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Abstract:

Plasma physics and thermonuclear fusion provide a promising route to a new reliable en-
ergy source. This thesis investigates properties of plasma behaviour using semiconductor
pixel detectors. These detector systems are well understood as semiconductor trackers
have been extensively employed in particle physics.

Plasma is a quasi-neutral state of matter that exhibits collective behaviour. Ther-
monuclear fusion occurs when dense plasma is heated to high temperatures. The reaction
between light nuclei releases excessive binding energy. Currently, a number of experiments
using magnetic or inertial confinement are being developed as tools for harvesting this
energy.

Possibility of investigation of plasma properties is to some extent determined by
the choice of detectors of the plasma burst products. The theoretical part of this
thesis covers processes of interaction of ionizing radiation with matter. The relevant
characteristics of semiconductor detectors are explored in detail. Designing a new
diagnostic method consists of three phases: simulation, construction and measurement.
Design characteristics of PFZ-200 plasma focus and Medipix2, Timepix semiconductor
pixel detectors are given. The results from the measurement show that employing this
approach provides new opportunities of plasma diagnostics. However, a comparison to
other methods and threshold energy specification is advised for suitable interpretation.
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Abstrakt:

Fyzika plazmatu a termonuklearni fize poskytuje slibnou cestu k novému a spolehlivému
zdroji energie. Tato prace zkoumé4 vlastnosti plazmatu pomoci polovodi¢ovych pixelovych
detektorti. Problematika polovodic¢ovych senzort je velmi dobie zndma predevsim pro
jejich pouziti v ¢asticové fyzice.

Plazma je kvazineutralni skupenstvi hmoty vykazujici kolektivné chovani. Termonuk-
learni flize nastava, kdyz je husté plazma zahiato na vysokou teplotu. Tato reakce mezi
dvéma atomy lehkych jader uvoliiuje prebyte¢nou vazebnou energii. V soucasnosti je
vyvijeno velké mnozstvi experimentii pouzivajicich magnetické nebo inercidlni udrzeni
jako nastroji urcenych k ziskavani této energie.

Moznost zkoumani vlastnosti plazmatu je v jisté mire urcena volbou detektoru plaz-
movych vybuchii. Teoretickd ¢ast této prace pokryva procesy interakce ionizujiciho zatreni
s latkou. Dilezité vlastnosti polovodicovych detektoru jsou do detaili prozkouméany.
Navrh nové diagnostické metody sestava ze tii fazi: simulace, konstrukce a méreni.
Uvedeny jsou rovnéz konstrukéni parametry plazma fokusu PFZ-200 a polovodi¢ovych
pixelovych detektori Medipix2 a Timepix. Vysledky méfeni poukazuji, zZe pouziti této
metody poskytuje nové moznosti diagnostiky plazmatu. AvSak, pro vhodnou interpretaci
je doporuceno porovnani s jinymi metodami a stanoveni prahové energie.

Klicovd slova: termojaderné fuze, plazma fokus PFZ-200, Medipix2 MXR, Timepix,
kiemikovy detektor ¢éstic
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Introduction

Currently, the annual world primary energy consumption is enormous, roughly 540 EJ.
Given these conditions, it is expected that fossil fuels will be exhausted within a couple
of decades [1]. Renewable energy sources, e.g. sunlight and wind, have yet to prove their
dependability, while fission is considered dangerous due to a possibility of nuclear and
radiation accidents. This situation could be resolved by developing a reliable and stable
source of energy such as thermonuclear fusion.

Fusion of atoms is a process which requires relatively high initial energies, and even
under these conditions happens with a low probability. This probability can be enhanced
by achieving fusion in plasma where cross—section of the reaction is large. Although
scientists have already managed to execute an operational thermonuclear reaction, many
theoretical and technological challenges have to be overcome before thermonuclear power
can be efficiently harvested. There are two major engineering problems: heating and
containment of plasma.

This thesis studies a new diagnostic method in plasma research which uses semi-
conductor pixel detectors, which are widely employed in particle physics. It focuses on
theoretical understanding, numerical simulations, construction of the apparatus and per-
forming measurements.

Plasma is a quasi-neutral state of matter that exhibits collective behaviour. Ther-
monuclear fusion occurs when dense plasma is heated to high temperatures. This reaction
between nuclei of light atoms releases excessive binding energy. Currently, the number of
experiments using magnetic or inertial confinement are being developed as the means of
harvesting this energy.

In the first chapter, basic characteristics of plasma are given along with experiments
using magnetic and inertial fusion. A substantial part is reserved for a detailed descrip-
tion of magnetic pinch and plasma focus. The second chapter is devoted to types and
occurrence of plasma instabilities. Principles of particle detection, mainly in semiconduc-
tors, together with a general description of interactions of ionizing radiation with matter
is given in the third chapter.

The fourth chapter deals with the design characteristics and optical diagnostics sys-
tems of PFZ-200 plasma focus device which was the source of the studied plasma. The
chapter also describes Medipix2 and Timepix pixel detectors and lists their parameters.
These detector systems provide the basis of the proposed observation method. Charac-
teristics of GEANT4 simulation toolkit are included as well.

Finally, the fifth chapter describes the results of simulations, the process of creation
of the operating apparatus and the data acquired from measurements. A comprehensive
summary of this work and its results is given in the conclusions.

XV






Chapter 1

Plasma Physics and Experiments

According to the latest data of the Planck Collaboration, only about 4.9% of our universe is
composed of atomic matter. Moreover, approximately 99% of it, including stars, nebulae
and intergalactic space, are made of plasma. The corresponding pie chart is shown in
figure (1.1). Plasma is a quasi—neutral state of matter showing collective behaviour, i.e.
it consists of positively charged ions and negative electrons, thus appearing quasi—neutral.
However, it creates and interacts with electromagnetic field.

The examples of naturally occurring plasma on our planet are aurora and lightning,
it can also be found in ionosphere. Man—made plasma can be utilised in a variety of
technologies such as lighting, cutting, deposition of layers of atoms on materials, or as a
mean to extract energy in controlled thermonuclear fusion.

Dark Matter
25.90%

Baryonic Matte Plasma ~99.00%
4.90%

Dark Energy
69.20%

Other ~1.00%

Figure 1.1: Distribution of matter and energy in the universe. Only 4.90% of our universe is created from
baryonic matter, of which about 99.00% is ionized. [2]
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1.1 Thermonuclear fusion

Thermonuclear fusion is a reaction between the nuclei of light atoms that releases energy.
By fusing atoms whose mass number is lower than iron’s, more stable elements can be
acquired, along with the release of excessive energy matching the differences of binding
energies, as shown in figure (1.2). Depending on the type of reaction, this energy can
be released in the form of creation of energetic particles such as positron and neutrino,
neutron, gamma photon or alpha particle. Part of the energy is also carried away as
kinetic energy by a newly formed atom. For comparison, for the same masses of hydrogen
and uranium isotopes, the energy obtained from fusion is about 3 to 4 times larger than
the one obtained by fission.

Hes

Average binding energy per nucleon (MeV)
N

H1
0 30 60 90 120 150 180 210 240 270
Number of nucleons in nucleus

Figure 1.2: Average binding energy (energy needed to disassemble an atomic core) per nucleon in MeV
against number of nucleons in nucleus. Important elements for nuclear fusion and fission are highlighted.
0Fe is an element from which no energy can be released neither by fission or fusion. [3]

Theoretically, any two nuclei can be combined. Although it has been observed that the
main fusion processes in the Sun are proton—proton (PP) chain, carbon—nitrogen—oxygen
(CNO) cycle and later on in the life of the Sun triple-alpha process. In the PP chain, an
alpha particle and 2 atoms of hydrogen are created via three-stepped mechanism, from 6
hydrogen atoms altogether. In the CNO cycle, helium is made during change of carbon
to oxygen to nitrogen back to carbon, using 4 hydrogen atoms. At the end of the life of
the Sun, triple-alpha process will create atoms of carbon using 3 atoms of helium with
sub—step of creating atom of beryllium §Be.

