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ABSTRACT

LOW ENERGY ELECTRON BEAM CHOPPER SYSTEM
DESIGN

A new electron accelerator, Rhodotron, has been designed and constructed at
Bogazigi University Kandilli Detector, Accelerator, and Instrumentation Laboratory
(KAHVELab). Rhodotron accelerator accepts an electron beam with a bunch length
of at most 1 ns. Therefore, a chopper system is needed to accomplish 1 ns or less
electron bunch from 1 us electron bunch. This master’s thesis aims to design a chopper

system to bunch electrons for the Rhodotron accelerator.



OZET

DUSUK ENERJILI ELEKTRON DEMETI KESIM SISTEMI

Bogazici Universitesi Kandilli Dedektér, Hizlandirier ve Enstriimentasyon Labo-
ratuvar: (KAHVELab) tarafindan yeni bir elektron hizlandiricis1 dizayn edilip tiretilmistir.
Rhodotron hizlandiricisi maksimum 1 ns uzunlugunda demeti kabul etmektedir. Bu
yiizden, ps uzunlugundaki elektron demetinin 1 ns uzunluga kisiltilmasi gerekmektedir.
Bu yiiksek lisans tezinin amaci Rhodotron hizlandiricisina girecek elektron demetini

kisaltma sistemini dizayn etmektir.
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1. INTRODUCTION AND THEORY

Accelerators have been among the most important tools in research since the
beginning of the 20th century. They bring electrons, protons, or high atomic number
atoms to relativistic speeds, up to almost the speed of light, using RF cavities and
powerful magnets. A wide variety of research disciplines benefit from the fast particles.
Particle physicists have them collide to observe subatomic particles (such as Higgs
boson). Chemists, materials scientists, and biologists use accelerators to produce X-
rays to closely examine a wide variety of materials — from aircraft turbines to microchip
semiconductors to vital proteins. There are numerous types of accelerators, such as

linear accelerators, synchrotrons, rhodotrons, and so on.

These different types of acceleration methods have been developed to accelerate
charged particles in the most efficient manner. The acceleration process occurs when
charged particles pass through a longitudinal electric field. Electric fields are generally
periodic and mainly depend on the accelerator cavity geometry. Therefore, the charged
particle group, called a bunch, should be in phase with the electric field for acceleration.
Achieving a synchronized bunch can be achieved with many different methods. One of
the synchronization processes is bunching a continuous or partially continuous beam

via deflecting plates.

Deflecting plates use electric fields to change charged particle trajectories. They
are generally used for low-energy charged particles because the limitations in the magni-
tude of the electric field could create electric arcs. Therefore, they are generally placed
on low-energy beam transfer (LEBT) and medium-energy beam transfer (MEBT) lines.
Depending on the purpose of the application, the electric field could be applied continu-
ously or periodically. While pulsed electric fields bunch a continuous beam or partially

continuous beams, continuous electric fields change the trajectory of the particles.



Generating these electric fields requires high voltages. Thus, different methods
have been developed since the 20th century. One of the most famous is the Marx
generator, proposed by Erwin Otto Marx in 1924. The first purpose of the Marx
generator is to test high-voltage components. Since then, the Marx generator has been
used in fundamental science research areas such as high-energy physics, chemistry, and

biology.

1.1. Particle Accelerators

Particle accelerators have many application areas, such as high-energy physics,
chemistry, biology, and industry. There are different types of specifications to classify
accelerators. For example, there are proton accelerators, electron accelerators and
isotope accelerators. On the other hand, particle accelerators can be linear, circular or

just a cavity. Many of these specifications greatly depend upon the application.

Protons weigh approximately two thousand more than electrons. Therefore, elec-
trons can be accelerated more quickly than protons without using too much power.
For example, electrons are accelerated by a static electric field in an electron micro-
scope, while the Large Hadron Collider (LHC) at CERN needs RF cavities to accelerate

protons.

Since electrons accelerate much more quickly, they radiate when they accelerate
in different directions. Therefore, circular accelerators are more suitable for heavier
particles. For example, circular accelerators can be used as storage rings because pro-
tons lose less energy than electrons when they accelerate. On the other hand, circular
accelerators that accelerate electrons could be used as X-ray sources. Meanwhile, linear
accelerators can be also used to accelerate charged particles with low masses, such as

electrons.

Particle acceleration has many stages. Before acceleration, particles are injected

into the machine. After that, diagnostic tools are used to identify the properties of



injected particles, such as spatial distribution, emittance, and total current. Before
acceleration, the beam can be chopped into bunches, and particles can be focused using
electromagnetic lenses. After acceleration, particles gain energy. Therefore, magnetic
fields like dipole and quadrupole can change their direction. However, acceleration

must be done by an electric field because the magnetic field cannot provide energy.

One of the cavity electron accelerators is called Rhodtron. The Rhodotron accel-
erator was proposed by J. Pottier from the French Atomic Energy Agency (CEA) in
1989 [1]. IBA built the first industrial Rhodotron accelerator in 1993 [2].

1.2. Rhodotron

A Rhodotron accelerator is a continuous wave electron accelerator. Rhodotron
cavities have the geometry of a shorted coaxial line and resonate at the A/2 mode.
Since both ends of the cavity are short, a transverse electromagnetic (TEM) field is
established. Rhodotron accelerator mainly consists of a coaxial RF cavity and bending

magnets around the cavity.

The electric field is in the radial direction, and magnetic fields are zero in the
beam direction. Therefore, particles move in a radial axis. Electrons are accelerated by
the electric field and directed by using bending magnets. There are four time phases

for the acceleration of electron bunch:

1. Initially, electrons accelerate through the center of the cavity where the inner
cylinder stays.

2. Secondly, they stay inside the inner cylinder, which behaves as a Faraday cage.
During this time, the direction of the electric field is reversed.

3. In the third step, electrons exit the inner cylinder and accelerate through the
cavity walls.

4. Finally, electrons enter the magnetic field, and their trajectory returns to the

cavity.
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Figure 1.1. Rhodotron and acceleration cycles

1.2.1. Synchronization

In the Rhodotron accelerator, designed at KAHVELab, incoming electrons are
accelerated to an energy between 2 MeV to 5 MeV. Rhodotron design simulations
have shown that a 1 ns electron bunch can achieve the best synchronization of the
electron bunch and the RF electric field [3]. Electrons outside 1 ns bunch will become
unsynchronized and eventually separate from the synchronous bunch. These uncon-

trolled electrons could hit the cavity walls, causing damage to the cavity wall and



unwanted radiation such as X-rays.

The electron gun, which produces electrons for the accelerator, can produce an
electron bunch of a few us length. Therefore, a new method should be found to decrease
the length of this bunch to a 1 ns bunch. Based on the studies in the literature, a

beam chopper design was deemed suitable to perform this function.

1.3. Beam Choppers

Accelerator systems use beam choppers to bunch a continuous or partially contin-
uous beam. In general, the purpose of the chopper systems is to synchronize particles
with the electric field of the acceleration section of the accelerator. The working princi-
ple of the beam choppers is to accelerate particles transversely by applying an electric
field in the transverse direction of the beam. Charged particles follow a circular tra-
jectory while passing through choppers. Therefore, there will be an angle between the
initial and final paths. Although there are many different types of chopper systems, I

will discuss three types of chopper systems.

1.3.1. Parallel Plate Choppers

Parallel plates are the most basic chopper configurations used in many accelerator
systems as beam choppers, which can deflect a beam. When charged particles pass
through a parallel plate with applied voltage on one side, they are exposed to an electric
field. While negatively charged particles are accelerated to the reversed direction of the
electric field, positively charged particles are accelerated to the direction of the electric

field. Therefore, their trajectory changes with the paths they are supposed to follow.

Furthermore, low-energy particles are deflected more than high-energy particles
because they spend more time in the electric field. Therefore, parallel plates can be
used as separators as well. Moreover, parallel plates can be used as kickers. If the

voltage applied on the parallel plate is pulsed, only some of the particles interact with



the electric field. Therefore, using this analogy, a beam can be bunched, or unwanted
bunches can be kicked. These principles are generally used to choose the bunches before

radio-frequency quadrupole (RFQ) or drift tube linac (DTL).

1.3.1.1. Electric Field of a Parallel Plate. There are two plates parallel to each other,

and voltage is applied to one of them, which creates an electric field directed to the
other plate. Therefore, an electric field is formed between plates. The electric field
between plates is constant, which can be shown using Maxwell’s equations. Assuming

an infinite plane carries a uniform surface charge, o, then Gauss’s law states that
— — g
V-E=— (1.1)

€0

where E is electric field, V is gradient operator and ¢; is vacuum permittivity. In

integral form, Gauss’s law can be rewritten as:

fﬁ- s = Qene. (1.2)
S

€0

As shown in Figure 1.2, a pillbox has six faces, but only two of them are perpendicular

oA

Figure 1.2. Infinite plane with Gaussian pillbox

to the electric field. Therefore, considering the upper and lower faces, the integral has

two electric field components are:

2ps — Yene, (1.3)
€0
E="3 (1.4)
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If two plates are parallel to each other, but one has a negative charge distribution, as
seen in Figure 1.3, then their electric field can be summed because, now, electric field

directions are the same. Thus, the electric field vector becomes:
O
E=—2 (1.5)
€o

Moreover, the electric field between parallel plates can also be formulated using the

fundamental relationship between potential and electric field as follows:
V:—/E-d’l. (1.6)
c

In our case, it becomes:
d — —
vz—/ B dx. (1.7)
0

Figure 1.3 shows electric field lines are directed in the positive z-axis. Therefore,
1%

E = —2 (1.8)

which also represents a constant electric field between plates.

Figure 1.3. Parallel plates with opposite signed charge distribution

1.3.1.2. Capacitance of a Parallel Plate. Using the two equations of the electric field,

the capacitance of the parallel plate can be found as follows:

yV_o (1.9)

d ~ Se

Q=CV (1.10)



where

S
O—EOE

(1.11)

is called capacitance, and S is the area of the plates. The capacitance value depends

purely on the geometry of the object.
1.3.2. Slow Wave Choppers

Slow wave choppers consist of a dielectric plate and strip line with a meander line
shape, as shown in Figure 1.4. A meandering strip line structure is used to synchronize
the deflecting electric field with the bunch velocity. As a result, the deflecting electric
field propagates at the speed of the beam. As a train of bunches passes through the
chopper plate, only chosen bunches are affected by the chopper field. [4]

They are mainly used where high-frequency pulses are required. High frequency
and high voltage pulses have rise and fall times in the order of a few ns with a high rep-
etition rate. The strip lines generally have a 50 (2 characteristic impedance to achieve
maximum efficiency and minimum distortion. Additionally, dielectric materials below
strip lines are also special materials, such as Rogers’ duroid RT /6002, to minimize

pulse distortion and losses. [5]

I AN AN AN

NN Ny

Figure 1.4. Meander strip line structure



1.3.3. Hybrid Systems as Choppers

Hybrid systems, also called ExB, consist not only of an electric field but also of an
electromagnetic field. Magnetic fields can be provided either by permanent magnets
or by electromagnetic coils. There are few examples of hybrid systems yet, but an
example system has been designed at the Frankfurt Neutron Source FRANZ for the
LEBT line [6]. A permanent dipole provides a magnetic field on the beamline. There
is also a parallel plate that works with high-voltage pulses.

When a beam enters the hybrid chopper, its trajectory is bent by a magnetic
field in the absence of an electric field, as shown in Figure 1.5. When the parallel plate
is pulsed, the electric field force on the particles becomes equal to the magnetic field
force. Therefore, only the allowed particles enter the accelerator, and the rest of the

beam is ejected.

? \
©

Figure 1.5. Hybrid chopper system. The red line represents the beam trajectory in

the absence of the electric field.
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1.4. Motion of Charged Particles

1.4.1. Lorentz Force

Lorentz Force is a combination of electric and magnetic field force acting on a

charged point particle, and it is formulated by using Newton’s second law as:
(1.12)

— a D — —
F:—p:mc_i:q(E—l—'D'xB)
ot
where p is classical momentum m4, ¥ is the velocity of the particle and @ is the

acceleration.

1.4.2. Relativistic Acceleration in 3D

Including special relativity, new momentum definition becomes p = ymv where

(1.13)

v is called Lorentz Factor and defined as:

1 1 1

fy = = =
-2 VI \/1_5.5
and ,[_5" is defined as:
- U

= — 1.14
g=" (114

where ¢ is the speed of light. Therefore, Newton’s second law changes dramatically:
dv
v+ mg prd (1.15)

.  Op d ( )
ot art "M Ot
where my is rest mass of the particle. Time derivatives of relativistic momentum and
gamma factor can be rewritten as:
0y 0 2y —1/2 73 -
—:—1——> -13.a, 1.16
ot (925( c? c p-a (1.16)
op S oo o0v
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Thus, relativistic correction of the Newton’s second law becomes

—

F = ymy [a+72(5-a)[§] (1.18)
Acceleration due to Lorentz Force in 3D can be found as:

’ymo[&’+’y2(5-d’),@1:q(ﬁ+6x B), (1.19)

q(EZ + EiijjBk)

a; + 725lm6lamﬂi - ; (120)
Mo
- E; + ¢;0; B
a1+ 7282) + (B - @ — fra)ps = LE T CurtiBr), (1.21)
Mo
1 [a(Ei+ env;B .
a Bt ewvB) _ 25 5 gang|. (1.22)

T 14928 moy

1.4.3. Parallel Plate’s Deflection Angle

A charged particle follows a circular trajectory under a constant transverse electric
field. Since the particle has a circular path, motion can be considered as circular motion.

Therefore, the radius of this circle can be found via Newton’s second law:

2
™Y _4E (1.23)

T
where ™2 is called centrifugal force and F is electric field. If relativistic effects are

taken into account, then the equation can be rewritten as:

pv
=

qF (1.24)

where p = ymygv is relativistic momentum and my is rest mass of the particle. Rela-

tivistic kinetic energy and momentum formulas can be combined as follows:
KE (v —1)mc?

p MoV

(1.25)
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where kinetic energy is defined as KE = Ejpq — moc? and Eyyq = ymoc? is total

energy of the particle. Therefore, it can be rewritten as:

YK E
pv =

- 1.26
= (1.26)

pv = 62Et0tal‘ (127)

Therefore, the radius of the trajectory of the charged particle can be rewritten as:

r = 62Etotal
qF

The deflection angle, «, of the particle in the transverse electric field can be defined

as: [7]

(1.28)

l qE/l
r ﬁQEtotal ( )

where ¢ is the path length in a constant transverse electric field, as shown in Figure

1.6.

The electric field has a constant value, E = V/d, between parallel plates, where
V' is the voltage on parallel plates and d is the distance between parallel plates. Thus,

the angle of the deflection for a parallel plate can be written as:
qV et

a=——":. 1.30
dBQEtotal ( )

Figure 1.6. Deflection angle of the electron passing through a parallel plate
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1.4.4. Emittance

Emittance is an ellipse in phase space that visualizes the beam envelope. It
measures a particle beam’s spatial and angular spread in beam dynamics. It is derived
from Hill's equation, " + K(s)z = 0, which is the equation of the motion. Here, s
is the actual, or designed, trajectory of the synchronized particles, as shown in Figure

1.7. The solution of the equation of motion is
x = Vebcos ¢ (1.31)

and € is called the emittance and is defined as:
€ = 522 + 22’ v + ya? (1.32)

where «, 8 and ~ are called the Courant and Snyder Twiss parameters. Here, x is the

coordinate axis whereas ' can be defined as:
/_dx_dvx_dprdpx

x_%—dvz_dpzrv dp

. (1.33)

Therefore, its unit is mrad.

A
: particle trajectory
1
1
1
1
1
1
L

Figure 1.7. Particle trajectory in an accelerator

The emittance is a constant of motion because of Liouville’s theorem, which states
that the particle density in phase space is constant under the influence of conservative
forces. Therefore, under electromagnetic forces, e, is invariant. The area of the ellipse

in phase space is 7e, as seen in Figure 1.8. [§]
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Figure 1.8. Phase space with emittance ellipse

1.5. Marx Generator

Marx generator, proposed and designed by Erwin Otto Marx in 1924, generates
high-voltage pulses using a low-voltage DC source. Although it has limited application
areas, it is frequently used in fundamental science research, such as high-energy physics,

biology, chemistry, and electrical engineering. [9]

Marx generator consists of capacitors, spark gaps, and a DC voltage source, as
shown in Figure 1.9. The circuit consists of N stages with an N capacitor. Initially,
capacitors are parallel to DC voltage sources. Since they charge in parallel, all ca-
pacitors have the same voltage if all the components are identical. Whenever they
reach an enough voltage, a breakdown occurs between the spark gaps. During break-
down, the capacitors are connected in series through the spark gaps. Therefore, each
capacitor’s voltage is added in series. The peak output voltage on the Rj,.q is equal
to Voue = NVpe. After the pulse occurs, capacitors again start to charge, and all the

stages arise repeatedly.

In every stage, resistors, capacitors, and spark gaps are identical. In some appli-

cations, it might be important to achieve high rise and fall time for the output pulse of
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the Marx generator. Identically placed components and reducing inductance, sourced
by connectors and components, will help to achieve high rise and fall times at the cir-
cuit’s output. Resistor and capacitor values should be chosen according to repetition
rate and output power, respectively. The repetition rate depends on the 7 = RC' time
constant value, which directly affects the charging time of the capacitors. Conversely,
resistor values must be high enough to force current into spark gaps during breakdown
and reduce leakage currents of capacitors. C' capacitor values are important for output
power since Q = C'V or [ = C’%. If the circuit has capacitors with high capacitance

values, they can produce a large current.

