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Abstract

The possibility of generating x-rays, electrons, positive ions and neutrons during the

change in the temperature of materials exhibiting a pyroelectric effect has been actively

investigated in the last two decades. This phenomenon becomes possible because the

charge can be accumulated on the surface of the pyroelectric sample. That charge

becomes a source of the high electric field, and several mechanisms lead to particle

generation and acceleration. The pyroelectric accelerators based on the pyroelectric

effect are very promising for numerous applications with low power consumption. The

main advantages of such devices are their compactness, lack of high voltage devices and

radioactive materials. However, the stability of particle generation should be improved

for practical purposes.

The main aim of this work is an experimental investigation of X-ray and electron

generation during pyroelectric effect in a single crystal of lithium tantalate (LiTaO3).

This thesis described the experimental setup to study particle generation using the

pyroelectric effect. The processes of electron and X-ray generation during periodic

variation temperature of the pyroelectric sample were comprehensively investigated.

The results of experiments, their analysis and conclusions on the further perspectives

of pyroelectric sources are given in this thesis.
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Chapter 1
Introduction

Interaction of the electrons and X-rays with the matter includes many unique effects

which might be used for studying the surrounding world. Consequently, numerous

techniques and methods have been developed to study the properties of various ma-

terials using these particles. The variety of applications determines a huge range of

instruments and devices that provide the interaction of electrons and X-ray photons

with the studied structures. This chapter describes the processes of electron and X-ray

interaction with matter, the most popular methods of analysis, and instruments for

these particles generation. The practical motivation for this thesis will be formulated

in the final section of this chapter.

1.1 The interaction of electrons and X-ray photons with

matter

The common features of photons interaction with matter

Despite the fundamental difference between the electrons and X-ray photons, there are

certain similar features of their interaction with matter. In particular, the main result

of any interaction is either absorption or scattering of the incident particle by matter.

The interaction of photons and electrons, as they pass the matter, are stochastic and

obey the laws of chance. However, there are also a lot of principal particle-specific

differences. Photons have a few interactions during pass in the matter and their inter-

17
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action is expressed in terms of cross-sections for individual interactions and attenuation

coefficients for passage through a bulk media [1]. Meanwhile, electrons may experience

a large numbers of interactions and, in general, gradually lose energy, which is expressed

in terms of electron penetration range and material stopping powers [2].

There are two fundamental concepts, which gives photons their unique properties.

First, photons have no electrical charge and, therefore, are not affected by Coulomb

forces and the second one is that photons have zero rest mass and, therefore, they

cannot have a speed different from the speed of light. The result of photon beam

interaction with a matter is the weakening of the flux intensity. In the overwhelming

majority of cases, the X-ray photons in the energy range of interest for this thesis (1-70

keV) interact with the electron shells of atoms [2, 3]. The strongly bound electrons

interact with photons by the photoelectric effect, while the weakly bound electrons by

Compton scattering, as it is shown in Figure 1.1. Besides that, interaction with the

atom as a whole (Rayleigh scattering) is important and should be considered.

The photoelectric effect

The top part of Figure 1.1 corresponds to the photoelectric effect. This type of inter-

action is characterized by the full transfer of photon energy to electron [4]. As stated

above, photoelectric interactions usually occur with electrons that are strongly bound

to the nuclei. This interaction is possible only when the photon has enough energy to

overcome the binding energy and remove the electron from the atom. The photoelec-

tric effect is most probable when the electron binding energy is slightly less than the

photon energy. If the binding energy is more than the photon energy, a photoelectric

interaction cannot occur. Calculation of the probability of the photoelectric interaction

is very complicated. Overall, the cross-section τ for the interaction between a photon

with an energy hν and an electron with energy E through the photoelectric effect can

be written as [5]:

τ(hν,E) = K
Zn

hνm
(1.1)

where K is the constant linked with the work function, Z is the atomic number, n is

power coefficient in the range 3.6-5.3, being largest for low atomic numbers, m is power

18
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coefficient in the range 2.5-3.5, again being largest for low atomic numbers. As a rule,

the photoelectric effect is the dominant process for photon energies below 150 keV for

most materials [6].

Figure 1.1: The main types of interactions of photons with electron shell [4].

Compton scattering

Interaction of photons with the matter also can lead to their scattering. Scattering can

be split into two types: without changing the wavelength (coherent scattering, Thom-

son and Rayleigh, classical) and with changing the wavelength (incoherent, Compton

scattering) [7]. A Compton interaction appears when the energy of photons is much

higher than ionization energy. Thereby all atomic electrons can be considered as free

charges. An electron absorbs a portion of the energy, and another photon is produced

with reduced energy. This photon leaves the site of the interaction in a different direc-

tion from that of the original photon, as shown in the bottom Figure 1.1. In fact, a

portion of the incident energy is rescattered by the material. That gives information

about the structure of matter. It is worth noting that the spectrum of scattered pho-

tons contains strict relation between the photon energy and the scattering angle. The

differential cross-section of photons scattered from a single free electron by Compton
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scattering is given by the Klein–Nishina formula [8]:

dσ

dΩ
=

1

2
r2e

( λ
λ′

)2[ λ
λ′

+
λ
′

λ
− sin2 θ

]
(1.2)

where re is the classical electron radius, λ and λ
′

are the wavelength of the incident and

scattered photons, correspondingly, θ is the angle of scattering. This formula indicates

that small-angle scattering is predominant. It is known that the Compton scattering is

better pronounced for the outer electrons of atoms with small Z. The probability of the

effect increases with the energy of the incident photons. At an incident photon energy

of about 10 keV and below, the contribution of Compton scattering becomes very weak

[7]. It can be considered that at relatively low energy of photons (if the energy of

photons is comparable to or less than ionisation energy), the Compton scattering turns

into coherent elastic Thompson scattering. In this case differential cross-section for a

free electron does not depends on the wavelength of photons and equal to 6,652×10−29

m−2 [9].

Rayleigh scattering

Another type of photon scattering is Rayleigh scattering, which appears to assume that

the size of the scattering particle is small compared to the scattered one. Therefore

any changes in the structure of scattering particles are absent. In this case, a photon

should be considered as a wave. The most important example of Rayleigh scattering

is the elastic scattering of a photon by an entire atom. Features of the structure of

materials allow using this type of scattering of X-ray photons to obtain exceptional

information about the structure of these materials. For example, elastically scattered

X-ray radiation in the ordered matter (e.g. crystals) obeys the following condition

(so-called Bragg law [10]):

2dint sin(θ) = nλ (1.3)

where dint is the interplanar distance between lattice planes, θ is an angle at which

constructive interference of scattered waves is maximal, n is a positive integer number

20



Introduction

(diffraction order), λ is a wavelength of the incident and scattered wave. Thus, three

main channels for the interaction of photons with matter can be distinguished: the

photoelectric effect, Compton inelastic scattering (Thompson scattering at low energies)

and Rayleigh elastic scattering. At high photon energies (from 2 MeV and above), the

generation of electron-positron pairs is possible, and starting from the energy of about

100 MeV, the effects of the interaction of photons with atomic nuclei become significant

[11]. However, in this thesis, photons with such high energy are not considered.

The common features of electrons interaction with matter

The interaction of an electron with the matter has its own distinctive features. First

of all, the electron has a mass, albeit small, but different from zero. This fact causes

a relatively large change in the electron momentum at each collision in the matter.

Besides that, it causes a noticeable change in the direction of motion of the electron.

