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Abstract

The search for Electric Dipole Moment (EDM) of elementary particles is one of the hot
topics in contemporary particle physics. The method to measure charged particle EDMs
(proton,deutron) is to observe the time development of a polarized beam in a dedicated stor-
age ring (Storage Ring Electric Dipole Moment (srEDM)). This requires a new polarimeter
with a special target system which is under development at Cooler Synchrotron (COSY)-
Juelich.

The particle detector consists of two layers: a plastic scintillator for AE and an inorganic
Lutetium—yttrium oxyorthosilicate (LYSO) crystal as a calorimeter. Both systems are read-
out by multi-pixel silicon photo multiplier (SiPM) arrays. SiPMs operate at significantly
lower supply voltages compared to the traditional multi-stage vacuum tubes, simplifying de-
tector construction and operation. The developed calorimeter modules operate at voltages
up to 30 Volt. The fully assembled calorimeter part of the polarimeter has been success-
fully tested together with its high speed and high-resolution sampling Analog to Digital
Converter (ADC)-based readout. All test have been carried out using solid block target.
However, the final polarimeter will include a ballistic target system which will be shoot-
ing point-like diamond pellet through the beam. Frequency and speed of oscillation must be
variable to achieve desired effective target density. This kind of target will require specialised
monitoring and control system consisting with several electrical and mechanical parts. Dur-
ing this work, the concept of the pellet target and majority of the electrical and software
parts has been developed, including precise triggering, object detection, track reconstruc-
tion and data synchronization units. Several cameras as well as several image processing
algorithms, different types of sensors and amplifiers have been tested to get the best per-
formance. Fast camera, lasers, photodiodes and Zynq System on Chip (SoC) are used in
the system, Field Programmable Gait Array (FPGA) part is responsible for for fast trig-
ger, Time of Flight (TOF) calculations, image processing and tracking. The ARM Central
Processing Unit (CPU) is used for communications. Control signals and data are exchanged
using UART interface but in future network interface will be used, which will give us ability
to synchronize data of the target with other systems in detector.
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Hercules SETUP utility by HW-group.com
> Seup Serial | TCP Chent | TCP Server | UDP | Te

time -> 103.250824
time -> 103.250824
& time -> 103.250827
jcurrent time -> 103.250824
Tek Run . » ; Y Tria’d {jcurrent time -> 103.250824

€ current time -> 103.250824
-1.880V | current time -> 103.250824
-1.880V | current time -> 103.250824
A0.000 W current time -> 103.250824
current time -> 103.250824
current time -> 103.250824
current time -> 103.250822
current time -> 103.250824
current time -> 103.250824
current time -> 103.250822
current time -> 103.250824
current time -> 103.250822
‘ Icnrren: time -> 103.250824

— Modem lines — - e

0.000 V/s

REREECEREEEEREREREEER

: T ‘ -~ Send
103.3ms  103.3m ll || [ipconfig<LF>
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©65039Mm0L556 bLbgoslbgs bafomobmgzol, Mmam®moEss 359960, 12C 0b@gmagobo, VDMI,
TOF, 9393900l 3mbGmHmwgmo, HDMI o0b@gmagobo ©s 8s00msb 053938060900
G90096900. 59559500 LoLEGQIsL Tgmderos 2 3599MLmMsb F/domds, Pcam 5c OV5640
LgbbmMom s Raspberry pi 3odges IMX219 UgblbmGoom. gbGowo 1-do bshgqbgdos
3965393900 OHMIgEms d933ws3 3M3omdol 3MrmEqldos Fgbsdergdgero. dogdulodswremo
LoBdotg OV5640 LgblmGolbmgol 320X240 450350:00M3905Bg s60l 120 FPS, bmewem IMX219 -
ol 990mbgzg3sd0 640X80 goxsm™3z90sHg 500 FPS. LolLEgdol go5339d0LsL 3OHMEgLMGOO
53mb65304OHMHd0L  FPGA-U o  33060mo3L  dglodsdol  Mo0396M9dL. 359960
3965393900056  459mdobscg VDMI  LolEgds odmymaxl 32 gégodol  bmdol
dgblogemdsl, Loog  39996M0L  dmbsggdgdo  dMdogzs  0fgmgds,  ymgzgwo  Bsfgco
Do3ombgolsls  LoLEBds  MaBogbols  3OHMEALMOL  FyzgBolb  Logbsel @s  3OHMEgLmGO
005blmgMOL 39Ol JoLOTsOML  TgbLOYMYdSToEs s  J0MbMEIMBL  2odmMbobyengdols
0059999539930l 06300MH35305L BsdoBOOL 5 YOTYdIMGMOOL TgLobgd 3mb3M9E M oG To.
L5FOBHOL 5EYOWBYOIMIYMDS 25FT9d00 0fjgMgds IgblogMgdsdo ymz9wro 35EMOLm3Z0L,
0dobm3zoll  GMI  303MmEI  OMIGo  350MJd0  Mbs  godm309gbmo  LHdMEIMM
365¢00Bolmzgol, TOF LobGgds 35)3wol, Mmam®E LsdoBEoL LobdsMol 0bxM®MTs30L,
sbggg start Qo stop §9439EoU, 98 Imbszgdgool LobdHMbobsizoom dgaz0dwos dgblogMgdosb
59m300Mm0 0l 0bxgMMTo30s MMIgEwoE BsFoMM 046905 LodMmEMM sBswoBOLMZ0L. 58Fs05
9399990 06xmMT5305 04D536905 3mB30ME OB UART 06396 5390L0L Lodswgdoo.
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Parameter Value(s)

Resolution OV5640 (1 — 1280x720, 2 — 640x480, 3 — 320x240),
IMX219 (1 — 1280x720, 2 — 640x128, 3 — 640x80)

Write to image sensor register address and value of sensor register in hex

Read from image sensor address of image sensor register in hex

Gamma correction values 1, 1/1:2. 1/1.5, /1.8, 1/2.2

Saturation =0 1l=-2=02 8=104,
4=06,5=08,6=10,7=1.2

Contrast 0 - 255 in hex

Operating mode Bypass or Image processing mode

Canny edge detection thresholds | High, Low thresholds and zero padding in hex

Camera analog gain Gain of the sensor to compensate low light in high FPS

Camera integration time Different for every resolution, but can be overridden to
change the FPS (not all values will work)

cb®ogero 1 356960l 3565999980
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Chapter 1

Introduction

Among the most fascinating miracles of Nature stands the puzzle of our existence. In the
Big Bang, matter and antimatter should have been produced equally [1]. When matter and
antimatter meet, they annihilate into photons. The question of why there is only matter
and almost no antimatter found in our universe remains unanswered. During the evolution
of the very early universe, a tiny asymmetry — approximately 1 part in a billion, (i.e.,
1,000,000,001 particles and 1,000,000,000 antiparticles) — appeared at some point, and after
the annihilation process, the totality of the one left-over particle constitutes the matter of
our world (notwithstanding dark matter, one of the other modern cosmological puzzles).
The search for the reason of such asymmetry, so called search beyond the standard model,
consists of two main directions: research at high energy, for example experiments on the
Large Hadron Collider and its alternatives, and precise measurements - the use of advanced
technologies and methods in relatively low energy environments that enable to increase the
accuracy of experiments. Such a direction is the search of electric dipole moments of charged
particles (EDM) at storage rings, which requires specialised equipment and its main part -
calorimeter. The experiment which my PhD project is part of, is called JEDI, its storage ring
accelerator COSY and newly developed detector JEDI Polarimeter (JePo) gives us the ability
to further investigate asymmetries and polarisation of elementary particles. The detector
will be described later in details, but in general it is a new type of detector, using inorganic
scintillators, modular design and high efficient SiPM modules. It can measure energies of
particles produced by the interaction of the beam particles (deutron, proton) with target
(carbon) interaction. The advantages of this type of detector is that it can work in high
magnetic and electric fields, it has very high detection and data taking efficiency as well as

short and long term stability.



Beside of detection part of the polarimeter, one of the most crucial parts of it is the
target system, as it has big influence on the data as well as the beam itself. Considering
the complexity of the experiment and EDM measurement, development of the target system
leads to the state of the art approaches in all direction (hardware, software and mechanical).
In this work most concentration will be on hardware and software parts of the project as the
mechanical part is still in phase of concept development and out of scope of this project. The
new target type which was developed is the ballistic carbon pellet target. The requirements
for the target were defined by the requirements from the experiment as well as drawbacks
from other targets (see chapter 4.1). During the project implementation the concept for the
target system has been developed (see chapter 4). As an engineering task, the project has

been divided into several key objectives to be fulfilled:

1. Proper hardware platform, with sufficient operational power is needed for system to
work. Since high speed camera, fast trigger and time measurement systems are needed,

the best approach would be mix of FPGA and CPU.

2. TOF and triggering system hardware, which consists of dedicated Printed Circuit
Board (PCB) with high stability, high gain amplifiers and signal shaping circuit, which

are needed for precise triggering and TOF measurements:

e Sensor selection and laser tests. As there are lots of different sensors with dif-
ferent characteristics, tests should be done to find out appropriate sensor and its

companion laser;

e PCB development for TOF is somewhat challenging task, as it needs techniques
such as low noise PCB development, low amplitude signal handling and high

stability, high gain amplification and filtering.

3. Simple mechanics to test TOF system after PCB development to ensure that everything

works fine. The amplifier can handle the low signal and there is no noise at the output.
4. FPGA system development

e Custom Intellectual Property (IP) development for object detection, proper al-
gorithms for object detection, which will be able to subtract pellet target from

background, definition of edges for further processing;

e Custom IP development for object tracking. After edge detection, the system

should be capable of tracking the target and provide its coordinates.



e TOF FPGA IP development. As the signals are detected, amplified and shaped
with the PCB, the rest is to measure the time between start and stop triggers,
transfer this information to FPGA and then to do the signal sampling and time

calculation with dedicated IP;

e Develop FPGA block design for tests (stream camera signals to the processing
system and then stream processed information to the High Definition Multimedia
Interface (HDMI) display or stream simulated signals from computer through
HDMI, process it and stream processed data to HDMI display) . Develop proper
video pipeline in FPGA in order to get the camera stream from the camera sensor
and further process it in FPGA. Beside camera stream, for better tests of the
image processing, better to have HDMI input and to feed predefined, simulated

video signals to the system in order to check the performance of image processing.

5. CPU firmware development so as to be able to communicate, control and get informa-

tion from the pellet system. Develop proper drivers for different parts such as:

e Custom standalone driver for object detection;
e Custom standalone driver for object tracking;
e Custom standalone driver for TOF and triggering system:;

e CPU firmware for communication with this system and data exchange.

