with additional noise. After multiplying the signal with the reference
signal the frequencies w_ and w, are generated (see Eq. 4.4). The low-pass filter (marked
surface) suppresses all frequencies higher than w_.
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5 Theoretical induced voltage calculation for a Ro-

gowski coil BPM in dependency of the beam position

Particle accelerators are nowadays used in various fields, for example in industrial or
medical applications or basic and applied research. A wide range of accelerators is used
and therefore, different properties are necessary. Each accelerator has its own demands on
beam diagnosis and instrumentation. It is important to know, where the beam centroid is
located. Determination of the beam position with a beam position monitor (BPM) gives
access to beam parameters like the closed orbit. The closed orbit is defined for an ideal
particle as the trajectory, which closes on itself after one revolution in the accelerator. This
shows, that beam instrumentation is an important tool for controlling the accelerator. In
the following the common BPM [50, 51] is explained, which is used in particle accelerators.
It is summarized, how the voltage is induced in a common BPM and the theoretical beam
position is calculated. After this short introduction, the new BPM design based on a
Rogowski coil is introduced and theoretical calculations are performed to determine the
induced voltage for different Rogowski coil configurations. An estimation of the thermal
noise voltage for a Rogowski coil BPM with readout electronics is presented and the

corresponding theoretical beam position resolution is calculated.

5.1 Commonly used BPMs

The horizontal and vertical beam position is measured with BPMs. A schematic drawing
of a round shoebox BPM is presented in figure 5.1. In COSY these round BPMs have a
length of [ = 100mm and a diameter of d = 150 mm. The beam position is determined
by the measurement of the electric field distribution, which is produced by a bunched
particle beam. The shoebox design leads to first order to a linear dependence between
the induced voltage and the horizontal and vertical beam displacement with respect to
the centre of the BPM. The theoretical induced voltage is given by
gpl(1+ x/d)

v, = ZEZY
I(1+ty/d
Uua = g5l Cy/ )

(5.1)

The variable [ defines the length, d the diameter and C' is the capacity of the BPM. The
plus sign is used for left and the upper electrode and the minus sign for right and lower
electrode. ¢p is the charge density and is given to first order as

N
4B = Tqa (52)
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Electrode up

Electrode right

Electrode down

Electrode left

Figure 5.1: Schematic drawing of a commonly used BPM. With the electrodes up and
down the vertical beam position is determined and with the electrodes left and right the
horizontal beam position. Adopted from [52].

where N denotes the number of particles, ¢ their charge and L the bunch length of the
beam. The calculation of the difference over sum signal leads to the horizontal and the

vertical beam position

AU -, dU, — Uy

S nd oy = G d 5.3
T ou U, MY YT oUrU, (5:3)

Two unidirectional BPMs are needed for the determination of the horizontal and vertical
beam position. This configuration needs much space and may thus be problematic for
later installation. Also for this model only first-order terms are taken into account and
the higher-order terms are neglected. A more detailed analysis of this type of BPM can
be found in [50, 51]. For an EDM measurement of charged particles in an accelerator this
type of BPM has to be investigated in more detail for a precise absolute beam position

determination.

5.2 Definition of accuracy and resolution for beam position de-

termination

An ideal BPM detects the beam position with high accuracy and high resolution. In the
following the definition of accuracy and resolution for a measurement are specified. The
term accuracy is defined as the difference between the mean value of the measurement
distribution and the corresponding reference value. A measurement is performed with high
accuracy, if the difference between the reference value and the measured value is zero. The
term resolution is defined as the width of the measurement distribution. A measurement is
performed with high resolution, if the standard deviation o of the distribution is minimal.

To compare high and low accuracy and resolution, an illustration of the different possible
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cases is depicted in figure 5.2. The worst case of a measurement is presented in a). The
measurement value does not coincide with the reference value and the resolution is also
low. In b) a measurement is presented with a high resolution but with a bad accuracy.
c¢) shows a high accuracy measurement with low resolution. The ideal case of a highly

accurate measurement with a high resolution is presented in d).
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Figure 5.2: Definition of accuracy and resolution of a measurement.

A beam position determination has a high resolution, if the spread in position measure-
ment is minimal with stable beam conditions. The resolution is limited by the thermal
noise of the device. The accuracy of the beam position determination itself depends on
the possible alignment accuracy of the BPM and also on the manufacturing accuracy. In
addition to these uncertainties the readout electronics may induce a mismatch between
the reference value and the measured value. All these components have to be taken into
account for an accurate beam position determination. For an EDM measurement with
the RF Wien filter the BPM measurements have to be very accurate and with high res-
olution. In the case of two counter-rotating beams, the beam position determination has
to be done with high resolution because relative beam position measurements are only

necessary as explained in the previous section.
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5.3 Toroidal pick-up coil as a beam position monitor

In particle accelerators a toroidal pick-up coil can be used to build beam instrumentation
systems like beam current transformators (BCTs) or BPMs. This section concentrates
on a toroidal pick-up coil, which is used as a BPM. A theoretical model of the induced
voltage of such a device is developed. The measurement principle is based on measuring
the induced voltage due to the change of the magnetic field of the particle beam. A
schematic drawing of the pickup coil and the particle beam going through this coil is
shown in figure 5.3 (this configuration is a so called quartered Rogowski coil). For all

theoretical calculations the coil is located in free space.

Figure 5.3: Definition of the coordinates in the x-y plane. Each angular range of the
coil segments covers 7/2, which will be a quartered Rogowski coil configuration.

A torus is described by the following geometric properties:
e Radius of the torus: R (distance centre of tube to centre of torus)
e Radius of the tube: a.

For the following calculations the coil parameters in table 1 are used. R is the radius
of the coil, a defines the radius of the toroid, s is the diameter of the copper wire and
N is the winding number for a segment of a coil. In this particular case one quarter of
the Rogowski coil is considered. This particular torus radius R is chosen to have enough
space for beam operations but also not to have to large distance between coil and beam.

The tube radius a is also a compromise for signal strength and operation space.

Table 1: Rogowski coil parameters: R is the radius of the coil, a defines the radius of
the toroid, s is the diameter of the copper wire and N is the number of windings for a
segment.

R (mm) a (mm) s (um) N
40.0 5.0 150 366
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The torus is made of vespel® because it has a good machining properties and it is vacuum
compatible. The torus is milled from a vespel® block with a CNC milling machine.

In the following a right-handed cylindrical coordinate system is used. The centre of this
system is the centre of the torus itself. The z-y plane is parallel to the torus plane, as

shown in figure 5.4.

I\y

L

v

7o X
(%0,Y0)

Figure 5.4: Definition of the coordinates in the x-y plane. The vector iy describes the
position of the beam and the vector 7 shows the position of the observer. The radius R
is defined from the z-axis to the centre of the torus and a is the radius of the torus. Each
angular range covers /2.

The particle beam travels in z direction with its centre at (zo,yo). The vector 7 shows the
position of the observer. The upcoming magnetic field calculations are done for different
coil configurations, but in figure 5.4 the torus is parted into four equal parts, which
represents one configuration. A cross section at x = 0 is shown in figure 5.5. The vector

I (t) represents the time-dependent current of the beam pointing in z-direction.

(2N

e

Figure 5.5: Definition of the coordinates in the z-y plane. The vector I(t) represents
the time-dependent current of the beam. The beam points along the z-direction.
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5.4 Calculation of maximal number of windings and resistance

for a quartered Rogowski coil segment

In this section the maximal number of windings and the theoretical expected resistance
is calculated for one quarter of the coil in dependency of the coil parameters R and a and
the wire thickness s. In equation 5.4 the maximal number of windings for one segment
is given and in figure 5.6 a sketch for the calculation of the maximal number of windings
for a quarter segment is presented.

Nij = T(R—a—s/2) (5.4)

2s

R: radius of the tube
a: radius of the torus
s: diameter of the copper wire

Copper
winding
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Figure 5.6: Sketch for the calculation of the maximal number of windings.

With the parameters given in table 1 the maximal number of windings of a quarter
segment is calculated to approximately 366. This number of windings is also used for the
construction of one quarter for the numerical simulation in section 6.
With the number of windings IV the theoretical resistance of the wire can be calculated.
The resistance is given in equation 5.5

Ry — 8(a+s)Np (5.5)

52 ’

where p is the electrical resistivity with a value of 0.0169 Qmm?/m [53] for copper, a is the
torus radius and s is the thickness of the wire. The resistance of one segment is calculated
to 11.3€2 and will be used in section 5.9 for the calculation of the theoretical thermal

noise and the corresponding beam position resolution.
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5.5 Magnetic field calculation for a Rogowski coil

This section describes the calculation of the magnetic field of a travelling particle beam.
Integration of this magnetic field leads to the magnetic flux with the aim to determine the
induced voltage for the different angular ranges. Here, three different angular range con-
figurations are discussed. An unsegmented configuration is considered first, which covers
27. Subsequently, the angular arrangement of = (halved Rogowski coil arrangement) and
m/2 (quartered Rogowski coil arrangement) will be discussed. For the particle beam the
model of an infinitely long conductor is used. The magnetic field of the infinitely long

conductor is described by equation 5.6, where pg is the vacuum permeability.

B="1Tx v with ' =F—T, (5.6)
2 |7 0 '

The vectors of the Biot-Savart law are defined in equation 5.7, where I mimics the bunched

particle beam along the z-direction, 1y is the conductor position and 1" the observer posi-

tion.
X0 X X —Xp
I=1, o=y, |, = v land Y=F—v =] y—y, (5.7)
0 0 0

Using these vectors and multiplying the cross product we find

—Y +¥o
X — X . (5.8)
0

5 tolo 1
_ It . 2 _ 2
(x —x0)" + (y = ¥o)

Cylindrical coordinates are introduced in equation 5.9 to express the magnetic field in

these coordinates.

X r - cos(y) X ro - cos(¢o)
= | r-sin(p) |, Yo | = ro-sin(eo) (5.9)
z z Zo 20

The following equation defines the unit vector e, and the norm of the radius vector 1

expressed in Cartesian coordinates

1
€, = cos(p) =-| x and 1= +/x%+y>2 (5.10)
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The magnetic flux through the Rogowski coil is calculated by
d = / BdA, (5.11)
A

where A is the area A of a coil winding with its normal vector €,. For simplification first

the projection of the magnetic field onto the € direction is calculated

tolo 1
27 (x —x0)* + (¥ — ¥o)

5 (y2 —yyo + X2 — XXO) ) (5.12)

==

The detailed calculations can be found in the appendix (see A.1). In cylindrical coordi-

nates equation 5.12 is written as

2

 piolo 1 (r?sin(p)? — rrg sin(p) sin(pg) + 1? cos(p)? — 11 cos(p) cos(po))

B,, = 00°
o 2mx (rcos(ip) — 19 cos(g))” + (rsin(p) — 1o sin(yg))”
_polol 1 —Rcos(p — o) (5.13)
2m 1 1 4 (10)” — 2% cos(p — o)

:=A with u = 0 and Ap = ¢ — o
The definition of A is presented in equation 5.14.

1 — = cos(¢ — o)

A(u, Ap) =
1+ (%)2 — 2% cos(¢ — ¢o)

(5.14)

The next step is a Taylor series for A(u, Ap) with u = 2 <1 up to the fifth order, which

is presented in equation 5.15.

p, — Mol [AA] A moy  LmoyrdiAl Lyt d

“ 97 1 | du’ o du'f o \r 2\r/ du?|_, 6\r/ du|,_, (5.15)
1 Io 4 d4A 1 To 5 d5A To 6 .
1) wrl () ael ol ()

The six different derivatives for the Taylor series at the point u = 0 are calculated in
the appendix (see A.1) and the results are used in the following. With these derivatives
the magnetic field B, along the ¢-direction is expressed as defined in equation A.8. The
detailed calculation of the magnetic field can be found in the appendix A.1 (see equation
A.8). The result of this calculation will be used in the next section for determining the

theoretical induced voltage for different Rogowski coil configurations.
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5.6 Induced voltage calculations for different Rogowski coil con-

figurations

In this section the theoretical induced voltage of a Rogowski coil is determined with the
result of the magnetic field B., calculation in equation A.8. At first the magnetic flux
® is determined. The magnetic lux ® through one loop of the toroid is given by the

integration of the magnetic field B, over the area of this loop

d = / BdA with dA = drdz-§,
a r(z)
:/ / B, drdz.
—a J—r(z)

The vector dA describes the area, through which the magnetic flux passes. It can be

(5.16)

expressed in dependency of the distance in the z-plane and the torus radius a along the
unit vector e,. The integration bounds =£r(z) are calculated by using figure 5.7, where
the circular cut of the coil torus with the radii R and a is depicted. The parameter z
describes the distance in the torus along the beam direction and varies in dependency of

the height. The equation for a circle is

This leads to an equation for r with the coil parameters R and a and the distance z

r=R+ Va2 — z2.

VA

Figure 5.7: Circular cross section of Rogowski coil torus used to calculate the integration
bounds.
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With this boundary condition it is possible to calculate the induced voltage Uy, for N

windings in the angular range from ¢; to ¢ normalised to this angular range

dd
in - N—
Uing = dt
R4+Va2—22
:—N— o f f = B(r,¢)drdzRdy
dt 7 Rdy -
v dIO - T_Z (5.17)
= / / / (r, p)drdzdp
—aJR—vaT—2
—NMO dly

=———————— |Int; + Inty + Int3 + Inty + Int5 + Int

(s ) dr I It It Inta ]
The different integrals of equation 5.17 have to be solved to calculate the induced voltage
and can be found in the appendix (see A.2) and the results are used to calculate the
induced voltage. A transformation of the angles ¢; and s in a starting angle ¥ and the
covered angle range AV with ¢y = ¥ and ¢y = W+ AU is performed. The induced

voltage reduces to

Uns = 55 gt (20

+ 27 [sin (¥ — o + AV) — sin (¥ — )]

R2 — a2>

n 2_3 [sin (2(¥ — o + AT)) — sin (2(V — )] (2 _aa2)3/2
i ?[sin (3(¥ — @o + AW)) —sin (3(V — wo))](m(f%
n Z—é[sin (4(F — p + AW)) — sin (4(W — ‘Po))]%
+ ?[sin (5(¥ = o + AW)) —sin (5(¥ — )] azj(%}gai :2?522)

The theoretical induced voltage depends only on the Rogowski coil parameters R and a,
the beam position, hidden in the products of rg and the sine and cosine terms, and the
beam profile < dIO . With the introduction of AW three different Rogowski coil configurations
are discussed in the following sections and the configuration types are presented in table 2.
In figure 5.8 the two different configurations for the Rogowski coil BPMs are illustrated,
which are discussed and presented in this thesis. These two configurations are used
because they have the strongest sensitivity for the linear beam position. The definition
and the detailed discussion about the sensitivities of the Rogowski coil BPM is presented

in section 5.7.
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Table 2: Angular ranges of the three different Rogowski coil configurations.

Angular range AV Rogowski coil configuration

2 full segmentation
s halved segmentation
/2 quartered segmentation

Unidirectional BPM Bidirectional BPM

Figure 5.8: Two Rogowski coil BPM configurations. The left Rogowski coil is a BPM,
which is sensitive in linear-order to only one component of the beam position, whereas the
right configuration is sensitive in linear-order to both components of the beam position.

5.6.1 Induced voltage calculation for a full Rogowski coil configuration

In this section the induced voltage for the full segmentation (AW = 27) is calculated.
As discussed before such a configuration is a beam current monitor. The result of the

induced voltage is presented in the following equation

dl,
Uina,1/1 = N,uod—to (R - VR? — a2> : (5.18)

The induced voltage for such a monitor depends only on the coil parameters N, R and
a and the change of the beam current %. This is the same result as calculated in [54]
and shows, that the theoretical ansatz for calculating the induced voltage leads to an

equivalent result.
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5.6.2 Induced voltage calculation for the unidirectional Rogowski coil con-

figuration

In this section the induced voltage in dependency of the beam position for a Rogowski coil
BPM is calculated, which is sensitive to the beam position in one direction (horizontal
or vertical). For a halved segmented Rogowski coil BPM the parameter AV = 7. The
configuration of such a Rogowski coil BPM is presented on the left hand side in figure

5.8. The induced voltage for one segment is given by

dl, 2rgsin (—po + V) (R — vV R? — a?
Unai/2 = Nijafio dto [(R VR Z a2> L 2o sin (—o z( : a?)
VR —a

r3sin (=3wo + 3¥)a’R  rsin (—5pg + 5V¥) a®? R(4R* + 3a?)
3m(R? — a?)3/? 20m(R2? — a?)9/?

(5.19)

In contrast to the previously mentioned dependencies for the induced voltage of a fully
segmented coil, the induced voltage of a segmented coil depends also on the beam position,
which is hidden in the terms rgsin (¢g) and 7o cos(pg). In the next step the induced
voltage for two segments of a horizontal Rogowski coil BPM is calculated by introducing
two starting angles. The induced voltage for the right segment starts at ¥y = —7r and

leads to the following dependency

Uind,1/2,10 = Nijoplo—

Uy [y =) 4 Zrocosten) (- V= @)

o e a0

_ r3cos (3pg) a?R - rfcos (5ypp) a? R(4R? + 3a?) .
37T(R2 _ a2)3/2 QOW(RQ _ a2)9/2

For the left segment the starting angle ¥ = —77 is chosen and the induced voltage of this

segment reduces to

Uind,1/22 = Nijopo—

d_[ ( \/R27) 2T0 COS (QOO) (R —V R2 — a2)

dt ™ R? —a? (5.21)
15 cos (3po) a* R 1g cos (5po) a? R(4R? + 3a?) '
3m(R? — a?)3/2 20w (R? — a?)9/?