Ra Rs Ra
MW MW AWy - — =
PeA T so T SG, T T sGw
MM AMAN - == AMAN

~ Ry R, Ron

Figure 1.9. Marx Generator circuit schematic

1.5.1. Solid-State Marx Generator

The solid-state Marx Generator is an upgrade of the classical Marx Generator
by replacing spark gaps with semiconductor switches, such as MOSFETs and IGBTs.
Using semiconductor switches has many advantages. They allow the control of pulse
time, pulse duration, and peak voltage level. Another advantage of the semiconductor
switches is that capacitors do not need to discharge completely. This means that
by using a capacitor with a huge capacitance value, one can achieve almost perfect
square-shaped high-voltage pulses. Furthermore, using MOSFETSs as a switch allows

extremely high rise and fall times.

Moreover, spark gaps are heavy, occupy large areas, and become corrupted with
time. Meanwhile, semiconductor switches occupy less space, are lightweight, and have

no corruption with time if thermal protection is good enough. Additionally, resistors
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are replaced with semiconductor components, which reduces the leakage currents and

decreases capacitors’ charging and discharging time.

Despite the advantages of using semiconductor switches, they also have some
disadvantages. It is not easy to design gate drivers for high-side switches, and it is
not easy to achieve synchronization. A solid-state Marx Generator could achieve high-
voltage square pulses with extremely small rise and fall times by careful design. There

are two types of solid-state Marx generators.

1.5.1.1. Solid-State Marx Generator Type-1. Solid-state Marx Generator type-1 con-

sists of diodes and semiconductor switches instead of resistors and spark gaps, respec-
tively, as shown in Figure 1.2. Diodes have low active resistance, which hugely reduces
the charging time of capacitors. Therefore, repetition frequency can be increased. Ad-
ditionally, they block reverse leakage current between the capacitors. On the other
hand, the semiconductor switches control output pulse width, pulse duration, and rep-
etition rate. Moreover, the output voltage can be directly controlled by changing the
input voltage, Vp¢, which is another massive advantage of a solid-state Marx Generator

compared to a classical one. [10]
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Figure 1.10. Solid-state Marx Generator Type-1

1.5.1.2. Solid-State Marx Generator Type-2. Solid-state Marx generator type-2 has

an improved switching topology. It often uses a more synchronized method to con-
trol current flow, enhancing efficiency and reducing switching loss. Type-2 is usually
favoured in applications demanding ultra-fast rise times, higher peak voltages, and

more precise pulse shapes, such as advanced particle accelerators and medical imaging
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technologies. The only difference between type-1 and type-2 topologies is the replace-

ment of the bottom diodes, 2N, by semiconductor switches, as shown in Figure 1.11.
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Figure 1.11. Solid-state Marx Generator Type-2

Solid-state Marx Generator type-2 have several advantages over type-1. The most
crucial advantage of type-2 is that if the load is an energy storage circuit element,
type-2 provides a fast connection to the ground as compared to type-1. This might be
important to reduce the fall time of the pulses. Therefore, this topology is much more

useful for chopper applications.

There are only two operating modes of Marx Generator type-2. In the charging
mode, switches 1, 3, ..., 2N-1 are off, switches 2, 4,.., 2N are on, and capacitors are
charging in parallel, as seen in Figure 1.12. In this stage, diodes and switches can
be replaced with their R, resistances, and semiconductor switches are open circuits
by assuming there are no inductive parasitic effects, such as the layout of the PCB,

connectors and component packages. [11]

In the discharging mode, switches 1,3,...,2N-1 are on, switches 2,4,..,.2N are off,
and capacitors are now connected in series, as seen in Figure 1.13. Therefore, the
capacitors’ voltages are summed up at the output, so the total output voltage is ap-

proximately equal to NV.
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Figure 1.13. Type-2 Discharging

1.5.2. Silicon Carbide(SiC) MOSFET

SiC MOSFET is a type of power MOSFET with a wide bandgap that can be used
as a semiconductor switch for the Marx generator. SiC MOSFETs also have very short
rise and fall times. This makes them extremely useful for high-frequency applications.
Meanwhile, the larger bandgap makes SiC MOSFETSs less sensitive to temperature
and able to withstand higher electric breakdown fields. The higher critical electric

field allows for higher breakdown voltages without compromising resistance, R,,,.

Many different types of SiC MOSFET can be found in the market. As an example,
the physical model of an n-channel SiC MOSFET consists of N* substrate, N~ drift
region, P base region, N region, gate oxide layer, source, drain, and gate, as shown

in Figure 1.14. [12]
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Figure 1.14. Structure diagram of an n-channel SiC MOSFET device

Although there are three output characteristics of a SiC MOSFET, there are only

two operating modes of SiC MOSFET when it is used as a switch:

(i) ON State: When a positive voltage is applied to the gate terminal relative to the
source, it creates an electric field that attracts electrons, forming a conductive
channel between the source and drain terminals. This conductive channel allows
current to flow.

(ii) Off State: Applying zero or negative voltage to the gate turns off the electric field

and blocks current flow.

The electrical equivalent circuit of a SIC MOSFET consists of three parasitic ca-
pacitors and a body diode, as shown in Figure 1.15. Cgg and Cgp are called parasitic
input capacitances. The effective input capacitance, C;;s = Cgs + Cap, is a parasitic
capacitance that directly influences the rise time of the pulse. Cpg represents the ca-
pacitance of the body diode, which affects reverse recovery time and charge. Therefore,
Cps and the body diode are directly associated with the ringing effect. Finally, the
body diode blocks current flow when MOSFET is in the off state and also provides a

path for inductive loads.
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Figure 1.15. Electrical equivalent circuit of a SiC MOSFET

1.5.3. Gate Drivers

Every stage of the solid-state Marx generator type-2 essentially consists of a half-

bridge topology, as seen in Figure 1.16. In this configuration, one MOSFET’s source

is connected to the ground, called the low side, while the other’s source is connected

to the load, called the high side. The gate voltage should be higher than the source

voltage to use a MOSFET in on mode. Therefore, a special technique must be used to

drive high-side MOSFETSs.The literature contains many procedures for driving high-

side MOSFETS, but only two of them are mentioned here. [13]
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Figure 1.16. Half-bridge topology
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1.5.3.1. Double-Ended Isolation Transformer Gate Driver. A double-ended isolation

transformer consists of a ferromagnetic and three windings. The first winding is con-
nected to a low-voltage pulse width modulation (PWM) source, and the other two
windings are connected to MOSFETs. High-side MOSFET inductor windings are
wrapped in the same direction as the primary winding, while the low-side is wrapped
in the reverse direction. Therefore, when the primary side is high, the low-side MOS-

FET turns off, and the high-side MOSFET turns on.
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Figure 1.17. Basic double-ended isolated transformer gate driver topology

1.5.3.2. Optocoupler Driver IC. An optocoupler is a device which transfers electric

signals between input and output using light, as shown in Figure 1.18. Therefore, it
provides electrical isolation between input and output. Thus, optocouplers are useful
devices to drive high-side MOSFETSs. Optocoupler ICs generally consist of an LED
and a photosensor. The LED converts the input signal into light, and the photosensor

converts incoming light into an electric signal.
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Figure 1.18. Simple structure of Optocoupler gate driver topology

1.6. Microcontrollers

A microcontroller (MCU) is an integrated circuit that contains a central process-
ing unit (CPU), random access memory (RAM), read-only memory (ROM), timers,
and input/output (I/O) peripherals, as seen in Figure 1.19. MCUs are generally used
in embedded applications. Since 1969, they have been used in control systems. De-
pending on the architecture, processors could have 8-bit, 16-bit, 32-bit or 64-bit word
length. They generally have an internal oscillator for timing and an external clock
support. Maximum processing frequency also depends on the architecture.[14] There

are some important concepts in microcontrollers:

(i) Timer: is an electronic counter that counts time precisely. It consists of a counter
and a register. The counter counts incoming digital pulses and increments the
register. Timers are used to generate PWM signals, schedule tasks and event
synchronization.

(ii) Interrupt: An interrupt is a signal that temporarily stops the normal execution
of a program to allow the microcontroller to address a high-priority task. Two

types of interrupts exist in microcontrollers.
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Figure 1.19. A simple block diagram of microcontrollers

(a) Hardware Interrupt: A hardware interrupt occurs when an external condi-
tion is sent to notify MCU.
(b) Software Interrupt: A software interrupt occurs when an internal condition
is sent to notify MCU.
(iii) High Resolution Timer (HRTIM): HRTIM is a highly accurate timer that can
generate complex waveforms such as PWM and phase-shifted. It comprises six

16-bit up counters and a controller timer with very fine timing resolution.|[15]
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2. TOOLS

A chopper system design consists of many stages. Various tools were used for
particle dynamics simulations, electronic circuit design and simulations, and micro-
controller programming. This chapter describes these tools and their necessity in the

design.

2.1. CST Studio Suite

The CST Studio Suite is a commercial tool for analyzing, simulating, and design-
ing highly complex systems and components. It includes solvers for different systems
such as static electromagnetic solver, time domain solver, frequency solver and particle
tracking solver. Moreover, CST supports multiphysics integration to perform hybrid
simulations of electromagnetic, thermal, and mechanical effects to evaluate real-world
performance. Therefore, its applications span various industries such as telecommuni-

cations, electronics, aerospace, automotive and biomedical.

2.2. KiCad EDA

The KiCad application is a free and open-source electronic design automation
(EDA) tool capable of developing PCB layouts and creating circuit diagrams. KiCad
EDA has many features, including a schematic editor, PCB editors with auto-router,
a 3D board rendering tool, and a library and footprint editor. KiCad can create hi-
erarchical schematics, generate multi-layer PCBs and include many features such as
differential pair routing, DRC checker and net highlighting for efficient designs. It
is frequently preferred by hobbyists, academics and even professionals. Today, pro-
fessionals at CERN prefer KiCad, and CERN contributes to the development of the
KiCad.
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2.3. LTspice

LTspice is free SPICE simulator software that includes an analog circuit simu-
lator, a schematic designer, and a waveform viewer. It also offers additional circuitry
enhancements and models to improve the quality of the simulation for analog circuits.
Its graphic schematics capture interface enables users to tap on the schematics and get

simulation outputs.

2.4. STM32CubelDE

STM32CubelDE is a comprehensive embedded C/C++ development platform
designed for STM32 microcontrollers and microprocessors. It offers a range of features,
including peripheral configuration, code generation, compilation, and debugging. It is
built on the Eclipse framework. It uses the GNU compiler collection (GCC) toolchain
for development and GNU Debugger (GDB) for debugging, where GNU is an extensive

collection of free software.

Furthermore, STM32CubelDE features STM32CubeMX functionalities for con-
figuring and creating STM32 projects. STM32CubeMX is used to configure the periph-
erals and middleware before programming. According to configurations, the hardware
abstraction layer (HAL) library provides user API, which allows users to use pre-written

functions and definitions.

2.5. Software Tools

2.5.1. Leapfrog Algorithm

The Leapfrog method is a type of finite difference method that approximates
the solution of an ordinary differential equation (ODE) by discretizing both time and
space. It is widely used in simulating physical systems. The idea comes from numerical

integration and differentiation, where the slope of a chord between two points on a
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function, (xo, fo) and (x1, f1), is a much better approximation of the derivative at the
midpoint than at either end. Therefore, the same idea can be applied to ODEs. The
algorithm is as follows:
a; = F(z;),
Viy1/2 = Vic12 + @ AL, (2.1)
Tiy1 = T + Vig12A8,
where At should be constant for stability. More stabilization can be done by the method

so-called kick-drift-kick method, which is generally used whenever variable time steps

are used, as follows:

At
Vit1/2 = U; + ai??
Tiy1 = Xy + Ui+1/2At, (22)
At
Vit1 = Vit1/2 + Bit1 =

2.5.2. K-D Tree Nearest Neighbour Search Algorithm

A k-d tree (k-dimensional tree) is a binary search tree optimized for arranging
points in k-dimensional space, making it efficient for range searches. It orders the
partition size at each tree level, with each node representing more or fewer points.
From this, creating a tree that divides the space into left and right subtrees usually

involves choosing a scale mean.

Queries such as category search and nearest neighbour search use iteration and
backtracking traces to find points efficiently. This typically achieves an average time of
O(log(n)). Although it works well on low-dimensional data, performance deteriorates
in high dimensions due to the curse of dimensionality. Applications include computer

graphics, robotics, and machine learning.
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2.5.3. Numba Module

Numba is a just-in-time compiler for Python, optimized for code using NumPy
arrays, functions, and loops. It is generally used with decorating functions, which serves
as a hint to Numba that it should compile the function. A decorator is a function that
takes a function as a parameter and returns a function. When a Numba decorated
function is called, it’s compiled to machine code just before execution and runs at

native machine code speed.

The Numba library has the functionality to handle floating point numbers much
better than Python itself. For example, the "nopython” compilation mode works by
compiling the decorated function to execute entirely without relying on the Python
interpreter. Therefore, the Numba library is an excellent choice for the physics simu-

lations.

Numba can also support CUDA GPU programming by compiling part of the
restricted subset of Python code to CUDA kernels and device functions that follow the
CUDA execution model. The kernels can now access NumPy arrays directly integrated
with seamless transfer between CPU and GPU. Numba’s CUDA support contains tools
for defining and managing the thread hierarchy resembling the functionality available

in NVIDIA’s CUDA C language.
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3. DESIGN

In this chapter, the concept of the chopper system is examined alongside the
high-voltage pulse hardware and timing system. Overall, the system design consists of

three stages:

1. Chopping system
2. High-voltage pulse hardware

3. Timer system

First, a chopper system is designed to extract 1 ns electron bunch from 1 us electron
bunch. Then, hardware is chosen and designed to fulfil the high-voltage pulse for

parallel plates. Finally, a timer system is selected to control high-voltage pulse times.

3.1. Chopper System

The Rhodotron’s chopper system has unique requirements. It must be able to
bunch a 1 ps beam with 45 keV kinetic energy into a 1 ns beam. No such problem

was revealed in the literature, so the system was designed from scratch.

The designed chopper system consists of two parallel plates, a timer, and two
high-voltage pulser circuits. The timer is used to synchronize high-voltage pulses and
change pulse widths. The beamline consists of an electron gun, a solenoid, and two
parallel plates. The beam pipe diameter is 80 mm. The first parallel plate deflects the
electron beam outwards by applying a high-voltage pulse, creating a 15-degree angle in
the z-direction. The second parallel plate is placed parallel to the bent bunch, pulling
the bunch up so that the electron bunch is almost in the z-direction again. The rest of

the alignment corrections can be done using steering magnets and solenoids.
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Figure 3.1. A simple block diagram of working principle of chopper system.

The length of the parallel plates was chosen as 118.15 mm, corresponding to 1
ns of the bunch length, as shown in Figure 3.2. The distance between two parallel
plates is 40 mm. The area of the parallel plates is 0.0059075 m?. Furthermore, it
was decided to separate parallel plates by 380 mm to avoid field interactions between
plates because they might affect their capacitance, as seen in Figure 3.3. However, it

is a flexible parameter, so it could be shortened if needed.

The capacitance of the parallel plates can be calculated by using the equation

1.11:

0.0059075
0.04

C =8.854 x 10712 x =1.3 pF. (3.1)

Incoming beam kinetic energy equals 45 keV', corresponding to § = 0.3941. Therefore,
the deflecting particle trajectory with a 15-degree angle can be calculated by using the
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equation 1.30:

 adfe
Y

Vv = 7638.9 Volts (3.2)

where Eypq = Ymoc? = 0.556 MeV and moc? = 0.511 MeV.

50 mm

11815 mm

Figure 3.2. The dimensions of the chopper plate

Figure 3.3. Designed beam pipe with dimensions
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3.2. High-Voltage Pulse Hardware

The solid-state Marx generator type-2 is chosen to generate the necessary high-
voltage pulses. Marx generator type-2 has many advantages, but the main reason
behind this choice is to have flexibility in pulse magnitude, pulse frequency and pulse

width.

Solid-state Marx generator type-2 consists of two SiC MOSFETSs.In our system,
C2M1000170D from Wolfspeed is used, which has a 19 ns rise time and 63 ns fall time.
I[ts drain-to-source voltage is equal to 1700 V', which allows a wide range of variable
voltage at the output. Despite its limited pulsed current capability, it is well-suited
to our design. Two SiC Schottky diodes, C4D02120A from Wolfspeed, have also been

selected to block the inverse current between capacitors.

To simplify the design, an optoelectronic gate driver IC is used to drive MOS-
FETs, SI8261BBD-C-IS, which has 10 £V surge withstand capability and isolation up
to 5000 V,.,,,s. It has a low-power diode emulator and silicon isolation technology. It has
a maximum rise time of 15 ns and a maximum fall time of 20 ns. Since the chopper
system frequency is planned to operate with a maximum of 10 Hz, any heat-related

analyses or simulations are unnecessary.