6. System integration with whole detector

The author was involved in JePo development nearly from the beginning. has taken part
in assembling of detector modules and some other mechanical parts, has developed multi-
channel power supply with monitoring system [82]. During detector development external
experimental hall was used, where the beam was routed. Different types of targets were
tested and the carbon target was chosen. In these experiments the beam was shoot directly
through the target. Later the detector was installed in the accelerator ring. In this case the
target can’t stay constantly in the way of the beam and needs to be moved in and out. Oth-
erwise the accelerator will not be able to accelerate the beam as it will hit the target. The
first task was to develop the block target control system (see chapter 3.4), which is used in
experiments now. In parallel of that author started development of the pellet target system
parts such as TOF module, with its PCB and its associated IP. After TOF is finished the

work was concentrated on camera implementation into FPGA, image processing and object



tracking. The author also worked on several side projects including improvements for power
supply system, target control software Graphical User Interface (GUI) for Wide Angle Shower
Apparatus (WASA) detector and FPGA gate driver for RF-WIEN filter with its control GUI



Chapter 2

Physics Motivation

2.1 Matter-Antimatter Asymmetry

There must be a difference between matter and antimatter (particles and antiparticles),

Np—Ng
N~

which has actually been observed in elementary particle decays: n = , Where n is
a baryon asymmetry parameter, Np is the number of baryons, Nz is the number of anti-
baryons and N, is the number of photons. This difference is due to a symmetry breaking
and is referred to as CP-violation (CPV) [2]: C stands for charge symmetry (the change
from positive to negative electric charge of a particle, and vice versa) and P for parity
symmetry (mirror symmetry, more precisely the inversion of all spatial coordinates). The
combined CP-symmetry changes a particle into an antiparticle; its nonconservation, e.g.,
in neutral-kaon (K°) decays, constitutes the proof that particles and antiparticles are not
identical. The CPV, which has been found in these decays and which has been included into
the Standard Model (SM) of elementary particle physics, is, however, too small by many
orders of magnitude to explain the baryon asymmetric universe (BAU). A violation of time
reversal invariance (T-symmetry, T being the change of the direction of time) is equivalent
to CPV by means of the so-called Charge, Parity, Time reversal (CPT) theorem, which
states that the combined symmetry of C, P, and T correlates two allowed states or physical
processes: in order for CPT to be conserved, both T- and CP symmetry must be violated. By
contrast, a (C-, P-, T- or CP-)-symmetry violation implies that after the application of the
corresponding transformation, a different state or process results that is not (or differently)
observed in nature. Note that T-violation has not yet been directly observed, but only is

inferred from CPV.

To explain the asymmetry between matter and anti-matter, in 1967 by Andrei Sakharov



defined three conditions that have to be fulfilled [3]:

e Baryon number violation. Without this violation, it would not be possible for a system
to evolve from a state with no baryons into a state with baryons, as the system initially

was in a state with a baryon number B = 0.

e C and CP violation. If C and CP invariance were fully conserved, for each process that
created a particle, another process that created an antiparticle with the exact same

probability would exist, and therefore also no baryon asymmetry could have developed.

e Deviation from thermal equilibrium. In thermal equilibrium, the expected value of all
physical quantities are stable and it would be impossible for the system to transit from

a B = 0 into a B # 0 state.

The SM does fulfill these requirements up to a certain extent, but the amount of CP
violation is too small to account for the observed baryon asymmetry. This means that other
sources of CP invariance have to be found. This is where the EDM of particles such as

neutrons and protons enter the stage.

2.2 Electric Dipole Moment

Permanent EDM of elementary particles (the spatial separation of the center-of-gravity of

the positive and negative charge distributions) is defined as d= i hcg , where S is the spin,

ome
q is the charge, m is the mass of the particle and 7 is a dimensionless quantity giving the
magnitude of the EDM [4]. It violates parity (P) and time reversal (T) symmetry, and thus
— via CPT — also CP. If an EDM were to be found, it would indicate a new and additional
CPV source, which might be responsible for the BAU. It would also imply the necessity
for an extension of the well-established Standard Model towards so-called New Physics.
This is why EDMs are sought for in many different particles, without success up to now:
only impressive upper EDM-limits have been obtained. For the neutron EDM (nEDM),
it is around 1072¢ e - em — which, if the neutron would be the size of the earth, would
approximately correspond to a charge separation of less than 10 pm. The smallness of an

EDM, and thus of any minuscule observable effect, make EDM searches a very challenging

project.



2.3 EDM searches in Storage Rings

For the neutron EDM, the improvement of sensitivity by 6 orders of magnitude has been
achieved over a period of about 50 years. Expectations are that further sensitivity improve-
ments by one order of magnitude can be achieved within the next decade or so. EDMs of
charged particles (proton, deuteron) appear to offer the potential to increase the sensitiv-
ity limit towards 1072 e - ¢m, a significant improvement with respect to nEDM discovery
potential. Since an EDM is detected by its interaction with an electric field, and charged
particles will be accelerated in such fields, the basic idea of a charged particle EDM search
is as follows: (i) inject a beam of polarized particles into a storage ring “sr” (sr), apply a
radial electric field E to the stored particles, and observe the time development of the polar-
ization vector of the particles. In a particle like the proton, the polarization vector (“spin”)
provides the only orientation direction; the EDM (vector) must be parallel to the spin. The
interaction with a radial E-field will cause a torque on the EDM and thus the particles spin
— originally aligned in the storage-ring plane (“longitudinally”) — of the coasting beam in the
ring with no longitudinal component. As a result, it will very slowly rotate the so-called
longitudinal polarization into the vertical direction: this will be the experimental observable
for the existence of an EDM, the principle of the EDM measurement can be seen on figurel.
The requirements of experiments using a storage ring beam to search for an EDM on the

nuclei of the beam circulating in ring, have been reviewed here |5, 6, 7].
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Figure 1: a) (left panel) Principle of EDM measurement: radial E-field - torque on spin-rotation
out of ring plane; b) (right panel) Frozen spin method: The spin (red arrow) and momentum (blue
arrow) vectors are kept aligned during the storage time.

Experimental EDM searches are conducted for leptons (electrons, muons) and for neu-
trons, in atoms, molecules and bulk matter, but up to now, in spite of pushing the sensitivity
limits further and further, no finite EDMs have been observed. Recently, a new idea has

been put forward to directly search for EDMs of non-leptonic charged particles, in particular



protons and deuterons, in dedicated high-precision storage rings stEDM. This method may
offer the highest sensitivity — up to 107 e - c¢m, i.e., 3 orders of magnitude better than
the current neutron limit. Such measurements are also required to unfold the underlying
source(s) of EDMs. At the same time, it involves many technological challenges connected
with the new kind of storage ring with two counter-rotating polarized beams, whose changes
of polarization as a function of time have to be monitored with ultimate precision. Up to
now, the polarization measurement of a beam of stored particles is provided by directing it
onto a bulk carbon block by means of steerer magnets or by imposing a white-noise signal
on the beam, and then detecting the azimuthal asymmetry of the scattered particles in a
suitable detector. This method is well established in hadron physics experiments, but it
implies a number of draw-backs (which will be discussed later) which make it inapplicable

for the purpose of storage ring EDM-searches: a new approach is required.



Chapter 3

JEDI Polarimeter (JePo)

3.1 General Considerations

A high-sensitivity polarimeter, requires small statistical errors from within a reasonable
running time. In addition, the analyzing power, which sets the scale of the sensitivity of
the scattering to beam polarization, should be as large as possible. Robust targets, carbon
or somewhat with higher mass must be used. Usable scattering angles may range from the
outer edge of the Coulomb-nuclear interference at a few degrees to roughly 6;,, = 15°. These
features are almost independent of nuclear structure, arising mainly from the central and
spin-orbit interactions between the projectile and the nucleus that are well described by the
optical model [8, 9, 10, 11, 12, 13].

To illustrate the selection of appropriate operating angles for the polarimeter detectors,
consider the laboratory frame cross sections and analyzing powers for the scattering reactions
p+ C and d 4 C in Fig. 2. The figure also shows a modified figure of merit. The usual
definition, Figure of Merit (FOM)= ¢ A2, has been augmented with sin(fi.p) to recognize
the increase in the available solid angle for all azimuthal angles as the polar scattering
angle increases. This figure of merit varies as the inverse square of the statistical error in
a polarization measurement, hence it is important to maximize the integral of this quantity
in the choice of polarimeter angle coverage. At the same time, areas of low analyzing power
should be avoided, since a large analyzing power provides more leverage against systematic
errors. Red lines (4° to 15° in Fig. 2) mark a range that would be desirable to exploit in a
polarimeter detector scheme.

Figure 3 shows a 2-D map of the figure of merit across the polarimeter front face for

a vertically polarized beam. The best areas (yellow) are to the left and right of the beam
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Figure 2: Measurements of the laboratory frame differential cross section, analyzing power, and
modified figure of merit [0 A2sind] for proton scattering from carbon at T, = 250 MeV [11] (left)
and deuteron scattering from carbon at T; = 270 MeV [13] (right).

center. The figure also includes the dependence on the cosine of the azimuthal angle (&),

which appears in the formula for the cross section dependence on spin [15] for protons:

Tpol (0 ) = Tunpor (B)[1 + py Ay () cosg] (3.1)

where o is the differential cross section, p, is the vertical component of the polarization,
and A, is the corresponding analyzing power. For deuterons with spin-1, an additional

factor of 1.5 appears ahead of the pA term. The rectangular grid superimposed on Fig. 3
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Figure 3: Variation by color of the figure of merit across the polarimeter based on d + C elastic
scattering [13]. The black lines show the locations of the 52 LYSO crystals used in the current
version of the EDM polarimeter.

illustrates the front-face locations of the presently installed (52) LY SO calorimeter modules.
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This grid overlaps strongly the most useful region in terms of polarimeter statistics. This
2-D pattern applies to the asymmetry generated by Eq. 3.1, which, for example, produces a
left-right (L/R) difference in the scattering rates for an upwardly polarized projectile. This
pattern may be rotated by 90° to correspond to an up-down (U/D) asymmetry associated
with the measurement of a sideways polarization. Both pieces of information are important.
In the EDM search, the EDM signal appears as a slowly increasing vertical component
(L/R asymmetry). The in-plane polarization will be controlled using real-time feedback to
the storage ring RF cavity so that the polarization is always parallel to the particle velocity.
This condition will be checked, and corrected, based on the deviations of the U/ D asymmetry
from zero. The axion experiment [16, 17|, which searches for an oscillating EDM, will look
for a jump in the L/R asymmetry as the storage ring revolution frequency is scanned. The
U/D signal will be monitored after unfolding the in-plane rotation [18, 19] to verify that
polarization is not lost due to decoherence of the particle spin tunes.

In order to reach the sensitivity goals of the EDM search of 1072 e-cm on the proton,
the polarimeter must be able to detect rotations into the vertical plane at the level of urad
using beam storage times of at least 1000 s [20] accumulated during a total operating time
of about one year. This requires more than 10*? good polarimeter events. The beams will
consist of 101° particles per fill, split between counter-rotating beams. This implies trigger
rates before event selection in the range of 10° /s, which must be recorded with minimal
rate-dependent distortions. This suggests that the polarimeter would work best in trigger
mode, responding to information above some threshold rather than processing pulse height
or timing information in order to make a more intricate cut. Stability will be important so
as not to distort any changes in the vertical polarization between the beginning and the end
of a beam store. Thus, any cuts that define events should be insensitive to changes in rates
or the machine environment. Final analysis of such data will likely involve corrections for
systematic rate and geometry errors [21].

The carbon block target used during the commissioning tests was 20 mm thick. The
deuterons used for the commissioning run had p = 970 MeV/c (T; = 238 MeV). Given the
angle coverage shown in Fig. 3, the efficiency of detector arrays should be about 1 %. This
efficiency is defined as the ratio of the detected events used for a polarization measurement
to the number of stored beam particles lost in the process. This is close to the limit for any
polarimeter configuration [23, 24, 25].

The carbon block has demonstrated that such a target may be operated near a stored

beam and that results in a very efficient use of the beam particles in polarization measure-
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ments [21]. However, it has the disadvantage that sampling of the beam is not uniform.
Electron cooling, which is usually done for typical times of 75 s prior to any use of the
beam, has the potential to homogenize the beam, thus reducing the chance of a significant
polarization variation over the beam cross section. However, earlier tests at higher intensi-
ties have shown that the beam exhibits features that are consistent with there being some
segregation between outer halo parts, where the polarization lifetime is smaller and a core,
where it is larger. At present, work has started on a pellet system that sends small targets

(e.g. diamond pellets) through the beam, with a tracking system [26].

