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Abstract

CERN is the European Organization for Nuclear Research located in Geneva, Switzerland. Its
main goal is to explore fundamental physics and it exists primarily to provide physicists the
necessary tools for doing this, namely accelerators. These tools bring particles to almost the
speed of light and then use them in different experiments. The CERN Accelerator Complex
includes a chain of interconnected accelerators allowing the acceleration of charged parti-
cles up to 6.5 TeV (Tera electron Volt) per beam (for protons) in 2018 by the Large Hadron
Collider (LHC). Different types of accelerator exist, but at CERN the most common are the
synchrotrons. For those, the magnetic field is synchronous with the beam momentum. Mag-
netic models cannot be always used to predict the field within the required reproducibility,
which may be as low as 10−5, due to non-linear effects (eddy currents, saturation and hys-
teresis). Therefore, most of the CERN’s synchrotrons are equipped with a real time magnetic
field measurement system, the so called “B-Train”. The magnetic field measurement devices
are composed of absolute field sensors (called “markers”), field tracking sensors (called "in-
duction coils"), an acquisition system, a control system that calculates the magnetic field
from the sensors, and a distribution system that delivers the field value to the users. Due to
the configuration of the CERN accelerator chain, if one of the injectors fails, the LHC cannot
have beam. Consequently, a huge consolidation program of the real time magnetic mea-
surement systems was launched to guarantee operation in the long term. Thus the markers
are critical devices for operations at CERN and must be carefully developed to fulfil the high
performance and reliability requirements of the B-Train systems.
This thesis propose new designs for electron spin resonance (ESR) field markers. We dis-
cuss in details the design, the operation, and performance of the ESR sensors based on res-
onator and oscillator structures including comparison between paramagnetic and ferrimag-
netic samples. We propose four field marker levels at 36 mT, 106 mT, 360 mT and 710 mT
that correspond to resonance frequencies of 1 GHz, 3 GHz, 10 GHz and 20 GHz. Those mea-
surement values cover most of the marker level requirements of the CERN accelerators and
achieving resolution up to 0.1 nT/Hz1/2 for field ramps as fast as 5 T/s and field gradients
as strong as 12 T/m. We conclude with measurements validation performed on the Proton
Synchrotron (PS) and on the Low Energy Ion Ring (LEIR) accelerators.

Keywords— ESR,FMR, EPR, Electron spin resonance, Ferrimagnetic Resonance, Elec-
tron paramagnetic resonance, Magnetic field sensor, Field marker, B-Train, Real time
magnetic field measurement, BDPA, YIG, GaYIG, CMOS oscillator.
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Résumé

Le CERN est le Centre Européen pour la Recherche Nucléaire situé à Genève en Suisse. Son

but principal est d’explorer la physique fondamentale en fournissant aux physiciens les

outils nécessaires, dont les accélérateurs de particules. Ces outils permettent d’accélérer les

particules très proches de la vitesse de la lumière et de les utiliser dans différentes expériences.

Le Complexe des Accélérateurs du CERN inclut une chaîne d’accélérateurs interconnectés

entre eux permettant d’accélérer en 2018 les particules chargées jusqu’à 6.5 TeV (Téra électron-

volts) par faisceaux de protons grâce au Grand Collisionneur de Hadron (LHC). Différents

types d’accélérateurs existent, mais au CERN, les plus répandus sont les synchrotrons. Pour

ceux-ci, le moment des particules est synchrone avec le champ magnétique. Pour ce faire, le

courant d’excitation des électro-aimants et de la Radiofréquence d’accélération doit croître

de manière synchrone. Les modèles magnétiques ne permettent pas toujours de prédire le

champ magnétique avec la répétabilité requise, qui peut atteindre dans certains cas 10−5, et

ceci dû à des effets non-linéaires, tel que les courants de Foucault, la saturation et l’hystérésis.

C’est pourquoi, la plupart des synchrotrons du CERN sont équipés de systèmes de mesure

du champ magnétique en temps réel, appelé « Train-B ». Ces équipements de mesure sont

composés de capteurs de champ absolu (appelés « marqueurs »), de capteurs de mesure

de variation du champ (appelé « bobine »), d’un système d’acquisition, d’un système de

contrôle qui permet de calculer le champ magnétique à partir des capteurs et d’un système de

distribution qui envoie le champ mesuré aux utilisateurs. Étant donnée la configuration de la

chaîne des accélérateurs au CERN, si l’un des Train-B des injecteurs a un défaut, le LHC ne

peut plus avoir de faisceau. Pour cette raison, une rénovation de grande ampleur des systèmes

de mesure en temps réel a été lancée, afin de garantir un fonctionnement optimal sur le long

terme. C’est pourquoi, les marqueurs de champ magnétique sont des équipements essentiels

pour un bon fonctionnement au CERN, et doivent être en conséquence développés avec

une grande attention pour atteindre les hautes performances et la fiabilité requises pour les

Train-B. Cette thèse propose des nouvelles conceptions de marqueur de champ par résonance

de spin électronique (RSE). Nous discutons en détail de la conception, du fonctionnement

et des performances des capteurs RSE se basant sur des structures résonantes et oscillantes,

incluant une comparaison entre des échantillons paramagnétiques et ferrimagnétiques. Nous

proposons quatre niveaux de marqueurs de champ à 36 mT, 106 mT, 360 mT et 710 mT ce qui

correspond à des fréquences de résonance magnétique à 1 GHz, 3 GHz, 10 GHz et 20 GHz. Ces

valeurs couvrent la plupart des niveaux de marqueurs nécessaires pour les accélérateurs du
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Résumé

CERN. Ceux-ci permettent d’atteindre des résolutions jusqu’à 0.1 nT/Hz1/2 pour des rampes

de champ aussi rapides que 5 T/s, ainsi que des gradients de champ aussi forts que 12 T/m.

Nous concluons ce document avec des mesures de validation effectuées en conditions réelles

dans les accélérateurs Proton Synchrotron (PS) et l’Anneau pour Ions à Basse Énergie (LEIR).

Mots clés— RSE, RFM, RPE, Résonance de spin électronique, Resonance ferrima-
gnétique, Résonance paramagnetique électronique, Capteur de champ magnétique,
Marqueur de champ, Train-B, Mesure de champ magnétique en temps réel, BDPA,
YIG, GaYIG, oscillateur CMOS.
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Introduction

Nowadays particle accelerators are widely used, as almost 35000 machines with particle

energy above one million electron-Volt 1 (MeV) are in operation. Among those, about 50%

are dedicated to microelectronics (e.g. ion implanter and surface modification), industrial

research and processes (e.g. synchrotron light source, material study), while 49% are for

medical applications (radiotherapy, research). Only 1% of the accelerators with particle energy

above 1 GeV are dedicated to particle physics [1, 2]. The largest accelerator in the world is the

Large Hadron Collider (LHC), with collisions up to a center-of-mass energy of 13 TeV. The LHC

is operated at the European Organization for Nuclear Research (CERN) since 2010.

Synchrotrons are a common type of high-energy particle accelerator, where the momentum

of the particles is proportional at all times to the magnetic field needed to keep the particles

beam on the closed orbit at the center of the vacuum chamber. As a result, the frequency

of the RF resonant cavities used to accelerate the beam must be controlled as a function of

the instantaneous value of the field in the main bending magnets [3]. Often, the field can be

predicted with sufficient accuracy from mathematical models that take as input the excitation

current of the bends [4]. In certain cases, such as in five of the synchrotrons of the CERN

complex, as well as in several hadron-therapy accelerators, perturbations due to hysteresis and

dynamic effects in the iron yoke of the magnets are so large that real-time feedback becomes

necessary [5]. This is provided by specialized measurement systems called “B-trains”, based

on an induction coil to track field changes. An additional absolute sensor, known as a field

marker, provides the integration constant by generating a trigger pulse whenever a pre-set

field value is reached. Emphasis is put on the stability and reproducibility of the marker field

measurement rather than on its absolute accuracy.

Among the possible choices for the field marker [6], Hall-effect sensors, peaking strips, and

magnetic resonance based sensors have been used with success in the past. Hall sensors

are widely available and inexpensive but need frequent re-calibration to provide sufficiently

accurate results. Peaking strips are limited in the field range due to the need of a bias field

source. Magnetic resonance methods, on the other hand, are particularly appropriate for the

role of markers since their operation is based on parameters related to fundamental constants,

such as the gyromagnetic ratio, which links the resonance frequency to the magnetic field

11 eV=1.602×10−19 Joules
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value.

Considerable experience has been accumulated at CERN with nuclear magnetic resonance

(NMR) probes as field markers. However, in spite of their excellent accuracy and resolution,

these sensors are typically well suited only for relatively uniform. A very promising alternative

is represented by a class of sensors based on different forms of electron spin resonance (ESR).

The main objective of this work is to design, develop, evaluate and implement new ESR

magnetic field sensors. The markers operate at specified field levels (36 mT, 106 mT, 360 mT,

and 710 mT) (i) in strong magnetic field gradients up to 12 T/m (ii) at high time-transient fields

up to 5 T/s and (iii) with a resolution better than 10 nT/Hz1/2. Ferrimagnetic and paramagnetic

materials applied to magnetic resonance are used in this work. The thesis is divided in the

following three main parts:

• Overview and background on magnetic field measurements in the context of particle

accelerators (Ch. 1) and state-of-the-art of ESR in the field of magnetic field measure-

ments (Ch. 2).

• Characterization of ESR sensors:

The calibration benches used for the metrological characterization of the sensors are

illustrated in Ch. 3.

The design of the resonator structure with the lumped elements is presented in Ch. 4.

Ch. 5 describes the resonator with the grounded co-planar waveguide.

In Ch. 6, the metrological characterization of the ferrimagnetic resonance (FMR) sensors

is presented. In particular the sensitivity to the field ramp rate, the dependency upon

the temperature and the effect of the field direction are discussed.

The metrological characterization of the electron paramagnetic resonance (EPR) sensors

is illustrated in Ch. 7. Emphasis is put on the signal and noise computation, along with

the performance of the resonator sensors with paramagnetic material sample at 36 mT

and 106 mT field marker levels.

Ch. 8 describes the use of integrated LC oscillators in the context of high field sensor

applications, especially the performance of the oscillators for the 360 mT and 710 mT

EPR marker field levels.

• Experimental validation of the FMR sensors during the operation of particle acceler-

ators. Operation of the FMR sensor at 36 mT in the Proton Synchrotron (PS) reference

magnet is discussed in Ch. 9.

Ch. 10 details the overall performance of the B-Train system in the Low Energy Ion Ring

(LEIR) synchrotron machine. This includes the 106 mT FMR sensor operation and the

result during an extensive B-Train reliability run, carried out in coordination with the

Low Level Radio Frequency (LLRF) and the particle beam dynamics teams.

A part of this chapter is reproduced with changes from [7], with the permission of AIP Publishing.
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1 Real time magnetic field for syn-
chrotron particle accelerator

1.1 Accelerators for particle physics

Particle physics is the study of elementary particles like electrons, quarks, muons, neutrinos

and the four forces:

• Strong interaction between quarks by gluon (e.g.: given proton, neutron)

• Weak interaction (origin of the atom fission)

• Electromagnetic interaction between charged particles by photon (for example chemical

phenomenon)

• Gravitation interaction between everything that has mass (influent at macroscopic

scale)

Particles can be studied by cosmic rays, nevertheless many of them have short life time before

given other particles more stable and the events rate is low.

Accelerators create artificially many particles in a closed and controlled environment. Ac-

celerators give energy to charged particles circulating at up to 99.9999991% of the speed

of light (at 6.5 TeV in the LHC). When they collide or hit a fixed target, their own energy is

transformed into matter and vice versa (in accordance with the theory of relativity by Albert

Einstein). Detectors allow measuring the number, charge, energy and mass of particles in

order to observe them similar to microscope for cellules and telescope for stars. Among large

applications, accelerators combined with detectors serve for fundamental research on (i)

elementary particles and forces (Standard Model study) (ii) the dark matter study (iii) the dark

energy study and (iv) antimatter study.

1.2 Synchrotron particle accelerator

The CERN accelerators complex shown in Fig. 1.1 accelerates charged particles up to an energy

of 6.5 TeV (in 2018) per particles beam with the LHC for collisions up to 13 TeV. To achieve this,

a chain of accelerators are connected together to successively inject then extract the beam up

to the top energy. The synchronisation between the accelerators is a key factor to allocate the
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beam either to the next machine or to experimental areas.

Figure 1.1 – The CERN accelerator complex in 2019 [8].

CERN has five synchrotron accelerators (LEIR, PSB, PS, SPS, LHC) and two synchrotron

decelerators (AD, ELENA). Synchrotrons [9] are circular machines composed of RF cavities

to accelerate (or decelerate) the beam and magnets to guide the beam. The particle beam

circulates inside a vacuum pipe to minimize the interactions with surrounding particles.

Many other devices are installed all around the ring to ensure the diagnostic of the beam, the

injection, the extraction and the machine protection.

Charged particles are governed by Lorentz forces F given by

F(t ) = q(E(t )+v(t )×B(t )) (1.1)

where t is the time, q is the electric charge, E is the electric field, v is the particle velocity

and B is the magnetic flux density refereed later in this work as the magnetic field for sake of

simplicity1.

For synchrotrons, the electrical and the magnetic field quantities must be driven synchronously

to maintain the beam in a stable closed orbit. As a matter of fact, from Eq.(1.1) the electric

field can be used to accelerate or guide the charged particles, but for practical reasons (and

1When needed, we distinguish the magnetic flux density B from the magnetic field H .
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strength), the electric field is dedicated to the acceleration. There are few exceptions, such as

radio frequency quadrupole (RFQ) in linear accelerators (Linacs) and electrostatic septum in

the beam injection-extraction areas, which use the electric field to guide the beam. Conversely,

the cross product in Eq.(1.1), that is, F is always orthogonal to v and B, avoid longitudinal

acceleration by the magnetic field. Only indirect approach is possible. In particular, a magnet

called "betatron core" [10], which converts the time-transient toroidal magnetic field into a

constant axial electric field (during the magnetic field ramps).

For a circular orbit, the transversal force corresponds to the centrifugal force to be compen-

sated by the Lorentz force, that is, FL = qvB . The particle momentum p (in eV/c) is given by

p = qBρ (1.2)

where Bρ is the beam rigidity (in Tm), and ρ is the radius of curvature.

The total energy E (in eV) is given by

E = pc2

v
(1.3)

where c is the speed of light in vacuum. E = Ek +E0 where Ek is the kinetic energy and E0

is the rest energy with E0 = 938.27 MeV for the proton. For relativistic particles E ≡ p, this

assumption is valid in the SPS and in the LHC.

1.3 Magnets

As recall, the charged particle beam is guided by the magnetic field induced by magnets. Three

main types are commonly used:

• Permanent magnet; the magnetic field is induced by hard ferromagnetic materials.

• Iron-dominated electro-magnet; the magnetic field is induced by excitation coils sup-

plied by an electrical current, where the flux is guided by soft ferromagnetic materials.

• Coil-dominated electro-magnet; the magnetic field is induced by excitation coils sup-

plied by an electrical current, with a specific geometry, to obtain the expected magnetic

field profile.

The third type is generally made of superconducting coils to produce a very high DC field in a

large aperture. As example, the field in the LHC main dipole is 8.3 T with an aperture diameter

of 56 mm for a current of 11 kA.

However, it exists sub-types of the aforementioned magnets. Typically, hybrid-magnets [11]

where the main field is induced by permanent magnets with an additional correction field

induced by iron-dominated magnet. There are also superferric magnets that are composed of

ferromagnetic yoke with superconducting coils [12].

The magnets are designed to produce different magnetic field profiles determined by the

wanted effect on the beam. Those effects and magnetic field types are listed below:

• Bending; by dipole field.

7
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• Focusing and defocusing called "tune" [13]; by quadrupole field.

• Chromatic aberration correction called "chromaticity" [14]; by sextupole field

• Landau damping [15] or multi-turn extraction [16]; by octupole field.

Higher order magnets than sextupole are typically used to correct the multipoles created by

the main magnets.

This is why, the magnetic flux density used in particle accelerators are generally expressed as a

Fourier series expansion [17, 18] in the two dimensions imaginary planes for the integral in

long straight magnets

B(z) = By + i Bx =
∞∑

n=1
(Bn + i An)

(
z

Rr

)n−1

(1.4)

where B is the field integral parallel to the beam axis, z = x + i y , n is the mulipole order (n = 1

dipole, n = 2 quadrupole, etc...), Bn is the normal magnetic field component, An is the skew

magnetic field component, and Rr is the reference radius.

1.4 Magnetic measurement for magnets

Magnetic measurements (MM) in particle accelerators are performed before the magnet

installation, as part of the quality assurance. Four main types of measurement are required in

an accelerator

• The absolute value of the main field component, that is its strength.

• The field homogeneity or field harmonics.

• The field direction of the main component.

• The magnetic center for quadrupole and higher order magnets.

The last two measurements are used for the alignment of the magnet in the machine.

Two additional measurements can be conducted regarding the magnet operation. First, the

eddy currents strength and decay time can be measured for pulsed magnets. And second, the

3D field map can be performed for the beam tracking survey of spectrometer magnets.

At CERN, many measurement devices are based on induction coils (in Sec. 1.5.2), such as

rotating coils [19, 17, 20], single stretch wire technique [21, 22] and translating fluxmeter [23].

When the magnets are pulsed (typically for the synchrotrons), the approach with static fluxme-

ter [24] is privileged.

Lorentz force based sensors are also used, in particular, the oscillating wire [25] and the vi-

brating wire [26]. NMR sensors are also widely used to calibrate the aforementioned MM

measurement equipment.

Nevertheless, many other measurement techniques exist with their own characteristics. L. Bot-

tura and K. N. Henrichsen [27] resumed in Fig. 1.2 the general magnetic field measurement

with their typical range and accuracy levels.
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Figure 1.2 – Accuracy and range of general magnetic measurement methods [27].

1.5 Real time magnetic field measurements

As aforementioned, for iron-dominated magnets the field cannot be predicted with sufficient

accuracy from mathematical models in the LEIR, PSB, PS, ELENA, and the SPS of the CERN’s

synchrotrons, therefore the real-time feedback becomes necessary [5]. The B-Train systems

are based on an induction coil to track field changes and an additional absolute sensor to

provide the integration constant (Bm in the Eq.(1.5)). The appropriate correction is found as

part of the normal procedure following any major operational change or maintenance stop,

which is known as energy matching [28]. In practice, the extracted beam from the upstream

accelerator chain is injected into the downstream accelerator with all the RF feedback systems

deactivated. The position of the beam at injection is measured during several turns (from

200 to 800 turns) in the accelerator, then the reference field is corrected such that the beam

position at injection is on the closed orbit.

The magnetic flux density B(t ) is measured in real-time in the gap of a suitable main bending

reference magnet written as

B(t ) = κ
(
Bm(tk)+ υ

Kc

∫ t

tk

Vc(τ)dτ

)
(1.5)

where κ is the global gain correction factor, Bm is the field marked at the time tk, k = 1,2... for

the low and high field markers, υ is the integral gain correction factor, Kc is the effective area

of the induction coil, and Vc is the induced voltage in the coil. The actual implementation

of Eq. (1.5) in the CERN B-train systems includes additional offset and gain factors [5] to

compensate for various kinds of errors, ensuring that the mean radial position [29] of the

beam is centred in the vacuum chamber. The magnetic field varies cyclically as the particles

are injected, accelerated and extracted, as shown schematically in Fig. 1.3. Integration is

restarted when the trigger from the field marker is received at least once per cycle, as necessary

A part of this chapter is reproduced with changes from [7], with the permission of AIP Publishing.
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to limit the build-up of integrator drift. The field marker could be, in principle, set at any

arbitrary level during the cycle. However, since the beam is most sensitive to perturbations

during the injection phase, a low field level just below injection is often chosen (t1 in Fig.1.3).

Optionally, a second marker (t2) is introduced in order to improve the drift correction. In this

case, choosing the highest field level possible allows calibrating accurately the gain of the

whole acquisition chain.

Figure 1.3 – A typical synchrotron accelerating magnetic cycle.

The real-time magnetic field is generally distributed to three users:

• The LLRF control system.

• The beam current transformer control system.

• The power converter control system.

Side users are also involved, such as the general MM White Rabbit [30] diagnostic system [31]

and the beam dump of the SPS.

For the LLRF system, the revolution frequency frev(t) is determined according to the main

bending magnetic field given by

frev(t ) = c

2πR

√√√√√1− 1

1+
(

B(t )ρq

m0c

)2 (1.6)

where R is the mean orbit radius, and m0 is the particle’s rest mass. The revolution frequency

is controlled via additional correction and feedback terms that are detailed in the literature

[32, 33, 34].

The beam current transformer measures the beam current [35, 36] in order to determine the
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number of particles per beam Np(t ) given by

Np(t ) = 2πR

qc

√(
B(t )

)2

+
(

m0c
qρ

)2

B(t )
IBCT(t ) (1.7)

where IBCT (in A) is the measured equivalent current. The correction of the particle momen-

tum by the magnetic field is especially relevant for non-relativistic particles (i.e., below the

relativistic gamma transition in the LEIR, PSB, PS, and ELENA synchrotrons).

The power converter can use the B-Train to regulate in magnetic field the main bending

magnets2. The advantage is a significant cycle time gain, because the eddy currents, the

magnetic saturation and the hysteresis effect of the magnets are intrinsically corrected. The

power converter is voltage controlled by a R-S-T feedback-feedforward regulator [37, 38] with

a magnet model given by

Vref(s) = B(s)

(
sKm + Rm

Lm
Km

)
(1.8)

where Vref is the voltage applied across the main bending magnets, s is the Laplace variable,

Rm is the total main bending magnets resistance, Lm is the total main bending magnets

inductance and Km is the regulation coefficient. The simplified model of the magnetic field

regulation is shown in Fig. 1.4.

Figure 1.4 – Simplified bloc diagram of the power converter regulation system composed of a volt-
age R-S-T regulator stage, embedded in the field R-S-T regulator.

1.5.1 Electronics and control

The real time magnetic field measurement system needs electronics for the sensors condition-

ing, the remote control, and the distribution to a coherent magnetic field signal for the users.

This electronics called "FIRESTORM" has five main functions listed below and illustrated in

block diagrams in Fig.1.5

• Condition of the field sensors

• Reception and distribution of the CERN central timing events

• Computation the magnetic field B(t )

• Distribution of the real time magnetic field to the users

2Usually, the electro-magnets are regulated in electrical current .
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• Communication to the CERN Control System. The B-Train receives the settings, provides

the status, the alarms, and the diagnostics information.

The electronics and its performance is detailed in the Ref. [39].

Figure 1.5 – B-Train electronics layout. The red blocks are the sensor conditioning parts, the green
blocks are the timing parts, the blue blocks are the field computation parts, the orange blocks are the
White Rabbit transmission (via optical fibers) to the users and the purple blocks are remote control and
diagnostic parts.

1.5.2 Induction coil sensor

The B-Train system measures the field variation with induction coils as shown in Eq. (1.5). The

design, fabrication, and calibration are detailed in the Ref. [40]. Its sensing principle is based

on the Faraday-Lens law given by

U =−dΦ(t )

d t
(1.9)

where U is the induced voltage when a magnetic flux Φ(t) varies with time. Hence, the

magnetic flux variation is determined by integrating the induced voltage over time written as

Φ(t ) =−
∫

Ud t . (1.10)

The magnetic flux density variation is written as

∆B(t ) =−Φ(t )

K
(1.11)

where K is the closed surface. For an induction coil K = Kc and U =Vc (in the Eq. 1.5) and shall

be known with an uncertainty of 10−4. The induction coil must be operated in two conditions

• The coil is displaced in a fixed field,

• The coil is fixed, the field is varying with time (B-Train case).
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1.5.3 Field marker sensor

The B-Train system measures the integration constant Bm (in the Eq. 1.5) field markers. As

previously introduced, typical field makers are the Hall probes [4, 41, 42], and the NMR

probes [43, 44, 45, 46]. They have advantages and drawbacks [47, 48, 49, 50] but for special

applications requiring fast time-response, high accuracy and field gradient insensitive, the

only known sensor was the peaking strips [51, 52].

In the 1990’s, Dr. F. Caspers proposed to adapt the YIG filter principle based on FMR [53, 54] to

measure the magnetic field in pulsed magnets. This sensor was tested on the PS accelerator.

Almost twenty years later, following the approval of the consolidation program for the LHC’s

injectors, a complete review of the electronics and sensors was launched. The limitations of

the peaking strips and its quasi-impossibility to re-manufacture, we came to the conclusion of

using the FMR.