Therefore, even a narrow beam of monoenergetic electrons, passing through a thick

layer of matter, expands strongly [12]. A mean squared of the multiple scattering angle

can be calculated as:

< θ2 >=
8πZ2e4nx

(pev)2
ln
bmax
bmin

(1.4)

where pe is the momentum of electron, bmax and bmin are upper and lower estimates

of impact parameter, n is the density of nucleus in matter, x is the path of electron in

matter, Ze is the nuclear charge and v is the velocity of electron. The mean angle can

be rather high (up to 180◦, that is a reason for back-scattered electrons). The complete

picture of all possible scenarios for the development of the interaction of an electron

with matter is shown in Figure 1.2 [13]. The variety of these scenarios are determined

by two ways in which electrons lose their energy: radiation losses and ionization losses

[14].

Radiation losses called bremsstrahlung occur when a charged particle decelerates in

the electromagnetic field of the nucleus. The energy loss due to this process depends on

the atomic number, as Z2. It should be noted that the radiation losses become weak at

energies below 1 MeV. In the region of our interest of the electron energy (of the order

of several tens of keV), the ionization losses manifest themselves more strongly [14].
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Figure 1.2: The different scenarios for the interaction of an electron with the matter
[13].

This includes interactions with binded electrons, resulting in excitation and ionization

the atoms. The energy transferred in one collision is, on average, very small. When an

electron moving in matter, the losses add up from a huge number of such small losses.

The ionization losses are defined by Bethe formula [15]:

− dE

dx
=

4πnz2

mev2

( e2

4πε0

)2[
ln
(2mev

2

Ie

)]
(1.5)

where n is the electron density of material, z is the charge of incident particle (electron),

me is the mass of electron, v is the velocity of electron, ε0 is the vacuum permittivity, Ie

is the mean excitation potential. The energy of electrons also has a strong influence on

the scenario of the interaction of electrons with the matter. For example, electrons with

an energy up to 1 keV more promoted to cathodoluminescence, Auger and secondary

emission effect [16], while at energy about 10 keV and higher, characteristic X-rays

are more expressed [17]. Therefore, X-ray generation is an important consequence of

the interaction of electrons with the matter. The methods for analyzing matter and

the sources of electrons and X-rays are very closely related, as shown in the following

sections.
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1.2 Methods for analyzing matter using X-rays and elec-

trons

There are many techniques and methods for obtaining information about the matter

by analyzing the generated, scattered, or transmitted fluxes of electrons and X-rays.

This section is devoted to describing only the most basic and common techniques to

demonstrate the breadth and relevance of this area of scientific instruments.

Energy-dispersive X-ray spectroscopy (EDS)

This is an experimental method for the element analysis of solid material, based on

the analysis of the emission of an X-ray spectrum generated by a sample irradiated

with an electron beam [17]. The intensity of the characteristic lines is proportional

to the amount of an element present in the sample. Thus, it opens up a possibility

for determining its composition. EDS makes it possible to analyze a wide range of

samples to find inhomogeneities, such as contamination of foreign particles, anomalous

layers, violation of the barrier layer, defective contact surface, the local concentration

of dopants, etc. Typical spectrum for an iron oxide is shown in Figure 1.3 [18].

Figure 1.3: Typical X-ray spectrum obtained by the EDS method [18]

EDS has certain limitations in its applicability. For example, hydrogen (Z = 1) and

helium (Z = 2) have no characteristic X-ray emission. The K-line of lithium is very low

in energy, which is very difficult to detect. The elements up to neon (Z = 10) can be de-
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tected using EDS, but strong absorption of radiation in the sample and the influence of

chemical composition distort the obtained information. For elements with higher Z, an

accurate estimation of the sample composition requires the application of quantitative

correction procedures.[19]. Another technique related to EDS is wavelength-dispersive

X-ray spectroscopy (WDXS). The main difference of this method is using X-ray diffrac-

tion for differentiation of emitted X-ray into single areas depending on the wavelength.

The WDXS method has higher sensitivity and spectral separation power than EDS.

X-ray fluorescence (XRF)

This method is very close to EDS. In this case, the sample is irradiated with a flux

of X-ray photons. Consequently, the response in the form of secondary photons of

characteristic radiation is recorded. The primary radiation spectrum has a rather

large effect on the results of the analysis. The broad bremsstrahlung spectrum with

several characteristic lines is typically used in this method [20]. There are several

more commonly used characteristic lines used to irradiate samples (copper Kα 8.10

keV, molybdenum Kα 17.48 keV, rhodium Kα 20.21 keV, silver Kα 22.17 keV). The

atmosphere greatly influences the spectrum from elements with low Z. The surrounding

area should be filled in with helium. Proportional counters or various types of solid-

state detectors (PIN diode, Si(Li), Ge(Li), Silicon Drift Detector SDD) are used in XRF

and EDS methods. Besides elemental and chemical analysis, XRF is widely used for

research in geochemistry, forensic science, archaeology, and art objects such as paintings

[20, 21].

X-ray photoelectron spectroscopy (XPS)

This method is based on measuring the energy of photoelectrons knocked out from dif-

ferent energy levels of atoms when a sample is irradiated with X-rays [22]. The scheme

of XPS is shown in Figure 1.4 [23]. The sample (usually a solid, because the XPS

requires high vacuum conditions) is irradiated by a focused X-ray beam (a red cone

in Figure 1.4) with an energy of up to 2 keV. The photoelectron flux is corrected by

a lens system and recorded by the energy electron analyzer. Every chemical element

has its own specific electron energy levels. Therefore, the spectrum of the emitted
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electrons reflects the elemental composition of the substance (except for hydrogen and

helium). A typical XPS spectrum contains the set of characteristic XPS peaks. These

peaks correspond to the electron configuration of the atoms (e.g., 1s, 2p, etc.). The

sample strongly absorbs photoelectrons; therefore, the XPS method can collect infor-

mation only about the sample surface (about 10-30 atomic layers). The XPS method

is widespread for the semiconductor industry, heterogeneous catalysis, etc.

Figure 1.4: The scheme of XPS method [23].

X-ray diffraction methods

The phenomenon of X-ray diffraction has given rise to a separate area of analysis of

matter based on measuring not only the spectra of particles but also their angular distri-

bution. A three-dimensional picture of the structure with information about chemical

bonds can be obtained by measuring the angles and intensities of diffracted beams.

Since many materials can form crystals, X-ray diffraction methods are fundamental in

many scientific and industrial fields. The structure and function of many biological

samples (e.g. DNA) are revealed using this kind of methods.

There are several main varieties of diffraction-based methods [24]. The Laue method

is used to study single crystals using polychromatic X-ray radiation [25]. A screen is

located behind the single crystal, which registers the diffracted rays forming a diffraction

pattern. This pattern is containing information about the structure and orientation of
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the sample. There are two practical variants of the Laue method, the back-reflection

and the transmission Laue method. The first case implies a position of the screen

between the X-ray source and the sample. In the second case, the screen is placed

behind the crystal to record X-rays transmitted through the crystal. Powder diffraction

is used to study powders or polycrystalline samples. The chaotic orientation of crystals

in the powder (or polycrystal) sample relative to the incident beam transforms the

diffracted beams into a family of coaxial cones with the incident beam on the axis.

Their image (Debyegram) has concentric rings (Debye-Scherrer rings), the location

and intensity of which makes it possible to reveal the composition of the investigated

substance. In practice, it is sometimes necessary to rotate the sample orientation to

eliminate the effects of texture. By scanning the sample through a range of 2θ angles,

all possible diffraction directions of the sample can be gathered [24].

Small-angle X-ray scattering (SAXS)

This method is widely used and well described in [26]. It implies the study of elastic

scattering of X-ray radiation by material inhomogeneities, which dimensions signifi-

cantly exceed the radiation wavelength (0.1–1 nm). As a result, the directions of the

scattered rays slightly deviate from the direction of the incident beam. Usually, this

method uses synchrotron radiation, or less often, collimated radiation from X-ray tubes.