3.2 Detector Concept

A polarimeter capable of satisfying the requirements of the storage ring EDM experiment
needs to be compact, perhaps fitting into an insertion length in the storage ring that is
no longer than a meter. The modular assembly will be a favored approach due to its easy
maintenance. Also, this will give us the possibility to reconfigure the polarimeter depending
on the physics goal. Modularity will also fit in the future plan if the storage ring EDM
measurement employs counter-rotating bunches in a dedicated electrostatic accelerator. In
this case, oppositely directed detector assemblies at either end of the block target can be

rearranged to meet this requirement and measure polarization for CW and CCW bunches.
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Figure 4: Artistic sketch of the polarimeter concept. The essential parts of the system are the target
section, vacuum flight chamber (an energy degrader may be incorporated), and the detector itself.
For the best particle identification, a thin plastic scintillator layer will be installed in front of dense
inorganic scintillators where the scattered particles will be stopped.

The best-known way to monitor the polarization of a proton or deuteron beam is by
using elastic scattering from a target with a large analyzing power. The standard target
material for a scattering experiment at these energies is carbon. The best ways to identify

the elastic scattering is through a precise measurement of the ejectile kinetic energy. It would
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also be beneficial to know the scattering angle and to have a AE layer in front for particle
identification. In our concept, a two-centimeter thick plastic scintillator layer is expected to
be installed before the calorimeter. The AE counter will consist of two layers of overlapping
triangular blocks (see Fig. 4). The position will be determined from the energy sharing ratio
between overlapping pieces.

For the full track reconstruction, we are trying to implement a new method. In most of
the cases, the tracks are reconstructed using two-dimensional tracking detectors and then
extrapolated to the beam-target interaction point. In contrast to this, we are developing a
pellet target with a precise pellet tracking system. By synchronizing the pellet trajectory
with detector timing, the precise interaction point will be determined.

Finally, the calorimeter part must have excellent energy resolution with long and short
term energy calibration stability. The time dependence of the light output of the scintil-
lating material will be important. Nanosecond time resolution is necessary to be immune
to pile-up peak shape distortion. Because the storage ring EDM search requires a long
experimental time, a radiation-hard material would be favored. The high material density
will substantially shorten the module length. And the detector must not produce strong
magnetic and electric fields that would disturb the minuscule EDM effects. For this reason,
we avoided the use of a magnetic spectrometer and favored our polarimeter design using

inorganic scintillating material.

3.3 Calorimeter Modules

During the whole development period, we have iterated through several ideas. Finally, the
SiPM array based module has been chosen for its compatibility with storage ring EDM
experiments.

Cerium-doped LY SO crystals has been identified to have nearly optimal properties from
which to construct a calorimeter. LYSO is known to have very high light output, roughly 32
photons per keV. It is also known to be a very fast scintillator with a decay time of roughly
41 ns. The emitted light, which peaks at 420 nm, perfectly matches most light sensors,
photomultiplier tubes, as well as all semiconductor sensors such as PIN, Avalanche Photo
Diode (APD) and SiPM. LYSO is not hygroscopic, is dense (7.1 g/cm?®), and is radiation
hard.

To determine the minimum length of the LYSO crystal for use in an EDM polarimeter,

the measurement of the Bragg-peak was one of the primary goals of the first deuteron beam
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time. Previously, there was no experimental evidence for the LYSO crystal response to a
deuteron beam of 270 MeV.

In the first test setup, two different configuration/sizes of LY SO crystal were used, In one

Split LYSO Crystal

..................................... =

Beam

Figure 5: Schematic setup for the measurement of the Bragg-peak determination. By rotating the
modules, a different path length is selected.

module, there was two LYSO crystals with dimensions of 15 mmx30 mmx 100 mm mounted
side by side and coupled through separate light guides to a dual channel PMT [94]. With
light shielding in between, it was possible to obtain the deposited energy in each individual
crystal in this module. A second module was equipped with a single LYSO crystal with
dimensions of 30 mmx30 mmx100 mm. These two modules were mounted on a mechanical
structure that allowed us to move them along the horizontal and the vertical axis relative
to the beam as well as rotate the modules, such that the length of the particle penetration
path inside the crystal could be calculated as a function of the rotation angle, as shown in

Fig. (5).

T F
L 400 |~ 15mmLYSOcrystal
% E | —— 30mmLYSO crystal
= = |[_] MC Simulation
B 300 - 5 °
= ) s
F s g
F (2] =
E > =
200 b @
i 5§ =
- = )
100 E— § 43
: 5 5
=5 « -
OE T T S B S B T——
0 2 4 6 8 10

Penetration Depth x [cm]
Figure 6: Reconstruction of the Bragg-peak in LYSO for 270 MeV deuterons and its comparison

to results of Geant4 simulations.

This measurement lead to the conclusion, that a 8 ¢m long LYSO crystal is sufficient
for the purpose of the final polarimeter at 270 MeV. The fact that majority of the energy is
deposited in a dept around the Bragg-peak of roughly 6 cm has another advantage Figure 6.
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In full configuration of the detector we require 120 units of crystals, whose size is 3 X
3 x 8 cm?. Finally, the polarimeter detectors will cover a full solid angle from 4° to 15°. For
the moment we have 52 fully operational modules already tested during five different beam
times. But, in case of a long accumulation of the radiation damage (especially in the vicinity
of Bragg peak), the crystals may be flipped along the beam axis to double their lifetime.

All detectors dedicated to measure electromagnetic showers usually use crystals longer
than 10 cm. The EDM experiment case is entirely different. We are expecting to measure
scattered deuterons and protons below 300 MeV kinetic energy. This energy range allows
the LYSO crystal length to be below 8 cm. The front face of the LYSO crystals was fixed
to be 30x30 mm?. The crystals are pulled against the sensor with two very thin (25 um)
Kapton strips using the force of a wave spring incorporated into the module construction.
All modules are wrapped with a thin, 50 pum reflective layer and finally by light tight Tedlar
wrapping of 50 pum thickness. For the final configuration, we decided to use 50 pym Teflon
wrapping for the crystals. The air coupling between the photosensors and LYSO crystals
are 1-mm thick silicon interface [30].

Based on the information acquired with tests on Photo Multiplier Tube (PMT) modules,
we designed and tested the silicon photomultiplier (SiPM) readout. In the first test, we
used a 4 x 4 matrix of 6 x 6 mm SensLL SiPM’s with total area 24 x 24 mm. This was
equivalent to a PMT entrance window. The exact assembly (see Fig. 7, left) was made with
parallel- coupled four-arrays, each with a 2 x 2 MicroFC-60035-SMT, the latest (at that
time) C-Series SiPM with a 35-pum microcells (pixels). After a successful test with SiPM

Figure 7: Left: the first version of SiPM readout with Sensl. C-series 35 pm pixel size sensors.
Right: a new generation SensL. J-series sensor with 20 pum pixels size, having no dead edges on
individual SiPM’s and reduced gaps between the pixels. Resulting in substantially higher pixel
density and in a better dynamic range.

readout, we decided to use the SensL J-serries arrays (see Fig. 7, right) for further modules.
With the new sensor array ARRAY J-30020-64P-PCB, we have an 8 x 8 array with 3 x 3 mm
SiPM MicroFJ-30020-TSV each with 20 pum pixel [35]. With this configuration, the desired

pixel number is reached. We also improved mechanical issues for the module assembly.
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Figure 8 shows a Computer-Aided Design (CAD) drawing of the second generation LYSO-

Aluminum
housing

Optical coupling
silicon interface

SiPM Array
attached to PCM

LYSO
crystal

Figure 8: Module design for the LYSO coupled to the SiPM array.

SiPM module. To improve mechanical stability, the edges of the crystals are chamfered and
pushed against aluminum housing, shown by the red arrows on Fig. 8. All corners of each
crystal are chamfered to allow for the future possibility to flip the crystals and double the

lifetime.

Figure 9: LYSO-SiPM module before and after assembly. Module ingredients are also shown. With
the red square, the silicon interface is exposed.

In Fig. 9 all ingredients (except the white Teflon sheet) and the assembled module are
shown. In total, we have build 52 modules.

After assembly of the module, the laboratory test for quality assurance is made. The
testing procedure includes light-tightness and signal recording with internal end external

radiation. If the module is healthy.
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3.4 Current target

Figure 10: Current carbon block target
used in detector, sizes are 2x2x3 cm.

Currently the block target system is used in the de-
tector. Two block targets with size 2x2x3 cm, each on
vertical and horizontal axis (Figure 10). As already
mentioned the beam is cooled, its physical size is re-
duced and characteristics improved by this technique,
but in case of solid block targets the target can not
go in the beam, the position of the target is adjusted
to be very close to the beam but not actually touch-
ing it, otherwise it will destroy the beam. The beam
must be extracted, so only small amount will interact
with the target, this is done by "heating" the beam,
basically changing the shape of the particle bunch to
incise the beam profile in one dimension by applying
white noise to the beam.

Depending on the measurement type either verti-

cal or horizontal target can be moved at predefined position or new optimal position can be

automatically found by system, this can be useful when beam trajectory is changed for any

reason. Dedicated hardware and software is used to control the target system.

Interlock system

S

Figure 11: Block target control diagram

17



The targets are operated by stepper linear actuators, but they cant be used directly
because of the vacuum in the accelerator. Special magnetic coupling devices are used to
manipulate targets in high vacuum side of the accelerator, the tube which has two moving
magnets, one inside the tube and other from the outside, moving outer magnet causes move-
ment of inner magnet, by this system we can control targets inside the vacuum Figure 12.
Industry standard G-Code interface is used to drive stepper motors with exact coordinates.
As the detector and the targets are in remote place, network interface is used for commu-
nication. The Raspberry Pi [39]., which runs EPICS [38]. server and does communication
with network and dedicated GUI software and MKS Gen L Board [40] which is a hardware
to control motors with G-codes, there is a 8 bit Microcontroller Unit (MCU) on the board
with "Marlin" firmware [41], which is generally used for 3D printers, but edited and properly
configured version of this firmware can also work for this purpose (Figure 11). The stepper
motor has built-in lead screw, it has 200 steps per full revolution so linear movement res-
olution is 0.04 mm per step (1.8°). Smaller resolution can be achieved by using so called
"microstepping", in this case we use 1/16 step, so resolution is 2.5 ym in current config-
uration the nut is not spring loaded, changes in direction will result in loss of positioning
precision due to backlash (lead screw to carriage nut coupling inaccuracy). Safety must
be considered when working with ultra high vacuum system, if something goes wrong with
targets, for example if they collide with each other, that will cause lots of problems. To
avoid this situation both, software and hardware interlock systems are used. The hardware
interlock system consists of optocupler mounted on frame of target mechanism and light
blocking plate is mounted on moving part of the target Figure 13. This way we can deter-
mine when target is at "home" position, unfortunately for now there is no position feedback
in the system, each measurement is relative to "home" position. When the system is started
"homing" calibration is done, after which it can calculate exact locations of target. In case,
if something happens and target is mechanically moved for some reason, the change cant be
detected, at this point the interlock system will activate and the power to the motors will
turn off.