3.2.1. Snubber Design

In hard-switched MOSFET circuits, some of the energy stored in parasitic induc-
tance and capacitance causes unwanted oscillation, also called ringing, at the output
waveform. The ringing leads to switching energy losses as well. Additionally, when
SiC MOSFET turns off, it could be exposed to overvoltage spikes, which could cause
the MOSFET to fail. The unwanted parasitic capacitance and inductances are sourced

from component packages and printed circuit board (PCB) layout.
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To overcome the ringing issue, the PCB layout could be optimized to reduce
parasitic inductance, the gate driver circuit could be improved, and capacitors and
component packages could be chosen as low inductive and capacitive. Although all
the necessary cautions are taken, there will be an inevitable oscillation in the output.
An effective way to reduce ringing is to design a snubber circuit to improve output
waveform and reduce switching losses. Therefore, a resistor-capacitor-diode (RCD)

snubber circuit is designed to reduce ringing in a Marx generator unit. [16]

Figure 3.4. RCD snubber circuit implementation to a MOSFET

An RCD snubber consists of a resistor parallel to a diode, which is connected
to a capacitor in series, as shown in Figure 3.4. When designing an RCD snubber,

rise time should be taken into account because the chosen capacitor value directly

AV

S » Where is the maximum peak switch

affects current rise time according to I = C
current, AV is the peak voltage the capacitor will charge to and At is the rise time of
the voltage. On the other hand, RCD snubber can be used as a clamp circuit, which
clamps maximum ringing voltage when the switch is turned on. The clamp snubber
circuit aims to minimize oscillations but will also cause a slow-rising edge in the output
waveform. In this design, the snubber circuit design is intended to clamp maximum

voltage and achieve the maximum possible rise time, chosen as 50 ns. The peak reverse

recovery current of the chosen SiC MOSFET is 3 A. Therefore, if Ve is assumed to
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be 500 V', then R, can be calculated as

% 500
[DC =~ = 166.667 02 (3.3)

where Vpe is the maximum voltage on switch and I,,,, is peak reverse recovery current.

Ry =

The snubber capacitor value can be calculated by
AV . 0.632 x VDC

= 4
At CsRs (34)
where 0.632 is the time interval of time constant, 7 = C,R,. Thus,
0.632 x 500
0, = X0 190 pF. (3.5)

1010 x 166.67
Therefore, optimal values are chosen as Cy = 200 pF' and Ry = 200 {2 and rise time

becomes 60 ns.
3.2.2. Gate Driver Circuit

The gate driver circuit of the MOSFET essentially consists of a driver IC, boost
capacitor, R,, and R,f; resistors, a pull-down resistor and a diode to specify the
path of the current, as seen in Figure 3.5. The external gate resistors play a crucial
role in achieving an optimized output waveform. While low resistance values cause
overshooting, high resistance values cause high rise time. Therefore, optimization is
necessary when choosing external gate resistors. The gate driver equivalent circuit
consists of Rariver, Ra(eat)s Lsy Rant) and Cisg, where Rgpjve, is the driver IC resistance
for high and low, Rg(ert) is external resistor to be chosen, L, is parasitic inductance,
Rg(int) is MOSFET internal gate resistance and Cjg, is total input capacitance, Cigg
= Cys + Cyq, as seen in Figure 3.6. To eliminate ringing, the quality factor of this
oscillator circuit must be greater than 0.5 (critically damped). Oscillation frequency
can be found experimentally. Therefore, a rough calculation can be done as a starting
point. The Miller point, the point after the Miller region where V, starts to increase for
the second time, is found in the datasheet as Qgqre = 17 nC' at V3 = 10 V. Therefore,
the optimal resistor’s resistance value calculation is [17]

I _ ante

gate —

=0.2833 A (3.6)

on
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Dbootslrap

) 1 R
Driver IC — off Doff § Rpull-down
Cbootslrap

WV

Figure 3.5. Power MOSFET driver circuit

where t,, is rise time of the signal. Thus, the total gate resistance is
V:iriver - Vs 2010
Reotary = £ = =35.3 2 3.7
Gltotal) Lyate 0.2833 (3.7)

and Rg(ext) = Raotat) — Ra(int) — Rariver = 30.2 £2. Starting from this value, an optimal

gate resistance can be experimentally calculated for the best rise time and low ringing

corresponding to the turn-on and the turn-off paths of the gate driver circuit.

RuoLo Ra(ext) Lg

——— AMM—AMA—— T ———

§ Ra(int)
Vdriver @)

Figure 3.6. Gate driver equivalent circuit

Another important component is the bootstrap capacitor of the driver IC. The
bootstrap capacitor has two important duties in the driver circuit. The first duty is to

work as a bypass capacitor for the driver IC. The second one is that when the high-side
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J] Dbootslrap

) R
Driver IC — off Doff § Rpull-down
Cbootslrap

Figure 3.7. MOSFET ON current path

MOSFET is turned on, its source voltage will be changed due to the floating ground of
Marx generator circuit units. Therefore, the diode Dyootstrap Will be turned off, and the
only power source left will be Chpotstrap. Power is extracted from Choptsirap s shown in
Figure 3.7 during the on state of MOSFET. Thus, Chootstrap should be chosen carefully.
As a rule of thumb, the bootstrap capacitor’s capacitance value should be at least
ten times the MOSFET input gate capacitance value, Cjss. Therefore, Chpootstrap =
10 x Cyss = 2.15 nF'. Alternatively, the minimum capacitance value of Cyoptsirap can be
calculated according to pulse time for high-side MOSFET. The total gate charge can
be calculated by:

ante(total) = ante + Ileakageton + le (38)

where Qgqe is the gate charge of the MOSFET, Ijcqrage is leakage current during on
time, and ()5 is the charge required by the internal level shifter, which is typically 3
nC.
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Dbootslrap
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<
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Driver IC vy —— off Doff

Rpull-down

Cbootslrap

Figure 3.8. MOSFET OFF current path

Therefore,

Q ate(total
Cbootstrap = gAtVE(,t tt ) (39)

where AVj,o; is the maximum allowed voltage drop during on time. Using this equation,

the minimum capacitance value of Chootstrap can be found as 3.215 pF'.

Additionally, a Schottky diode with a low forward voltage drop and low junction
capacitance should be used as Dyootstrep to minimize losses associated with the diode’s
reverse recovery characteristics and ground noise bounce. Finally, although driver 1C
cannot produce negative voltage to turn off MOSFET, it was decided to use a R,s¢
resistor and a diode, D,¢¢, to set falling edge time, as seen in Figure 3.8. MOSFET oft

path, then, has two resistors parallel to each other.
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3.2.3. PCB Design

Based on calculations and design parameters, components are chosen and two
Marx generator unit PCBs are designed. The first design is optimized for handmade
PCBs, and the second is produced by a third-party PCB producer. During designs, two
essential goals are taken into account. The first one is to reduce parasitic inductance.
Parasitic inductance sources are long copper routings and electromagnetic interference
(EMI) between copper routings. Additionally, a ground plane should be used below
routings to shorten the return path of the high-frequency signals. The ground plane
also reduces parasitic inductance because almost all the magnetic fields are cumulated
between the ground plane and the signal route. The second important design con-
sideration is the isolation between low-voltage and high-voltage sides. Note that these
PCBs are prepared to prove the concept. A more compact and optimized design should

be done later.

3.2.3.1. Homemade PCB Design. Some optimizations were necessary during the de-

sign of the homemade PCB because of the limitations of the production process. A
few additional pin header connectors are used to connect grounds because via could
not be used. Additionally, routings are much longer and broader. The bottom ground
planes are separated on the high and low sides. Moreover, it is mirrored when PCB is
printed on paper and then pressed into a copper plate. To avoid mirroring problems,

signal routes are drawn at the bottom, and the ground plane is drawn at the front.

3.2.3.2. Produced PCB Design. Third-party production has many advantages com-

pared to homemade PCB production, such as using vias, thinner routings, etc. Since
there is no need for high current, routings for high voltage lines also can be thinner.
Furthermore, mounting holes are added. Another difference between prototypes is that

the pulse capacitor is changed from a film capacitor to a ceramic capacitor.
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Figure 3.9. 2D PCB editor view of the homemade PCB

Figure 3.10. 3D PCB editor view of the homemade PCB
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Figure 3.12.

3D PCB editor view of the produced PCB
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3.3. Timer System

The timer system is another crucial design step of the chopper system. The
timer system controls high-voltage pulse widths and the delay between two high-voltage
pulses. Therefore, it should have picosecond resolution to achieve 1 ns electron bunch.
Field programmable gate arrays (FPGA) are generally used to achieve such precision
timers. However, some MCUs with picosecond timers are found after deep research.
These MCUs are initially used for switched power supplies and consist of a particular
hardware called HRTIM. Therefore, it was decided to use an MCU to control the Marx

generator and decrease the complexity of the design.

An MCU with the development kit, STM32F3348DISCOVERY, from ST micro-
electronics is selected. A program is developed for the MCU using the C programming
language. In addition, a graphical user interface (GUI) to control the MCU is developed

using the Python programming language.

3.3.1. MCU Software

The MCU software is designed using STM32CubelDE, which automatically cre-
ates driver libraries and user application interfaces (API) called hardware abstraction
layer (HAL) library. The design starts with the MCU’s pinout and clock configuration,
which can be done using STM32CubelDE software. Two peripheral pins, USART Rx
and Tx, are used for USART communication. Two peripherals are used for HRTIM,
which consists of two timers, timer A and timer B, as seen in Figure 3.13. The master
timer, which has a clock frequency of 4.608 GHz, is enabled. Four different compare
units, essentially counter interrupts, are set as shown in Figure 3.16. Compare unit
values are controlled by two-byte registers. Every 1-bit change corresponds to a 217
ps change in timer variables. Therefore, changing these registers can control pulse set
and reset times. On the other hand, clock configurations are adjusted to achieve max-
imum frequency for HRTIM. Therefore, the phase-locked loop (PLL) multiplier value

is arranged to have maximum frequency according to the maximum achievable system
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frequency, which is 72 M H z, as shown in Figure 3.14.

SWOLK

VDD

VEE]

FA13 SWDIO
PA12
PFO-0SC_IN N PA11

PF1_0OSC_OUT . | PA1D HRTIM1_CHB1
, I e
X AE HRETIMT_CHA1
STM32F334C8Tx
LQFP48

USARTZ_TX

PA4
PAS
PAB
PAT
PEO
PB1
PB2

USARTZ_RX |5

Figure 3.13. Microcontroller pinout configuration

Moreover, USART and HRTIM interrupts are activated, which is particularly
necessary for HRTIM because since the master timer’s frequency equals 4.608 GH z,
the resulting PWM frequency could be a minimum of 70.348 kHz, as seen in Figure
3.15. Thus, an interrupt must be used to stop the PWM whenever one master clock

cycle is completed.

When code is generated via STM32CubelDE, all initialization functions and inter-
rupts are defined automatically. In the HRTIM init function, timer compare values are
replaced with variable names that are defined globally such that they can be changed
by using communication. Therefore, a USART communication protocol is developed.
Every message consists of four bytes. The first byte is divided into two parts: header
and mode. The header is a constant value for every message and is used as a first filter

to check if the received message is valid. The mode specifies the duty of the received



message. There are six different modes:

AR AR el I

Ox1

0x2 :
0x3 :
0x4 :
0x5 :
0x6 :

Connect

Trigger pulse
Pulse 1 start
Pulse 1 stop
Pulse 2 start

Pulse 2 stop

HRTIM1 Mode and Configuration

@ Master Timer Enable
Timer A TA1 output active
Timer B | TB1 output active
Timer C | Disable

Timer D Disable

Reset Configuration

) External Event Configuration ) Fault Lines Configuration

(%) HRTIM Interrupt Configuration

Configure the below parameters :

(&) ADC Triggers Configuration

() Synchro Configuration () High Resolution
) NVIC Settings ) DMA Settings () GPIO Settings
%) BurstMode Configuration &) Master Timer () Timer A (%) TimerB (=) User Constants

Q| s @l @ (i ]
= General A
Timer Idx Master Timer
= Time Base Setting
Prescaler Ratio HRTIM Clock Multiplied by 32 (HRTIM Clockis s...
fHRCK Equivalent Frequency 4.608E9 Hz
Period 0xFFDF
Resulting PWM Frequency 70348 Hz
Repetition Counter 0x00
Mode The timer operates in continuous (free-running...
= Timing Unit
Half Mode Enable - The Compare Valu... Half mode is disabled
Start On Sync Synchronization input event has no effect on t...
Reset On Sync Synchronization input event has no effect on t...
Dac Synchro Mo DAC synchronization event generated
Preload Enable Preload disabled: the write access is directly do...
Update Gating Update done independently from the DMA burs...
Repetition Update Update on repetition disabled O

Figure 3.14. Master timer configuration

42



0-1000 KHz

Input fregquency

LSE
LS| RC

HEI RC

0 hse +[ 1 <]~
b

RTC Clock Mux

43

g |TolzCi(MHz)

HSE HEE_ATC |
> 132 -
12C1 Clock Mux
LsE | & 5 To RTC [KHz) Hsl

|

SYSCLK]|
—l0)
> 0 To IWDG (KHz) Vi

» 8 To FLITFCLK (MHz)

System Clock Mux
HE [
N
. » O

SYSCLK {MHz}
HSE

. O 72
PLLCUI
2

® Enable C5S

PLL Source Mux

HSI
Sz O

:

*PLLMul

PLL

TIM1 source Mux

PLLCLK"Z{ ™.
-

X2

POLKZ
e

HRTIMI source mux
b

PLLCLK

MCO source Mux

W HSI PCLKZ
—

LSE //

AHB Prescaler  HOLK (MHz)

To ADC1.Z {MHz}

@)
To TIMH (MHZ)
(=)

P
W Tn HRTIM [MHz)
Q

Tu AHB bus, core,
memory and DMA (MHz)
T .i 2 |'ru Cortex System timer (MHz)
» -72 FCLK Cortex clock (MHz)

T2

TRz max

APB1 Prescaler

_ ol APBA peripheral clocks (MHz)

35 MHz ma 38

w2 _- mlPBI timer clocks (MHz)
.Pff'ﬁz,.ul 72 |-lPEll peripheral clocks (MHz)
X1 .nPEu timer clocks (MHz)

APB2 Prescaler

"m I

USARTI Clock Mux
SYSCLK ™,
-

» % To USART1 [MHz)

Figure 3.15. Microcontroller clock configuration

Interrupt Reguests Sources Selection... 1
1st Interrupt Request Source
Mumber of Master Timer Internal DMA. .. 0
=l Compare Unit 1

Compare Unit 1 Configuration Enable

Compare Value 0x0080
=] Compare Unit 2

Compare Unit 2 Configuration Enable

Compare Value Ox1260
=l Compare Unit 3

Compare Unit 3 Configuration Enable

Compare Value 0x3F19
=l Compare Unit 4

Compare Unit 4 Configuration Enable

Compare Value 0x5119
= Burst DMA Controller

Burst DMA Configuration Disable

Timer repetition interrupt enable

Figure 3.16. Compare unit settings of master timer

After the first byte, two bytes of the data part of the message package are used to

modify the registers of the HRTIM in the MCU. By changing one bit of these two bytes

of data, the time value of any mode can be changed by 217 ps. Finally, the message

includes a check byte. The check byte is simply the sum of every bit in the message.

Therefore, when a message is sent, the receiver can validate the incoming message by
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using the checksum method.

When a message is sent to MCU through a computer, USART interrupt triggers
and receives a 4-byte message. The message is affirmed in the received data function
when four bytes are received. If the incoming data is valid, the message is processed in
the message handling function according to its mode. Then, the mode of the message
is checked in the switch case. If there is a corresponding mode in the message’s mode,
data is processed, and an acknowledgement (ack) message is sent to the computer.

Otherwise, not acknowledgement (nack) is sent.

27 J* Private typedef ----------mmm oo e e e e =
28 S* USER CODE BEGIN PTD =/
S  union Packet

3e {

31 uint32_t packetValue;

32 struct

33 {

34 wint32_t header H-H
35 uint32_t mode -1
35 wint3Z_t message 116;
37 wint32_t check :8;
38 JpacketFields;

EREH
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41 typedef union szendPacket {

42 union Packet sendMessage;

43 uintd_t buff[4];

44 tsendPacket_t;
45 /* USER CODE END PTD */

47 J* Private define --------mm oo oo o oo *f
48 /* USER CODE BEGIN PD */

HEADER @xAl

ACK 8xFU

NACK e

/* USER CODE END PD */

Figure 3.17. MCU message structure for transmission and reception

!

