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Chapter 1

Introduction

We live in a high matter concentration universe where matter-antimatter asymmetry exists
possibly due to the Electric Dipole Moment (EDM). The J•ulich Electric Dipole moment In-
vestigation (JEDI) collaboration aims to directly measure the EDM of protons and deuterons
where the CP violations occur, which in turn result in the matter-antimatter asymmetry.
The experiments are being conducted with proton and deutron beams in the storage ring at
COoler SYnchrotron (COSY) Forschungszentrum J•ulich, Germany. RF Wein �lter is used
to build-up polarization which is proportional to EDM, and a polarimeter to observe the po-
larization of the products of the scattering process of the deutron beam on a carbon target.
This polarimeter consists of scintillating crystals which emit photons. Instead of the tra-
ditional photomultiplier vacuum tubes (PMTs), Silicon-photomultipliers (SiPMs) are used
instead, for their convenience, low operating voltage and for the fact that silicon detectors
doesn't in
uence the polarized beam either with strong electric or magnetic �elds.

During beam based alignment in 2019, an accidental irradiation of the SiPMs occurred.
The damage imparted by the radiation resulted in a high dark current. To understand the
extent of the damage, it was necessary to study the dark current and responsivity in the
array of SiPMs. Hence independent measurement set-ups were constructed with a dedicated
software for each of them to control and run the measurements.

Dark current measurement set-up was constructed to study the voltage dependence of
the dark current for each SiPM in the 8x8 array. Data was analysed by the software (written
in Python 3 and ROOT) after the measurement, providing a report on the SiPM array.
Similarly, the responsivity measurement set-up was constructed where each SiPM in the
array is illuminated, the resulting signal was recorded from the array and it is normalized
with a reference SiPM signal to obtain the relative responsivity/charge. A similar report
is generated in this case as well. Furthermore, the technique of annealing was utilized to
reduce the radiation damage. Therefore, measurements were conducted again to study the
annealing e�ects.

These dedicated measurement set-ups help us to sort out the better SiPM arrays from the
ones which are damaged, so that the former can be used in the JEDI polarimeter detector
again for the upcoming beam times.
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Chapter 2

Physics Motivation

2.1 Baryon Asymmetry

Looking into today's universe, in which all of the Earth, the Sun and the galaxies seem to
consist only of matter, the existence of a high matter-antimatter asymmetry resulting at a
fundamental level seems to be obvious. But from the laws of nature, as of today, predict only
a slight asymmetry with respect to matter and antimatter fromCP violation (Charge-parity
violation), which is found to be very small.

The ratio of matter to antimatter can be written as follows, with nB as the concentration
of baryons and �nB as the concentration of anti-baryons andn
 as the number of photons

� =
nB � �nB

nB + �nB
�

nB � �nB

n

(2.1)

According to the Big Bang theory[1], the Universe was very dense and hot at the time of
its creation, implying the presence of equal amount of both matter and antimatter. Hence
asymmetry should have occurred during the early stages of the Universe expansion, in a
process called as Baryogenesis, in which matter and their antimatter eventually annihilated
to photons and neutrinos leaving only a small amount matter which gave rise to the matter
we see today.

It has remained as a challenge to understand the origin on this asymmetry, since the Stan-
dard Model (SM) of elementary particle physics failed to provide a satisfactory explanation
and a wonderful motivation to go in search of new physics beyond the Standard Model[2].

2.2 Electric Dipole Moment { EDM

In 1967,Andrei Sakharovde�ned three conditions that have to be ful�lled in order to explain
the matter-antimatter asymmetry[3]:

ˆ Baryon number violation: The conservation of baryon number must be strongly vio-
lated in the early evolution of the universe.

ˆ C andCP violation: If C andCP symmetries were to be conserved then the probability
of a process creating a particle and another process creating its antiparticle should be
the same, therefore conserving the baryon number.

ˆ Deviation from thermal equilibrium: The moment when baryon number was generated,
the universe was not in thermal equilibrium otherwise it is impossible for a system to
violate baryon number.

7



8 CHAPTER 2. PHYSICS MOTIVATION

Though the SM does accommodateCP violations via the phase in the Cabibbo-Kobayashi-
Maskawa (CKM) matrix, it only ful�lls these requirements up to a certain extent, but the
resulting CP violation ( � � 10� 18[3]) is still too small to account for the observed baryon
asymmetry (� � 10� 10[4]). This opens up the search for �nding the di�erent sources ofCP
violation. The SM also alls short of explaining neutrino oscillations, baryogenesis rate as
well as electric dipole moment (EDM).

In the framework of quantum mechanics, the EDM of a fundamental particle is de�ned
with a spin, in order to retain the vector nature of the EDM. The magnetic dipole moment
(MDM) of a particle is also de�ned with the same spin factor. This spin factor de�nes
the direction inside the elementary particle. UnderP (parity) transformation, only electric
�eld is inverted and under T (time reversal) transformations only magnetic �eld is inverted.
Therefore, the Hamiltonian of the system after applying both these transformations does
not return to the original state, hence violating theCP symmetry[5].