Both induced voltages depend in the same way on the constant term R — v/R? — a2. The
notation of the two calculated voltages is also inconvenient because the dependency on the
beam position is hidden in cylindrical coordinates. Therefore, the transformation from
cylindrical to Cartesian coordinates is performed. The following identities are used for

this transformation

cos (3a) = cos® (o) — 3sin? (@) cos ()

cos (5ar) = cos® (a) — 10sin? () cos® (@) 4 5sin® () cos () .
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With these identities the two induced voltages are given in dependency of the beam

positions

dl, (R — VR2 — a2
Uind,1/2,1 = N1/2#0—0 [(R —VR? — a2> + x9 ( )

dt 7V R?2 — a?
; a’R
- (353 - 3y0338) 3(R2 — a2)3/? (5.22)
a’R(4R? + 3a?)
+ (xg — 10y5x) + 5y§$o) 20m(R? — az)g/z}
dl, 2(R— VR? — a2
Uind,1/2,2 = N1/2M0d_t0 |:<R —V R2 — a,2> — Xy ( Trm )
3 2 a’R

3m(R2 — a?)3/2
a’R(4R? + 3a2)]

5 2.3 4

For the highest sensitivity in dependency on the horizontal beam position the difference
signal is calculated. The result of the difference signal is presented in equation 5.24.
dl (R—VR?—a?) 3 9
AUy hor = NI/Q,UO% 4o Ny R 2 (x5 — 3ygxo)
a’R(4R* + 3a?)
207 (R? — a?)9/2

a’R
3m(R% — a?)5/2

(5.24)

+2 (xg — 10y§x8 + 5y§x0)

The constant term cancels. The knowledge of a centred beam in the horizontal and
the vertical plane (zo = 0 and y, = 0) with respect to the Rogowski coil BPM can be
calculated for a vanishing difference signal. A movement of the beam position out of
the centre effects directly the difference signal. By rotating this configuration by 90°, the
Rogowski coil BPM would be more sensitive in linear order for the vertical beam position.
For the determination of the horizontal and vertical plane two such Rogowski coil BPMs
are needed for the highest sensitivity. Because of symmetry reasons the summation of

each segment voltage leads to the same result as presented in section 5.6.1.

5.6.3 Induced voltage calculation for the bidirectional Rogowski coil config-

uration

In this section the induced voltage in dependency of the beam position for a quartered
Rogowski coil configuration is calculated. This configuration has the advantage, that it
is possible to detect the horizontal and vertical beam position with only one Rogowski

coil BPM because of a smart signal combination. The induced voltage for the quartered
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segmentation is given by the angular range AW = 7 and results in

N dl,
Uind,1/4 = 1;;1#0 cl_to [7? <R —VR? — a2>

2rg (cos (=W + @) + sin (=¥ + ¢o)) (R — VR? — a?)
+ RZ _ 42

r2sin (2(=V + @) a?
(R2 — a2)3/2
N 3 (—cos (3(=W + ¢p)) + sin (3(=T + ¢p))) a*R
3(R2 _ a2)5/2
+r8 (cos (5(=W + ¢g)) +sin (5(=¥ + ¢g))) a> R(4R? + 3a?)
20(R2% — a2)9/2

(5.25)

To calculate the induced voltage for the configuration presented in the right sketch of
figure 5.8, the starting angles have to be defined. The starting angles for the different
segment are: Wy = 0, Uy = 37/2, U3 = 7 and ¥, = 7/2. Also here a transformation
from cylindrical to Cartesian coordinates has to be performed to see directly the beam
position dependency for the induced voltages. The following identities are used for the

transformation

= 2sin («) cos (@)
sin () cos? (@) — sin® (a)
033 (o) — 3sin? () cos ()
sin® () — 10sin® () cos® (a) + 5sin () cos® ()

cos® (a) — 10sin? () cos® (o) + 5sin* () cos () .

2.
=

&.
=

(@]
@]
n
~—~ o~ o~ —~
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o
— N N~ ~—
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In the following the induced voltage of segment 1 is presented and the other induced

voltage can be found in the appendix (see A.3)

Ny jarpio dI 2(R—VEE =
Uina,1/41 = 1/;1 Oa T (R —VR? — a2> + (2o + o) ( T o2 )
a’ a’R
+ QIO%—(RQ — + (—§ — y§ + 3yoxg + 3z0y) 3EE a2 (5.26)

a’R (4R* + 3a?)
20(R? — a?)9/2

+ (2) + y5 — 1023y — 10y + Sygzo + 5xyo)

In comparison to the halved segmented Rogowski coil the induced voltage for one quarter
depends to linear order on the horizontal and the vertical beam position. Also more
mixing terms of the horizontal and the vertical beam position are present. To get the
highest sensitivity for the linear order and to cancel the constant term, two difference

signals are calculated. These difference voltages are called horizontal and vertical voltages
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respectively. The horizontal voltage difference is presented in equation 5.27 and the

vertical one in 5.28.

AU /g hor = (Uind,1/4,1 + Uind,1/4,2) — (Uind,1/4,3 + Uind,1/4,4>

dly [ 8(R—VR?—a?) 5 ) 4a’R

| Yo — (20 — 3ys0) 2 _ 252 (5.27)
T R? — a? 3n(R? — a?)®/ '

4a® R(4R* + 3a?)

207 (R? — a2)9/2

+ (:Eg — 10ygzgy + 5y§x0)

AU g yer = (Uind,1/4,1 + Uind,1/4,4) - (Uind,1/4,2 + Uind,1/4,3)

dl, 8(R — VR? — a?
= N1/4M0d—to Yo ( T2 ) - (yS’ - 3x3yo)
4a? R(4R? + 3a?)

20m(R? — a2)°/2

4a’R
3m(R2 — a2)5/2 (5.28)

+ (yg — IOx(Q)yg’ + 5xéy0)

Because of symmetry, it is expected, that the same dependency on the differential signal
is present as for the configuration of a unidirectional Rogowski coil BPM. The beam is
centred in the Rogowski coil in horizontal and vertical plane, if both difference signals are
equal to zero. With this Rogowski coil BPM configuration it is possible to be sensitive to
changes in the horizontal and vertical plane with this special signal combination. Because
of symmetry, the summation of the four induced voltage signals leads to the same result

as presented in equation 5.18 of section 5.6.1.

5.7 Voltage ratio determination for the unidirectional Rogowski

coil configuration

In the previous sections the induced voltages for different Rogowski coil configurations

dly
dt

possible to calculate the induced voltage for the different Rogowski coil configurations. To

were calculated. Without the knowledge of the change of the beam current it is not
get rid of this dependency, voltage ratios are calculated. The voltage ratio is the difference
signal divided by the corresponding sum signal of the chosen Rogowski coil configuration.

In the following the voltage ratio for a horizontal unidirectional Rogowski coil BPM is

calculated
A[—I1/2,h0r _ 2 T — QZR (.1]3 . 3y2fl] )
SU; wWR—a ' 3n(R-a)pR(R-—VR—-a) " T

5.29
a’R(4R* + 3a?) (5.29)

_l’_
20m(R? — a?)*/%(R — VR — @)

(a5 — 1042 + Syias)

This procedure has the advantage, that the value only depends on the coil parameters R

and a and the beam position xy and yo. The coefficients are the so called sensitivities of
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the Rogowski coil BPM. In the following abbreviations c¢; to ¢4 are used to get a better

overview of the position dependencies of the voltage ratios.

2 2

a
ol = ——— cy = 5.30
/R ' (R=-VR = &) (R? — a?)3)2 (5:30)
a’R a’R(4R?* + 3a?) (5.31)
Cq = Cqp = .
’ 3n(R? — a?)*?2(R — VR? — a?) ! 20m(R? — a?)%2(R — VR? — a?)
For a Rogowski coil BPM with coil parameters of ¢ = 5mm and R = 40mm the
theoretical voltage ratio results in
AU1 /2, nor
% = 1Ty — C3 (xg — 3y(2)x0) + ¢4 (xg — 10y§x3 + 5y§x0)
1 1
= 0.01604—— — 3.4353 - 10— (z} — 3y3zo) (5.32)
mm mm
+1.3451 - 1077 (zg — 10y5x) + Sygo) -

mm?®

The influence of the higher-order terms becomes smaller by moving closer to the centre of
the Rogowski coil BPM. To get an impression, how the voltage ratio would look like, a plot
of the horizontal and the vertical voltage ratio is depicted in figure 5.9. A beam is moved
from —10mm to 10mm with a stepsize of 1mm in both planes. The coil parameters

R=40mm and ¢ =5mm are used.

0.2 )
x =10 mm
y =10 mm

)
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Figure 5.9: Theoretical prediction of the voltage ratio for different beam positions in a
range of —10mm to 10 mm in both directions.
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5.8 Voltage ratio determination for the bidirectional Rogowski
coil configuration

dly

dt -

the arrangement of a bidirectional Rogowski coil BPM is used. The difference voltage

Also in this section the voltage ratio is calculated to cancel the beam property Here
signal of the horizontal and the vertical configuration is calculated in 5.27 and 5.28. The
result of the horizontal and the vertical voltage ratio is presented in equation 5.33. The
signal distribution of the ratios is the same as shown in figure 5.9 for the horizontal and
the vertical plane with the same sensitivities for the Rogowski coil. The different voltage
ratios of the unidirectional and the bidirectional Rogowski coil BPM will be used in this

thesis for the different experiments as theoretical background.

NG

% = 10 — c3 (x§ — 3ypwo) + ca (2 — 10ygxy + Sygxo)

AUy 4 (5.33)
E1{/J4.,ver =C1Yo — C3 (yg - 3933?40) + ¢y (yg - 101‘3y3 -+ 5xéy0)

5.9 Estimation of the beam position resolution for a bidirectional
Rogowski coil BPM

In this section the theoretical beam position resolution for a bidirectional Rogowski coil
BPM is calculated to get an estimate, which resolution of the beam position is possibly
achievable. The induced voltage for a quartered Rogowski coil BPM is approximately

given for one direction as

dl, 8
AU1/4,h0r = ]\71/4,[/6061__150 (R — V R2 — a2> . ml’o. (534)

Only the linear-order term of the position dependency is taken into account because this
has the strongest influence on the induced voltage. Solving the equation for the position

results in

AUy /4 hor Vv R? — a?

B N1/4,U/0% (R—\/M) 8

o (5.35)

In the next step an error propagation is performed and the resolution on the position is
given by

T R? — a?

a 8N1/a1p0 % (R — VR? — a?)

ov. (5.36)

Oz

Next, the different thermal noise voltages are calculated for each individual device of the

signal chain, which are used for the experiments at the testbench and at the accelerator.
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For the lock-in amplifier the noise on the input voltage is given by oy Lock-in amplifier =
5nV/vHz [49]. For the experiments with the Rogowski coil BPM the induced voltages of

each segment are amplified by a low-noise preamplifier and given by
Umeasi = Gpreamp, ° Uindia <537>

where Upeas, is the measured voltage, i defines the corresponding segment from 1 to 4,
Apreamp; describes the amplification factor and Uj,g, is the induced voltage of a segment.
For the here used amplifier the amplification factor is around 9.4. A characterisation of
the amplifier is performed in section 7.1.3. The thermal noise of one amplifier is calculated
in [30] and is oy ampifier = 20V by a bandwidth Af of 6.81 Hz. In table 4 the noise for a
segment of a Rogowski coil is calculated at room temperature (293.15 K) and for a system,
which is cooled with liquid nitrogen (77.15K). The estimate of a cooled resistance is given
by equation 5.38 [55].

Ry, denotes the resistance at the reference temperature, oy is the linear temperature co-
efficient and AT describes the temperature difference. The linear temperature coefficient
for copper is given by ag = 3.93 x 1072 1/K [56]. The resistance of a quartered segment
is R = 11.3Q (see section 5.4) and for a cooled segment the resistance is calculated to

R = 1.7€). The different thermal noise values are summed up in table 3.

Table 3: Calculation of the voltage noise for different devices for a bandwidth Af of
6.81 Hz.

Device T (K) oy (nV)
Lock-in amplifier 293.15 13.05
Low-noise preamplifier 293.15 2.00
Quartered segment 293.15 1.14
Cooled quartered segment 77.15 0.22
Quartered segment amplified 293.15 10.34
Cooled quartered segment amplified  77.15 2.07

Next the voltage noise for the complete measurement chain is calculated. The total noise

UUtotal = « ’Z U%i7 (539)

where oy, is the thermal noise of the used devices.

is given as
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Two different signal chains are considered:

1. quartered segment + lock-in amplifier

2. quartered segment -+ low-noise preamplifier + lock-in amplifier.

For these two signal chains the voltage noise is calculated and also for a cooled quartered
segment. The result of the total voltage noise is summed up in table 4.

One main voltage noise source is the lock-in amplifier itself. The thermal noise of one
segment is in comparison to the noise of the lock-in amplifier small, but the amplification
leads to a thermal voltage noise, which is in the same order as the voltage noise of the
lock-in amplifier. The cooling of the wire of a segment decreases the noise by a factor of
5 and the main source of voltage noise is given by the lock-in amplifier. The voltage noise
of the amplifier is also low in comparison to the noise level of the lock-in amplifier. The
main source of noise for this measurement setup should be the thermal noise of the wire
itself because the signal would be used in an optimal way.

Next the theoretical position resolution for the different total voltage noise values are

calculated with equation 5.36. The radii of the coil are R = 40mm and ¢ = 5mm.

Table 4: Estimation of the theoretical beam position resolution for the different signal
chains. The number of windings N for one segment is 366 and the applied change of beam
current is 1300 A /s, which corresponds to a beam with 10'° particles with a revolution
frequency of 750 kHz.

Signal chain T (K) for quartered segment oy, ., (V) o, (um)

1 293.15 13.10 1.07
2 293.15 16.77 1.35
1 77.15 13.05 1.05
2 77.15 13.36 1.08

The beam position resolution of the Rogowski coil using a lock-in amplifier as readout
electronics is expected to be in the level of 1 um. As discussed above, cooling only the
coil leads not to a major increase of the resolution because the dominant noise source is

the lock-in amplifier itself.



40

6 Numerical simulation of a bidirectional Rogowski coil

BPM and comparison with the theoretical model

In this section the results of two numerical simulation scenarios of a bidirectional Rogowski
coil BPM is compared with the theoretical model. The simulation program Amperes by
Integrated Engineering Software [57| is used. It solves numerically the Biot-Savart law.
The simulations are performed to test the theoretical model and to develop a calibration
algorithm for a real Rogowski coil BPM. The numerical simulation provides also the
opportunity to test the model with defined conditions. As all BPMs the Rogowski coil
BPM has to be calibrated before installation in an accelerator to detect absolute beam
positions. The geometric centre will not necessarily coincide with the electrical centre (see
figure 6.1). This is defined as the point in transverse direction, where the beam passes
through the BPM, when the BPM readout is zero.

Segment 4 Segment 1

Geometrical
centre

Electrical
centre

Segment 3 Segment 2

Figure 6.1: Sketch of geometrical and electrical Rogowski coil centre. The blue cross
defines the geometrical centre. The orange cross shows exemplarily the electrical centre
for a Rogowski coil. These centres are not necessarily coincident.

The blue cross defines the geometrical and the orange cross the electrical centre. An offset
between the geometrical and electrical centre can occur because of different numbers of
windings for each segment or not homogeneously distributed windings on the segments. In
addition, a rotation of the Rogowski coil BPM may occur because of mounting tolerances.
For this reason, a calibration algorithm has to be developed to account for these problems.
The next step of this hardware development would be the investigation of an absolute
positioning routine for this kind of BPM. The main idea of this calibration method is
taken from [58].
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In the following the simulation model and setup is presented. In figure 6.2 the body of
the Rogowski coil BPM and the corresponding windings for each segment are defined.
This model is placed in free space and an infinitely long beam pulse flies through the
coil in different defined horizontal and vertical positions. For each applied position the
corresponding magnetic fluxes are calculated and acquired. The step size between each
point is 0.5mm. The applied measurement grid is illustrated in figure 6.3. The red
dots indicate the beam position with the defined step size between each dot. A distance
of 10mm in the first quadrant in horizontal and vertical plane is covered by this grid

simulation.

Segment 3 B Segment 2

Figure 6.2: Simulation model for the Figure 6.3: Illustration of the applied grid
bidirectional Rogowski coil BPM. The beam of beam positions for the numerical
is in the centre. At each beam position the  simulation. The red dots indicate the beam

simulated induced flux value is saved and position. The distance for each dot is
used for the two different scenarios. The 0.5mm. This grid simulation is performed
beam is moved in the horizontal and thes in the quadrant of the first segment.

vertical plane.

In table 5 the construction parameters of the Rogowski coil BPM are presented. These
parameters have the same dimension as for the real Rogowski coil BPM, which has been

tested on a testbench and in an accelerator environment.

Table 5: Design parameters of the Rogowski coil BPM for the simulation.

R (mm) a (mm) s (um) Nyu
40.000 5.000 150 366
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Two different scenarios are discussed to check the theoretical model calculated in the pre-
vious section. In the first scenario a comparison between the theoretical model and the
numerical simulation is performed. The second scenario mimics the situation of a non
perfect Rogowski coil BPM, which has different numbers of windings on each segment
and in which the coil itself is rotated and has an offset in the horizontal and the vertical
plane with respect to the simulated beam. In all simulation scenarios the beam coordi-
nate system is superimposed with the geometrical coordinate system of the first scenario.
Ideally all four segments have the same number of windings and they are homogeneously
distributed over each segment. But practically the segments differ from one other because
manufacturing errors occur. The total number of windings for all four segments is the

sum over all segments (equation 6.1).
N = Ny + Ny + N3 + Ny (6.1)

The parameters go, g3 and g4 describe the ratio of the segments with respect to segment 1

Nl NQ N3 N4

—— =1 . 2 = and — = qgq. 6.2

Nl 9 Nl g2, Nl gs 94 ( )
Next, a rotation matrix with offset parameters is introduced to express a possible rotation
and offset of the Rogowski coil itself. This rotation matrix is presented in equation 6.3.
The rotation of the coil is described by the angle p. The offset of the coil to the geometrical
centre is represented by the parameters x.q and y,¢. The figure 6.4 illustrates the different

coordinate systems for the corrections describing the rotations and the offset.

xy-coordinate system:
Geometrical centre of the
Rogowski coil BPM

x'y‘-coordinate system:
Offset from the beam to

L, ‘\\\ x: .
ﬂo‘@’/ @ / geometrical centre

o

x"“y"“~coordinate system:

. Offset of the beam to

e geometrical centre and rotation
of the coil itselfto this centre

X

Figure 6.4: Illustration of different coordinate systems to the Rogowski coil BPM. The
xy-coordinate system presents the positions with the point of view from the geometrical
centre. In the z/y/-coordinate system the offset (zof, yorr) of the beam is taken into account.
The rotation ¢ of the coil itself is described by the z”1y”-coordinate system.
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The xy-coordinate system presents the positions with respect to the geometrical centre.
In the 2'y/-coordinate system the offset of the beam is taken into account. The rotation

of the coil itself is described by the z”y”-coordinate system.

( Trot ) _ ( 08 (¢) (TBeam — Toft) — SiN (¢) (YBeam — Yofr) ) (6.3)

Yrot sin (50) (xBeam - moff) + cos (90) (yBeam - yoff)

The weight parameters gs, g3, g4, the offset x.g, Yo and the rotation angle ¢ are taken
into account, which leads to the single theoretical voltage ratios, which are presented in
equation 6.4 to 6.7 for the different segments. The sensitivities ¢; to ¢4 have been defined

in section 5.7.