"
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* @brief This function handles HRTIM master timer global interrupt.

vold HRTIM1_Master_IRQHandler(void)

: /* USER CODE BEGIN HRTIM1 Master_IRQn @ */

/* USER CODE END HRTIM1 Master_IRQn @ */
HAL_HRTTM_IRQHandler(&hhrtiml,HRTIM_TIMERTNDEX_MASTER);

/* USER CODE BEGIN HRTIMI_Master_TRQn 1 */

HAL_HRTIM_WaveformOutputStop(&hhrtiml, HRTIM OUTPUT_TAL | HRTIM_OUTPUT_T81);
HAL_HRTTM_WaveformCountStop(&hhrtiml, HRTIM_TIMERID_TIMER_& | HRTIM_TIMERIO_TIMER_B | HRTIM_TIMERID_MASTER);
/* USER CODE END HRTIML_ Master_IRQn 1 */

- R e )

=3

BRI R ORI R ORI ORI R ORI R ORI R ORI ORI

[ R

s

Figure 3.18. HRTIM master timer interrupt function
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/* USER CODE BEGIN 4 #=/
vold HAL_UART_RxCpltCallback{UART_HandleTypeDef *huart)

{
if (huart == &huart2)

message_flag = 1;
HAL_UART_Receive IT{&huart2, received msg, 4);

uint32_t check_sum{uint32_t msg)

uint32_t sum = @;
@B; 1 < 24; i++)

for(inté t i =

sum += {msg >> i) & @x1;

b

return sum;

¥

void received data(void}
{
for(int 1 = @; 1 < 4; i++)
message |= received_msg[i] << i*B;
}

memset(received_msg, @, sizeocf(received_msg));

union Packet packet;
packet.packetValue = message;

if (packet.packetFields.header == HEADER && check_sum(message) == packet.packetFields
message_handling();

h

else

nack_send();

.check)

Figure 3.19. Message receive handle functions including interrupt callback

vold ack_send(void}

{
union Packet packet = {8};
packet.packetValue = 8;
packest.packetFields.header = HEADER;
packet.packetFields.mode = ACK;
packet.packetFields.message = GudBAE;
packet.packetFields.check = check_sum(packet.packetValue);
sendPacket_t sendPacket;
sendPacket.sendMessage = packet;
if (HAL_UART_Transmit(&huart2, &sendPacket.buff[@], 4, HAL_MAX_DELAY) != HAL_OK)

- Error_Handler();
h
H

veld nack_send(void)

i
union Packet packet = {@};
packet.packetValue = @;
packet.packetFields.header = HEADER;
packet.packetFields.mode = NACK;
packet.packetFields.message = Gx@028;
packet.packetFields.check = check_sum(packet.packetValue);
sendPacket_t sendPacket;
sendPacket.sendMessage = packet;

if (HAL_UART_Transmit{&huart2, &sendPacket.buff[8], 4, HAL_MAX_DELAY) != HAL_OK)

Error_Handler();

h

Figure 3.20. ACK and NACK message functions
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void mezsage_handling(void)

i
union Packet packet;
packet.packetValue = message;
switch{{uint8_t) packet.packetFields.mode)
case 1:
ack_send({);
break;
case 2:
HAL_HRTIM WaveformOutputStart(&hhrtiml, HRTIM_OUTPUT_TAL | HRTIM_OUTPUT_TB1);
HAL_HRTIM_WaveformCounterStart (&hhrtiml, HRTIM_TIMERID_TIMER_A |
HRTIM TIMERID_TIMER_E | HRTIM_TIMERID MASTER);
ack_send();
break;
case 3:
pulsel_start = packet.packetFields.message;
HAL_HRTIM_SoftwareReset{&hhrtiml, HRTIM_TIMERID_MASTER);
MX_HRTIM1 Init();
_ HAL_HRTIM_MASTER_EMABLE_IT(&hhrtiml, HRTIM MASTER_IT_MREP);
ack_send({);
break;
case 4:
pulsel_stop = packet.packetFields.message;
HAL_HRTIM_SoftwareReset{&hhrtiml, HRTIM_TIMERID_MASTER);
MX_HRTIM1 Init();
_ HAL_HRTIM_MASTER_EMABLE_IT(&hhrtiml, HRTIM MASTER_IT_MREP);
ack_send({);
break;
case 5:
pulse?_start = packet.packetFields.message;
HAL_HRTIM_SoftwareReset{&hhrtiml, HRTIM_TIMERID_MASTER);
MX_HRTIM1 Init();
_ HAL_HRTIM_MASTER_EMABLE_IT(&hhrtiml, HRTIM MASTER_IT_MREP);
ack_send();
break;
case 6:
pulse2_stop = packet.packetFlelds.message;
HAL_HRTIM_SoftwareReset{&hhrtiml, HRTIM_TIMERID_MASTER);
M}_HRTIM1 Init();
_ HAL_HRTIM_MASTER_EMABLE_IT(&hhrtiml, HRTIM MASTER_IT_MREP);
ack_send{);
break;
default:
nack_send(};
break;
¥
message = 3;
¥

Figure 3.21. Message handling function
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The message handling function processes the data according to the mode of the

received message. For one pulse trigger, the HRTIM waveform and counter are started.

After one period is completed for the main timer, another interrupt is activated for

HRTIM, which stops the waveform and resets the counter for the main timer so that

only one pulse in each HRTIM peripheral is triggered. If timer variables are changed

with the received message, the HRTIM peripheral is reinitialized to rewrite registers

accordingly.
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3.3.2. GUI Software

A GUI is designed to control MCUs more efficiently and user-friendly, as shown
in Figure 3.22. The GUI is based on the PyQt5 module and serial communication
module. The same communication protocol is embedded in GUI software as in MCU.

Four different classes are created for other purposes.

The main class is called window, inherited from QMainWindow in the PyQt5
module. The window class consists of application widgets, window layout, and all the
other core functions used for communication. The second class is PlotCanvas, which
is inherited from the Matloplib module. PlotCanvas is primarily used to plot pulse
shapes when the user sets them. Additionally, it can show images. The third class is
called TaskScheduler, which sends repeated pulses by assigning a thread. Finally, a
combo box class inherited from PyQt5 is created.

& ape - o x

Marx Generator Control GUI

BaudRate |~

KAHVELab

Figure 3.22. Graphical user interface window
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The window layout is actually formed by a horizontal box layout, which is called
the main layout. The main layout is divided into two pieces: the right and left layouts.
The right layout consists of a serial monitor to monitor communication and a button
to clear the serial monitor, while the left layout consists of six different layouts. The
first layout is a horizontal box consisting of a baud rate combobox and its text label,
a com port combo box and its text label, and a button to connect the MCU. The
second layout is a vertical box, which only includes a plot canvas. Below it, there
is another horizontal box which contains four text boxes, four text labels, and four
buttons to change pulse parameters. Another horizontal box holds configured pulses
when the user changes pulse parameters. At the end of the left layout, there is one
more horizontal box to hold a combo box and its layout text; a text box, text label

and a button; and finally, a button to send pulses.

& arp - o x

—— Dual Pulse (W1=1,000ns, W2=1,000ns, D=1,399,672ns)

g
]
2
3
£
<

SEND PULSE

Figure 3.23. Graphical user interface window when configurations are set

The baud rate combo box contains every possible baud rate that can be used

in serial communication systems. Before connecting, the user can set the baud rate
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according to the device. Moreover, the COM port must be specified. Therefore, a
combo box shows all the devices connected to the computer. It also refreshes its content
whenever it is closed and reopened. The plot function works whenever pulse settings
are changed. The plot function plots two square waves, which the user specifies by pulse
variables below the canvas. It is also synchronized with user input. Whenever a pulse
configuration changes, the new plot is replaced by the old one. Furthermore, pulse
type can be set using a pulse type combo box with two options: single pulse mode and
repeated pulses. When the repeated pulses option is selected, the user should specify
the repetition time of the pulse as well. The repetition pulse is restricted in the code,

which allows a maximum of 10 Hz.

Before connection, all the buttons in the GUI are deactivated. When GUI is
used to connect a device, buttons are activated, and it immediately sends a commu-
nication message with mode 0x1, and calls receive function for the response. GUI is
programmed to receive only two messages, ack and nack. If it receives an ack or nack,
it prints it to the serial monitor. The receive function has an argument to specify
the maximum repetition number for repeated listening. This number is initialized by
three. Therefore, three times, it listens and checks if the received message is valid or
not. If the incoming message is corrupted, it prints to the serial monitor to inform
the user. A send function is programmed to send messages. Every time a message is
sent, the receiver function is also called to listen if the device understands the message.
Moreover, whenever pulse configurations are changed, the user should click the button

to send new configurations to the MCU.

def message_packet(self, mode: bytes, message: bytes):

if not (@8x@ <= mode <= @xF):

WOk @

= Box.information(self, "WARMNING!", "It iz not a valid imput!™)
return -1
4 if not (@x@ <= mes 4= @xFFFF}:
5 = QM Box.information(self, "WARNIMG!", "It is not a valid input!™)}
& return -1
7 packet_check = self.header | (mode << 4) | (message << &)
]

check = self.check_func(packet_check)
messa et_check | (check << 24)

[ R R R R R R R R I
~ W oo G v ChoChohooh o
[

Figure 3.24. Message packet creation function



376 def receive(self, max_retries: int = 3):

377 retry_count = @

378 while retry_count < max_retries:

379

380 received_msg = self.mcu.rezd(self.packet_size)
381 if len(received_msg) != self.packet_size:

382 retry_count += 1

383 continue

384 else:

385 packet_value = int.from_bytes(received_msg, "little')
386 recelved_header = packet_valus & GwF

387 received_mode = (packet_value »» 4] & GxF
388

380 if received_neader != self.header:

399 retry_count += 1

391 continue

392 if self.check_func(packet_value) != {packet_value >» 24) & @xF:
393 retry_count += 1

394 if received_mode == self.ack:

395 zelf.serial_monitor("ACK received”)

396 retry_count = 3

397 elif received_mode == self.nack:

398 self.serial_monitor({"NACK received")
399 retry_count = 3

488 else:

agl self.serial_monitor({f"Unknown message!")
42 retry_count += 1

4a3 continue

44

485 def send(self, modee: bytes, msg: bytes):

486

4a7 message = self.message_packet({mode = modee, message = msg)
488 if message != -1:

4a9 message_bytes = struct.psck('<I', messags)

418 self.mcu.reset_input_buffer()

411 self.mcu.write(message_bytes)

412 self.mcu.flush()

413 time.sleep(B.61)

414 zelf.receive()

Figure 3.25. Receive and sent functions
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4. SIMULATION

After theoretical calculations, simulations of the different parts of the system
are necessary to support the design and validate calculations. Initially, the beam
chopper system is simulated using the CST Studio Suite. Following the CST Studio
Suite simulations, a Python program is developed to simulate beam distribution and
emittance after the beam passes through the chopper system. Moreover, validation of
the electronic circuit design is also necessary before production. Therefore, the Marx

generator circuit simulations are made using the LTspice simulation program.

4.1. Chopper System

Two different simulations of the chopper system are made using CST Studio and
Python. The Python program is needed to observe beam parameters such as spatial
distribution and emittance. Additionally, CST Studio cannot simulate the system
dynamically. Therefore, a numerical simulation is required to visualize the system’s

working principle.

4.1.1. Simulation in the CST Studio Suite

The CST Studio Suite was used to create a detailed and trustworthy simulation
of the concept. The beam line is designed using an electron gun, a solenoid, and two
parallel plates. Simulation results showed that the beam angle becomes much higher
when a theoretically calculated voltage is applied to the parallel plate. Hence, the

beam hits a parallel plate because of the fringe effects.

In CST Studio Suite simulations, the first parallel plate deflects the electron
beam downwards by applying 5600 V', creating a 15-degree angle in the z-direction.
The second parallel plate is placed parallel to the bent bunch, pulling the bunch up
by applying 5600 V' so that the electron bunch is almost in the z-direction again. The
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rest of the alignment corrections can be done using steering magnets and solenoids.
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45800
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Figure 4.1. 45 keV electron bunch simulation in designed beam chopper

4.1.2. Numerical Simulation

4.1.2.1. Simulation Algorithm. The numerical simulation of the system is programmed

using Python. Electric field coordinates and magnitudes are simulated and exported
using the CST Studio Suite as a CSV file, as shown in Figure 4.3. The electrostatic
solver is used for the same beam pipe design in the CST Studio Suite simulation. The
resolution of the exported field in a 3D coordinate system is 0.5 mm. The exported
electric file size is initially 6.3 G B, but there are also field values in which particles
never pass through them. Therefore, before simulation, the CSV file is cleared by these
fields using a Python script and beam pipe geometry, as shown in Figure 4.2. This
process reduces the file size to 2.9 GB.

The time resolution of the simulation was initially chosen as 0.2 ns. For every 0.2
ns, the electric field of the beam pipe is exported. Simulation results showed that time
resolution should be much lower. Therefore, the new time resolution is chosen as 0.01
ns, and the electric field is pulsed numerically instead of exporting every time stamp.
The pulse algorithm works by defining a scale factor for every timestamp. Since it is

a square pulse, a ramp is defined at the rising and falling edges. Moreover, since there
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should be a delay between pulses for parallel plates, the electric field matrix is divided

into the middle of the parallel plates. For the first parallel plate, no delay was added.

For the second parallel plate electric field, a delay was added such that the intersection

of the two pulses corresponds to 1 ns bunch.

a8

9
12
11
12
13
14
15
16
17
18
19

BEHREERRE

7

29
3@
31
32
33

35
36
37
38
39

41
42

def check_electricfield_boundaries(x, vy, z):

Check if electric field is in besam pipe

# Region 1: -58808 ¢ z < -168.15 in mm
if -5 < z and z € -0.85:
if abs(x) » @.841 or abs{y) > 9.841:
return False

# Region 2: -5@ < z < 381.85 in mm
elif -8.85 < z and z < B8.5:

if abs(x) » ©.841 or y > (-0.268*z+0.8266+0.81) or v < (-0.268*z-0.85397-0.81):

return False

# Region 3: 58@ < z < 718 in mm
elif 8.5 < z and z < @.718:
if abs(x) > 8.841 or y < -8.181 or y > -8.119:
return False

return True

df = pd.read_csv{file, delimiter =

!

df.rename (columns={"#x [m]": "x [m]"™, "y [m]":"y [m]", "z [m]":"z [m]",
"Ex [V/m]":"Ex [V/m1", "Ey [V/m]":"Ey [V/m]", "Ez [V/m]":"Ez [V/m]"},

inplace=True)

df = df[df['Ey [V/m]'].notnal)]
mask = df.apply{lambda row: check_electricfield_boundaries(

row['x [m]'],

row['y [m]'],

row['z [m]']

), axis=1}

filtered_df = df[mask].copy()
del{df)
filtered_df.reset_index{drop=True, inplace=True)
filtered_df.to_csv(file, index = False, encoding='utf-8')

Figure 4.2. Python script to

clear CSV file

Maximum (Solver)

446038206 V/m

Figure 4.3. Electrostatic field simulation results in the CST Studio Suite
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Python program algorithm starts by creating an electron beam with a random
distribution in space and velocity. Initially, the beam’s transverse velocity is chosen

as zero in x and y. Next, the exported CSV file is read and modified as a NumPy matrix.

165 def defineBeam(num_of_particles: int) -»> np.ndarray:

166

167 Initialize the beam for given number of particles. It uses

168 normal distribution to fill beam position and wvelocity walues.

169 Arguments:

17@ num_of_particles: Number of particles

171 '

172 C = 209792458 # m/s the speed of light
173 vz = 8.3941 * ¢ # m/s where beta = 8.3941
174 beam = np.zeros{(num_of_particles, 9), dtype = np.float32)

175 beam[:, @] = np.randem.normal(@, ©.80881, num of particles) # x position

176 beam[:, 1] = np.random.normal(®, ©.8661, num of particles) # y position

177 beam[:, 2] = np.randem.normal(-1.5, 1, num_of_particles) # z position

178 beam[:, 5] = np.random.normal(vz, vz*le-6, num_of_ particles) # z velocity

179 return beam

180

181 def read_electric_field file() -» np.ndarray:

182 o

183 This function is used to read electric field CSv file that is

184 exported from the C5T Studio Suite. After it is read, it vectorizes

185 the electric field by using Numpy array.

186

187 electric_field_file = pd.read_csv{path + "efield2.csv”, delimiter=",")

183 electric_field_file.dropna(subset=["x [m]", "y [m]™, "z [m]", "Ex [V/m]", "By [V/m]", "Ez [V/m]"],inplace=True)
189 electric_field = np.array([electric_field file["x [m]"], electric_field file["y [m]"], electric_field file["z [m]"],
199 electric_field_file["Ex [V/m]"], electric_field_file["Ey [V/m]"],
191 electric_field_file["Ez [V/m]"]], dtype= np.float32).T

182 return electric_field

Figure 4.4. Electron beam matrix and electric field matrix definitions

A function is developed to change electric field magnitudes according to time.
However, the pulsing process is a bit tricky because there should be a time delay
between the pulse in the first plate and the pulse in the second plate. Therefore, the
pulse function separates electric fields from the middle of the beam pipe and multiplies
for a specified value according to time and the specified delay. Moreover, parallelization

and optimization are added by using the Numba module.

After new electric field magnitudes are calculated, a function finds electric field
magnitudes in 3D for every particle’s coordinates defined in the beam. The returned
electric field magnitudes are directly in order with the corresponding particle in the
beam matrix, which is actually necessary for calculating the beam dynamics using
GPU. The k-d tree algorithm is used to optimize the search process from the SciPy

module.
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Ordered electric field magnitudes and beam matrices are sent into GPU memory

by using CUDA functions from the Numba library. Furthermore, a GPU kernel is

created with blocksize = 256, and the grid size is calculated by the shape of the beam

matrix. Using Qcuda.jit decorator, a GPU kernel is developed for the kick-drift-kick

leapfrog algorithm. Formulas that are used in the GPU kernel are derived in section

1.4.2. After calculations in the kernel are completed, the beam matrix is copied back

to the computer.
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@jit(nopython=True, parallel=True)
def pulser(e_field: np.ndarray, time: float) -> np.ndarray:

Pulser is used to convolve given electric fisld magnitudes
according to timestamp.

Arguments:

1. e_field : Electric fisld matrix

2. time : Timestamp of the simulation

rise_time = 2.5

duration = 18

fall_start = duration - rise_time
new_g_field = np.zeros(({len(e_fiel 6))

threshold = 131.184/1288
delays = np.where(e_field[:, 2] < threshold, 8.4, 2.