The Experimental Physics and Industrial Control System (EPICS) control system is
used to exchange data and commands over network as this system is widely used in COSY
accelerator environment and its well tested, we can integrate target in other systems and
vise versa. The EPICS server which is running on Raspberry PI has database of Process
Variable (PV) variables which are used to control and monitor target system, each of these

variables are also archived for later analyses and inspection if something goes wrong. The
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Figure 12: Block target mounting. The stepper motor moves outer magnet (black part on the rod)
which is coupled with inner magnet and target

sz

Figure 13: Block target hardware interlock system

task of this server is to maintain connection between client GUI applications (can be several)
and hardware (motor driver board). It has also several safety functions such as software

interlock and move targets to safe place if server crashes or connection is lost because of some
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Y axis homing X axis homing

software loaded successfully

data loaded from config file

state change: program state set to -> ON
monde change: mode set to -> MANUAL

Figure 14: Block target control software.

network error. Dedicated GUI software (Figure 14), written on Python is used to control the
target. For proper operation first correct positions of targets must be determined, this can be
done manually or automatically using feedback from detectors count rate. After setting the
variables they are saved in EPICS system and can be read for any other purpose. The server
and the GUI software are event based so any change in PV variables will have appropriate
action. The software takes care of software safety interlock system too (completely separate
from hardware interlock). In operation mode GUI software has automatic and manual
operation modes. The manual mode is straightforward, user can move target any time during
accelerator cycle, but in automatic mode, predefined target will move only at predefined
positions and movement is commanded by timing software which runs on other computer
and synchronises different systems by telling each system when they should turn on or off

(in our case when to move target in or out) according to predefined timing settings.

3.5 Dedicated Multi-channel Power Supply

At the time when the JEDI collaboration decided to develop a dedicated polarimeter for

the EDM search, no multi-channel power supply was readily available on the market that
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could provide low output noise level, fast dynamic load, high short-term and long-term
voltage stability at the same time, which is needed for an effective operation of the JEDI
polarimetry [86].

In our project SiPMs are operated with voltages higher than their breakdown voltage. In
this mode the SiPM gain is roughly proportional to the overvoltage value (difference of the
applied reverse voltage and the breakdown voltage). However, we tested our SiPMs in the
laboratory to study this behaviour and also check their characteristics at high overvoltage

values Figure 15.
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(a) Schematic drawing of SiPM test setup (b) Collected mean charge from the SiPM

as a function of applied voltage
Figure 15: Test setup for SiPMs (a) and obtained result (b).

As it becomes clear from Figure 15 the output signal, strongly depends on the biasing
reverse voltage. Higher gain can increase output signal which will result in a higher energy
resolution of the calorimeter modules, but increasing voltage increases internal noise too
[84]. Besides, the energy resolution of the LYSO crystals used in the calorimeter is also
limited to about 0.5-1 % [45, 42| and there is no more benefit from the increase of the SiPM
gain too much. As an optimal working voltage range we chose 27 V up to 31 V where 1 mV
voltage change in the supply voltage induces about 0.05 % change in the collected mean
charge. Therefore, the overall instability plus noise of the power supply output voltage must
be less than 10 mV, in order not to allow the overall energy resolution of the calorimeter to
degrade due to voltage variations. The main parameters of the calorimeter modules and the
requirements for the voltage supply are listed in the Table 3.1.

Extreme variations of the SiPM load current present another challenge for the load regu-
lation of the voltage supply. In the steady state our SiPM arrays consume just few hundreds
of uA, whereas in case of the detection of a 270 MeV particle the peak output voltages reach-
ing 2 V on the 25 Q loading resistance. This corresponds to 80 mA of peak current through
the SiPM array, operating at 29 V. Voltage must be adjustable to match the gain of different
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Quantity Value
Impedance of SiPM array 25 ()

Output signal parameters:

Decay constant of the rising edge | ~ 25 ns
Decay constant of the falling edge | ~ 1.3 us
SiPM bias voltage 27-31'V

Maximum overall instability of the

SiPM supply voltage ~ 10 mV

Table 3.1: Table lists the main characteristics of the calorimeter modules.

SiPM modules. Therefore, the power supply needs to be modular with as many channels,
as there are around 200 separate detector modules in the detector. Further requirements
include remote on/off switching, voltage adjustment, current and temperature monitoring
features.

Considering the above-mentioned requirements, we developed the new power supply mod-
ules based on a linear voltage regulator. Apart from its simplicity and reliability the output

voltage is free from high-frequency spikes characteristic for DC-DC converters.

3.5.1 Power supply upgrade and improvement

During the Phd project, power supply has been updated as well. Several components has
been identified to have big influence on performance, also the pre regulation part of the
power supply has been developed and assembled.

The power supply system used laboratory power supply as a pre regulator. For full
standalone solution we also developed dedicated pre regulator, which is also using linear
regulator to avoid high frequency noise in the final regulated voltage. During power supply
assembly we were unable to assemble the pre regulator too, but as a side project of my PhD
the pre regulator has been assembled. Which can be seen on Figure 16

The mains power goes into toroidal transformer, after which the reduced voltage goes
into the pre regulator. The system uses linear regulator LM317HV|72| and high current pass
transistor TIP36[73] to regulate voltage for power supply modules. TRFZ34[74] is used for
safety system to shut down the power supply. Other linear regulator made with transistor
2N5190G|75] and two 1N5525B|76] zener diodes are used to generate stable 12 V for reference
board. The pre regulator board has several safety and control features such as: in rush
current, over voltage, over current, under voltage and short circuit protection. Over current

threshold can be adjusted using trimmer potentiometer on the PCB. In case of the failure of
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Figure 16: power supply pre regulator

any system the supply is shut down and alarm signal is generated for control system, which
is optically isolated from power supply. To restart the supply one can do that using control
computer or via manual switch. These safety features are implemented using LTC7003[77].
In rush current protection is implemented using relay and series current limiting resistor,
which is connected in series to the large capacitors, the relay is off until there is enough
voltage on the capacitors to turn relay on and the series current limiting resistor is bypassed.

After assembly of the PCB several tests were done, short circuit, over current protections
has been tested. Noise level was also measured using Tektronix MDO3054 oscilloscope [81]
with 20 Mhz bandwidth (see Figure 17) The main source of noise is rectified 50 Hz noise,
which can be seen on the spectrum, marker 'a’ and marker 'b” are 100 and 200 Hz accordingly.
The peak to peak noise is &~ 2mV. Although the results seems good, pre regulator system
must be further investigated for different parameters, for example long term and temperature

stability.
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Figure 17: noise level of the pre regulator output.

The power supply modules were carefully examined during the test-experiments of the
polarimeter, we record the data to further analyse performance and improve some of the
characteristics. In general, the performance of the power supply was good, but we noticed
some instabilities which needed to be investigated.

Based on observations main reason for voltage instability was the change of the environ-
mental temperature it showed a strictly periodic behaviour associated with day-night tem-
perature cycles. This was later proved to be true by investigating the ambient temperature
using digital thermometers and correlating the temperature and voltage data (Figure 19):

For further investigation a temperature chamber has been built with temperature range
from 15°C to 35°C at a room temperature of about 23°C.

Based on tests the voltage reference temperature coefficient is to be around 4 pV /K at
5 Volts (0.8 ppm/K). The power supply module with the voltage reference was measured
to have a temperature coefficient of about ~ 3.4 mV /K at 28 Volts. After analysing the
schematics and identifying the components which had the most effect on the temperature
coefficient some improvements were made which involved changing those parts with more
stable substitutions, which significantly increased overall temperature stability.

After upgrading the power supply modules, a scan was performed to measure the result-
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Figure 18: Temperature dependency of the power supply module after the upgrade.

ing temperature coefficient. As demonstrated in Figure 18 the resulting thermal stability
was improved by more than an order of magnitude; the temperature coefficient of one par-
ticular module under test was changed from +3.4 mV/K to -0.25 mV /K at 28 Volts (from
+120 ppm/K to -9 ppm/K). The above mentioned final numbers turned out to be typical
values also for all other modules, as demonstrated in Figure 20. More details on this topic

can be found in my Master’s thesis and paper [82], [83].
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Figure 19: Voltage stability as function of time. The output voltage of one of the power supply
modules is shown (middle) together with the reference voltage (bottom) in parallel with the ambient
temperature recording (top). Note that the drops in the output voltage are caused by turning the
power supply modules off. The reference voltage source remains turned on all the time.
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Figure 20: Voltage stability of the upgraded power supply. The output voltages of four typical power
supply modules are shown (middle) together with the reference voltage (bottom) and the ambient
temperature recording (top). Note that the whole power supply was off during some period of time.
This is indicated by a drop in the output voltages at around 190 hours.e
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3.6 Data Acquisition and Readout

Very important part of the polarimeter is its advanced readout system based on modern
fast high-resolution sampling ADCs. The entire readout electronics consists of 250 MSPS,
14 bit ADCs from Struck [37] with a synchronized clock between modules and a high-speed
network readout running at 1 GBit/s per module (16 channels). ADCs are directly read by
the dedicated powerful server computer which is already in use. It has multiple CPUs, which
are multicore Intel Xeon server. A Linux based system is used to store and analyse online
and offline data. To reduce the amount of data transfer each signal carries a time stamp
and is divided into eight different integrals so data rates are reduced from several thousand
samples to just eight integrals at precisely chosen times relative to the individual threshold
crossing time for each channel. All this happens directly in the onboard FPGA chip [42]
[34].
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Figure 21: Data acquisition system for the dedicated polarimeter. The connection between the
experimental area and the detector is with a 10 Gbit/s optical link.

Dedicated software is being developed for the polarimeter data acquisition and online
monitoring of the results. It is partially based on CERN ROOT [50] libraries. Being highly
configurable, it is also capable of running on different machines, providing client-server-like
functionality. In the final configuration of the polarimeter around ten Flash ADC (FADC)
modules will be employed. The most beneficial way to use these modules is to have them self-
triggered. Besides being very efficient with storage space, such a configuration can achieve
much higher counting rates without noticeable dead times. It also allows for much better
precision in relative time measurements between the channels thanks to the built-in hardware
features. However, the reconstruction of the physical events is highly complicated in this
configuration due to random sequences of different channels in the delivered data stream.
Recent development addresses this challenge by employing a multi-threaded approach to
sorting the data in real time using the precise timestamp information. Individual thresholds

for all channels can be adjusted using a GUI or by using an automatized procedure that
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in the future will take into account online information about the elastic peak position and

adjust the fixed energy cut position for every module.

Typical Spectra

Single-event spectra for a row of calorimeter detectors are shown in Fig. 22. Each spectrum
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Figure 22: Pulse height spectra for one row of LY SO crystals shown in order of increasing scattering
angle. The filled area indicates the fixed hardware threshold used during the event trigger. The
cross section weighted scattering angle is also given for each spectrum.

shows two features, a narrow peak at high pulse height that represents elastic deuteron
scattering from carbon and a broader peak at lower energy that is due mostly to protons
from deuteron breakup as well as a low-energy tail on the elastic peak. In addition to the
LYSO crystals, there was also a general-purpose energy-loss scintillator mounted in front of

the LYSO array. The resulting 2-D array is shown in Fig. 23. The most prominent peak
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Figure 23: (left panel) 2-D histogram of events as a function of LYSO pulse height on the X-axis and
energy-loss (AFE) on the Y-axis. The vertical limits marked in dashed red determine which range
(£30) is used for the elastic projection. The horizontal limits marked in red determine which events
are recorded for further analysis. (middle panel) Projection of the AFE scintillator in the region of
the elastic peak. (right panel) Projection of the selected events on the LYSO crystal energy axis. A
Gaussian shape with a linear background is used to illustrate the deuteron elastic peak. The sum
for this feature without background subtraction is used as the primary data stream for determining
polarization, as illustrated in Fig. 22.

in the left panel is from elastic scattering. Tails may be seen running parallel to both axes.
Events in which the deuteron interacts with the LYSO and loses energy make a line going

to the left. Similar processes including pileup in the energy-loss scintillator account for the
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vertical band. A weak enhancement may be noted at double the energy-loss value for elastic
scattering due to two AF coincident events within the same time window. The curved arc
starting from the elastic scattering peak represents inelastic deuteron reactions in the carbon
target. A nearly parallel arc just below it is due to protons. Midway along this arc is the
main group representing protons from deuteron breakup in the carbon target.