Passing through the sample, the X-ray beam is scattered and recorded by detectors.

This method allows us to obtain information about the shape and structure of many

materials: protein molecules, various dispersed systems (for example, pigments in paint,

blood cells), emulsions, polymers, nanocomposites, liquid crystals etc.

X-ray absorption spectroscopy (XAS)

This is a versatile research method that can work with samples even in liquid or gaseous

phases [27]. The atomic X-ray absorption spectrum of a core-level in an absorbing atom

is divided into discrete states called “bounds final states” or “Rydberg states” below

the ionization potential and “states in the continuum” above the ionization potential

due to excitations of the photoelectron in the vacuum. Due to this, there are two main

regions and corresponding spectroscopic techniques related to XAS.
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1. The X-ray Absorption Near-Edge Structure (XANES) uses the core transitions to

quasibound states (multiple scattering resonances) for photoelectrons with kinetic

energy in the range from 10 to 150 eV above the chemical potential [28]. (See

Figure 1.5 [31], dark-blue area).

2. The X-ray absorption fine structure (XAFS) combines several sections of the X-

ray absorption spectrum near the absorption jump caused by the photoelectric

effect, located above the absorption jump extending in the range from about

150 eV to 1500–2000 eV above the chemical potential [29, 30]. (See Figure 1.5,

light-blue area)

Figure 1.5: The main regions, used in XAS methods [31].

Transmission electron microscopy (TEM)

Electron microscopy methods make it possible to obtain images of objects with a max-

imum amplification of up to 106, due to the transmission of an electron beam with

energies of 200 eV - 400 keV. Furthermore, the de Broglie wavelength of electrons is

much shorter than the wavelength of visible light of the same energy [32, 33]. As a

result, the resolution of an electron microscope can be more than 10000 times larger
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than the resolution of traditional optical microscopes.

In the TEM method, inhomogeneous absorption of electrons by different parts of the

sample gives a two-dimensional picture of the density distribution of the transmitted

electron beam. Since the matter strongly absorbs the electron flow, the samples under

study should be very thin (less than 100 nanometers thick for a conventional TEM).

There are many fundamentally different ways to provide the analysis. For example,

“mass-thickness contrast” (position-to-position differences in the thickness or density),

“Z contrast” (referring to the atomic number), “crystallographic contrast” (crystal

structure or orientation), “phase contrast” (the slight quantum-mechanical phase shifts

that individual atoms produce in electrons that pass through them), “electron energy

loss spectroscopy, EELS” (the energy lost by electrons on passing through the sample)

etc. The last one allows to quickly and accurately measure the local sample thickness in

TEM. The characteristic energy losses by electrons cover a wide range of energies from

10−3 to 104 eV. They can occur as a result of various processes, such as an excitation

of high energetic levels (10-104 eV), an excitation of plasmons and electronic interband

transitions (1-100 eV) and excitation of vibrations of surface atoms and adsorbate (from

10−3 to 1 eV).

Scanning electron microscopy (SEM)

This method implies the registration of secondary electrons emitted back relative to the

primary beam. Also, there are regimes of SEM using back-scattered electrons, X-rays,

and visible light (cathodoluminescence) [34]. The spatial resolution of a scanning elec-

tron microscope depends on the electron beam diameter and the size of the interaction

region. As a rule, the best resolution can be obtained with secondary electrons. This is

because they have very low energies on the order of 50 eV, which limits their mean free

path in solid matter [17]. Consequently, the secondary electrons can only escape from

the top few nanometers of the sample surface. As a result, the signal from secondary

electrons tends to be highly localized at the point of impact of the primary electron

beam, making it possible to collect images of the sample surface with a resolution of

below 1 nm. The worst resolution is obtained using characteristic X-rays due to the

large size of the radiation excitation region, which is several times larger than the size of
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the electron probe. The typical picture obtained by SEM is shown in Figure 1.6. SEM

samples have to be small enough to fit on the specimen stage and may need special

preparation to increase their electrical conductivity and stabilize them. Nonconductive

specimens collect charge when scanned by the electron beam, especially in secondary

electron imaging mode. This causes scanning faults and other image artefacts. There-

fore, the SEM method has certain restrictions concerning a wide range of materials

[34].

Figure 1.6: The image of carbon nanotubes array obtained using SEM method. The
images were collected during my work at Master thesis [35].

Here is an overview of the application methods related to this thesis. It can be

concluded that electrons and X-ray photons are essential as a research tools in the field

of science, technology and medicine. This conclusion determines the importance of

developing sources of electrons and X-ray photons, which will be discussed in the next

section.

29



Introduction

1.3 The X-ray and electron sources

X-ray tubes

Historically, the most important source of X-rays is the X-ray tube [37]. The vast

majority of all methods for analyzing matter properties with X-rays were developed

using X-ray tubes. The typical scheme of the X-ray tube is shown in Figure 1.7 [38].

The X-ray tube is an electric vacuum diode with a cathode and anode with an electric

potential difference of several tens of kV applied between them. All processes inside the

X-ray tube occur at a residual gas pressure of 10−6 mTorr or less. The electrons emitted

from the cathode are accelerated by a strong electric field between the electrodes and

bombard the anode. When electrons hit the anode, their kinetic energy is partially

converted into X-ray energy (a few tenths of a percent). The rest is converted into

heat. X-rays pass through a special window to the investigated sample. As a rule, the

special systems are used for heat extraction from the anode (e.g. oil cooling system

shown in Figure 1.7.

The X-ray tubes are distinguished according to the method of obtaining the electron

flow (a thermionic (heated) cathode, a field emission cathode, a cathode bombarded by

positive ions, a radioactive electron source); by radiation time (continuous and pulsed);

by the type of anode cooling (water cooling, oil cooling, air cooling, radiation cool-

ing); by focus size (macrofocus, sharp focus, microfocus); by the method of focusing

electrons on the anode (electrostatic focusing, magnetic focusing, electromagnetic fo-

cusing). Typical spectrum of emitted photons by X-ray tube is shown in Figure 1.8 [39].

The spectrum shows an overlap of pronounced components: bremsstrahlung radiation

and characteristic X-ray radiation. The bremsstrahlung part of the spectrum is contin-

uous and has endpoint energy determined by the maximum energy of the accelerated

electrons. The characteristic lines are usually determined by the anode composition.

The above properties determine a huge variety of different X-ray tubes used in medicine,

industry and science.
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Figure 1.7: The scheme of X-ray tube [38]

Figure 1.8: Typical spectrum of photons emitted by the X-ray tube [39]

Electron sources in the electron microscopy

The most common instrument using electrons is the electron microscope [32–34]. This

device has several main types depending on the purpose: transmission electron mi-

croscope, scanning electron microscope and scanning tunnelling microscope. The two

main types of electron sources in the microscopes are thermionic emission sources and

field emission sources. The standard thermionic electron source is formed from sev-

eral components: the filament, a biasing circuit, a Wehnelt cylinder, and an extraction

anode [41]. The scheme of thermionic source is shown in Figure 1.9 [42].
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Figure 1.9: The scheme of thermionic source widely used in electron microscope [42]

Electrons can be “pumped” from the cathode to the anode (the Wehnelt cylinder in

Figure 1.9) by connecting the filament (red lines in Figure 1.9) to the power supply with

negative polarity. A tungsten filament or needle, or a lanthanum hexaboride (LaB6)

single crystal [43] source can be used as a material for the cathode. When the cathode

is heated (temperature above 1000◦C), it emits electrons. A significant portion of the

electrons passes through the diaphragm in the Wehnelt cylinder and accelerates under

the potential difference. By changing the bias voltage on the Wenhelt cylinder, the

electron current can be adjusted. The field emission sources use electrostatic electrodes

consisting of an extractor, a suppressor and a gun lens with different voltages to control

the electric field shape and amplitude near the sharp tip. It should be noted that the

field electron emission occurs from a cold cathode (temperature is about 200-300 ◦C)

because in the high electric field, the effective work function of electrons from the

metal into vacuum decreases (Schottky effect [44]). Also, the field emission is used in

probe microscopy because the tunnelling current of electrons depends on the forces of

interaction [32].