While the YIG filters are commercial products, several adaptations are required to be used as

field marker. Only one firm provide these adaptations with several limitations (field-frequency

range, size and packaging). A prototype of this version was tested in the PS [55, 56] from 2015

to 2018. Considering long-term maintainability constrains, we decided to develop in-house

ESR markers.

Two key parameters shall be considered, that are the resolution and the reproducibility .

The resolution (in T/Hz1/2) is the smallest measurable variation of the magnetic field written

as

Ξ= n

δ
(1.12)

where n is the noise spectral density, and δ is the sensitivity (the transfer function of the

transducer) either in V/T for amplitude detection or in Hz/T for frequency detection. In this

work, we refer also to the integrated resolution ξ=Ξ√
∆ f where ∆ f is the equivalent noise

bandwidth (ENBW).

The reproducibility (in T) is the cycle-to-cycle variation of the marker field value. The repro-

ducibility is computed from the standard deviation of the reference magnetic field Br at the

marker trigger given by

σBm =
√√√√ 1

J−1

J∑
j=1

(Br j − B̄r)2 (1.13)

where J is the cycle count. Br is determined either (i) by another characterized marker, typ-

ically by an NMR probe (ii) by the rest field measured in DC (iii) by the trigger time if the

magnetic cycles of the machine are identical or (iv) by the beam radial position, in that case,

the momentum of the beam must be very well known. In this work, we also refer to the relative

reproducibility with respect to the field at beam injection Bi value, that is, σB =σBm /Bi.

The field reproducibility includes all the uncertainties from the sensor itself, the conditioning

electronics, the magnet, the power converter and the mechanics. This is a fundamental criteria

for the beam operation. The entire accelerator operation is impacted in case of field jumps or

field drift. The consequences are beam loss or path distortion [14].
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Chapter 1. Real time magnetic field for synchrotron particle accelerator

The markers have strict tolerances to ensure the correct measurement of the field by the

B-Train system as shown in Tab. 1.1.

Table 1.1 – Marker requirements.

Parameters Value

Sensor size (mm×mm×mm) <30×30×30
Minimum field (mT) 30
Maximum field (mT) 700
Field ramp rate (T/s) <5
Field gradient (T/m) <1.2
Field inhomogeneity G/Bm (m−1) <10
Field resolution (nT/Hz1/2) <10
Field reproducibility (-) <2×10−4

Field accuracy (-) <1×10−3

Maximum allowed downtime (hour/year) <2
Required lifetime (years) >20

To fulfill the requirements, a family of six marker sensors were developed and detailed in this

work. Their performances are summarised in Appendix A.
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2 Electron Spin Resonance

Methods based on ESR, also known as EPR phenomenon are powerful spectroscopic tools

used in material science, physics, chemistry, biology, and medicine [57, 58]. Magnetometers

based on the EPR phenomenon have been also proposed, essentially as an alternative to NMR

and dynamic nuclear polarization (DNP-NMR) magnetometers at low magnetic fields [59,

60, 61, 62, 63, 64, 65]. The difficulty of ESR is its higher operating frequency because the

gyromagnetic ratio of the electron is 28 GHz/T comparing to 0.042 GHz/T for the NMR with

the hydrogen (about 670 times lower). For example, considering a field of about 1 T, the

excitation frequency is in the VHF-band for the NMR while it is in the K-band1 for the ESR.

The source and detection elements are drastically different and required a very careful design

for the ESR. Despite their lower absolute accuracy, EPR magnetometers have the advantage

to allow for the use of smaller sample volumes for the same magnetic field resolution and,

hence, are more indicated to operate in magnetic fields with strong gradients. Additionally, the

EPR relaxation times are typically several orders of magnitude shorter than NMR relaxation

times, facilitating the measurements in fast-changing magnetic fields which counterbalance

the main drawback linked to the higher gyromagnetic ratio.

2.1 Electron paramagnetic resonance

In the following, we review in a simplified form the theory behind EPR. Electrons possess an

intrinsic angular momentum that is quantized along any given direction, and is expressed by

their spin S =±1
2~, where ~= h

2π = 1.054571817×10−34 Js is the reduced Planck constant. In

the classical view, a spinning electrical charge would give rise to a magnetic field. Analogously,

in the quantum view an electron has an intrinsic magnetic moment given by

M = γeS =±1

2
geµB, (2.1)

1According to IEEE standard

15



Chapter 2. Electron Spin Resonance

where γe = gee
2me

is the gyromagnetic ratio, e is the elementary electric charge and me is

the electron rest mass. The g -factor is a constant that can be evaluated from quantum

electrodynamics or measured. µB = e~
2me

is the Bohr magneton. For a free electron, µB =
9.2740100783(28)×10−24 J/T, ge =−2.00231930436256(35) [66] and the gyromagnetic ratio

can be expressed in units of frequency, rather than angular velocity, written as

γe

2π
= 1

2π
|ge|µB

~
= 28.0249514242(85) GHz/T (2.2)

The ESR manifests when the electron interacts with a uniform background magnetic field B0.

In the classical view, the vector product of the magnetic moment M and the field gives rise to a

torque that causes the electron to precess, as represented schematically in Fig. 2.1, according

to the equation of motion:
1

γe

dM

d t
= M×B0 (2.3)

Precession occurs with an angular velocityΩ0 such that:∥∥∥∥dM

d t

∥∥∥∥= MΩ0si nθ = γeMB0si nθ (2.4)

where θ is the angle between the magnetic moment and the background field. The corre-

sponding Larmor frequency is given by

f0 = Ω0

2π
= γe

2π
B0 (2.5)

y

z

x

B0

B1 sin(2π*f1*t) 

M
θ

Figure 2.1 – Magnetic resonance motion diagram.

Let us now consider what happens when the sample is irradiated with microwaves at frequency

f1, so that the RF excitation field B1 is orthogonal to B0 as shown in Fig. 2.1. The B1 field is

typically from 1 to 100 µT, that is much smaller than the background. At resonance, when
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2.1. Electron paramagnetic resonance

f1 = f0, the precession axis of M coincides with the xz-plane (θ = 90◦), which results in the

periodic change of sign of the component of the magnetization parallel to the background

field. This inversion is closely analogous to the quantum mechanical description of the

phenomenon. In the quantum view, the interaction between electron and magnetic field is

expressed by the potential energy E associated with the torque, that is, −MB0, which takes

opposite values in the two spin states, as shown in Fig. 2.2:

E± 1
2
=∓1

2
geµBB0 (2.6)

In the case of a material sample immersed in the background field, at any given time the

population of unpaired electrons will be roughly split in half between the two spin polarities.

In fact, there is a slight excess of electrons at the lowest energy level, corresponding to the

spin being parallel to the field, which decreases with the temperature and gives rise to a

net macroscopic magnetization of the sample (paramagnetic effect). The energy difference

between the two states is proportional to the frequency f0 of the photons that are absorbed or

re-emitted, causing the spin to flip in the opposite direction, according to:

∆E = geµBB0 = γe~B0 = h f0 (2.7)

The transition energy ∆E is proportional to B0, leading to an increasing absorption signal

amplitude. As a result, for a identical spin density and sample volume, the sensitivity is

improved by applying stronger magnetic field, which is widely exploited in magnetic resonance

imaging and spectroscopy [67, 68, 69].

B0

E
S=-1/2

S=+1/2

ΔE=geµB B0

Figure 2.2 – Spin states functions of B0.

The resonance mechanism described above also applies to NMR. For an isolated proton (1H),

the magnetic moment is given by the nuclear magneton µN = 5.0507837461(15)×10−27J/T,

while the g-factor is about 5.6, leading to a gyromagnetic factorγp/2π= 42.577478518(18) MHz/T

[66]. This value varies for the protons in the nuclei of different chemical species. In this case,

for the same background field, resonant frequencies are almost three orders of magnitude
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Chapter 2. Electron Spin Resonance

lower than for ESR, which makes NMR easier in practice for very high field magnetometry

applications.

2.2 Ferrimagnetic resonance

Ferrimagnetic resonance [70, 71] is also based on the electron spin, however ferrimagnetic (i.e,

two unequal population of atoms with anti-parallel magnetic moments) or ferromagnetic (i.e.,

one population of atoms with parallel magnetic moments) materials introduce anisotropy

terms into Eq. 2.5. The frequency f0 is expressed by Kittel’s formula [72] for an ellipsoid sample,

adapted by Okamura [73] assuming that the relative permeability µr = 1 due to the material

being fully saturated and operating at gigahertz frequency [74, 75, 76], so that B0 = H0/µ0:

f0 = γe

2π
(B0 +Ba − (Nz −Nt)µ0Ms) (2.8)

where Nt is the transverse demagnetizing factor, Nz is the axial demagnetizing factor, Ba the

crystal anisotropy field and Ms the saturation magnetization, which is material dependent.

Magnetic resonance cannot be established accurately [77, 78] when the material is not fully

saturated, therefore the FMR must be operated above this threshold (i.e., Bm >µ0Ms) for the

field markers application.

In case of a sphere, where Nt = Nz:

f0 = γe

2π
(B0 +Ba) (2.9)

FMR is widely used in commercial RF devices such as circulators and insulators [79, 80], as

well as in tunable filters [81, 82], resonators [83] and oscillators [84] in spectrum and vector

network analysers. FMR has the relevant advantages of been highly selective (high quality

factor, low insertion and return losses) and tunable. The use of FMR in magnetometer is

reported in Ref. [85].

2.3 Magnetic resonance materials

2.3.1 Yttrium iron garnet (YIG and GaYIG)

The commonly ferrimagnetic material used in RF is the Yttrium iron garnet YIG (Y3Fe5O12) in

its pure formulation or doped with various elements such as Lithium, Aluminium, Gadolin-

ium, Magnesium in mono and poly-crystalline forms. A non-exhaustive list can be found

in J. Nicolas’s book [77]. The doping elements allow reducing the magnetization saturation

µ0Ms from 178 mT for pure-YIG down to about 20 mT for highly doped YIG. In this work we

used Gallium doped GaYIG (Gax Y3Fe5O12), where x corresponds to the doped fraction of the

material. YIG and GaYIG have a cubic crystal structure with three types of crystal axes the

〈100〉, the 〈110〉 and the 〈111〉 [78]. The direction of B0 with respect to the crystal axes changes
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2.3. Magnetic resonance materials

γ/2π through Ba. YIG can be produced in a thin layer, or in a sphere by grinding and polishing

processes. In this work, we used spheres of 0.3 mm diameter by Ferrisphere Inc. (USA).

The sphere is mounted on an aluminium oxide ceramic rod (Alumina Al2O3) and aligned on

the 〈110〉 crystal axis (in Fig. 2.3). The specific alignment method used by the manufacturer is

not disclosed but a well-known process is reported in the Refs. [86, 87, 88].

From Eq. (2.9), Ba can be canceled out if the crystal structure of the YIG sphere is rotated

around its 〈110〉 axis, considering the B0 orthogonal and formulated as

Ba =−
(
2− 5

2
sin2α− 15

8
sin2 2α

)
K1

Ms
µ0 (2.10)

where α is the angle between B0 and the 〈100〉 axis as shown in Fig. 2.3 and K1/Ms is the

first-order anisotropy field constant [89, 78] typically -3419 A/m for YIG and -4436 A/m for

GaYIG [78]. By orienting the YIG sphere to α=±29.7 ° [90, 91] (slightly lower value of α=±27 °

can be found in the reference [78]) called "temperature stable axis", the Eq. (2.5) becomes

valid for the FMR. Moreover, there is no more temperature dependency of the gyromagnetic

ratio. For that reason, we developed a calibration bench described in Sec. 3.3 to perform the

temperature stable axis alignment. However, the tuning process to reach the optimum angle

is very difficult due to the stiffness the curve as presented in Fig. 2.4.

α 

<110>
axis

<100>axis

B0

YIG
sphere

Ceramic rod

Figure 2.3 – Axis of YIG crystal mounted on the ceramic rod.

2.3.2 α,γ-bisdiphenylene-β-phenylallyl (BDPA)

For the paramagnetic sample we selected the organic free radical α,γ-bisdiphenylene-β-

phenylallyl complex with benzene (BDPA, Merck 152560). This material is widely used as

standard to characterize EPR spectrometers [93]. BDPA has a single narrow line of about

100 µT [94], a low g-factor anisotropy [95], and it is more chemically stable compared to other

free radicals [96]. The spin density ns of a single crystal of BDPA is about 1.5×1027 spin/m3 [97],

its effective gyromagnetic ratio (γBDPA/2π) = 28.02048 GHz/T computed from the reported

g-factor of BDPA gBDPA of 2.0020 [95], as (γ/2π) = gBDPA(µB/~). Its g-factor anisotropy ∆g is

less than 2.7×10−4 [98].
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Chapter 2. Electron Spin Resonance

-40 -20 0 20 40 60 80 100 120 140 160

Angle [°]

-6

-4

-2

0

2

4

6

8

10

B
a
 [
m

T
]

<100> axis // to B
0

<111> axis // to B
0

<111> axis // to B
0

29.69

29.11

28.56

28.02

27.51

27.02

26.54

26.08

25.63

/2
 [
G

H
z
/T

]

Figure 2.4 – Ba variation as a function of YIG sphere rotation around 〈110〉 axis with a fixed excita-
tion frequency f0. This curve is adapted from P. S. Carter [92, 78] and derived from Eq. (2.10). Ba = 0 mT
(red markers) corresponds to the magnetic field at theoretical gyromagnetic ratio value of Eq. (2.2), that
is, the temperature stable axis.

2.4 Magnetic resonance sensor design architectures

Different topologies can be used to measure the magnetic resonance. Three main architectures

are commonly used:

• Resonator structure

• Oscillator structure

• Coupling structure

The first and the second architectures are especially well adapted for field markers, by their

high sensitivity in a narrow operating band. They can be tunable around their working point,

typically by tens of megahertz (few militesla). Both topologies are based on an LC circuit

with an external source for the resonators, or internal source via additional cross-coupled

transistors [99, 100] for the LC oscillators. At magnetic resonance, the ESR sample acts on

the inductance value, which changes its impedance. The perturbed signal can be detected

by the signal amplitude, the frequency, or the phase variation. In this work, we focus on the

amplitude detection for the resonator detailed in Sec. 6.1 and on the frequency detection for

the oscillator detailed in Sec. 8.4. We report a preliminary study with phase detection in the

Appendix C.
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2.4. Magnetic resonance sensor design architectures

The coupling structure is generally used for broadband devices. The typical application is the

YIG filter [91, 101, 81, 102]. The magnetic resonance changes the coupling coefficient between

two transmission lines, which implies the transmission of a portion of the input power to the

output. This variation is detected in the same manner as detailed in Sec. 6.1.
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3 Calibration benches

We performed the metrological characterization of the sensors with three dedicated test

benches. The first system (detailed in Sec. 3.1) is used to measure the effective gyromagnetic

ratio1, the resolution, the temperature dependency, the field ramp rate Ḃ = dB/d t , and the

field direction. The second system (detailed in Sec. 3.2) is used to measure the dependency

to the field gradient. Both benches provide a known background field as function of time

(trapezoidal shape as shown in Fig. 1.3). The third system (detailed in Sec. 3.3) is used to align

the YIG sphere to the temperature stable axis (i.e., Sec. 2.3.1).This bench provides a constant

background field.

The magnetic resonance signal is detected with specific electronics, detailed in Sec. 6.1 for the

FMR resonator sensors, in Sec. 7.2 for the EPR resonator sensors and in Sec. 8.4 for the EPR

oscillator sensors.

The data acquisition (DAQ) is performed by a multifunction card (National Instruments™,

USB-6366) with non-multiplexed analog-to-digital conversion at a maximum speed of 2 MS/s

and 16 bit. We developed a LabVIEW™ based software running on a National Instruments™

PXI Controller (PXI-8119) to drive the different devices via GPIB, RS 232 and USB. Data analysis

is performed with Matlab™.

3.1 Dipole bench

The dipole bench (in Fig. 3.1) is composed of a dipole electromagnet producing a nominal

dipolar field of about 0.4 T for 450 A in an aperture of 100 mm. The current is supplied by an

AC/DC power converter with current regulation and measured by an internal direct current

current transformer (DCCT) with an accuracy of ±10 ppm. A second power converter with

1We computed the effective gyromagnetic ratio from NMR measurement at the rest field combine with an
induction coil for the time-transient field. The overall uncertainty on the magnetic field is 380 ppm by considering
the homogeneity of the magnet in the sensor volume of ±350 ppm, the accuracy of the NMR of ±5 ppm, the
accuracy of the induction of ±100 ppm and the eddy current contribution of about ±100 ppm. Therefore the
uncertainty on the gyromagnetic ratio is about ±0.01 GHz/T.
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Chapter 3. Calibration benches

higher current and voltage capability is used to reach nominal field of 0.8 T for 900 A and ramp

rates up to 5 T/s, in particular, for the 710 mT EPR sensor characterisation.

The field measurement device consist of an NMR probe to measure the rest field and an

induction coil to measure the field variation. The ESR sensors are installed in the center of

the magnet in between the NMR and the coil. In this configuration, the field error due to the

intrinsic non-uniformity of the magnet is minimized (3.5×10−4 in the sensors volume region).

Additional modular elements can be installed, including a Peltier unit [103] to measure the

temperature dependency and a Theta-Phi-Goniometer to measure the effect of the field

direction.

The Peltier module is used to cool and heat the sensor in its operation range 17-35 °C and

installed inside the magnet aperture with non-ferromagnetic equipment. Moreover, the

Peltier element and its thermal insulation box are very compact and cost-efficient compared

to standard temperature controlled systems. A fan outside the magnet is connected to the

system via a flexible pipe, which blows ambient air to cool-down the heat sink fixed on the

Peltier element. The heat sink was chosen to maximize the thermal exchange surface, while

minimizing the eddy currents effect caused by the B0 field variation. The Lorentz force induced

by the DC current supply of the Peltier module can be considered negligible.

The goniometer element is placed outside the magnet and the sensor is installed at the end of

a T-shaped arm. This arm is fixed to the goniometer with a counterweight to minimize the

torque on the element. Two angular directions are possible: the pitch angle φ corresponding

to the rotation around the x-axis and the roll angle ψ corresponding to the rotation around

the z-axis. The overall angular range is ±15° with a adjustment sensitivity of 0.1°. The third

angular direction is the yaw angle κ corresponding to the rotation around the y-axis. The

sensor is only rotated by 180° around the yaw angle.

The summary of the equipment is shown in Tab. 3.1.

Table 3.1 – Dipole calibration bench components.

Components Manufacturer Model

Magnet SIGMAPHI PXMBHDCHWP-SP000002 (MBL16)
Power converter #1 TRANSTECHNIK LHC600A/40V
Power converter #2 1 CERN COMET 4P 1000A/120V
NMR teslameter Metrolab PT2025
NMR probe Metrolab 1062 type #1 and #3
Induction coil CERN 40 mm×40 mm 700 turns (0.94456 m2)

Peltier module MULTICOMP 38.1 W 30 mm×30 mm×3.6 mm MCPE-127-10-13
heat sink Fischer Elektronik 40 mm×40 mm×20 mm ICK S 40x40x20
Peltier controler Laird Technologies PR-59
Peltier insulation box CERN 90 mm×70 mm×55 mm wall thickness of 5 mm in EPG 103

Theta-Phi-Goniometer OWIS ±15° TP65-W30-W40
Mechanical supports CERN -

1 Used for field ramp rate dependency measurements and for the 20 GHz oscillator that
requires 0.8 T/900 A peak.
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3.1. Dipole bench

(a)

(b)

Figure 3.1 – Dipole calibration bench. (a) Dipole bench with the peltier module and its cooling
system. (b) Dipole bench block diagram.
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3.2 Quadrupole bench

The quadrupole bench (in Fig. 3.2) is composed of a quadrupole magnet2 producing a main

field gradient of about 7.2 T/m for 400 A in a aperture diameter of 120 mm. The current is

supplied by a AC/DC power converter with current regulation. For the 710 mT sensor, the

magnet has to be operated in the saturated regime of the magnet to reach the marker value.

Therefore, to reach a field marker of 710 mT the quadrupole has to be operated at 900 A

producing a gradient of about 12 T/m.

The field measurement devices consist of two induction coils spaced by 10 mm measuring the

gradient variation. The sensors (coils and ESR sensor) are positioned on the vertical symmetry

plane of the magnet. Thus, the sensors are sensitive only to one component of the gradient

(i.e., ∂Bx /∂y). The orientation of the sensor is in the same polarity as the PS and LEIR gradients

detailed in Chapter 9 and 10. The vertical position with respect to the magnetic centre of the

quadrupole, where the field is zero, determines the ratio of the gradient over the marker field

level. The ratio is 4.6 m−1 for the PS and 10 m−1 for LEIR. The summary of the equipment is

shown in Tab.3.2.

Table 3.2 – Quadrupole calibration bench components.

Components Manufacturer Model
Magnet#1 a CEM PXMQNFINWP-00000016 (ACOL QN 016)
Magnet#2 BBC PXMQNETNWP-B2000152 (LEP main quad)
Power converter#1 CERN COMET 2P 500A/120V
Power converter#2 b CERN COMET 4P 1000A/120V
Induction coil #1 CERN 6B 42mmx10mm 330 turns (0.13085 m2)
Induction coil #2 CERN 8B 42mmx10mm 330 turns (0.13032 m2)
Mechanical supports CERN -

a Used for the FMR resonators.
b For the 20 GHz oscillator that requires higher field dynamic range.

2Due to availability, we used another quadrupole for the FMR sensors with lower gradient of 2 T/m for 500 A
and a aperture diameter of 386 mm
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3.2. Quadrupole bench

(a)

(b)

Figure 3.2 – Quadrupole calibration bench. (a) Quadrupole bench picture with magnet#2. (b)
Quadrupole bench block diagram.
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3.3 Stable axis adjustment bench

As previously introduced in Sec. 2.3.1, the GaYIG sphere must be aligned to the temperature

stable axis. We setup a bench (in Fig.3.3) with an C-shape skew electro-magnet producing a

DC horizontal dipolar field. We machined a dedicated support to ensure the positioning of

the sensor in an uniform field region (better than ±6×10−3/mm). The support is placed near

the aperture ends for an hand access to the sphere rod.

The bench is equipped with a Hall probe measuring the field next to the sensor. The GaYIG

spheres is heated with a heating gun. The maximum temperature is set to 60 °C. The magnetic

resonance is measured with a Vector Network Analyser (VNA). We adjusted the sphere orien-

tation using its ceramic rod equipped with a brass sleeve. We used non-feromagnetic tools

(ceramic and titanium) to not change the magnetic resonance point during the adjustment

process. The summary of the equipment is shown in Tab.3.3.

(a) (b)

Figure 3.3 – Stable axis adjustment bench.(a) Bench picture.(b) Bench block diagram.

Table 3.3 – Stable axis adjustment bench components.

Components Manufacturer Model
Magnet OSWALD HCMMWDRCAP-00900120 (MDR)
Power converter FUG NTN 1200M-100
VNA 5 kHz-6 GHz Anritsu MS2026C
Heat gun Triac set to max. 60°C
Mechanical supports CERN -
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4 Design of the 1 GHz resonator struc-
ture

4.1 Base design

The resonant-circuit at 1 GHz for the 36 mT sensor is based on a fixed LC circuit with lumped

elements. We privileged this choice with respect to a planar waveguide for size reasons. The

minimum size required for a planar waveguide would be a 75 mm long strip (considering a

λ/4 resonator as detailed in Section 5.1).

The resonator elements (L1, R1, C 1, C 2 and C 3 in Fig. 4.1) are selected to obtain the desired

resonance frequency fres and a load impedance matched to Z0=50 Ω at resonance. The

parasitic elements (Lp and Rp) take into account the parasitic effects of the connections. We

selected the matching-circuit, as shown in Fig.4.1 to have only capacitors, to avoid inductances

interacting with the field, and because the resistance of the load is lower than Z0[104]. The role

of C 3 is to increase the capacitor value C 2 compared to the typical NMR matching and tuning

circuit (having only the capacitors C 1 and C 2). The operating frequency and the resistance of

the coil would require a capacitor C 2 having a value below 0.5 pF (thus similar to the estimated

parasitics). This circuit design uses standard capacitance values in the picofarad range and

provides flexibility to fine-tune the resonance frequency.