In the stars, the plasma is burning (self-containing fusion) because of the high tem-
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peratures T' ~ 15 - 10° K in the stellar core and an enormous gravitational pressure,
binding the atoms in a gravitational potential well. However, in laboratory conditions,
such plasma parameters are beyond humanity’s technological reach. Therefore the most
promising reactions are D-D (deuterium—deuterium)

D? + D* — ,He? + n' (3.3 MeV)

D? 4+ D? — T+ H' (4.0 MeV)
and most importantly D-T (deuterium—tritium)

D? + T3 — ,He* + n' (17.6 MeV)

where the numbers in the brackets are total energy yields. The probability of these
reactions is sufficient for energies of the order of 10 keV. It falls within the Gamow peak
region, which is a product of Maxwell-Boltzman energy distribution of particles and
quantum tunnelling probability through the nuclear Coulombic barrier [4]. The fusion
cross—section ¢ can be calculated as

o(E) = S<EE) exp (—\/%) : (1.1.1)

where E is energy of an incident particle, S(F) is probability of the reaction without
Coulombic barrier (dependant on E only for compound nuclei), the exponential represents
probability of quantum tunnelling. Eq is Gamow energy defined as

2
EG = 2[[,LC2 (ﬂ';—chZQ) s (112)

for Z; and Z, atomic numbers of reacting nuclei, 4 reduced mass, ¢ speed of light, e
elementary charge and h reduced Planck constant.
Reaction rate (ov) is only a function of plasma temperature 7. It can be written as

(o) = /_OO () f(v) do, (1.1.3)

o0

which, considering (1.1.1) and Maxwell-Boltzman distribution f(v), leads to

(o) = \/:% (l@LT)g/Q /OOO S(E) exp <_1@£T - %) dE,  (114)

where v is a relative velocity of the colliding particles and kg is Boltzmann constant. The
cross—section and reaction rate dependency on energy is shown in figure (1.4).

In addition, the plasma also loses its energy via bremsstrahlung, black body radi-
ation or due to the interaction with surrounding containment wall. In order to create
plasma which generates more energy than consumes, the Lawson’s criterion (1.1.5) must

be satisfied.
nr > —— SkpT - (1.1.5)
iy (ov) AE — ol
where n is the density of plasma, 7 is containment time, n is the efficiency factor, AFE is
the total energy output and « is a constant related to the radiation power loss. For D-T

fusion, the Lawson’s criterion is n7 > 10 cm™3s. [6]
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E/KT

Figure 1.3: Gamow peak for the Maxwellian distribution (solid curve), normalized to 400 at E/kT = 0.
The dotted curve is a penetration factor, representing the quantum tunnelling probability of nuclei.
Gamow peak is a product of the distribution and penetration factor. [4]
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(b) Nuclear fusion reactivity (ov) as a function of
kinetic temperature, for D-D, D-T, D-2He, T-T,
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(a) Nuclear fusion cross-section o as a function of
incident particle energy, for D-D, D-T, D-3He, T—
T, 3He-3He and p-T reactions.

Figure 1.4: Cross—section and reactivity of selected fusion reactions as a function of kinetic energy and

temperature. [5]
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1.2 Experiments

There are several approaches of studying plasma and fusion in particular. According to the
Lawson’s criterion, with a large confinement time 7, plasma density n can be smaller and
vice—versa. These boundary values can be achieved in magnetic (n ~ 10" em™, 7 ~ 1),
respectively inertial confinement (n ~ 10 cm™3, 7 ~ 107 s). Fusion experiments
with low plasma density such as tokamaks, spheromaks and stellarators belong to the
magnetic confinement category, whereas inertial fusion belongs to the inertial confinement.
Experiments with pinches and plasma foci fit with their parameters (n ~ 10'® em ™2, 7 ~

10~* s) somewhere in between.

1.2.1 Tokamak

Tokamaks (from Russian mopoudaavhas kamepa ¢ maerummvimu kamyuwrkamy — toroidal
chamber with magnetic coils) are using electromagnetic induction, microwaves, acceler-
ated neutral atoms or their combination to heat and ionize gas. Simultaneously, the mag-
netic field generated by the coils around the toroidally-shaped chamber together with the
field created by electric current are containing plasma in the toroid. For a DT reaction,
atoms of the produced helium are used to reheat the fuel and neutrons are absorbed by
the reactor wall. For a typical tokamak plasma density, the containment time falls within
the range of a few seconds, according to the Lawson’s criterion. [6]

Various problems occur while trying to achieve commercial fusion in the tokamak
devices. The fuel is not dense enough, the electrons and ions are drifting into the chamber
walls or the size of the tokamak is not sufficient, hence not able to generate more power
than it consumes. These losses are included in the fusion energy gain factor ), defined as

= (1.2.1)

where Py is the power extracted from fusion reactions and P, is the power required
for the plasma heating. Upon reaching () = 1, the so—called break—even occurs.

Currently, the largest experiment, called ITER, (from Latin iter — direction, way) is
being built in Cadarache, France. It is a successor to JET (Joint European Torus), a
tokamak in Oxfordshire, UK, which was the first to achieve a controlled release of fusion
power. ITER is expected to be the first tokamak able to reach () factor of 10.

1.2.2 Inertial fusion

Inertial fusion is initiated either by heating and compressing the targeted fuel pellet
using high—power laser beams or by strong electrostatic field. The confinement times are
therefore smaller by many orders of magnitude than in tokamaks.

Using high—power lasers, the compressed atoms undergo process of thermonuclear
fusion, followed by a rapid expansion. The compression is achieved by ablation — the
pellet is evenly irradiated by laser beams or surrounded by a hohlraum (from German
hohlraum — cavity), to which the beams enter and subsequently generate X-rays [6]. The
comparison of the processes is shown in figure (1.5).
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—-— i
/N

electrons
1ons

Figure 1.5: The comparison between the direct drive in the left and the indirect drive (hohlraum) on the
right side. [6]

The biggest institute where an inertial fusion is studied is National Ignition Facility
(NIF) in Livermore, California.

The electrostatic confinement can be acquired using concentric spherical electrodes in
vacuum; the positively charged particles are accelerated towards the middle of the inner
anode, undergoing fusion if their energy is great enough. The devices working on this
principle are called the Farnsworth—Hirsch fusors. The electrostatic confinement fusion is
used in the tabletop neutron generators, employing DD or DT reactions.

Hydrogen bomb

Currently, the only fusion process mastered effectively is in the weapon industry. In the
Teller—Ulam design, hydrogen bomb consists of primary part (fission bomb) and secondary
part (fusion fuel coated in uranium with a plutonium spark plug) in reflective casing [7].

The process of explosion is shown in figure (1.6). The primary stage generates an
intense flux of X-rays within hohlraum (bomb casing), which compress thermonuclear
fuel by ablation and create conditions suitable for the fusion. The behaviour of Teller—
Ulam devices is similar to the indirect laser—driven inertial fusion.

YOO

@
i

2 3 4 5

Figure 1.6: Triggering the fission in the primary stage, X-ray radiation is created in the shell. In the
secondary stage, similarly to the hohlraum inertial fusion, X-rays compress fuel via ablation. After that,
plutonium spark plug undergoes fission and heats the compressed secondary fusion fuel. At last, the
uranium casing is fissioned by fusion neutrons to make additional yield. [8]
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The largest thermonuclear bomb The Tsar Bomba (from Russain Iapv—6omba) was
tested on October 30th, 1961, yielding power of 50 to 58 megatons of trinitrotoluene
(TNT), which corresponds to about 210 — 240 PJ.