As a rule, an electron microscope (e.g. tunnelling electron microscope) has a com-
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plex electron-optic system consisting of three groups of lenses [34]. There are the

condenser lenses, the objective lenses, and the projector lenses. The condenser lenses

are responsible for primary beam formation, while the objective lenses focus the beam

that comes through the sample itself. The projector lenses expand the beam onto the

phosphor screen or other imaging device, such as a film.

Electrostatic accelerators

Thus, the X-ray tube and electron microscope are the most commonly used sources of

X-rays and electrons covering numerous applications. However, there is a strong need

for more powerful sources of these particles. To meet this need, the development of

accelerators of charged particles has been going on for more than 70 years. Structurally,

accelerators can be divided into two large groups [45]. These are linear accelerators,

where the particle beam passes the accelerating gaps once, and circular accelerators, in

which the beams move along a circular path, passing the accelerating gaps many times.

Electrostatic accelerators use static (or weakly varying) electric fields to accelerate

particles [45, 46]. An important advantage of the electrostatic accelerator is obtaining

a small spread in the energy of particles accelerated in a constant and uniform electric

field. This type of accelerator is characterized by high efficiency and the possibility of

creating relatively simple high-power accelerators (500 kW and above), which is very

important for industrial purposes.

The most common types of static accelerators are the Cockcroft–Walton generator

and the Van-de-Graaff generator. In the first type, the accelerating voltage is created

by a cascade generator that converts a low AC voltage into a constant high voltage [47].

Unlike transformers, the Cockcroft–Walton generator eliminates the requirement in the

heavy core and the bulk of insulation. The generator is based on sections of capacitors

and diodes. However, a high number of sections leads to sag of accelerating voltage due

to the non-zero impedance of capacitors in the initial sections. The Cockcroft–Walton

generator can be used for the generation of accelerating voltage of the order of several

hundred kV.

In the Van de Graaff generator, which is schematically shown in Figure 1.10 [48],

the operation principle is based on the mechanical transfer of charges by a dielectric
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conveyor belt (black line in Figure 1.10). Electric charge is transported to the high-

voltage terminal by a rapidly moving dielectric conveyor belt driven by a motor mounted

on the grounded end of the structure. The conveyor belt is charged by a comb of sharp

needles with the points close to the tape at short distance from the motor. The comb is

connected to a power supply that raises its potential to a few tens of kilovolts. The high

electric field ionizes the gas near the needle points. As a result, the ions are driven to

the surface of the conveyor belt during corona discharge. The tape’s motion carries the

charge into the charge remover point, which is enclosed within a large spherical high-

voltage terminal. The removed charge is accelerated into a target inside the acceleration

tube under the potential difference between the terminal and the target (orange line

in Figure 1.10). A carefully designed Van de Graaff generator can reach a maximum

energy of electrons up to 20 MeV [48].

Figure 1.10: The scheme of the Van-de-Graaff generator [48]
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Electromagnetic accelerators

The dynamic fields are used to accelerate particles to higher energies rather than static

fields [45, 46]. Electrodynamic acceleration can arise from either non-resonant mag-

netic induction or resonant circuits excited by oscillating high-frequency fields. In non-

resonant magnetic induction particles accelerated, because if they play a role of the

secondary winding in a transformer. The increasing magnetic field creates a circulating

electric field that can be configured to accelerate the particles.

The most common example of such type of electron accelerator is a betatron [46].

Here growing magnetic field is used to direct the beam along a curved trajectory and

providing weak focusing. The beam circulates in a toroidal vacuum chamber made of

ceramics (so that the skin effect does not interfere with the penetration of the magnetic

field into the chamber), covered from the inside with a thin conductive film to avoid the

accumulation of electric charge. The relationship between the guiding magnetic field

in the beam orbit and the magnetic flow encompassed by the orbit is expressed as:

∆Φ = 2πρ2B (1.6)

where ρ is the radius curvature. It is a so-called law of “2:1” [49]. The flux penetrating

the orbit of the beam must be twice larger than a uniform magnetic field. Otherwise,

the orbit does not remain constant during acceleration. To fulfil this requirement, a

special iron core is used in the betatron. This imposes a serious limitation on the

maximum energy of accelerated electrons due to the saturation of the magnetic field.

The maximal energy of electrons in the betatrons reaches 300 MeV [50].

Another type of electron accelerators is a microtron [51]. The scheme of microtron

is shown in Figure 1.11 [52]. Here the electrons revolve in a uniform magnetic field

and accelerate each time they pass through the electric field of the accelerator radio

frequency cavity. The main idea of the microtron is to make the increment of the particle

revolution time a multiple of the oscillation period of the accelerating voltage. This

leads to an increase in the radius of the electron orbit (see the blue lines in the Figure

1.11). The energy limitation in the microtron is the size of the magnet that creates the

driving field. A modification of the classical microtron is a racetrack microtron [53].
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It has two 180-degree dipole magnets (“magnetic mirror”) with a rectilinear gap with

an accelerating high-frequency voltage applied. The world largest microtron (Mainz

Microtron, MAMI) allows obtaining polarized electron beam with an energy of up to

1.6 GeV [54].

Figure 1.11: The scheme of classical microtron [52]

Synchrotrons and free-electron lasers

The synchrotron is the most powerful source of electrons and X-rays at this moment

[51]. It operates according to the resonance principle: electrons are guided by a mag-

netic field in a quasi-circular orbit, and accelerating gaps are distributed along the

perimeter. Electrons are accelerated by longitudinal pulses of a high-frequency electric

field. The particle goes into the accelerating gap at a certain moment. It allows gain-

ing energy up to relativistic at a relatively low accelerating voltage after a repeated

passage. The autophasing effect automatically adjusts the electron energy in the beam

and compensates for the energy spread. The main limitation on the energy of electrons

in a synchrotron is the energy loss for synchrotron radiation [55]. Since electrons move

almost at the speed of light, photons are emitted when a magnetic field deflects an elec-

tron. As a result, when the direction of the particle trajectory changes, the radiation
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has a strong angular directivity. The radiation flux is concentrated in a narrow angular

cone with an opening angle of the order of 1/γ, where γ is a Lorentz-factor. So, syn-

chrotron radiation is strongly collimated. Another property of synchrotron radiation is

its spectral distribution. The critical frequency can be estimated as [51]:

ωcr ∼ ωcγ3 (1.7)

where ωc is the revolution frequency of circular orbit. Thus, the spectrum of synchrotron

radiation stretches from radio waves to γ-rays. The dependence of the spectrum of

synchrotron radiation on the electron beam energy is shown in Figure 1.12 [56]. The

increase of electron energy leads to the shift of the spectrum to a short wavelength. The

position of extreme ultraviolet (EUV), deep ultraviolet and visible light is highlighted

in Figure 1.12. The critical energy of photons (weighted average of photon energy) is

proportional to ∼BE2, where B is the magnetic field, E is the energy of the electron

beam.

Figure 1.12: The dependence of the spectrum of synchrotron radiation on the energy
of the electron beam [56]

Many types of measurements are possible only with synchrotron light. They are

used in many branches of science such as biology, chemistry, physics, material engi-

neering, nanotechnology, medicine, pharmacology, geology, and crystallography [51].