The capacitors are surface mounted devices (SMD), standard size 0402. The inductor is a

single-turn planar coil of inductance L1 and series resistance R1, having an internal diameter

of 0.6 mm (i.e., sufficiently large to accommodate the YIG sphere or a BDPA crystal). We

used the ANSYS Electronics Desktop™ simulation tool to optimize the layout, in particular

the HFSS™ Finite Element (FE) simulation module for the planar coil parameters, and the

Circuit Design and Simplorer modules for the lumped elements. In this way we adjusted the

parasitic elements to match the resonance frequency as measured in Fig. 4.2. The layout and

the elements values are given in Fig. 4.1 and Table 4.1.

We performed the routing of the board to minimize the size of the sensor, minimize the eddy

currents effect due to the time-transient field, and to allow the installation of the ESR sample.

This chapter is reproduced with changes from [7], with the permission of AIP Publishing.
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Chapter 4. Design of the 1 GHz resonator structure

Figure 4.1 – Schematics of the 1 GHz resonator Lp and Rp are the parasitics elements.

Table 4.1 – Element values for the 1 GHz resonator.

Elements Simulation value Measured value
Substrate type Rogers RO4350 B
Tuning circuit C 1 (pF) 4.7
Matching circuit C 2 (pF) 4.7
Matching circuit C 3 (pF) 15
L1 (nH) 1.2 -
R1 at 1 GHz (mΩ) 38 -
fres (MHz) 1109
S11 (dB) -19
Q at -3 dB (-) 14 36
Lp (nH) 4.13 -
Rp (Ω) 1.35 -

In case of the FMR, the YIG sphere (mounted on a ceramic rod as detailed in Sec. 2.3.1), which

is raised up by 0.55 mm with respect to the substrate to avoid strong coupling [105]. All the

parts (connectors, PCB plated layers, capacitors, YIG fixation elements) were carefully selected

and tested to be non-ferromagnetic. The sensor is shown in Fig. 4.3. We measured a variation

if the resonator frequency after the pre-series production, this is attributed the manufacturing

tolerances of the capacitor values. In order to use this sensor type in the B-train system,

we performed a sorting of the produced resonators to select the devices that have resonant

frequency values within 28 MHz (1 mT). This approach allows having interchangeable spare

parts without changing the main B-train parameter settings.

4.2 Upgrade design

We did not change the RF resonator structure part as very good results were obtained. However,

in order to be more precisely positioned and standardized with respect to the other sensors,

minor modifications were implemented only on the mechanical function of it. With this

upgrade, removal and replacement of the sensor by a spare piece is obvious. The improvements

consist of replacement of two clearance holes, by one dowel hole and a oblong dowel hole of

2 mm diameter as shown in Fig. 4.4.
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0.9 1 1.1 1.2 1.3

Frequency [GHz]

-25

-20

-15

-10

-5

0

S
1

1
 [

d
B

]

Simulation

Measurement

Figure 4.2 – Simulation versus measurement (1 GHz resonator).

(a)

(b)

Figure 4.3 – 1 GHz resonator (with FMR GaYIG sample). (a) The resonator with the description of
the elements. (b) The zoom-in of the mounted YIG sample area.
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Chapter 4. Design of the 1 GHz resonator structure

Figure 4.4 – 1 GHz resonator version 2 (with EPR BDPA sample).
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5 Design of the 3 GHz resonator struc-
ture

5.1 Base design

The resonant-circuit at 3 GHz for the 106 mT sensor is based on a grounded coplanar waveg-

uide (GCPW), which simplifies the inter-connection compared to striplines and microstrips.

A quarter wavelength (λ/4) resonator reduces the size of the sensor with respect to a λ/2

resonator [106, 107]. The total length of the strip is 15.3 mm for 3 GHz.

To optimize the layout, as for the 36 mT sensor, we used the HFSS™ simulation tool with a

complete 3D model of the waveguide to confirm the design parameters (see Tab. 5.1). We

designed a full parametric model in view of future resonance frequency operating points.

Due to the excitation field direction produced by the GCPW, the strip is rotated by 90° in

order to have B0 (parallel to y-axis) orthogonal to B1 (parallel to x-axis) in the coordinate

system as shown in Fig. 5.1a. Since sharp edges create discontinuities (parasitic capacitor and

inductor) [107], the junction was simulated with a straight chamfer and optimized with an

adapted mitres. The FMR sample is placed at the shorted end position of the trace (Fig. 5.1),

while the ESR sample is placed at 2.4 mm from the shorted end (detailed in Sec. 5.2). The

ground planes on the top and bottom layer are uninterrupted to ensure an optimal distribution

of the electric (in Fig. 5.3a) and magnetic (in Fig. 5.3b) field lines.

The produced sensor performance differs from the design values by only 50 MHz in the reso-

nance frequency and by 7.7 dB in the reflected power (see Tab. 5.1 and Fig. 5.2). The difference

is attributed to the coaxial to GCPW junction and to the etching process. The repeatability over

five produced sensors is ±1.5 MHz for the resonance frequency and ±2.7 dB for the matching.

This chapter is reproduced with changes from [7], with the permission of AIP Publishing.
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Chapter 5. Design of the 3 GHz resonator structure

Table 5.1 – Element values for the 3 GHz resonator.

Elements Design value Measured value
Substrate type Rogers RO4350 B
Strip width (mm) 2.1
Strip clearance width (mm) 0.32
Strip length (mm) 15.3
Mitres (%) 70
Open gap length (mm) 0.17
fres (MHz) 3110 3050
S11 (dB) -31.7 -24.0
Q at -3 dB (-) 78 81

(a) (b)

Figure 5.1 – 3 GHz GCPW resonator mounted with GaYIG sample. (a) The GCPW with the description
of the elements. (b) The zoom-in of the mounted YIG sample area.

(a) (b)

Figure 5.3 – 3 GHz field lines on the resonator cross-section (xz-plane). (a) The E-field lines parallel
to the z-axis at the center of the trace. (b) The B-field lines parallel to the x-axis at the center of the
trace, i.e, BRF.
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5.2. Upgrade design
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Figure 5.2 – Simulation versus measurement (3 GHz resonator).

5.2 Upgrade design

We designed a second version of the GCPW to suppress the effect of the ceramic rod fixation

holes. After the tapping operation, we measured significant changes on the resonance fre-

quency and on the matching. For better performance, we also suppressed higher order modes

for the magnetic resonance and standardized the mechanical interface with respect to the

sensor support.

The strip is slightly shorted by 50 µm, vias of 0.5 mm diameter are added all along the strip

spaced by 1 mm. This second version of the resonator is shown in Sec.7.1 ( Fig. 7.1d). The

comparison between the simulation and the measurements are presented in Fig. 5.4a with a

zoomed-in view in Fig. 5.4b.
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Figure 5.4 – Simulation S11 of the 3 GHz resonator version 1 and 2 (a) up to 10 GHz, only the 2 fres

(λ/2) higher mode remains on the version 2. (b) Zoom-in from 2.9 to 3.3 GHz around fres.

The resonance frequency is at 3.140 GHz with the return loss S11 =−21.6 dB, for a Q-factor

Q = 79. The unwanted higher order modes at 4.05 GHz, 5.25 GHz and 6.30 GHz present in
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Chapter 5. Design of the 3 GHz resonator structure

the first version are suppressed by the vias. The normal higher mode at 9.07 GHz remains as

shown in Fig.5.4a, which corresponds to a λ/2 GCPW resonator. This resonance can be used

as a higher field marker at about 324 mT by placing the ESR sample at the middle of the trace

length. In Table 5.2 we summarize the simulated and measured characteristics of the second

version of the 3 GHz resonator.

The measured resonance frequency is lower by 18 MHz and the return loss are lower by -

34 dB. These differences are attributed to the connector interface and etching process. The

manufactured resonator is very close to the critical coupling as shown in Fig. 5.5, which then

improves the matching. The minor rotation around the origin is due to the coaxial cable

between the resonator and the VNA [108] (i.e., a phase shift).
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Figure 5.5 – Smith chart representation of the 3 GHz resonator. The red curve is the simulation
while the blue curve is the measurement performed on the resonator used with BDPA sample.

Table 5.2 – Element values for the 3 GHz resonator version 2.

Elements Design value Measured value
Substrate type Rogers RO4350 B
Strip width (mm) 2.1
Strip clearance width (mm) 0.32
Strip length (mm) 15.25
Mitres (%) 70
Open gap length (mm) 0.17
fres (MHz) 3140 3122
S11 (dB) -22 -34.25
Q at -3 dB (-) 79 70

We use this resonator version for the sensor with paramagnetic sample due to the aforemen-

tioned improved performance. The optimal position of the sample was determined from the

HFSS™ model as shown in Fig. 5.6. This corresponds to y =−2.4 mm from the trace short-end,

where the microwave magnetic field (HRF) is the highest as shown in Fig. 5.7.
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5.2. Upgrade design

Figure 5.6 – HFSS™ model of the 3 GHz resonator where the coordinate system are shown. The xz-
plane and y z-plane in semi-transparent grey are used to plot the magnetic field magnitude distribution
(in Fig. 5.7), while the z-axis red line is used to plot the HRF field (in Fig. 5.8) at the EPR sensor position.

(a) (b)

Figure 5.7 – HRF magnetic field magnitude distribution on the trace. (a) On the y z-plane. (b) On
the xz-plane.

At y =−2.4 mm and x = 0 mm, the component of the magnetic field is mainly on the x-axis as

shown in Fig.5.3b. The RF excitation field B1 , in free space, is given by

B1 = µ0HRF

2
(5.1)

Considering the input RF power at the resonator Pw =−5.86 dBm, the resulting HRF along z-

axis is shown in Fig. 5.8. At the vertical position of the EPR sample (z = 0.14 mm, above the top

layer) HRF = 4 A/m, hence B1 = 2.5µT. This value is part of the noise and signal computation

detailed in Sec. 7.3.
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Chapter 5. Design of the 3 GHz resonator structure
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Figure 5.8 – HRF magnetic field distribution on the z-axis. z = 0 mm is the top surface of the PCB.
The red dot marker is the position of the EPR sample at z = 0.143 mm. The presence of glitches (as
example at about z = 1.25 mm) are due to the simulation mesh size.
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6 Characterisation of the FMR sensors

6.1 FMR resonator detection electronics

The magnetic resonance signal is detected by a 180 ° hybrid coupler, called "Magic-T" in

some documentation, combined with a RF amplifier and a Schottky diode (see Fig. 6.1). The

hybrid coupler is used as a comparator. When the sensor approximately matches 50Ω, the

output signal is minimized (limited by the coupler directivity). At magnetic resonance, the

matching circuit is perturbed and a fraction of the input signal is transferred to the output of

the hybrid coupler. This signal is amplified and the Schottky diode is used for the amplitude

detector [109, 110], where the RF signal is converted into a low frequency (LF).The devices

used for the detection are shown in Tab. 6.1.

Figure 6.1 – FMR resonator detection electronics.

The detection electronics of the 106 mT FMR sensor is similar to the 36 mT FMR sensor

shown in 6.1, we only change the hybrid coupler by an Anaren 30056 to operate in the sensor

This chapter is reproduced with changes from [7], with the permission of AIP Publishing.
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Chapter 6. Characterisation of the FMR sensors

Table 6.1 – FMR detection electronics components.

Components Manufacturer Model
Frequency Generator 0.01-6 GHz TTi TGR6000
Hybrid coupler 180° 1-2 GHz Anaren 30055
Hybrid coupler 180° 2-4 GHz Anaren 30056
50Ω termination 0-12 GHz Mini-Circuits ANNE-50L+
RF amplifier 0.5-8 GHz gain 42 dB Narda-MITEQ AMF-4D-00500800-18-13P-HS-R
Schottky Diode Agilent Technologies 8473B
DAQ National Instruments USB-6366

frequency range from 2 to 4 GHz.

6.2 Ramp rate effect

In order to determine the influence of ramp rate, we measured the position and the linewidth

of the magnetic resonance signal with the dipole bench described in Sec. 3.1. The linewidth is

defined as the full width at half maximum (FWHM). Figure 6.2 shows the impact of the ramp

rate (Ḃ) on the marker-field value. This value is unchanged within 10 µT, which corresponds

to a relative variation of 2.6×10−4.
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Figure 6.2 – Field ramp rate effect on the measured field value.

We measured a constant linewidth of 320 µT within ±10 µT over a range of ramp rates from

0.4 to 1.6 T/s.

6.3 Gradient effect

The sensitivity to a magnetic-field gradient is a relevant parameter, since the sensor shall be

installed in non-homogeneous fields. In the first application, the 36 mT sensor will be installed

in the PS combined function magnet (as discussed in Sec. 9.1), which generates a quadrupolar
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6.4. Effect of the field direction

field on top of a dipolar field. In the second application, the 106 mT sensor will be installed in

the fringe field of the LEIR main bending dipole (as detailed in Sec. 10.1).

The measurements were performed in pulsed mode in the quadrupole calibration bench

described in Sec. 3.2. To determine the quadrupole component, we used the excitation current

in the magnet. The relation between the gradient versus the current, which is known as the

transfer function of the magnet, was measured offline with a rotating coil magnetometer.

The sensor was step-wise positioned close to the magnetic axis where the field is null, therefore

increasing the field inhomogeneity G/Bm ratio while the marker-field level remained the same.

As shown in Fig. 6.3, the resonance linewidth is weakly affected by field gradients up to 1.2 T/m.

This is not surprising because at this field gradient, the field difference across the 0.3 mm

diameter sphere is 360 µT, that is, approximately equal to the linewidth at zero gradient. As

expected and shown in Fig. 6.3, the resonance position is also unaffected by the field gradients.
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Figure 6.3 – Gradient effect on the linewidth and resonance position.

6.4 Effect of the field direction

The field direction sensitivity is the influence of the angular position of the sensor with respect

to the external field direction on the effective gyromagnetic ratio. The coordinate system is

defined in the Figure 4.3a. We measured the three angular directions φ (pitch, rotation about

x-axis), ϕ (yaw, rotation about y-axis), and ψ (roll, rotation about z-axis) with respect to the

main field orientation B0 along y-axis. The center of the coordinate system is at the YIG sphere

position. We used the goniometer introduced in Sec. 3.3 to rotate the sensor by steps of 2°;

the roll angle up to ±8° and the pitch angle up to +4°, limited by the magnet aperture. For

the yaw angle, we used the sensors support to rotate by steps of ±90°. Figure 6.4 shows the

marker value variation as a function of the angle. The sensor sensitivity to the roll angle is

ψ= 433 µT/°.

This is mainly explained by the angle α (in Eq. 2.10) between the field B0 with respect to

the YIG sphere’s temperature stable axis. A minor contribution is attributed to the angle
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Figure 6.4 – Field direction effect on the marker level.

between the field B0 with respect to the RF excitation field B1 direction, which deviates from

the optimum value of 90°. There is also a small sensitivity to the pitch angle of about 15 µT/°

due to cross-sensitivity between the two rotation axes. The yaw angle has negligible effect on

the field measurement. The roll angle variation implies mechanical tolerances of 2 µm on the

sensor support to reach 25 µT of absolute accuracy. We took into account this tight tolerance

for the design of the support in the PS and LEIR magnets.

6.5 Temperature effect and stable axis adjustment

For the YIG filters, this process is performed by its embedded electro-magnet and heater

system. For the FMR sensor proposed in this work, we set up a special bench detailed in

Sec. 3.3. The temperature-stable axis is aligned with the field when the resonance peak does

not change with temperature and corresponds to an angle α=±29.7 ° as detailed in Sec. 2.3.1.

This is achieved by an iterative process consisting of the rotation of the rod, the adjustment of

the magnetic field to keep the magnetic resonance in the minimum peak of the resonator (see

red curve in Fig. 6.5), and toggling the heater in ON/OFF position. When the stable axis was

identified, we tightened the fixation screws of the ceramic rod support and re-checked the

magnetic resonance in case of the tightening changed the mechanical position of the sphere.

In order to measure precisely the temperature dependency after the alignment along the

stable axis, we installed the sensor in the dipole calibration bench described in Section 3.1

equipped with the Peltier module extension where the temperature and the magnetic field are

well controlled and measured.

Figure 6.6 shows the marker field level dependency with respect to the temperature before

(red line) and after (green line) the stable axis alignment procedure. A variation of 4 µT/°C is

adequate as the PS reference magnet is in a temperature controlled room with ±2°C variation,

corresponding to a field error of 16 µT. On the contrary, for the LEIR reference magnet which
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Figure 6.5 – Return loss of the 3 GHz resonator, the blue curve is with B0 outside magnetic resonance,
the red curve is with B0 at the magnetic resonance.
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Figure 6.6 – Temperature stable axis alignment.

is exposed to higher temperature variation, we decided to add a heating controlled system in

order to limit the temperature variation impact on the marker as well as the induction coil as

detailed in Sec.10.1.

6.6 Summary of results

We performed identical measurements also with the 106 mT FMR sensor. The Table 6.2

summarizes the main results obtained with both sensors.
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Chapter 6. Characterisation of the FMR sensors

Table 6.2 – FMR resonator sensors summary.

Parameters 36 mT resonator 106 mT resonator

Operating frequency (MHz) 1109 3050

Q (-) 36 81

Bm (mT) 35.9 106.3

Linewidth (µT) 320 370

Effective γ (GHz/T) 28.29±0.01 28.69±0.01

Ḃ sensitivity (-) no effect up to 2.3 T/s no effect up to 5 T/s

Gradient sensitivity (µT/(T/m)) -56 0

Temperature sensitivity (µT/°C) 3.6 2.2

Field direction sensitivity ψ (µT/°) 433 368

Resolution (nT/Hz1/2) 0.7 1.3

Bandwidth (kHz) 150 150

Integrated resolution (µTRMS) 0.3 0.5
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7 Characterisation of the EPR resonator
sensors

We detail in this chapter the measurements preformed on the 106 mT sensors with param-

agnetic sample mounted on the 3 GHz resonator structure respectively. However, identical

setup, operation and characterisation were realized on the 36 mT (i.e., 1 GHz) sensor with

paramagnetic sample. The performance obtained with this sensors is summarised at the end

of the chapter.

7.1 Sample preparation

We positioned a single crystal of BDPA with a size of 920×390×450µm3 on the co-planar

waveguide at 2.4 mm from the trace short-end (see Fig. 7.1d), where the excitation field B1 is

the strongest (previously determined in Sec. 5.2).

In order to fix the sample on the PCB at its optimal position, we first encapsulated it to

minimize the degradation of its magnetic properties due to reaction with the ambient air. We

wrapped the sample into a polyethylene terephthalate (PET) shrink tube (Nordson Medical,

103-0002) as shown in Fig. 7.1b. We chose the smallest available wall thickness of 6 µm

to minimize the distance between the sample and the PCB surface. The shrink tube was

heated up to about 70 °C, and after its cool-down we positioned the packet on the PCB and

covered it with epoxy resin (Araldite®) as shown in Fig. 7.1d. The tube also prevents any direct

contact between the resin and the BDPA sample, which would strongly react chemically during

polymerization of the resin and lose it EPR properties, as we observed on dummy samples.

7.2 Detection electronics

The magnetic resonance signal with the resonator is detected by a 180◦ hybrid coupler, com-

bined with a RF amplifier with a gain of Grf = 126 (42 dB) as shown in Fig. 7.2. We recall that

we designed the sensor to approximately match 50Ω such that the coupler output signal

This chapter is reproduced with changes from [111].
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Chapter 7. Characterisation of the EPR resonator sensors

(a) (b)

(c) (d)

Figure 7.1 – 106 mT resonator sensor with EPR sample. (a) BDPA crystal. (b) Sample embedded into
the shrink tube. (c) Sample glued on the PCB. (d) 3 GHz resonator with the BDPA sample.

is minimized (and limited only by the coupler directivity). At the magnetic resonance, the

matched circuit is perturbed and a fraction of the input signal is transferred to the output

of the hybrid coupler. After RF amplification, a Schottky diode is used as power detector,

converting the RF signal into a LF signal. The EPR electronics includes an attenuator of 6 dB

at the Schottky diode input in order to increase B1 at the sensor while keeping the RF signal

in the linear range of the Schottky diode (about -200 mV). A low noise amplifier with a gain

Glf = 1000 (60 dB) amplifies and a bandpass filter (1.5 Hz to 100 kHz) the LF signal of ±10 V

level for the input of the DAQ as shown in Fig. 7.2.

The devices used for the detection are shown in Tab. 7.1.

The detection chain is identical for the 36 mT and the 106 mT EPR sensors.

48



7.3. Resonator noise and signal characterisation
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Figure 7.2 – Schematic layout of the EPR detection electronics for the resonator structures.

Table 7.1 – EPR resonator detection electronics components.

Components Manufacturer Model
Frequency Generator 0.0001-20 GHz Anapico APSIN20GHz
Hybrid coupler 180° 0.75-12.4 GHz Cernex, Inc. CHCU7120320T180
Attenuator 6 dB Radiall R411806124
Low frequency amplifier FEMTO DLPVA-100-B-D
50Ω termination 0-12 GHz Mini-Circuits ANNE-50L+
RF amplifier 0.5-8 GHz gain 42 dB Narda-MITEQ AMF-4D-00500800-18-13P-HS-R
Schottky Diode Agilent Technologies 8473B
DAQ National Instruments USB-6366

7.3 Resonator noise and signal characterisation

7.3.1 Theory

We present in this section the computation for an arbitrary resonator proposed by Dr. G. Boero

[112] and reported in Ref. [111]. This model is compared with respect to the measurements

performed on the sensor as shown in detail in Sec. 7.3.2.

Neglecting all losses in the connections, the rms value of EPR signal at the input of the RF

amplifier in Fig. 7.2 can be written as [57]

S′′ = 1

2
χ′′ηQuE , (7.1)

where χ′′ is the imaginary part of the magnetic susceptibility, η is the filling factor [57, 105],

Qu is the unloaded Q-factor of the resonator. The power available from the RF generator at the

resonator is Pw = E 2/4R0, where E is the rms value of the RF generator voltage, and R0 is the
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Chapter 7. Characterisation of the EPR resonator sensors

matched impedance of the resonator at resonance (which is also equal to the RF generator

output impedance, the characteristic impedance of the connecting cables, and the input

impedance of the RF amplifier). In our case, as in most of the EPR systems R0 = 50Ω. The

previous equation can be written in a different form as follow. In resonance conditions

χ′′ = 1

2

χ0ω0T2

1+γ2
eB 2

1 T1T2
, (7.2)

where T1 and T2 are the sample relaxation times, χ0 is the static magnetic susceptibility,

ω0 is the resonance angular frequency, and B1 is the amplitude of the circularly polarized

component of the RF excitation field precessing in the same direction as the magnetization.

The unloaded Q-factor can be written as Qu = Λ2Vsω0/µ0η [113], where Vs is the sample

volume, and the resonator efficiency parameter is defined asΛ= B1/
p

Pw. With these relations

and assumption, the rms value of the EPR signal at the input of the RF preamplifier can be

re-written as

S′′ = 1

2

γeB1T2

1+γ2
eB 2

1 T1T2
ω0M0VsΛ

√
R0. (7.3)

where the magnetization of the sample is M0 = (χ0B0/µ0), where µ0 is the permeability of

vacuum. The static magnetic susceptibility χ0, for a spin 1/2 system and µB0 << kBT where µ

is the intrinsic magnetic moment, is given by

χ0 =
µ0nsγ

2
e~2

4kBT
(7.4)

where ns is the spin density, ~ is the reduced Planck constant, kB is the Boltzmann constant,

and T is the sample temperature.

Neglecting all noise sources except the thermal noise of the impedance matched resonator,

the noise spectral density (in V/Hz1/2) at the input of the RF amplifier can be written as

n′′ =
√

4kBT R0. (7.5)

The signal and the noise are conditioned through the detection electronics considering the

attenuation, the amplification, and the additional noise sources we can obtain the signal and

the noise at the input of the analog-to-digital converter of the DAQ system in Fig. 7.2 signal as

follow. The signal at the DAQ input is:

S = S′′(Ac Ah Aa Ad)(GrfGlf) (7.6)

where the A coefficients are the attenuation factors, Ac is the contribution of the cables, Ah is

the contribution of the hybrid coupler, Aa is the contribution of the attenuator, and Ad is the

contribution of the Schottky diode. Grf is the gain of the RF amplifier, and Glf is the gain of the

LF amplifier after the Schottky diode. The noise spectral density at the DAQ input is given by

n =Glf

√
(n′)2 +n2

d +n2
a (7.7)
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7.3. Resonator noise and signal characterisation

where nd is the noise contribution from the diode, na =
√

v2
n + (Rnin)2 is the noise of the low

frequency amplifier, vn is the equivalent input voltage noise of the amplifier, Rn is the output

diode impedance, in is the equivalent input current noise of the amplifier, and

n′ = n′′GrfNF Aa Ad, (7.8)

is the noise contribution from the RF part of the detection electronics, where NF is the noise

figure of the RF amplifier. Finally, the rms value of the noise at the input of the DAQ system is

N = n
√
∆ f (7.9)

where
√
∆ f is the equivalent noise bandwidth at the input of the DAQ system.