U1 /4,1, model 1
- = 1 4 ¢1 (Trot + Yrot) + 2¢2%r0tYr
EUi 1+g2+93+g4[ 1( ot yot) 2TrotYrot
6.4
+C3 (_‘I?ot - yfot + 3y1?otxr0t + Sxfotyrot) ( )
+cq (Ifot F Yror = 10¥potTho, — 10275y + 5T 10 Yrot + 5yfotxf0t)}
U1/4 2,model go
= = 14 1 (Trot — Yrot) — 2C2Trot Yy
EUi 1+92+93+g4[ 1( ot yot) 2Lrot Yrot
6.5
+C3 <_I§ot + y?ot - Byrotx?ot + erotyfot) ( )
+eq (Ifot - yr50t - 10x§otyr20t + 1Oy§0t$30t + 5y;10txr0t - 5xfotyr0t)]
U1/4 3,model gs
2 g ]_ + C _Ir - T + 2C xI’ T
ZUi 1+g2+g3+g4[ 1( ot yot) 2Lrot Yrot
6.6
+c3 ('T?ot + yr30t - Syrotxfot - 3xr0tyr20t> ( )
tCq (_xfot - yr50t + 10x§0tyr20t + 10y§otx?ot - 5y§otxr0t - 5xfotyr0t>}
U1 /4,4,model g4
= = 14 ¢ (—Zrot + Yrot) — 2C2Trot Y
ZUi 1+92+93—|—g4[ 1( ot yot) 2L rot Yrot
(6.7)

3 3 2 2
+c3 (Irot ~ Yrot + 3yf0txrot - 3xf0tyrot)
2

+C4 <_x§0t + yfot + 10‘T§0ty§0t - 10y§0txrot - 5y§0t$1"0t + 5x;10tyr0t)]
To compare the theoretical calibration model in dependency of the introduced free param-
eters with the numerical simulation, a quantity, which describes the deviation between
the model and simulation called x?, is defined to find the most appropriate calibration

parameters. Equation 6.8 shows the different x?s, which are defined.

2 2 2 2
2 XR,y XR, XR3 XRy
- 02 + 02 02 02
Ry Ro Rs R4

(6.8)
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Each individual x§ (i =1 —4) calculates the difference of the voltage ratio between the
numerical simulated data and the theoretical model (see equation 6.9). The model voltage
ratios are calculated in dependency of the parameters with the known beam positions.
The numerical simulation and the calibration model shows the smallest deviation for the
best estimated values of the calibration parameters. The individual X%ii are also weighted
with an error og, because there are small modelling asymmetries of the windings of the
coil. The og, have the same values and are estimated in this way, that the y* ~ 1. The

calibration algorithm is only applied for the second scenario.

2 2
X2 . (U1/4,1,sim U1/4,1,m0de1) 2 (U1/472,sim U1/4,2,model)
Ri — - o

»U, >U; Xr: T\ Ty, SU; 6.9)
2 _ U1/4,3,sim . U1/4,3,m0de1 2 2 _ U1/4,4,sim . U1/4,4,mode1 2 .
XRg »U; >U; XRq »U; SU;

6.1 Comparison of the theoretical model with the numerical sim-

ulation of a bidirectional Rogowski coil BPM

In this section a comparison of the theoretical model with the numerically simulation for a
bidirectional Rogowski coil BPM is performed. This means, that geometrical and electrical
centre of the numerical simulated Rogowski coil are superimposed, which corresponds
to a perfect Rogowski coil BPM. The theoretical horizontal and vertical model voltage
ratios simplify to the two equations in section 5.33. With the known beam positions the
theoretical voltage ratio for each plane is calculated. The horizontal and vertical voltage

ratio of the numerical simulation are determined at each beam position to

A[J1/47h0r,sim o (Ul,sim + U2,sim) - (U3,sim + U4,sim)

YU Ul sim + Uzgim + Usgim + Ussim (6.10)
AU1/4,ver,sim _ (Ul,sim + U4,sim) - (U2,sim + U3,sim) .
YU Ui sim + U2gim + Us gim + U gim '

In figure 6.5 a superposition of the simulation and the model is presented. On the x-axis
the horizontal and on the y-axis the vertical voltage ratio are plotted respectively. It
is observed, that the simulation and the model are in good agreement with each other.
The residual for the horizontal and vertical voltage ratio shows the small differences of
the numerical simulation and the model, which is presented in figure 6.6. The largest
deviation between the simulation and the model is on a level of 2.4-10~4, which appear at
the positions x = 10mm, y = Omm and z = Omm and y = 10mm. This voltage ratio
value corresponds to a position accuracy of 15.0 um at a beam position of x = 10mm,
when the linear-order term of equation 5.33 is taken into account. At position z = 0mm
and y = Omm there is no variance between model and simulation, which is the ideal case

for an EDM measurement because the beam is centred in the Rogowski coil.
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beam position of z

Figure 6.6: Residual plot of the difference between the voltage ratios for the simulation
account.

and the model.
level of 2.4 - 107, which appear at the positions x = 10 mm,y
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Why is there a difference between the theoretical model and the numerical simulation? For
moving a beam along the horizontal plane and staying for the vertical plane at yy = 0mm,
no change of the vertical voltage ratio is expected. But taking a closer look at the
numerical data gives us a clue, why there is a difference between the theoretical model
and the numerical simulation. In figure 6.7 a zoom of the horizontal voltage ratio is
presented. The model behaves as expected, but the numerical simulation deviates for the
vertical voltage ratio. The difference between simulation and model occurs because the
windings of each quarter in the simulation are not fully symmetric to each other, which
leads to the systematic deviation shown in the residual plot in figure 6.6. But the model
of the Rogowski coil BPM in the simulation program is much more precise than any
manufactured Rogowski coil BPM can be. For a real Rogowski coil BPM it is expected

that the positioning accuracy value is larger.

X
S
&

e Simulation
+ Theory
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Figure 6.7: Zoom of the vertical voltage ratio to explain the discrepancies between the
simulation and the model. The difference between simulation and model occurs because
the windings of each quarter in the simulation are not fully symmetric to each other.

Another indication of an unsymmetrical arrangement of the different segments is the
normalized sum signal (see figure 6.8). The different sum signals are normalized to the
signal at the geometrical centre (r = Omm, y = Omm). It is expected, that the sum
signal is equal to 1 for all simulated beam positions, which is the behaviour of a beam
current monitor (see equation 5.18). However, the signal raises or drops in dependency of
the beam position, which leads to a systematic effect, which cannot be corrected by the
model. This deviation is in the order of 107% which can be neglected for the calculation
of the sum signals. For the following simulation scenarios the same modelling is used as

for the comparison.
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Figure 6.8: Normalized sum signal of the numerical simulation. The sum signals are
normalized to the signal for the beam position x = Omm and y = 0 mm. The expectation
is, that the sum signal is equal to 1 for all simulated beam positions.

6.2 Simulation of a Rogowski coil BPM with a rotated and offset
coil and different segment weight factors

In this scenario a Rogowski coil BPM is simulated, where the Rogowski coil BPM is rotated
and offset and each segment has a different signal weight. This scenario approximates best
real Rogowski coil BPMs because of mounting issues a rotation of the coil may be present

and a shift of the electrical centre can be produced by different numbers of windings. The
adjusted simulation parameters are presented in table 6.

Table 6: Adjusted simulation parameters for Rogowski coil BPM, which is offset and

rotated with respect to the initial beam position and additional segment weight parame-
ters.

Tog (Mm) o (mm) @ (°) g2 (%) g3 (%) g4 (%)
input -0.350 0.250 0.1500 105.00
output -0.331 0.268 0.1504 104.90

109.00  95.00
108.82  94.90

To compare the result of the simulation with the model, the minimization algorithm is
applied to estimate the free parameters. For a better comparison the superposition of
the simulation and the model calculated with the estimated parameters is presented in
figure 6.9. Again the superposition of both looks like a good agreement. A look at the
residual shows also here the influence of the systematic effects. The geometrical centre
offset is estimated to xo¢ = —0.331 mm and yog = 0.268 mm, the rotation is calculated

to ¢ = 0.1504° and the segment weight parameters are evaluated to go = 104.90 %,
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= 94.90 %. All six parameters deviate from the adjusted ones

gs = 108.82 % and gy =
caused by the presented systematic effect of the numerical simulation. The difference

between the adjusted offset and the estimated one is around 20 ym. The deviation of the

rotation angle is quite tiny with 0.004°.
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Figure 6.9: Superposition of the simulation and the theoretical horizontal and vertical
voltage ratio of a more realistic Rogowski coil BPM. The blue dots represent the simulated
voltage ratio. The red dots are the theoretical calculated voltage ratios. The simulation

and the theory are in good agreement with each other.

For a better comparison of the adjusted and estimated weight parameters, the fractional
weight of each segment is calculated. The result of this calculation is presented in table 7.
A reason for the deviations of the input and output parameters could be, that the weight

parameters also correct for the offset and vice versa. Therefore, a look at the residual is

taken to investigate possible additional effects.

Table 7: Comparison of the adjusted and estimated fraction weighting parameters for

each segment.
Segment 4 (%)

Segment 3 (%)

Segment 1 (%) Segment 2 (%)
adjusted Zg—;i 24.450 25.672 26.650 23.227
estimated Eg—;_ 24.473 25.672 26.631 23.225

In figure 6.10 the residual is presented. The systematic effect of the voltage ratio is again in
the range of 2.4-10%. This ratio value is calculated with the linear-order sensitivity of the
model to a displacement accuracy of 15.0 um at xg = 10 mm. All in all, the more realistic
Rogowski coil BPM scenario could be described by the model with a beam position

reconstruction accuracy of around 15 pum for this numerical simulation investigation. A
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test of real Rogowski coil BPMs will be presented in section 7 for laboratory measurements

and in an accelerator environment.
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Figure 6.10: Residual of the simulation and the theoretical horizontal and vertical
voltage ratio of a more realistic Rogowski coil BPM. Also here the residual is influenced
by the asymmetry of the arrangement of the segments. The absolute position accuracy is

15.0 pm.

6.2.1 Reconstruction of the simulated beam positions with the estimated

calibration parameters

The purpose of the Rogowski coil BPM is to be able to determine the beam position
with the measured voltages of the passing bunched beam. In this section the reconstruc-
tion of the simulated beam positions for a Rogowski coil BPM is performed. For the
common BPMs the equation 5.3 is used to calculate the beam position. This is quite
simple because the higher-order terms are neglected. For the Rogowski coil BPM this
simple calculation would not lead to a precise beam position reconstruction. A test of
the calibration algorithm for the position reconstruction is performed with the estimated
parameters from the previous section. The parameters are shown in table 8. To estimate
the beam position, the y? of equation 6.8 is minimized with the free parameters Tpeam

and Ypeam. The introduced calibration parameters (Zog, Yoff, ©, g2, g3 and g4) are fixed to

the values estimated in table 8.

Table 8: Estimated calibration parameters for simulated beam position reconstruction
of a more realistic Rogowski coil BPM.

ot (mm)  gor (mm) ¢ (°) g2 (%) g3 (%) g4 (%)
-0.331 0.268  0.149 104.90 108.82 94.90
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The result of the reconstruction is presented in figure 6.11 and looks as expected like the
applied grid. To search for systematic effects, the residual of the applied beam positions
and the reconstructed beam positions is calculated. The residual is presented in figure
6.12. Also for the position reconstruction the residual is influenced by the asymmetry
of the segments to each other. The comparison of the numerical simulation and the
theoretical model shows, that it is possible to estimate the absolute beam position of the

simulation with an accuracy of 15 um for the absolute value after calibration.
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Figure 6.11: The blue dots show the calculated horizontal and vertical beam positions
in the numerical simulation.
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Figure 6.12: The residual shows the difference between the reconstructed beam position
and the adjusted beam position. Also here the residual is influenced by the asymmetry
of the segments to each other. As expected the absolute beam position reconstruction
accuracy is on the order of around 15 um for the absolute value.



ol

7 Beam position measurements with a real Rogowski

coil BPM in the laboratory and the accelerator facil-
ity COSY

In this section rthe results of beam position measurements with real Rogowski coil BPMs
are presented. At the beginning of this section the testbench and the measurement pro-
cedure is introduced. Then a calibration measurement is presented and the results and
problems are discussed. In the following two measurements in an accelerator environment
are shown. At first the measurement with a unidirectional Rogowski coil BPM is pre-
sented. The measurement procedure is explained and the results are depicted. At the end
of this section the measurements and results of two bidirectional Rogowski coil BPMs are

presented.

7.1 Rogowski coil as a bidirectional BPM in the laboratory

In this section a calibration measurement of the designed Rogowski coil BPM testbench

will be discussed.

7.1.1 Rogowski coil BPM testbench

The Rogowski coil BPM testbench is designed for calibration of Rogowski coil BPMs for
measurements in the accelerator and to check the theoretical model, which was calculated

in section 5. A drawing of the testbench is presented in figure 7.1.

%//‘ v
% ot

- \
i \'; M

y

Figure 7.1: Sketch of the Rogowski coil BPM testbench, which is constructed to inves-
tigate the theoretical model and for calibration measurements in the laboratory.
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The whole construction is installed and fixed on a granite table, which is not shown in this
drawing. This granite table reduces possible vibrations of the setup. A current through a
copper wire is used to mimic a beam in the laboratory. In the following the three different

parts of the testbench are explained in more detail:
1. the substructure (aluminium plates) forms the basis
2. the wire with tube is attached to the support arm and the rotatable stepping motor

3. the Rogowski coil BPM mounted on two stepping motors, which move the coil in

the horizontal and the vertical plane.

The substructure consists of two aluminium plates, which builds the basis of the testbench.
On the top plate an area is milled out for the two stepping motors, which move the
Rogowski coil. On the left and on the right side there are two holes. These holes are
provided for the holding arm. On the lower plate there is also an area for the stepping
motor, which is mounted to the support arm. This connects the arm construction with the
basis. A sketch of the aluminium basis can be seen in figure 7.2. The rotatable stepping
motor provides the possibility of testing the influence of a wire, which goes through the

coil at an angle. In this thesis this rotation influence has not been investigated.

Area for
stepping
motors
- -
A |
- e, ] _
u
: Area for
holding
arm

Figure 7.2: Sketch of the substructure of the Rogowski testbench. Two aluminium
plates form the basis of the testbench. On the top plate there is an area milled out for
the two stepping motors, which move the Rogowski coil. On the left and on the right side
there are two holes for the holding arm. On the lower plate there is another area milled
out for the stepping motor, which is mounted to the holding arm. This connects the arm
construction with the basis.
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The second part of the testbench construction is an aluminium arm, which is attached
to a rotatable stepping motor. On top of this arm a sinter tube is located. Inside this
sinter® tube a copper wire is stretched. The described structure is shown in figure 7.3.
The sinter® tube has a v-cut, in which a copper wire is located. The wire is located in the
apex of the v and is crimped at each end of the sinter® tube with a small aluminium plate
(see figure 7.4). On top of the second plate the two stepping motors are placed to move
the Rogowski coil in the horizontal and the vertical plane. On top of the linear tables the
holder construction for the Rogowski coil is located. This holder has two rings made from
vespel®. This material is used because it is vacuum proof and can be easily machined to
tolerances less than 0.1 mm. Inside the two rings the Rogowski coil is clamped and the
rings are fixed with synthetic screws. The construction is presented in figure 7.5. In the
appendix tables are presented with more information on the stepping motors (see B.1 to

B.3). The positioning accuracy of the two movable tables is a few pm.

Figure 7.3: Aluminium arm mounted on  Figure 7.4: Stretched copper wire in a

a stepping motor for rotations. The sinter  v-shaped sinter tube. The wire is located
tube, in which the copper wire is tensioned, in the apex of the v and is crimped at each
is crimped with a clamp at each arm end.  end of the sinter tube.

N

Figure 7.5: Rogowski coil holder (1) with horizontal and vertical linear positioning tables
(2 and 3) by the company OWIS. This holder is made of two rings from vespel. Inside
the two rings the Rogowski coil is clamped and the rings are fixed with synthetic screws.
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7.1.2 Measurement setup for the Rogowski coil BPM calibration

The calibration of a Rogowski coil BPM is performed in order to be able to determine
the absolute horizontal and vertical beam position by the beam induced voltages of the
segments. After the calibration is performed, the calibration parameters (introduced in
section 6) like the offset between electrical and geometrical centre, the rotation of the coil
itself and different voltage strengths of the different segments are characterised. With the
help of these parameters the absolute beam position can be determined in an accelerator.
As explained in section 5.2, the accuracy and resolution for a beam position measurement
plays an important role. With the testbench it is possible to characterise the resolution
of the Rogowski coil BPM and to measure the absolute wire position with respect to an
arbitrarily chosen geometrical centre. In figure 7.6 a sketch of the measurement setup
for the calibration is presented. The calibration at the testbench is performed with a
bidirectional Rogowski coil BPM.
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(13.5dB) °‘ : /1 o “1 (13.5dB)
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: 1
H '

—— DataAcquiSitiOI'l (PC) D

Figure 7.6: Rogowski coil BPM testbench measurement setup. The BPM has four
segments. Each of them is connected to a 13.5dB preamplifier. The amplified voltages
are measured with two synchronized lock-in amplifiers [49]. The third lock-in amplifier is
used for signal generation and to distribute the lock frequency to the measurement lock-in
amplifiers via TTL pulses.

Each segment is connected to a 13.5dB preamplifier. The amplified voltage is measured
with two synchronised lock-in amplifiers [49]. The synchronisation of the lock-in amplifiers
leads to measurements with the same timestamps. The input impedance of the lock-in
amplifiers was chosen to be 50€). The 3dB filter width of the lock-in amplifier is chosen
to be 6.8 Hz. This filter leads to an effective averaging time of 10.2ms (~7700 turns).
To mimic the beam, a sine wave with an amplitude of Uy = 50 mVpp and a frequency

of f = 750kHz, which corresponds to the revolution frequency in COSY, is applied by
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a third lock-in amplifier to the wire. This applied amplitude corresponds to a beam with
1.5-101° particles. The lock frequency is generated by one lock-in amplifier and distributed
to the others. The measured voltages are stored by the data acquisition system.

In figure 7.7 a picture of the used Rogowski coil BPM is presented. The Rogowski coil
BPM lies in one half of the holder. This type of holder consist of two halves, which
are used to clamp and to fix the Rogowski coil BPM. As holder material the synthetic
material vespel® is used. Each segment has 285 windings and a resistance Ry /4, meas
of 8.8€). For the theoretical resistance (see section 5.4) a value of Ry sthee = 8.8152
is expected for 285 windings. The measured resistance is in good agreement with the
theoretically calculated resistance of the wire. But it can also be noticed, that each
segment features manufacturing errors. The coil is manufactured semi-automatically with
manual control. It has been found difficult to assure a constant feed motion, which
results in an unequal distribution of wires in the quarter segments and less windings than
theoretically calculated. This is a reason, why the theoretical model and the simulation
can not predict the voltages measured with these Rogowski coils. This is the reason, why

a calibration is mandatory.