Synchrotrons are extremely efficient. They can work 24 hours a day, providing mea-

surements at many experimental stations simultaneously. Nowadays, synchrotrons are

37



Introduction

real research factories worldwide. The synchrotron radiation sources are convention-

ally divided into four generations [46, 51]. The first generation synchrotrons are used

for high-energy physics experiments, where synchrotron radiation was a parasitic phe-

nomenon. However, the methods of using synchrotron radiation were first developed

there. The second generation is synchrotrons which are specially built to generate

radiation during beam deflection by bending magnets. The third generation is the

synchrotrons optimized to generate high brightness radiation. Numerous long straight-

line intervals for wigglers and undulators were envisaged. The use of these specialized

devices for the generation of radiation is much more efficient. The fourth generation of

synchrotron radiation sources are no longer classical synchrotrons and generate coher-

ent (laser) X-ray radiation.

The most common type of facility of the fourth generation is a free-electron laser. It

is the brightest existing radiation source at this moment [57]. The base of this facility

is a long undulator shown in the centre of Figure 1.13 [58]). The mirrors at each end

of the undulator causing the radiation to form standing waves (orange line in Figure

1.13). If the electron lags behind the wave by exactly one wavelength during a single

period of the trajectory (the synchronism condition [59]), then such wave can effectively

slow down the electron along the entire way (red line in Figure 1.13). In this case, the

radiation field of the electron will add up with the field of the initial wave, amplifying

the latter (since the electron slows down, it loses energy, which turns into a wave). The

power of the obtained laser radiation - up to hundreds of kW - depends both on the

beam current and on the field, as well as undulator length.

Figure 1.13: The scheme of motion of electron beam (red line) and monochromatic
x-ray stream (orange arrow) in the free-electron laser [58]
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1.4 Practical motivation of this thesis

The development of X-ray and electron sources tends to increase the size and com-

plexity of its structure to obtain a higher brightness, power, and the necessary time

structure of the particle flow. Thus, the exploitation of such sources becomes a sepa-

rate complex scientific and industrial task, requiring large capital investments and the

training of many specialists. Nevertheless, there is a whole class of applications that

set the opposite trend - the creation of compact, relatively simple and safe sources,

which may have certain limitations, but can significantly expand the scope of applica-

tion of X-ray and electron sources [60]. The following possible applications for compact

particle sources can be distinguished:

• Research the objects (elemental analysis, radioisotope dating, etc. outside labo-

ratories). Specific examples include geological explorations, work in hard-to-reach

places, and autonomous remote operations in space or underground. The require-

ments for sources, in this case, include the lowest possible power consumption,

preferable absence of high voltage elements, compactness and simplicity in oper-

ation.

• Personnel training in handling radiation sources and various methods of materials

analysis. The cheapest and safest sources are needed, which will be actually

functional, but on the other hand, will not pose a danger to personnel and thus

can be accessible to a larger number of people.

• Calibration of X-ray and electron detection instruments used in larger devices and

facilities. It is required an alternative to the radioactive isotopes. The controlla-

bility of the generated particle flux and the least possible effect on the environment

are important (the radioactive isotopes do not provide that).

• Imaging in the conditions of disaster medicine and autonomous working condi-

tions. Partially, this problem is solved by modern portable devices, but many

areas require lighter, more compact, and energy-efficient devices.

The listed applications cover techniques such as fluorescent analysis, energy-dispersive

spectroscopy and microscopy techniques. Also, there are several common desirable
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properties of the electron and X-ray sources for these applications: compactness, the

fewest power consumption, absence of high voltage power supplies and radioactive

materials, controllability of the particle flux and safety of the source for personnel.

Conventional X-ray tubes and electron microscopes do not possess these properties

fully and do not allow them to satisfy the needs. There are compact X-ray tubes and

imaging devices, but they use high voltage power supplies, have safety restrictions and

do not completely fit for the specified applications [40].

Consequently, new approaches to particle generation are required, which would

make it possible to design the necessary sources. An example of such an approach

is the electrification of bulk dielectrics in various ways unrelated to the direct supply

of high voltage. The polarizability of dielectrics (and the presence of spontaneous

polarization in some of them) opens up the possibility of generating a high electric field

(and particles) in an ambient vacuum. There are few methods to polarize the bulk

dielectric sample:

• Pyroelectric effect. It is the most developed method. Change in temperature of

dielectric material (which possess pyroelectric properties) leads to induction of

charge on specific surfaces and generation of high electric field [61].

• Piezoelectric effect. This way was approved recently. In this case, the mechanical

stress, which is applied to the sample, is used for charge induction[62].

• Triboelectric effect. It is contact electrification on which certain materials become

charged after they are separated from a different material with which they were

in contact [63].

This thesis is dedicated to exploring the possibilities of X-ray and electron generation

under the pyroelectric effect. The specific way of the temperature change (periodic

variation) for the pyroelectric crystal has been realized. The practical perspective of

the presented way has been demonstrated. The influence of pressure, geometry and

parameters of temperature variation on the considered processes were also investigated.

In addition, the processes responsible for the increase of particle generation under the

pyroelectric effect have been found.
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Introduction

Together with this chapter, the thesis consists of seven chapters. The second chapter

gives introductory information about the pyroelectric effect, the possibility of particle

generation and acceleration using this phenomenon, a historical background of the field

research. Issues and white spots of described phenomena are briefly discussed. Periodic

variation of the pyroelectric sample’s temperature is proposed for the realization of

stable particles generation. The third chapter is dedicated to the description of used

equipment and experimental setup. The main conditions during the experiment are

also given. The fourth chapter is a full exposition of experiments on electron and X-

ray generation as a function of the frequency of temperature variation, residual gas

pressure. Also, this chapter is devoted to the primary analysis of obtained results. The

conditions of stable, reproducible and long-term X-ray generation are discussed in the

fifth chapter. The sixth chapter is dedicated to analysis of the electron current through

the developed pyroelectric particle source, including the observation of the avalanche

process, correlating with an increase in particle yield. The last chapter is a summary

of all results of the thesis, expressing the most important aspects. Further perspectives

in the development of pyroelectric accelerators for application in science and society

are discussed.
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Chapter 2
The state-of-art of the pyroelectric

particle sources

The relevance of research related to the development of relatively inexpensive, compact

and controllable X-ray sources is justified by the practical demand of such sources [60].

One of the original ways to generate X-rays is the possibility to use the pyroelectric

effect to obtain the high electric potential necessary to generate and then to accelerate

charged particles (electrons) and generate X-ray radiation. It is necessary to provide

a residual gas pressure around the pyroelectric sample of no more than 100 mTorr. In

this case, the surface charge induced by the pyroelectric effect is accumulated and it

becomes a source of the electric field with an estimated strength of about 105-106 V/cm

[64]. In such a high electric field, it is possible to realize field electron emission [65, 66].

The acceleration of the generated electrons occurs in the same electric field. Decelera-

tion of particles in the surrounding material leads to the generation of bremsstrahlung

and characteristic x-rays. Development of the pyroelectric X-ray and electron sources

requires a detailing study of the influence of different parameters. In this thesis, an

experimental investigation of X-ray and electron generation at the periodic variation

of temperature of tantalate lithium single crystals is described.
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2.1 Historical background

Conventionally the history of the development of pyroelectric particles sources began in

1992 when J. Brownridge published a Nature article [61] on the observation of X-rays

with a change in the temperature of a caesium nitrate (CsNbO3) crystal in vacuum

conditions. It was explained by electron emission from the negatively charged surface

of CsNbO3 and acceleration of these electrons in the electric field generated due to the

pyroelectric effect. Nevertheless, a careful analysis reveals that the first information

about the possibility of generation of X-rays and electrons using pyroelectricity was

published by P. Braunlich in a patent from 1974 [67]. At the same time, thermally

stimulated emission from the surface of pyroelectric crystals of lithium niobate was

actively studied in USSR [68, 69].