7.3.2 Comparison with respect to the measurements

We measured the marker signal as shown in Fig. 7.3 under nominal operation conditions

(0.6 T/s, 23 °C, no field gradient, B0 // y-axis). We calculated the sensitivity of the sensor (in

V/T) from the derivative of the marker signal, then determined its resolution. We recall that

the resolution is defined as the noise spectral density over the sensitivity.
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Figure 7.3 – Typical field marker signal with the 106 mT EPR sensor with the resonator structure for
Ḃ = 0.6 T/s.

After the LF amplifier we measured a sensitivity of δ= 90800 V/T, and a noise spectral density

of Nsd = 200 µV/Hz1/2 (i.e. 63 mVr ms with a bandwidth of 100 kHz) above the 1/ f corner

frequency of 20 kHz, hence the resolution is Ξ= 2 nT/Hz1/2.

From Eq. (7.4), assuming ns = 1.5×1027 spin/m3, T = 296 K, we obtain a static susceptibility

χ0 = 3.97×10−5. Hence, for B0 = 111.4 mT, the static magnetization is M0 = 3.52 A/m. From

Eq. (7.3) the signal at the input of the RF amplifier without losses in the connections is expected
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Chapter 7. Characterisation of the EPR resonator sensors

to be S′′ = 275 µV, where we have assumed T1 = T2 = 100 ns [114, 94], ω0 = 1.9622×1010 s−1,

Vs = 920×390×450 µm3, andΛ= 157 µT/W1/2 (considering Pw =−5.86 dBm, R0 = 50Ω, and

B1 = 2.5 µT obtained from simulations detailed in Sec. 5.2). From Eq. (7.6), assuming Ac = 0.7,

Ah = 0.6, Aa = 0.5, Ad = −0.7, Grf = 126, Glf = 1000, the signal amplitude at the input of the

data acquisition system is S =−5.7 V. This theoretical value is very close to the measured value

of -6.2 V (see Fig. 7.3). The small difference is probably due to the difficulty in estimating

accurately the sample volume by optical microscopy.

From Eq. (7.5), with T =296 K and R0=50 Ω, the noise spectral density at the RF amplifier

input n′′ is about 0.9 nV/Hz1/2. Considering NF = 1.5, vn = 4 nV/Hz1/2, in = 2 pA/Hz1/2,

Rn = 1.3 kΩ, we obtain n′=60 nV/Hz1/2 and na=5 nV/Hz1/2. The diode noise spectral density is

nd = 110 nV/Hz1/2, which is, despite the effective RF gain of about 42 dB, almost a factor two

larger than the noise n′ from the RF circuitry. Hence, the expected noise spectral density at

input of the DAQ system is n=127 µV/Hz1/2 and its rms value considering a noise equivalent

bandwidth∆ f =100 kHz is N = 40 mVrms. This value is about 1.6 times lower than the measured

noise, probably due a non negligible contribution of the RF signal generator amplitude noise.

Overall, the measured signal, noise, and signal-to-noise ratio (SNR) are, within a factor of two,

in agreement with the theoretically expected values.

7.4 Ramp rate effect

In order to determine the influence of the field ramp rate, we measured the position and the

line width of the magnetic resonance signal as a function of Ḃ . The line width is defined as

the FWHM. The field marker is defined as the corresponding field at minimum value of the

marker signal (the peak) as shown in Fig. 7.3.

Figure 7.4a shows the impact of Ḃ on the marker-field value. The measured marked field value

is 111.408±0.007 mT up to 5 T/s (i.e., to an effective γ/2π= 28.03 GHz/T for a frequency of

3.123 GHz), which corresponds to a relative variation of 1.3×10−4. The measured relative

variation is similar to the one measured with a YIG sample on a 3 GHz resonator as shown in

Sec. 6.2. The error bars in Fig. 7.4a correspond to the standard deviation of the marker value

over ten repeated magnetic cycles. The linewidth is 85 µT up to a ramp rate of 2.5 T/s. At

Ḃ = 5 T/s, the linewidth increases to 100 µT, as shown in Fig. 7.4b.

7.5 Gradient effect

We recall that the gradient effect is measured in the quadrupole bench detailed in Sec. 3.2. The

sensor was step-wise positioned close to the magnetic axis where the field is null, therefore

increasing the field inhomogeneity G/Bm ratio while the marker-field level remained the same.

As shown in Fig. 7.5a, the marker signal amplitude and line width are broadened by field

gradients as expected. For gradients higher than 1.5 T/m (i.e., G/Bm = 13 m−1), the signal
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Figure 7.4 – Field ramp rate effect on the 106 mT EPR sensor.(a) Field value.(b) linewidth.

becomes difficult to detect with the current electronics. The SNR for slow ramp rates can be

improved by reducing the filter bandwidth. We attribute the broadening of the signal to the

field difference across the sample. With a homogeneity of 34 m−1 (i.e., 3.7 T/m at 0.11 T) we

would expect, on a sample size of about 450 µm along the gradient direction, a linewidth of

about 1.6 mT, in good agreement with the measured value of about 2.1 mT (which is about

twenty times larger than the linewidth at zero gradient). The line width increases linearly from

about 1.5 T/m by 0.5 mT/(T/m) as shown in Fig.7.5b.
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Figure 7.5 – Gradient effect on the EPR 106 mT sensor.(a) On the 106 mT EPR sensor marker signal.
(b) On the 106 mT EPR sensor linewidth.

7.6 Effect of the field direction

We recall that the field direction sensitivity is the influence of the angular position of the sensor

with respect to the magnetic field direction B0 on the effective gyromagnetic ratio. We used
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Chapter 7. Characterisation of the EPR resonator sensors

the dipole bench described in the Sec. 3.1.

Contrary to a not aligned YIG sample where the sensor sensitivity to the angle about the z-axis

(according to the coordinate system in Fig. 7.1d) isψ= 433µT/° as shown in Sec. 6.4 the sensors

with BDPA sample (i.e., resonator 1 and 3 GHz; oscillator 10 GHz and 20 GHz) are insensitive

to any rotation within the measurement uncertainty and magnet field homogeneity.

As the effective γ is not impacted, the mechanical alignment and stability are not critical

parameters to be considered.

7.7 Temperature effect

In order to measure the temperature sensitivity, we installed the sensor in the dipole cali-

bration bench described in the Sec. 3.3 equipped with a Peltier module extension where the

temperature and the magnetic field are well controlled and measured. Figure 7.6 shows the

marker field value with respect to the temperature for the 3 GHz resonator. The measured

temperature sensitivity is 7 µT/°C, independently on the BDPA crystal orientation with respect

to the magnetic field. This temperature cross-sensitivity is much lower than the one observed

for YIG sphere based sensors with the crystal axis in an arbitrary direction. Hence, the complex

alignment required for the YIG spheres is not necessary for the BDPA based sensors. Never-

theless, when the sensors will be installed in environments where the temperature variation

exceeds ±2.4 °C, the temperature cross-sensitivity will produce a field error of 17 µT. Hence, to

comply with the required relative field stability of 1.5×10−4, a temperature control system will

be required.
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Figure 7.6 – Temperature sensitivity on 106 mT EPR sensor.

7.8 Summary of results

The Table 7.2 summarizes the main results obtained with both sensors. We measured lower

gradient sensitivity by a factor three with the 36 mT EPR sensor because the sample size is

smaller. The other parameters are more or less identical.
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7.8. Summary of results

Table 7.2 – EPR resonator sensors summary.

Parameters 36 mT resonator 106 mT resonator

Operating frequency (MHz) 1078.9 3123

Bm (mT) 38.52 111.41

Linewidth (µT) 94 85

Effective γ (GHz/T) 28.01±0.01 28.03±0.01

Sample volume (µm3) 63.0×106 161.5×106

Ḃ sensitivity (µT/(T/s)) 4 4

Gradient sensitivity (µT/(T/m)) 160 480

Maximum gradient (T/m) 1.2 1.5

Maximum field inhomogenity G/Bm (m−1) 31 13

Temperature sensitivity (µT/°C) 4.8 7

Field direction sensitivity ψ (µT/°) <1 <1

Sensor sensitivity (V/T) 47450 90800

Noise floor (V/Hz1/2) 0.26×10−3 0.2×10−3

Resolution (nT/Hz1/2) 5.5 2.2

Bandwidth (kHz) 100 100

Integrated resolution (µTRMS) 1.73 0.70

SNR (-) 39 98
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8 Characterisation of the EPR oscillator
sensors

We present in this chapter the measurements preformed on the 360 mT and 710 mT sensors

with paramagnetic sample mounted on the 10 GHz and 20 GHz oscillator structure respectively.

Both oscillators are mounted on a single chip designed by Dr. G. Boero and Dr. A. V. Matheoud

detailed in Ref. [115, 116, 117].

8.1 Oscillator chip

The 10 GHz and 20 GHz oscillator structures are realized on a single silicon chip having total

area of about 3 mm2, using a Complementary Metal Oxide Semiconductor (CMOS) integrated

circuit technology. The 10 GHz oscillator consists of an integrated cross-coupled LC oscillator

as shown in Fig. 8.1, providing a direct and fixed output frequency. A detailed description of the

10 GHz oscillator can be found in Ref. [115, 117]. The 20 GHz oscillator has two cross-coupled

LC oscillators (oscH and oscL), each of them is equipped with a pair of voltage controlled

capacitors (varicaps), as shown in Fig. 8.2, operating in a range of ±1.8 V to vary the frequency

from 18 to 21 GHz. A front-end mixer based on Gilbert cell topology [118] driven by a dedicated

power supply module down-converts the output frequency to ±1.5 GHz. A differential output

buffer circuit is added to drive 50Ω characteristic impedance loads. The main parameters for

both oscillator types are summarized in Table 8.1.

8.2 PCB design for the oscillators installation

The PCB design was developed for the 20 GHz oscillator requiring eight wire-bonding ports,

therefore wire-bonding adaptation was performed to mount and operate the 10 GHz oscillator

as it requires only four ports. The PCB laminate has a substrate thickness of 1.524 mm in

Rogers™ 4350B and double-face conductor with a thickness of 17 µm in copper. The die

is electrically connected either by Al wire bonding (10 GHz oscillator) or Au wire bonding

(20 GHz oscillator). The Au wire-bonding pads on the PCB are Ni plated due to the aluminium

This chapter is reproduced with changes from [111].
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Chapter 8. Characterisation of the EPR oscillator sensors

Table 8.1 – Oscillators design parameters [116, 119].

Parameters 10 GHz osc. 20 GHz osc.
Coil outer diameter (µm) 270 180
Coil trace width (µm) 12 30
Coil resistance (Ω) 10 2.5
Coil inductance (nH) 2.3 0.391
Coil Q-factor (-) 14 20
Varactor min. capa. at -1.8 V (fF) - 45
Varactor nom. capa. at 0 V (fF) - 95
Varactor max. capa. at +1.8 V (fF) - 123

VOSC

3x32 μm /
0.18 μm

500 fF

150 fF

2.2 nH
500 fF

150 fF

2.2 nH

2.3 nH3x32 μm /
0.18 μm

VLC-VLC+

L

LbiasLbias

Figure 8.1 – Schematics of the fully integrated 10 GHz oscillator [119].

wedge wire bonding process at CERN [120]. The Ni thickness is about 3 µm to 6 µm, and the

bonding pad size is about 800×200µm2. The presence of Ni in the bonding pads produces

a negligible perturbation to the homogeneity and absolute value of the magnetic field to be

measured, as discussed in Sec. 8.9. The chip was fixed with thermoplastic conductive paste

(Staystik®, Cookson Electronics) without encapsulation allowing the installation of the EPR

sample on the top surface of the die. Non-ferromagnetic discrete components (in Fig. 8.4a)

are used for the biasing and filtering of the power supply and signals as shown in Fig. 8.3. The

mechanical interface is compatible with the one used for the resonator version.

8.3 Sample preparation

We selected a BDPA crystal with a size of 170×110×65µm3 for the 360 mT EPR sensor and

60×40×30µm3 for the 710 mT EPR sensor, optimized to provide the largest signal amplitude

just below the strong coupling regime [105]. We mounted the sample at the center of the

oscillator coil as shown in Fig. 8.4b and Fig. 8.4c. For size reason, we did not encapsulate the

BDPA as for the resonator, we only protected it with silicone grease (high vacuum grease, Dow

Corning) to avoid chemical reaction with the ambient air and minimize pollution by external
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Figure 8.2 – Schematics of the fullly integrated 20 GHz oscillator [119]. (A) Block diagram. (B) Cross-
coupled LC oscillator. (C) Mixer power supply module. (D) Front end integrated mixer. (E) Differential
output buffer.

elements.

All the sample dimensions were measured with a Hirox RH-2000 digital microscope. For the

length and width (x y-plane) the 2D pictures were used as shown in Fig. 8.4b and Fig. 8.4c,

for the sample height (z-axis) a 3D reconstruction by shape-from-focus method (SFF) was

used as shown in Fig. 8.5. The measurement volume error is considered less than 40% and

overestimated as we performed a projection of the measured sample area along the measured

height.

8.4 Detection electronics

The magnetic resonance signal of the oscillator is detected by a home-made dedicated phase-

locked loop (PLL) originally designed by Dr. A. V. Matheoud (detailed in Ref. [117]) and adapted

for a lock frequency range from 150 to 200 MHz as presented in the Appendix B.2 with a

frequency noise of about 2 Hz/Hz1/2. The PLL acts as frequency-to-voltage converter and has

two output signals: a DC output with a low pass filter of 8 Hz (to measure the absolute value of

the oscillator frequency and its slow variations) and an AC output with a band pass filter of

0.160-160 kHz (to measure fast variations of the oscillator frequency). The sensitivity of the
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Figure 8.3 – PCB layout for the oscillator sensor.

DC and AC outputs is of about 49 and 67 nV/Hz, respectively (see Fig. 8.6a and Fig. 8.6b).

For the 10 GHz oscillator the RF output signal is down-converted with two mixer stages to

a 175 MHz base-band frequency, as shown in Fig. 8.7. The first mixer (connectorized) stage

down-converts the frequency from 10 GHz to 2.5 GHz, the second mixer (SMD) stage is em-

bedded in a electronic board to down-convert the frequency from 2.5 GHz to 175 MHz. Filters

and amplifiers are used for the signal conditioning between the different stages.

The electronic board (detailed in Appendix B) is composed of a carrier board in 3U Eurocard

format as shown in Fig. 8.8a, which accepts mezzanine cards for oscillator as shown in Fig. 8.8b

and later for the resonator. The carrier board is produced with standard PCB technology and

includes the control and low frequency signal conditioning. For future developments, we

added a local frequency generator of 0.5-6 GHz connected to the mezzanine board with an

SMP connector. The mezzanine is designed for RF applications on a RF substrate (Rogers

Corporation, RO4350B™), with impedance controlled traces and a EMI screen to limit elec-

tromagnetic interference from external sources and reduce electromagnetic pollution to the

neighbouring boards of the B-Train chassis.

For the 20 GHz oscillator chip, the RF output frequency is up to 2 GHz due to the presence

of two variable oscillators and an integrated mixer. The RF output signal is amplified by a

low noise amplifier (Mini-circuits, ZX60-83LN-S+) and is connected to the electronic boards

as shown in Fig. 8.8b. The mixer in the mezzanine card is used to downconvert the output

frequency of the chip to the PLL optimal operating frequency (162 to 175 MHz).
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8.4. Detection electronics

(a)

(b) (c)

Figure 8.4 – Oscillator structures. (a) oscillator PCB. (b) BDPA sample installed in the center of the
coil and embedded with vacuum grease.(c) BDPA sample installed in the center of the top coil of oscH
and covered with vacuum grease.

For the 20 GHz oscillator chip, the RF output frequency is up to 2 GHz due to the presence

of two oscillators and an integrated mixer. The RF output signal is amplified by a low noise

amplifier (Mini-circuits, ZX60-83LN-S+) and is connected to the electronic boards as shown in

Fig. 8.8b. The mixer in the mezzanine card is used to downconvert the output frequency of the

chip to the PLL optimal operating frequency (162 to 175 MHz).

The devices used for the detection are shown in Tab.8.2.
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Chapter 8. Characterisation of the EPR oscillator sensors

Figure 8.5 – 3D BDPA sample view reconstruction for the 20 GHz oscillator sensor. On the bottom,
the thickness profile corresponds to the yellow section in the 3D view.
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Figure 8.6 – PLL outputs sensitivity. (a) The DC output has a sensitivity of about 49 nV/Hz. (b) The
AC output measured with a frequency modulation (FM) of 1 kHz carrier frequency has a sensitivity of
67 nV/Hz.
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8.4. Detection electronics

Figure 8.7 – EPR oscillators detection electronics. The 10 GHz and 20 GHz are measured using the
same electronic board (mezzanine card). Vosc is the power supply for the 10 GHz oscillator. Vdd is the
power supply for the 20 GHz oscillator auxiliary circuits. VoscL and VoscH are the power supplies for
the lower and higher frequency oscillators, respectively. VarL and VarH are the voltage source for the
lower and higher frequency oscillators variable capacitor, respectively.

Table 8.2 – EPR oscillator detection electronics components. The first part is common for both
oscillator structures. The second part is the specific components for the 10 GHz oscillators. The third
part is the specific components for the 20 GHz oscillators.

Components Manufacturer Model
Frequency Generator#1 TTi TGR6000
Mixer#2 5-2500 MHz MACOM MAMX-007238-CM25MH
RF amplifier#1 500-8000 MHz +21 dB Mini-circuits ZX60-83LN-S+
RF amplifier#2 100-10000 MHz +12 dB Guerrilla GRF2003
RF amplifier#3 DC-3000 MHz +13 dB Infineon BGA420
Bandpass filter 150-200 MHz CERN EDA-03593-V2
PLL CERN/EPFL -
Power supply Vosc, Vdd FONTAINE ST-40C
Frequency Generator#2 Anapico APSIN20GHz
Bandpass filter 2441 MHz BW=83.5 MHz Crystek CBPFS-2441
Mixer#1 3700-10000 MHz Mini-Circuits ZX05-14-S+
Power supply VoscL, VoscH YOKOGAMA GS 200
Power supply VarL,VarH ANALOGIC AN 3100
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Chapter 8. Characterisation of the EPR oscillator sensors

(a)

(b)

Figure 8.8 – Oscillator detection electronics board. (a) Carrier board with the mounted mezzanine
card. (b) Mezzanine card with the EMI protection removed, where the main functions are illustrated.
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8.5. Noise spectral density analysis

8.5 Noise spectral density analysis

The 10 GHz oscillator has the corner frequency at 30 kHz for a noise floor of 3 Hz/Hz1/2.

The noise peaks at 200 Hz, 400 Hz, 66 kHz and 130 kHz are induced by the first stage down-

converter RF generator (ANAPICO).

The noise spectral density of 20 GHz oscillator is almost an order of magnitude larger than

the 10 GHz oscillator as show in Fig. 8.9. The two cross-coupled oscillators, the power supply

stage, the mixer stage and the voltage source of the varicaps are all contributing to the overall

noise. Therefore, a higher noise with respect to a single LC oscillator is expected. The corner

frequency of the 20 GHz oscillator is at 100 kHz with a noise floor at 35 Hz/Hz1/2.
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Figure 8.9 – Noise spectral density of the oscillators.

8.6 Oscillator noise and signal computation

8.6.1 Theory

The oscillation frequency of an oscillator coupled with an ensemble of electron spins can be

writing as [121, 105]

ωLCχ
∼= ωLC√

1+ηχ′ (8.1)

where

χ′ =−1

2

(ωLCχ−γeB0)T 2
2

1+ (ωLCχ−γeB0)2T 2
2 +γ2

eB 2
1 T1T2

γeB0χ0, (8.2)

ωLC is the unperturbed oscillation frequency (i.e., far away from the magnetic resonance).

Due to the correlation of ωLCχ through χ′ in both side of the equation (8.1), ωLCχ is obtained

by the determination of the roots of the function [105]

F (ωLCχ,B0) =ωLCχ− ωLC√
1+ηχ′ = 0 (8.3)
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Chapter 8. Characterisation of the EPR oscillator sensors

by solving numerically with increment of B0 and starting far below the magnetic resonance

peak. Among the three solutions (two complex, one real), the signal amplitude ∆ fLCχ =
(ωLCχ−ωLC)/2π is computed from the the peak-to-peak value of the real solution.

The noise of an LC oscillator dominated by the thermal noise of the coil resistance can be

written as [121]

N f LC = 1

2π

√√√√kBT Rcω
2
LC∆ f

V 2
0

(8.4)

where Rc is the coil resistance and V0 the oscillator voltage amplitude.

8.6.2 Comparison with respect to the measurements

We determined the sensitivity with the method described in Sec. 7.3.2. We measured a sensi-

tivity of 31.7 GHz/T for the 10 GHz sensor, and a noise spectral density of 3 Hz/Hz1/2 above

the 1/ f corner frequency of 30 kHz , hence the resolution is 0.095 nT/Hz1/2 corresponding

to the best performance obtained among the proposed sensors. Considering the bandwidth

from 0.160 kHz to 160 kHz, the noise is about 1.2 kHz, giving a resolution of about 40 nT.

Assuming η= 4×10−3, ωLC = 6.353×1010s−1,T1 = T2 = 100 ns, χ0 = 3.97×10−5 and B1 = 80µT

we obtain, from Eq. (8.3, ∆ fLCχ = 2.1 MHz. The measured signal amplitude is about a factor

two lower (i.e, 1.1 MHz) than the computed value, probably due to the uncertainty in the

estimation of the the filling factor value. The computed noise from Eq. (8.4) at the same

oscillation frequency is N f LC = 0.9 kHz (i.e, 2.3 Hz/Hz1/2) considering T = 296 K, Rc = 10Ω,

∆ f = 160 kHz and V0 = 0.9 V, which is less than a factor two lower than the measured value.

The measured signal amplitude for the 20 GHz oscillator sensor is also approximately a

factor of two smaller than the computed value (the measured amplitude is about 0.8 MHz,

whereas the computed amplitude is ∆ fLCχ = 1.8 MHz assuming η = 1×10−3, ωLC = 1.26×
1011s−1,T1 = T2 = 100 ns, χ0 = 3.97×10−5 and B1 = 80µT). However, the measured noise (i.e,

N fLC = 14 kHz, 35 Hz/Hz1/2) is about an order of magnitude larger than the computed value

(i.e,
p

2N f LC = 1.3 kHz for two oscillators, 3.2 Hz/Hz1/2) considering T = 296 K, Rc = 2.5Ω,

∆ f = 160 kHz and V0 = 0.9 V and neglecting all phase noise contributions from the oscillator

cross-coupled transistor and the integrated mixer. Due to the uncertainties on the value of

these parameters, this moderate disagreement is not unexpected.

8.7 20 GHz oscillator specific measurements

The 20 GHz oscillator is equipped with varicaps to change the operating frequency.

The varH varicap is integrated in the higher oscillator oscH where the BDPA sample is placed,

whereas the varH is integrated in the lower oscillator oscL, as shown in Fig. 8.4c. In Figure 8.10a

we present the relative frequency shift with respect to the applied voltage measured with a

frequency counter (TTi, TF930). A variation of the varicap voltage of ±1 V allows obtaining

a frequency variation of about ±1.8 GHz (see Fig. 8.10a). The approximately linear region is
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between ±0.3 V. When both varicap voltages are set to zero, the oscillator oscL has a frequency

of 204 MHz higher than the oscillator oscH. The field marker can be changed from 660 mT

to 720 mT, that is, 18.5 GHz to 20.2 GHz as shown in Fig. 8.10b. This lower frequency range

compared to the results presented in Fig.8.10a is due to the limitation of the varL voltage for

keeping constant the input frequency of 165.5 MHz at the input of the PLL (i.e., 1.37 V).
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Figure 8.10 – 20 GHz oscillator varicap tuning.(a) The variable capacitor of the low oscillator (in
blue), the variable capacitor of the high oscillator (in red). The dash line part of the curve corresponds
to the not measurable range of the oscillator frequency. (b). The 20 GHz oscillator field marker tuning
capacity. On the left axis, the oscillation frequency determined by theoretical γe/2π. On the right axis
the measured field marker value.