1.2.3 Magnetic Pinch

The pinching mechanism compresses plasma using high electric currents. The naturally
occurring examples of this phenomena are solar flares and lighting; it can also be a result
of a man—-made experiment. There are three main types of pinches: z—pinch, 6—pinch and
60—z pinch. Those mentioned types differ in the direction in which the current is driven;
z for axial, 0 for azimuthal and 6-z for stabilised azimuthal (helical pinch). A difference
between z and 6 is shown in figure (1.7). The other widely used device for making a
z—pinch is plasma focus, creating a hot dense column of plasma.

Among the largest research projects are Z Pulsed Power Facility at Sandia National
Laboratory in Albuquerque, USA, Mather type dense plasma focus in Warsaw, Poland,
and Filippov type dense plasma focus in Moscow, Russia.

AYANENGVATANAYANS
8 f@?/@@?@(( .
VAV, VAV,

Figure 1.7: Difference between z— (left), 6—z (middle) and 6 (right) pinch. In the z—pinch, the current
is driven axially, in the 6—pinch azimuthally, an axial current is induced. 8-z pinch is a combination of
those. [9]

Z—-pinch

For research of fusion, the z—pinch is used as an imploding liner. It can be a system of
wires, liquid bubble or gas in cylindrical shape. The energy stored in the capacitors is
then discharged during a short period of time, causing the electric current I in the MA
range and the magnetic field of induction B of the order of kT. The magnetic force F
affecting the plasma thread of length vector 1 is

dF = Idl x B, (1.2.2)
In case the magnetic p,, and the thermal pressure p; are balanced

B2

— =nkgT 1.2.3

= nhaT" (1.23)
the pinch is in equilibrium [10]. This balance is essential for stable plasma, however,

there are many instabilities and radiative processes which destroy this fragile equilibrium.
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Z—pinches can also be used as a source of X—rays and neutrons, as a means of produc-
tion of ultra—high pulsed magnetic fields. They can be even used to focus high—energy
particles in accelerator experiments. [11]

1.2.4 Plasma focus

Using a coaxial configuration of electrodes, i.e. large anode in the center surrounded
by smaller cathodes on the circular periphery, the ionized gas can be accelerated thus
creating focused plasma on top of the anode. This process can be divided into three main
phases as can be seen in figure (1.8).

There are two different construction types of plasma foci — Mather (USA) and Filippov
(USSR). The difference between them is in the ratio of diameter d to length z of inner
electrode. For Mather type, d/z < 1; for Filippov, d/z > 1 [11]. Nowadays, Mather type
is used more often; the description of the discharge is below.

Figure 1.8: A scheme of a plasma focus with an equivalent electronic circuit. The capacitor C with
charge Q = C - U is discharged via spark gap S — G. Discharge in gas begins over an insulator, continues
accelerated to the top where is focused on the anode. [12]

I. Breakdown phase According to the Paschen’s law, the breakdown voltage is a func-
tion of the pressure p and the gap distance d between the electrodes

B Bpd
 InApd —In(In (14 1/7,))’

where A, B are empirically measured constants dependent on the materials and -,
is the secondary electron emission coefficient [13]. When this voltage is applied to

Vo

(1.2.4)
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OUTER ELECTRODE
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of current flow. via Lorentz force.
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Figure 1.9: Breakdown phase (inverse pinch effect) of plasma focus. [14]

the electrodes, the gas above the insulator is ionized. Current starts to flow through
the created plasma layer, generating a magnetic field. Due to the Lorentz force,
plasma is accelerated firstly in the radial direction to the cathodes, later when the
discharge reaches anode, it is accelerated in the axial direction. This process is
shown in figure (1.9), it is called the inverse pinch — the magnetic forces affect the
plasma sheath to expand instead of pinch. [14].

IT.—III. Acceleration phase Phase begins at the end of the breakdown phase, when
plasma connects cathode and anode. The axial magnetic force j. x By depends on
the radius as 1/r, therefore, the velocity of the plasma sheath is larger near the
central anode. However, the accumulation of the plasma mass is non—linear: the
mass build—up near the central electrode is linear, but drops in the direction towards
the outer electrodes, where it is almost non—existent. This is called "snow—plow"
effect, which slows down the movement of the central plasma sheath. [14]

IV. Collapse phase When leaving the conical arrangement of the electrodes, the plasma
sheath is focused on the top of the anode. The compressed part of plasma then be-
haves in a similar fashion to z—pinch, generating X-rays and fusion neutrons, con-
sidering an application of the proper filling gas. The instabilities are also analogical.






Chapter 2

Plasma Instabilities

The biggest problems that occur during achieving thermonuclear fusion are plasma in-
stabilities. Although plasma is able to remain in equilibrium for a short period of time,
randomly occurring perturbations are likely to destroy it. In order to reach the desired
experimental goals, the lifespan of plasma has to be extended by delaying the creation of
the annihilating perturbations.

The easiest way to describe instabilities is in the case of a z—pinch, when the plasma is
stable in Bennett equilibrium. Results from studying these instabilities can be generalized
and taken into account in the other experiments and field configurations.

2.1 Bennett Equilibrium

The plasma is in steady—state equilibrium, when it is balanced and inert. Due to the
cylindrical symmetry, for z-pinch this happens when

Vp =j x B, (2.1.1)

where p is pressure, j stands for the density of the electric current and B is magnetic
induction. Using Ampere’s law

V x B = jj (2.1.2)

in cylindrical coordinates for azimuthal magnetic field B = (0, By(r),0) and axial current
density j = (0,0, 7.(r)), the equilibrium condition can be rewritten from equation (2.1.1)
as

d B2\ B?
— — — =0 2.1.3
& (pk + 2uo) T =0 (2.1.3)

where p; represents kinetic and p,, = 2%30 magnetic pressure, p = pi + pr,. Lerm out of
the derivation provides a radial confinement as a tension force generated by the curvature
of the magnetic field, r representing the distance from the z—axis. [11]

Assuming an uniform current density j, = ﬂ—llzg inside the plasma column with radius
R, where [ is electric current, the magnetic induction inside the column can be written

as

11
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_ olr
=5

Solving the differential equation (2.1.3) with considering the boundary conditions
p(R) = 0 and neglecting the radiation from pinch, the pressure in the plasma column
is

By (2.1.4)

;1,0[2 7“2
p(r) = Ry (1 - ﬁ) . (2.1.5)
The condition for the current flowing through the plasma column when magnetic p,,

and thermal pressure p; are equal is called Bennett relation. Assuming the magnetic
induction (2.1.4) for r = R the pressure equality yields

8 3
2= kg, (2.1.6)
Ho

where n, is linear density of plasma.

2.2 Instabilities

The instabilities can be divided into two categories according to their origin:

e Hydrodynamic are caused by macroscopic motions of the plasma, i.e. an electron
two—stream instability.

e Kinetic are based on interaction of specific particles with unstable mode, like ion
acoustic-drift instability.

However, the first category is a more frequent subject of studies. [11]

The Hydrodynamic instabilities are focused on wave—like form of plasma flow. For the
Bennett equilibrium, the wave solution depends on the distance from z—axis. Therefore,
the perturbation of the static solution is

w(t7 ,r" (107 Z) - 1/]0(7‘) _'_ /l/bl (T)elm9+lkzz_IWt7 m = 07 :t17 :t27 o (2-2.]—)

where 1)y(7) is the static solution, a disorder created from an aperiodic part ¢ (r), together
with an oscillating exponential. FElements in the exponential are m modal number, 6
azimuthal angle, k, axial part of wave vector and w angular frequency. [9]
In accordance to the modal number, plasma is unstable when
2-p
0<m< —, 2.2.2
— (222)
where 5 = 5—7’;. For pinch plasma (8 < 1, therefore the only first two modes are relevant:
m = 0 sausage and m = 1 kink instability. [15]
Another hydrodynamic instabilities occur on the surface where parts of plasma with
different parameters meet: Rayleigh-Taylor or Diocotron instability.
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2.2.1 Sausage Instability

The shape of this instability corresponds to the equation (2.2.1) for m = 0. The loca-
tions where plasma is compressed and expanded are repetitive, and the total volume is
preserved.