Afterwards, a similar phenomenon was discovered at change in temperature for sin-

gle crystals of lithium tantalate (LiTaO3, LT) and lithium niobate (LiNbO3, LN)[70, 71].

These materials have become common for X-ray generation study at the pyroelectric

effect. The J. Brownridge group also discovered the phenomenon of self-focusing of elec-

tron flow emitted from the surface of the pyroelectric sample [72]. Another interesting

feature is an observation of monoenergetic electron fluxes [73, 74]. Further experiments

on X-ray generation under pyroelectric effect had shown a possibility to excite charac-

teristic K-lines of any elements up to lead (Z = 82), that confirm a potentially wide

range of possible applications [75].

Amptek, Inc (USA) has developed a pyroelectric X-ray source (Amptek COOL-X

[76]) shown in Figure 2.1. That source possesses miniature dimensions (15 mm diam. ×

10 mm). It provides a peak X-ray flux of 108 counts per second and endpoint energy of

up to 35 keV, while the power consumption is only 300 mW. The main disadvantages

of the COOL-X are limited lifetime (only several hundred hours), instability of the

generated spectrum from cycle to cycle and different spectra at the heating and cooling

phase. This source remains the only commercially available pyroelectric X-ray source

at this moment.

During the 2000s, several research groups focused on the investigation of that phe-

nomenon. In Japan, the group led by S.Fukao had conducted several important studies
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concerning the effects of particle generation under pyroelectric effect [77–82]. In par-

ticular, they managed to reach the endpoint energy of the X-ray spectrum at 150 keV

[78]. Also, it was shown that the array of carbon nanotubes on the wall of the vacuum

chamber contributes to more intensive electron emission from surrounding construction

elements [80]. The relationship between the displacement of the atoms in the crystal

lattice and the X-ray yield was demonstrated experimentally [82].

Figure 2.1: The pyroelectric X-ray source Amptek COOL-X [76].

Another research group led by A. Shchagin from Kharkov Institute of Physics and

Technology contributed to the studies of particle generation under pyroelectric effect

[83–86]. One of the important results is the determination of optimal gas pressure

for achieving maximal X-ray yield and endpoint energy [84]. Also, the influence of

the geometry of the pyroelectric sample and mechanical properties of the surface were

investigated for the first time [85].

Very striking results were obtained by the Y. Danon group from the USA [87–89].

This group used the two-crystal geometry of the pyroelectric X-ray source. It allowed

obtaining the endpoint energy of X-ray spectrum up to 215 keV [87]. The generation

of monoenergetic electron and positive ion fluxes was also observed [88].

The property of self-focusing of the electron flow emitted from the pyroelectric crys-
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tal was interesting for many scientists. A model of a ring-like distribution of negative

charge on the surface of the pyroelectric crystal was proposed for explanation of that

phenomenon [90]. The ring-like model satisfactorily explains the dependence of the

focus distance on the geometric size of the pyroelectric sample. Afterwards, this model

was experimentally confirmed by J. Geuther [91] observing the spot of the electron flow

at different distances between the fluorescent screen and the pyroelectric crystal (see

Figure 2.2). Recently, the distribution of induced negative charge on the surface of

a single crystal of LiTaO3 was measured, and the ring-like model of negative charge

distribution was confirmed [92].

Figure 2.2: The photos of the generated electron beam accelerated from a single
crystal of LiTaO3 depending on the distance between the fluorescent screen and the

crystal surface [91].

One of the most impressive possibilities of particle generation using the pyroelectric

effect is implementing a nuclear fusion reaction. There are three necessary conditions.

The first one is a sufficient amount of deuterium in gaseous media between the py-

roelectric crystal and the target. The second one is the presence of deuterium in the

target, preferably on the surface as a film. The fulfilment of these two conditions leads
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to the generation of deuterium ions in the residual gas, which is accelerated towards

the deuterated target at a positive charge on the surface of the pyroelectric crystal. An

ions energy of several tens of keV is enough to overcome the threshold of the D-D fusion

reaction upon collision of the incident ions with deuterium atoms on the target surface.

The third condition is the presence of additional ionizing structures, tips or nanotubes

on the surface of the pyroelectric crystal for more efficient ionizing of deuterium.

In 2005 Naranjo and coauthors published an article describing successful experimen-

tal verification of this challenge [93]. The D-D fusion was carried out, and one of the

products of this reaction were the fast neutrons with energy 2.45 MeV. The obtained

neutron flux reached 900 neutrons per second at a full solid angle. Thus, there is the

possibility to develop a low-intensity neutron source using the pyroelectric effect. This

opportunity has attracted many groups. Particularly, the Y.Danon group contributed

to the development of the pyroelectric neutron source [91, 94–98]. The two-crystal ge-

ometry was applied for neutron generation [94] to obtain a higher peak neutron yield

of up to 10000 particles per second [95]. Another research groups investigate of this

phenomenon [99–105]. The possibility of neutron generation, without any additional

ionizing structures on the surface of a pyroelectric single crystal, was demonstrated

[99, 100]. The D-T fusion reaction with the generation of neutrons flux with the energy

of 14 MeV was also implemented using pyroelectric effect [101]. Nowadays, neutron

generation by pyroelectric single crystals is considered for calibration of low-background

neutrino and dark-matter detectors due to low controllable neutron flux [104, 105].

Studies dedicated to the possibilities of using the pyroelectric effect to generate,

accelerate, and control particles have been actively continued in 2010s [92, 101–130].

Progress has been achieved for fundamental studies of various processes and applied

engineering work aimed at constructing devices. For example, the distribution of X-ray

yield from a surface of the pyroelectric sample was studied, and it allowed to conclude

that the maximal amount of induced positive charge is located in the centre of the

surface (unlike the negative charge)[117]. The first theoretical model of the evolution of

the electric field at the pyroelectric effect in vacuum conditions was proposed [107, 123].

It is also worth noting that the range of materials used to generate electric fields and

particles has been expanded. Particularly, a lead zirconate titanate ceramic [114] and
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some ferroelectric relaxors [124] have been used for the first time. Another trend is the

application of nanostructures on the surface of the pyroelectric sample for increasing

the X-ray and electron emission [119, 126].

One of the most interesting results is a demonstration of the possibility to control a

particle beam using pyroelectric effect [116]. The principle of operation of the so-called

pyroelectric deflector is shown in Figure 2.3. The beam is deflected in the transverse

direction by an electric field that arises in the gap between the pyroelectric materials at

simultaneous heating or cooling cycle. The first proof-of-principle experiment showed

quite impressive results - a 10 keV electron beam was deflected at more than 10 degrees

with changing the temperature of both LiNbO3 crystals less than 1 ◦C.

Figure 2.3: The schematic pyroelectric deflector operation. [116].

The S. Imashuku group from Japan significantly contributed to the development of

devices based on particle generation at pyroelectric effect [110–112]. In particular, a

microanalyzer of probes based on X-ray generation at pyroelectric effect was developed

and brought to the pre-industrial stage. Recently, the groups from Germany, Russia

and Japan continued activity in this research area [120–122, 124, 125, 127–130].

Such a short but rich and intensive background of the development of particle

generation at pyroelectric effect is evidence of promising applications potential. At

the same time, many issues and white spots remain unexplored, and the description of
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physical phenomena which accompany the particle generation at pyroelectric effect is

incomplete.