For normal operation, a window may be placed around the deuteron peak in this spectrum
in order to generate a cleaner deuteron pulse height spectrum for actual polarimeter peak
summing. Such as spectrum is shown in the right-hand panel of Fig. 23. This peak sum is
the primary piece of data used to determine the polarization. During normal operation, all
events that pass the trigger threshold are (see Fig. 22) kept for the polarization measurement.
Background subtraction as seen in the right-hand panel of Fig. 23 may be completed offline

for more reproducible results.

3.7 JePo Installation at COSY and Spin Response

The polarimeter is already installed in the COSY ring. A 3D drawing of the polarimeter and

its position in the accelerator ring is shown in Figure. 24. The main parts of the assembly
]
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RF Wien filter

modules
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Figure 24: Left: The COSY storage ring (circumference 184 m)
part of the diagram and circulates in a clockwise direction. The additional beam pipe is for an
extracted beam. Right: drawing of the polarimeter. The beam, indicated by the red arrow, enters
from bottom right side. The orange adapter flanges at the front and rear are planned to contain
Rogowski coils to provide the X and Y beam position. The 6-way cross contains two flanges that
hold movable targets. This is followed by an expansion chamber that ends with an 800 pm stainless
steel exit window. Thus the detectors are in air. The LYSO (blue) crystals are mounted on two
movable tables. The energy loss (AFE) detectors are not included in this drawing, but would appear
in front of the LYSO calorimeter.

are described in the figure caption. The length of the assembly is 1.48 m including the space
for Rogowski coil beam position monitors [95]. The assembly is mounted in a special frame

to align it to the line, as shown in Figure. 25.
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Figure 25: Left: The assembled polarimeter in its place in the COSY storage ring. The beam goes
from left to right. Right: A graphite block target (2x3x3 cm?®) mounted on a movable rod. The

beam would go about 3 mm above the top face of the carbon block.

All 52 LYSO modules of the detector were arranged into four groups, one crystal was
added along the diagonals in the corner where the four groups met, leaving a 3x3 crystal
space open in the middle (see Figure 3).

For the first commissioning run the polarized deuteron beam was injected into the COSY
ring and accelerated to 970 MeV /c or 238 MeV, which is an energy commonly used for other
COSY polarized-beam experiments. Three polarization states were available on a cycling
basis, vector polarization up and down as well as unpolarized. These were created at the
atomic beam polarized ion source using either a weak field transition or a combination of
two strong field transition units [96].

The electron cooler was used for 75 s at the COSY cycle start. After that a 2 cm thick
carbon (1.7 g/cm?®) block target was inserted from above until the bottom face was aligned
with the beam center line. Prior to this, an orbit bump was created that moved the beam
off-center at the target position. When data acquisition was enabled, white noise was applied
to a set of vertical strip line plates to increase the vertical emittance of the beam and bring
deuterons close to the target where particles can interact with it. The magnitude of the white
noise was controlled in a feedback loop that maintained the counting rate in the polarimeter
detector. The data acquisition phase operated for 120 s. Most of the beam in each store was
eventually lost onto the polarimeter target.

The transfer line between the JULIC cyclotron and COSY contains a scattering chamber
used todetermine the polarization of the beam. A thin carbon rod mounted at the center is
the target. Around the outer edge are ports used for a collimation system and scintillation
detectors. At 40° the singles spectrum shows a clear elastic scattering peak that is easy
to separate from other background reactions. Detectors were mounted at this angle in

the left, right, up, and down directions. The left-right pair were used to measure the vector
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Figure 26: (Top) Raw asymmetries from a series of beam stores, in which the polarization cycle
changes from negative (state 1) to positive (state 2) and then finally unpolarized (state 0). Only
the data taking portion is retained. (Bottom) Asymmetries calculated for each column of three
LYSO crystals in order from those closest to the beam to those farthest away. The asymmetry
values depicted in blue were calculated using a cross-ratio method applied to the two polarized beam
states. The red and magenta values represent half-cross-ratio calculations based on the negative and
positive polarization states, respectively, compared to the unpolarized state. Only the magnitudes
are shown.

polarization. The asymmetry for each polarized state, given by € = (L—R)/(L+R) = 3p,A,,
was compared with the asymmetry for the unpolarized state. The difference was assumed to
be due to the beam polarization. At this angle and energy, the elastic scattering analyzing
power is A, = 0.61 £ 0.04 [97]. The differences between the polarized and unpolarized
state asymmetries for the two polarization states were €(1) = —0.509 & 0.012 and ¢(2) =
0.178 £ 0.012, yielding polarizations of p,(1) = —0.550 £ 0.013 and p,(2) = 0.192 £+ 0.013
with no contribution for the scale error of the calibration [97|. The statistical errors given
here are smaller than the systematic error associated with the calibration of the analyzing
power.

Figure 26 illustrates the response of the polarimeter in two different ways. The polariza-
tion of the beam changes in each cycle. The absolute value of the raw asymmetries decreasing
within the cycle (120 s). A small imbalance between left and right counting rates (due to
either a steering or an alignment problem) results in all three asymmetries shifting upward
by about 0.015. For this reason the average of the unpolarized measurements should be
taken as the location of zero asymmetry.

The difference between the unpolarized and negative asymmetries may be used to deter-
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mine the analyzing power of the polarimeter. The difference of -0.125 suggests a value of
A, (polarimeter) = 0.15 & 0.01. This small value when summed over the entire left and right
detector arrays reflects the heavy weighting given by the rates to the response of the first
column of LYSO crystals by the small angle elastic scattering cross sections.

To have the most efficient EDM measurement the polarimeter must extract the most
information about changes in the polarization. This efficiency is defined as the ratio of
the number of events used to calculate the polarization to the number of beam particles
consumed by an interaction with the polarimeter. In ideal case, all the stored beam particles
should interact with the polarimeter target.

During the experiment, the beam was bunched and its current was monitored by a current
transformer. Typical fills contained roughly 10° deuterons at the end of the electron-cooling
time. The current transformer output was recorded continuously. In parallel, the count rate

for the polarimeter detectors was also recorded.
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Figure 27: Part of the online logging system output for polarimeter runs. The counting rates

for the four quadrants of the polarimeter appear on upper panel that are nearly flat for the data
acquisition period. The green trace shows the summed count rate. The start of beam extraction
onto the target generates a spike in rate. The blue trace in the lower panel shows the declining
stored beam intensity. Times are shown along the horizontal axis in seconds.

Sample data are shown in Figure 27. After the start of data acquisition the white-noise
is applied to the beam that brings particles to the polarimeter carbon target. The count
rates are regulated through a feed-back loop to the white noise generator, keeping it steady
during the acquisition time. The sum of the count rates and the loss of the beam may be
read for any desired time interval. The ratio of total events within a time interval marked

by the red and blue vertical lines divided by the loss of beam particles for the same interval
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is about 1.1 %, which is within the requirements for an EDM polarimeter. The efficiency
calculation assumes that there are no additional beam losses in other parts of the storage

ring.
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Chapter 4

Ballistic Pellet Target

4.1 New concept development

The practical implementation of stEDM involves many technical difficulties and challenges.
For the srEDM-experiments, the polarimeter must monitor the change of the spin direction
of the circulating beam for a long time (> 1000s). That is why only a small amount of the
beam must interact in the polarimeter at any given time, otherwise the stored beam would
be lost almost instantly. This can be achieved either by extracting only very small part of
the beam to interact with thick target or interact complete beam with very small or thin
target.

The reaction-of-choice is elastic scattering of the beam particles (protons, deuterons) on a
carbon target, since it provides high analyzing power and, important for practical purposes.

Two methods are commonly used for systematic error reduction of the measurement: (i)
placing identical detectors on both sides of the beam, and (ii) repetition of the experiment
with the polarization reversed. Both these techniques can be used together to get 4 inde-
pendent measurements of the count rate to determine the asymmetry, which is the product
of polarization and analyzing power. The cross ratio method cancels, e.g., possible intensity
differences of the two polarized beam states as well as acceptance differences between the
two detectors.

At COSY, the Excitation function Data acquisition Designed for the Analysis of phase
shifts (EDDA) detector was used in high sensitivity deuteron polarization measurements
[32] to demonstrate that corrections could be made up to a level of 107° for deliberately
large errors, which seems to facilitate real time observation of vector polarization changes

smaller than 107 in a sTEDM search. In this experiment, a carbon tube (1.5 cm thick along
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the beam direction) with rectangular opening (2.0 cm in horizontal and 1.5 c¢m in vertical
direction) through which the beam passed, was employed. The beam was steered towards
the top edge of the block and additional “white noise” was applied to a pair of electrical field
plates to increase the phase space of the beam, such that a fraction of it collided with the
carbon. In the scattering a left-right asymmetry was created indicative of the polarization

The carbon block solution has a number of disadvantages: firstly, some active means of
extraction of the beam onto the target is needed and secondly, there is no way of providing the
information the the beam “s intensity and polarization profile. There have been suggestions
to add a gas jet or a target comprised of a stream of frozen pellets (size some 30 pm) to the
interaction region in order to drive the beam particles into the carbon block in a two-step
process: first particles scatter from the gas or pellets, undergo some multiple scattering, and
subsequently strike the carbon target. Although a hydrogen target would offer the possibility
to sample the beam via tracking 2-prong events, gas targets are generally cumbersome, in
particular for differential pumping. Cryogenic pellets might be an alternative, but need
further consideration, since they may generate large energy losses or multiple scattering
outside the aperture of the accelerator; they also produce unwanted rest gas in the vacuum
chamber of the storage ring [33].

The polarimeter-of-choice will be based on beam-carbon scattering. The beam-target
part of it must provide the following features: (i) a 2-dimensional polarization profile of the
beam “s cross section, without any movement of the beam itself and be minimally destructive
to the circulating beam, (ii) the possibility to switch the beam-target interaction on and off
and facilitate a change of the interaction rate at any time of the measurement. It should also
produce no rest gas, be non-cryogenic (i.e., operate at room temperature) and not require
any external electric and/or magnetic fields.

Jilich Ballistic Diamond Pellet Target for Storage Ring EDM Measurements (JuDiT)
will fulfill the above listed requirements. It will ballistically throw a single solid diamond
pellet (diameter 10 - 100 pm) in vacuum repeatedly through the circulating beam by means
of two shooter/catcher systems. Mechanical movement of the system will provide beam-
profile information in one dimension, while precise timing (between shooting and catching)
will give the second dimension. Moving the whole system along the beam might even allow
a 3D-picture of the spin profile for a limited region in the direction of beam propagation.
Since it is a solid target, the system will be non-cryogenic and free of rest gas, and the beam
will only be affected along the tiny trajectory of the pellet. The interaction rate will be
defined by the adjustable pellet velocity and the repetition frequency between shooter and
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catcher. Finally, it is foreseen to switch the pellet movement on and off in order to define
the polarization measurement cycles.