Non-equally
distributed
windings

Free area

Figure 7.7: Picture of the Rogowski coil BPM used for measurements at the testbench.

For the calibration of the Rogowski coil BPM a grid measurement is performed in the same
way as discussed in section 6. In figure 7.8 a sketch of the grid measurement procedure
for the testbench is illustrated. The difference between the simulation and testbench
procedure is, that the grid measurement is performed around the geometrical centre with

a travelling range of 10 mm and a step size of 1 mm for the horizontal and the vertical
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plane. The dots illustrate schematically the grid positions. At each table position 100000
voltage measurements are performed for each coil segment. The number of samples of the
lock-in amplifiers is adjusted to 10kSa, such that each applied position needs only a few

seconds for the data acquisition.

Figure 7.8: Sketch of the grid positions. The dots illustrate schematically the applied
grid positions. At each dot 100000 voltage measurements are performed.

7.1.3 Testbench calibration of a bidirectional Rogowski coil BPM

In this section the calibration principle for the bidirectional Rogowski coil BPM at the
testbench is explained. As shown in figure 7.6, the induced voltage of each segment is
preamplified by a 13.5dB low-noise preamplifier [59]. The measured amplified voltage is

calculated to

Umeasi = Gpreamp; ° Uindia (71)

where Gpreamp, is the amplification factor of the preamplifier and Ujyq; (i = 1 — 4) reflects
the induced voltage for the corresponding segment. A calibration measurement of the
preamplifiers was performed at the measurement frequency. For the calibration of the
preamplifiers the initial voltages U;, and the amplified voltages U,,; have to be determined.
This leads to equation 7.2 for the gain factor of the preamplifier. The definition of the

amplification factor apreamp is presented in equation 7.3.

Uou
Gpreamp = 20 - 10g ( U t) (72)
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gpreamp

Uout - Uin . &/20_/ (73)

Apreamp

A measurement for the characterisation of the preamplifiers was performed with a lock-in
amplifier. For each setup 100000 voltage measurements are taken and the mean voltage
with corresponding RMS value oy is calculated. At first, the initial voltage is measured at
a frequency of f = 750kHz. The amplitude of the applied sine wave function is adjusted
to 50 mVpp, which corresponds to a particle number of 1.5-10'°. Afterwards, the different
preamplifiers are characterised. The results of the measurements are presented in table
9. The mean voltage is taken for each measurement and the corresponding gain factor is

calculated in dB and as amplification factor.

Table 9: Gain and preamplification factors of the preamplifiers measured at a frequency
of f = 750 kHz.

U (mV) oy (HV) Gpreamp (dB) O gpreamp (dB) Qpreamp  Tapreamp

No preamp 354 2 0.00 0.002 1.00  0.0001
Preamp 1 328.1 7 19.34 0.001 9.27  0.0006
Preamp 2 334.1 10 19.50 0.001 9.44  0.0006
Preamp 3 334.5 9 19.51 0.001 9.45  0.0006
Preamp 4 334.2 8 19.50 0.001 9.44  0.0006

It is observed, that the gain factors at the measurement frequency is higher than given in
[59]. Unfortunately, it was not detailed for which frequencies it applies. For the analysis
the measured voltage of each segment is divided by the corresponding amplification factor
Apreamp; t0 cancel dependencies of the preamplifiers. The estimated calibration parameters
are independent of the preamplifier amplifications. In the case of a failure of the pream-
plifiers, these have to be exchanged and the amplification factors have to be readjusted.
In the following the calibration measurement is presented. The grid measurement is per-
formed and a mean voltage with corresponding RMS value is calculated for each segment
and applied wire position. As a reminder, the quantity y?, which describes the deviation
between the measurement and the model with the associated statistical errors for each
element, is presented in equation 7.4.
2 _ Xk , Xky |, Xhs | Xiy

X + 2 Sy (7.4)
o2 o2 Tt o,

The model ratios are calculated with the corresponding wire positions in dependency of

the calibration parameters. The x3 ; to xf 4 values denote the difference of the measured
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voltage ratio and the theoretically predicted one (see equation 7.5).

2 _ U1/4,1,meas . U1/4,1,model 2 2 _ U1/472,meas . U1/4,2,m0del ?
Xy >U; >U; X >U; >U; 75
2 _ U1/4,3,meas . U1/4,3,m0del 2 2 _ U1/4,4,meas . U1/4,4,m0de1 2 .
XRs U, U, XRs U, *U;

In table 10 the estimated calibration parameters are presented. Also here the errors on the
parameters are not presented because the minimization is strongly affected by systematic
effects. The offset between the electrical and geometrical centre is around 3 mm and the

coil is rotated by an angle of ¢ = —0.41°.

Table 10: Estimated calibration parameters for the bidirectional Rogowski coil BPM
(see figure 7.7) at the laboratory testbench.

Loft (mm) Yoft (mm) 90(0) 92 (%) gs (%) 94 (%)
3.333 3.266 -0.41 1354 137.7 105.9

The weight parameters g2, g3 and g, have values, which are larger than a few percent
over 100 %. But a look at the measured voltages at x = Omm and y = 0mm for each
segment (see table 11) may be taken as an indication for the occurrence of these weight
parameters. The calculation of ;—U and Eg—;i shows, that the weight parameters are in
agreement with the measured voltage fraction for each segment. This calculation gives
some feedback, if the calibration is trustable or not. These weight parameters give also
a hint of the quality of the manufactured Rogowski coil BPM. The closer the fractional
weight factors are to the ZU—[} measured values, the better is the quality of the Rogowski
coil BPM.

Table 11: Measured voltages of each segment at position + = Omm and y = Omm
(approximately geometrical centre).

Segment 1 Segment 2 Segment 3 Segment 4

U (mV)  0.298 0.442 0.506 0.348
st (%) 18.6 27.7 31.7 21.8
& (%) 20.9 28.3 28.7 22.1

In figure 7.9 the superposition of the measured voltage ratio (blue dots) and the recon-
struction with the model (red dots) is presented. The measurement and the reconstruction
deviate for the reasons discussed above. Next the residual of the measurement is presented
(see figure 7.10). In this residual plot the influence of the systematic effect can be seen.

With a voltage ratio of 0.0025 an absolute position accuracy of around 150 ym by using
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the linear-order sensitivity can be achieved in a measurement range from —5mm to 5 mm

in the horizontal and the vertical plane.
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Figure 7.9: Superposition of the voltage ratio between the measurement and the model
reconstruction. The measurement and the reconstruction deviate as expected.
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Figure 7.10: Calculated residual of the measured and the reconstructed model voltage
ratio. It can be seen, that the measurement is influenced by systematic effects and the

model does not describe these effects.

In figure 7.11 the sum voltage for the grid measurement is presented. It is observed, that
the sum voltage is not constant for the different applied wire positions. This indicates also
the unsymmetrical arrangement of the different segments. Next an estimate is performed

for the resolution of the voltage ratio of the horizontal and the vertical plane. At the



60

testbench for one applied wire position the RMS value of 100000 data points is approx-
imately oy ~ 15nV with a measured voltage taken from table 11. The width of the
voltage distribution has the magnitude as theoretically calculated for the measurement

setup in table 4 of section 5.9.
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Figure 7.11: Measured sum voltage of all four segments at the testbench for the grid
measurement. The sum voltage is not constant for the different applied wire positions.

The performance of error propagation on the measured voltages for horizontal and vertical

voltage ratio leads to an error of

O AUy g hor PP OAU g oy R 19 -1079. (7.6)
=0, s,

The position resolution for a single measurement calculated with the linear-order sensi-
tivity is 1.25 um. The theoretical resolution of the Rogowski coil BPM is reached with
this measurement setup at the testbench. As discussed in section 5.9 the limiting device
for this setup is the lock-in amplifier. The calculation of the mean error og, for 100000
data points leads to an error of oy ~ 47pV. With error propagation the voltage ratio

error is calculated to

OB, gner = TAV, e A2 26.3- 1077, (7.7)
=U; =U;

This leads to a mean position resolution of 1.6 nm for the linear-order sensitivity.
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7.1.4 Reconstruction of the wire position with the calibration parameters

In this section the estimated calibration parameters are used for the reconstruction of
the applied wire positions. For summary the calibration parameters are shown in table
12. This reconstruction represents the scenario of a real beam position measurement in
an accelerator and will be also tested on beam position measurements in an accelerator
environment. The same algorithm as described in section 6 is used. The calibration
parameters are fixed to the estimated parameters from the table and the algorithm esti-

mates for the horizontal and the vertical beam position. As a reminder the algorithm is

presented in equation 7.8.

2 2 2 2
2o Xy Xk Xk ARy (7.8)
O'R1 O'R2 O'RB O'R4

Table 12: Estimated calibration parameters for reconstruction of the applied wire posi-

tions.

Tog (Mm)  yor (mm) ¢ (°) g2 (%) g3 (%) g4 (%)
3.407 3.305  -0.40 1353 137.2  105.7

The result of the minimization for the applied wire positions is presented in figure 7.12.

The distribution of the estimated positions looks grid-like.
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(3]

2 O . . . 3 . . .
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Figure 7.12: Reconstruction of the wire position calculated with the calibration param-
eters. The horizontal and vertical wire positions are reconstructed. The reconstruction

is effected by the manufacturing asymmetry of the segments, which can be seen in the
corresponding residual (Figure 7.13).
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The differences between the measured and the reconstructed positions is presented in
figure 7.13. As discussed in the previous section, the reconstruction is influenced by the
systematic effects of the asymmetry of the segments. This leads to an absolute posi-
tion accuracy of around 150 um. This algorithm gives the opportunity to determine the
beam position with respect to the higher-order sensitivities and could be applied for beam
position measurements in an accelerator. Furthermore, an absolute beam position mea-
surement is only possible with the calibrated Rogowski coil BPM, when one wire position

is known relative to the geometrical centre of the coil itself.
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Figure 7.13: Residual of the reconstruction of the wire position calculated with the
calibration parameters.
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7.2 Beam position measurements with a unidirectional horizontal
Rogowski coil BPM in the accelerator facility COSY

In this section the accelerator measurement of a unidirectional horizontal Rogowski coil
BPM is presented. At first, the principle of a local orbit bump with two corrector magnets
is explained. The next section describes the measurement setup, which was installed in the
accelerator. In sections 7.2.3 to 7.2.5 the analysis method and results for a horizontal orbit
displacement measurement is presented. The next subsections describe the measurement
principle for beam movements in the vertical plane and subsequently the result of this
measurement is presented. In the last part of this section the influence of different electron

cooler durations on the beam is analysed and presented.

7.2.1 Principle of a local orbit bump with two corrector magnets

The description of a local orbit bump with two corrector magnets follows the accelerator
textbooks [60, 61]. The magnetic field of a corrector magnet is described as
B n]hor corrector
s = o T, (7.9)
gap

where n is the number of windings, Ihor corrector 15 the applied current and sg,, is the gap
of the iron yoke. The kick angle is given in equation 7.10 and depends on the electrical
charge e, the light velocity ¢, the relative particle velocity [, the particle energy F, the

distance s, and the magnetic field By,

ec

6= ﬂ_EBgapsgap (710)

Next, the kick angle is transformed into a displacement. The dependency of the displace-
ment is presented in equation 7.11. AW is the phase advance between the first kick of the
angle © and the second corrector magnet. Bcy is the beta function of the first corrector
magnet and Pgpy is the beta function at the position of the Rogowski coil BPM. The use
of the equations 7.9 and 7.10 leads to a displacement, which is proportional to the applied

current to the corrector magnet

= +/Bemi fepv sin (AV) ©

= const - Ihor. corrector -

(7.11)

In figure 7.14 an illustration of a local orbit bump with two corrector magnets is depicted.
For a better overview the quadrupole magnets are neglected in the sketch. These magnets
are necessary for the shown trajectory of the beam. In a) the initial beam displacement

in the horizontal plane is presented. The beam flies in the initial position through the two
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corrector magnets and the Rogowski coil BPM. In b) a kick characterised by an angle ©
is applied to the beam. This kick introduces a change in the local orbit and is measured
by the Rogowski coil BPM. The doted line represents the initial beam position. To bring
the beam on the original position, the second corrector magnet applies a kick with an

angle of —© and a local orbit bump is applied.
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Figure 7.14: Sketch of the local orbit bump principle. In a) the initial beam displacement
in the horizontal plane is presented. The beam flies in the initial position through the
two corrector magnets and the Rogowski coil BPM. In b) a kick with © is applied to the
beam. This kick introduces a change in the local orbit and is measured by the Rogowski
coil BPM. To bring the beam back to the original position, the second corrector magnet
applies a kick with an angle of —© and a local orbit bump is applied.

7.2.2 Accelerator setup for the orbit bump experiment

In this section the measurement setup for the beam time in June 2015, which was applied
at COSY, is explained. In figure 7.15 a sketch of the installation at the ANKE target
place is presented. The Rogowski coil BPM is unidirectional and used as a horizontal
BPM. In table 13 the manufactured Rogowski coil parameters are shown. Each segment
is connected to a preamplifier, which amplifies the signal with 13.5dB. The two voltages
are demodulated and recorded by the data acquisition system. The reference frequency of
the lock-in amplifier is the beam revolution frequency of 750 kHz, defined by the bunching
cavity. The 3dB filter width of the lock-in amplifier is chosen to be 6.8 Hz. This filter

leads to an effective averaging time of 10.2ms (/7700 turns). The sampling of the device
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is set to 225 Sa, which corresponds to a measurement time of 4.45ms for each point.
The preamplifiers are connected to the lock-in amplifiers via 15m long cables. The input
resistance of each channel is 50 (2. The data are acquired with a PC, which is manually

started and stopped.

Table 13: Horizontal Rogowski coil BPM parameters.

R (ITlI’Il) a (mm) 5 ('U/m) RSegment (Q) NSegment
40.000 5.075 150 17.2 570

1 2
v A 4
Preamplifier Preamplifier
(13.5dB) COSY RF (13.5dB)
(Lock signal)
v

Zurich Instruments
HF2LI Lock-in amplifier

HF2L

l

Data Acquisition (PC)

Figure 7.15: Sketch of the experimental setup for a horizontal Rogowski coil BPM. The
Rogowski coil BPM is divided in two segments and used as an unidirectional BPM. Each
segment is connected to a 13.5dB preamplifier. The amplified signals are fed into the
lock-in amplifier. The COSY RF-signal provides the reference frequency for the lock-in
amplifier. The data are acquired with a PC.

The measured voltages have a magnitude of approx 1mV and an estimated variance of
oy; = 100nV. This leads to a relative error oay/sy = 7.1 1075, which results in a
resolution of 4.4 um for the linear-order sensitivity. In figure 7.16 the used measurement
procedure is illustrated. The deuteron beam is injected, accelerated to the final momen-
tum of 970 MeV /c and the initial horizontal beam position is measured with the Rogowski

coil BPM. Then a local orbit bump with two corrector magnets of a defined strength is
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applied. The beam is moved in the horizontal plane. This position is also measured until
the end of the cycle and one measurement setting is acquired. The procedure is repeated

for different strengths for the corrector magnets.

Cycle 1 Cycle1
= €
(]
E £ |
[«}]
ks " g Displacement 2
a Displacement 1 & l
© ©
E y [
c €
gl f gl I
2 Initial beam Orbit bump 1 2 | Initial beam Orbit bump 2
position . position R
Time (s) Time (s)

Figure 7.16: Sketch of the measurement procedure for a horizontal Rogowski coil BPM.
The initial horizontal beam position is measured with the Rogowski coil BPM. A local
orbit bump with two corrector magnets of a defined strength is applied. This procedure
is repeated for different corrector magnet strengths (the right plot).

7.2.3 Fourier analysis of the oscillating signal

During the experiment we observed an oscillation of the demodulated signal, whose ori-
gin could not be explained. Figure 7.17 shows the corresponding normalized differential

voltage in a time interval of 4.45s.
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Figure 7.17: Data of the oscillating for the horizontal voltage ratio for a 4.45s time
interval.
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On the one side, it could be a horizontal oscillation of the beam or, on the other side, the
setup of the Rogowski coil BPM could vibrate. A more detailed analysis of the source of
this unknown oscillation signal is performed in section 7.2.10. The voltage ratio is defined

with the induced voltages of the two segments to

AUI/Q _ UQ — U1 _ AU1/2,hor
EUi U2 + U1 ZUi '

(7.12)

To determine the frequency of this oscillation, a Fourier analysis [62, 63] is performed
on the data. In equation 7.13 the fit function is presented to calculate the frequency
after applying the Fourier analysis. AUy 0s/2U; is the offset, AU 9 04:/XU;j is the

amplitude, p is the decay constant and fynir describes the frequency shift.

F(f) _ AUl/Qvoff + AUl/QJOSZi ) sin (277' “p- (f - fshift))
%LU U 2m-p - (f — fanirs)

(7.13)

In figure 7.18 an example of the performed Fourier transformation and the applied fit
is presented. The frequency is determined to 5.996 Hz with an oscillation amplitude
AU1 3,051 /2U; of 10~%. This can be interpreted as a beam oscillation with a displacement
amplitude of 6.23 um for the linear-order sensitivity. With the standard BPM-system at
COSY it is not possible to disentangle this small position oscillation over time because

the time stamping of the existing system is too low.
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Figure 7.18: Fourier transformation of the oscillating voltage ratio. The frequency is
determined to 5.996 Hz with an oscillation amplitude AUy /5 04,i/2U; of 104,
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7.2.4 Analysis procedure of the horizontal orbit bump measurement

In this section the analysis procedure for the horizontal beam position measurement is
explained. As discussed in section 7.2.2, different strengths of orbit bumps are applied to
the beam to measure the response of the induced voltage from the Rogowski coil BPM.

In each cycle two equal intervals for analysis are taken. This is illustrated in figure 7.19.
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Figure 7.19: Sketch of the analysis procedure for the horizontal beam displacement
measurements. In each cycle two equal intervals for analysis are taken. Two fits are
applied to determine the constants A; and A, in equation 7.14.

For the two intervals two fits are applied. The fit functions are shown in equation 7.14.
Each fit determines a constant parameter A;, an amplitude of the oscillating signal A; gne,

a frequency f; and a phase shift ;.