A
+

L
P
Ll
]

for i in range(len(e_field)):
adjusted_time = time - delays[i]

if adjusted_time < @.8:
new_e_field[i] = [e_field[i, @], e_field[i, 1], e field[i, 2], @, @, 8]
elif adjusted_time < risze_time:
scale = adjusted_time / rise_time
new_e_field[i] = [e_field[i, @], e_field[i, 1], e_field[i, 2],
scale ¥ e_field[i, 3], scale * e _field[i, 4], scale # e field[i, 5]]

elif adjusted_time < fall_start:
new_e_field[i] = e_field[1i]

elif adjusted_time < duration:
zcale = 1 - (adjusted_time - fall_start) / rise_time
new_e_field[i] = [e_field[i, @], e_field[i, 1], e_field[i, 2],
scale * e_field[i, 3], scale *# e field[i, 4], scale # e field[i, 511

else:
new_e_field[i] = [e_field[i, @], e_field[i, 1], e field[i, 2], @, @, 8]

Figure 4.5. Electric field pulser function

In every iteration, particle velocities and positions are saved into a CSV file with

a timestamp. At the end of the simulation, the CSV file size, which includes beam

information, is 349 M B. The simulation time is approximately two and a half hours

in Google Colab with Tesla T4 GPU.



162 def find_fields({particles: np.ndarray, e_field : np.ndarray,

163 efield_tree: ckDTres) -»> np.ndarray:

1e4 e

185 Function finds electric fields for particles using KD-tree algorithm.
18& Arguments:

167 1. particles: Beam matrix

168 2. e_field: Electric field matrix

166 3. efield_tree: ckKDTree object

118 o

111 particle positions = particles[:, [@, 1, 2]]

112 _, efield_indices = efield_tree.query({particle_positions, k = 1, workers = -1)
113 fields = np.zeros((particles.shape[8], 3))

114 fields[:, @] = e_field[efield_indices, 3] # Ex

115 fields[:, 1] = e_field[efield_indices, 4] # Ey

116 fields[:, 2] = e_field[efield_indices, 5] # Ez

117

118 return fields

Figure 4.6. Extracting corresponding electric fields for particles in the beam

13 @cuda.jit
14  def update positions_gpul(particles: np.ndarray, fields: np.ndarray):

15
16 CUDA kernel for updating particle positions and velocities using

17 kick-drift-kick leapfrog algorithm.

18 Arguments:

19 1. particles: Particle's coordinates, wvelocities and accelerations

20 particles[:,8:3] ->» positions (x,y,z)

21 particles[:,3:6] -» velocities (wvx,vy,vz)

22 perticles[:,5:9] -» accelerations (ax,ay,az)

23 2, fields:; Electromagnetic field dats (Ex,Ev,Ez)

24 e

25 idx = cuda.grid(1)

26 gmRatio = -1.75882e+11 #C* kgr(-1)

27 dT = 1le-11 # B.81 nanosecond time step

28 halfDt = 8.5 * dT # Half time step for leapfrog

25 C = 2997924538 #mis

3@

31 if idx < particles.shape[@]:

32

33 particles[idx, 3] += particles[idx, 6] * halfDt # wx

3d particles[idx, 4] += particles[idx, 7] * halfDt # vy

35 particles[idx, 5] += particles[idx, 8] * halfDt # vz

36

37 particles[idx, @] += particles[idx, 3] * dT # x

38 particles[idx, 1] += particles[idx, 4] * dT # y

39 particles[idx, 2] += particles[idx, 5] * dT # z

a9

41 beta = (particles[idx, 3]%%2 + particles[idx, 4]%¥%2 + particles[idx, S5]#*2)%%8.5 / C
42 beta_x = particles[idx, 3] / c

43 beta_y = particles[idx, 4] / c

44 beta_z = particles[idx, 5] / ¢

45 gamma = 1.8 / (1.8 - beta**2)%*=3.5

46

47 Ex = fields[idx, 8]

438 Ey = fields[idx, 1]

45 Ez = fields[idx, 2]

=]

51 particles[idx, 6] = (gmRatio*Ex/gamma - gamma*+*2 * (beta_y*particles[idx, 7] +

52 beta_z*particles[idx, 8])*beta_x) / (1.9 + gamma**2 * beta_x**2) # ax
53 particles[idx, 7] = {gmRatic*Ey/gamma - gamma**2 * (beta_x*particles[idx, 6] +

54 beta_z*particles[idx, 8])®beta_y) / (1.0 + gamma**2 * beta_y**2} # ay
55 particles[idx, 2] = {gmRatic*Ez/gamma - gamma**2 * (beta_y*particles[idx, 7] +

56 beta_x*particles[idx, &])*beta_z) / (1.9 + gamma**2 * beta_z**2} # az
57

58 particles[idx, 3] += particles[idx, 6] * halfDt # wx

59 particles[idx, 4] += particles[idx, 7] * halfDt # vy

60 particles[idx, 5] += particles[idx, 8] * halfDt # vz

Figure 4.7. GPU kernel function
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4.1.2.2. Visualization. The beam visualization program is programmed as a class. It

consists of four figures: particle dynamics, x-y distribution, x-x’ phase space, and phase
space. Therefore, a canvas, which consists of four subfigures, is created. The big figure
on the left shows how a continuous electron beam behaves in the chopper system. It
also contains a time text and a text box to show how many particles are survived at
that timestamp. The text box also includes the mean values of the living particles. On
the right side of the canvas, three figures visualize synchronized bunch distribution in

x-y, x-X’ phase space and y-y’ phase space from top to bottom, respectively.

Some of the particles in the beam are called synchronized particles. These parti-
cles are in a range in the z-axis, which was initially calculated. Then, a new column is
added to the beam simulation result data, which allows the specification of particles.
A function is used to mark synchronized particles in the initialization function of the

class. That was necessary for the analysis of the beam parameters.

Figure 1

acr» $Q=wn o ym27
Beam Dynamics
®
Particles: 14999 / 16384(91.5%) Time: 2.1 ns 03
oAt
e e o

Mear 1352
Mean Vy: 55201635

100

-04 -03 02 -1 00 01 02 03
e x(mm)

¥ (mm)

-04 -03 02 01 00 01 02 03
e x(mm)
-100 5

-150

Non-Synch Particles
Synch Particles

-500 250 [ 250 500 750 1000 1250 1500 -03 -02 -0 00 01 02 03
7 (mm) ¥(mm)

Figure 4.8. Beam parameters before chopper system. Initially, the beam has no

transverse velocity.

The main iteration loop range is chosen according to unique timestamps from

the simulation result file. Initially, an algorithm masks particles outside of the given
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geometry. Therefore, during visualization, if particles hit the walls of the accelera-
tor pipe, they vanish for good. Next, unsynchronized and synchronized particles are
separated. Synchronized particles are coloured red, and unsynchronized particles are

coloured blue, labelled in the figure as well.
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Figure 4.10. Beam parameters after the chopper system.
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4.2. Solid-state Marx Generator Type-2

Using the LTspice, two different Marx generator circuits are simulated. First, a
half-bridge circuit, including parasitic inductance, is simulated to validate theoretical
calculations of the snubber and gate resistor. Second, combined Marx generator units

are simulated to observe the total output wave.

4.2.1. Marx Generator Unit

LTspice simulation software was used to simulate circuits. A unit Marx Circuit,
also known as a half-bridge circuit, is simulated to observe the behaviour of the output
wave with parasitic inductances. The simulation results reveal that theoretical calcu-

lations are coherent with the simulation results.

Figure 4.11. Unit Marx generator circuit with parasitic inductances for simulation
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Figure 4.12. Unit Marx generator simulation result with parasitic inductances and

snubber circuit
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Figure 4.13. Unit Marx generator simulation result with parasitic inductances and

without snubber circuit
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4.2.2. Cascaded Marx Generator Units

In the Marx generator simulation, Marx generator units are cascaded. Diodes
are omitted in the snubber circuit. Five Marx generator units are connected and fed
by a voltage source of 1 kV'. The output is connected to a 1.3 pF capacitor, as in the

half-bridge circuit. The output waveform’s magnitude is 5 £V, as expected.

Figure 4.14. Simulation schematic of the Marx generator circuit with five stages
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Figure 4.15. Output waveform of the Marx generator circuit with five stages
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Figure 4.16. Rising edge of the output waveform
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5. TESTS

Two different prototypes of the Marx generator units are produced. The first
prototype is produced in the laboratory using a double-sided copper plate. Since the
results of the first prototype were not promising for high voltages, it was decided to
design a second prototype for production by a third-party PCB producer. Moreover,
GUI and MCU programs are tested using a UART to USB converter and oscilloscope.

5.1. Marx Generator Prototype 1

Prototype 1 Marx generator unit PCBs are tested using different laboratory in-
struments such as an oscilloscope, digital multimeter, power supply and MCU Kkits.
In addition to STM32 MCU, Arduino Uno is used to control driver ICs when Marx
generator units are cascaded. This is because Arduino Uno is capable of providing
more current, 50 mA, than STM32 MCU, 25 mA. Therefore, an interrupt circuit is
built using a breadboard, which is used to control driver ICs with Arduino Uno. The
interrupt circuit consists of an LED, a button and a resistor. Whenever the button is
clicked, Arduino hardware interrupt rises to create 1 us pulse. One power supply feeds

the gate driver ICs and the other main capacitor.

The output of the circuit was connected to a voltage divider that consists of 1
M2 and 10 k2. These resistors were too inductive, and therefore, acquired output
waveforms are affected adversely. This mistake was understood during the tests of
prototype 2. In addition, the oscilloscope probe was problematic, which negatively
affected the results. During tests, 1 PCB was burned because of a high voltage spark.
Therefore, instead of producing one more PCB, it was decided to redesign PCBs and
produce via third-party PCB producer.
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Figure 5.1. The test setup of the cascaded homemade PCBs

Figure 5.2. Homemade 1 PCB output result which is controlled by STM MCU
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Figure 5.3. Homemade cascaded PCB output result which is controlled by Arduino
Uno

5.2. Marx Generator Prototype 2

Although the first prototype results were not promising, the same design was
decided upon. The second prototype results are tested by a new voltage probe. Voltage
divider resistors are replaced with stone resistors, which have less parasitic inductance
and capacitance. Prototype 2 PCBs were studied, and a lack of knowledge was revealed.
First, the diodes between the power supply and gate driver ICs are the wrong choice
because isolated power supplies were not used to supple driver ICs. Therefore, they
are replaced with Schottky diodes. Moreover, a not gate is used in the control circuit

because the Arduino clock is so slow for this application.

Output waveforms are significantly improved in prototype 2 by changing the
snubber resistor and capacitor values. It was observed that when three PCBs are
combined, the output waveform is disturbed and limited by 1.5 kV. This limit is guessed
as the isolation limit of the power supply which feeds driver ICs. Another issue was

inconsistency in the ringing problem, which changes via the voltage level of the high-
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voltage power supply. When the Marx generator is fed by 500 V', there are ringing
problems. When it is fed by 700 V', the output waveform approaches a perfect square
wave, which is not yet understood. Moreover, the square pulse’s measured rise and fall

time does not deviate by voltage level.

During tests, it was observed that when feed voltage exceeds 800 V', driver ICs are
damaged. This can be avoided by using an isolated DC-DC converter, which supplies
power to the driver ICs in the final design. As a result, gate driver IC power supplies
should be isolated DC-DC converters. Otherwise, pulsed transformers should replace
them. Note that output waveforms were measured via a voltage divider. Therefore,

every 1 V corresponds to 100 V in the oscilloscope waveforms.

Figure 5.4. Prototype 2 test setup
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Figure 5.6. 500 V' output waveform with 1 us width by a PCB which is waveform 3.

Waveform 4 is the Arduino trigger signal.
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Figure 5.7. 700 V' output waveform with 1 us width by a PCB which is waveform 3.

Waveform 4 is the Arduino trigger signal.
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5.3. GUI and MCU Programs

Microcontroller and GUI programs are tested using a real-time communication
and acquisition system. A USB to TTL converter is used to communicate with the
MCU using the computer. A logic analyzer is used to observe HRTIM pulses. Moreover,

a detailed pulse timing analysis should done by using a high-frequency oscilloscope.

— Dual Pulse (W1=1,000ns, W2=1,000ns, D=1,999,872ns)

E

Figure 5.11. 1 us and 1 ps pulses with 2 us delay

— Dual Pulse (W1=1,000ns, W2=2,000ns, D=999,936ns)

g
g

Figure 5.12. 1 ps and 2 ps pulses with 1 us delay
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6. CONCLUSION

Simulation results of the CST Studio Suite and numerical algorithms are coherent.
The Marx generator prototypes showed that producing high-voltage square pulses is
possible. The control mechanism of the system has a good enough time resolution for
the 1 ns beam chopping process. Therefore, the chopper system design efforts exhibit

that such a system can be realized.

6.1. Future Work

A new Marx generator PCB design is required, including isolated DC-DC con-
verters and fibre optic receivers. A new layout with wider and shorter paths should
be used in the high-frequency signal paths, which reduces the parasitic inductance of
the tracks. Furthermore, a control circuit consisting of STM32F334C8xx, UART-USB
converter and fibre optic transceivers should be designed and produced. Fibre optic

control is necessary for more synchronized control.

The control algorithm can be further improved by using a new algorithm. There
are four timers in the HRTIM peripheral. This allows complementary pulse signals to
be generated for each Marx generator. One of the advantages of this algorithm would
be avoiding digital non-gate buffers and reducing glitches caused by clock crossings.
Another improvement can be made by writing register level C code for MCU instead
of using HAL. Although HAL is an extremely useful tool, it has limited functionality

for some purposes.

In addition, a non-uniform magnetic field or a static electric field should be added
at the end of the system to stabilize beam expansion in the y-axis. Finally, chopper

plates and beam pipes should be fabricated to observe the system’s actual behaviour.
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APPENDIX A: FIRST SIMULATION PROGRAM

The first simulation program and its algorithm are shared here.

AEI Q=B

Particle Beam Simulation

Particles: 29474 1 32629 (90.3%) Time: 16.4 ns
¥ position: 0.02:+ 0.05 m

2 postion- 0.71 2 088 m x-x' Phase Space y-y' Phase Space
Mean Vy: -5.68 x 10 mis
200 | MeanVz 117.96 x 10* mis 300 300
200 200
100 100
2 2
B I
g ° - g e
H =
100 -100 -100
-200 -200
-300 ~300
-300 200 -100 0 100 200 300 -300 -200 ~100 O 100 200 300
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£ Spatial Distribution (z > 500mm)
=
300
200
100
£
E o
=
-100
200 ’
300
400 -200 0 200 400 600 800 1000 -0 200 100  © w00 2200 300
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Figure 6.1. First simulation result
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@cuda.jit

def update_positions_gpuiparticles, fields):

man

CUDA kernel for updating particle positions and welocities
particles: Particle's coordinates, velocities and accelerations

field_data: DatafFrame containing field data

o

idx = cuda.grid(1)

gmRatio = -1.75882e+11

dT = 2e-18

C = 209792458

0% kgh(-1)

# .2 nanosecond time step

#m/s

if idx € particles.shape[@]:

beta =
beta_x
beta_y
beta_z

gamma =

x_field
y_field
z_field

(particles[idx, 1]%%2

1

particles[idx, 1] / ¢
particles[idx, 3] / ¢
particles[idx, 5] / ¢

@/ (1.8 - beta**2)**@.5

fields[idx, 8] + particles[idx, 3] * fields[idx, 5] - particles[idx,
fields[idx, 1] + particles[idx, 5] * fields[idx, 3] - particles[idx,
fields[idx, 2] + particles[idx, 1] * fields[idx, 4] - particles[idx,

particles[idx, 6]

particles[idx, 7]

particles[idx, 8]

particles[idx, 8]
particles[idx, 2]
particles[idx, 4]

particles[idx, 1]
particles[idx, 3]
particles[idx, 5]

+ particles[idx, 3]%*2 + particles[idx, 5]**2)%%B3.5 / C

= (gmRatic*x_field/gamma - gamma**2 * (beta_y*particles[idx, 7] +
beta_z*particles[idx, 8])*beta_x) / (1.9 + gamma®*2 * beta_x*+2)
= (gmRatic®y_field/gamma - gamma**2 * (beta_wx*particles[idx, 6] +
beta_z*particles[idx, &])*beta_y) / (1.8 + gamma**2 * beta_y**2)
= (gmRatio*z_field/gamma - gamma**2 * (beta_y*particles[idx, 7] +
beta_x*particles[idx, 6])*beta_z) / (1.8 + gamma®*2 * beta_z*+*2)

particles[idx,
particles[idx,
particles[idx,

particles[idx,
particles[idx,
particles[idx,

6]
7]
8]

# dT + 8.5 * particles[idx, 6] * dT**2 # x
# dT + 8.5 * particles[idx, 7] * dT#*2 # y

w*

dT + 8.5 * particles[idx, 8] * dT#*2 # z

dT  # v
dl & wy
dT  # vz

# ax

# ay

# &z

Figure 6.2. GPU kernel including electric and magnetic fields
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5] * fields[idx, 4] # Ex + wy*Bz
1] * fields[idx, 5] # Ey + vz*Bx
3] * fields[idx, 3] # Ez

+ vx*By



a1 def find_fields{particles, e field, b_field):

a2 R

a3 Function finds electric fields for particles using KD-tree algorithm.
a4 particles: Particle's coordinates, velocities and accelerations
45 field_data: Detaframe containing field data

96 R

a7 e field_positicns = np.column_stack([

a5 e _field["x [m]"].values,

a9 e _field["y [m]"].values,

164 e_field["z [m]"].values

181 1)

1a2

183 b _field_positicns = np.column_stack([

164 b_field["x [m]"].values,

185 b_field["v [m]"].values,

186 b_field["z [m]"].values

1a7 1)

1as

1o efield tree = ckKDTree{e_fiesld_positions)

11a bfield tree = cKDTree{b_field_positions)

111 particle_positions = particles[:, [8, 2, 4]]

112

113 _, efield_indices = efield_tree.gueryiparticle_positions, k=1)

114 _, bfield_indices = bfield_tree.guery(particle_positions, k=1)