Being dependant on 1/r, the azimuthal component of magnetic field By is different
in every point along the z—axis. Therefore in places where plasma is expanded, By is
smaller and where plasma is compressed By is larger than in equilibrium. This causes an
additional compression and expansion caused by magnetic field. The name "sausage" is
derived from its shape, shown in figure (2.1).

This instability can be reduced by applying an axial magnetic field B,, i.e. creating
0z pinch. Those field lines are frozen in plasma, creating a force opposing to the change.

m=0

Figure 2.1: The physical form of sausage instability for z—pinch with cross—section where the dotted circle
represents equilibrium. The magnetic field lines are represented by lines with arrows. [16]

2.2.2 Kink Instability

With m = 1 in the equation (2.2.1), the perturbation of the wave function results in the
bending of the pinch. This bend causes the density of the lines of the magnetic field By to
get thicker on the concave and thinner on the convex side of the bend. As in the sausage
instability, the arrangement of those lines enhances formation of the instability, creating
kink, thence its name. It is shown in figure (2.2).

Using an additional axial magnetic field, the pinch becomes more stable due to the
pressure which is reacting to the changes in the density of the azimuthal field.

C b

m=1

Figure 2.2: The physical form of kink instability for z—pinch with cross-section where the dotted circle
represents equilibrium. The magnetic field lines are represented by lines with arrows. [16]
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Figure 2.3: Numerical simulation of development of Rayleigh-Taylor instability. [9]

2.2.3 Rayleigh-Taylor Instability

This instability is generally created when a constant acceleration vector points in the
direction from liquid with lower to a higher density. Those components are therefore
mixing, trying to achieve state with lower energy, creating mushroom-like shapes as seen
in figure (2.3). This effect can be also observed after an explosion of a nuclear bomb.

To prevent the creation of this instability, the experiment must be highly symmetrical.
Applying a spin can also assist in suppression.

2.2.4 Diocotron Instability

It is plasma analogy of Kelvin—Helmholtz instability, where two layers are moving against
each other, i.e. blowing wind over the water surface.

The separation of the charged particles in the radial direction can be caused by drifting
or thermal radiation. Hence, the layers of plasma with different charges are created,
causing a rotational movement. Its speed depends on the distance from the z—axis. [9]
On the surface, the rotating thread meets the environment, creating swirls as seen in
figure (2.4).
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Figure 2.4: Cross—section of diocotron instability. [9]

2.3 Hotspots

In the initial phase of the plasma column collapse, hotspots — structures with high density
and temperature, occur. At first, they were considered elements created by the sausage
instability; however, this has since been disproved. Those spots emit hard X-rays, neu-
trons, nonthermal electrons and ions with energies from 20 keV to 1 MeV, they are always
preceded by electron-beam-excited characteristic lines. |11]

In figure (2.5) a Schlieren photography of pinch of a wire in time is shown. The picture
right represents the position of hotspots.

e -

Figure 2.5: Schlieren photography of pinch of a wire with a diameter » = 25 pm, in times t; = 14 ns
and t5 = 41 ns, made in Imperial College in London, UK. In the right picture is an image of hotspots
radiating in soft X-ray spectre. [10]






Chapter 3

Ionizing Radiation and Semiconductor
Detectors

Ionizing radiation is defined as a particle radiation with energy sufficient to ionize atoms.
It can be formed as a by—product of nuclear reactions, produced in particle accelerators
or generated in X-ray tubes. Ionizing radiation can be divided into two basic categories:

e Direct ionization, i.e. electrons and heavy charged particles. They ionize surround-
ing atoms directly by Coulomb interaction.

e Indirect ionization with neutral hadrons such as neutrons and electromagnetic ra-
diation, where secondary charged particles ionize the surrounding environment by
a direct interaction.

Each of these types of ionizing radiation interacts differently with matter; therefore,
several various detectors with unique characteristics have been created. Some of them are
capable of detecting multiple types of incident particles.

3.1 Bethe—-Bloch formula

Energy loss of heavy charged particles can be approximated by the Bethe—Bloch function.
The specific energy loss is defined as a differential energy loss for the charged particles
divided by a differential path length in material

dE
S=—— 3.1.1
o (3.1.1)
The Bethe-Bloch formula calculates the stopping power as the mean value of equation
(3.1.1), determined for heavy charged particles as

dE Z 1 [1, 2m.2B**W, 5(B7)
—(— ) =K2=—|=1 = e _pr- Y 3.1.2

<d:z:> ZAW{QH 2 F==2 (3:.1.2)
where z is charge of the incident particle, Z charge number of the medium, M mass of
the incident particle, A atomic mass of the medium, [ mean excitation energy of the
medium, S ratio of speed of the particle v to the speed of light ¢, v Lorentz factor, o

17



18 3.1. BETHE-BLOCH FORMULA

density correction. W, is the maximal energy transferred in a single collision, defined
as

B 2m.c? 322 (3.1.3)
maxr — Me Me 2 T
1+2y (5%) + (5%)
and K constant
K =47 Nar’c?, (3.1.4)

where m, is electron mass, r. classical electron radius, N4 Avogadro’s number. Additional
corrections are used for describing energy loss of electrons in matter.

Stopping power for copper as a function of 57 can be seen in figure (3.1).

Energetic particles such as protons and deuterons from plasma focus have kinetic
energies approximately 1 MeV, which corresponds to Anderson—Ziegler region.

r [ I I i
F?D = -
T T utonCu
S100 - T -
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Figure 3.1: Stopping energy for muons in copper as a function of 8y = p/Mec. Bethe-Bloch formula
(3.1.2) describes the mean rate of energy loss in the region 0.1 < 8+ < 1000. In the region below 0.1,
shell and higher order corrections are applied, the dependency is experimentally measured and fitted. In
the radiative region, dE/dx is not a function of 8 and it is dependant on bremsstrahlung. [17]

3.1.1 Interaction of ionizing radiation

Particle detectors can only measure charged particles. Heavy charged particles and elec-
trons interact primarily through Coulomb forces with electrons in the absorber, interac-
tions with nuclei are rare. The incident particle is slowed down and electrons are accel-
erated, according to the law of conservation of momentum. Therefore, atoms in detector
are ionized and pairs of electrons and positive ions or holes are created.
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Figure 3.2: Comparison of ratio of number of detected particles Iy without and I with absorbing medium
of thickness ¢t between electrons (middle) and alpha particles (right). The left picture represents design
of such experiment. [18]

Having thousands of times larger mass than electrons, heavy charged particles ionize
medium in the straight path. In comparison, incident electrons have large deviations
in their path due to having the same mass as atomic electrons. This can be observed in
figure (3.2), where ratio of number of detected particles with to particles without absorber
decreases steadily for electrons, whereas it drops rapidly for heavy charged particles, as a
function of thickness of the absorber.

In order to detect energetic photons or neutrons, the radiation must generally undergo
catastrophic interaction — radically altering its properties. [18] For X— or gamma rays, it
is a creation of secondary electrons, via the process of Compton scattering, photoelectric
absorption or electron—positron pair creation, occurring at different energies. For neu-
trons, it is a creation of heavy charged particles, as a result of neutron—induced nuclear
reactions or from gaining kinetic energy from collision. Products of these processes then
interact as direct ionization mentioned above.