8.8 Oscillators performance summary

The key features of the 10 GHz and 20 GHz oscillators are summarized in Table 8.3. The

maximum supply voltage is 1.8 V, but the largest SNR is obtained for a supply voltage of

about 0.9 V This is due to the dependencies of the signal on microwave excitation field B1

(see Eq. 8.2), of the frequency thermal noise (see Eq. 8.4) and frequency 1/ f noise on the

oscillation amplitude V0. We have not found a convincing analytical expression to describe

the dependence of frequency 1/ f noise on V0 (and the transistor parameters), especially close

to the start-up conditions. However, experimentally we have systematically observed that

the largest SNR for measurements performed in a frequency bandwidth strongly affected

by the 1/ f noise is obtained for an oscillation voltage just above the start-up condition. For

larger supply voltages, the 1/ f noise increase is larger than the decrease in the thermal noise.

Additionally, due to the larger B1, the signal amplitude can also decrease due to saturation

(see Eq. 8.2).
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Chapter 8. Characterisation of the EPR oscillator sensors

Table 8.3 – Oscillators performance summary.

Parameters 10 GHz osc. 20 GHz osc.
Supply voltage (V) 0.9 1.8
oscH and oscL voltage (V) - 0.894
varL voltage (V) - -0.429
varH voltage (V) - -0.408
Supply current (mA) 6.18 5.6
oscH and oscL current (mA) - 7.1
varH and varL current (mA) - 0
Total power (mW) 5.6 16.4
Oscillation freq. (MHz) 10111.37 20000 1

oscL rest freq. 2 (MHz) - 19437 1

oscH rest freq. 2 (MHz) - 19232 1

Oscillators freq. difference (MHz) - 204.58
Freq. error after power ON 3 (kHz) 25 500
Field. error after power ON 3 (µT) 1 18
Freq. stabilisation time (min) 60 120
Freq. variation after stab. (kHz) 10 50
Freq. variation after stab. (µT) 0.4 1.8
Noise floor(Hz/Hz1/2) 3 35

1 The 20 GHz oscillator has no direct frequency output. As a
consequence, the oscillation frequency cannot be measured.
The reported oscillation frequency is computed measuring the
magnetic field assuming an effective γ= γBDPA = 28.02 GHz/T
(as reported in Ref. [95]).

2 The rest oscillator frequency is measured with VarL=VarH=0 V.
3 The power ON time is about 10 min, it corresponds to the power

supply warming time to deliver stable power.

8.9 Ramp rate effect

The oscillator frequency variation as a function of the applied magnetic field has a dispersive

shape [121] as shown in Fig. 8.11. For this reason, we define the resonance linewidth as the

distance in field between the maximum and the minimum of the signal (i.e., the peak-to-peak

distance).

For the 10 GHz oscillator, the marker signal is affected by the ramp rate within 361.005±0.005 mT

(i.e., an effective γ/2π= 28.01 GHz/T for a frequency of 10.111 GHz comparable to the BDPA

gyromagnetic ratio within the measurement system uncertainty) as shown in Fig. 8.12a.

For both the 10 GHz and the 20 GHz sensors the linewidth variation is within ±20 µT, as

shown in Fig.8.12a and 8.12c. However, a significant change of the field marker position (about

88 µT/(T/s)) was measured for the 20 GHz oscillator (see Fig. 8.12c). A much smaller change

(about 2.3 µT/(T/s) was observed also for the 10 GHz. This effect is presumably due to the
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Figure 8.11 – 10 GHz sensor signal from the AC output for three field ramp rate of 0.4 T/s (blue
curve), 2.5 T/s (red curve) and 5 T/s (yellow curve).

induced electromotive forces that change the varicap tuning voltage and the supply voltage of

the oscillators (oscL and oscH ), which determine a variation of varicap capacitance and of the

effective capacitance of the integrated cross-coupled transistors, and finally, of the oscillation

frequency. The effect is significantly smaller for the 10 GHz oscillator probably because it has

no varicaps.

However, we measured a variation of the oscillation frequency (Fig. 8.13c) due to the induced

electromotive forces proportional to the field ramp rate (Fig. 8.13b) of 65.7 kHz/(T/s) (i.e,

2.3 µT/(T/s)) as shown in Fig. 8.13d. On the DC output, at high ramp rate, the EPR signal is

attenuated as shown in Fig. 8.13c due to the low pass filter of 8 Hz but presents on the AC

ouptut as shown in Fig. 8.11.

Figure 8.13c shows also no effect of the field strength on the oscillation frequency in static field

conditions (i.e., before the field ramp with B0 =−50 mT and after the ramp with B0 = 392 mT).

This indicates that the Ni layer on the bounding pads does not affect the field around the

oscillator area.

8.10 Gradient effect

For the 10 GHz oscillator we measured a broadening of the line width by 39 µT/(T/m) (see

Fig. 8.14b), while no measurable effect is observed for the 20 GHz oscillator. We measured

a reduction of the amplitude (in Fig 8.14a) by 77 kHz/(T/m) for the 10 GHz oscillator and

52 kHz/(T/m) for the 20 GHz oscillator. The line broadening and signal reduction for the

10 GHz and 20 GHz oscillators appears at much higher gradient with respect to the 3 GHz

resonator. This behaviour is consistent with the size of the employed samples, which are of

450 µm (for the 3 GHz resonator), 170 µm (for the 10 GHz oscillator), and 60 µm (for the 20
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Figure 8.12 – Field ramp rate effect on the 10 and 20 GHz oscillators. (a) Field value for the 10 GHz
sensor. (b) Linewidth for the 360 mT EPR sensor. (c) Field value for the 20 GHz sensor. (d) Linewidth
for the 710 mT EPR sensor.

GHz oscillator).

Considering a minimum SNR=10 dB (i.e., an amplitude ratio of a factor three) and a frequency

bandwidth of 160 kHz, the marker signal for the 10 GHz and 20 GHz sensors can be measured

up to a gradient of about 12 T/m.

8.11 Summary of results

The Table 8.4 summarizes the main results obtained with the two oscillator sensor types.
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Figure 8.13 – Oscillator sensor ramp rate effect on the DC output for three field ramp rate of 0.4 T/s
(blue curve), 2.5 T/s (red curve) and 5 T/s (yellow curve). (a) The field ramp profile. (b) The field
variation Ḃ . (c) The PLL DC output. (d) The correlation between the oscillation frequency versus the
Bdot.

71



Chapter 8. Characterisation of the EPR oscillator sensors

358 359 360 361 362 363 364

Field [mT]

-200

0

200

400

600

O
s
c
. 
fr

e
q
. 
[k

H
z
]

G=5 T/m

G=11.6 T/m

(a)

4 5 6 7 8 9 10

Gradient [T/m]

0.2

0.25

0.3

0.35

0.4

0.45

L
in

e
w

id
th

 [
m

T
]

y = 0.039 x + 0.027

G/B=1.4%/mm

G/B=2.7%/mm

(b)

Figure 8.14 – Gradient effect EPR oscillator sensor. (a) On the 360 mT EPR sensor marker signal. (b)
On the 360 mT EPR sensor linewidth.

Table 8.4 – EPR oscillator sensors summary.

Parameters 360 mT oscillator 710 mT Oscillator

Operating frequency (MHz) 10111.37 20000 1

Bm (mT) 361.01 713.65

Bm tuning range (mT) - 660-720

Linewidth (µT) 97 121

Effective γ (GHz/T) 28.01±0.01 28.02 1

Sample volume (µm3) 1.2×106 0.07×106

Ḃ sensitivity (µT/(T/s)) 0 88

Gradient sensitivity (µT/(T/m)) 39 0

Maximum gradient (T/m) 12 >12

Maximum field inhomogenity G/Bm (m−1) 25 at least 17

Field direction sensitivity ψ (µT/°) <1 <1

Sensor sensitivity (Hz/T) 31.7×109 17.2×109

Noise floor (Hz/Hz1/2) 3 35

Resolution (nT/Hz1/2) 0.095 2

Bandwidth (kHz) 160 160

Integrated resolution (µTRMS) 0.04 0.8

SNR (-) 267 32

1 The 20 GHz oscillator has no direct frequency output. As a consequence, the oscilla-
tion frequency and the effective γ cannot be measured. The reported oscillation fre-
quency is computed measuring the magnetic field with an NMR magnetometer and
an induction coil (see Sec. 3.1) and assuming an effective γ= γBDPA = 28.02 GHz/T
(as reported in Ref. [95])
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9 Case study on the PS accelerator

In this research, we used the PS reference magnet to validate the performance of the 36 mT

FMR sensor.

9.1 The PS B-Train system

The PS is a strong-focussing combined-function synchrotron with a circumference of 628 m.

It operates at CERN since 1959 and accelerates particles from 1.4 GeV (2 GeV in 2021) up to

26 GeV, when receiving proton the beam from the PSB. The PS accelerates also heavy ions

(typically Pb+54) from the LEIR at 0.072 GeV/nucleon to 5.9 GeV/nucleon. Due to its central

position in the CERN’s accelerator complex (as shown in Fig. 1.1) and its energy covering range,

the PS has the highest variety of beam user requests. For this reason, the field performance

(i.e., B-Train system) and its operation constraints are the highest.

The ring is composed of hundred main bending magnets called "Main Unit" (MU). One

supplementary unit is installed outside the radiation protection bunker. This magnet (MU-

101) is used as reference for the magnetic field measurements. Each magnet weights 33 tons,

5 m long and produces a main dipole field of 1.26 T and a main quadrupole field of ±60 T/m

with 5500 A for a 26 GeV extraction plateau. One magnet unit is composed of ten steel blocks

of 417 mm long of open and closed types as shown in Fig.9.1a, five blocks are assembled in

focusing side (F-side), and five blocks in defocusing side (D-side). Therefore, the integrated

quadrupole field is almost zero, while having a focusing effect of the beam.

Four types of magnet configurations, R (35 in the machine), S (15 in the machine), T (35 in

the machine), U (15 in the machine) are installed in the accelerator. They alternate the F and

D side placed inside the closed orbit (called "inside" units) for the U and T and outside the

closed orbit (called "outside" units) for the R and S with respect to the accelerator center as

shown in Fig. 9.1b. A typical accelerator lattice section is shown in Fig. 9.1c.

Each magnet unit is equipped with 6 coil excitation circuits as shown in Fig. 9.2.

• One main coil circuit used to produce the main dipole and main quadrupole compo-
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(a) (b)

(c)

Figure 9.1 – PS main unit magnet [122, 123].(a) PS magnet open and closed blocks.(b) PS magnet unit
types. (c) PS magnet lattice with the pattern is "FOFDOD" which alternate the difference magnet type
from the left to the right of one of the machine section:U-T-R-T-R-S.

nents;

• One figure-of-eight-loop circuit (F8L) used to unbalance the main quadrupole compo-

nent between the two half-units [124]; and

• four pole-face windings circuits (PFW) used to produce large quadrupole, sextupole

and octupole components to adjust the tune and chromaticity impacted by the magnetic

field saturation when reaching the extraction region. The four circuits are called "Defo-

cusing Wide", "Defocusing Narrow", "Focusing Wide" and "Defocusing Narrow" [125].

As previously mentioned, the main field produced by these magnets is a combination of a

dipole and a quadruple as shown in fig.9.3. It implies a strong non-uniform field by about

4.6 m−1 in the horizontal direction.

A high gradient, a accuracy of about 5× 10−4 and a reproducibility of about ≤ 5× 10−5 at

injection limits the choice of possible field sensors. The legacy B-Train marker sensors (i.e.,

the peaking strips) were used more that 40 years without any reported problem on the sensors

itself [127]. However, the power supplies, electronics and controls had common and expected

failures. The peaking strip measures the field at 4.98 mT, an upgrade was developed for

reaching 40 mT but never used in operation.

As detailed in Ref. [47], for several reasons such as fabrication, controls and field marker levels,

the ESR became the privileged solution for replacing the peaking strips in the framework of

PS B-Train consolidation for the high luminosity injector upgrade. We recall that prototypes

of FMR sensor based on YIG filter were used successfully (between 2015 to 2018). The field

76



9.2. Reproducibility measurements of the 36 mT FMR sensor

Figure 9.2 – PS excitation coil circuits [123, 126] of a closed unit.

marker level was at 49.5 mT and ensured the highest field reproducibility before the injection

level (68.5 mT for the heavy ion 208Pb54+ and 101.4 mT for the proton). Nevertheless, for the

heavy ion beams we measured field instabilities on the injection plateau caused by enabling

of the power converter field regulation loop (the converter in voltage-regulated before the

field marker). Therefore, we decided to use a lower field marker level. The 36 mT ESR sensor is

a trade-off between the proton and ion injection levels.

9.2 Reproducibility measurements of the 36 mT FMR sensor

The measurement of the reproducibility was performed by comparing the FMR sensor to the

legacy sensors.

We installed two calibrated 36 mT FMR sensors in the PS reference magnet (MU-101) as shown

in Fig. 9.4, in the forth block of the F-side and in the forth block of the D-side. They were

positioned on the closed orbit by mechanical references. Due to the accelerators complex

operation constraints, we did not use the FMR sensors in the online B-Train system, but we

connected them to an offline system identical to the operational system. We used triggers of

the operational YIG filters and peaking strips markers (The legacy B-Train system markers) for

the comparison. The legacy markers were fully validated during operation with beam and show

a reproducibility better than 5 µT. For measuring the reproducibility, we used the operational

induction coils D3 and F 3, via a buffer amplifier, previously installed and calibrated in the

magnet.

The field variation ∆B measured by D3 and F 3 is taken as a reference, where the initial value

(∆B = 0 T) corresponds to the average field over the total number of measurements.

The measurements were performed on cycles called "EAST" as shown in Fig. 9.5 due to its
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Figure 9.3 – PS magnetic field profile of a closed unit at the legacy FMR field marker (YIG filter) level
of 49.5 mT, x = 0 mm is the beam closed orbit. The maximum field corresponds to the position where
the magnet aperture is minimum as shown in Fig. 9.2.

Figure 9.4 – PS reference magnet MU101 is a T-type unit, the D-side, on the foreground, is composed
of five open blocks and the F-side, on the background, is composed of five closed blocks, the FMR
sensor are installed inside the blocks #4 3rd trail on the close orbit and on the mid-plane of the magnet
gap. The peaking strips are installed on the blocks #3 with its cooling system for an operation at 40 mT
and the induction coils on the blocks #2.
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Figure 9.5 – PS reproducibility cycle on EAST (proton beam), a) is the resonator sensor marker time at
roughly 80 ms equivalent to a marker field of 36 mT. b) is the beam injection time at 170 ms (101.35 mT)
and the RF feedback loops activation, c) is the relativistic gamma transition (i.e., non-relativist to
relativist particle transition) time at 314 ms (274 mT), d) is the first "fast" extraction time at 695 ms
(967 mT, that is, 19.4 GeV) for the n-ToF experiments and e) is the second "slow" extraction time at
900 ms (1140 mT, that is, 23 GeV) for the east experimental area.

large occurrence rate during the measurement period. This cycle has two beam recipients,

a side beam is sent to the n-ToF target by a first extraction, while in a second extraction, the

main beam is sent to the east experimental area (in Fig. 1.1). Figure 9.6 shows two typical

supercycles with the different position and occurrence of the EAST cycles. We define as N −1,

the pulsing cycle just before the EAST cycle, and N −2 the pulsing cycle two occurrences

before the EAST cycle.

The fluctuation of the magnetic history caused by previous cycles have a relevant influence on

the field value. Those cycles affect the measured field value before the marker by a variation of

7.8 mT, as shown in Fig. 9.7a. Six subsets of marker values can be determined from Fig. 9.7a,

which correspond to the N−1 cycle type. The hysteresis of the N−1 cycle and its remanent field

after the ramp down affect the field variation. For a given N −1 cycle,∆B decreases typically to

0.2 mT. This remaining difference is due to the N −2 cycle fluctuation. Its effect is particularly

visible on the cycle called "ZERO". This cycle is used to fill empty basic period slots (of 1.2 s)

in the supercycle when the experiments do not need beam, and maintain the power converter

capacitors bank pre-loaded. The ZERO cycle has a flattop at only 50.86 mT. The measured field

variation of this cycle is 0.77 mT, as shown in the Fig. 9.7b. As the maximum field flattop of the

ZERO cycle is far from the saturation, the magnetic history is almost unchanged. Therefore

the dominant effect of the field variation is due to the N −2 cycle.

Therefore, for the reproducibility measurement we considered only the cycles with the same

N −1 and N −2 cycles. The magnetic history effect from the third previous cycle (N −3) are

79



Chapter 9. Case study on the PS accelerator

0 10 20 30 40 50

Time [s]

0

500

1000

1500

F
ie

ld
 [

m
T

]

SC#1

SC#2

Figure 9.6 – Two PS supercycle examples in blue and in red, the arrows point the EAST cycles in the
sequence. The number, position and therefore its previous magnetic cycle are different.

considered negligible, except for special operation conditions such as two or more ZERO

cycles before EAST cycles. In addition, few cycles were excluded such as the N = 1087 and

N = 1644 (in Fig. 9.7a) due to other operation features.

In the aftermath, from a total cycle number of 2676 only a subset of 1188 was kept to perform

the reproducibility analysis. This population was large enough for statistical computation.

As shown in Fig. 9.8, the 36 mT FMR sensor reproducibility for a total of 1188 cycles is very

close to a Gaussian with a standard deviation of σB D
m
= 4.2 µT and σB F

m
= 5.2 µT for the D-side

and F-side, respectively. This corresponds to a relative reproducibility of 5×10−5 at injection,

which is within the PS requirement. We measured similar differences with the YIG filter and

the peaking strips. The larger reproducibility on the F-sideσB F
m

is caused by a field distribution

change due to a different operation of the PFW correction circuits between the D-side and

F-side.

We performed the same measurements on other four cycle types. The results show that the

reproducibility is comparable within 0.6 µT.
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10 Case study on the LEIR accelerator

We used the LEIR accelerator to validate the performance of the 106 mT FMR sensor and the

B-Train system in operational conditions.

10.1 The LEIR B-Train system

The LEIR is a synchrotron with a circumference of 78 m in operation at CERN since 2005,

when it replaced the older ring Low-Energy Antiproton Ring (LEAR) re-using most of its

components. The LEIR is designed for beams of heavy, highly ionized species such as 208Pb54+,

which is accelerated from 4.2 MeV/nucleon to 72.2 MeV/nucleon, 40Ar11+(used in 2015) and
129Xe39+(used in 2017) [130]. The ring includes four main 6.4 m long, 90◦ bending magnets,

each weighing 60 tons and composed of 6 steel blocks of different lengths. These magnets

produce a dipole field of 1.15 T at 3300 A for the 72.2 MeV/nucleon extraction plateau.

Contrarily to all other B-train systems in operation at CERN, the LEIR machine does not have a

dedicated reference main bending magnet for the field measurement (the only other exception

is the AD, where however the measurement is not required). As a result, the sensors can only

be installed in the ring dipoles (Fig. 10.1). The legacy system was based on one operational

and one spare induction coil installed in the BHN30 and BHN20 dipoles respectively, tightly

wedged between the vacuum chamber and the bottom magnet pole. No field marker was

included to provide the integration constant for the coil voltage, which made the legacy

B-train blind to magnetic hysteresis effects. The coil inside the BHN20 developed shortly

after installation an electrical fault, which was never repaired since that would have required

opening up the whole magnet.

Therefore, after a detailed study involving operation, vacuum, handling and magnet teams,

it was decided to include in the new system a new set of coils and field markers located in

the accessible fringe field region of the magnets. This choice lowers considerably the cost of

installation and ensures easy maintainability of the system in the long term, at the risk of a

This chapter is reproduced with changes from [128, 129].
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Figure 10.1 – LEIR accelerator [131] where the orange magnets are the main bending dipoles (BHN10
in the foreground and BHN30 in the background).

slight degradation of measurement accuracy due to non-linear effects.

Two identical assemblies including one induction coil and two field markers have been in-

stalled in BHN20 and BHN30 on the mid-plane of the gap, in the outer region just outside the

vacuum chamber and the surrounding bake-out insulation, as shown in Fig. 10.2. Only one of

the field markers has been used for operation, the other being a hot spare. The position of the

sensors was optimized on the basis of the results of a static Opera™ FE simulation, shown in

Fig. 10.3). They have been mounted at a radial distance respect to the closed orbit x ≈ 200 mm,

where the ratio between the field at extraction and injection (Fig. 10.3b) is approximately equal

to the ratio at x = 0 mm. In this region the radial gradient is, in relative terms, about 10 m−1 at

all field levels.

The induction coils are 102 mm long, have an effective area of 0.60367 m2 and are positioned

tangentially to the ring circumference. At both ends of each coil there is a 106 mT FMR sensor.

The nominal working point of the markers is 106 mT, with a gradient of 1.2 T/m. According to

FE calculations, this corresponds to 252 mT at the closed orbit, that is, approximately 20 mT

lower than the nominal injection field for the beam used in the tests, that is 272.1 mT. These

settings ensure that the FMR resonance is crossed at a dB/dt adequate to generate a strong

detectable signal, while at the same being as temporally close as possible to beam injection,

when the highest possible field measurement accuracy is required.

Due to their external placement, the magnetic sensors are exposed to the temperature fluctua-

tions in the ring hall, which is in a surface building without air conditioning. The observed
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10.1. The LEIR B-Train system

fluctuations can be very large, up to 15◦C in a single day and 15 °C from winter to summer.

For this reason, a temperature regulation system (shown in Fig. 10.2b and in Fig. 10.2c) was

installed to keep the assembly at 35±0.1 °C, which based on calibration tests should ensure

marked field errors within ±4 µT.

The B-Train electronics racks are installed outside the concrete walls of the bunker with the

cable distance to the sensors of about 40 m. Therefore we modified sightly the detection

architecture as shown in Sec. 6.1 by placing the 180° hybrid coupler close to the 106 mT FMR

resonator and adding an RF amplifier of 21 dB (ZX60-83LN-S+, Mini-Circuits) on the returned

line.
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(a)

(b) (c)

Figure 10.2 – LEIR B-Train sensors.(a) The new B-Train sensors installed on the BHN20 (spare) and
BHN30 (operational) magnets in front of the block#4. It includes the sensors support placed on the
side of the vacuum pipe (the green circle) and and the front-end RF equipment box placed below the
magnet (the blue circle). (b) The induction coil on top of the sensor support (with cover removed). (c)
FMR markers on each side of the sensor support (with covers removed). Close to each sensor, a heating
resistor and a PT100 temperature sensor are installed for the temperature regulation.
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10.2. Preliminary B-train comparison
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Figure 10.3 – FE simulation of LEIR main dipole.(a) Vertical field vs. outwards radial distance from
the beam closed orbit, at injection (blue curve) and at extraction (red curve).(b) Ratio between the field
at extraction and at injection. (c) Radial gradient vs. outwards radial distance from the beam closed
orbit, at injection (blue curve) and at extraction (red curve).

10.2 Preliminary B-train comparison

Some preliminary tests were carried out during the summer of 2018 to compare directly the

performance of the old and new B-trains:

• On the operational cycle called "EARLY " (12 June 2018): field measurements, measure-

ments of the radial beam position and the frequency correction of the RF radial loop,

beam intensity measurements

• On a clone of the cycle "NOMINAL" (08 August 2018): tomoscope measurements

Since the two B-train systems are independent they can run simultaneously, which allows

a continuous comparison of the respective outputs. These were fed alternately to the LLRF

and the beam current transformer controls in order to evaluate any possible impact on beam

behaviour.
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Chapter 10. Case study on the LEIR accelerator

10.2.1 Measured field

The two field measurements are shown as a function of time in Fig. 10.4a, while their difference

∆B = Bnew −Blegacy is shown in Fig. 10.4b. The peak difference is about −1.3 mT (i.e. about

10−3 of the peak field) and is observed at the time of maximum dB
d t on the ramp-up. This

suggests that the difference is mainly due to edge eddy currents being closer to the new sensor

location than the center of the gap, where the legacy coil is installed. A zoomed-in comparison

of the two B-trains at injection is given in Fig. 10.4c, which clearly shows how the switch to

White Rabbit distribution improves the integrated resolution from ±10 µT to ±0.2 µT. The

50 µT offset between the two curves is due to the absence of a field marker in the legacy system,

leading to a calibration error.