The velocity of the pellet of a few meters per second (5 - 50m/s) will be very small
compared to the beam moving close to the speed of light: consequently, the pellet will
produce a small tube in the beam bunch along which the interactions are taking place which
adds up to a slice along the pellet trajectory

In practice, there will be no sustainable tube/slice without any particles in the part of
the beam which has interacted with the pellet, since the slightly different trajectories of the
individual particles will wash this out. Thus, the actual polarization of the almost unaffected
beam will be permanently screened by the pellet. If the pellet trajectory can be controlled
precisely (speed, repetition frequency), a scan of the beam, in particular its polarization
profile, will be obtained.

The areal ratio (€) is estimated to be of the order of 1075 for a pellet of 10pm and
a beam diameter of 2 mm. The luminosity — which is the product of (¢), the number of
target nuclei Nt, the total beam flux j = N,f (N, is the number of beam nuclei, f the
revolution frequency) — together with an overall duty factor (ratio between times of beam-
target overlap on and off, respectively) and the reaction cross section, determines the count
rate in the detector. It must be large enough to achieve the required statistical accuracy
within a reasonable measurement time.

In order to compare a single pellet with a wire of the same size, both crossing the beam
with the same velocity, a straightforward calculation has been performed. The results of
this calculation are shown in Figure 28, where the remaining number of beam particles on
the y-axis is plotted as function of beam revolutions, i.e., the number of chances to interact
with the wire or pellet (note that for a beam energy of 270MeV', the revolution frequency
is ~ T00kH z; 1 s corresponds to ~ 7z10° revolutions).

The obvious disadvantage of the wire is that the beam is lost much faster. In addition,
there is no possibility for a 2D-polarization scan of the beam with a single wire. Experimen-
tal tests have been conducted with a wire (10 pm carbon fibre) moving across the stored
circulating beam of COSY in order to demonstrate that the basic considerations given here
are correct. The following oscilloscope picture 29 shows the effects of a wire on the count
rate in the EDDA [32] polarimeter (top) and on the beam intensity (bottom) for 10 move-
ments through the beam: while in the beam, the rate goes up and the intensity is reduced
in a staircase-like fashion; since the wire passes the whole beam, the beam current is quickly

reduced. Instead of using a wire, a hydrocarbon gas jet traversing the beam could be used,
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Figure 28: Results of a comparison between a single wire and a single pellet moving across a
circulating beam. The three curves correspond to 100%, 10% and 1% interaction probability (from
left to right) for each of the two cases. Due to the much larger beam-target overlap, the beam
intensity is reduced much faster for the wire than for the pellet
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Figure 29: Results of an experimental investigation of the interaction of a wire with the COSY
beam for two consecutive cycles: the top graph shows the rate in a detector, the bottom part the
stepwise reduction of beam intensity for each beam crossing of the wire.
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but this has at least two drawbacks: (i) the jet will expand and produce a background of
rest gas in the beam pipe, and (ii) there will be a dilution factor compared to pure carbon
because the jet contains H-nuclei. Thus, the method of choice is a pm-sized piece of carbon

— because graphite is brittle and hydrophilic, the optimum solution will be a diamond pellet.

| Target

| driver
41— Synchronization
Trigger system And data
processing
‘ —. ot
o)
am B 3) |
| Amplifier
And
laser
control
| — J Ssciia *
2y 5
= (=]
rE : g
=)
o
o
|

Figure 30: ballistic pellet target system diagram: 1 - throw-catcher mechanism, 2 - lasers, 3 - PIN
photo diodes, 4 - camera, 5 - light source

The ballistic pellet target system consists of several parts which are tightly intercon-
nected. The throw-catcher mechanism (Figure 30, 1) serves as actuators for pellet to oscil-
late it through the beam. A cycle starts with the pellet ejected from throw-catcher, then is
captured by another throw-catcher below the beam. After a defined waiting time the pellet
is ejected backwards. The complete throw-catcher system will be made movable perpendic-
ular to the beam in order to scan its profile, the second dimension will be obtained from
the timing of events relative to start/stop trigger system. It will also be desirable to have
some movement capability along the beam direction and the possibility to rotate the system
around the beam. In order to define the beam direction precisely, so-called beam position
monitors will be installed in front of and behind the system. This mechanism needs pre-
cise timing and control, these information can be achieved by laser-photo diode precise, fast
trigger system (Figure 30, 2 and 3), it provides as the information about trigger, both the
start and the end of movement and it also calculates the TOF, but TOF cant provide precise
tracking information, that’s why camera with its light source (Figure 30, 4 and 5) is used,
this is a high frame rate camera which continuously records frames and does image process-

ing with object detection and tracking providing us exact information of pellet position. All
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above mentioned systems need dedicated hardware and software support. The TOF system
has separate board with precise high gain amplifier, signal filters and level converters. For
data analyzing, synchronisation and decision making FPGA board is used. More detailed
diagram can be seen on Figure 31. In this work the most concentration will be on electrical

and programming parts of the system, excluding mechanical part.
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Figure 31: ballistic pellet target system diagram 2

4.2 TOF and Trigger System

The triggering and TOF system consists of standalone PCB with dual channel ampli-
fier, precise, low noise power supply with bipolar output power rails, sensor interface, signal
filtering, shaping and laser control circuits. The purpose of this system is to amplify small,
several mV signal to appropriate digital level, in this case 3.3v. After amplification and
filtering the signal goes into the FPGA board, which samples the time between start and
stop signal with 450 Mhz and calculates TOF.

The requirements for the PCB (Figure 32) are to have high gain, very low propagation
delay between channels, high stability and high noise immunity. Connectors on the left
hand side are for PIN photo diode sensors, based on experiments with different photo diodes
"HAMAMATSU" S1227-16 has been chosen [53|. The connectors on right hand side are for
the output signal which goes to the FPGA, 2 blue screw terminal block on bottom right
side are for powering the laser diodes, 3 way screw terminal on bottom left is to turn on/off

laser diodes from FPGA system those inputs are isolated with optocuplers. The input power

40



is delivered to the board via 2 way screw terminal on right bottom side, the input voltage
can be from 13 to 32 volts. The sensors - "HAMAMATSU" S1227-16, which are 1.1mm x
5.9mm high sensitivity PIN photo diodes, have the active size of the sensor farther reduced
by mechanically adjusting slit size to about 0.1mm, so new effective area is 0.1mm x 5.9mm,
this is done because the output signal depends on the ratio between active area of sensor
and the area which is covered with pellet target shadow. As a light source, the ideal case
would be to use infrared laser, as the sensor is most sensitive in this region of the spectrum,
but infrared lasers are harder to use compared to the lasers in visible spectrum and as
sensitivity is not reduced drastically, using red lasers does not affect on signal amplitude
too much. We use red lasers as light source, beam width is set to about 3.3mm which is
adjustable by manually setting focus point of laser, for lab tests this size is enough, after
hardware development, this can be reduced, increased ratio of light to shadow area will
further increase the signal amplitude. Other way to adjust amplitude of the signal is by
changing the gain of the amplifier. Schematics for one channel of the amplifier is shown on
Figure 33. The connector J1 is for sensor, the sensor is in reverse bias configuration and
maximum voltage is 5 volts, as the sensor is very sensitive to voltage, separate independent
linear power supply is used for reverse bias voltage, coaxial cable is used to connect it to
the PCB, the shield is used to power the sensor with 5 volts and the center conductor is the
return path of sensor. The signal first goes in junction-gate field-effect transistor (JFET)
preamp and buffer stage, after which main amplifier stage is presented with AC coupling,
to remove any DC offset. Amplifiers are ADA4625 [51|, which are low noise, precision fast
setting time, rail to rail opamps, specially designed for photo diode sensor interfaces and
amplifiers. The gain of the amplifier is adjustable and is about 500-650 depending on gain
potentiometer. After amplification, signal goes in filter stage, low pass filter is used to
remove any high frequency noise which is caused by dark current of the sensor as well as
from external noise sources, then signal is converted to digital 3.3V level and final stage of
filtering is applied to remove any remaining noise before it goes in FPGA. In order to further
reduce any Electromagnetic interference (EMI) noise, shields on sensitive amplifier parts can
be soldered (golden rectangle shape traces on Figure 32)

Figure 34 shows power supply configuration. There are 4 independent power supply, Ul
- LTC3260EMSE [52] is a low noise, low dropout, dual supply inverting charge pump, it has
switching frequency in range of hundreds of kHz, it also has low noise Low-dropout regula-
tor (LDO) post regulator, which will further decrease noise of the supply. The RMS noise
(according to data sheet) is 0.1 mV. This regulator is used to supply opamps. U5 is used
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Figure 34: Power supply for TOF system

to supply photo diodes, as any noise in sensor power will be amplified hundreds of times,
the decision has been made to use separate linear regulator for it, this will isolate sensor
power from any other power rails in the system. U3 is used to supply schmitt triggers, which
determine digital signal level. U4 is designed to be a constant current source which is used to
power the laser diodes, output current is adjustable and lasers can be individually powered
on or off via isolated control signals from FPGA. The system has been tested and amplifiers
calibrated, most tests were done with 400 um metal ball or 100 um wire, one example of the

tests can be seen on Figure 35
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Figure 35: The first test of TOF board, blue is the input signal, which is 100 gm thick wire dropping
in the laser beam and detected with photosensor. Yellow is the output signal

4.3 Camera overview
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Figur 3

Together with precise timing information, we need
precise trajectory reconstruction too. Laser optical
system cant give us proper, precise tracking data
of the pellet, for this task, high speed camera will
be used in the project. There are several types of
cameras and care must be taken to chose proper
one for this task. Types of camera sensors are di-
vided into Complementary Metal Oxide Semiconduc-
tor (CMOS) and Charge-Coupled Device (CCD) sen-
sors, both of them have their pros and cons. The main
difference between CMOS and CCD sensors are how

information is read out from the pixel array. CCD

are current driven devices, charges are accumulated

in each pixel, then each of them are shifted thru vertical shift registers, the output is an ana-

log pulses, then in case of digital cameras, its converted to digital information using ADC

(Figure 36 left). The charge is proportional to the light intensity. Microlenses are placed

over each pixel to increase the photon collection area and focus photons to the photosen-

sitive area. The main drawback of CCD cameras are limitation of packet transfer speed,

this reduces maximum speed that the sensor can achieve but at same time it leads to the
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high sensitivity and pixel-to-pixel consistency, since each charge packet sees the same voltage

conversion.
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Figure 36: The difference between CCD and CMOS camera readout

In a CMOS sensor, the charge from the pixels are converted to a voltage at the pixel
site, then the signal is multiplexed by row and column to multiple on chip Digital to Analog
Converter (DAC)s (Figure 36 right). Each photosensitive area consists of a photodiode and
three transistors, performing the functions of resetting or activating the pixel, amplification
and charge conversion. This method leads to the high speed of CMOS sensors, but also low
sensitivity as well as high fixed-pattern noise, because of the inconsistency in fabrication of
the multiple charge to voltage conversion circuits. [65] [66]

In general the rolling shutter configuration of the multiplexers, when different lines of
the array are exposed at different times as they are read out, are used in CMOS cameras,
but with additional transistors in pixel electronics, global shutter versions can be achieved,
where all pixels are exposed simultaneously and read out sequentially, this mode is better
for capturing moving objects.