Photoelectric absorption

Incident photon undergoes an interaction with electron in atomic shell. Photon is absorbed
and so called photoelectron is ejected from shell with kinetic energy F,.-

E, =hv—FE, (3.1.5)

where h is Planck constant, v frequency of photon and Fj binding energy of electron.
Therefore, photon must have energy greater than binding for reaction to occur.

Compton scattering

Incoming photon is deflected on an electron in the absorbing material, part of the energy
is transferred. This results in the creation of a recoil electron and photon scattering angle
0, due to the conservation of energy and momentum. The energy of the scattered photon

is calculated as
hv

T 1+ (1 cos(0))

moc

% (3.1.6)

where h is Planck constant, v is initial and v/ consequential frequency of photon, moc? is

a rest-mass energy of electron. Since all scattering angles are possible, the energy range
of secondary photons is also wide. [18]
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Electron—positron pair creation

Having at least twice the rest-mass of electron Ey = 1.02 MeV, energy of photon is
converted into an electron—positron pair, all excess energy above this threshold is preserved
as a kinetic energy of created particles. This reaction is more plausible for large energies
of incoming photons of the order of MeV.

3.2 Detectors

Particle detectors can be made either from liquid, gas or solid materials. The material and
method of construction determines energies and types of particles that can be detected.
Currently used detectors are either gaseous ionization chambers, liquid detecting medium
detectors and solid—state detectors.

Historically, bubble or cloud chambers have been used. They are created from liquid,
which is kept just below the boiling point, or from a supersaturated vapour of water or
alcohol. Charged particles transmit part of their energy to the molecules of medium,
bringing liquid to the boiling point, or condensing water/alcohol. Therefore, path of their
flight is visible, captured by photographic means. With addition of strong magnets, it is
possible to measure momentum and charge from the curvature of the particle track.

3.2.1 (Gaseous ionization detectors

In this type of detectors, ion pairs are created and detected in gas media. The energy
needed for this ionization process depends on the construction of detectors, it is approxi-
mately 30 eV per ion pair. [18|

The created ion pairs will recombine quickly, therefore as a mean of prevention, ex-
ternal electric field is applied to the electrodes inside the chamber.

These detectors can be further divided into more specific groups. Impact of voltage
on gas amplification factor and count rate for them is in figure (3.3).

Ionization chamber
They are gaseous equivalent to semiconductor detectors, operating at small voltages.
Measuring created ionization current, the energy of incident particles can be determined.

Geiger—Miiller tube

Applying high voltage, large electric field is achieved, creating avalanche of electrons from
the incident particle. Geiger—Miiller tubes therefore only work as counters of radiation—
induced events, not as energy meters.

Proportional counter

Using combination of mechanisms of ionization chamber and Geiger—Miiller tube, energy
of the incident particle is measured. Input pulses are amplified via process of avalanche
of electrons, however, a direct relation between measured and particle energy exists. Par-
ticles can be identified by measuring their charge, momentum and specific ionization loss.
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Figure 3.3: Effect of detector voltage on gas amplification factor and observed count rate for gaseous
ionization detectors. [19]

3.2.2 Solid-state detectors

As the name suggests, these detectors are made of solid materials, in which the radiation
interacts. In comparison to the previous group, the detection mainly occurs via creation
of electron—hole pairs, which are similar to the ion pairs in gas. However, some types of
solid—state detectors create visible light from the incident particle, which is then detected.

Solid-state detectors can be much smaller than gaseous ionization ones, due to a
larger density of medium and therefore smaller distance which radiation must pass to lose
most of its energy. Moreover, solid-state detectors have higher energy resolution and the
amount of the energy required to create an electron—hole pair is about 10 times smaller
than for the creation of an ion pair in the gas. For example, it is about 3.6 eV in the case
of silicon. [18]

3.3 Semiconductor detectors

Semiconductor detectors are the most widely used type of the solid-state detectors. Silicon
and germanium are mostly used due to their properties as elements of group 4 in periodic
table. They are usually doped with donors (lithium, arsenic, phosphorus) or acceptors
(boron, aluminium) of electrons, which create a p —n junction. By diffusing dopants, the
free charges around the junction disappear creating a depletion region — opposing another
diffusion. It works as an active volume of the detector.

When incident particle passes through the detector, electron—hole pairs are created in
the depletion region and move along the electric field lines between p— and n— doped
areas, in the opposite directions. Those charges then arrive to the electrodes, where they
are collected and measured. However, this signal would be small compared to the signal
created by the thermally induced charge carriers. The probability of thermal creation of
such pairs is given by

E
T) = CT3? ——1 3.3.1
where T is absolute temperature, kg is Boltzmann constant and C' is material constant.

Bandgap energy E, represents the difference of energies between the conduction band,
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Figure 3.4: Widening of depletion region (shown as grey colour), from p to n implant, due to application
of bias voltage.

in which electrons are free to migrate, and the valence band, where electrons are bound.
For silicon and germanium, the value of the bandgap energy at the room temperature is
E,=1.115 eV and E, = 0.665 eV respectively. [18]

By lowering the temperature of the detector, or applying a reverse—bias voltage (the
size of the depletion region is widened), the measured signal from the incident particles
overwhelms the signal from the thermally created electron—hole pairs. Contrary to germa-
nium, silicon detectors can be operated at room temperature. Thickness d of the depletion

region is
20, \ '/*
d = ( ij) , (3.3.2)

where ¢ is dielectric constant, U, applied reverse—bias voltage, e elementary charge and N
represents dopant concentration on the side of the junction that has lower dopant level.
Thickness of the region is therefore proportional to /U. [18]

The configuration of implants which are connected to the readout of the sensor can
differ. Either p™ on n, where number of created holes is collected, or n™ on p, which
measures electrons. Despite this, the depletion region always starts over p and widens
towards n, this process is shown in figure (3.4).

Semiconductor detectors can be used to detect either direct ionization or energetic
photons. Calculated specific energy loss for charged particles, relevant for thermonuclear
fusion, in silicon is shown in figure (3.5). Absorption coefficient of photons in silicon,
according to their energy, is shown in figure (3.6).

There are two commonly used categories of semiconductor detectors which differ in
size and geometry of sensitive elements — micro—strip and pixel detectors.

3.3.1 Micro—strip detectors

Segmenting p—doped implant into narrow strips, position of an incident particle can be
measured in one direction. After an addition of another layer of such strips perpendic-
ularly, the exact position of the impact can be determined. However, in this geometry,
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Figure 3.7: Cross—sectional view of double-sided silicon strip detector. Each n* strip is surrounded by
pt—doped implant, as a mean of isolation from adjacent strips. [22]
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tracking ambiguities can arise. Moreover, at the same time the detector has to detect
electrons and holes in the upper and lower strips respectively. Therefore this type of
detector is not widely spread, its cross—section is shown in figure (3.7).

3.3.2 Pixel detectors

Instead of arranging implants to strips, pixel configuration is used for better hit position
resolution. The pixel detectors can be further divided into two groups, depending on their
construction.

Monolithic pixel detectors

Only one substrate is used, where both sensor and readout electronics are placed. Mono-
lithic pixel detectors are very thin, with high efficiency, although difficult and costly to
make. Cross-section is shown in figure (3.8a).

Hybrid pixel detectors

In comparison to the monolithic, the hybrid pixel detectors consist of two separate parts —
readout electronics and sensor elements, connected by bump—bonds. This type of detectors
can be cheaper to make, its cross—section shown in figure (3.8b). Medipix2 and Timepix
detectors represent such construction.

n-diffusion

p-substrate

n-well

electronics electronics /clcctronics

p-collection electrode

(a) Monolithic pixel detector.

n-diffusion

detector n-substrate bump bond

p-implant p-implant p-implant p-implant

S

electronics electronics electronics

electronics

electronics substrate

(b) Hybrid pixel detector.