2.2 Particle generation at the pyroelectric effect

The existence of the pyroelectric effect is associated with the presence of spontaneous

polarization in the matter. This type of polarization occurs in the absence of an elec-

tric field, mechanical stress and other external influences. The nature of spontaneous

polarization is microscopic. It is related to distortions of the crystal cell at which the

centres of subcells of different charges do not coincide. That is a reason for the non-

zero electric dipole moment for each crystal cell in pyroelectric samples. A change in

temperature of the sample causes additional displacement of ions in the crystal cell,

which leads to a change in the dipole moment and the spontaneous polarization of the

whole sample. This is expressed in the induction of charge on polar surfaces that are

not parallel to the axis along which ion displacements occurs [131, 132]. Apparently,

the pyroelectric effect, together with the friction electrization, is the earliest example

of the electrical phenomenon known to humanity [133].

Depending on the response to an external electric field, pyroelectric materials are

divided into two main groups - linear and non-linear. The linear pyroelectric materials

are characterized by the fact that the application of the electric field cannot change their

direction of spontaneous polarization. In the second group of non-linear pyroelectrics,

the direction of spontaneous polarization can be changed by the external electric field.

All materials exhibiting this feature are called ferroelectrics, which are part of the

pyroelectrics family. The ferroelectrics display high pyroelectric activity, and their

pyroelectric coefficient is higher than that for the linear pyroelectric materials. The

dependence of spontaneous polarization on the external electric field for ferroelectrics

has the shape of a hysteresis loop. One of the features of ferroelectrics is the separation

of the sample into ferroelectric domains, in which the orientation of the spontaneous

polarization may differ somewhat. Therefore, if it is necessary to shift to the single-

domain state, a sufficiently strong electric field should be applied to the sample for

switching of all domains into a single state [134].
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Generally, from the 32 crystalline classes, only 10 have spontaneous electric po-

larization, which varies with the temperature. Therefore, only materials belonging to

these classes exhibit pyroelectricity. To date, it is known that the pyroelectric effect

is found in a large number of materials with different structures. For instance, the

single crystals (among the known ones are tourmaline, triglycine sulfate, lithium tanta-

late and lithium niobate), the ceramics (titanate barium, lead zirconate-titanate), some

composites and polymers [135, 136] exhibit pyroelectricity. In addition, the pyroelectric

effect is widespread in various two-dimensional structures [137]. Such widespread of the

pyroelectric effect causes a huge range of practical applications: a recording and visu-

alizing infrared radiation for thermal imaging and thermography [138], a broadcasting

images (pyroelectric vidicons) [139], for electron-optical conversion [140], in shock wave

detectors [141] and etc.

This thesis focuses on investigating another phenomenon caused by the pyroelec-

tric effect - a generation of electrons and X-ray photons. There are several essential

conditions to achieve that. It is required to provide a pressure around the pyroelectric

sample at a level of less than 10−2 Torr. In this case, the charge on the surface induced

by the pyroelectric effect will not be instantly shielded by the environment. Because

of that, the electric field can theoretically reach 106-107 V/cm, according to estimates

[64, 74]. It becomes possible to realize effects such as a field electron emission [65] and

impact ionization of residual gas molecules [66]. Afterwards, the particles gain energy

in the electric field, bombard surrounding materials, and produce an intensive X-ray

stream via bremsstrahlung and characteristic X-rays.

The location of the grounded conductor in front of the polar surface of the pyro-

electric sample leads to the acceleration of charged particles occurs in the gap between

the conductor and the pyroelectric crystal. Generation of X-rays accompanies a decel-

eration of charged particles in the pyroelectric sample and conductor, which is usually

called a target. The main geometry of X-ray generation at the pyroelectric effect is

shown in Figure 2.4 depending on the polarity of the surface charge. In the case of

negative polarity, the electrons are emitted from the crystal (it is shown grey at Figure

2.4) and focused at a certain distance. When they hit the target, x-ray radiation is

generated (see blue arrows in Figure 2.4). In the case of positive polarity, the electrons
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released from the target, hit the pyroelectric material, causing X-ray generation from

there.

Figure 2.4: The main geometry of X-ray generation at pyroelectric effect

This is a common description of the processes occurring at expressing the pyroelec-

tric effect at vacuum conditions. However, many details of that group of phenomena

are still unexplored. In particular, there is no definition of the origin of electric break-

downs, which are considered as one of the main reasons for the instability of particle

generation [71, 74, 83, 87, 88, 107, 112, 123]. Furthermore, many dependencies have

been obtained only experimentally, without any theoretical or even principal explana-

tion (e.g. dependence of X-ray yield on the pressure of residual gas or dependence of

X-ray yield and endpoint energy on a distance between the target and the pyroelectric

crystal, and its geometry [70, 71, 83, 85, 91, 109, 115]). The phenomena of the gen-

eration of self-focused and monoenergetic electron fluxes, its dynamics with change in

temperature, the impact of geometry, pressure, etc., are studied very poorly. Despite

these circumstances, a huge effort was invested in the development of different practical

devices [76, 104, 106, 111–113].
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2.3 The statement of problem

This work has two goals that are closely related. The first one is more fundamental - to

give a more complete description of the particle generation process by the pyroelectric

effect. And the second one is to find the most stable and continuous regime of X-

ray generation by pyroelectric effect. Both goals may be accomplished by careful and

accurate experiments and the analysis of the obtained results.

The recent works show that the way of temperature change renders a decisive role

in stability and magnitude of X-ray yield [121, 123]. It was shown that a linear mode of

changing allows obtaining more intense X-ray generation at a certain rate [121]. How-

ever, long-term thermocycling in that mode does not lead to stable and reproducible

generation of X-rays from cycle to cycle. Apparently, an abrupt change of the thermal

phase (from cooling to heating and vice versa) is not favourable for these processes.

We proposed a new way of the change in temperature for a pyroelectric sample to

generate particles. Considering that an uninterrupted change in temperature is required

for instant charge production, a periodical variation of temperature was chosen. The

law of temperature change can be represented as:

T (t) = T0 + T1sin(2πνt) (2.1)

where T0 is the initial temperature of the pyroelectric sample, T1 is the amplitude

of temperature oscillation, ν is the frequency of oscillation. The pyroelectric current

generated at the polar surface of the pyroelectric sample during the process of changing

temperature could be expressed as:

i(t) = pA
dT (t)

dt
(2.2)

where p is the pyroelectric coefficient of the sample, A is an area of the polar surface

of the sample, T(t) is a law of changing temperature of the pyroelectric sample. Then

the pyroelectric current during periodic variation of temperature could be rewritten as:

i(t) = 2πpAνT1cos(2πνt) (2.3)
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It implies oscillations of induced current at the polar surface during the periodically

varying temperature of the pyroelectric sample. Interestingly, the current oscillations

proceed with the temperature oscillations by π/2 at each moment. The relation between

induced pyroelectric current and temperature oscillation in the same point is shown in

Figure 2.5. The half-wave of the pyroelectric current curve of one sign is associated

with a certain thermal phase (in other words, with heating or cooling of a sample). The

heating corresponds to a red area in Figure 2.5, and the cooling to a blue area. Thus, at

the inflexion point of the temperature curve, the pyroelectric current curve should be

at the zero position. Such behaviour completely corresponds to the pyroelectric effect.