The correlation of new to legacy B-train is plotted in Fig. 10.4d and is given by the following

linear relationship

Bnew = 0.9997×Blegacy −0.94 mT (10.1)

with a RMS residual of about 50 µT, well above measurement noise. While the large offset

difference is fully expected, due to the lack of a field marker in the legacy system, the cor-

relation factor inferior to one suggests that the gain of the acquisition chain new B-train is

underestimated and should be adjusted accordingly.

The transfer function of the dipole magnet, that is, the ratio between the field measured by the

new B-train and excitation current, is represented in Fig. 10.5. On the up-ramp, instead of

the common high-field drop due to saturation, we can observe a uniform decrease of about

−0.8% between injection and extraction. This decrease, observed in other strongly curved

magnets (such as ELENA’s bending dipoles [5]), may be attributed to a combination of factors

including error on the gain and offset of the measured field, or a staggered onset of saturation

in different parts of the magnets.

10.2.2 Radial Position

The impact of the new B-train on the overall beam performance is best evaluated via the mean

radial position and the frequency correction contribution of the radial loop, shown in Fig. 10.6a

and 10.6b. The largest frequency correction is about −2.0 kHz at 1300 ms into the cycle, which

corresponds to a field error of −1.7 mT at 800 mT. This is about four times as high as the

correction with the legacy B-train, however it remains well within the nominal capability of

the radial loop, that is, ± 5 kHz. A few milliseconds before extraction the frequency correction

drops in magnitude down to 500 Hz, which corresponds to 0.5 mT at 1150 mT.

Despite the field error, the mean radial position appears substantially more stable with the

new B-train, with a systematic difference of 0.2 mm and the RMS noise level dropping from

0.37 to 0.10 mm, in all likelihood due to the improved resolution of the new B-train. Overall,
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Figure 10.4 – LEIR B-Train systems difference on EARLY cycle.(a) The legacy system in solid line
and the new B-Train field in dash line. (b) The difference between the new B-field and the legacy
B-field.(c) Zoom-in of the field at injection for both B-Train system.(d) Correlation new versus legacy
B-Train field.

the mean radial position remains well within ± 1 mm.

10.2.3 Beam intensity

The number of circulating particles with the legacy and the new B-train are shown in Fig. 10.7.

The difference during injection is less than 10%, which is consistent with routinely observed

fluctuations due to Linac3 intensity and beam losses. This measurement also validates trans-

mission of the new WR B-train to the beam current transformer control system, which uses it

to compute particle numbers previously shown in Eq. (1.7).
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Figure 10.5 – LEIR main magnet (BHN30) transfer function.
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Figure 10.6 – LEIR beam radial effect on EARLY cycle.(a) RF radial loop contribution.(b) Beam radial
position.

10.2.4 Beam profiles

Finally, the tomoscope Figure 10.8 shows beam phase space profiles measured on a NOMINAL

cycle at extraction on 08 Aug. 2018 with the tomoscope with the legacy and the new B-Train.

No appreciable impact of the new B-Train on the structure of the beam can be detected.

10.3 Reliability run results

A reliability run including a total of 68286 cycles was performed from August to December

2018, in order to validate on a statistical basis the sensors, electronics, controls and trans-

mission parts of the B-Train system for the post Long Shutdown #2 (LS2) period of operation.

The dedicated cycle used was a clone the operational EARLY cycle shown in Fig. 10.9. The

accumulated number of cycles is plotted in Fig. 10.10, where one can see a pause between
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Figure 10.7 – LEIR particle count from the beam current transformer.

early September and mid-October that was due due to various operational constraints. Such a

long run was possible thanks to a sufficient number of available machine development slots

and, crucially, to the possibility of switching between the legacy and new B-Train systems on

the fly using the Pulse-to-Pulse Modulation (PPM) function, which allows setting independent

configuration parameters to each cycle type.

Whenever the super-cycle sequence allowed, a special calibration cycle without beam was

inserted to carry out offset and gain correction of the PCIe integrator by applying a sequence

of reference voltages (i.e., -8.75 V, 0 V and +8.75 V) to its input.

The overall stability of the new B-Train system was satisfactory throughout the run. A summary

of the comparison between the old and the new B-train, including both the new operational

and spare chains, is given in Table 10.1. The differences and stability of the three systems are

discussed in detail in the sections below.

10.3.1 Stability at injection

On the EARLY cycle, injection begins at tinj = 245 ms into the cycle, when the magnetic field

attains a nominal value of 272.1 mT. The field measured by the new operational B-Train at

t = tinj over the whole set of cycles is plotted in Fig. 10.11a, which shows an overall peak-to-

peak variation of about 300 µT and a reproducibility of 40 µT, well within the tolerance of

the machine. The reproducibility of the legacy and new spare B-train are closely comparable,

being respectively 30 and 52 µT.

The air temperature in proximity of the magnet gap is plotted in Fig. 10.11b alongside the

temperature of the B-Train electronic racks. The temperature variations are higher on the

racks, which are close to the hall door, hence more exposed to the external environment. The
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Chapter 10. Case study on the LEIR accelerator

Figure 10.8 – LEIR tomoscope legacy versus new B-Train. LLRF feedback from: legacy system (left)
and new operational system (right).

measured field is strongly correlated to the gap temperature, via a mechanism that is not

clear at the moment. The correlation is especially evident in the well-visible daily periodic

fluctuations, which correspond to sequences of about 2500 cycles. This temperature effect

at beam injection is not visible with the legacy B-Train, since the system was started with a

preset software marker. The correlation of field and temperature is show in Fig. 10.11c. The

correlation coefficient is 19 µT/◦C (or, in relative terms, 70 ppm/◦C), in contrast with the value

of −10 ppm/◦C that would be expected from the thermal expansion of the magnet gap. This

excludes any possible thermal effect on the geometry of the magnet, which at any rate could

not follow such rapid variations due to its large mass. The correlation is much stronger with the

gap temperature than with the temperature measured in the acquisition racks. This excludes

any thermal effects on the acquisition electronics (which actually are corrected by the regular

calibrations). We recall that the sensor assembly is thermally stabilized, which excludes a direct

influence of ambient temperature on the readings. A possible error source may be related to

small thermally-induced deformations of the sensor support, for example any rotation around

the radial direction, to which the FMR sensor is extremely sensitive (ψ= 368 µT/◦ as shown

in Sec. 6.4). Whatever the cause, if temperature correlation is subtracted from the data, the

residual is essentially random noise with a standard deviation of 38 µT, that is, 1.41×10−4

relative to peak field (see the histogram in Fig. 10.11d).

A subset of the test data has been analysed separately to derive indications on the reproducibil-

ity of the FMR marker, as well as the correlation to the correction applied by the radial RF loop.

The subset includes 1515 cycles within a narrow temperature range i.e. 24.3±0.5 °C, in order

to eliminate as much as possible the influence of thermal effects (this particular temperature

was chosen to obtain a large subset). The field measured by the new operational B-Train at

injection and the relative histogram are represented in Fig. 10.12b. The standard deviation is
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Table 10.1 – LEIR B-Train field summary for the legacy and the new systems, both the operational
and the spare. A lower number of cycles applies to the spare new system, due to development work
going on in parallel with the tests. Tmag is the temperature of the BHN30 magnet, B L is the field
measured by the legacy system, B N and B S are the field measured by the new operational and spare
system, and the subscripts i and e denote injection and extraction time.

Parameters N. of cycles Mean Min. Max. Range St. dev.
Tmag (°C) 68286 24.2 16.9 29.0 12.1 2.5
B L

i 68285 272.20 272.16 272.28 0.12 0.03
B N

i (mT) 68286 272.1036 271.9480 272.2510 0.3030 0.0397
B S

i (mT) 36272 272.1151 271.9810 272.2380 0.2570 0.0524
B L

e (mT) 68285 1149.39 1148.78 1150.27 1.49 0.39
B N

e (mT) 68286 1148.6851 1142.4530 1149.6160 7.1630 0.3697
B S

e (mT) 36273 1148.5021 1142.4370 1148.7710 6.3340 0.1303
B S

i−B N
i (mT) 36272 0.0023 -0.1560 0.1340 0.2900 0.0655

B S
e−B N

e (mT) 36273 -0.3622 -1.0810 0.2420 1.3230 0.5227
B N

i−B L
i (mT) 68285 -0.0978 -0.2550 0.0260 0.2810 0.0430

B N
e−B L

e (mT) 68285 -0.7057 -1.3700 -0.0850 1.2850 0.2355

15.6 µT (σB = 57 ppm), which can be considered as an upper bound for the reproducibility of

the FMR marker, neglecting excitation current ripple, timing jitter, mechanical vibrations and

other perturbations.

10.3.2 Stability at extraction

At extraction (B = 1.149 T at t = 1680 ms), the average difference between the new operational

and the legacy B-Train is about 600 µT. Based on the measured correlation (Fig. 10.4d), this

can be attributed to a combination of gain and offset error. In particular, the fixed offset of the

legacy system may be a significant source of error, due to magnetic hysteresis effects being

ignored. The stability of the two systems is 370 µT and 390 µT respectively, that is, one order

of magnitude worse than at injection. The stability may be affected by the following error

sources:

• integrator drift: this is normally the dominant error source in induction coil measure-

ments [40]. After each periodic recalibration, the voltage offset is expected to have a zero

average and vary randomly, independently for each acquisition channel. The similarity

between the stability of the two systems suggests therefore the presence of a different,

underlying systematic cause.

• timing jitter: this is typically well below one microsecond, and since the mean ramp

rate is about 1 T/s this leads to negligible field errors < 1 µT.

• current ripple: a zoom-in of the excitation current on the injection plateau is plotted

in Fig. 10.13. The measured standard deviation is 0.1 A which, taking into account the

transfer function i.e. 354 µT/A, corresponds to an uncertainty equal to 35 µT. This value,
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Figure 10.9 – LEIR EARLY cycle clone used for the reliability run, a) is the resonator sensor marker
at t=116 ms. b) is the beam injection at t=245 ms, B=272.1 mT, c) is the LLRF feedback loops closure at
t=560 ms and d) is the beam extraction at t=1680 ms, B=1.149 T.

which is already very low, is in all likelihood overestimated because of the low resolution

of the current measurement.

• magnet gap temperature: this appears indeed to be the dominant factor, as can be

derived from Fig. 10.14.

The measurements shown were taken by feeding alternately the new operational and the

legacy B-Train to the RF on two different days, during which the thermal excursion was

comparable, respectively about 6 °C and 4 °C. The new B-train shows a greater variability, due

to its finer resolution. Some of the wider, abrupt variations (e.g. after 100 cycles and 1400

cycles) are an artifact due an integration re-calibration error that it in the process if being

corrected.

Both B-trains exhibit a clear positive correlation with the temperature, respectively about

50 µT/°C and 25 µT/°C. The relative correlation coefficient for the new B-Train is 44 ppm/ °C,

which is comparable to the coefficient at injection. This suggests that the same underlying

mechanism (i.e. thermal deformation of the sensor support) may be responsible. The impact

on the legacy B-Train is lower, but the cause is less clear: in fact, the measuring coil is supposed

to be in thermal equilibrium with the iron yoke, rather than the surrounding air. Unlike the

new B-Train, however, the legacy acquisition electronics is installed next to the LEIR control

room in an open rack, hence is exposed to variable ambient conditions.

The RF radial loop correction is shown in Fig. 10.14e and 10.14f. The average value is about

−1.5 kHz and −0.9 kHz for the new and legacy B-Trains respectively. Since the radial loop

correction depends upon many beam parameters beside the magnetic field, the equivalent

field differences i.e. −1.5 mT and −0.9 mT, can be considered in absolute value as an upper

bound for the field measurement error.
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Figure 10.10 – LEIR Cumulated reliability run cycle count.

The frequency correction is also positively correlated with the gap temperature, and the corre-

lation coefficients for the new and legacy B-train are respectively 50 Hz/◦C and 75 Hz/◦C. The

equivalent coefficient in terms of field error for the new B-train is 50 µT/◦C, which coincides

precisely with the observed correlation. Such correspondence supports the hypothesis that

the temperature does not affect at all the magnetic field, but only the measurement. The

systematic component of this error could therefore be compensated by subtracting from the

measurements the linear temperature contribution. The equivalent coefficient for the legacy

B-train is 75 µT/◦C, which is instead three times as high as the coefficient of the measured

field. This may be linked to the initial offset of the legacy measurement, which may contain

some temperature dependency which is not included in the measurements because of the

fixed offset applied.

Table 10.2 – LEIR difference between B-Train sources during one day.

B-Train source to the LLRF
Legacy New

Temperature variation BHN30 (°C) 4.77±0.18 5.15±0.11
Field variation (mT) 0.1±0.01 0.192±0.015
Radial loop contribution average (Hz) -900±20 -1550±50

10.3.3 LEIR reliability run conclusion

The results of the reliability run show that the new LEIR B-Train system is an effective replace-

ment of the legacy system, which will be decommissioned before the 2021 run. Among many

others, the new system offers three key improvements:

• two new, easily accessible measurement coils, preventing the risk associated with the
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Figure 10.11 – LEIR field stability at injection. (a) Field value at injection for all cycles. (b) temper-
ature in the B-Train rack (blue) and the magnet close to the B-Train sensors (red). (c) Correlation
between the temperature and the injection field. (d) Distribution of the field at injection: raw data
(blue), residual of the linear correlation (green). The bin size is about 10 µT. The continuous curves
represent the best-fitting Gaussian.

only surviving legacy coil

• introduction of field markers to track magnetic hysteresis effects

• improved the integrated resolution from 10 µT to 0.2 µT

On the down-side, the location of the sensors in the fringe field region exposes them to effects

linked to eddy currents, saturation and temperature. A peak error of 1.7 mT, as derived by the

amplitude of the radial loop correction neglecting any other possible contribution, is observed

in the middle of the up-ramp. This error is within the correction capabilities of the radial loop

(with a margin higher than a factor two), and does not degrade appreciably the quality of the

beam. If necessary it could be substantially reduced by adjusting the calibration of the new

system so as to minimize the peak difference with respect to the legacy B-train, rather than

the RMS average. Additional mitigation strategies, such as the subtraction in real-time of a

correction proportional to Ḃ , could be built in a future revision of the acquisition system.
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10.3. Reliability run results
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Figure 10.12 – LEIR field stability at injection and 24.3◦C. (a) Field at injection with a temperature
of 24.3 °C for 1515 cycles. (b) The corresponding distribution with a bin size by about 10 µT, the red
curve is its Gaussian best-fit.
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Figure 10.13 – LEIR current at injection EARLY cycle.

The stability of the new B-train at injection and extraction is 40 µT and 370 µT respectively,

very closely comparable to that of the legacy system. Temperature has been established to

play a major role, which is hardly surprising since the LEIR ring and the surrounding area are

the most exposed to changing ambient conditions, among all five measured B-train systems.

Even if the mechanism by which the temperature affects the measurement is not fully clarified,

real-time numerical compensation may be investigated as a way to improve the stability, by

more than a factor two in both cases.

97



Chapter 10. Case study on the LEIR accelerator

0 500 1000 1500 2000

cycle number

22

23

24

25

26

27

28
M

a
g
n
e
t 
T

e
m

p
. 
[°

C
]

(a)

0 500 1000 1500 2000

cycle number

21

22

23

24

25

26

27

28

M
a
g
n
e
t 
T

e
m

p
. 
[°

C
]

(b)

0 500 1000 1500 2000

cycle number

1149.35

1149.4

1149.45

1149.5

F
ie

ld
 [

m
T

]

(c)

0 500 1000 1500 2000

cycle number

1148.7

1148.75

1148.8

1148.85

1148.9

1148.95

1149

F
ie

ld
 [

m
T

]

(d)

0 500 1000 1500 2000

cycle number

-1100

-1000

-900

-800

-700

-600

-500

F
re

q
u

e
n

c
y
 c

o
rr

e
c
ti
o

n
 [

H
z
]

(e)

0 500 1000 1500 2000

cycle number

-1700

-1600

-1500

-1400

-1300

F
re

q
u

e
n

c
y
 c

o
rr

e
c
ti
o

n
 [

H
z
]

(f )

Figure 10.14 – LEIR reliability run radial loop legacy versus new B-train at extraction during one
day(1̃930 cycles). The blue curves (left) are measurements taken the 28-29th August 2018 with the
legacy B-Train system as source for the LLRF. The red curves (right) are measurements taken the 11-12th

September 2018 with the new B-Train system as source for the LLRF. (a) and (b) are the temperatures
of the BHN30 magnet. (c) and (d) are the B-fields. (e) and (f) are the LLRF radial loop contributions.
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Conclusion and perspectives

In this thesis, we have presented the design, development, operation and performance of

four time-transient magnetic field sensors based on electron spin resonance. These sensors

operate over a wide range of field marker values, from 36 mT to 710 mT.

In particular, resonator topologies for operating frequencies below 10 GHz have been de-

veloped. Their performance has been shown to reach a resolution of about 0.5 nT/Hz1/2

corresponding to a field marker reproducibility better than 5.2 µT with ferrimagnetic samples

(GaYIG). The same structures have been characterized with paramagnetic samples (BDPA),

as well. A parametric model of the co-planar waveguide structure has been implemented in

view of future applications at different field marker levels. This approach, based on standard

RF PCB technology, allows the end user to master all steps of the manufacturing process and

leads to much higher performance and flexibility, in comparison with earlier attempts based

on commercially available solutions (i.e., YIG filters).

Moreover, a topology based on CMOS integrated oscillators has been employed for operating

frequencies above 10 GHz. A resolution of 0.1 nT/Hz1/2, which is the best among all proposed

sensors, has been reached for a marker field level of 360 mT. The down-scaling effect of the

integrated LC oscillator has enabled field measurements at (i) higher levels up to 720 mT

with the variable 20 GHz integrated LC oscillator, (ii) ramp rates up to 5 T/s and (iii) spatial

gradients up 12 T/m, corresponding to an non-uniformity up to 25 m−1. The lowest field

gradient sensitivity has been obtained by reducing the sample size by an order of magnitude

with respect to the resonator structures. The performance and the architecture of the 20 GHz

oscillator highlight the possibility of measurements at even higher fields by a using similar

design at 28 GHz (about 1 T) and 50 GHz (about 1.8 T) [117].

The research presented in this work has shown that the use of paramagnetic samples reduce

the temperature sensitivity by a significant factor, up to five, and makes the sensor insensitive

to misalignment with respect to the field direction. Moreover, the analytical signal and noise

prediction for the co-planar waveguide resonator with BDPA has been validated by experimen-

tal measurements. The computed signal amplitude matches within 10%, while the noise is

comparable within a factor two. Therefore, the analytical approach can be confidently applied

to the design of future field marker sensors and their detection electronics.
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Conclusion

In the framework of the LHC injector upgrade at CERN, it has been validated experimentally

that the FMR resonator sensors fulfil the tight performance requirements in the PS and LEIR

accelerators. From 2021, the two solutions proposed in this thesis will be used as operational

markers for the PS, LEIR and PSB. From 2022, after reliability run phases, the EPR sensors

could be used as operational devices.

On the basis of these encouraging results, further developments could be envisaged to meet

upcoming accelerator operation requirements. First of all, the long-term maintainability of

the EPR sensors could be easily improved by means of fully embedded and remote-controlled

detection electronics. Furthermore, there is still considerable scope for optimising the band-

width of the EPR sensors, to improve the SNR in strong field gradients such as those found

in the fringe field of otherwise inaccessible reference magnets. Operational flexibility could

be improved by means of tuneable resonator structures for field marker adjustment by about

±5 mT around the nominal working point.

Finally, the EPR sensors developed as field markers could be applied in the more general con-

text of static field magnetometry, by equipping them with modulation coils and appropriate

detection electronics.
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A Sensors summary table

The design and performance of the six markers are summarized in Tab. A.1.
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Appendix A. Sensors summary table
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B Oscillator detection board

The detection board used for the oscillators in Sec. 8.4 is the conditioning element of the

EPR oscillator sensor. We designed the board with Altium™. This board is a 3U Eurocard

format with a 8TE front panel fully compatible with the B-Train electronic crate. The board

is composed of a carrier card (ref. EDA-03692) detailed in App. B.1, which allows mounting

three types of mezzanine card for the YIG filter sensors (ref. EDA-03595), resonator sensors

(ref. EDA-03596) and oscillator sensors (ref. EDA-03593).

B.1 Carrier card

The PCB for the carrier is a four layer laminates of Roger 4350B (0.25 mm)/FR4(0.92 mm)/Roger

4350B (0.25 mm) substrates thickness, with 35 µm copper thickness and nickel-gold plating

with thickness of 3 µm and 0.1 µm, respectively. The top and bottom layers are dedicated to

the signals, while the inner layers are used for the power and ground planes.

The implemented functions inside the carrier board are shown in Fig. B.1 and listed below:

• The power supplies (Fig. B.2) provide the required voltage source levels and power to

all the circuits. This module is composed of four TPS7A4700RGWT to deliver 3 V, 2×5 V

and 5.5 V. One HMC1060LP3E is installed to supply the RF generator with high stable

voltage source. A step-up regulator (LT1930ES5#PBF) combined with a 10 V reference

source (REF102AU), a potentiometer and two operational amplifiers (AD8676BRMZ)

are used to provide a controlled reference voltage from 3 to 24 V for oscillator variable

capacitor. Nevertheless, this voltage source was not used in case of the discussed 20

GHz oscillators1.

• The RF generator (Fig. B.3) generates frequency from 25 to 6000 MHz with power

between 0 to 9 dBm by a Analog Device HMC833LP6GE fractional-N PLL with integrated

VCO, controlled via SPI by the B-Train SPEC card. The RF generator is clocked by a VCXO

(Crystek CVHD-950) with a low phase noise of -155 dBc/Hz at 10 kHz itself driven by a

1It required bipolar lower voltage control (±1.8 V) and four controlled sources. Therefore, standalone reference
voltage sources were privileged as detailed in Table 8.2.
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Appendix B. Oscillator detection board

PLL (HMC1031MS8E) where the input frequency come from the CERN master timing

system via the CTRI card at 10 MHz.

• The control interface (Fig. B.4) is composed of several modules for the frequency mea-

surement (Fig.B.4a) where the configuration for the frequency divider and LVDS trans-

mission (by a SN65LVDS100DGK) through a HDMI connector are implemented. The RF

generator is controlled via a SPI either by a local interface (via the demonstration board

connected to a computer) or by remote control to the B-Train SPEC board through the

HDMI connector as shown in Fig.B.4b. Finally, a mechanical switch is used to select the

internal RF generator or an external generator.

• The locking detection (Fig. B.3) uses the DC output of the oscillator detection’s PLL (on

the mezzanine board) to generate a TTL signal when the PLL is locked (i.e., between 0.5

to 2.5 V) corresponding to the optimal locking range. This ensures a correct detection of

the EPR signal. The TTL signal is delivered to the front panel and to the B-Train SPEC

card through the HDMI connector.

• The front panel user interface (Fig. B.6) is where most of the connectors, LED and

information are available. Only the RF connectors are fixed on the mezzanine board.

• The ESR signal conditioning front end (Fig. B.7) provides the signal in differential

mode (via two AD8676BRMZ), with amplification and filtering capability for the B-Train

crate. A buffer stage with a the single ended output is used for diagnostic purpose on

the front panel.
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B.1. Carrier card

11

22

33

44

55

E
E

D
D

C
C

B
B

A
A

3
Eu

ro
pe

an
 O

rg
an

iz
at

io
n 

fo
r N

uc
le

ar
 R

es
ea

rc
h

C
H

-1
21

1 
G

en
èv

e 
23

 - 
Sw

itz
er

la
nd

12

F
ie

ld
 m

ar
ke

r d
et

ec
tio

n 
os

ci
lla

to
r:

-
15

/1
2/

20
17

15
:0

1:
25

Po
w

er
_m

an
ag

em
en

t_
M

ot
B

.S
ch

D
oc Si

ze

Fi
le

R
ev

Sh
ee

t
of

A
4

B
-T

ra
in

 E
SR

 m
ar

ke
r

Pr
oj

ec
t/E

qu
ip

m
en

t

ED
A

-0
36

92
-V

1-
0

A
. B

ea
um

on
t

D
es

ig
ne

r
A

. B
ea

um
on

t
D

ra
w

n 
by

B
. C

iv
el

C
he

ck
.b

y
03

/0
2/

20
17

06
/1

0/
20

17

Po
w

er
 m

an
ag

em
en

t m
od

ul
e

TE
/M

SC
B

. C
iv

el
La

st
 M

od
.