AU
—1/2 = Al + Al,sine - 8in (27Tflt + (’01)
EUi 1. interval
= (7.14)
—1/2 = AQ + A2,sine - 8in (27Tf2t + 902)
z:Ui 2. interval

In the next step the difference between the constant parameters is calculated, which can
be seen in equation 7.15. This is done to reduce systematic effects caused by different
initial beam positions after applying a new value for the corrector magnets for another

orbit bump.

AUy o

A
2U;

= Ay — A (7.15)

In general it was only possible for this measurement to detect relative changes in beam

positions with this applied setup because the Rogowski coil BPM was not calibrated.
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7.2.5 Beam position measurement in the horizontal plane with a unidirec-
tional Rogowski coil BPM

In this section the results of the local orbit bump measurement is discussed. The theo-
retical model for the voltage ratio of a unidirectional Rogowski coil BPM is presented in
section 5.7. As a reminder the model dependency of the horizontal voltage ratio for the
horizontal beam position is shown in equation 7.16. The parameters c;, c3 and ¢4 are the

same as presented in section 5.7.

AUl/?,hor
XU

= C1Zyot — C3 (x?ot - 33/r20t37r0t) +Cq (l.fot - 1Oyr20tx§0t + 5y§ot$rot) (7.16)
During the installation of the Rogowski coil we paid attention to not rotate the coil itself

(p = 0) with respect to the geometrical centre. This simplifies the rotation matrix to

Lrot ~ LBeam — Loff (7 17)
Yrot YBeam — Yoff

For this accelerator setup it is assumed, that the horizontal and the vertical orbit are
decoupled, which leads to a constant vertical orbit during the beam operations. To get
an estimate for the stability of the accelerator COSY, the different initial voltage ratios
are compared to each other. These ratios are normalized to a measurement, during which
no beam manipulation is applied (runnumber 5727). The normalisation is presented in

equation 7.18.
Arun,i = ALi - A1,5727 (718)

In figure 7.20 the calculations of the initial voltage ratios are plotted. For the different
values of the corrector magnet strength the initial voltage ratio varies on the order of
3 - 10~%. This means, the accelerator COSY is stable to about 20 ym from run to run.
Possible sources of these orbit changes can occur due to small changes in the magnetic
fields of the dipole magnets. After each run the magnets are ramped down and then
ramped up again for the next measurement. The magnetisation curve is different from run
to run and this leads to small magnetic field changes [64], which leads to a different initial
beam position. These small differences are detected by the Rogowski coil BPM. This effect
cancels by subtracting the initial voltage ratio of each run from the voltage ratio after the
applied orbit bump. Another source of systematic effects during this measurement is the
precision of the applied current to the correction magnets for the orbit bump. Because
of a non-active feedback system for the applied current to the corrector magnets, the
exact applied current value is unknown. In [65] the relative error on the applied current
is estimated to 0.1% - I, which corresponds to systematic beam position displacements of

around 30 um in the worst case [66.
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Figure 7.20: Error estimate of the initial beam position fluctuation. The initial voltage
ratio of run 5727 is compared with the other runs to get an estimate of the COSY stability
from run to run.

For this reason, the error of the applied corrector magnet strength is conservatively esti-
mated to 0.02% for the analysis. The transformation of the estimated corrector magnet
error to a voltage ratio error leads to a total voltage ratio error of approximately 0.2-1073.
This ratio corresponds to a relative beam position accuracy of 12.5 pm for the linear-order

sensitivity. For this reason the higher-order terms are neglected because the fluctuations

1
mm3 *

are larger than the higher-order terms starting with 3.43-107° With this assumption

equation 7.16 simplifies to

AU /2 hor

S, = ¢1 (Theam — Toff) - (7.19)

The offset of the beam position drops by calculating the difference of the voltage ratios for
the two intervals. In equation 7.20 the difference of the voltage ratio between interval 1 and
2 is calculated and transformed into a dependency of the adjusted current of the corrector
strength (equation 7.11). The slope a; yields the constant terms of the local orbit bump
and the theoretical term of the unidirectional Rogowski coil BPM. It is not possible to give
an absolute value for the slope and to compare this value with the theoretical prediction
because the Rogowski coil BPM is not calibrated. The change of the horizontal voltage
ratio is proportional to the applied corrector magnet strength.
AUy, AUjypee  AUjjmy

A U, | 2U, 2

(7.20)

=C1- (xBeam,Z - zBeam,l)

:al-A[
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In figure 7.21 the difference of the voltage ratios of interval 2 and 1 against the adjusted
corrector strength is plotted. The current change of the two correctors is equivalent to
a change in beam position (compare equation 7.11). A linear fit with a corresponding
residual is performed. The measured data points are in good agreement with the predicted
theoretical model presented in equation 7.20. The data points in the residual are uniformly
distributed around zero, which is a hint to the absence of systematic effects between
theoretical model and measured data. The expected linear behaviour is observed and the

first test of a Rogowski coil BPM in an accelerator environment is successfully performed.
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Figure 7.21: Measurement of the voltage ratio against the horizontal corrector strength.
A linear fit with a residual is performed. The measured data points are in good agreement
with the predicted theoretical behaviour presented in equation 7.20. The data points in
the residual plot are uniformly distributed around zero , which is a hint to the absence of
systematic effects between theoretical model and measured data.

7.2.6 Continuous vertical beam movement

In the previous section the results of a local orbit bump in the horizontal plane was
discussed. Because of the unknown applied corrector magnet strengths, the theoretically
predicted higher-order terms could not be measured. In this section the influence of a
local vertical orbit change on the horizontal voltage ratio is investigated. The dependency

of the vertical beam position for the horizontal voltage ratio is shown in equation 7.21.

AU1/2,hor

SU, 1ot — €3 (T — 3YporTrot) (7.21)

As discussed in the previous section, the rotation of the coil itself is neglected. It is
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assumed, that the horizontal orbit stays the same during the vertical beam manipulation.
This simplifies equation 7.21 to a constant a; and a quadratic dependency of the vertical

beam position

AI—II/Q,hor
YU

- gl (xbeam - xoff) - C3<<xbeam - moﬂ)i+§03(xbeam - xoﬂ)(ybeam - yoﬂ)2

i

ol a2 (7.22)

=a;+as- (ybeam - yoff)2 .

To reduce the impact of the instabilities of the accelerator and the uncertainties of the
corrector magnet strength, the vertical orbit is continuously moved with a local vertical
bump for a certain distance in one cycle. This procedure has a huge advantage in compar-
ison with the method described in section 7.2.4 because the Rogowski coil BPM is very
sensitive to relative changes of the beam position over time. The expected influence of the
vertical movement on the horizontal signal is small. The measurement procedure is de-
picted in figure 7.22. On the horizontal axis the time and on the vertical axis the vertical
orbit is plotted. The beam is located on the initial vertical beam position. Subsequently,
a local vertical orbit bump with a continuous beam position movement is applied and the
vertical beam position changes linearly. The change of the initial current for the applied

local orbit bump is in a range of —25% to 0% of the maximum current.

Initial beam Continuous vertical
position beam movement

>

Local vertical orbit bump

Vertical beam position (mm)

~
>

Time (s)

Figure 7.22: Sketch of the continuous local vertical beam movement. On the horizontal
axis the time is plotted and on the vertical axis the vertical orbit is presented. First
the beam is located on the initial vertical position, then a local vertical orbit bump with
continuous beam position movement is applied.
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7.2.7 Analysis of the continuous vertical beam movement

In this section the analysis of the continuous vertical beam movement is explained. At
the beginning of the cycle the beam is located at the initial horizontal and vertical beam
position. The horizontal voltage ratio is measured with the Rogowski coil BPM. A fit
with the parameters shown in equation 7.23 is performed for the initial interval from 9
to 31 seconds to determine AUI/Q,hor,const/EUi- The sine function respects the horizontal

beam oscillation, as presented in the previous section.
AU1/2,h01r AU1/2,hor7const AU1/2,h01r,sine

sU. SU + SU. sin (27 ft + ¢) (7.23)

The result of the fit function with the corresponding residual is presented in figure 7.23.
The initial voltage ratio is negative and the residual shows no systematic deviation from
the assumed model. The oscillation of the horizontal voltage ratio is also present in this
measurement. The negative sign of the horizontal voltage ratio will be discussed in the

next section.
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Figure 7.23: Fit result of the initial horizontal voltage ratio with residual. The initial
voltage ratio is negative and the residual shows no systematic deviation from the assumed
model.

In figure 7.24 a sketch of the expected horizontal voltage ratio (see equation 7.22) is
presented. In the next step the constant voltage ratio of the initial beam position
AU1 /2 hor,const/ 2 U; s subtracted from the voltage ratio, in which the local vertical orbit
was applied. This is done to suppress systematic effects and to measure relative changes

of the signal in one cycle as presented in equation 7.24.

AU1/2 AU1/2 hor AU1/2 hor,const
f— y _ k) 2 '24
Z[Ji Z[Ii,meas EUI (7 )
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Figure 7.24: Change of the horizontal voltage ratio introduced by a continuous vertical
beam position movement. At the beginning of the run the beam is placed on the initial
position and the initial AU, /5/XU; is measured. At this initial interval a fit (equation 7.23)
is performed to calculate the constant voltage ratio AU /o const/2U;. In the analysis this
constant voltage ratio is subtracted from the measured voltage ratio during the vertical
orbit bump to suppress systematic effects.

7.2.8 Result of the continuous vertical orbit bump measurement

In this section the result of the influence of vertical orbit changes on the horizontal voltage
ratio is presented. The vertical beam position in dependency of a corrector magnet current
is shown in equation 7.25. The vertical orbit bump works in the same way as presented

in section 7.2.1.
Yy = const - Iver. corrector (725)

During the measurement the vertical orbit is changed linearly. The time dependency of
the corrector magnet current is presented in equation 7.26, where p; describes the relative

change over time.

I(t)ver. corrector — [0 (pl T+ 1) (726)

The expected signal behaviour is presented in equation 7.27, in which the higher-order
terms O(y*) are neglected. As determined in the previous section, the initial voltage ratio
AUj 3 const/2U; is negative. This leads to a minus sign in front of the quadratic term of
the vertical beam position. The right hand side of the equation reduces to a constant

term and the dependency of the vertical beam position.
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AUI 2,hor
# - gl (xbeam - xoﬂ) — C3 (xbeam - xoff)i_’_gfﬂ (xbeam - xoﬂl (ybeam - yoff)2
! 20 20 (7.27)

= —a; — Qg (?/ - y0)2

To cancel the constant —a;, the initial voltage ratio AUj/anor, const/2U; is subtracted,
which leads to a relative change of the horizontal voltage ratio. The observed horizontal
voltage ratio oscillation is not corrected, but is taken into account in the fit function. The
connection of equation 7.25 with the previous equation leads to the equation 7.28. The
measured horizontal voltage ratio is transformed from a position into a time dependency.
The parameter t; is introduced because the expected parabolic voltage ratio change is

shifted on the time axis.

AU1/2 hor AU1/2 sin 2
————(t) = —=——sin (21 ft+ ) + b(t—t 7.28
~ ~~ hor. displacement caused
hor. signal oscillation by changing ver. orbit bump

The equation 7.28 is fitted to the data points and the result is presented in figure 7.25. The
continuous beam movement was performed for 15s in the cycle. The predicted behaviour
of equation 7.27 can be observed. The horizontal voltage ratio oscillates with a frequency
of approximately 6 Hz and an amplitude AUl/g,Sin/ZUi of 0.12-1073. The same amplitude

and frequency was determined in section 7.2.3 by the Fourier analysis.
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Figure 7.25: Constant movement of the beam in vertical direction. The horizontal
voltage ratio oscillates with a frequency of 6 Hz and an amplitude AU, /5, /3U; of 0.12 -
1073, The fit parameter b is estimated to —8.3 x 1077 1/s? and has the predicted negative
sign. The voltage ratio change per second is also very small as expected, but cannot
be compared with the theoretical prediction because of the missing calibration of the
Rogowski coil BPM.
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The fit parameter b is estimated to —8.3 x 1077 1/s? and has the predicted negative sign.
This measurement shows, that it is possible to measure tiny relative beam position changes
on the horizontal voltage ratio with the setup consisting of the Rogowski coil BPM and
the lock-in amplifier. The voltage ratio change per second is also very tiny as expected,
but cannot be compared with the theoretical model because of the uncalibrated Rogowski
coil BPM. The theoretical model describes the measured data and is in good agreement

for this measurement.

7.2.9 Electron cooling

In this section the principle of electron cooling is explained based on the following books
[60, 67]. The goal of electron cooling is to shrink the emittance of the particle beam.
The emittance is defined as the average spread of the particle coordinates in position and
momentum phase space. An increase of emittance is caused by collisions with residual gas
molecules in the beam pipe and intrabeam scattering. In classical physics the ensemble
of beam particles has a kinetic energy, which can also expressed as a temperature of a
gas in thermodynamics. This relation is presented in equation 7.29. kp is the Boltzmann
constant, T' characterises the temperature, m; is the particle mass and (v?) describes the
RMS particle velocity in the horizontal, the vertical and the transversal plane, which is
the reference frame of the particles.

“koT = gmufod) = gms (62 + 0F) + (o) (7.29)

An emittance growth can be reduced by cooling the particle beam. The particle beam
is immersed in a cold electron beam over a given length. This has the effect, that the
particle beam transfers some of its energy to the electrons. The electron beam is heated
up and has to be renewed to yield a cold particle beam. For an efficient cooling process,
the velocity of the electron beam is made equal to the average velocity of the particle
beam. The particles interact via Coulomb scattering with the electrons and lose energy

until some thermal equilibrium is attained as presented in equation 7.30.
kgTi = kgl (7.30)

Figure 7.26 illustrates the effect of electron cooling on a particle beam. The blue oval
indicates the uncooled beam. The beam has a spread in the horizontal, the vertical and
the transversal plane. The red area marks the beam distribution after cooling. Because
of the electron cooling, the momentum spread in the horizontal and the vertical plane is

reduced with an effect on the beam size.
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Figure 7.26: Illustration of the electron cooling effect. The blue oval indicates the
uncooled beam. The beam has a spread in the horizontal, the vertical and the transversal
plane. The red area marks the beam distribution after cooling. Because of the electron
cooling, the momentum spread in the horizontal and the vertical plane is reduced with
an effect on the beam size.

7.2.10 Horizontal beam oscillation measurement for different electron cooling

durations

In this section different measurements were performed with different electron cooling
durations. As presented in section 7.2.9, electron cooling effects the emittance of the
stored particle beam. The electron cooling of the beam leads only to changes of the beam
parameters. If the signal oscillation is dependent on beam parameters, this influence
should be seen in the Fourier spectra. If the source of the oscillating signal is produced
by the vibrations of the Rogowski coil setup, the different cooling durations should not
effect the Fourier spectra. In the following the measurement and the analysis procedure
is shown in figure 7.27. At the beginning of the cycle the beam is cooled for a certain
time and then the electron cooling is stopped. After the cooling process is done, the same
interval is taken for the Fourier analysis. Four different electron cooling durations are

applied to the beam, which are presented in table 14.

Table 14: Electron cooler duration

Measurement  Electron cooling duration (s)

1 0
2 10
3 12
4 15
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Figure 7.27: Sketch for electron cooling measurement. At the beginning of the cycle
the beam is cooled. After the cooling process is done the same interval is taken for the
Fourier analysis.

For each electron cooling duration a Fourier analysis with 9000 data points of the in-
duced sum voltage XUj, of the difference signal AU, 51,0, and the horizontal voltage ratio
AUy /o nor/2U; is performed. The Fourier analysis of the sum voltage is performed to
check, if there is a coupling effect between the two segments of the coil. In figure 7.28
the Fourier spectra of the sum voltage is presented. The four measurements are indicated
with different colours, shown in the legend. Apart from 1/f noise no specific frequencies

are present in the spectrum. There is no coupling between the segments.
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Figure 7.28: Fourier spectra for different electron cooler durations of the sum signal. On
the horizontal axis the frequency is displayed and on the vertical axis the sum voltage Y Uj
is presented. The different colours indicate the different cooling durations of the different
measurements. No frequency is peaking in the shown spectra.
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For comparison in figure 7.29 the Fourier spectra for the difference signal is presented. It
is observed, that different frequencies with different strength are present. For no applied
electron cooling the expected 6 Hz frequency is present in the spectra. The frequency of
around 14 Hz was neglected, because the measurement resolution is in the same magnitude
as the amplitude of this frequency. For the measurement with applied electron cooling also
additional frequencies appear in the Fourier spectrum and the amplitudes of the 6 Hz and
14 Hz signals increase with increasing electron cooling durations. It is also observed, that

for increasing cooling duration frequencies below 6 Hz become more and more significant.
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Figure 7.29: Fourier spectra for different electron cooler durations of the difference signal
AUj /2 hor- On the horizontal axis the frequency is displayed and on the vertical axis the
difference signal AUj /9 por is presented. The different colours indicate the different cooling
durations of the different measurements. For the measurement with applied electron
cooling also additional frequencies appear in the Fourier spectra and the amplitudes of
the 6 Hz and 14 Hz frequencies increase with increasing cooling duration and the other
frequencies below 6 Hz.

As a cross-check the Fourier spectra of the horizontal voltage ratio is determined (see figure
7.30). The same frequencies are present as observed in figure 7.29. The analysis shows,
that the measured horizontal signal oscillations are caused by the particle beam itself
and not produced by mechanical vibrations. A possible source for the signal oscillation
could be a power supply of a correction magnet or another magnet, which generates these
disturbances. The application of different electron cooling durations leads to an increase
of the oscillation amplitudes. An investigation of this source has to be performed in more

detail to understand the complexity of the accelerator.
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Figure 7.30: Fourier spectra for different electron cooler durations of the voltage ratio
AU /o n0r/2U;. The crosscheck of the horizontal voltage ratio shows also the different
oscillation frequencies.
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7.3 Beam-based calibration of a bidirectional Rogowski coil BPM
in the accelerator facility COSY

In this section the measurement setup, the measurement proceeding and the results of
a bidirectional Rogowski coil BPM in an accelerator is presented. Two uncalibrated
Rogowski coil BPMs were installed to measure the horizontal and vertical direction of the
beam position. One Rogowski coil BPM is mounted to a piezo table, which moves in the
horizontal and the vertical plane. With this setup it is possible to perform a beam-based
calibration for the Rogowski coil BPM mounted on the piezo tables. The other one is

mounted on a fixed frame.