In the current application the most important parameter is the speed of camera, as we
want to capture as much information as we can during pellet target fly. The motion blur is
also important for us, CCD provides better performance in this parameter, but considering
the speed drawback, using CMOS camera with the global shutter will be the better choice.
However in this project, for the tests, the rolling shutter CMOS camera will be used because
of availability. The data transfer and control of the global shutter cameras are not much
different so rolling shutter camera will be easily interchangeable with global shutter camera

later for improvements.
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4.4 FPGA system development

As already described the pellet target system has several crucial components in it, which
needs to be monitored or controlled in real time. Despite of real time control there is
several systems which needs fast, complicated processing and lots of computational power.
For example, we need real time system for TOF measurements, and big computational
power for the image processing, we also need some kind of communication mechanism for
controlling the target and getting back the information. There are several systems which
can be considered as the system of choice for this project, one would be to use some kind of
single board computer such as Raspberry Pi, it has the ability to run linux operating system
and it will be very easy to use this future for controlling the system, it also can access
cameras, but the biggest drawback of Raspberry Pi is that its not real time and it doesn’t
have operational power to process images fast enough, because it uses its CPU and in built
Graphical Processing Unit (GPU) core for processing. Other approach is to use FPGAs,
they are very powerfully and fast, with proper board we can achieve fast parallel image
processing and real time TOF measurement, but making good communication system with
only FPGA is not sufficient because its not very easy to make network interface, needs lots
of time and resources of FPGA (internal Look Up Table (LUT), Block RAM (BRAM), flip
flops ...) to develop Transmission Control Protocol (TCP) or Web server or any convenient
communication method, in this case we will need big FPGA to fit everything inside. One
other way is to use FPGA-CPU mix, so fast, complicated and real time tasks will be done
on FPGA and all other configuration, communication, data interpretation tasks will be done
on CPU side. One could use physically separated FPGA and CPU but there is also ready
made System On Chip (SOC) from Xilinx called ZYNQ), this is the FPGA with built in
physical CPU, using it will help us reduce material count, space on board and avoid us using
different Integrated Development Environment (IDE)s as ZYNQ can be fully programmed
with Xilinx Vitis Platform (previously called XIlinx Vivado, in this project both will be
used).

FPGA is an integrated circuit, that consists of internal hardware blocks such as flip-flops
and lookup tables (Figure 37), which can be programmed to perform specific tasks. Unlike
CPU, FPGAs are very good in parallel tasks. Each process can be independent. They run
on a dedicated section of the chip and can function autonomously without any influence
from other logic blocks. FPGAs are often used in image processing applications for their

fast parallel processing capabilities The performance of one part of the application is not
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affected when more processing tasks are added to the system.
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Figure 37: The Different Parts of an FPGA

There are several ways to program FPGA devices, using Hardware Description Language
(HDL) languages such as Verilog and VHSIC Hardware Description Language (VHDL),
using graphical High level synthesis (HLS) software such as Vivado HLS tool. More in depth
details can be seen in following article [62|. In this project VHDL and C++ with Vivado
HLS will be used.

In this project Zynq 7000 SoC based "Zybo Z7-20" board is used [36], which has all nec-
essary input and outputs as well as processing power for our system. The board consists of
ZynQ-7000 family FPGA which are equipped with 667 MHz dual-core Cortex-A9 processor,
Double Data Rate three Low voltage (DDR3L) memory controller with 8 Direct Memory
access (DMA) channels and 4 High Performance Advanced eXtensible Interface (AXI) Slave
ports, which is good for fast data exchange, 1G Ethernet will be used for information ex-
change with other systems, Mobile Industry Processor Interface (MIPI) Camera Serial Inter-
face (CSI)-2 is used for camera connection. 28 nm Artix-7 based programmable logic, with
up to 6.6M logic cells offers transceiver speed ranging from 6.25 Gb/s to 12.5 Gb/s, which

is more than enough for this application.

4.5 TOF in FPGA

As already explained earlier TOF has its own PCB, after detection of the target, two - start
and stop signals are sent to the FPGA. The task for the FPGA is to calculate the time
of flight. This is done by sampling the interval between these two signals with 400 Mhz
frequency that will give us a time resolution of 2.5 nS. The IP has 3 inputs 2 for input from
PCB as trigger signals and one for enable. trigger inputs are already 3.3 V active low signals
from TOF PCB, in the FPGA falling edges are detected and counter is triggered. After stop
trigger the TOF data is written into AXI register and interrupt is generated for CPU, there

are two AXI registers, one is TOF information and the other is counter value for debug. The
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start and stop interrupts are also generated as soon as target crosses each laser and they also

go in CPU for further data analysis, they determine which frames must be processed to get

the correct tracking information of the pellet. The simplified FPGA design can be seen on

Figure 38, where on the left hand side there are input signals, going in to TOF IP, the clock

generator generates sampling clock. interrupts from IP are sent to CPU, also there is a debug

data port from IP. After FPGA IP has been created and test system in FPGA has been

developed, two channel signal generator has been connected to the device to simulate start

and stop signal, the device used Universal Asynchronous Receiver-Transmitter (UART) port

for communication to computer and data exchange and results can be seen on Figure 39.
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47



s
- Hercules SETUP utility by HW-group.com Trig’d
|| UDPSetup Serial | TCP Client | TCP Server| UDP | Tél
| Received/Sent data
[jcurrent time -> 103.250824 ms
current time -> 103.250824 ms
{jcurrent time -> 103.250827 ms
t time —> 103.250824 ms
current time —> 103.250824 ms
current time —> 103.250824 ms
current time -—> 103.250824 ms
icurrent time -> 103.250824 ms
{lcuzzent time —> 103.250824 ms o == B

current time -> 103.250824 ms : i :

current time —> 103.250824 ms
current time —> 103.250822 ms
current time —> 103.250824 ms
current time -> 103.250824 ms
current time -> 103.250822 ms E - L .
icurrent time —> 103.250824 ms . 3 3
current time —> 103.250822 ms
current time -> 103.250824 ms

-1.880V |
-1.880 V
A0.000 V
0.000 ¥/s |

i foowes . . (20.0ms
8-++39.30000ms

- Send ———— R — Vae __ Mem ___ Min
[ipconfig<LF> PN\ 103.3ms  103.3m  -60.69m 103.3m

Figure 39: The results of the delayed signal test, data is sent to the laptop using UART interface
(Left) generated delayed signals using signal generator(Right)

4.6 Image Processing

To get the pellet tracking data, we need proper image processing algorithm. There are lots
of image processing techniques already developed. The requirements for image processing
in this project is to be easy to implement, it must have high throughput, efficient tracking
response. Most of the easy image processing algorithms cant provide good edge detection.
During the project I have tried several 2D filters, but edge detection was not good Figure 40,
all tests has been done with custom IPs and FPGA hardware. Finally Canny edge detection
[55] has been chosen, which provides good edge detection also its not too hard to implement

in FPGA using HLS technique.

Figure 40: 1.Image captured from FPGA board (no image processing); 2. same image processed
using color invert and Sobel filter; 3. Test using Pewitt filter; 4. Test using canny edge detect.
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4.6.1 Canny Edge Detect

Canny edge detection is a technique to extract useful structural information from different
vision objects and dramatically reduce the amount of data to be processed. The general
criteria for edge detection include:

1. Detection of edge with low error rate, which means that the detection should accurately
catch as many edges shown in the image as possible

2. The edge point detected from the operator should accurately localize on the center of the
edge.

3. A given edge in the image should only be marked once, and where possible, image noise
should not create false edges.

The process of Canny edge detection algorithm can be broken down to five different steps:

e Apply Gaussian filter to smooth the image in order to remove the noise
e Find the intensity gradients of the image

e Apply gradient magnitude thresholding or lower bound cut-off suppression to get rid

of spurious response to edge detection
e Apply double threshold to determine potential edges

e Track edge by hysteresis: Finalize the detection of edges by suppressing all the other

edges that are weak and not connected to strong edges.

The noise plays big role in edge detection results, sometimes noise will be interpreted
as false edges, so it is necessary to remove any noise before applying edge detection and
tracking algorithms. For this reason widely known Gaussian blur algorithm is used. In this

project 5x5 kernel size is used.

1 4 6 4 1
416 24 16 4
55 |6 24 36 24 6
416 24 16 4
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Figure 41: 5 x 5 kernel for Gaussian blur
An edge in an image may have different directions, Canny algorithm uses four filters
to detect horizontal, vertical and diagonal edges in the image. The Sobel edge detection

operator is used in this case, this operator uses two 3x3 kernels
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Figure 42: 3 x 3 kernel for Sobel filter

If we define A as the source image, and G, and G, are two images which at each point
contain the horizontal and vertical derivative approximations respectively. * denotes the
2-dimensional signal processing convolution operation which are convolved with the original
image to calculate approximations of the derivatives, one for horizontal changes, and one for
vertical. From its output the resulting gradient approximations can be combined to give the
gradient magnitude, using: G' = /G, + G,* Using this information, we can also calculate
the gradient’s direction: © = atan2(Gy, G;). The edge direction angle is rounded to one of
four angles representing vertical, horizontal, and the two diagonals (0°, 45°, 90°, and 135°).
Next stage is to apply non maximum suppression, its an edge thinning technique,

the algorithm categorizes the continuous gradient directions into a small set of discrete
directions, and then moves a 3x3 filter over the output of the previous step (that is, the
edge strength and gradient directions). At every pixel, it suppresses the edge strength of the
center pixel (by setting its value to 0) if its magnitude is not greater than the magnitude of
the two neighbors in the gradient direction.

After application of non-maximum suppression, remaining edge pixels provide a more
accurate representation of real edges in an image. However, there are some pixels that are
caused by noise and color variation. By setting high and low thresholds we can remove pixels
with a weak gradient value and preserve edge pixels with a high gradient value, these values

are set empirically. Whole process can be seen on figure 43
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(a) The original color image (b) grayscaled, and blurred im- (¢) The intensity gradient of the
age previous image

(d) Non-maximum suppression (e) Double thresholding applied (f) Hysteresis applied to the pre-
applied to the previous image to the previous image vious image
Figure 43: Canny edge detection steps

To use Canny edge detect, dedicated IP has been created using Vivado HLS. The IP has
one input and one output AXI stream port and one AXI lite port for communication. It
can accept video stream with maximum data width of 24 bits, 8 bit per color component. It
takes the color image stream and does the image processing as described in the algorithm.
Each step has its fifo buffer to handle the image data. for optimisations, pipelining technique
is used in Vivado HLS. The IP has several registers for adjustments from CPU side, two
registers for high and low threshold values and one for zero padding adjustment, it has also
image width and height registers but they are not fully implemented in current version and
maximum image is set to 1280x720, but lower resolutions are available with black fill on
inactive areas. If the image size needs to be changed, IP must be recompiled. The output

of this IP is then passed to next stage for object tracking.

4.6.2 Center of Gravity

The next step in image processing is to determine where the target is, get its coordinates and
track it. There are lots of ways to do this task. In general first step to determine how many
objects are in image to track. In our case this step is not needed as only object to track is
the target, there are no other objects in the frame. There can be a situation when in real
conditions where the camera will be mounted it can see some edges from metal constructions,
this can be eliminated by setting proper Region of Interest (ROG) which will discard other
edges. In case where there will be some other edges behind the target and ROG cant block
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them we can use optical solution, having camera with very narrow depth of field, which will
be focused on target. with such lens only target will be in focus and background will be
blurred and this will be dialed with edge detector which is sensitive to edge changes and
blurred parts will be discarded. If there still is some other edges Connected Component
Labeling algorithm can be used to determine how many objects we have, label them and
track separately.

To track the target lots of methods can be used, we will focus on simple methods here.
One is to save previous frame and then compare current frame to previous, this approach
needs lots of resources in FPGA. Other method is to process every frame, find the target and
save only coordinates so we only save several values not whole frame. In this project so called
Center of Gravity (COG) method [68] is used to determine coordinates of the target. As the
image after edge detection is binary (edges are white, other parts black), and we have only
one object in a region of interest, we can just simply average all x and y coordinates, this will
give us the center pixel of the object. this calculation is done for every frame, coordinates
are written in register and interrupt is generated for CPU. ROG can be adjusted from CPU
at run-time, smaller the ROG, less calculations will FPGA do.