D
oc

um
en

t

Pr
in

t D
at

e

14
/1

2/
20

17

3-
24

 V
 tu

ni
ng

 fo
r

  V
C

O
 E

SR

+5
.5

V
D

C

EP
17

V
D

D
1

G
N

D
2

EN
3

R
EF

4

H
V

3
5

R
D

3
6

R
D

4
7

PT
A

TB
8

V
R

4
9

V
R

3
10

V
R

2
11

V
R

1
12

H
V

2
13

R
D

2
14

R
D

1
15

H
V

1
16

IC
12

H
M

C
10

60
LP

3E

R60
Undefined

R53
Undefined

R61
Undefined

R57
Undefined

R55
Undefined

R56
Undefined

R54
Undefined

1%R
58 0.
1

1%R
51 0.
1

1%R
50 0.
1

1%R
48 0.
1

1%R
62 4k
7

1% R49
4k7

1% R59
3k3

C49
10uF

C48
100nF

C47

Undefined

C46
470nF

C
45

47
nF

C
43

47
nF

C
44

47
nF

C
42

47
nF

C38
10uF

C41
10uF

C39
10uF

C40
10uF

G
N

D
G

N
D

G
N

D
G

N
D

G
N

D
G

N
D

G
N

D
G

N
D

G
N

D
G

N
D

V
C

C
1

V
C

C
C

P

TP
LL

3V

TC
X

O
3V

+3
V

3

Po
w

er
 su

pp
lie

s f
or

 th
e 

F
ra

c-
N

 P
LL

R
EG

_E
N

O
U

T
1

3P
2V

6

G
N

D
7

6P
4V

1
5

SE
N

SE
3

N
C

2

N
C

19

IN
16

EN
13

O
U

T
20

EP
21

0P
8V

9

0P
4V

10

0P
2V

11

0P
1V

12

6P
4V

2
4

1P
6V

8

N
R

14

IN
15

N
C

17

N
C

18

IC
14

TP
S7

A
47

00
R

G
W

T

+5
.5

V
D

C

C53

47uF

G
N

D

C61

10uF
G

N
D

V
ou

t=
V

re
f+

3.
2 

V
+0

.8
 V

+0
.1

 V
=5

.5
 V

  w
ith

 V
re

f=
1.

4 
V

G
N

D
G

N
D

+6
V

5

TP
6

O
U

T
1

3P
2V

6

G
N

D
7

6P
4V

1
5

SE
N

SE
3

N
C

2

N
C

19

IN
16

EN
13

O
U

T
20

EP
21

0P
8V

9

0P
4V

10

0P
2V

11

0P
1V

12

6P
4V

2
4

1P
6V

8

N
R

14

IN
15

N
C

17

N
C

18

IC
16

TP
S7

A
47

00
R

G
W

T

+5
V

D
C

_A

C55

47uF

G
N

D

C63

10uF

G
N

D

V
ou

t=
V

re
f+

3.
2 

V
+0

.4
 V

=5
 V

  w
ith

 V
re

f=
1.

4 
V

G
N

D
G

N
D

+6
V

5

TP
8

Po
w

er
 su

pp
ly

 fo
r R

F
 a

m
pl

ifi
er

O
U

T
1

3P
2V

6

G
N

D
7

6P
4V

1
5

SE
N

SE
3

N
C

2

N
C

19

IN
16

EN
13

O
U

T
20

EP
21

0P
8V

9

0P
4V

10

0P
2V

11

0P
1V

12

6P
4V

2
4

1P
6V

8

N
R

14

IN
15

N
C

17

N
C

18

IC
15

TP
S7

A
47

00
R

G
W

T

+3
V

D
C

C54

47uF

G
N

D

C
66 1u
F

C62

10uF

G
N

D

V
ou

t=
V

re
f+

1.
6 

V
=3

 V
  w

ith
 V

re
f=

1.
4 

V

G
N

D
G

N
D

+6
V

5

TP
7

Po
w

er
 su

pp
ly

 fo
r R

F
 g

en
er

at
or

V
V

C
O

_O
SC

V
V

C
O

_O
SC

TP
5

TP
4

TP
2

TP
1

R
65 0

TP
3

R
67 0

R
66 0

R
47 0

R
46 0

R
45 0

R
43 0

R
44 0

R52
0

C
65 1u
F

C
67 1u
F

O
N

LY
 u

se
d 

w
ith

 o
sc

ill
at

or
 m

ez
za

ni
ne

 b
oa

rd

V
+

2

N
C

3

G
N

D
4

TR
IM

5

O
U

T
6

N
C

7
N

R
8

N
C

1

IC
18

R
EF

10
2A

U

23
1

V+V- 84

IC
8A

A
D

86
76

B
R

M
Z

C
3

10
0n

F
V

C
O

_C
TR

+1
0V

D
C 0.

1%
3

1
10

k

R
N

1A

0.1% 23
10k

RN1B

G
ai

n 
2

C58

1uF

G
N

D
G

N
D

+C
70 1u
F

G
N

D

G
N

D

G
N

D

G
N

D

V
IN

5

SH
D

N
4

FB
3

SW
1

G
N

D
2

IC
19

LT
19

30
ES

5#
PB

F

L4 10
uH

C59

2.2uF

C69

4.7uF

D
1

M
B

R
05

30
T1

G

1% R69
240k

0.1% R72
13k3

G
N

D
G

N
D

G
N

D
G

N
D

+6
V

5

TP
11

TP
10

+2
4V

D
C

+2
4V

D
C

+2
4V

D
C

+2
4V

D
C

SW
8

W8A

W8B

+2
4V

D
C

5 6
7

V+V- 84

IC
8B

A
D

86
76

B
R

M
Z

0.
1%R
13

49
R

9

G
N

D

+2
4V

D
C

bu
ff

er
 fo

r l
on

g
  c

ap
ac

iti
ve

 li
ne

C
8

U
nd

ef
in

ed

O
U

T
1

3P
2V

6

G
N

D
7

6P
4V

1
5

SE
N

SE
3

N
C

2

N
C

19

IN
16

EN
13

O
U

T
20

EP
21

0P
8V

9

0P
4V

10

0P
2V

11

0P
1V

12

6P
4V

2
4

1P
6V

8

N
R

14

IN
15

N
C

17

N
C

18

IC
17

TP
S7

A
47

00
R

G
W

T

+5
V

D
C

_D

C56

47uF

G
N

D

C64

10uF

G
N

D

V
ou

t=
V

re
f+

3.
2 

V
+0

.4
 V

=5
 V

  w
ith

 V
re

f=
1.

4 
V

G
N

D
G

N
D

+6
V

5

TP
9

R
68 0

C
68 1u
F

PI
C3

01
 

PI
C3

02
 

COC
3 

PI
C8

01
 

PI
C8

02
 

COC
8 

PIC3801 PIC3802 COC3
8 

PIC3901 PIC3902 COC3
9 

PIC4001 PIC4002 COC4
0 

PIC4101 PIC4102 COC4
1 

PI
C4
20
1 

PI
C4
20
2 

CO
C4

2 

PI
C4
30
1 

PI
C4
30
2 

CO
C4

3 

PI
C4
40
1 

PI
C4
40
2 

CO
C4

4 

PI
C4
50
1 

PI
C4
50
2 

CO
C4

5 

PIC4601 PIC4602 COC4
6 

PIC4701 PIC4702 COC4
7 

PIC4801 PIC4802 COC4
8 

PIC4901 PIC4902 COC4
9 

PIC5301 PIC5302 
COC5

3 
PIC5401 PIC5402 

COC5
4 

PIC5501 PIC5502 
COC55

 PIC5601 PIC5602 
COC56

 

PIC5801 PIC5802 
COC5

8 

PIC5901 PIC5902 
COC59

 

PIC6101 PIC6102 
COC61

 
PIC6201 PIC6202 

COC62
 

PIC6301 PIC6302 
COC6

3 PIC6401 PIC6402 
COC64

 

PI
C6
50
1 

PI
C6
50
2 

CO
C6

5 
PI
C6
60
1 

PI
C6
60
2 

CO
C6

6 

PI
C6
70
1 

PI
C6
70
2 

CO
C6

7 

PI
C6
80
1 

PI
C6
80
2 

CO
C6

8 

PIC6901 PIC6902 
COC69

 
PI
C7
00
1 

PI
C7
00
2 

CO
C7

0 

PI
D1

01
 

PI
D1

02
 CO
D1
 

PI
IC

80
1 

PI
IC

80
2 

P
I
I
C
8
0
3
 

PIIC804 PIIC808 
CO
IC
8A
 

PIIC804 
PI

IC
80

5 

P
I
I
C
8
0
6
 

PI
IC
80
7 

PIIC808 
CO
IC
8B
 

P
I
I
C
1
2
0
1
 

P
I
I
C
1
2
0
2
 

PI
IC
12
03
 

P
I
I
C
1
2
0
4
 

P
I
I
C
1
2
0
5
 

P
I
I
C
1
2
0
6
 

P
I
I
C
1
2
0
7
 

P
I
I
C
1
2
0
8
 

PI
IC
12
09
 

PI
IC
12
01
0 

PI
IC
12
01
1 

PI
IC
12
01
2 

PI
IC
12
01
3 

PI
IC
12
01
4 

PI
IC
12
01
5 

PI
IC
12
01
6 

PI
IC
12
01
7 

CO
IC

12
 

P
I
I
C
1
4
0
1
 

P
I
I
C
1
4
0
2
 

P
I
I
C
1
4
0
3
 

PI
IC
14
04
 

P
I
I
C
1
4
0
5
 

P
I
I
C
1
4
0
6
 

P
I
I
C
1
4
0
7
 

P
I
I
C
1
4
0
8
 

P
I
I
C
1
4
0
9
 

PI
IC
14
01
0 

PI
IC
14
01
1 

PI
IC
14
01
2 

PI
IC
14
01
3 

PI
IC
14
01
4 

PI
IC
14
01
5 

PI
IC
14
01
6 

PI
IC
14
01
7 

PI
IC
14
01
8 

PI
IC
14
01
9 

PI
IC
14
02
0 

PI
IC
14
02
1 

CO
IC

14
 

P
I
I
C
1
5
0
1
 

P
I
I
C
1
5
0
2
 

P
I
I
C
1
5
0
3
 

PI
IC
15
04
 

P
I
I
C
1
5
0
5
 

P
I
I
C
1
5
0
6
 

P
I
I
C
1
5
0
7
 

P
I
I
C
1
5
0
8
 

P
I
I
C
1
5
0
9
 

PI
IC
15
01
0 

PI
IC
15
01
1 

PI
IC
15
01
2 

PI
IC
15
01
3 

PI
IC
15
01
4 

PI
IC
15
01
5 

PI
IC
15
01
6 

PI
IC
15
01
7 

PI
IC
15
01
8 

PI
IC
15
01
9 

PI
IC
15
02
0 

PI
IC
15
02
1 

CO
IC
15
 

PI
IC
16
01
 

PI
IC
16
02
 

PI
IC
16
03
 

P
I
I
C
1
6
0
4
 

P
I
I
C
1
6
0
5
 

PI
IC
16
06
 

PI
IC
16
07
 

PI
IC
16
08
 

P
I
I
C
1
6
0
9
 

PI
IC
16
01
0 

PI
IC
16
01
1 

PI
IC
16
01
2 

PI
IC
16
01
3 

PI
IC
16
01
4 

PI
IC
16
01
5 

PI
IC
16
01
6 

PI
IC
16
01
7 

PI
IC
16
01
8 

PI
IC
16
01
9 

PI
IC
16
02
0 

PI
IC
16
02
1 

CO
IC

16
 

P
I
I
C
1
7
0
1
 

P
I
I
C
1
7
0
2
 

P
I
I
C
1
7
0
3
 

P
I
I
C
1
7
0
4
 

PI
IC
17
05
 

P
I
I
C
1
7
0
6
 

P
I
I
C
1
7
0
7
 

P
I
I
C
1
7
0
8
 

P
I
I
C
1
7
0
9
 

PI
IC
17
01
0 

PI
IC
17
01
1 

PI
IC
17
01
2 

PI
IC
17
01
3 

PI
IC
17
01
4 

PI
IC
17
01
5 

PI
IC
17
01
6 

PI
IC
17
01
7 

PI
IC
17
01
8 

PI
IC
17
01
9 

PI
IC
17
02
0 

PI
IC
17
02
1 

CO
IC

17
 

P
I
I
C
1
8
0
1
 

P
I
I
C
1
8
0
2
 

PI
IC
18
03
 

PI
IC
18
04
 

PI
IC
18
05
 

P
I
I
C
1
8
0
6
 

PI
IC
18
07
 

P
I
I
C
1
8
0
8
 

CO
IC

18
 

PI
IC
19
01
 

P
I
I
C
1
9
0
2
 

P
I
I
C
1
9
0
3
 

P
I
I
C
1
9
0
4
 

PI
IC
19
05
 

CO
IC

19
 

PI
L4

01
 

PI
L4

02
 

COL
4 

PIR
130

1 
PIR

130
2 CO

R1
3 

PIR
430

1 
PIR

430
2 CO

R4
3 

PIR
440

1 
PIR

440
2 CO

R4
4 

PI
R4
50
1 

PIR
450

2 CO
R4

5 

PIR
460

1 
PIR

460
2 CO

R4
6 

PIR
470

1 
PIR

470
2 CO

R4
7 

PIR
480

1 
PIR

480
2 

CO
R4

8 

PIR490
1 

PIR490
2 

COR4
9 

PIR
500

1 
PI
R5
00
2 

CO
R5

0 

PIR
510

1 
PIR

510
2 

CO
R5

1 

PIR5201 PIR5202
 

COR5
2 

PIR530
1 

PIR530
2 

COR5
3 

PIR5401
 PIR5402 COR5

4 
PIR5501

 PIR5502 COR5
5 

PIR5601
 PIR5602 COR5

6 
PIR5701

 PIR5702 COR5
7 

PIR
580

1 
PI
R5
80
2 

CO
R5

8 

PIR5901
 PIR5902 COR5

9 
PIR6001

 PIR6002 COR6
0 

PIR6101
 PIR6102 COR6

1 

PIR
620

1 
PIR

620
2 

CO
R6

2 

PIR
650

1 
PIR

650
2 CO

R6
5 

PIR
660

1 
PIR

660
2 CO

R6
6 

PIR
670

1 
PIR

670
2 CO

R6
7 PIR
680

1 
PIR

680
2 CO

R6
8 

PIR6901 PIR6902
 

COR6
9 PIR7201

 

PIR7202
 

COR7
2 

PIR
N10

1 
PIR

N10
3 CO
RN
1A
 

PIRN102
 

PIRN103
 

CO
RN
1B
 

PISW80
1 CO
SW
8 

PIT
P10

1 
CO

TP
1 PIT

P20
1 

CO
TP

2 

PI
TP
30
1 

CO
TP
3 

PIT
P40

1 
CO

TP
4 

PIT
P50

1 
CO

TP
5 

PIT
P60

1 
CO
TP
6 

PIT
P70

1 
CO

TP
7 

PIT
P80

1 
COT

P8 

PIT
P90

1 
CO
TP
9 

PITP
1001

 

CO
TP
10
 

PIT
P11

01 
CO
TP
11
 

PIW80
1 COW8A
 

PIW80
2 

COW8B
 

P
O
R
E
G
0
E
N
 

P
O
V
C
O
0
C
T
R
 

P
O
V
V
C
O
0
O
S
C
 

Figure B.2 – Carrier card power supply module.
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Appendix B. Oscillator detection board
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Figure B.3 – Carrier card RF generator module.
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Figure B.5 – Carrier card PLL locking detection.
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Figure B.6 – Carrier card front panel. (a) Front panel layout. (b) Front panel picture.

109



Appendix B. Oscillator detection board

1

1

2

2

3

3

4

4

5

5

E E

D D

C C

B B

A A

11
European Organization for Nuclear Research
CH-1211 Genève 23 - Switzerland

12

Field marker detection oscillator:

-
15/12/2017 15:01:27
ESR_signal_conditioning_MotB.SchDoc

Size

File

Rev
Sheet of

A4

B-Train ESR markerProject/Equipment

EDA-03692-V1-0

A. BeaumontDesigner
A. BeaumontDrawn by
B. CivelCheck.by

03/02/2017
06/10/2017

ESR signal conditioning
TE/MSC

B. CivelLast Mod.

Document

Print Date

09/11/2017

2

3
1

V
+

V
-

8
4

IC20A

AD8676BRMZ

5

6
7

V
+

V
-

8
4

IC20B

AD8676BRMZ

+6V5

C
60

U
nd

ef
in

ed

R70
0

R71
0

+6V5

-6V5

-6V5

ESR_SIGNAL_N

R75
0

R74
0

R73
Undefined

ESR_SIGNAL_P

ESR_SIGNAL_N

ESR_SIGNAL_P

-6V5+6V5

GND

4

1

7

5
8

2

6

+V
s

-V
s

RG

3 R
EF

RG

IC13

AD8429BRZ

+6V5

-6V5
GND

C
50

10
0n

F

C
57

10
0n

F

GND

ESR_SIGNAL_SCOPE

Analog diff signal from NMR/FMR interface
EDA-02513-V2-0

R
63

U
nd

ef
in

ed

C
71

10
0n

F

C
72

10
0n

F

0.
1%

R
64 10
k

Inversion of the Polarity due to the peak 
detector diode sign
 (positive power,positive output)

ESR_SIGNAL_MEZ_P

ESR_SIGNAL_MEZ_N

ESR_SIGNAL_MEZ_P

ESR_SIGNAL_MEZ_N

PIC5001 

PIC5002 
COC50 

PIC5701 

PIC5702 
COC57 

PIC6001 

PIC6002 
COC60 

PIC7101 

PIC7102 
COC71 

PIC7201 

PIC7202 
COC72 

PIIC1301 

PIIC1302 

PIIC1303 

PIIC1304 

PIIC1305 PIIC1306 
PIIC1307 

PIIC1308 
COIC13 

PIIC2001 

PIIC2002 

PIIC2003 

PIIC2004 

PIIC2008 
COIC20A 

PIIC2004 
PIIC2005 

PIIC2006 

PIIC2007 

PIIC2008 

COIC20B 

PIR6301 

PIR6302 

COR63 

PIR6401 

PIR6402 

COR64 

PIR7001 PIR7002 
COR70 

PIR7101 PIR7102 
COR71 

PIR7301 

PIR7302 

COR73 

PIR7401 PIR7402 
COR74 

PIR7501 PIR7502 
COR75 

POESR0SIGNAL0MEZ0N 

POESR0SIGNAL0MEZ0P 
POESR0SIGNAL0N 

POESR0SIGNAL0P 

POESR0SIGNAL0SCOPE 

Figure B.7 – Carrier card EPR signal conditioning.

110



B.2. Mezzanine card for oscillator sensors

B.2 Mezzanine card for oscillator sensors

The PCB of the oscillator mezzanine card is a double layer laminate of Roger 4350B (1.524 mm

thickness) with 35 µm copper thickness and a copper passived plating. The top layer of the

PCB is protected with an EMI cover (Holland Shielding, 1500-100-55-15).The wall thickness

of the cover is 0.18 mm. We installed this protection to limit electromagnetic interference

from external sources and reduce the interference to the neighbourhood boards of the B-

Train chassis. The internal wall of the screen is covered by a microwave absorber layer (Laird,

21109145) to avoid reflection inside the enclosure part. All the traces are impedance controlled

with a characteristic impedance of 50Ω. The components have different operating frequency

range, but we selected them such that the sensor covering range is from 100 to 6000 MHz. The

card has the following functions as presented in Fig. B.8 and described below:

• The RF source switch (Fig. B.9) selects the internal source (25- 6000 MHz generator) or

an external RF generator by a SP2T RF switch (IDT, F2933NBGP). Attenuators of 5 dB

and 10 dB combined with a RF amplifier of 12 dB (Guerrilla RF, GRF2003) are used to

adjust the power from the different sources to the input stage.

• The frequency probe (Fig. B.10) is used to measure the frequency either of the source

or of the oscillator. This verification is required for a long term operation to ensure

the correct measured value of the marker (i.e, the γ/2π determined by calibration).

The measurement is performed by a directional coupler (Mini-Circuits®,SEDC-10-63+)

combined with a divider by eight (AD, HMC363S8GE) stage. The fixed divider is followed

by a programmable divider from 1 to 17 (AD, HMC705LP4E). At maximum RF input

frequency (i.e., 6000 MHz) the output divided frequency is 50 MHz. This signal is then

delived via LVDS to a frequency counter implemented in the FPGA of the B-Train SPEC

card. The RF amplifiers of 12 dB (Guerrilla RF, GRF2003) and the attenuators are used to

adapted the power level for the divider inputs.

• The amplifier and mixer stages (Fig. B.11) amplify (Guerrilla RF, GRF2003) and down-

convert via a mixer (MACOM, MAMX-007238-CM25MH) the oscillator sensor frequency

to the operating range of the PLL.

• The 5th order band pass filter from 150 to 200 MHz (Fig. B.12) was designed with

the Circuit Design module of Ansys Electronics Desktop™. In addition to the filtering

parameters, we design the filter in order to have a characteristic impedance of 50Ω on

its input and ouput. The filter has a flat insertion loss of -1.1 dB and a return loss of

-30 dB from 150 to 200 MHz. The layout and components are shown in Fig. B.12a and

the simulation results are presented in a Fig. B.12b.

• The phase looked loop (PLL) (Fig. B.13) was originally designed by Dr. A. V. Matheoud

and detailed in Ref. [117]. We adapted the locking range to the operating frequency from

150 to 200 MHz, in particular, to the mezzanine card constraints. The PLL is composed of

a phase-frequency detector (Hittite microwave corp, HMC439QS16GE) which compares

the oscillator sensor phase to a reference VCO phase (Crystek, CVC055CL-0150-0200).

This low phase noise VCO is driven by the output of the phase-frequency detector

through a second order active filter. At the filter output a buffer drives the VCO, the
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Appendix B. Oscillator detection board

AC and the DC outputs of the PLL. The DC output has a low pass filter of 8 Hz. The

differential AC output is amplified by an adjusting gain of 2, 16 or 151. A low pass filter

of 160 kHz and a high pass filter of 160 Hz reduce the bandwidth of the marker signal.
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Figure B.9 – Mezzanine card RF source selection.

113



Appendix B. Oscillator detection board

11

22

33

44

55

E
E

D
D

C
C

B
B

A
A

4
Eu

ro
pe

an
 O

rg
an

iz
at

io
n 

fo
r N

uc
le

ar
 R

es
ea

rc
h

C
H

-1
21

1 
G

en
èv

e 
23

 - 
Sw

itz
er

la
nd

8

F
ie

ld
 M

ar
ke

r D
et

ec
tio

n 
O

sc
ill

at
or

:

-
19

/1
2/

20
17

14
:4

6:
21

Fr
eq

ue
nc

y_
pr

ob
e_

M
ez

B
.S

ch
D

oc

Si
ze

Fi
le

R
ev

Sh
ee

t
of

A
4

B
-T

ra
in

 E
SR

 m
ar

ke
r

Pr
oj

ec
t/E

qu
ip

m
en

t

ED
A

-0
35

93
-V

2-
0

A
. B

ea
um

on
t

D
es

ig
ne

r
A

. B
ea

um
on

t
D

ra
w

n 
by

B
. C

iv
el

C
he

ck
.b

y
03

/0
2/

20
17

09
/1

0/
20

17

F
re

qu
en

cy
 M

ea
su

re
m

en
t P

ro
be

TE
/M

SC
B

. C
iv

el
La

st
 M

od
.