115

116 fields = np.zeros({particles.shape[8], 6))

117

118 fields[:, 8] = e_field["x [V/m]"].values[efield indices] # Ex
119 fields[:, 1] = e_field["y [V/m]"].values[efield_indices] # Ey
128 fields[:, 2] = e_field["z [V/m]"].values[efield_indices] # Ez
121 fields[:, 3] = b_field["x [V.s/m"2]"].values[bfisld_indices] # Bx
122 fields[:, 4] = b_field["y [V.s/m"*2]"].values[bfield_indices] # By
123 fields[:, 5] = b_field["z [V.s/m"2]"].values[bfield_indices] # Bz
124

125 return fields

126

127  def ppu_particle_iteration(beam_array, e_field, b_field):

128 R

129 Main function to send data to the GPU and launch the GPU kernels.
13@ beam_array: Particle's coordingtes, velocities and accelerations
131 field_file: Electric field list for particles

132 e

133 # Prepare data for GPU

134 particles_gpu = cuda.to_device(beam_array)

135 fields = find_fields(beam array, e_field, b_field)

136 fields_gpu = cuda.to_device(fields)

137

138 # Configure CUDA grid

139 threadsperblock = 512

144 blockspergrid = (beam_array.shape[@] + (threadsperblock - 1))} #/ threadsperblock
141

142 # Launch kernel

143 update positions_gpu[blockspergrid, threadsperblock](particles_gpu, fields_gpu)
144

145 # Copy results back to CPU

146 return particles_gpu.copy_to_host()

Figure 6.3. Electromagnetic search function and GPU kernel call function
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166
167
168
169
17a
171
172
173
174
175
176
177
178
179
188
181
182
183

def

def

save_data_batch(time, beam)
Function saves given data together with time stamp
time: Time wvalue of the particles
beam: Particle's coordinates, velocities and sccelerstions

rows = []

for particle in beam:
rows.appendi {

“time": time,
"x": particle[@],
“wx": particle[1],
“y": particle[2],
“wy": particle[3],
"z": particle[4],
“wz": particle[5],

Iyl

with open{path + "'\results.csv", "a", newline='') &s csv_file:

writer = csv.DictWriter(csv_file, fieldnames=features)
writer.writerows (rows)

defineBeam(num_of_particles)
Initialize the beam for given mumber of particles
num_of_particles: Wumber of particles
beam = np.zeros((num_of_particles, 9}, ditype = np.floatéd)
beam[:, @] = np.random.normal(®, 8.0@1, num_of_particles)
beam[:, 2] = np.random.normal(@, 8.081, num_of_particles)
beam[:, 4] = np.random.normal(-2.5, 1, num_of_particles)

beam[:, 1] = np.random.normal{vz*le-4, wvzr*le-8, num_of particles)
beam[:, 3] = np.random.normal{vz*le-4, vz*le-8, num_of particles)

beam[:, 5] = np.random.normal{vz, vz*le-6, num_of_particles)
return beam

# ¥ position
# y position
# z position
# x velocity
# v wvelocity
# z velocity

Figure 6.4. Intermediate functions for beam creation and saving results
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185 def iteration(simulation_time):

186 R
187 The main iterstion loop for time. Number of the particles specified
188 and beam is crested. Beam iteration occurs sccording to time stamps.
189 simulation_time: Simulation time
198@ R
191 num_particles = 1 4¢ 12
192 beam = defineBeam(num_particles)
193 magnetic_field_file = pd.read_csv{path + f"\\b-field.csv", delimiter=";")
194 time = 2.8
195
196 # Initialize the (SV file for the particle coordinates and welocities
197 with open{path + "\\results.csv", "w", newline='') as csv_file:
198 csv_writer = csv.DictWriter{csv_file, fieldnames=features)
199 csv_writer,writeheader()
2a
a1 try:
2 for =tep in range(simulation_time):

[
w

# Resd electric field file for given time stamp

electric_field_file = pd.read_csv{path + £"'\\e-field_{round(time, 1)}.csv", delimiter=","}
# Iterate beam

beam = gpu_particle_iteration(beam, electric_field_file, magnetic_field_file)

# Save data

save_data_batch(time, beam)

time += 8.2

time = round(time, 1)

print("Time: {} and particles: {}".format(time, len{beam)})

[ ]
=L~ - B = TRV B

# Check GPU related errors
except cuda.cudadry.driver.CudafPIError as e:

e e e el e e e
L]

Ba ORI ORI RD ORI ORI ORI R ORI ORI ORI ORI ORI ORI ORI ORI ORI ORI BRI ORI ORI ORI R ORI ORI ORI R ORI ORI ORI ORI R R ORI R

5 print{f"CUDA Error: {e}")

6 print("Falling back to CPU computation..."}
7

<] # Check other errors

2] except Exception as e:

28 print(f"Error during simulation: {e}")

21 reise

232

23 def main():

24

25 # Check for CUDA device

26 if not cuda.is_sveilsble():

27 print{"No CUDA device found.™)

28 return

29

38 print(f"CUDA device found: {cuda.get_current_device().name}"}
31 iteration{166)

32

33 if __name__ == "__main__":

34 maing)

Figure 6.5. Main loop of the simulation and the main function
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APPENDIX B: MCU PROGRAM

The MCU program, including the initialization and configuration functions, can

be found in the following.

[ e i = i = R
! T e R R R R S T BT R T R T ]
S B Wk @0~ ;o B oW R P WG

i o e il ol el il el el
A S i el )

R e e e
[N O O N N
Wb oW R e @ oo

[y
[
m

127

135

141
142
143
144
145

llfé“?
#* gbrief The application entry point.
# @retwval int
=

int main{void)

{

/* USER CODE BEGIN 1 =/
/* USER CODE END 1 */
/¥ MOU Configurations-------ccmmmcmmcmm o e e ee *f

/* Reset of all peripherals, Initializes the Flash interface and the Systick. #/
HAL_Init();

/* USER CODE BEGIM Imit #*/
/¥ USER CODE EMD Init #*/

/* Configure the system clock */
SystemClock_Config();

/* USER CODE BEGIM SysInit */
/* USER CODE END SysInit */

/* Initialize all configured peripherals */

MX_GPIO_Init();

M¥_HRTIM1_Init();

MX_USARTZ_UART_Init();

/* USER CODE BEGIM 2 */

_ HAL_HRTIM_MASTER_ENABLE IT{&hhrtiml, HRTIM_MASTER IT MREP); // Enables master clock
HAL_UART_Receive_IT(&huart2, incoming_byte, 4);

/* USER CODE EMD 2 */

/* Infinite loop */
/* USER CODE BEGIM WHILE */
while (1)

if (message_flag == 1)

’ received_data();
message_flag = 93

¥

/* USER CODE EMD WHILE */

/% USER CODE BEGIN 3 */

h
/* USER CODE EMD 3 =/

Figure 6.6. Main function and infinite while loop



59 /* Private variables —-------mmmmm oo oo *f
60 HRTIM HandleTypeDef hhrtiml;

2 UART_HandleTypeDef huartl;

64 /* USER CODE BEGIN PV */
685 uintlé_t pulsel_start = 0x816@;

66 uintlé_t pulsel stop = 8x256@;
&7 uintle_t pulse2_start = @w3F2@;
68 uintl6_t pulse? stop = 8x9268@;

[} uint3Z_t message = @;

78 uint® t incoming_byte[l@] = {@};
71 uintd t message_flag = 8;

72 /* USER CODE END PW */

74 /* Private function protofypes -------mmmmmmm oo e *f
75 void SystemClock_Config{void);

76 static wold MX_GPIO_Init(void);

77 static vold M¥_HRTIMI_Init(wodid);

78 static wold M¥_USART2_UART_Init(woid);
79 /* USER CODE BEGIN PFP */

80 void message_handling(veid);

81 void ack_send{void);

82 void nack_send(void);

a3 vold processes(void);

84 uint32_t check_sum{uint32_t message};
85 void received_data{);

86 /* USER CODE END PFP */

Figure 6.7. Some private variable definitions and function prototypes

147 /¥

148 * @gbrief System Clock Configuration
149 #* @retval None

158 =

151 void SystemClock_Config(void)
152 {

153 RCC_OscInitTypeDef RCC_OscInitStruct

154 RCC_ClkInitTypeDef RCC_ClkInitStruct

155 RCC_PeriphCLKInitTypeDef PeriphClkInit =

156

157 /#% Initializes the RCC Oscillators according to the specified parameters
158 # in the RCC_OscInitTypeDef structure.

159 *f

160 RCC_OscInitStruct.OscillatorType = RCC_OSCILLATORTYPE_HSE;

161 RCC_OscInitStruct.HSEState = RCC_HSE_BYPASS;

162 RCC_OscInitStruct.HSEPredivvalue = RCC_HSE_PREDIV_DIV1;

163 RCC_D=cInitStruct.HSIState = RCC_HSI_OM;

1564 RCC_OscInitStruct.PLL.PLLState = RCC_PLL_ON;

165 RCC_DscInitStruct.PLL.PLLScurce = RCC_PLLSOURCE_HSE;

166 RCC_D=zcInitStruct.PLL.PLLMUL = RCC_PLL_MULS;

167 if (HAL_RCC_OscConfig(&RCC_OscInitStruct) != HAL_OK)

168 {

169 Error_Handler():

178 !

171

172 /¥* Initializes the CPU, AHB and APB buses clocks

173 *

174 RCC_ClkInitStruct.ClockType = RCC_CLOCKTYPE_HCLK|RCC_CLOCKTYPE_SYSCLK
175 | RCC_CLOCKTYPE_PCLKY | RCC_CLOCKTYPE_PCLK2;
176 RCC_ClkInitStruct.SYSCLKSource = RCC_SYSCLKSOURCE_PLLCLK;

177 RCC_ClkInitStruct.AHBCLKDivider = RCC_SYSCLK_DIV1;

178 RCC_ClkInitStruct.APBLCLKDivider = RCC_HCLK_DIVZ;

179 RCC_ClkInitStruct.APE2CLKDivider = RCC_HCLK_DIVL;

188

181 if (HAL_RCC_ClockConfig(&RCC_C1kInitStruct, FLASH LATENCY 2) != HAL_OK)
182 {

183 Error_Handler();

184 3

185 PeriphClkInit.PeriphClockSelection = RCC_PERIPHCLK_HRTIML;

186 PeriphClkInit.HrtimlClockSelection = RCC_HRTIMICLK_PLLCLK;

187 if (HAL_RCCEx_PeriphCLKConfig(&PeriphClkInit) != HAL_OK)

188 {

189 Error_Handler();

190 3

191 3}

Figure 6.8. Clock configuration initialization function
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#* @brief HRTIML Initialization Function

# [gparam Mone
#* @retval None

*f

static void MX_HRTIMI_Init(veid)

{

/* USER CODE BEGIN HRTIM1_ Init @ */

/* USER CODE EMD HRTIM1_Init @ */

HRTIM_TimeBaselfgTypeDef pTimeBazelfg = {07};
HRTIM_Timer(fgTypebef pTimerCfg = {@};
HRTIM CompareCfgTypeDef plomparelfg = {8};
HRTIM CutputlfgTypeDef plutputlfg = {8%;

/* USER CODE BEGIN HRTIM1_ Init 1 #/

/* USER CODE EMD HRTIML_Init 1 */

hhrtiml.Instance = HRTIML;
hhrtiml.Init.HRTIMInterruptResquests = HRTIM_IT_MOME;
hhrtiml.Init.SyncOptions = HRTIM SYMCOPTION_NOMNE;

if (HAL_HRTIM_Init{&hhrtiml) != HAL_OK)

Error_Handler();

¥

if (HAL_HRTIM_DLLCalibrationStart{&hhrtiml, HRTIM CALIBRATIONRATE_14) != HAL_OK)

Error_Handler();

H

if (HAL_HRTIM_PollforDLLCalibration(shhrtiml, 1@) != HAL_OK)

Error_Handler();

¥
pTimeBaselfg.Period

= BxFFDF};

pTimeBaseCfz.RepetitionCounter = Bx@a;
pTimeBaselfz.PrescalerRatio = HRTIM_PRESCALERRATIO MUL3Z;

pTimeBaselfz.Mode =

HRTIM_MODE_CONTINUOUS;

if (HAL_HRTIM TimeBaseConfig(&hhrtiml, HRTIM_TIMERINDEX_MASTER, &sTimeBaseCfg) != HAL_OK)

Error_Handler();

¥

pTimerCfg. InterruptRequasts = HRTIM MASTER_IT_MREP:
pTimerCfg.DMAR=quests = HRTIM_MASTER_DMA_NOME;
pTimerCfg.DMASrcAddress = BxB888;
pTimerCfg.DMADstAddress = BxB808;

pTimer{fg.DMASize =

9x1;

Figure 6.9. HRTIM initialization function
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pTimerCfg.HalfiodeEnable = HRTIM HALFMODE_DISABLED;

pTimerCfg.StartOnSync =
pTimerCfg.ResetinSync =
pTimerCfg.DACSynchro =

HRTIM_SYNCSTART_DISABLED;
HRTIM_SYNCRESET_DISABLED;
HRTIM_DACSYNC_NONE;

pTimerCfg.PreleadEnable = HRTIM_PRELOAD_DISABLED;
pTimerCfg.UpdateGating = HRTIM_UPDATEGATING INDEPEMDENT ;
pTimer{fg.BurstMode = HRTIM_TIMERBURSTMODE MATNTAIMCLOCK;
pTimerCfg.RepetitionUpdate = HRTIM_UPDATEONREPETITION_DISABLED;

if (HAL_HATIM WaveformTimerConfig(&hhrtiml, HRTIM_TIMERINDEX_MASTER, &pTimerCfg) != HAL_OK)

Error_Handler();

¥

pCompareCfg.CompareValue = pulsel_start;
if (HAL_HRTIM_WaveformCompareConfig(&hhrtiml,

Error_Handler();

¥

pCompareCfg.CompareValue = pulsel_stop;
if (HAL_HRTIM_WaveformCompareConfig(&hhrtiml,

Error_Handler();

pCompareCfg.CompareValue = pulse?_start;
if (HAL_HRTIM WaveformCompareConfig(&hhrtiml,

Error_Handler();

H

pCompareCfg.CompareValue = pulse?_stop;
if (HAL_HRTIM_WaveformCompareConfig(&hhrtiml,

Error_Handler();
H

HRTIM_TIMERINDEX_MASTER,

HRTIM_TIMERINDEX_MASTER,

HRTIM_TIMERINDEX_MASTER,

HRTIM_TIMERINDEX_MASTER,

HRTIM_COMPAREUNIT_1,

HRTIM_COMPAREUNIT 2,

HRTIM_COMPAREUNIT_3,

HRTIM_COMPAREUNIT_4,

if (HAL_HRTIM TimeBaseConfig(&hhrtiml, HRTIM_TIMERIMDEX_TIMER_A, &pTimeBaselfg) != HAL_OK)

Error_Handler();

¥

pTimerCfg. InterruptRequests = HRTIM_TIM_IT MONE;

pTimerCfg.DMARequests = HRTIM_TIM_DMA_MONE;

pTimerCfg.PushPull = HRTIM_TIMPUSHPULLMODE_DISABLED;
pTimerCfg.FaultEnable = HRTIM_TIMFAULTENABLE_MONE;

Figure 6.10. HRTIM initialization function

&pCompareCfg) != HAL_OK)

&pComparelfg) != HAL_OK)

&pCompareCfg) != HAL_OK)

&pCompareCfg) != HAL_OK)

part 2
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281
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292

295

316

322

pTimerCfg.FaultEnable = HRTIM_TIMFAULTEMABLE_NONE;
pTimerCfg.Faultlock = HRTIM_TIMFAULTLOCK_READWRITE;
pTimerCfg.DeadTimeInsertion = HRTIM_TIMDEADTIMEIMSERTION_DISABLED;

pTimerCfg.DelayedProtectionMode = HRTIM TIMER_A_8_C_DELAYEDPROTECTION_DISABLED;

pTimerCfg.UpdateTrigger = HRTIM_TIMUPDATETRIGGER_NONE;
pTimerCfg.ResetTrigger = HRTIM_TIMRESETTRIGGER_MOME;
pTimerCfg.ResetUpdate = HRTIM_TIMUPDATEONRESET_DISABLED;

if (HAL_HRTIM WaveformTimerConfig(&hhrtiml, HRTIM_TIMERINDEX_TIMER_A, &pTimerCfg) != HAL_OK)

Error_Handler(}:

b

if (HAL_HRTIM WaveformTimerConfig(&hhrtiml, HRTIM_TIMERINDEX_TIMER B, &pTimerCfg) != HAL_OK)

Error_Handler();
h
pOutputCfg.Polarity = HRTIM_CUTPUTPOLARITY_HIGH;
pOutputCFg. SetSource = HRTIM_OUTPUTSET_MASTERCMPI;
pOutputCfg.ResetSource = HRTIM_CUTPUTRESET_MASTERCMP2;
pOutputCfg. TdleMode = HRTIM_OUTPUTIDLEMODE_MONE
pOutputCfg.Idlelevel = HRTIM_OUTPUTIDLELEVEL_INACTIVE;
pOutputCig. Faultlevel = HRTIM_OUTPUTFAULTLEVEL_NONE;
pOutputCfg. ChoppertodeEnable = HRTIM OUTPUTCHOPPERMODE_DISABLED;
pOutputCfg. BurstiodeEntryDelayed = HRTIM_OUTPUTBURSTMODEENTRY REGULAR;
if (HAL_HRTIM WaveformOutputConfig(&hhrtiml, HRTIM_TIMERINDEX_TIMER_A,