This makes the EDM an interesting candidate as it is a necessary condition, according to
the Sakharov's second condition. The SM predicts the EDM to be very small or even zero
but the recent measurement of neutron EDM was found to have an upper limit of 1:8� 10� 26

e cm (90% C.L.)[6]. No direct measurement for the EDM of a charged hadron has been
performed yet. This serves as a motivation to measure EDM for charged hadron.



Chapter 3

Instrumentation / Experimental
equipment

3.1 Cooler Synchrotron { COSY

The COoler SYnchrotron - COSY, is a particle accelerator located at Forschungszentrum
J•ulich, Germany. It is designed to generate polarized and unpolarized proton beams in the
medium energy range of 45 and 2700 MeV. Additionally, it can also provide deuteron beams
between 90 and 2100 MeV. Beam cooling is also developed for an improved beam quality at
this facility[7].

The main components of COSY include:

ˆ The Source for the production of polarized and unpolarized Hydrogen and Deuterium
ion beams

ˆ J•ulich Isochronous Synchrotron (JULIC) also called the injection cyclotron for pre-
acceleration of the ion beams

ˆ Main storage ring - COSY for accelerating the beams up to a momentum of 3:7 GeV=c

The beams produced by the source are transferred into the injector cyclotron JULIC
(J•ulich Isochronous Cyclotron) which accelerates the ion beam to kinetic energies up to
45 MeV for Hydrogen beams and up to 76 MeV for Deuteron beams. These are then trans-
ferred via an injection beam line into the main storage ring COSY. The injection beam line
accommodates a small polarimeter known as the Low Energy Polarimeter (LEP), that can
measure the polarization of the beam. Before injection into the main ring, the two elec-
trons from the atoms are removed by a stripping reaction in a thin carbon foil resulting in
proton/deuteron beam.

The COSY storage ring is shown in Figure: 3.1. The accelerator ring has a circumference
of 184 m. Two straight sections with a length of 40 m along with the two arc sections with a
radius of 16:5 m form the accelerator. Normal-conducting water cooled dipole magnets that
can reach magnetic �elds up to 1:58 T, bend the beams in the arc sections. Additionally,
quadrupole and sextupole magnets are incorporated throughout the ring to focus and correct
chromaticity e�ects respectively. The cooling of beams is a distinctive feature of COSY. This
is achieved by elastic cooling and/or stochastic cooling. As shown in the �gure, two coolers
are placed in the straight sections, where the beam positions are sampled in the form of
small packages.
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Figure 3.1: Cooler Synchrotron (COSY) at Forschungszentrum J•ulich

3.2 JULIC Cyclotron

The J•Ulich Light Ion Cyclotron (JULIC) (see Figure: 3.2) was commissioned in the year 1992.
It is an intermediate energy cyclotron used as the injector for COSY. In the initial years
H +

2 -beams were used for stripping injection into the synchrotron ring, with a 2:45 GHz[8]
microwave source. Later, it was modi�ed to deliver polarizedH � or D � beams within the ac-
ceptance of the cyclotron during 10 - 20 ms[8] of the injection period of COSY. The cyclotron
was also equipped with a target behind the septum which provides fast exchange of target
constructions. The irradiation is achieved with 45 MeV protons and 76 MeV deuterons[9].
It is also equipped with various dosimetry systems such as PTW® Farmer ionization cham-
bers, PTW® Bragg Peak chambers, Gafchromic® Dose sensitive foils to monitor and control
ongoing radiation.

Since the experiment for surface target is performed in air, it is kept 1:8 m away from
the end of the pipe, with 1 mm aluminum foil in-between to reduce the protons energy to
35 MeV[9]. The rate of irradiation used for the experiment in this thesis are 1 mG=s and
3 mG=s.

3.3 JEDI Polarimeter { JePo

An important requirement for the successful search of the Electric Dipole Moments using
Storage Rings (srEDM) is to �nd a way to determine the change in polarization direction
during beam store with high sensitivity (< 10� 5 [10]). Since the magnetic �eld cannot be
used because of its e�ects on the spin motion via the magnetic dipole moment (MDM),
another method was required to determine the particle energy. A LYSO:Ce (Cerium-doped
lutetium yttrium oxyorthosilicate) scintillating crystal was used for this purpose. It is dense
(7:1 g=cm3), radiation hard along with small decay time of 41 ns[5] which makes it a good
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Figure 3.2: J•Ulich Light Ion Cyclotron (JULIC) in Cooler Synchrotron (COSY) at
Forschungszentrum J•ulich

scintillating material.

Figure 3.3: A unit of � E detector in JEDI polarimeter - LYSO crystal, SiPM array along
its readout and mounting case and the holder

J•ulich Electric Dipole moment Investigations (JEDI) polarimeter, was therefore con-
structed in the straight section of COSY ring, see Figure: 3.4. Each unit consists of a seg-
mented calorimeter made of LYSO crystals, silicon photomultipliers (SiPMs), SiPM readout,
and a 2 cm thick plastic scintillator for particle identi�cation[5] (see Figure: 3.3). A carbon
target was used for proton or deuteron scattering. The polarimeter, consisting of 52 units,
occupies 1:3 m space. 48 of these units were arranged in 4x3 arrays along the four directions
radiating out from the center and the remaining four of these units are placed diagonally
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