7.3.1 Measurement setup

In December 2015 a beam time was performed for studies with two bidirectional Rogowski
coil BPMs. The sketch of the used setup is shown in figure 7.31. Two Rogowski coil BPMs
with a distance of 13.3 cm to each other were installed at the PAX target in COSY. The
front Rogowski coil is installed on a fixed frame and is used as a reference BPM to detect
systematic effects like orbit changes after injection. The rear Rogowski coil is placed on a
piezo table. The travelling range of the piezo tables is from —20 mm to 20 mm both in the
horizontal and in the vertical plane. The accuracy of the piezo 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.

Figure 7.31: Measurement setup of the Rogowski coil BPM beam time. Two Rogowski
coil BPMs are installed on an aluminium plate. The front Rogowski coil is installed on a
fixed frame to use it as a reference BPM to suppress systematic effects like orbit changes
after injection. The rear Rogowski coil is placed on a piezo table. This whole setup was
installed at the PAX target in COSY.
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In figure 7.32 a picture of the assembled setup is presented. The ends of the signal wires

are connected to a D-sub connector on the flange wall.

S

Piezo tabls — Rogowski coils

Wires for
signals and
table control

Figure 7.32: Picture of the measurement setup for beam time. In front the fixed
Rogowski coil BPM can be seen. In the rear the second Rogowski coil BPM is mounted
on the piezo tables.

7.3.2 Accelerator setup

The measurement is performed with a bunched deuteron beam with a momentum of
970 MeV /c and a revolution frequency of 750 kHz. A deuteron beam of about 10° particles
was injected, accumulated and accelerated to its final momentum. Before the beam is
injected, the piezo table is moved to a certain position. Subsequently, the voltages of
both Rogowski coil BPMs are measured. For each piezo table position a measurement is
performed. The cycle length is 220s. The data acquisition is done after a trigger signal

is applied. In total 38 trigger signals are used for the data acquisition in one cycle.

7.3.3 Measurement setup for the beam-based calibration

In this section the measurement procedure for the beam-based calibration is explained.
The two Rogowski coil BPMs are labelled 1 and 2, which is presented in figure 7.33. The
direction of the beam is marked with the black arrow. For the beam-based calibration
measurement, the Rogowski coil BPM 1 is moved to a certain position. Then the beam

is injected and the induced voltages of the Rogowski coil BPMs are acquired after each
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trigger signal. The second Rogowski coil BPM is used to measure the signal changes after
each injection. No beam operations are applied and the beam stays at the same orbit for
the whole cycle. Then the measurement is repeated at a different piezo table position.
A grid measurement is applied as presented in figure 6.3. The coordinate system and a

sketch of the applied table positions is depicted in figure 7.34.
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Figure 7.33: Labelling of the two Figure 7.34: Coordinate system and
installed Rogowski coil BPMs. The first sketch of the applied table positions
Rogowski coil is labelled with 1 and is marked by the red dots.

installed on the piezo tables. The second
Rogowski coil BPM is labelled with 2 and
is in front. The beam direction is
illustrated with the black arrow.

7.3.4 Readout scheme for a single Rogowski coil BPM

In this subsection the readout scheme for the installed Rogowski coil BPMs is explained.
The signal scheme of a single Rogowski coil BPM is shown in figure 7.35. Each pick-up
segment of the BPM is connected to a preamplifier with an amplification of 13.5dB. The
preamplified signals are fed into two synchronized lock-in amplifiers. The four voltages are
recorded by the data acquisition system after the trigger event. The reference frequency
of the lock-in amplifier is defined by the beam revolution frequency, which is defined by
the bunching cavity. Figure 7.35 shows a drawing of the wiring. The COSY RF-signal is
converted into a TTL pulse and is fed to the lock-in amplifier. The 3dB filter width of
the lock-in amplifier is chosen to be 6.8 Hz. This filter leads to an effective averaging time
of 10.2ms (= 7700 turns). The sampling of the device is set to 225 Sa, which is the same

setting as used for the unidirectional Rogowski coil BPM measurements.
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Figure 7.35: Readout scheme for a single Rogowski coil BPM in COSY. Each pick-up
segment of the BPM is connected to a preamplifier with an amplification of 13.5dB. The
pre-amplified signals are fed into two synchronized lock-in amplifiers. The four induced
voltages are measured by the data acquisition system after the trigger event. The refer-
ence frequency of the lock-in amplifier is the beam revolution frequency, defined by the
bunching cavity.

7.3.5 Data processing and analysis procedure

In contrast to the first beam time with the unidirectional Rogowski coil BPM in June
2015, the data acquisition for this beam time differs. The data acquisition is linked to the
BPM trigger system of the accelerator. The lock-in amplifiers start their measurement,
when a BPM trigger signal is applied by the accelerator BPM control system. This has
the advantage, that the applied beam operations are connected to the time in the cycle
and the measurements can be correlated to these events. An example of the measured
voltage ratio of segment 1 for Rogowski coil BPM 1 is presented in figure 7.36. On the
horizontal axis the time is plotted and on the vertical axis the voltage ratio for the first
segment is shown. For each trigger event 75 voltage measurements are performed. The
spread of the measured voltage ratio at each trigger event is in the order of 1075, The
voltage ratio spread of the whole cycle is in the order of 3 - 10~*. This spread is in the
same order as measured for the unidirectional Rogowski coil BPM in section 7.2.3 caused
by the oscillation of the beam. Also for this measurement a beam oscillation could be
the origin of the signal spread. But with the small amount of data points for each trigger

event this source cannot be disentangled. In section 7.2.3 the measured signal oscillated
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with a certain frequency around a constant voltage ratio. This is also expected for the
measurement with the bidirectional Rogowski coil BPMs. It is also observed, that for
each trigger signal the measured ratio scatters. For the analysis of the data the mean
voltage is calculated at each trigger event. In figure 7.37 an example of a constant fit to
determine the voltage ratio is presented. It is the same analysis procedure as performed for
the beam position measurement with the unidirectional Rogowski coil BPM but without
the additional oscillation term. For each mean voltage ratio an error is estimated to

OUy44/20; = 5-107°.
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Figure 7.36: Example of the measured voltage ratio for Rogowski coil BPM for the first
segment.
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Figure 7.37: Example of a constant fit to determine the voltage ratio for the beam-based
calibration. A voltage ratio for the first cycle of the first segment is calculated to 0.2627.
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A voltage ratio for the first segment for this presented example is estimated to 0.2627. This
analysis procedure is repeated for all applied piezo table positions to get the four voltage
ratios of the segments for the beam-based calibration. The measured voltage ratios of
the second Rogowski coil BPM are used to estimate an error for the voltage ratios caused
by different orbits after each particle beam injection. As described in section 7.2.5, the
variation of the initial orbits occur because of hysteresis effect in the yokes of the dipole
magnets after each down and up ramping. This results in small changes of the initial orbit.
Therefore, all measured ratios are filled in histograms and the RMS of the different ratios
are used as error estimation for the calibration algorithm to estimate the free parameters.
An example of such a distribution is presented in figure 7.38. The oy, , , /s, is estimated
to 2.5-10~* and applied as error for all applied positions. The other three error estimations
are presented in table 15. For the beam-based calibration the same calibration algorithm

is applied as presented in section 7.1.3.

Table 15: Voltage ratio errors estimated with the Rogowski coil BPM 2.
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Figure 7.38: Voltage ratio distribution of Rogowski coil BPM 2. On the horizontal axis
the voltage ratio of segment 1 is plotted and on the vertical axis the number of these
voltage ratios. The mean voltage ratio is 0.2084 with an RMS value of 2.5 - 1074
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7.3.6 Results of the beam-based calibration measurement

In this section the parameters of the beam-based calibration measurement are presented
and the reconstruction of the horizontal and the vertical voltage ratio with the measure-
ment. In table 16 the estimated calibration parameters of the beam-based calibration
measurement is shown. For the estimated calibration parameters no errors are presented
because the calibration is also dominated by the systematic effects like non wired areas
on the torus or non homogeneously distributed wires over the segments. The offset to the
electrical centre is for the horizontal plane —5.664 mm and for the vertical plane 7.957 mm
respectively. The Rogowski coil BPM itself is also rotated by 2.543° to this centre, which
can also be seen in the data points of the voltage ratios (small rotation of the data points
for the horizontal lines). The weight parameters are larger than 100 %. For a better
comparison the fractional weight is calculated and presented in table 17. The differences

between the different segments are only a few percent.

Table 16: Estimated calibration parameters for the horizontal and vertical Rogowski
coil BPM for the beam-based calibration.

Tog (Mm)  yop (mm) @ (°) g2 (%) g3 (%) g4 (%)
_5.664 7.957 2543 111.3 1081 101.9

Table 17: Estimated fraction weighting parameters for each segment. The differences
between the different segments are only a few percent.

Segment 1 (%) Segment 2 (%) Segment 3 (%) Segment 4 (%)
estimated Eg_; 23.74 26.42 25.66 24.19

The calibration parameters are now used for the reconstruction of the horizontal and the
vertical voltage ratio. In figure 7.39 the superposition of the measured and reconstructed
horizontal and vertical voltage ratio is presented. In spite of the asymmetry issues of
the segments, the measurement and reconstruction are in relative good agreement. The
residual of the measurement and the reconstruction confirms also this assumption (see
figure 7.40). The asymmetry of the segments lead to a deviation in the worst case of
around 0.002 for the horizontal and the vertical plane. This corresponds to an absolute
reconstruction accuracy of around 125 ym for the linear-order sensitivity. In comparison
with the testbench calibration, it is observed, that the method also can be applied in an
accelerator environment and gives a chance to recalibrate a BPM in the accelerator. How-
ever, the asymmetry of the segments are the reason for the deviation between measured

voltage ratio and theoretical model ratio.
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Figure 7.39: Superposition of the measured and reconstructed horizontal and vertical
voltage ratio. In spite of the asymmetry issues of the segments, the measurement and
reconstruction are in relative good agreement.
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Figure 7.40: Calculated residual for the horizontal and vertical voltage ratio. Also this
calibration is influenced by an asymmetry of the segments of the Rogowski coil BPM.

7.3.7 Beam position reconstruction for the beam-based calibrated Rogowski
coil BPM

The estimated calibration parameters are now used for the reconstruction of the applied
grid positions and also for beam position determination of local orbit bump experiments,
which will be presented in the next section. To test the reconstruction algorithm for real
accelerator data, the applied grid positions of the piezo tables are reconstructed. The

applied table positions are transformed into beam positions changes. This reflects the
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situation of a fixed Rogowski coil BPM and the beam is moved to the chosen positions.
The applied calibration parameters are shown in table 16. The same reconstruction
algorithm is applied to determine the beam position as explained and used in section
6.2.1 and section 7.1.4. For all applied beam positions the minimization is performed
and the result of this minimization is presented in figure 7.41. The algorithm works also
for beam position measurements in an accelerator and shows, that a calibrated Rogowski
coil BPM can be used with the applied algorithm for beam position determination. The
absolute position accuracy is around 150 pm, which can be seen in residual in figure 7.42.

The residual is also influenced by the asymmetry of the segments.

,_
H‘ H\‘H \‘ I

Vertical displacement (mm)

)
HH‘HH‘\ I ‘HH‘

-3 -2
Horizontal displacement (mm)

!
|
L

Figure 7.41: Reconstruction of the beam positions with the calibration parameters taken
from the beam-based calibration.
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Figure 7.42: Residual of the reconstructed beam positions with the calibration param-
eters. The absolute position accuracy is around 150 pm in worst case.
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7.4 Horizontal local orbit bump measurement

During this beam time in December 2015, data are also acquired from measurements with
local orbit bumps. The signals of the different beam positions are measured with the two
Rogowski coil BPMs. In the next sections the measurement procedure, analysis and the

results of this local orbit bump measurement is presented.

7.4.1 Measurement procedure for the local orbit bumps

The measurement procedure for the local orbit bumps differs from the procedure, which
was applied in section 7.2.2. The difference is, that the bump is applied for a period of
time and subsequently the initial corrector magnets settings are adjusted to bring the
beam back to the initial beam orbit. This procedure has the advantage, that the stability
of the accelerator COSY can be investigated because the same orbit as the initial orbit
should be measured. In figure 7.43 the measurement process for the horizontal and the
vertical orbit is presented. The beam is injected and has a certain initial horizontal and
vertical orbit. These orbits are measured with the two Rogowski coil BPMs. Then a local
horizontal orbit bump is applied for a period of time. Subsequently, the initial corrector
magnets values are adjusted. This should move the beam to the initial horizontal orbit.
The vertical orbit should stay at the same orbit level for the horizontal beam operations.
For the horizontal orbit bump values from —2 % to 2 % with a stepsize of 0.2 % are applied.

The error on the applied corrector strength values are estimated to 0.02 %.
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Figure 7.43: Measurement procedure for the local orbit bumps of the horizontal and
vertical Rogowski coil BPMs. In one cycle the beam stays at the initial horizontal beam
position. During the cycle a local orbit bump is applied for a certain time. Then the beam
returns to the initial displacement. The vertical orbit should stay at the same position
for the horizontal orbit operations.
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7.4.2 Analysis procedure for the local orbit bump measurement

In this section the analysis procedure for the local orbit bump measurement is explained.
For each applied corrector strength value a piecewise fit is performed to determine the
different voltage ratios of the segments. This procedure is done for both Rogowski coil
BPMs. For the calibrated Rogowski coil BPM the beam position is calculated with the
algorithm and for the other Rogowski coil BPM the voltage ratios are determined to check
the theoretical model. For the measurement it is assumed, that the beam stays without
changes on the applied position. An example for such a piecewise fit for the voltage ratio
of segment 1 of the Rogowski coil BPM 1 is presented in figure 7.44. The piecewise fit
is separated into three parts. A constant ¢ is fitted to estimate the initial voltage ratio.
Subsequently, another constant ¢, is fitted to calculate the voltage ratio for the applied
orbit bump. Finally, a last constant c3 is fitted to get the final ratio. These fits are
performed for all four ratios of both Rogowski coil BPMs. The calculated ratios are used

for the ratio and position determination in the next sections.

0.32

1/4,
YU.

= 0.315

€1 C3

o
w

e HIWHH‘HH‘HH‘HH‘HIWHH‘H\I

0.305

o
W

0.295 c
0.29

0.285

\ 1 1
20 40 60 80 100

Time (s)

0.28

Figure 7.44: Example for piecewise fit to determine the single voltage ratio for the orbit
bump measurement of Rogowski coil BPM 1. The piecewise fit is separated into three
parts. The three constants are determined by the fit function.

7.4.3 Determination of the voltage ratios for Rogowski coil BPM 2

The fitted parameters ¢, co and c3 for each single voltage ratio are used to calculate the
horizontal and vertical voltage ratio. The horizontal and vertical voltage ratios for the

orbit bump are presented in equation 7.31 and for the initial in equation 7.32.

AU1/4,ho1r,bump —(c +e c +e
ZUi - 2U1/4,1/2Ui 2U1/4,2/2Ui 2U1/4,3/2Ui 2U1/4,4/2Ui
AU1/4,ver,bump

(7.31)
=(c c — (e c
XU; ( 201 /4,1/50; + 2U1/4,4/2Ui) ( 201 /4,2/5U; + 2U1/4,3/2Ui>
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AU1 /4 hormitial . Le . ny
EUi - 1U1/4712Ui 1U1/472/2Ui 1U1/4’3/2Ui 1U1/4’4/2Ui (7 32)
A[Jl/zl,ver,initial — (e + c +e .
YU - 1U1/4,1/2Ui 1U1/4,4/2Ui 1U1/4,2/2Ui 1U1/4,3/2Ui

To suppress systematic effects and to measure relative signal changes, the difference of

the bump ratios and the initial ratios are determined (see equation 7.33).

A[Il/él,hor A[J1/4,hor,bump AUv1/4,ho1r,initial

A —
YU YU YU; (7.33)

AAU1/4,ver . A[J1/4,ver,bump _ AUv1/4,ver,initial '
XU 2U; 2U;

As discussed in section 7.2.5, the horizontal voltage ratio depends on the applied current
as presented in equation 7.34. The higher-order model terms of the horizontal beam

position are neglected.

A[Il/él,hor
AE—IJI =C1 - (.CEQ — .’El) = aj - AI (734)
const-AT

The measurement of the horizontal voltage ratio in dependency of the applied corrector
strength is depicted in figure 7.45. As expected, the horizontal voltage ratio depends in a
linear way on the applied corrector strength. The theoretical model is in good agreement
with the measurement. The higher-order terms for the data were also tested, but the fit

parameters are compatible with zero in the range of their determined errors.
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Figure 7.45: Measurement of the horizontal voltage ratio in dependency of the applied
horizontal corrector strength for Rogowski coil BPM 2. As expected the horizontal voltage
ratio depends in a linear way on the applied corrector strength. The theoretical model is
in good agreement with the measurement.
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Therefore, only the linear part of the model is taken into account. The behaviour of the
vertical voltage ratio in dependency of horizontal beam movement is also investigated
with the Rogowski coil BPM 2. The model prediction of the vertical voltage ratio in
dependency of the horizontal beam position is presented in equation 7.35. It is assumed,
that the vertical orbit is not effected by a change of the horizontal orbit. A quadratic
change of the vertical voltage ratio for a linear change of the horizontal beam position is

expected.

A[—I1/4ver 3 2
——— = a1y — c3(Yp — 32gYo)
SU; 0 R0 (7.35)

2
= a1 + a2,

The theoretical model is transformed into dependencies of current changes and the cal-
culation of the difference of the ratios for relative signal changes. The transformation of

the vertical voltage ratio is calculated in equation 7.36.

A[Jl/ll,ver A[J1/4,ver,bump A[J1/4,ve1r,initial

A _
XU; XU XU
= a12 — ay1 +az (12 — 21) (T2 + 11) (7.36)
—_———— ———— ——
b1 AT Iop+AT

:b1+b2AI+b3AIQ

The result of the vertical voltage ratio measurement in dependency of the horizontal beam
movement is presented in figure 7.46. A fit with three free parameters is performed to the

data points.
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Figure 7.46: Measurement of the vertical voltage ratio in dependency of the applied
horizontal corrector strength of Rogowski coil BPM 2. A fit with three free parameters is
performed to the data points.
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Higher-order terms of the horizontal beam position are also neglected for this experi-
ment. The calculation predicts a linear and quadratic dependency of the applied corrector
strength value. The constant b; includes possible couplings between the horizontal and
vertical orbit. The value for the constant b; is around —0.01, which is an indication of
a coupling between the horizontal and vertical orbit. This is a constant offset of around
—0.625 mm. Possible changes of the vertical orbit are assumed to be small, so that the
parameter as is approximately the same for the bump and for the initial beam position.

The measurement and the theoretical model are in good agreement.