- Error_Handler(};

h

pOutputCFg. SetSource = HRTIM_OUTPUTSET_MASTERCMPS;
pOutputCfg.ResetSource = HRTIM_CUTPUTRESET_MASTERCMP4;

HRTIM_OUTPUT_TAl, &pOutputCfg)

I= HAL_OK)

if (HAL_HRTIM_WaveformOutputConfig(&hhrtiml, HRTIM_TIMERINDEX_TIMER_B, HRTIM OUTPUT_TBI1, &pOutputCfg) 1= HAL_OK)

- Error_Handler();

b

if (HAL_HRTIM_TimeBaselonfig(&hhrtiml, HRTIM TIMERINDEX_TIMER_B, &pTimeBaseCfg) != HAL_OK)

Error_Handler();

b
/* USER CODE BEGIN HRTIM1_ Init 2 */

/* USER CODE EMD HRTIM1_Init 2 */
HAL_HRTIM MspPostInit{&hhrtiml);

Figure 6.11. HRTIM initialization function part 3
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324 [**

325 * @brief USART2 Initializatiom Function

326 * @param Mone

327 # @retwval Mone

328 =/

320 static void MX_USARTZ_UART_Init(woid)

338 {

331

332 /* USER CODE BEGIN USARTZ_Init @ */

333

334 /* USER CODE END USARTZ_Init @ =/

335

336 /* USER CODE BEGIN USART2_ Init 1 #f

337

338 /* USER CODE EMND USART2_Init 1 */

339 huartZ.Instance = USARTZ;

348 huzart2.Init.BaudRate = 96E0;

341 huartZ.Init.Wordlength = UART_WORDLEMGTH_BE;
342 huart2.Init.StopBits = UART_STOPBITS_1;

343 huart?.Init.Parity = UART_PARITY_MNOME;

344 huart2.Init.Mode = UART_MODE_TX_RX;

345 huart2.Init.HwFlowCtl = UART_HWCONTROL_MOME;
346 huart2.Init.OverSampling = UART_OVERSAMPLING_16;
347 huart?.Init.OneBitSampling = UART_OME_BIT_SAMPLE_DISABLE;
348 huart2.AdvancedInit.AdvFeatureInit = UART_ADWFEATURE_MO_INIT;
349 if (HAL_UART_Init(&huart2) != HAL_OK)

35@ {

351 Error_Handler()};

352 3

353 /* USER CODE BEGIN USART2 Init 2 =/

354

355 /* USER CODE EMD USART2_Init 2 */

356

357}

Figure 6.12. USART initialization function
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APPENDIX C: GUI PROGRAM

Intermediate functions of the GUI program can be found below.

class TaskScheduler:

def _ init_ (self, initial_interwval):
elf.interval = initial_interval
elf._stop_event = threading.Event(}
elf.job = None

1f._iz_running = False
1f._thread = Mone

Wownowmowmia

def start(self):

if self.job is MNone:
raise WalueError{"Job function not set.")

if not self._is_running:
self._stop_event.clear()
zelf._thread = threading.Thread(target=self.
self._thread.start{)
self._is_running = True

def stop(self):
if self._is_running:
self._stop_svent.zet()
if self._thread:
self._thread.join()
zelf._iz_running = False

def _runiself):
while not self._stop event.isz_set():
if self.job:
self.job()
zelf._stop_event.wait(self.interval)

1f.interval =

def set_interval(self, new_interval):
se 1

class ComboBox(QComboBox) :

popupAboutToBeShown = pygtsignal()

def showPopup(self):
self.popupAboutToBeShown.emit ()
super(ComboBox, self).showPopupl)

Figure 6.13. Thread and combo box classes

_run, dasmon=True)
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class PlotCanvas(FigureCanvas):

def _ init_ {self, =None, width=15, height=15, dpi=10@):

de

de

de:

£

£

£

self.fig = Figure(figsize = (width, height), dpi = dpi}
self.axes = self.fig.add_subplot{111}
FigureCanvas._ init  (self, self.fig)
FigureCanvas.setSizePolicy(self,

(5izePolicy.Expanding,

Q5izePolicy.Expanding}
FigureCanvas.updateGeometry(self)

plot(self, x, v, color = "blue’, variable name = 'Signal"):
self.axes.clear()

self.axes.plot(x, y, color = color, label = variable_name)
self.axes.set_xlabel("Time (nsz)”, fontsize = 7.5)
zelf.axes.set_ylabel{"Admplitude (¥)", fontsize = 7.5)
self.axes.tick_params(axis = 'both', which = 'major', labelsize = 7.5)
zelf.axes.grid(Trus)

self.axes.legend(fontsize = 7.5)

self.axes.set_aspect('auto')

self.draw()

show_image (self, img):

self.axes.clear()
self.fig.patch.set_facecolor('lightcyan')
self.axes.imshow(img}
self.axes.set_xticks([]1)}
self.axes.set_yticks({[]1)

zelf.draw()

clear{self):
=zelf.axes.clear()
self.draw()

class Window(QMainkWindow):

def _ init_ (self):

de

“h

super{)._ init_ ()

self.setGeometry (5@, 58, 1408, 90@)
self.setWindowTitle{"APP")
self.setWindowIlconi{QIlcon( "kahvelab.png'})
zelf.tabWidget()

self.lidgets()

self.layouts()

self.init_variables()

self.show()

tabWidget (self):

self.tabs = QTabWidget()

self.setCentralliidget(self.tabs)

self.tabl = QWidget()

zelf.tabs.addTab(self.tabl, "Marx Generator Control GUIM)

Figure 6.14. Plot class and window class initializations
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def Widgets(self):
zelf.pltObj = Plotla

=zelf.baudrate_list_g

nvas(self)

label = Qlabel{"Baud Rate")

self.baudrate_cb = QComboBox(self)

self.baudrate_cb.add

self.baudrate_cb.cur

self.pl_start_label

Ttems(["--=-====-= ", "39@", "AEE", "12088", "2489",
U43par, "osdan, "l44gav, "19284",
"25808", "38408", "Sc@@d", “"s57o09",
"1152@9", "1280869", "256098"]1)
rentTextChanged.connect (self.baudrate_clicked func)

= QLabel("Change pulse 1 start varisble", =elf)

self.pl_start_txtbox = QLineEdit(self)

self.pl_start_button
self.pl_start_button
self.pl_start_button

self.pl_stop_glabel
self.pl_stop_txitbox
self.pl_stop_button
self.pl_stop_button
self.pl_stop_button.

self.p2_start_label

= QPushButton("0K", self)
.clicked.connect({self.pl_start_func)
.setEnabled(False)

= QLabel("Change pulse 1 stop variable"”, =elf)
= QLineEdit(self)
= QPushButton("OK", self}

.clicked.connect(self.pl_stop_func)

setEnabled(False)

= QLabel("Change pulse 2 start variable", self)

self.p2_start_txtbox = QLineEdit(self)

self.p2_start_button
self.p2_start_button
self.p2_start_button

self.p2_stop_glabel
self.p2_stop_txitbox
self.p2_stop_button
self.p2_stop_button.

self.p2_stop_button.

self.rep_rate_glabel
self.rep_rate_txtbox
self.rep_rate_button
self.rep_rate_button
self.rep_rate_button

self.com_glabel = QL

= QPushButton{"0K", self)
.clicked.connect(self.p2_start_func)
.setEnabled(False)

= QLabel(" Change pulse 2 stop variable", self)
= QLineEdit(self)

= QPushButton("OK", self}

clicked.connect(self.p2_stop_func)

Figure 6.15. Widgets function part 1

setEnabled(False)

= QLabel{"Repetition time", self)
= QLineEdit{self}

= QPushButton("0K", self)
.clicked.connect{self.rep_func)
.setEnabled(False)

abel("Enter COM", =self)

self.com_cb = ComboBox{self)

=self.com_cb.addItem(

self.com_cb.popupAboutToBeShown. connect{self.update_coms_func)

=zelf.pulse_glabel = QLabel("Pulse mode”, self)
self.pulse_cb = ComboBox{self)
self.pulse_cb.addltem("Single pulse™)
self.pulse_cb.addItem("Repeated pulses™}
zelf.pulse_cb.activated[str].connect(self.mode_var_func)

self.connect_button = QPushButton("Connect™, self)
=zelf.connect_button.clicked.connect (self.connect_MCU)

=zelf.trigger_button = QPushButton("SEMD PULSE", self)
self.trigger_button.clicked.connect(self.send_pulse)

zelf.trigger_button.

setEnabled(False)

self.configure_button = QPushButton("SET configuration of the pulses”, self)
self.configure button.clicked.connect({self.send_configurations)
self.configure_button.setEnabled({False)

zelf.serial_monitor_list = QListWidget()
zelf.serial_monitor_list.addItem{"Welcome Beam Chopper GUI!™)
zelf.serial_monitor_list.addItem{"Maximum timer resolution is 217 ps!”)

=zelf.serial_monitor_list.addItem{"Please read the docstring before use the program!")

zelf.clear_serial monitor = QPushButton{"CLEAR", self)
zelf.clear_serial_monitor.clicked.connect(self.clear list)

img = mpimg.imread(’

kahvelab.png')

self.pltObj.show_image{img)

Figure 6.16. Widgets function part 2
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def init_variables(self):
self.packet_size = 4
self.baud_rate = 8

zelf.com = ""

zelf.rep_time = 1.8

zelf.pulse_mode = @ # @ means that single pulse, 1 means that repeated pulses

zelf.header = @xA

self.ack = @xF

self.nack = @x@

zelf.send_list = []

zelf.scheduler = TaskScheduler(self.rep_time)

def message_packet(self, mode: bytes, message: bytes):

if not (@x@ <= mode <= @xF):
info_box = QMessageBox.information(self, "MWARNING!", "It is not a valid input!™)
return -1

if not (@x@ <= message <= @xFFFF}:
info_box = QMessageBox.information(self, "MWARNING!", "It is not a valid input!™)
return -1

packet_check = self.header | {mode << 4) | (message << 8)

check = self.check_func(packet_check)

message = packet_check | (check << 24)

return message

def check_func(self, message: bytes) -» int:

sum = @
for 1 in range(24):

sum += (message »>» i) & @bl
return sum

def mode_var_func(self, mode_text):

if mode_text == "Repeated pulses":
self.pulse_mode = 1
if =zelf.rep_time <= 8:

self.rep_time = 1.8

self.scheduler.job = self.trigger pulse
zelf.scheduler.set_interval(self.rep_time)
zelf.scheduler.start()

elif mode_text == "5ingle pulse”:
zelf.scheduler.stop()
self.pulse_mode = @

def send_pulse(self):
if =elf.pulse_mode ==
zelf.trigger_pulse()
elif self.pulse_mode ==
# Optional: You might want to remove this or handle differently
# since starting is now managed in mode_war_func
self.scheduler.start()

Figure 6.17. Intermediate functions part 1



316

323

328
329
338
331
332
333
334
335
336
337
338
339
349
341
342
343
344

def

def

def

def

def

def

def

serial_monitor(self, item):
self.serial _monitor_list.addItem{item}
clear_list(self):
self.serial_monitor_list.clear()
trigger_pulse(self):
self.send(modee=8x2, msg=8xB003)
validate_range(self, value):

MIN_VALUE = @x@268 # 96 in decimal
MAX_VALUE = BxFFFF # 65535 in decimal
if walue < MIN VALUE:

return MIN_VALUE
elif value > MAX_VALUE:

return MA_VALUE
return value

pl_start_func(self):

try:
pl_start = self.validate_range(int(self.pl_start_txtbox.text()})
self.send_list.append{[@x3, pl_start])
except ValueError:
(MessageBox.information{self, "WARNING!", "Please enter valid numbers between 96 and 65535!")
return -1

pl_stop_func{self):

try:
pl_stop = self.validate_range(int(self.pl_stop_ txtbox.text()))
self.send_list.append{[@x4, pl_stopl)
except ValueError:
QMessageBox.information({self, "WARNING!", "Please enter walid numbers between 96 and £5535!")
return -1

p2_start_func(self):

try:
p2_start = self.validate_range(int(self.p2_start_txtbox.text()})
zelf.send_list.append{[@x5, pZ_start])
except ValueError:
MessageBox.information(self, "WARNING!", "Plegse enter valid numbers between 96 and 65535!")
return -1

Figure 6.18. Intermediate functions part 2
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346 def p2_stop func{self):

347

348 try:

349 p2_stop = self.validate_range(int({self.p2 stop_txtbox.text()))
358 zelf.send_list.append{[@x6, p2_stop]l)

351 except ValueError:

352 QMessageBox.information{self, "WARMING!"™, "Please enter valid numbers between 9& and £5535!")
353 return -1

354

355 def rep_func{self):

356

357 try:

358 self.rep_time = float{self.rep_rate_txtbox.text())

359 if self.rep_time < @.1:

368 self.rep_time = 8.1

361 elif zelf.rep_time < @:

362 self.rep_time = 6

363 zelf.scheduler.set_interval(self.rep_time)

364 except ValueError:

365 info_box = QMessageBox.information(self, "WARNING!", "It iz not a walid input!™)
366 return -1

367

368 def send_configurations(self):

369

378 if self.mcu:

371 for data in self.send_list:

372 self.send({modee = data[@], msg = data[l])

373 time.sleep(8.81)

374 self.receive()

375 self.plot_pulse signal()

376 zelf.send_list = []

77 else:

378 info_box = QMessageBox.information(self, "WARNING!", "NO MCU COMMECTION!™)
379

380 def baudrate_clicked_func(self):

381

382 self.baud_rate = int({self.baudrate_cb.currentText{)}

Figure 6.19. Intermediate functions part 3



384 def connect_MCU(self):

385

386 self.com = self.com_cb.currentText()

387 self.clear_list()

388

389 if self.com != "" and self.baud_rate != @:

398

391 self.mcu = serial.Serial(self.com, self.baud_rate, timecut = 8.3}
392 time.sleep(@.5)

393 self.send(modee = @x1, msg = @xFF)

394 self.receive()

395 # Buttons and comboboxs are enabled if MCU is connected!
396 self.pl_stop button.setEnabled(True)

397 zelf.p2_stop_button.setEnabled(True)

398 zelf.p2_start_button.setEnabled(True)

399 self.pl_start_button.setEnabled(True)

488 self.rep_rate_button.setEnabled(True)

481 self.trigger_button.setEnabled(True)

482 self.configure_button.setEnabled(True)

483 self.pulse_cb.setEnabled(True)

484

485 def update_coms_func(self):

486

487 self.com_cb.clear()

488 com_list = list ports.comports()

49 for port in com_list:

419 port = striport)

411 port_name = port.split("-"}

412 self.com_cb.addItem{port_name[@])

413

414 def plot_pulse_signal(self}:

415

416 pl_start = self.validate_range(int({zelf.pl_start_txtbox.text()))
417 pl_stop = self.validate_range(int(self.pl_stop_twtbox.text{)))
418 p2_start = self.validate_range(int(self.p2_start_txtbox.text()))
419 p2_stop = self.validate_range(int{self.p2_stop_txtbox.text{)))
428 pl_start_ps = pl_start * 217

421 pl_stop ps = pl_stop * 217

4232 p2_start_ps = p2_start * 217

423 p2_stop_ps = p2_stop * 217

424

425 total_time_ps = pl_start_ps + pl_stop_ps + p2_start_ps + p2_stop_ps
426 t = [@, pl_start_ps, pl_start_ps, pl_step_ps, pl_steop_ps, p2_start_ps,
427 p2_start_ps, p2_stop_ps, p2_stop_ps, total_time_ps]

428 t = [i/188@ for i in t]

429 signal = [@, @, 1ee, 100, @, B, 100, 1e0, @, 8]

439 pl_width = (pl_stop_ps - pl_start_ps)/1888

431 p2_width = (p2_stop_ps - p2_start_ps)/1888

432 delay_btw_pulses = (p2_start_ps - pl _stop_ps)

433

434 zelf.pltObj.clear()

435 zelf.pltObj.plot(

436 w=t,

437 y=signal,

438 color="blue",

439 variable_name=f'Dual Pulse (Wl={pl_width:,.@f}ns, W2={p2 width:,.8f}ns, D={delay_btw_pulses:,.@f}ns)’
449 )

Figure 6.20. Intermediate functions part 4



483 def layouts(self):

434
485 zelf.main_layout = QHBoxLayout()

486 self.right_layout = QFormLayout{)

487 zelf.left_layout = QFormLayout()

488 self.plot_layout = QWBoxLayout{)

439 self.left_Hboxl = QHBoxLayout()

499 zelf.left_Hbox2 = QHBoxLayout({)

491 self.left_Hbox3 = (HBoxLayout{)

493 zelf. left_Hboxd = QHBoxLayout()

493 self,left_Hbox5 = QHBoxLayout{)

494 =elf.right_Vbox = QWBoxLayout()

495

496 # Left layout

497 zelf.left_layout_group_box = QGroupBox("")

498 self.left_Hboxl.addlidget{self.baudrate_list_glabel}
499 zelf.left_Hboxl.addllidget{self.baudrate_cb)

568 self.left_Hboxl.addStretch()

581 zelf.left_Hboxl.addlWidget{self.com_glabel)

562 self.left_Hboxl.addlidget{self.com_cb)}

583 self.left_Hboxl.addStretch()

504 zelf.left_Hboxl.addliidget{=elf.connect_button)
505 self.left_layout.addRow(self.left_Hboxl}

586

587 self.plot_layout.addWidget(self.pltOb])