Figure 3.8: Cross—sectional view of monolithic and hybrid pixel detector. [23]
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Apparatus

For the measurement presented in this thesis, PFZ-200 plasma focus with some of its
diagnostics was used, together with Medipix2 and Timepix pixel detector. Monte-Carlo
Simulation of particle-propagation through matter was also performed, to predict relia-
bility of set—up and ability to detect photons from thermonuclear plasma.

4.1 PFZ-200

Plasma focus PFZ-200 is an experimental device located at the FEE CTU (Faculty of
Electrical Engineering, Czech Technical University) in Prague. It is a small plasma focus,
convenient for testing different electrode configurations, loads and diagnostic tools. [24]

4.1.1 Parameters

Schematics of the device is shown in figure (4.1). Configuration is of Mather type, with
dimensions of the central electrode 2.5 cm in diameter and 11 cm in length. Electrode is
made of CuW and is connected as an anode, an insulator is made of Al;Os5. It reaches
35 mm from the bottom. Outer electrodes are from steel, 6 mm in diameter and 19 cm
long. The experiment has 12 of these cathodes, coaxially arranged with diameter of
cylindrical configuration 6 cm. Against the central anode with gap between 1 — 2 ¢cm an
auxiliary Cu electrode with the diameter of 2.7 cm can be placed. This electrode supports
pinching of the plasma, although during experiment auxiliary electrode was not used. [24|

The vacuum is made using turbo—molecular and rotary pump. The vacuum vessel is
then filled with gaseous deuterium 2D at pressure in the range of 200 — 300 Pa. Four
capacitor banks have total stored energy 5.2 kJ and are charged to voltage Uy = 15 kV,
which allows maximal current in deuterium I ~ 250 kA, during 2 ps interval. The
discharge occurs when air filled spark gap triggers. Shots can be repeated every 5 minutes.

4.1.2 Diagnostics

Many different methods are used for analysis of each shot. They can measure current,
pressure or other parameters of plasma. However, for our experiment, the most important
are visual interpretations. These are achieved using microchannel plate detector (MCP)
and schlieren photography.

25
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Figure 4.1: Scheme of plasma focus PFZ-200. [25]
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photon. [26] ers. [26]

Microchannel plate detector

This type of detector is used to detect charged particles and energetic photons. It consists
of a large number of channel electron multipliers where incident particles or photons create
secondary electrons which are then multiplied. This process is shown in figure (4.2).

The individual channels are placed in a hexagonal pattern as is seen in figure (4.3).
Dividing the active area into four parts and using power wires with different length, a
time resolution can be achieved.

Schlieren photography

Schlieren (from German schliere — smear) photography is a method used for displaying
changes in the gradient of the refractive index of medium. This can be used to display
movements in the air. In plasma physics, when collimated laser beam passes through
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Figure 4.4: Principle of schlieren photography. Laser beam is widened, using set of lenses L and L;.
Normally, beam is then focused to the focal point F of lens Ls, exactly on edge of needle S. However,
when in the path of the beam is non—zero gradient of refractive index caused by plasma, beam is shifted
and it creates an image of this change on film. [9]

plasma, its path differs from the original path and is projected on a light-sensitive medium
such as film. This process is shown in figure (4.4). The created picture then represents
change of electron concentration.

4.2 Medipix2

Medipix2 is a hybrid pixel detector primarily designed for photon—counting X-ray imag-
ing. It was developed in the European Organization for Nuclear Research CERN (from

French Conseil Européen pour la Recherche Nucléaire - European Council for Nuclear
Research). [27]

4.2.1 Parameters

The single chip has 256 x 256 pixels and is placed on chipboard 47 x 79 mm? large.
Schematic picture of chipboard with dimensions is shown in figure (4.5a) and photography
in figure (4.5b).

The chip dimensions are 16120 x 14111 pm? with an active area of 1.982 cm?, cor-
responding to about 87% of the total chip area. Each one of 65536 pixels has size of
55 x 55 pum?. Each pixel cell has 529 transistors.

The pixel structure can be divided into two blocks — analog and digital, as shown
in figure (4.6). The analog part consists of pre-amplifier and two discriminators, which
define local thresholds — boundaries of charge needed to be collected to accept particle

hit. Digital part is responsible for control and counting number of detected particles.
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Figure 4.5: Schematic and real picture of Medipix2 chipboard.
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e

Figure 4.7: USB interface 1.0 used for communication between Medipix2/Timepix chip and computer.

As a mean to control electronics, 13 digital to analog converters (DAC) are used. They
are responsible for setting bias voltage, currents and global threshold levels (THL, THH).

4.2.2 Readout

Several different methods for readout have been developed for Medipix2, which are es-
sential for the communication between detector and computer. They provide method of
adjusting DACs and also recording of measured data.

The most widely spread interfaces are Muros2 (Medipix2 Universal Readout System
version 2) from NIKHEF (National Institute for Subatomic Physics) in Amsterdam and
USB interface 1.0 from IEAP CTU (Institute of Experimental and Applied Physics, Czech
Technical University) in Prague.

There is also number of programs used for communication, commonly used is Pixelman
created by IEAP CTU in Prague.

USB interface 1.0

The main advantage of the USB interface is its small size 80 x 50 x 20 mm? and portability.
It is shown in figure (4.7). Power supply for both detector and interface is ensured via
miniUSB cable, which also transfers data. Transfer speed is about 6 Mbit s~!.

Pixelman

Pixelman is a program that serves for the control of sensor and data acquisition. It also
enables calibration of the detector. Interface is shown in figure (4.8).

4.3 Timepix

Timepix chip is similar to Medipix2. Both use the same chipboard and readout software.
Its main difference is, however, the capability to measure the energy by means of time
over threshold, which allows certain determination of the energy of incident particles.
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Figure 4.8: Pixelman interface.

4.4 Monte Carlo simulation

In physics, Monte Carlo simulations are used to predict behaviour of an experiment. It is
important for successful creation of large projects such as particle detectors at the Large
Hadron Collider (LHC) at CERN.

For simulating passage of particles through matter, GEANT4 toolkit was created by
worldwide GEANT4 collaboration. [29]

4.4.1 Geant4

The toolkit is implemented in C++ programming language. It enables users to create
experiment with specific geometry and materials, with possibility to detect particles. An
event generator action then generates predefined particles with set energies and momenta.
The type of interaction can be specified via physics list.

Different methods for output can be used. GEANT4 has a variety of visualisations,
depending on user preferences, which show trajectories of particles. Output from detector
simulation can also be saved as a ROOT file.



Chapter 5

Results

The results of the work consist of simulation, construction of an apparatus for plasma
properties measurement and measurement itself. In each of them, presented in this thesis,
processes how it was accomplished and eventual interpretation of results are described.

5.1 Simulation

Before the start of the real experiment, a simulation of detector was needed to verify a
proper detector operation in the expected range of energies. GEANT4 enables to simulate
any material and record deposited energy in it.

In the work, simulation of Medipix2/Timepix sensor was made together with pin-
hole configuration which was later used in the measurement. Also, transmittances of
aluminium and lead in large range of photon energies were simulated.

5.1.1 Parameters

The generation of events occurs in a specific region, which has to be predefined. For the
purpose of this simulation, vacuum cubic area of volume V = 1 m® was created. Usage
of vacuum both minimizes the risk of undesirable interactions and corresponds with the
experimental set—up.

The Interaction of the incident particles with a matter are defined in the physics list,
in this case it was Low Background Experiments (LBE), focusing on the electro-magnetic
interactions. Because of this, low—energy photons were used in the simulation.