7.4.4 Reconstruction of the horizontal and vertical beam position with the
calibrated Rogowski coil BPM 1

To determine the horizontal and vertical beam position during the orbit bump measure-
ment, the minimization algorithm for the calibrated Rogowski coil BPM 1 is used. This
is the second test of the minimization algorithm in an accelerator environment. As a

reminder the y? is presented in the following equation

X' = XE“ + XE‘Q + Xg‘i’ + XE“*. (7.37)

R  9R, %Ry TRy
The single calculations of the different parts for the y? are presented in equation 7.38.
The index j indicates the different parts, where the constants were fitted and the numbers
1 to 4 represent the different voltage ratios. The equation 7.38 calculates the difference
for the single voltage ratios of the measurement and the model. The same values for the

different aﬁi are applied as presented in table 15.

U, 2 U 2
2 /4,1 2 1/4,2
XR;, = (Cj,l - S, ) XR;, = (Cj72 - S, )

U1/4,3 2 U1/4,4 2

For each adjusted orbit bump value the initial, the mid and the final beam positions are

(7.38)

estimated. Also here the difference of the mid beam position and the initial beam position
is calculated to suppress systematic effects. This calculation is presented in equation 7.39.
The index 2 indicates the horizontal and vertical beam position, where the orbit bump is

applied and the index 1 marks the initial beam positions.
Ax =19 — 11 Ay =1ys — 1 (7.39)

The result of the horizontal beam position reconstruction is presented in figure 7.47. A

linear fit is applied to data points to compare the measurement with the expectation. It
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is expected, that the horizontal beam position is shifted in a linear way. This behaviour
is reconstructed with the Rogowski coil BPM 1. The measurement is in good agreement
with the prediction and illustrates, that the minimization algorithm works for the recon-
struction of the beam position in an accelerator environment. The horizontal position

resolution of the algorithm is approximately 20 um for this relative position experiment.
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Figure 7.47: Horizontal beam position reconstruction with the calibrated Rogowski coil
BPM 1 for the horizontal orbit bump measurement. The expected linear horizontal beam
position behaviour for the applied horizontal orbit bumps are measured.

In addition the vertical beam position is reconstructed. It is expected, that the vertical
beam position is constant and centred around zero. In figure 7.48 the result of the vertical

beam position reconstruction for the orbit bump measurement is illustrated.
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Figure 7.48: Vertical beam position reconstruction with the calibrated Rogowski coil
BPM 1 of the orbit bump measurement. A constant is fitted to the data points.
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A constant is fitted to the data points. It is observed, that the reconstructed vertical
beam position stays constant. The expectation is, that the vertical beam position is zero
because the relative position changes should be zero. The vertical position resolution of
the algorithm is approximately 20 um for relative orbit changes. The vertical offset is in
the same range as measured for the vertical voltage ratio fit parameter b;. This additional
offset can be explained by a look at the measurement, where the corrector strength 0%
is applied. In this case it is expected, that the measured signal stays at the same level.
This is not the case, which is presented in figure 7.49. A small change of the measured
voltage ratio is present in all four segments of both Rogowski coil BPMs. This means,
applying a local orbit bump with corrector strength values of 0% in the horizontal and
vertical plane causes beam position change. Furthermore, the corrector magnets are still
activated and influence the orbit. This could explain the constant offset of the vertical
displacement. Another source of such a constant displacement offset could be a coupling
effect. A horizontal orbit change could lead to a vertical orbit change because of a non

100 % compensated kick angle change or inhomogeneities of the corrector magnet fields.

0.31

=)

D N 0309
0308
0307
0.306
0.305
0.304
0.303

0.302

0.301

| \ \ | [
20 40 60 80 100

Time (s)

e
w

o
I H‘H\ ‘HH‘ \H‘H \‘HH HH‘\ H‘HH‘HH

Figure 7.49: Measured voltage ratio 1 for the Rogowski coil BPM 1 at a nominal
corrector strength value of 0%. It is expected that the measured signal stays during the
whole horizontal operation stays at the same level but this is not the case.

The measured signal does not remain constant in spite of the nominal corrector strength
value of 0 %. Figure 7.50 shows the difference of initial horizontal beam position and final
beam position. The difference between the initial and final horizontal beam positions
indicates a linear systematic effect. The constant fit is only performed to guide the eye.
In addition the difference between the initial vertical beam position and the final vertical
beam position is calculated and presented in figure 7.51. An offset between the initial and
final vertical beam position is measured. This shows again, that local orbit operations do

not lead to constant accelerator conditions.
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Figure 7.50: Difference of initial horizontal beam position and final beam position for
the orbit bump measurement. The difference indicates a linear systematic effect.
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orbit bump measurement. The difference indicates a constant offset. The same machine
parameters are not reached after orbit operations were applied.
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8 Discussion of the Rogowski coil BPM results and fu-

ture developments

The Rogowski coil BPM development was divided in three parts. In the following, the
results and problems of the different development parts are discussed. A summary for the
beam position accuracy and resolution values is presented and an outlook towards future

developments based on the Rogowski coil design is given.

8.1 Discussion of the simulation results

The first part has concentrated on the development of a theoretical model for different
kind of Rogowski coil BPM configurations, which describes the induced voltages of the
segments in dependency of the coil radii R and a and the beam position. This model re-
spects also the higher-order terms in dependency of the introduced coil parameters. This
permits to determine the beam position with higher accuracy. In addition, a calibration
algorithm based on the theoretical model for a bidirectional Rogowski coil BPM is devel-
oped, which takes into account an offset between the geometrical and electrical centre,
a rotation of the coil itself and different segment signal weights. A comparison between
the developed analytical model of a bidirectional Rogowski coil BPM and a numerical
simulation was performed. The calibration algorithm was also tested on a numerical sim-
ulation, in which a Rogowski coil was offset and rotated in comparison to the centre of
the beam and different segment weight factors were adjusted. The Rogowski coil torus
model of the numerical simulation has small asymmetries with respect to the windings in
each segment, which limits to a beam position accuracy of 15 ym based on the calibration
model. But the Rogowski coil BPM model in the simulation program is much more pre-
cise than any manufactured Rogowski coil BPM can be. Larger deviations are expected

for manufactured coils.

8.2 Discussion of the testbench results

The second part of this development was the construction and commissioning of a Ro-
gowski coil BPM testbench for the calibration of the devices. A thin copper wire, which
goes through the coil, mimics the particle beam in the laboratory. Lock-in amplifiers are
used as readout electronics for the induced voltages of the segments. A calibration of a
bidirectional Rogowski coil BPM was performed on this testbench. With this calibration
an accuracy of around 150 um for an arbitrary reference point could be achieved. This
large accuracy deviation in comparison to the simulation is caused by manufacturing
errors (compare figure 7.7). Despite of these deviations, the model and the developed

calibration algorithm can describe the measured data at the testbench but not with the
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desired accuracy in um region. For this testbench measurement a resolution for a single
measurement of 1.25 um (oy ~ 150V, 3dB filter width of the lock-in amplifier is chosen
to be 6.8 Hz, which leads to an effective averaging time of 10.2ms (/7700 turns)) could
be achieved with an adjusted sampling rate of 10 kHz. This value is more precise than the
common BPM system at COSY with 94 ym mentioned above for a single measurement.
As described in section 5.9, the theoretical position resolution limit of the signal chain
consisting of a quartered segment of the Rogowski coil BPM with low-noise preampli-
fier and lock-in amplifier is reached, which is in the pym level. The limitation for this
measurement setup is the noise level of the lock-in amplifier and the amplified noise of
the quartered segment of 16.77nV. The cooling of the Rogowski coil itself with liquid
nitrogen would only lead to a reduction of the thermal noise to 13.05nV, which leads to
a very small increase in position resolution. A next step to increase the resolution is to
reduce the thermal noise of the lock-in amplifier or to build a new readout electronics,
which has less thermal noise than the lock-in amplifier. The reduction of the voltage
noise for the amplifier and the readout electronics to 2nV and cooling the coil to 77.15 K
would lead to a beam position resolution of 0.28 ym, which would be a resolution increase
by a factor of 5. The calculation of the mean resolution taking 100000 data points into
account leads to a value of 1.6 nm. These resolution values show, that the whole setup of
Rogowski coil BPM and lock-in amplifier is very sensitive to relative changes of beam po-
sition and provides the opportunity for improvement for a better position determination
in an accelerator.

Until now we have not implemented a system to detect the absolute wire position relative
to the geometrical centre of the Rogowski coil BPM. It has to be investigated, how precise
the absolute position of the wire to the geometrical centre of the coil can be measured. A
possible absolute position accuracy limit could be given by the detection of the absolute

position, which can be solved by beam-based alignment (see below).

8.3 Discussion of the accelerator results

The last part of this development was the installation of different Rogowski coil BPM
configurations with the lock-in amplifier readout electronics in the accelerator facility
COSY for beam position measurements. Different measurements were performed with a
unidirectional and two bidirectional Rogowski coil BPMs. For the horizontal unidirec-
tional Rogowski coil BPM three different measurements were performed. During the first
measurement different horizontal orbit bump strengths were applied to measure the rela-
tive horizontal beam position change. The measured signal is compatible with the linear
dependency. In the second measurement the influence of a continuous movement of the
beam in vertical direction to the signal of the Rogowski coil BPM was investigated. The

prediction of the model and the measurement were in good agreement for this vertical
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relative beam position change. The last measurement was the investigation of the hori-
zontal beam oscillations. Different electron cooling durations were applied to the beam
and the acquired data have been analysed to calculate the frequencies and amplitudes of
the oscillations. The Fourier spectra showed, that the increase of the cooling duration
led to more peaking frequencies in the spectra and to an increase of the measured ampli-
tudes. The source of the horizontal beam oscillation has not been identified. With the
present conventional BPM system at COSY these oscillations can not be detected. Such
systematic effects have to be excluded for an EDM measurement. With this unidirectional
Rogowski coil BPM it was possible to detect relative position changes of 4.4 um (3 dB filter
width of the lock-in amplifier is chosen to be 6.8 Hz, which leads to an effective averaging
time of 10.2ms (= 7700 turns)) by a rate of 225Sa. The absolute position could not be
determined because the unidirectional Rogowski coil BPM had not been calibrated.
During the subsequent beam time, two bidirectional Rogowski coil BPMs were installed in
COSY. One bidirectional Rogowski coil BPM was installed on two piezo tables, which can
move the BPM in both horizontal and vertical direction. With this Rogowski coil BPM a
beam-based calibration was performed with the developed model-based calibration algo-
rithm. The calibration parameters were calculated and the applied table positions could
be reconstructed. An absolute position accuracy of 150 um to an arbitrary reference point
could be achieved and the resolution of the measurement was estimated to approximately
4.4 ym. 'The theoretical resolution limit of around 1pum could not be reached for the
accelerator beam position measurements. Investigations of the noise sources, which limits
the resolution of accelerator beam position measurements, have to be done to get the
optimum of this measurement setup. The other bidirectional Rogowski coil BPM was
mounted on a fixed position and was used for this beam-based calibration measurement
to estimate the variations of the orbits. The calibration parameters were also used to re-
construct the relative beam positions during a local horizontal orbit bump measurement.
The orbit was measured in the horizontal and the vertical plane with both Rogowski
coil BPMs and the results are in good agreement with the model prediction for relative
beam position changes. With these two different Rogowski coil BPM configurations beam
position measurements were successfully performed in the accelerator facility COSY.
The beam position measurements at the testbench and at the accelerator showed, that the
resolution of a few um of the Rogowski coil BPM in combination with the lock-in amplifier
is very sensitive tool for measuring the beam position. The theoretical prediction for the
resolution caused by the thermal voltage noise of the segment, low-noise preamplifier and
lock-in amplifier in the um level could be achieved during these measurements. But the
testbench and accelerator measurements also showed, that a model-based reconstruction
of the absolute beam position for a calibrated Rogowski coil BPM is not accurate enough
for an EDM experiment, if the RF Wien filter method is used. The goal of less than
100 um corresponding an EDM limit of dgpy = 5+ 1072 cm [28] for the absolute position
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reconstruction could not be achieved. Therefore, the suggestion is to apply a different
method for an absolute position determination in terms of look-up table. For this purpose
a calibration is performed as presented in section 7.1.2 in figure 7.8 at the testbench. The
same grid measurement is performed and the corresponding voltages normalized to the
sum signal of the Rogowski coil BPM for each segment at each wire position are acquired.
Next, this Rogowski coil BPM is installed into the accelerator. The measured normalized
signal of each segment produced by the beam is found by interpolation in the signal table.
The accuracy for this method depends only on the accuracy of the stepping motors and
the accuracy of the measurement between the geometrical centre and one applied wire
position. The absolute positioning accuracy of the positioning tables is on the order of a
few pm. The possible accuracy for the wire position to geometrical centre should be in

the same order, but has to be verified in more detail.

The developed theoretical model can be used as a quality criterion for this look-up table
method, in which the deviation of the measurement to the theoretical model is a measure
for the quality of the manufactured Rogowski coil BPM. With this method assuming an
upper beam positioning limit of 10 um a deuteron’s EDM limit of dgpy = 5 - 1072ecm
[28] it may be possible to achieve by using the RF Wien filter method.

Another point is the mechanical installation accuracy for a device in an accelerator. This
installation accuracy is of about 100 pm. But the few um position accuracy for the look-up
table method is worthless, if the installation accuracy of the Rogowski coil BPM relative to
the quadrupole magnets is worse. To cancel this installation inaccuracy, it seems inevitable
to perform a beam-based alignment [68]. With this method the beam is stored in the
magnetic centre of the quadrupole magnets and the BPM measures the beam position
relative to this magnetic centre, which defines now a reference beam position. This method
converts an absolute beam position into a relative beam position and relative position
changes can be precisely determined with the setup of Rogowski coil BPM and lock-in
amplifier. Another advantage of this alignment method would be, that the testbench
calibration is simplified because the absolute position of the wire in comparison to the
geometrical centre of the coil itself is not necessary anymore. But for this beam-based
alignment some upgrades have to be performed in COSY. Until now the quadrupole
magnets are arranged as quadrupole families and only one power supply is needed to
control the magnets. For this beam-based alignment each individual quadrupole magnet
need to be equipped with a separate power supply. Additional BPMs for each quadrupole
magnet have to be installed to define the magnetic axis of the quadrupole magnet. Because
of lack of space, only the Rogowski coil BPMs could be installed. Also for each common
BPM a calibration, which produces a look-up table, has to be performed for the absolute
beam position for the RF Wien filter method. All these aspects have to be investigated.



102

8.4 Summary of the beam position accuracy and resolution values
for the Rogowski coil BPM

In table 18 the position resolution calculated by the theory and measured at the test-
bench and in the accelerator are summarized and in table 19 the possible beam position

accuracies for the here presented methods are shown.

Table 18: Summary of the theoretical calculated and measured beam position resolution.
The signal chain consists of one quartered segment of the Rogowski coil BPM, a low-noise
preamplifier and a lock-in amplifier.

Resolution o, (um)

Theoretical signal chain uncooled 1.35
Theoretical signal chain with cooled coil 1.08
Theoretical signal chain (all elements cooled) 0.28
Measured testbench 1.25
Measured accelerator 4.40

Table 19: Summary of the theoretical calculated and measured beam position accuracy
values with a Rogowski coil BPM.

Accuracy o, (pm)

Simulation 15
Measured Testbench / Accelerator 150
Look-up table 5)
Installation accuracy 100
Beam-based alignment 5

8.5 Future developments

One step for a better quality of the Rogowski coil BPM to suppress asymmetries intro-
duced by the manufacturing process is a torus design improvement, which would lead
to a better absolute positioning accuracy. This new design is presented in figure 8.1.
In each segment two small holes are drilled. This has the advantage, that the wire can
be stretched and each segment has a defined beginning and ending. The copper wire is
threaded into the first hole. Next, the wire goes to the segment. This can be seen in the
zoom of figure 8.2. The end of the wire is threaded into the second hole. With this new
torus design it should be possible to produce more symmetric segments. A disadvantage

of the old design was, that glue fixes the wires to the torus. In an accelerator this glue
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evaporates and contaminates the vacuum. With this new design it is not necessary any-
more to fix the wires with glue. A test of this new design will be performed in summer
2017 during the installation of the new RF Wien filter [29]. In [32] it is discussed to
disentangle the polarization build-up caused by the MDM and the EDM by measuring
two beams. With this method an absolute beam position determination is not necessary
and has a big advantage because the resolution of the beam position is much higher and
easier to measure. For this type of EDM experiment the development of an ultra high
precise SQUID-based Rogowski coil BPM would be beneficial because the resolution of
this device would be in the nm region. The results of this thesis is a good starting point
for the investigation of a SQUID-based Rogowski coil BPM.

Figure 8.1: Design improvement of the Figure 8.2: A zoom of the new torus
Rogowski coil BPM. The new torus design design. Two holes are drilled to thread the
has the advantage, that the asymmetry for wire as starting point and ending point for
each segment is reduced during the each segment.

manufacturing process.

A cryostat for this investigation was designed and manufactured to test such a device
in the laboratory environment. A sketch of this cryostat is shown in figure 8.3. This
cryostat cools the Rogowski coil to 4.15K. On the left hand side the cryocooler with
the shielding and the Rogowski coil is presented. On the right hand side a more detail
sketch of the arrangement with the Rogowski coil BPM is presented. With this setup the
resolution of a cooled Rogowski coil BPM system can be investigated. The experimental
setup has also the possibility to add SQUIDs, which would be the first step towards a
SQUID-based Rogowski coil BPM. A problem of this cryo-setup is, that the Rogowski coil
BPM is integrated into the experimental setup and there is no access after installation of
the Rogowski coil to compare the geometrical centre of the Rogowski coil BPM with the
wire position. It is only possible to detect relative wire position changes with this setup
in the laboratory. The resolution limit will be investigated because the influence of the
mechanical vibrations caused by the environment and the necessary pumps could not be
estimated. The handling of the vibrations will be a challenging target for the SQUID-
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based Rogowski coil BPM and at the end it is not clear, that this device will lead to the
expected position resolution. Also a new readout electronics has to be developed, which
has a voltage noise level, which is smaller than the noise measured with the SQUIDs. If
all these discussed problems are solved, then the design offers also the possibility for an
installation in the accelerator. A relative beam position measurement would be possible to
a magnetic centre of a quadrupole magnet, if a look-up table is generated at the testbench
and a beam-based alignment is performed after the installation of the device. Without
the alignment and the look-up table only relative beam position changes to an arbitrary

position could be measured and only tests for the resolution could be performed.
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Figure 8.3: Sketch of the cryostat for the SQUID-based Rogowski coil BPM development

Another potential application of the Rogowski coil could be the use as a beam profile
monitor. The beam profile is detected in the common way with the ionization profile
monitors (IPM). The circulating beam interacts with residual gas and electrons and ions
are produced. Electrodes produce an electric field to accelerate the ions and electrons
towards a micro-channel plate. The accelerated electrons interact with a phosphor screen,
which is mounted behind the mirco-channel plate and the produced light is detected with
a CCD camera. The resolution of this device is around 100 pym.