4.7 FPGA design

To develop, test and debug video processing IPs, one of the best way is to generate a defined
video signal using computer, transfer it to the processing hardware and then see the results
of the image processing. this approach gives us the ability to debug any errors in fast way.
During image processing IP development HDMI to HDMI test system has been developed.
The video signal has been transmitted to FPGA board using HDMI interface, using UART
interface the parameters of the image processing IPs could be changed and the result from
the FPGA hardware were routed to HDMI display. The display output still remains in
camera enabled solution too for debug and visualisation purposes. One more test setup was
to have both HDMI and camera streams in the system and using UART change the video
processing pipeline input to either camera or HDMI. In all those test systems we had stream
switch capabilities also to switch between different modes of image processing algorithms.
After IP development the system was modified to have camera input only and one image
processing pipeline.

The FPGA design is based on Digilent Pcam-5C example [56]. Camera stream is fed to
the Digilents free MIPI CSI-2 and D-PHY Vivado IP cores [57], then it goes thru several
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image processing blocks and output is transmitted to display using HDMI interface. Video
pipeline (without image processing) of design can be seen on Figure 44. Pcam 5C [60]
uses OV5640 5MP color image sensor [59]. This sensor includes various internal processing
functions including automatic white balance, automatic black level calibration, and controls
for adjusting saturation, hue, gamma and sharpness. Data is transferred over a dual-lane
MIPT CSI-2 interface. The Flat Flexible Cable (FFC) connector is compatible to Raspberry
Pi, which in theory gives us the ability to use Raspberry Pi cameras too. The problem with
Digilent’s free MIPI IPs are that they are developed and tested for Pcam 5C and there is
no information about using different cameras with these IPs. During development we tried
to use 0v9281 monochrome global shutter camera [58| but the frames were damaged and we
were unable to reconstruct the correct frame.

The data in cameras with In MIPI interface are transmitted using differential pairs, in our
case its 2 differential pairs. The physical layer of the MIPI CSI-2 interface is called D-PHY.
It is supported by the 1/O blocks on Xilinx Ultrascale devices natively, but requires some
passive circuitry external to the FPGA in order to be connected to Xilinx 7-series devices.
It pears to MIPI CSI-2 Receiver IP with PHY-Protocol Interface (PPI) to receive data from
image sensor. The output of MIPI CSI-2 Receiver IP is AXI-stream, which contains RAW
pixels, for farther processing AXI BayerToRGB converter is used to convert RAW Bayer
pattern to RGB pixels, after which the gamma correction is applied and image is written to
the Random-access memory (RAM) using AXI Video Direct Memory Access (VDMA). The
gamma correction has several adjustment registers and are controlled by the CPU, gamma
values can be adjusted during operation. VDMA is also controlled by the CPU, frame buffer
sizes are set, ring buffer configured, frame write and frame read interrupts are enabled. The
video stream is sent to the HDMI subsystem from VDMA for visualisation and testing of
the algorithms.

The Xilinx also provides MIPI interface 1P, it was not free at the beginning of the
project but after some times they made it free and we decided to use Xilinx MIPI CSI-2
RX Subsystem [64]. Using this IP gives us more flexibility and control over wide range of
cameras, It also includes Linux drivers which can be very useful for system upgrade from
standalone firmware to embedded Linux. The subsystem captures images from MIPI CSI-
2 camera sensors and outputs AXI-Stream video data ready for image processing. The
subsystem allows fast selection of the top level parameters and automates most of the lower
level parameterization. During [P development we used Pcam 5c for tests and software

development, but with Xilinx MIPI IP we tried one more image sensor IMX219 [61]. It is
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one of the Raspberry Pi camera module. Although the official sources does not state that
this camera can reach high frame rate, some unofficial sources [63] provide information that
we can get high FPS, also the image quality seemed to be better based on some experiments
compared to Pcam 5c, so we decided to concentrate on IMX219 and develop some drivers
for it too.

The system has several clock sources needed for different subsystems. 400 Mhz for TOF it
can be changed to get different resolutions of TOF measurements, MIPI interface reference
200 Mhz, AXI interface is working on 100 Mhz clock and as for pixel clock, this must be

determined by calculating some variables which affects systems performance.

PizelClock Frequency = Total Horizontal Samples x TotalV ertical Lines X RefreshRate.
Total DataRate( Bandwidth) = PizelClockFrequency x PizelSize(inbits).
DataRateper Lane = Total DataRate( Bandwidth)/ Numbero f DataLane.

Based on this formulas we can calculate the minimum pixel clock image processing needs
to process the data. In high Frames per Second (FPS) settings (using Raspberry Pi camera
IMX219) we have 640x128 resolution (resolution is reduced for high FPS), with this resolu-
tion theoretical maximum frame rate for FPGA (Zynq 7000 devices support 1200 Mbps line
rate) will be roughly 2900 FPS, but the camera cant achieve this. From non official sources
the camera can achieve 640x128 at maximum 682 FPS with 4 line MIPI interface, as our
board only supports 2 line MIPI interface the frame rate will be half, about 341 FPS. With
this settings the minimum PCLK needs to be 28 Mhz and the bandwidth will be 280 Mbps,
which results in 140 Mbps of line rate. Every frame goes in to image processing pipeline
and is written to RAM in one of the 32 frame buffers reserved with VDMA, which means
that we can always have 32 frames in memory for further processing. Currently the system
is using standalone firmware to boot and configure the FPGA, it also controls parameters
of several IP blocks on run-time and returns image processing data using UART interface.
The firmware consists of several drivers for different parts such as camera, Inter-Integrated
Circuit (12C) interface, VDMA, TOF, interrupt controller, HDMI interface and associated
timers. The firmware supports two cameras, Pcam 5¢ with OV5640 and Raspberry pi camera
with IMX219 with several resolutions, see table 4.1. Using UART interface we can control
several parameters of the system. The maximum frame rate using IMX219 image sensor we
achieved was roughly 500 frames with resolution of 640x64, but it was not very stable and
further investigation and development is needed. When system is loaded instances of driver

classes are created and initialised with default parameters, cameras cant be auto detected in
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this version and must be hard coded. VDMA core is also initialised with 32 frame buffers,
each bufer size is adjusted according to the resolution used. Frame write and frame read in-
terrupts are activated, on each frame write interrupt VDMA driver records the frame pointer
and value of COG IP which is the position of the target on that frame. The TOF system
is initialised and start and stop interrupts activated, on each start and stop interrupt TOF
records the TOF values and calculates the speed, also on each interrupts it gets the pellet
position data from the VDMA driver and sends the pellet tracking and speed information
on UART port. With this approach we always have pear of image address and appropriate
target position in memory for maximum of 32 frames, which is sufficient for first tests, but

it can be increased in future.

Parameter Value(s)

Resolution OV5640 (1 = 1280x720, 2 = 640x480, 3 = 320x240),
IMX219 (1 = 1280x720, 2 = 640x128, 3 = 640x64)

Write to image sensor register address and value of sensor register in hex

Read from image sensor address of image sensor register in hex

Gamma correction values 1,1/1.2,1/1.5,1/1.8,1/2.2

Saturation 0=0,1=-0,2=0.2,3=0.4,
4=106,5=08,6=107=12

Contrast 0 - 255 in hex

Operating mode Bypass or Image processing mode

Canny edge detection thresholds | High, Low thresholds and zero padding in hex

Camera analog gain Gain of the sensor to compensate low light in high FPS

Camera integration time Different for every resolution, but can be overridden to
change the FPS (not all values will work)

Table 4.1: Table lists the parameters which can be changed from UART terminal and will be applied
on run-time

Because of the lack of mechanical system, most of the image processing tests were done
with simulated video stream. In 46 one of the test is shown. The scene in video is simulated,
It is roughly what camera will see in target chamber. The video is generated using Autodesk
Fusion360 [?] and is fed to the FPGA board, after decoding the HDMI stream, RGB data
goes to Canny Edge detect IP several settings are adjusted from CPU to have the best edge
detection, after edge detection the binary image stream is fed to COG algorithm, where
region of interest is applied based on the settings from CPU to discard the areas which has
no usable information for us. COG calculates the coordinates of the pellet on each frames
and the CPU combines the information from VDMA and COG and provides us the tracking

data on computer using UART interface.
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Figure 46: small video demonstration of image processing and object tracking with simulated pellet
dropping in target chamber
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https://youtu.be/VC1th6NK-6I
https://youtu.be/VC1th6NK-6I

Chapter 5

Conclusions

Finally I would like to summarize all the results achieved during my Ph.D studentship.

e The first and most important result is the ballistic target concept development.

This type of target is completely new and needs further study. This applies mainly to

its mechanical construction, which was out of objectives of this work. On the other

hand, developed hardware and software components of the target is a good starting

point for next generation pellet targets, or other systems which require fast image

processing, using mipi camera stream or HDMI;

e Chosen and elaborated hardware system makes possible to develop different types of

image processing algorithms and implement them easily. Custom developed drivers

manage processing hardware and exchange of the information with user developed

software;

e Developed TOF system, consisting of dedicated PCB, FPGA IP and the hardware

driver is a solution to measure time and speed of the pellet target precisely with un-

certainty of 2.5ns. Combining the image processing and TOF systems makes possible

to reconstruct the track of the pellet precisely and using the detector system allows to

define the polarization distribution in the beam transverse profile.l

e Several engineering solutions have been developed, including solid block target control

system (control software and part of hardware);

e The whole TOF system has been developed. Several test procedures were performed

in order to choose a proper light sensor and appropriate amplifier topology. The new

developments are high gain, precise, low noise dual amplifier and signal shaper board,
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dedicated IP to use it in FPGA and hardware driver to control the stream and get the
data. The hardware tests were done using 3D printed dedicated mechanical system.

This made possible to calibrate the amplifiers for 400 nm pellet;

The hardware test system was developed to make sure that the camera and HDMI
streams work properly. After successful tests, several image processing methods were
applied to the data stream to extract the edge information. Finally, the Canny Edge
Detection has been chosen because of its simplicity and good performance. Dedicated

IP has been made using Vivado HLS;

Another image processing algorithm was developed to calculate the center of gravity
of the image and to define the coordinates of the pellet target center. In order to test
these algorithms, test video stream has been generated using 3D software, where we
simulated the target chamber and the pellet target dropping at free fall speed. The
stream was fed into the FPGA and the tracking data was sent to the computer using
UART communication. The test showed that the system is capable to properly detect
the target and trace its movement crossing the beam and define the coordinates. All
these systems were controlled using CPU in Zynq SoC hardware drivers. Several
parameters for the image processing can be adjusted on the video stream, including
the parameters of Canny Edge Detection algorithms (resolution, thresholds and
zero padding values). ROG window of the pellet tracking can be changed according

to the precision of the mechanics and environmental factors;

Frame rate and resolution of the camera can be changed to get the maximum perfor-
mance. The system works in ring buffer mode where we have 32 frame buffers and
at any point previous frames are accessible if there will be some delay between TOF
trigger and the camera stream data (we can start track reconstruction from previous

frames).

Despite of the major work that has been done during the project, there is still some work

that needs to be done to be able to use this system in real life conditions. First of all, some

mechanical test system has to be developed, which will give us the ability to do a complex

tests on the system. Up to this point the system doesn’t have proper system integration

mechanism. It works as a standalone device. But after the mechanical parts of the system

will be improved, interface with different parts of the detector and data exchange will be

possible.
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