5.1.2 Set—up

Simulating the set—up for the measurement consisted of creating silicon sensor and obstacle
from lead of thickness d = 100 pym, with pinhole of radius » = 50 pm. The sensor was
divided into 256 x 256 boxes representing pixels, in which a number of hits and the
deposited energy were recorded. Acquired data from the sensor were saved to a root file.

For a better demonstration of the operation, photons were generated from three points
in triangular shape with two points at the bottom. They had an uniform distribution of
the energy, from 10° to 2-10* eV. The square root of the uniform distribution was used for
the vector of a movement direction in a conical shape. The directions were corrected so
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(a) Overview of the simulation set—up. Photons are shown green, electrons are shown red.
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(b) Detailed view of the pinhole. (c) Displayed data from sensor. Colorbar rep-
resents number of hits.

Figure 5.1: Simulation of photon transfer through pinhole from lead of thickness d = 100 ym and photon
detection in silicon sensor, separated to 256 x 256 boxes representing pixels. Uniform distribution of
energies with maximum E = 20 keV was used.

that the bases of the cones of radius 7" = 250 um at the pinhole were overlaying. The lead
obstacle with the pinhole was right in the centre of the sensor and the particle sources.
The number of generated photons for the simulation was N = 1000 from each vertex.

The simulation overview is shown in figure (5.1a). In figure (5.1b) are shown photon
interactions in the lead obstacle with the pinhole. It is clearly visible that photons are
stopped in lead and pass only through the pinhole, generating free electrons in material
via Compton scattering. The matrix in figure (5.1c) represents the simulated sensor with
detected photon numbers and positions. Reversion of the location of vertices on the sensor
is evident.

5.1.3 Transmittance

The simulation of transmittance was done thrice, with slightly different parameters.

Firstly, sensor without any obstacle was simulated, then sensor with lead of thickness
= 100 pm and finally with aluminium of thickness d = 15 pm.

Photons were used as the incident particle with a constant energy in range from 10? to
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Figure 5.2: Simulated and real transmittance of lead and aluminium for photons with energies from 102
to 3-10% eV with step 102 eV [30]. Each simulated value represents 10° generated photons.

3-10* eV with a step 102 eV. Theirs starting point was uniformly distributed in a circle of
radius » = 0.2 mm, parallel to the sensor. The direction of movement was perpendicular
to it. In the each run 10° photons were generated.

For obtaining the transmittance, the number of detected hits in the sensor with an
obstacle was divided by the number of detected hits in the sensor alone. The division
was due to the normalization of the output and it had to be done for each initial energy
separately. The transmittance as a function of the photon energy is shown in figure (5.2),
compared to the reference values.

The simulation data are corresponding well with the real values of the transmittance,
only minor changes are visible at high energies.

5.2 Construction

The construction of the apparatus for measurement was performed in a number of at-
tempts, each of them surpassing previous one in functionality. The main problem which
occurred was the generation of strong electromagnetic interference (EMI) during discharge
in spark gap or during generation of plasma.

Before the usage of both Medipix2 and Timepix, calibration of the thresholds was
made, ensuring a proper performance of the detectors (via Pixelman interface: Device
control panel). The bias voltage applied to the detectors was set to U, = 80 V.

5.2.1 First attempt

Plasma focus PFZ-200 had a prepared port from straight vacuum tube and T-tube.
Between them a pinhole of radius » = 50 pym from lead of thickness d = 100 um was
positioned. The usage of lead for the pinhole was convenient due to its opacity for photons
in a large range of energies as shown in figure (5.2a). The necessity of T-tube was for
pumping vacuum from behind the pinhole. The distance from the central anode to the
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Figure 5.3: The Apparatus for the measurement with USB interface 1.0. It consists of Medipix2 detector
in a vacuum sealable box and USB interface 1.0 in connected Faraday cage, together with an external
battery and an USB to optical cable conversion. The components in the Faraday cage are connected via
micro to double USB connector.

pinhole was set to [; = 224 mm, distance from it to the detector was I, = 200 mm.

Medipix2 pixel detector was prepared inside an aluminium alloy box which can be
sealed and exhausted, shown in figure (5.3) on the left. Tt was then attached to a port on
PFZ-200 plasma focus device and vacuum was created using rotary and turbo-molecular
pump.

Using USB interface 1.0, Medipix2 was connected and powered. The detector was
working as was confirmed using alpha and beta particle emitter. However, after trying
a discharge in the spark gap, the detector stopped responding and displayed a strange
pattern, shown in figure (5.4).

An effort was made to shield wires and USB interface 1.0 from EMI using thick alu-
minium foil and braided shielding. This was not working and same pattern was visible
when discharging. Therefore, another method had to be devised.

5.2.2 Second attempt

Using the information from the first attempt, everything had to be enclosed in a Faraday
cage. Both the detector and the readout together with a power source, the communication
with PC had to be ensured via the USB /optical transceiver. The connection to the plasma
focus was the same as in the first attempt. The final set—up is shown in figure (5.3). The
Faraday cage was created using the same type of box as was used for the detector. In
figure (5.5), the apparatus is connected to the PFZ-200.

After connecting Medipix2 box to the plasma focus and creating vacuum, the Faraday
cage was connected and functioning of the device was tested. This configuration withstood
EMI generated from the discharge in the spark gap, however, the moment the capacitors of
PFZ-200 were being loaded, the detector stopped responding, repeating the noise pattern
as in the first attempt.
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Figure 5.4: The pattern shown when the configuration of Medipix2 was lost and the detector stopped
responding to USB interface 1.0 due to EMI. Colorbar represents the number of hits in the detector.

Figure 5.5: The connection of Medipix2 apparatus to the plasma focus device, picture taken from two
angles.
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Figure 5.6: The apparatus for the measurement with Muros2. It consists of Medipix2 detector in the
vacuum sealable box and USB interface 1.0 in connected Faraday cage, together with the external battery
and the USB to optical cable conversion, used to control the bias voltage. In the large Faraday cage
Muros2 is placed together with a computer, UPS and the other operating elements such as a keyboard,
a mouse and a display.

It was discovered that the Faraday cage is not perfectly connected to the Medipix2
box thus it is not shielding EMI properly. This was fixed by scraping off paint on places
which were suspected of a bad connection and by covering wire junction on Medipix2 box
with a thick aluminium foil.

The operation of the device was tested and it was observed that Medipix2 was working
properly, even after the discharge in the spark gap or after loading the capacitors. It was
even possible to detect photons or particles from plasma.

5.2.3 Third attempt

Taking into account the results from the measurement with Medipix2, using Timepix
would provide more useful information. The set—up created during the second attempt
was functional, however, there was a problem with Timepix and USB interface 1.0 com-
patibility. Therefore, Muros2 had to be used.

The usage of Muros2 brought back problems with shielding, since conductive cables
were connecting the equipment — large computer, Muros2 and Timepix in a box. Ev-
erything was put inside a large Faraday cage, however, wires were not shielded properly.
This set—up is shown in figure (5.6). This resulted in the malfunction of Timepix, the
same as in the first attempt with Medipix2.
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Figure 5.7: Connected Timepix apparatus to the plasma focus device.

5.2.4 Fourth attempt

The solution to problem with the third attempt was in updating firmware of USB interface
1.0. After that, Timepix was communicating and set—up from the second attempt was
used for the measurement.

In addition, aluminium foil of thickness d = 15 pum was later added to pinhole as a
filter for low—energy photons, as is clearly seen from figure (5.2b) where its transmittance
of photons is shown. The distance from the central anode to it was also increased from
[y = 224 mm to [; = 307.5 mm. This caused a minor difference in the connection of a
bypass for vacuum and a rotation of the detector, as seen in figure (5.7).

5.3 Measurement

The data that were measured are divided into two categories depending on the used type
of detector. The output files were in a form of matrices with 256 x 256 values, representing
each pixel.