508 zelf.left_layout.addRow(self.plot_layout)

a9

518 =elf.left_Hbox2.addlWidget{=zelf.pl_start_label)
511 self.left_Hbox2.addlidget{self.pl_start_txtbox)}
512 self.left_Hbox2.addWidget{self.pl_start_button)
513 zelf.left_Hbox2.addStretchi )

514 self.left_HboxZ.addlidget{self.p2_start_label)
515 self.left_Hbox2.addlidget{self.p2_start_txtbox)
516 self.left_Hbox2.addliidget{self.p2_start_button}
517 self.left_Hbox2.addStretch()

518 self.left_layout.addRow(self.left_Hbox2)

519

528 self.left_Hbox3.addllidget{self.pl_stop qlabel)
521 self.left_Hbox3.addlidget{self.pl_stop_txtbox)
522 zelf.left_Hbox3.addlidget{self.pl_stop_button)
523 self.left_Hbox3.addStretch()

524 zelf.left_Hbox3.addWidget{self.p2_stop_glabel)
525 self.left_Hbox3.addlidget{self.p2_stop txtbox)
526 =elf.left_Hbox3.addWidget{=elf.p2_stop_button)
527 zelf.left_Hbox3.addStretchi )

528 self.left_layout.addRow(self.left_Hbox3)

529

538 self.left_Hbox3.addStretch()

531 zelf.left_Hboxd.addlidget{self.configure_button)
532 self.left_layout.addRow(self.left_Hboxd)

Figure 6.21. Layout part 1



534
535
536
337
538
539
548
541
542
543
544
545
346
547
548
549
558
551
552
553
554
555
556
557
558
559
568
561
562
563
564
565
566
567
568
569

=zelf.left_Hbox5.addWidget{zelf.pulse_qlabel)
szelf.left_Hbox5.addlidget{self.pulse_ch)
self.left_Hbox5.addStretch(}
self.,left_Hbox5.addlidget{self.rep_rate_glabel)
self.left_Hbox5.addWidget{self.rep_rate_txtbox)
self.left_Hbox5.addWidget{self.rep_rate_button)
self.left_Hbox5.addStretch()
zelf.left_Hbox5.addWidget{self.trigger_button)
zelf.left_Hbox5.addStretch()}
zelf.left_layout.addRow(self.left_Hbox5)

self.left_layout_group_box.setlayout(self.left_layout)

# Right layout
self.right_layout_group_box = QGroupBox{"Serial Monitor™)}

zelf.right_Vbox.addWidget{self.serial_monitor_list)
zelf.right_Vbox.addWidget{self.clear_serial monitor)
zelf.right_layout.zddRow(self.right_Vbox)

self.right_layout_group_box.setlayout{self.right_layout)
self.main_layout.addWidget(self.left_layout_group_box, 6@}

self.main_layout.addWidget(self.right_layout_group_box, 4@)
zelf.tabl.setlayout{zelf.main_layout)

def main():

gpp = Q4pplication(sys.argv)

gpp.setityleSheet (qdarkstyle.load_stylesheet())
window = Window()

sys.exit(app.exec_(})

if __pame__ == "_ main__":

main{)

Figure 6.22. Layout part 2 and main function
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APPENDIX D: ARDUINO UNO PROGRAM

The Arduino Uno program is shared below.

const int buttenPin = 2; // Button connected to 2 pin
volatile bool pulseGenerating = false;

void setup() {
pinMode(buttonPin, INPUT); // activate internal pull-down resistor for button pin

pintode(9, OUTPUT); /f Set pin 9 as output (OC1A) (Pulse Pin)

// Configure Timerl

nolnterrupts(); /f Disable all int pts

TCCR1A = B; /f Clear Timerl control A
TCCRIE = @; /f Clear Timerl trol regis B
TCNTL = 8; /f Clear Timerl counter registe

TCCR1A |= (1 << WGM11) | (1 << COM1AL);  //
TCCR1B |= (1 << WGM12) | (1 << WGM13); I

et Timerl to Fast PWM mode with ICR1 as top and
et Timerl to Fast PWM mode with ICR1 as top
ICRL = 15%9; /f Set the top value to 159 for a 1@-microsecond period

OCR1A = 15; / Set the compare walue to 15 for a 1-microsecond pulse width
set the lue 31 for 2
set the lue 7 for 5@
// set the val 2

-microseconds

@-nanoseconds
5@-nanoseconds

interrupts(); /f Enable all interrupts

h

void loop{) {
if (digitalRead(buttonPin) == HIGH) {
delay(20@}; //button debouncing
if (!pulseGenerating) {
generatePulse();
H
H
T

vold generatePulse() {
if (!pulseGenerating) {
pulseGenerating = true;

TCCR1A |= (1 << COM1A1); // Enable the output compare match on OC1A (pin 9)
TCCRIE |= (1 << C518); /f Start the timer with no prescaler
TIMSK1 |= (1 << OCIE1A); // Enable Timerl output compare A match interrupt
¥
H

ISR(TIMERL COMPA_vect) {
// This ISR will be called when the timer reaches target value

TCCRIA &= ~(1 << COM1Al); // Disable the output compare match on OC1A (pin 9)

TCCR1B &= ~(1 << CS518}; // Stop the timer

TIMSK1 &= ~(1 << OCIE1A); // Disable Timerl output compare A& match interrupt

pulseGenerating = false; // Reset the flag after pulse generation

Figure 6.23. Arduino Uno test code

non-inverting mode on OC1A



APPENDIX E: BEAM VISUALIZATION PROGRAM

The intermediate codes of the beam visualization program are shared here.

class ParticleDynamicsSimulator:

9 def _ init_ (self, data_path):
18
11 sns.set_theme()
12 df = pd.read_csvidata_path, delimiter=",")
13 self.data = np.zeros{len(df), diype=[
14 ("time', 'f8'),
1 ('x', '£8'),
Cly'y "F8'),
(rz', 'f8'),
('wx', "F8'),
(twy*, 'FB'),
('vz', "f8'),
('synch, 'i4")
1)
self.datal "time'] = df["time'].values
self.datal"x'] = df['%'].values
self.datal"y'] = df["v'].values
26 self.data['z'] = df['z'].values
27 self.data['wvx'] = ®'].values
28 self.detal'vy'] = vy ' ].values
29 self.datal["vz"] = df['vz'].values
39 del{df)
3
32 self.time_stamps = np.unique(self.data[ 'time"])
33 self.len_initial_particles = len{zelf.data[self.data[ 'time'] == self.time_stamps[a]])
34 initial_particles = self.data[self.data[ time'] == self.time_stamps[@]]
35 self.data['synch'] = self.synch_particles(initizl_particles, self.time_stamps)
36 self.mask_list = np.cnes(self.len_initial_particles, dtype = bool)
37 self.eliminated_particles = @
38 self.setup_multi_plot()
39
45 def synch_particles(self, beam, timestamps):
41 synch = [1]
42 iz_szynch = np.array([1 if (beam['z'][i] € -9.7 and beam['z'][i] » -9.9)
43 else @ for 1 in range{len(beam))])
44 for _ in timestamps:
45 synch.append{is_synch)
45 synch_array = np.array(synch).reshape(len(self.data))
a7 return synch_array

Figure 6.24. Beam visualization init function and synchronous particles mark

algorithm
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def setup_multi_plot(self):

self.fig = plt.figure(figsize=(28, 15))
zelf.fig.patch.set_facecolor('lightcyan')

gs = self.fig.add_gridspec(3, 2, width_ratios=[2, 1], height_ratios=[1, 1, 11)

# Beam dynamics plot

self.
self.
self.
self.
self.
self.
self.
self.

axl

axl.
axl.
axl.
axl.
axl.
axl.
axl.

= self.fig.add_subplot(gs[:, @1)

set_x1lim(-568, 1588)

set_ylim(-208@, 158)

szet_facecolor('white')

grid(True, linestyle="--', alpha=8.3)

set_xlabel('z (mm)', fontsize=1@)

set_ylabel('y (mm)', fontsize=18)

set_title('Particle Beam Trajectory', fontsize=12, pad=18)}

# X-¥ Distribution plot

self.ax? = self.fig.add_subplot{gs[@, 1])

self.ax2.set_title('Synch Particles X-Y Distribution', fontsize=1@)
self.ax2.set_xlabel('x (mm)', fontsize=8)

self.ax2.set_ylabel('y (mm)', fontsize=8)

# X-X' Phase Space plot
self.ax3 = self.fig.add_subplot(es[1l, 1])

self.ax3.set_title('Synch Particles X-X'.' Phase Space', fontsize=18)

self.ax3.set_xlabel("x (mm)', fontsize=8)
self.ax3.set_ylabel("x' (mrad)", fontsize=8)

# ¥-¥"' Phase Space plot
self.awd = self. fig.add_subplot{gs[2, 1])

self.axd.set_title('Synch Particles Y-Y'' Phase Space’', fontsize=18)

zelf.awd.set_xlabel('y (mm)', fontsize=8)
self.axd.set_ylabel("y" (mrad)"”, fontsize=g)

plt.tight_layout()

Figure 6.25. Multi plot function

96



24 def draw_boundaries(zelf):

85 "““Draw boundary lines for different regions"""

86 # Region 1: -5 < z < -B.1681%

87 z_start, z_end = -50808, -58

88 z_limits = self.axl.get_x1lim()

89 total_width = z_limits[1] - z_limits[8]

=] xmin = {(z_start - z_limits[8]) / total_width

a1 smax = (z_end - z_limits[@]) / total_width

92

93 self.axl.axhline(y=48, xmin=xmin, xmax=xmax, color='black', linewidth=1)
94 self.axl.axhline (y=-48, wmin=xmin, xmax=xmax, color='black', linewidth=1)
95

96 # Region 2: -8.16815 <= z <= -B.85

a7 Z_start, z_end = -168.15, -58@

a8 xmin = {z_start - z_limits[@]) / total_width

99 wmax = (z_end - z_limits[@])} / total_width

184

1681 self.axl.axhline(y=28, xmin=xmin, xmax=xmax, color='black', linewidth=1)
162 zelf.axl.axhline(y=-28, wmin=xmin, xmax=xmax, color='black', linewidth=1)
183

1084 # Region 3: -8.85 < z < 8.5

185 z_start, z_end = -49, 478

166 z_points = np.array{[z_start, z_end])

187 y_base = 48

168 tan_angle = np.tan(np.deg?rad(188-15))

164 y_points = y_base + {z_points - z_start) * tan_angle

114 self.axl.plot(z_points, y_points, 'k-', linewidth=1)

111

112 z_start, z_end = -49, 413

113 z_points = np.array([z_start, z_end])

114 y_base = -48

115 y_points = y_base + {z_points - z_start) * tan_angle

116 self.axl.plot(z_points, y_points, 'k-', linewidth=1)

117

118 # Additional boundary lines in Region 3

119 z_start, z_end = 313, 438

128 z_points = np.array{[z_start, z_end])

121 y_start, yv_end = -75, -185.5

122 y_points = np.array{[v_start, y_end])

123 self.axl.plot(z_points, y_points, 'k-', linewidth=1)

124

125 z_start, z_end = 385, 419

126 z_points = np.array{[z_start, z_end])

127 y_start, y_end = -118.15, -143.728

128 y_points = np.array{[v_start, y_end])

129 self.axl.plot(z_points, y_points, 'k-', linewidth=1)

138

131 # Region 4: 8.454 < z < 1.508

132 z_start, z_end = 478, 1588

133 xmin = (z_start - z_limits[@]) / total_width

134 wmax = (z_end - z_limits[@]) / total_width

135 self.axl.axhline(y=-134 + 35, xmin=xmin, xmax=xmax, color='black', linewidth=1}
136

137 z_start, z_end = 428, 1588

138 xmin = {(z_start - z_limits[8]) / total_width

134 smax = (z_end - z_limits[@]) / total_width

148 self.axl.axhline(y=-134 - 31, xmin=xmin, xmax=xmax, color='black', linewidth=1}

Figure 6.26. Geometry definition function of the beam pipe



1432 def check_particle boundaries{self, x, v, Z):

143

144 # Region 1: z < -8.5 mm

145 if z < -8.168:

146 if abs{x) » @.84 or abs(y) > ©.84:

147 return False

148

149 # Region 2: -8.168 <= z <= -@.85 mm

158 elif -8.168 <= z <= -B.85:

151 if abs{x) > @.84 or abs{y) > 8.82:

152 return False

153

154 # Region 3: -8.85% < z < @.454 mm

155 elif -8.85 < z < 8.324:

156 y_upper = 8.84 + (z + 9.849) * (-8.2672)
157 y_lower = -8.684 + {z + 0.849) * (-8.2572)
158

159 if abs{x) > @.84:

168 return False

181

162 # Main y boundaries

163 if y > y_upper or y < y_lower:

164 return False

165

166 # Parallel plate boundary check

167 elif @.324 <= z <= 8.438:

168 y_upper = -8.875 + (z - @.313) * (-8.2672)
169 y_lower = -8.118 + (z - @.313) * (-8.2672)
178 if abs{x) > @.84:

171 return False

172

173 if y > y_upper or y < y_lower:

174 return False

175

176

177 # Region 4: 8.438 <=z < 1 mm

178 elif @.438 < z <= 1.5:

179 if abs{x) > @.84:

188 return False

181 if v » (-9.134 + @.939) or v < (-8.134 - 8.831):
182 return False

183

184 return True

Figure 6.27. Particle boundary check function



238 def run_simulation(self):

231

232 self.fig.show()

233 for time in self.time_stamps:

234

235 beam = self.get_beam_at_time(time)

236 mask = []

237 for 1 in range(len{beam)):

238 is_valid = self.check_particle_boundaries(

230 peam['x'1[1]1,

248 peam['y'1[1]1,

241 peam['z'1[1]

242 )

243 mask.append(is_valid)

244

245 mask = np.arrayi{mask, dtype=bool)

246 self.mask_list = self.mask_list & mask

247 beam = beam[self.mask_list]

243 for ax in [self.axl, self.ax?, self.ax3, self.axd]:

249 ax.clear()

258

251 zelf.axl.set_xlim(-588, 1508)

252 zelf.axl.set_ylim(-208@, 158)

253 self.axl.set_facecolor('white')

254 self.axl.grid{True, linestyle='--', alpha=8.3)

255 self.axl.set_xlabel('z (mm)', fontsize=18)

256 self.axl.set_ylabel('y (mm)', fontsize=18)

257 self.ax]l.set_title('Beam Dynamics', fontsize=12, pad=18)

258

259 self.draw_boundaries ()

268

261 non_synch_particles = beam[beam['synch'] == 8]

262 synch_particles = beam[beam[ 'synch'] == 1]

263

264 # Main trajectory plot

265 zelf.axl.scatter(non_synch_particles['z']#1866, non_synch_particles['y']*1888,
266 s=@.2, c='blue', alpha=A.6, label='Mon-Synch Particles")
267 self.axl.scatter(synch_particles['z']¥1888, synch_particles['y'1¥168@,
265 s=@.2, c='red', alpha=8.5, label='Synch Particles")
269 self.axl.legend{loc="lower right')

27a

271 # X-¥ distribution for synch particles

272 self.ax2.set_xlabel('x {(mm)', forntsize=8)

273 self.ax2.set_ylabel('y {(mm)', forntsize=8)

274 self.ax2.scatter{synch_particles['x'1¥1808, synch_particles['y']¥1@2a,
275 s=1, c="red', alpha=0.6)

Figure 6.28. Plot loop part 1
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# Calculate x" and y' for synch particles
%_prime = synch_particles['vx'] / synch_particles['vz"]
y_prime = synch_particles['vy'] / synch_particles['vz"]

# X-X' Phase Space for
self.ax3.set_xlabel('x
self.ax3.set_ylabel("x'

Synch Particles
{mm)*, fontsize=8)
{mrad)", fontsize=8)

self.ax3.scatter{synch_particles['x']*1888, x_prime*1404,
s=1, c="red', alpha=8.6)

# ¥-¥' Phase Space for
self.axd.set_xlabel('y
self.axd.set_ylabel("y'

Synch Particles
{mm)*, fontsize=8)
{mrad)", fontsize=8)

self.axd.scatter{synch_particles['y']¥1888, y_prime*1088,
s=1, c="red', alpha=8.6)

# Statistics and time display
stats = self.calculate_statistics{beam)
self.display_statistics(stats)

self.display_time(time)

self.fig.canvas.flush_events()

self.fig.canvas.draw{)

100

plt.close()
if __name__ " main__":
path = "C:\\Users'\ardau'\OneDrive\Desktop'\MasterThesis'\BeamSimulation', \beam_sim_python\\finalSim\‘\electricField

simulation = ParticleDynamicsSimulator(path)

simulation.run_simulation()

Figure 6.29. Plot loop part 2



101

APPENDIX F: MARX GENERATOR OUTPUT
WAVEFORMS

Some of the results of the Marx Generator are added here.
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Figure 6.31. 500 V output waveform falling edge
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Figure 6.32. 700 V' output waveform rising edge
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Figure 6.33. 700 V' output waveform falling edge
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Figure 6.34. 700 V output waveform with 250 ns pulse width



103

Tek pretu Maise Filter Off

|
2

(@& zo0v 5.0y J[40.0ns llEm 00y Z10H151048 |

Figure 6.35. 800 V one PCB output waveform rising edge
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Figure 6.36. 800 V one PCB output waveform falling edge
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Figure 6.37. 800 V two PCBs rising edge of the output waveform
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Figure 6.39. Output waveform of the three cascaded Marx generator units supplied

by 500 V
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Figure 6.40. Another example of the output waveform of the three cascaded Marx

generator units supplied by 500 V'