D
oc

um
en

t

Pr
in

t D
at

e

18
/1

2/
20

17

R
F_

so
ur

ce
_r

ef
_m

ea
s

R
F_

so
ur

ce
_r

ef
er

en
ce

C
67

10
0p

F C70

100pF

C
69

10
0p

F
C

71

10
0p

F

C65

1nF

+

C64

10uF

+5
V

D
C

_D

G
N

D

0.1% R34
50

G
N

D
G

N
D

G
N

D

C61

100pF

G
N

D

C63

1nF
C62

1nF

+

C59

4.7uF

+5
V

D
C

_D

G
N

D

C56

1nF

G
N

D

+5
V

D
C

_D

G
N

D
G

N
D

C
O

U
PL

ED
15

IN
PU

T
10

G
N

D
3

G
N

D
5

G
N

D
6

G
N

D
1

G
N

D
16

EP
25

G
N

D
2

G
N

D
7

G
N

D
8

G
N

D
11

G
N

D
14

G
N

D
4

G
N

D
9

G
N

D
12

G
N

D
13

G
N

D
17

G
N

D
18

G
N

D
19

G
N

D
20

G
N

D
21

G
N

D
22

G
N

D
23

O
U

TP
U

T
24

IC
7

SE
D

C
-1

0-
63

+

N
C

2

O
U

T
1

N
C

6

IN
5

V
C

C
4

IN
7

G
N

D
8

O
U

T
3

EP
9

IC
26

H
M

C
36

3S
8G

E

G
N

D
G

N
D

EP
25

N
C

1
D

IV
1

7

V
C

C
1

9

G
N

D
10

FI
N

11
FI

N
12

G
N

D
13

G
N

D
14

FO
U

T
15

FO
U

T
16

G
N

D
17

N
C

18

V
C

C
2

19

S0
20

N
0

21

N
1

22

N
2

23

B
Y

P
24

N
C

2

N
C

3

N
C

4

N
C

5

N
C

6

N
C

8

IC
24

H
M

C
70

5L
P4

E

G
N

D FR
EQ

_D
IV

ou
t_

P
FR

EQ
_D

IV
ou

t_
N

C
68

10
0p

F

G
N

D
G

N
D

-1
0 

db

G
N

D
7

R
FI

N
3

N
C

2

N
C

5
V

EN
1

R
FO

U
T

4

N
C

6

IC
27

G
R

F2
00

3

G
N

D
G

N
D

C66

100nF

+5
V

D
C

_D

1% R33
1k5

G
N

D

G
ai

n 
12

 d
B

L9

220nH
C

60

10
0p

F

Fr
eq

_d
iv

_D
IV

1
Fr

eq
_d

iv
_S

0
Fr

eq
_d

iv
_N

0
Fr

eq
_d

iv
_N

1
Fr

eq
_d

iv
_N

2
Fr

eq
_d

iv
_B

Y
P

FR
EQ

_D
IV

ou
t_

P
FR

EQ
_D

IV
ou

t_
N

C
6

10
0p

F

C
16

10
0p

F

G
N

D
G

N
D

0 
dB

G
N

D
7

R
FI

N
3

N
C

2

N
C

5
V

EN
1

R
FO

U
T

4

N
C

6

IC
13

G
R

F2
00

3

G
N

D
G

N
D

C18

100nF

+5
V

D
C

_A

1%R5
1k5

G
N

D

G
ai

n 
12

 d
B

L3

220nH

C
14

10
0p

F

G
N

D
G

N
D

0 
dB

C
15

10
0p

F

2

31

3
0d

B

IC
9

PA
T1

22
0-

C
-0

D
B

-T
10

2

31

3
0d

B

IC
10

PA
T1

22
0-

C
-0

D
B

-T
10

2

31

3
10

dB

IC
25

PA
T1

22
0-

C
-1

0D
B

-T
10

i
50

 O
hm

i
50

 O
hm

i
50

 O
hm

i
50

 O
hm

i
50

 O
hm

i
50

 O
hm

i
50

 O
hm

i
50

 O
hm

i
50

 O
hm

i
50

 O
hm

i
50

 O
hm

i
50

 O
hm

i
50

 O
hm

i
50

 O
hm

i
50

 O
hm

i
50

 O
hm

i
50

 O
hm

PI
C6

01
 

PI
C6

02
 

COC
6 

PI
C1
40
1 

PI
C1
40
2 

COC
14 

PI
C1
50
1 

PI
C1
50
2 

CO
C1

5 
PI
C1
60
1 

PI
C1
60
2 

COC
16 

PIC1801 PIC1802 
COC1

8 

PIC5601 PIC5602 
COC56

 
PIC5901 PIC5902 

COC5
9 

PI
C6
00
1 

PI
C6
00
2 

COC
60 

PIC6101 PIC6102 
COC6

1 

PIC6201 PIC6202 
COC6

2 
PIC6301 PIC6302 

COC6
3 

PIC6401 PIC6402 
COC64

 
PIC6501 PIC6502 

COC65
 

PIC6601 PIC6602 
COC66

 

PI
C6
70
1 

PI
C6
70
2 

CO
C6
7 

PI
C6
80
1 

PI
C6
80
2 

CO
C6

8 

PI
C6
90
1 

PI
C6
90
2 

CO
C6
9 

PIC7001 PIC7002 
COC7

0 

PI
C7
10
1 

PI
C7
10
2 

COC
71 

PI
IC
70
1 

P
I
I
C
7
0
2
 

P
I
I
C
7
0
3
 

P
I
I
C
7
0
4
 

P
I
I
C
7
0
5
 

PI
IC
70
6 

PI
IC
70
7 

P
I
I
C
7
0
8
 

P
I
I
C
7
0
9
 

P
I
I
C
7
0
1
0
 

P
I
I
C
7
0
1
1
 

PI
IC
70
12
 

PI
IC
70
13
 

P
I
I
C
7
0
1
4
 

P
I
I
C
7
0
1
5
 

P
I
I
C
7
0
1
6
 

P
I
I
C
7
0
1
7
 

P
I
I
C
7
0
1
8
 

PI
IC
70
19
 

PI
IC
70
20
 

P
I
I
C
7
0
2
1
 

P
I
I
C
7
0
2
2
 

P
I
I
C
7
0
2
3
 

P
I
I
C
7
0
2
4
 

PI
IC
70
25
 

CO
IC
7 

P
I
I
C
9
0
1
 

P
I
I
C
9
0
2
 

P
I
I
C
9
0
3
 

COI
C9 

P
I
I
C
1
0
0
1
 

P
I
I
C
1
0
0
2
 

P
I
I
C
1
0
0
3
 

CO
IC
10
 

P
I
I
C
1
3
0
1
 

PI
IC
13
02
 

P
I
I
C
1
3
0
3
 

P
I
I
C
1
3
0
4
 

P
I
I
C
1
3
0
5
 

P
I
I
C
1
3
0
6
 

PI
IC
13
07
 

CO
IC
13
 

P
I
I
C
2
4
0
1
 

PI
IC
24
02
 

PI
IC
24
03
 

P
I
I
C
2
4
0
4
 

P
I
I
C
2
4
0
5
 

P
I
I
C
2
4
0
6
 

P
I
I
C
2
4
0
7
 

PI
IC
24
08
 

P
I
I
C
2
4
0
9
 

PI
IC
24
01
0 

PI
IC
24
01
1 

PI
IC
24
01
2 

PI
IC
24
01
3 

PI
IC
24
01
4 

PI
IC
24
01
5 

PI
IC
24
01
6 

PI
IC
24
01
7 

PI
IC
24
01
8 

PI
IC
24
01
9 

PI
IC
24
02
0 

PI
IC
24
02
1 

PI
IC
24
02
2 

PI
IC
24
02
3 

PI
IC
24
02
4 

PI
IC
24
02
5 

CO
IC
24
 

PI
IC
25
01
 

PI
IC
25
02
 

P
I
I
C
2
5
0
3
 

CO
IC
25
 

PI
IC
26
01
 

P
I
I
C
2
6
0
2
 

P
I
I
C
2
6
0
3
 

P
I
I
C
2
6
0
4
 

P
I
I
C
2
6
0
5
 

P
I
I
C
2
6
0
6
 

PI
IC
26
07
 

P
I
I
C
2
6
0
8
 

PI
IC
26
09
 

CO
IC
26
 

P
I
I
C
2
7
0
1
 

PI
IC
27
02
 

PI
IC
27
03
 

PI
IC
27
04
 

P
I
I
C
2
7
0
5
 

P
I
I
C
2
7
0
6
 

PI
IC
27
07
 

CO
IC

27
 

PIL301 PIL302 
CO
L3
 

PIL901
 

PIL902
 

CO
L9
 

PIR50
1 

PIR50
2 

COR
5 

PIR3301
 

PIR3302
 

COR3
3 

PIR3401
 

PIR3402
 

COR3
4 

PIC1802 
PIL302 

PIR50
2 PIC5602 

PIC5901 
PIC6202 

PIC6302 

PIC6401 
PIC6502 

PIC6602 

P
I
I
C
2
4
0
9
 

PI
IC
24
01
9 

P
I
I
C
2
6
0
4
 

PIL902
 

PIR3302
 

PI
IC
24
02
4 

P
O
F
r
e
q
0
d
i
v
0
B
Y
P
 

P
I
I
C
2
4
0
7
 

P
O
F
r
e
q
0
d
i
v
0
D
I
V
1
 

PI
IC
24
02
1 

P
O
F
r
e
q
0
d
i
v
0
N
0
 

PI
IC
24
02
2 

P
O
F
r
e
q
0
d
i
v
0
N
1
 

PI
IC
24
02
3 

P
O
F
r
e
q
0
d
i
v
0
N
2
 

PI
IC
24
02
0 

P
O
F
r
e
q
0
d
i
v
0
S
0
 

PI
IC
24
01
5 

NL
FR
EQ
0D

IV
ou

t0
N 

P
O
F
R
E
Q
0
D
I
V
o
u
t
0
N
 

PI
IC
24
01
6 

NL
FR
EQ
0D
IV
ou
t0
P 

P
O
F
R
E
Q
0
D
I
V
o
u
t
0
P
 

PIC1801 

PIC5601 

PIC5902 

PIC6101 

PIC6201 
PIC6301 

PIC6402 
PIC6501 

PIC6601 

PIC7001 

PI
IC
70
1 

P
I
I
C
7
0
2
 

P
I
I
C
7
0
3
 

P
I
I
C
7
0
4
 

P
I
I
C
7
0
5
 

PI
IC
70
6 

PI
IC
70
7 

P
I
I
C
7
0
8
 

P
I
I
C
7
0
9
 

P
I
I
C
7
0
1
1
 

PI
IC
70
12
 

PI
IC
70
13
 

P
I
I
C
7
0
1
4
 

P
I
I
C
7
0
1
6
 

P
I
I
C
7
0
1
7
 

P
I
I
C
7
0
1
8
 

PI
IC
70
19
 

PI
IC
70
20
 

P
I
I
C
7
0
2
1
 

P
I
I
C
7
0
2
2
 

P
I
I
C
7
0
2
3
 

PI
IC
70
25
 

P
I
I
C
9
0
3
 

P
I
I
C
1
0
0
3
 

PI
IC
13
02
 

P
I
I
C
1
3
0
5
 

P
I
I
C
1
3
0
6
 

PI
IC
13
07
 

P
I
I
C
2
4
0
1
 

PI
IC
24
02
 

PI
IC
24
03
 

P
I
I
C
2
4
0
4
 

P
I
I
C
2
4
0
5
 

P
I
I
C
2
4
0
6
 

PI
IC
24
08
 

PI
IC
24
01
0 

PI
IC
24
01
3 

PI
IC
24
01
4 

PI
IC
24
01
7 

PI
IC
24
01
8 

PI
IC
24
02
5 

P
I
I
C
2
5
0
3
 

P
I
I
C
2
6
0
2
 

P
I
I
C
2
6
0
6
 

P
I
I
C
2
6
0
8
 

PI
IC
26
09
 

PI
IC
27
02
 

P
I
I
C
2
7
0
5
 

P
I
I
C
2
7
0
6
 

PI
IC
27
07
 

PIR3401
 

PI
C6

02
 

P
I
I
C
7
0
1
0
 

PI
C1
40
1 

P
I
I
C
7
0
2
4
 

PI
C1
40
2 

P
I
I
C
9
0
1
 

PI
C1
50
1 

P
I
I
C
9
0
2
 

PI
C1
50
2 

P
I
I
C
1
3
0
3
 

PI
C1
60
1 

P
I
I
C
1
3
0
4
 PIL301 

PI
C1
60
2 

P
I
I
C
1
0
0
1
 

PI
C6
00
1 

PI
IC
25
02
 

PI
C6
00
2 

PI
IC
24
01
2 

PIC6102 
PI
IC
24
01
1 

PI
C6
70
1 

P
I
I
C
7
0
1
5
 

PI
C6
70
2 

P
I
I
C
2
6
0
5
 

PI
C6
80
1 

PI
IC
27
04
 PIL901
 

PI
C6
80
2 

PI
IC
25
01
 

PI
C6
90
1 

P
I
I
C
2
6
0
3
 

PI
C6
90
2 

PI
IC
27
03
 

PIC7002 

PI
IC
26
07
 

PI
C7
10
1 

PI
IC
26
01
 

PI
C7
10
2 

PIR3402
 

P
I
I
C
1
3
0
1
 

PIR50
1 

P
I
I
C
2
7
0
1
 

PIR3301
 

PI
C6

01
 

P
O
R
F
0
s
o
u
r
c
e
0
r
e
f
0
m
e
a
s
 

P
I
I
C
1
0
0
2
 

PO
RF
0s
ou
rc
e0
re
fe
re
nc
e 

P
O
F
r
e
q
0
d
i
v
0
B
Y
P
 

P
O
F
r
e
q
0
d
i
v
0
D
I
V
1
 

P
O
F
r
e
q
0
d
i
v
0
N
0
 

P
O
F
r
e
q
0
d
i
v
0
N
1
 

P
O
F
r
e
q
0
d
i
v
0
N
2
 

P
O
F
r
e
q
0
d
i
v
0
S
0
 

P
O
F
R
E
Q
0
D
I
V
o
u
t
0
N
 

P
O
F
R
E
Q
0
D
I
V
o
u
t
0
P
 

P
O
R
F
0
s
o
u
r
c
e
0
r
e
f
0
m
e
a
s
 

PO
RF
0s
ou
rc
e0
re
fe
re
nc
e 

Figure B.10 – Mezzanine card frequency probe.
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B.2. Mezzanine card for oscillator sensors
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Figure B.11 – Mezzanine card amplifier and mixer stages.
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Appendix B. Oscillator detection board
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B.2. Mezzanine card for oscillator sensors
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Figure B.13 – Mezzanine card PLL [117].
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C Phase detection of the ESR signal

Dr. G. Boero proposed an alternative technique to the standard amplitude detection of the

ESR sensors, by using the phase detection [132]. This method is well adapted to sensors using

transmission line structures. In normal operation, almost all the RF power arrived to the

receiver (excluding component and cables insertion losses), therefore the signal amplitude is

too large for a Schottky diode input. At large amplitude, the diode works in non-linear and

saturation regime. An attenuator can be used to reduce the amplitude to the linear regime of

the diode, but it attenuates in the same proportion the magnetic resonance signal.

We tested this detection method on a GCPW transmission line with GaYIG ferrimagnetic

sample as shown in Fig. C.1.

Figure C.1 – Transmission line sensor mounted with GaYIG (Ms = 36 mT that is 1 GHz).

C.1 Proposed layout

The detection principle is composed of a mixer that combines two RF signals out of phase

(i.e., 90°). One signal directly arrives to the mixer, the other passes through the sensor. A low
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Appendix C. Phase detection of the ESR signal

Power spli�er
MiniCircuits ZAPD-30-57
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DAQ
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CLPFL-200

LP 200 MHz
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Mixer Mini-Circuits
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1000-42000 MHz

RF
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Phase shi�er
API Weinschel 980-3

DC-7000 MHz

RF Generator
T� TGR6000

(a)

(b)

Figure C.2 – Phase Shift detection. (a) Phase detection layout. (b) RF components for the phase
detection, from the left to the right: power splitter, phase shifter, mixer and low pass filter.

pass filter is used to extract only the DC component, which is then acquire by a DAQ. A power

splitter is used to provide the same RF frequency at the mixer inputs (RF and LO). A tunable

phase shifter is used to adjust the phase β = π/2 so that the DC component is almost zero

outside the magnetic resonance. The phase shifter compensates the phase error due to the

connectors, the different cable lengths and RF elements that can introduce phase shift. The

implemented layout with the elements are in presented in Fig. C.2.

Figure C.3 shows a simulation of the output signal when the two input signals are in-or-out of

phase and corresponds to:

• Outside magnetic resonance, the signals are adjusted to be 90° out of phase such that

the mixer output DC component is zero as shown in Fig. C.3a.

• At the magnetic resonance, the phase mismatch created by the FMR sample produces a

non-zero DC component (in Fig. C.3b).

120



C.1. Proposed layout
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Figure C.3 – Simulation of phase shift with a mixer with two sinusoidal signals sin(ωt +β) ,TL1 is the
reference transmission line connected to the local oscillator input (LO) of the mixer with β= 0. TL2 is
the transmission line sensor connected to the RF input of the mixer and Mixed IL is the intermediate
frequency (IF) output of the mixer. (a) The two sinusoidal signal are 90° out of phase (TL2 with β=π/2),
no DC component is at the mixer IF output. (b) The two sinusoidal signal are in phase (TL2 with β= 0),
the DC component is maximum and equal to half of the amplitude of TL2.

The phase shifter is connected to the local oscillator (LO) input of the mixer. The transmission

line sensor is connected to the RF input of the mixer. The low pass filter is connected at the

Intermediate Frequency (IF) output of the mixer. We selected a low pass (LP) filter at 200 MHz

with a characteristic impedance of 50Ω.

We used the dipole calibration magnet (detailed in Sec.3.1), with a field ramp rate of 0.4 T/s

(i.e., a current ramp rate of 460 A/s). The magnetic cycle was from -48 mT to 395 mT (i.e.,

a current from – 55 A to 450 A). We set the RF source power to +7 dBm, that is, the optimal

working range of the mixer. The power at the sensor line was also set to +7 dBm. We tested

different attenuators value at the sensor input (6 or 10 dB), but the SNR and shape of the

output signal was not affected. Due to the limited operating range of phase shifter, the set

frequency levels were chosen so that the DC signal at the mixer output was close to zero.

Afterwards, a fine adjustment with the trim screw of the phase shifter was use to cancel the

DC offset within ±500 µV. Nevertheless, we observed a drift of the DC component voltage

by about 100 µV/min. The transmission line sensor is broadband from DC to 3 GHz (Return

loss <−20 dB and insertion loss >−5 dB),therefore we measured the marker signal at several

frequencies close to 1 GHz, 1.5 GHz, 2 GHz, 2.5 GHz and 3 GHz.
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Appendix C. Phase detection of the ESR signal

C.2 Measurement results

The FMR magnetic resonance is detected as shown in Fig. C.4d. However, we measured a

crosstalk1 between the magnetic resonance signal and the induction coil signal, as shown

in Fig. C.4b and in Fig. C.4c. Both signals have an identical shape and ripple. We attribute

this effect to the coaxial cables of the sensor. Those create a loop in the magnet aperture

that induces electromotive forces at the mixer input during the field ramp, which propagates

along with the signal through out the detection electronics. The magnetic resonance signal

amplitude at 997 MHz is the smallest by 90.3µV (in Fig. C.4d), since it reaches the low boundary

of the GaYIG magnetization saturation.
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Figure C.4 – Phase detection results. (a) The field profile. (a) The search coil signal. (c) The marker
signal at different frequencies. (d) Zoomed view at the marker signal.

By considering the highest signal amplitude with a frequency of 2488 MHz (in Fig.C.5, the

peak-to-peak value is 1.85 mV for a noise of 0.19 mV (i.e., SNR=10).

Figure C.6 shows the measured field marker level and its corresponding gyromagnetic ratio.

1The DAQ channels crosstalk is not considered as it is non-multiplexed channels and many measurements
performed in the past proved that there is no crosstalk between channels with the NI-6366 DAQ.
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Figure C.5 – Marker signal with phase detection at 2488 MHz that is 87 mT.

The transmission line sensor is able to measure the field over a wide frequency range. The

gyromagnetic ratio variation is about 1.5% and non-linear that is explained by the difficulty

of measuring the exact resonance peak. Moreover, the GaYIG sphere was not aligned to the

temperature stable axis that explain the high γ/2π (i.e, by about 28.7 GHz/T) value.
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Figure C.6 – Marker value with phase detection at several frequencies. On the left axis the field
marker value. On the right axis its corresponding gyromagnetic ratio.

C.3 Phase detection method conclusion

The proof of concept is demonstrated for the new phase-based detection circuit. With the

tested transmission line sensor, the FMR signal can be measured over a wide field range from

36 to 120 mT, that is, from 1 to 3.5 GHz.
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Appendix C. Phase detection of the ESR signal

The main issue is the presence of a crosstalk between the field ramp rate and the FMR signal.

The crosstalk creates a variable DC voltage component at the DAQ input that can be canceled

by a a high pass filter of about 1 Hz. The noise can be significantly reduced by using a low

pass filter of about 100 kHz as well as adding a low noise amplifier to operate far away from

the noise floor of the DAQ. In addition, the performance can be increased by enlarging the

tuning range, resolution and stability over time of the phase shifter. Moreover, the cables

must be selected carefully to have a low phase variation with respect to the bending angle

and temperature. Finally, for each set frequency the phase shifter must be adjust to have the

output DC component close to zero. To simplify the operation, a digital controlled phase

shifter can be used.

We did not test this detection method with the paramagnetic sample (BDPA) due to the already

very low signal obtained with the YIG sample. A measurement can be performed, but all the

aforementioned improvements must be implemented to have the possibility of detecting the

EPR signal.
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Glossary

AD Antiproton Decelerator. 6, 83

B-Train Real time magnetic field system. 2, 11, 12, 75–77, 85, 90–96, 98, 103, 104, 111

BDPA α,γ-Bisdiphenylene-β-phenylallyl paramagnetic free radial with Benzene. 19, 31, 34,

47, 48, 54, 58, 124

CMOS Complementary Metal Oxide Semiconductor. 57

CTRI Control timing electronic card for PCIe chassis, receive the CERN master timing frame

(Telegram). 104

DAQ Data Acquisition System. 25, 48, 50, 120, 122, 124

ELENA Extra Low ENergy Antiproton. 6, 9, 11, 88

EMI Electro-Magnetic Interference. 64, 111

EPR Electron Paramagnetic Resonance. 2, 15, 25, 34, 47–50, 58, 70, 103, 104, 124

ESR Electron Spin Resonance. iii, 2, 13, 15, 16, 18, 20, 26, 31, 35, 38, 76, 77, 119

F8L Figure of eight Loop. 76

FE Finite Element simulation. 31, 84

FIRESTORM Field In REal-time STreaming from Online Reference Magnets. 11

FMR Ferrimagnetic Resonance. 2, 13, 18, 19, 25, 28, 32, 33, 35, 41, 44, 76–78, 80, 81, 84–86, 92,

93, 120, 123, 124

FPGA Field-Programmable Gate Array. 111

FWHM full width at half maximum. 42, 52

GaYIG Gallium doped Yttrium Iron Garnet alloy. 18, 19, 30, 33, 36, 119, 122, 123

GCPW Grounded Co-Planar Waveguide. 35–38, 119

HDMI High Definition Multimedia Interface. 104

LED Light-Emitting Diode. 104

LEIR Low Energy Ion Ring. iii, 2, 6, 9, 11, 28, 43, 44, 75, 83, 87, 89–98, 100

LF Low-Frequency. 41, 48, 50

LHC Large Hadron Collider. iii, 1, 5–7
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Glossary

Linac3 Linear accelerator 3, providing ion beam. 89

LLRF Low Level Radio-Freuqency. 2, 10, 87, 92, 94, 95, 98

LS2 CERN Long Shutdown number 2. 90

LVDS Low Voltage Differential Signaling. 104, 111

MM Magnetic Measurement. 8, 10

NMR Nuclear Magnetic Resonance. 2, 8, 13, 15, 17, 18, 25, 26, 31

PCB Printed Circuit Board. 32, 47, 48, 57, 103

PFW Pole Face Winding. 76, 80

PLL Phase Locked Loop. 59, 103, 104, 111, 117

PPM Pulse-to-Pulse Modulation. 91

PS Proton Synchrotron. iii, 2, 6, 9, 11, 13, 28, 42, 44, 75–77, 80, 100

PSB Proton Synchrotron Booster. 6, 9, 11, 75, 100

RF Radio-Freqency. 6, 9, 18, 41, 44, 49, 50, 92, 94

SMD Surface Mount Device. 31

SNR Signal-to-Noise Ratio. 52, 53, 55, 67, 72

SPEC Standard CERN control electronic card for PCIe chassis, including extension card

connector for devices control. 103, 104, 111

SPI Serial Peripheral Interface. 103, 104

SPS Super Proton Synchrotron. 6, 7, 9, 10

TeV Tera electron Volt. 5

TTL Transistor–Transistor Logic. 104

VCO Votage Controlled Oscillator. 103, 111

VCXO Voltage Controlled Crystal Oscillator. 103

VNA Vector Network Analyser. 30, 38

WR White Rabbit ethernet protocol network including timing synchronisation. 89

YIG Yttrium Iron Garnet alloy. 13, 18–21, 25, 31–33, 36, 43, 44, 52, 54, 76, 77, 80, 81, 103
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