The measurement method with the Rogowski coil would have the advantage, that it is
a non-invasive beam measurement and there is no direct interaction with the beam. A
first simple simulation was performed to investigate the possible use of a Rogowski coil

as a beam profile monitor. In figure 8.4 the simulation setup is presented. The simulated
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beam has a elliptical profile and the Rogowski coil is divided into four segments. The
beam is now rotated from 0° to 360°. At each angle the induced voltages are simulated

and a voltage ratio presented in equation 8.1 is calculated.

(Up + U3 — Uy — Uy)

8.1
U1+U2+U3+U4 ( )

In figure 8.5 the result of the beam profile monitor simulation (simulation was performed
with the program Amperes by Integrated Engineering Software |57]) is presented. This
linear combination is a probe for the deviation from the rotationally symmetrical beam
profile, since the result is a vanishing signal (or at least a constant value for non-ideal
coils). The wiring of the coil could also be divided into more segments (8 or more) and
different linear combinations of the segments could be performed. This idea has also to be
investigated in more detail, but provides a possible opportunity for a non-invasive beam

profile measurement.

Segment 4 Segment 1 ax10~3

U;4+U3-Us—Uy
U1+Us4+Usz+Uy

®

Figure 8.4: Simulation setup for a Figure 8.5: Result of the simulation of a
Rogowski coil as beam profile monitor Rogowski coil as beam profile monitor.
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9 Conclusion

Within this thesis theoretical and experimental developments for a Rogowski coil-based
beam position monitor (BPM) were performed for the final goal of the improvement of the
beam accuracy and resolution for an EDM measurement of elementary particles for the
ongoing precursor experiment by using the RF Wien filter method. As reported in [28], it
is important to control the orbit of the particle beam with high resolution and accuracy to
suppress fake EDM signals introduced by a not centred beam in the quadrupole magnets.
The common BPMs in COSY have a resolution of about 1 um (average of 4096 data points
and a beam current of 10? particles) and an accuracy of 0.1 mm [30]. With the definition
used in this thesis the resolution of the common BPM system is 94 um [30]. With the
upcoming upgrade of the readout electronic of the common BPM system the accuracy
and resolution is supposed to increase [69].

With this accuracy of 0.1 mm a limit for direct measurement of a deuteron’s EDM of
depy = 5+ 107%ecm [28] (trusting the simulations) could be achieved by using the RF
Wien filter method. A beam position determination with highest accuracy and resolution
is necessary for the EDM measurement. Therefore, the development for a new BPM
with this requirements was started. Because of the compactness of the Rogowski coil
BPM (thickness of only 1cm) in comparison to the commonly used BPMs (thickness of
13 cm) this new type provides the opportunity to install in tight spatial locations in the
accelerator. As example this type of BPM is included into the setup of the RF Wien filter
setup. Conventional BPMs could not be included into this RF Wien filter design because
of the spatial limits of the installation area.

It could be shown, that a resolution of 1.25 um could be achieved at the testbench. The
limiting part of the signal chain is the noise level of the lock-in amplifier. A reduction of the
noise level to 2nV for all devices in the signal chain would lead to a theoretical resolution
of 0.28 um. The beam position accuracy for the Rogowski coil BPM was approximately
150 pm to an arbitrary reference point. This accuracy value is not precise enough for an
EDM measurement using the RF Wien filter method to measure an EDM limit below
dgpv = 5 - 1072 ecm |28|. Using a look-up table for the Rogowski coil BPM would lead
to an accuracy value of around 5 um. Also the installation accuracy has to be taken into
account, which can be cancelled to a larger extend by applying beam-based alignment. All
these aspects have to be investigated in more detail. With a beam position resolution and
a position accuracy of 1 um it is possible to measure an EDM limit of dgpy = 5-107*ecm

[28] with the REF Wien filter method.

All in all, the theoretical and experimental development of a Rogowski coil BPM was
performed and the limits of the beam position resolution and accuracy for such a BPM
are presented for the current status. In addition, the basis for a first step towards a
SQUID-based Rogowski coil BPM is done.
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A Appendix: Theoretical calculations for the Rogowski
coil BPM model

A.1 Magnetic field calculation for a Rogowski coil

In this part of the appendix detailed calculations for the magnetic field is presented. The

magnetic field of a Rogowski coil in dependency of the radii and the current is given by

2 2

_ tolo1 (r?sin(p)? — rro sin(ip) sin(pg) + 1% cos(p)? — rrg cos(¢) cos(ipg))
2 r (rcos(p) — 1o cos(po))” + (rsin(p) — tosin(pg))?
_ lo 1 12 — rro(cos(p) cos(pp) + sin(p) sin(pg))

21 112 412 — 2rrg (cos(p) cos(po) + sin(¢) sin(py))
piolo 1 1% — 311 (cos(p — o) — cos(p + po) + cos(e — o) + cos(e + ¢o))

2m 1% + 13 — 119 (Co8($p — ) — cos(ip + o) + cos( — o) + cos(p + o))
_ lol r? — 11 cos(p — ) (A1)

B,

21 112+ 13 — 2rrg cos(p — o)
_polel 1 peos(v— )

2m 1] 4 (%0)2 — 2% cos(p — o)

:=A with u = TTD and Ap = ¢ — pp.

Detailed calculation of the different orders of the taylor series in equation 5.15.

Derivative 0. order:

dA(u,Ap) 1 — ™ cos(¢ — ¢o)

du’ 1+ (I"TO)2 — 2% cos(¢ — ¢o) (A.2)
dA(0,Ap)

du? -

Derivative 1. order:
dA(u, Ap)  —cos(Ap) (1 +u* —2u-cos(Ap)) — (1 —u-cos(Ap)) (2u — 2 cos(Ay))

du! (14 u2 —2u - cos(Ap))?
_cos(Ap) + u? cos(Ayp) — 2u

: (A.3)
(14 u? —2u-cos(Ay))
dA(0, Ay)
- cos(Agp).
Derivative 2. order:
dA(u, Ap) 2u - cos(Ay) — 2 (AA)
du? (14 u2 —2u-cos(Ay))? '

_ (cos(Ap) + u?cos(Ap) = 2u) 2 (1 4+ u® — 2u - cos(Ap)) (2u — 2 cos(Ap))
(14 u2 —2u - cos(Ap))?

dA(0, Ap)

FC I —2- (1 —2cos(Ap)?).
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Derivative 3. order:
dA (u, Ap) _g o8 (A) (2u — 2 cos (Ap))?

dud (1+u? —2ucos (Ap))®
cos (Ayp)
(14 u? — 2z cos (Ap))”
_6 (1 —xcos(Ap)) (2u — 2 cos (Ap))?
(14 u2 —2ucos (Ap))?
(1 —ucos (Ayp)) (2u — 2 cos (Ayp))

(1 + u? —2ucos (Ap))?

+6

+12

dA(0, Ayp)

3
F R 24 (cos (Ayp))” — 18 cos (Ap)

Derivative 4. order:
dA(u, Ap) _ gy 008 (A@) (2u — 2 cos (Ap))?
du* (14 u2 —2ucos (Ap))*
cos (Ap) (2u — 2 cos (Ayp))
(14 u2 —2ucos (Ap))°
(1 —wucos (Ap)) (2u — 2 cos (Ap))*
(14 u? — 2ucos (Ap))°
(1 —wucos(A)) (2u — 2 cos (Ap))?
(14 u2 —2ucos (Ap))’
1 —wucos (Ayp)
(1+u? —2ucos (Ap))?

— 48

+ 24

— 72

+ 24

dA(0, Ap)
dut

Derivative 5. order:
dA(u, Ap) _ 190 (Ap) (2u — 2 cos (Ap))*
du* (14 u2 —2ucos (Ap))°
cos (Ap) (2u — 2 cos (Ap))?
(14 u2 —2ucos (Ap))’
cos (Ayp)
(14 u? — 2ucos (Ap))®

+ 360

— 120

=192 (cos (Ap))* — 192 (cos (Ag))® + 24

(1 —wucos(Ap)) (2u — 2 cos (Ap))®

— 120 -
(14+u?—2ucos(Ayp))

+ 480

(1 —wucos (Ap)) (2u — 2 cos (Ap))?

(14 u? — 2ucos (Ap))°

_ 360 (1 —ucos(Ayp)) (2u — 2 cos (Ap))

(14 u2 —2ucos (Ap))*
dA(0, Ay)
du?

= 1920 (cos (Ag))® — 2400 (cos (Ap))® + 600 cos (Ayp)

(A.5)

(A7)
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Determination of the magnetic field

Be, ~ MQO_?E 1+ cos(p — 900) + (2eos(p — w0)* — 1) (20)2
+% (24 (cos (¢ — ©0))* — 18 cos (¢ — %0)) (%)3
o (192 (cos (g — o) 192 (cos (o — o) +24) (1) (A9)
1

+35 (1920 (cos (i — ¢0))” — 2400 (cos (¢ — o)’

+600 cos (¢ — o)) (%)5 +0 ((%0)6)]
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A.2 TInduced voltages of a Rogowski coil segment

The mathematical expressions in equation A.9 are used to simplify the integrations.

arctan (00) = g and arctan (—oo) = I

Induced voltage for a Rogowski coil:

dd
Uin — N_
¢ dt
N f fR+\/;22—_ZZQ (r, p)drdzRdy
N dt ‘pQ " Rdyp

N 2 Rwﬂ
= / / / (r, p)drdzdp
( - —a Va2—z2

R++va2—z2 dI ro
= - 1
27 (2 — 1) / /a/ vz dt r[ + cos(p - (’00)

/-\

+ (2cos(p — o)* — 1) <?)2
+% (24 (cos (¢ — ©0))® — 18 cos (p — ©0)) (7;"_0>3
i (192 (cos (¢ — ¢o))* — 192 (cos (¢ — ©0))” + 24) <%>
1

+ 135 (1920 (cos (2 = )" — 2400 (cos (12 — o))’

+600 cos (¢ — o)) (%)5 +0 ((?)6)] dedzdr
—Npo  dly

:m d [I tl + Int2 + Int3 + Int4 + Int5 + Int6]
2 ¥

Calculation of the different integrals.

©2 R++va2—z2
Int; = / / / —drdgodz
o1 _a —vaZ—72 T

e [ (MY,

a —va? —z?

= (2~ 1) | -2VR? — a2

- tan ! Rz
VR? — a2y/a? — 22
a2 _ 2 a
+7z-1n (?_#) + 2R -tan~! (%)}
a —a

— a2 _Z2
= (2 — 1) [—27r - VR? —a? + 27TR]

=27 (2 — 1) [R— R? —a2}

(A.9)

(A.10)

(A.11)



Xix

P2 R++va2—z2
Inty = rg/ / / cos(p — goo) 5 drdpdz
—a VaZ—z2

. : ! 1 1
=10 (sin(p2 — o) — sin(pr — @0))/ "Rival_z22 T R — a2z _ 22 dz
| | N
=Ty (sm(cpg — 900) - Sln(@l - 900)) R2 — (ag _ Zz)dz
= 21 (sin(p2 — o) — sin(e1 — ¢o))
o " a (A.12)
R - tan ( /_Rz_a2\/m) . ( z )
— tan —
R2 _ a2 a2 — z2
‘ ) TR
=10 2 (sin(p2 — o) — sin(p1 — o)) 5 - W]
“ ~- 7 R _ a2
:=Cq
1 mCy [R _VRZ_ ag]
R? — a2

P2 R++va2—z2 2
Int; = / / / (2cos(p — ¢o)? — 1) —gdrdgpdz
»1 —a Va2—z2

©2 R++Va2—z2
—r%/ (2cos(p — ¢o)? — 1) d(p/ / —drdz
©1 —a
1

Var gz 1
1 . .
= rg <—§ sin (2(po — p2)) + 3 sin (2(¢o — gol))>
—Cs

(A.13)

2] 1 1
—= — d

/_a 2 ((R—i—\/aQ—zZ) (R — va? —z2)2) ’
Lo / —4RvaZ — 72
202 | R+ Ve = 22(R - Va? —z‘)
2. Ram g R

(R? — a2)3/2R?
2 0232
(R2 _ a2)3/2
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VA7 | 3
Int, = / / / i 24 (cos (¢ — ¢o))® — 18 cos (¢ — ©0)) —gdrdgodz
w1 —a —Va2—z2
r3 5 R+va?—2? |
— EO/ (24 (cos (¢ — o))" — 18 cos (¢ — ¢0)) dgp/ / —drdz
o1 o Jrovar—z T
r3 R+va?—z? |
— 10 (26in (3(s — o)) — 2in (3(1 — o)) / / L rdz
6~ ~ caJrovarmE Tt
:=C4
e | 1 1
= —Cj -5 — dz
6 —a 3 \(R++Va?—122)3 (R—+Va?—122)3
B rS’C a’Rm
T 6 3(R2 — a2)5/?
R+va2—z2
Ints = / / / . (192 (cos (¢ — ©0))* — 192 (cos (¢ — ¢g))°
. V V4
+ 24) (—g) drdeodz
7ﬁ4 ®2
= 2—1 (192 (cos (¢ — ©o))! — 192 (cos (¢ — ¢p))?
RAVAT—7 |
+24) dgo/ / —5dzdr
—aJrovarz T
P R++va2—z2
— 38 Gsin (4(a — o) ~Osin(dp — ) [ [ L
~- P e

=0y

by )

24 RTVaZ-2)  (R- Va2
la(a®*+4R*) 7

24 (R )

R+vaZ—z2
Intg = / / / (1920 (cos (¢ — ©0))° — 2400 (cos (¢ — ©o))?
o JRovare 120

+600 cos (¢ — o)) (;) drdpds

_ ( o ) (24 sin (5(p2 — o)) — 24 sin (5(p1 — ¢o)) /a /R+m

120

~~
=L5

ST -
“\120) P, s \R+Vai-2)p  R-Valoz2)
r a’R(3a® + 4R*)7

Cs A(R? — a?)9/

—dzdr
Jar—z 18

) a:

(A.14)

(A.15)

(A.16)
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A.3 Induced voltages for a bidirectional Rogowski coil configura-

tion

Calculation of the different induced voltages for each segment in dependency of the hori-

zontal and vertical beam position.
Segment 1 U = (:

(R V) 2O

a? 3_ .3 2 2 a’R
ez + (%0 = v+ Byotio + 3%08) 3 e

a’R (4R? + 3a?)
20(R2 — a2)972

N1/4,1M0d[0
A —T

+ 2200

+ (91:3 + yg’ — 103783/3 — 10y3x§ + 5yé‘x0 + 5x§yo)

Segment 2 ¥ = 37/2:

" (R_ m) + (0 — o) (£ _RT>

2 2
a 3 3 2 2 a’R
+ (=5 + yo — 3yorg + 3T0ys) 3(R2 — a2)5/2
a’R (4R? + 3a?)
20(R? — a?)9/2

Nijappio dly
AT

— 270Yo (R? — a2)3/2

+ (25 — yo — 1025 + 10yga + Syaro — 5TgYo)
Segment 3 ¥ = 7

Nijashio dly 2 (R—VR?*—a?)

Uijaz = —

W<R_"R2_a2>+(_x°_y°) -2
2 2
a 3,,3 2 2 a”R
(RZ— a2z * (%o + 3o — 3y — 3x03) 3(R? — a?)?/2
a’R (4R? + 3a?)
20(R? — a2)"/2

+ 2x0y0

+ (=26 — yo + 10x5y5 + 10y — Sypwo — Hxgyo)
Segment 4 ¥ = 7/2:

2(R— VEE— @)

Nijaapio dly

W<R_”R2_a2>+(_x°+y°) 7 — &

a2 azR

+ (x(g) - y(S) + 3y0I(Q) - 3x0y8) 3(32 _ a2)5/2
a’R (4R? + 3a?)
20(R2 — a2)9/2

Yijaa = T dt

— 270Yo (R? — a2)3/2

+ (—xg + yg + 10x§y§ — 10y3:€3 — 5y3‘:€0 + 5xéyo)

(A.17)

(A.18)

(A.19)

(A.20)
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B Appendix: Technical information of the Rogowski

coill testbench linear tables
B.1 Technical Data HUMES 100-IMS

Table 20: Technical Data HUMES 100-IMS. This data setup is taken from [70].

travel 30mm
velocity max. 12mm/s
load capacity max. 120N
spindle pitch 1mm

moment of tilt (My,My)

max. 1mm

moment of tilt (M,)

max. 3mm

repeatability (unidirectional) <2 pm
repeatability (bidirectional) <5 pm
positioning error <30 pm
yaw angle <170 prad
pitch angle <250 prad
lateral deviation <7 pm
motor voltage max. 50V
holding voltage 3.2V
motor current max. 1.8 A
travel per motor revolution 500 pm
steps/pulses per motor revolution 200
resolution linear measuring systems 0.01 ym
weight ~ 3kg
ambient operating temperature +10 to 50°C
ambient storage temperature —10°C
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B.2 Technical Data LIMES 124

Table 21: Technical Data LIMES 124. This data setup is taken from [71].

travel 290 mm
velocity max. 25 mm/s
actuatin force max. 60 N
moment of tilt (My,My,M,) max. 1mm
spindle pitch 1mm
repeatability (unidirectional) <1 pum
repeatability (bidirectional) <2 pum
positioning error <16 pm/100 mm
yaw angle <75 prad
pitch angle <75 prad
vertical deviation <2 pm
lateral deviation <2 pm
motor voltage max. b0V
holding voltage 3.2V
motor current max. 1.8A
steps/pulses per motor revolution 200
resolution linear measuring systems 0.01 pm
ambient operating temperature +10 to 50°C

storage temperature —10°C
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B.3 Technical Data DMT 130N

Table 22: Technical Data DMT 130N. This data setup is taken from [72].

angle of rotation unlimited
repeatability (bidirectional) < 0.01°
velocity max. 25°/s
reduction 180:1
drive torque max. 2.5 Nm
load capacity, radial 250N
load capacity, axial 250N
radial runout < 10 pm
axial runout < 20 pm
motor voltage max. 50V
holding voltage 3.2V
motor current max. 1.8 A
steps/pulses per motor revolution 200
resolution (calculated) 174.5 prad
weight ~ 3.5kg

ambient operating temperature 410 to 50°C

storage temperature —10°C
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