Medipix2 records were number of detected hits, for Timepix it was time over threshold.
For a better visualisation, data from Timepix were normalized to the maximal detected
value. Different rotations of the apparatus and pinhole image reversion were corrected
using software, so as to correspond with the source. All imaging was done using MATLAB.

5.3.1 Medipix2

The measurement using Medipix2 was done with set—up made during the second attempt
of the construction. The ratio of the distances from the central anode to the pinhole and
from it to the detector causes that the size of the focused plasma displayed on Medipix
was approximately 90 % of the original size.
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Figure 5.8: Displayed data matrices of different shots from Medipix2 at various settings of THL. The
colorbar represents the number of detector acquired hits. Bremsstrahlung and parasitic shapes are visible.
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(a)

Figure 5.9: Displayed data of the different shots from MCP. Evolution of z—pinch formation in time is
visible, starting from the left and moving counter—clockwise.

Since the collapse phase and creation of z—pinch on plasma focus lasts for about
20 ns and Medipix2 is only able to detect particle hits during a fixed period of time,
the exposition of ¢ = 1 s was set. Due to this setting it was possible that the detector
registered other radiation produced during the final stages of the discharge. Time needed
to process and send detected hits in Medipix2 also causes an inability to detect whole
duration of the discharge, therefore only one section of it is recorded.

During the experiments, the levels of THL were changed to separate low energy sources.
The results from some of the measurements are shown in figure (5.8).

It is visible that the change in THL resulted in the increase of the contrast of the z—
pinch. Circular objects in the left and the right lower corner, which are probably caused
by X-ray radiation from the valves on the walls of the device, were also being dimmed.

In all of the pictures, two parasitic shapes are seen. One is occupying the upper half
of the picture with a sawtooth bottom, the other is an elliptical shape near the middle on
the left side. These two shapes are mostly visible in figures (5.8¢) and (5.8f). They were
probably created by a large number of the incoming particles and photons which saturated
the detector. Despite that, the formation of plasma column is seen in all pictures.

From all of the measurements, only once was MCP triggered so that it captured a
formation of z—pinch. It is shown in figure (5.9a), picturing the same event as Medipix2
in figure (5.8b). The images do not correspond well, which could be caused by the
saturation of Medipix2.

5.3.2 Timepix

The measurement using Timepix was done using the set—up from the fourth attempt. It
can be divided into two groups, depending on minor changes in the configuration.

First measurement

The first configuration was the same as in the measurement with Medipix2, only the
detector was replaced with Timepix. Acquisition time was set to ¢ = 1 s and the mode
was set to time over threshold.
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Figure 5.10: Displayed data matrices of different shots from Timepix first configuration at various settings
of THL. The colorbar represents time over threshold of the detector acquired hits, normalized to the
maximal value of each shot. Only vague shapes are visible.
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Figure 5.11: Displayed data matrices of different shots from Timepix second configuration at various
settings of THL. The colorbar represents time over threshold of the detector acquired hits, normalized to
the maximal value of each shot. The collapse phase of the plasma focus is visible.
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The data obtained are displayed in figure (5.10). It is hard to specify any exact object
or shape resembling z—pinch or its formation. This could be caused by the saturation of
the detector by soft X-ray radiation where a quantity of photons hit the same pixel and
deposited energy.

In an addition, the measurement in figure (5.10a) was captured by MCP, its output is
shown in figure (5.9b). It is clear that there is no noticeable similarity between the two
images.

Second measurement

As a second method of measuring with Timepix, the configuration was changed by an
addition of an aluminium foil to the pinhole and elongation of a vacuum tube before
it. The elongation caused shrinkage of the displayed area to approximately 65 % of the
original size and also a rotation of set—up, due to the physical positioning and stability.
Acquisition time was changed tot =2's

The data acquired from the measurement are shown in figure (5.11). The addition of
the aluminium filter greatly improved the visualisation of the collapse phase of plasma
focus, where pinching occurs. The oblong shape in the bottom part of the images is caused
by hard X-rays radiated by the central anode where it was hit by the plasma column.

In all the pictures, z—pinch is clearly seen. Hints of instabilities are probably also
visible in the measured data. The kink instability candidate is shown in figure (5.11a)
and in figure (5.11b) is the sausage instability candidate.

Those measurements proved that it is possible to use such configuration to obtain
reasonable results. However, the data could not be compared to the measurement from
MCP, due to technical difficulties with the device.

The comparison to an another mean of imaging is crucial for the proper interpretation
of the results. Also, more measurements at more threshold levels have to be done for
a better statistical relevancy. Another essential factor is a calibration of the thresholds
using an uniform energy source with known energy, since without that only a comparison
of the detected energies is possible.






Conclusions

This thesis is focused on designing a new method of plasma diagnostics using semicon-
ductor pixel detectors. Brief introduction to plasma physics and experiments is covered
in the first chapter. A description of plasma generating devices working on the principles
of magnetic or inertial confinement is given, focusing mainly on the z—pinches and plasma
foci as they are of particular interest in this thesis. The second chapter deals with types
and characteristics of plasma instabilities. Relevant information about ionizing radiation
is provided in the third chapter, along with general properties of detectors. The principles
of semiconductor detectors are examined in more details.

The fourth and fifth chapters are dedicated to the experimental setup and the per-
formance of the measurement. These chapters represent author’s personal contribution
to the studied subject. The fourth chapter provides the description of PFZ-200 plasma
focus and its optical diagnostics systems. This includes the characteristics of Medipix2
and Timepix detectors their readout interface and controlling program, as these are the
main components of the new diagnostic method. The process of creating a new diagnos-
tic method consisted of simulation, construction of an apparatus for plasma properties
measurement, and measurement itself. All of these are mentioned in the final chapter.

A dedicated simulation has been created to model the behaviour of the experimental
set—up. The apparatus consists of: a source of particles, a lead obstacle with a pinhole
and a sensor. This is shown schematically in figure (5.1). Another simulation is used
to investigate the dependence of transmittance of lead and aluminium on the energy of
photons. The simulation results are compared with reference values obtained from [30] as
is shown in figure (5.2).

The construction of the operating apparatus was done in multiple development steps.
The detector was embedded inside an aluminium box which was attached to the port on
the plasma focus. A pinhole in the leaded plate was made between the detector and the
central anode of PFZ-200. The first challenge was to address the electromagnetic inter-
ferences which interrupted communication between Medipix2 and USB interface 1.0. The
solution was in enclosing the readout and the detector in a Faraday cage and transferring
the signal via optical cable. With this successful adjustment to the set—up, both Medipix2
and Timepix were able to collect data from the plasma focus.

Three different sets of data were obtained. The records made by Medipix2 are clearly
noisy with several visible parasitic shapes as shown in figure (5.8). Henceforth, Timepix
was proposed as a better choice, since it allows to compare deposited energy. However,
minor difficulties occurred during the first attempt of acquiring data. The detector was
probably saturated by the low—energetic photons which caused formation of indifferent
shapes, see figure (5.10). It should also be noted that these shapes bear little resemblance
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to the images made by microchannel plate as shown in figure (5.9).

The final set of data was obtained from Timepix after placing a thin aluminium foil
directly above the pinhole. From the simulation mentioned above, the transmittance of
this foil would decrease the number of soft X—rays. This is confirmed by the results of the
measurement shown in figure (5.11). Here, the structure resembling the z—pinch created
plasma column is visible together with a few instability candidates.

To summarize, the possibility of using semiconductor pixel detectors as a method of
diagnosing plasma allows for the development of new measurement strategies. However,
for better interpretation of the results it is recommended to compare to another type of di-
agnostics, e.g. microchannel plate or Schlieren photography. Calibration and specification
of thresholds should be considered an important factor.
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