Figure 2.5: The relation between the pyroelectric current and temperature oscillation
at the same point on the surface of the pyroelectric crystal

There are works related to the measurement of the pyroelectric sample response on

periodic change (with sinusoidal wave shape) of temperature [143–146]. The oscilla-

tions of pyroelectric current with the sinusoidal wave shape from the polar surface is

observed. It was confirmed that the frequencies of the temperature and the current os-

cillations are the same. The phase relation between oscillations of pyroelectric current

and temperature is established as the expected value of π/2. It was proposed to use
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pyroelectric current oscillations for a precise definition of pyroelectric coefficient [146]

and it was the only known suggestion to use this mode of change the temperature of

pyroelectric material. Another interesting moment is that these stable current oscil-

lations should induce the electric field with constant frequency and amplitude. Such

conditions should lead to the stable generation of particles at the pyroelectric effect

with reproducible periodicity and magnitude. The use of sinusoidal wave shape of tem-

perature change for X-ray and electron generation during pyroelectric effect is the main

innovation proposed in this thesis. The following tasks were set:

• The studying of X-ray spectrum and electron generation (electron current through

the pyroelectric source) during periodic temperature variation of the pyroelectric

sample at the wide range of pressure of residual gas, frequency of variation and

geometric parameters.

• Determination of conditions of temperature variation to provide the most stable,

reproducible and controllable X-ray generation at pyroelectric effect.

The experimental setup was created and developed for solving these tasks. Its structure

will be presented in the next chapter. The obtained results will be discussed in Chapters

4-6.
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Chapter 3
The experimental setup

3.1 The experimental setup requirements

The main driving processes leading to a particle generation during the pyroelectric

effect are change in the temperature of the pyroelectric material and maintaining the

pressure of the residual gas at the vacuum level. The only way to obtain the required

pressure level is to use vacuum pumps and a vacuum fitting system. Therefore, the sys-

tem of forevacuum pump and turbomolecular pump with required fittings and vacuum

gauge was used. The temperature change can be performed in many different ways.

For example, resistors or other active elements in an electric circuit were used to heat

the pyroelectric sample in early experiments [61, 70, 71, 73, 83–86]. In some exper-

iments, cooling was carried out using liquid nitrogen [61, 71, 73]. Laser heating was

also considered as a way to change the temperature of the pyroelectric crystal [90, 108].

However, the most common way to change the temperature of the pyroelectric sample

in particle generation experiments is to use thermoelectric heaters/coolers, so-called

Peltier modules [72, 76, 79, 88, 91, 112, 117, 119, 126, 130]. The operation principle

of the Peltier module is based on the heat transfer at the junction of two different

conductors during electric current passing through [147]. The undoubted advantages

of Peltier modules are the possibility of alternating heating and cooling of used sample

and low power consumption. The description of these systems is given below.
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3.1.1 The vacuum system

To achieve and maintain the vacuum level from 0.1 mTorr to the atmosphere level, the

vacuum system includes:

• a couple of vacuum pumps (forevacuum and turbomolecular);

• vacuum fitting, including gate valves for regulation of pumping rate;

• the vacuum chamber for containing the pyroelectric sample with the target;

• the vacuum gauge for monitoring vacuum level.

The turbo pumping system is the product of the Agilent company. That system includes

the rotary vane forevacuum pump DS102 with oil circulation and the turbomolecular

pump TwisTorr 305 FSQ. A controller manages both pumps. The operating tempera-

ture of the pumps, the rotational speed of the turbomolecular pump, and the applied

power were monitored during operation. Both pumps are connected through a flexible

pipe. The vacuum chamber connected with pump via the valve gate and short flexible

pipe. The forevacuum pump implements the initial pumping of the vacuum chamber

through the turbomolecular one. When the pressure reaches 50-100 mTorr, the turbo-

molecular pump is launched to obtain a lower level of pressure. When the pressure of

the residual gas reaches 10 mTorr, valve gate between the vacuum chamber and the vac-

uum gauge is nearly closed to prevent the influence of electron flux, which is generated

by the ionization sensor of the gauge. A small gap in valve gate remains to maintain the

connection with the vacuum chamber and monitor information about the pressure of

the residual gas there. The atmospheric pressure enters the vacuum chamber through

different gate valve. In this case, gate valve between pumps and chamber is closed, as a

rule. Therefore, the vacuum conditions remain in the pumps during operations inside

the open vacuum chamber. The Kurt Lesker cold cathode/Pirani combination vacuum

gauge is used for the measurement of pressure level.

The vacuum chamber is developed and built by Vacuum Systems and Technology

(Russia). The material of the vacuum chamber is stainless steel SAE304 containing

chromium (about 18-20%). This alloy exhibits antiferromagnetic properties, i.e. the

magnetic properties are minimized. Magnetic permeability is 1.008 at room tempera-

ture. It is important to study the processes in the presence of a high electric field. The
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vacuum chamber has a cylindrical shape. The inner diameter is 180 mm. The internal

height is 150 mm. The KF standard was used for vacuum seals in all ports of the

chamber. Eight vacuum ports of the KF25 standard are evenly spaced at the lateral

surface of the cylinder body. All connections with external devices are implemented

through these vacuum ports. Also, another two vacuum ports of KF25 are integrated at

the top and the bottom of the vacuum chamber. The schematic sketch of used vacuum

chamber is shown in Figure 3.1. The main elements of the geometry inside the chamber

are shown in italics. The picture of the vacuum chamber is shown in Figure 3.2

Figure 3.1: A schematic sketch of used vacuum chamber.
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Figure 3.2: A photo of the vacuum chamber used in the experimental setup

3.1.2 The system of temperature control and monitoring

A schematic sketch of the temperature control and monitoring system is shown in Fig-

ure 3.3. The sinusoidal wave from the waveform generator TGA12104 is amplified by

the waveform amplifier Accel TS250 and powered the Peltier module inside the vacuum

chamber using vacuum feedthrough. The temperature distribution along the side sur-

faces is monitored by the thermal infrared camera Flir E30, located outside the vacuum

chamber and focused on the pyroelectric sample. A diamond crystal viewport that is

transparent for infrared radiation is used in the experimental setup. The temperature

oscillations at a couple of points close to the top and the bottom polar surfaces of the

pyroelectric sample were recorded into a file for analysis. Besides the Peltier element,

another source for heat transfer is used. It is a water cooler attached to the bottom

radiator of the Peltier module to extract the residual heat. A vessel with water is lo-

cated outside the vacuum chamber and connected to the radiator by plastic tubes and
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special vacuum feedthrough for liquid. The water flow was delivered to the inside of

the radiator using the submersible pump EcoPlus. The water temperature in the vessel

is measured by a thermocouple, managed by a thermocontroller ATEC302. The exper-

iment results show that it is important to provide as stable oscillations of temperature

as possible without any gradual rise. The use of water-cooling system allows reducing

the temperature oscillation rise to a value below 0.1 ◦C per cycle, which is acceptable

for our purpose.

Figure 3.3: A schematic sketch of the system for temperature control and monitoring.

3.2 The measurement systems used in the experimental

setup

Several different measurement systems allow measuring the X-ray spectrum, the tem-

perature distribution on the side surface of a single crystal, and current of generated

electrons. The structure of these systems is described below.

Electron current measurement

The current passing through the pyroelectric source is measured from the target, a

metallic grounded plate located in front of the top surface of the pyroelectric crystal.
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The target is mounted on the vacuum manipulator, which allows managing the distance

between the target and the pyroelectric crystal. The circuit for measurement is shown

in Figure 3.4. The gap between the pyroelectric crystal and the target together with

the pyroelectric sample is represented as a capacitor, while the target and the bottom

surface of the crystal are acting as capacitor plates.

Figure 3.4: A circuit for current measurement.

The single-channel picoammeter Keithley 6485 is used to measure current in the

range from 20 fA to 20 mA with high resolution and low noise. The foil, attached

to the bottom surface, is connected to the picoammeter through LO input which is

grounded. The target is connected to HI input to measure a current from there. A

special protection circuit, consisting of resistor 100 Ω and two diodes 1N3595 (D1 and

D2 in Figure 3.4) were integrated to prevent the overload conditions at a breakdown.

The data monitoring and recording are implemented by a special program “Amper6485”

developed on the LabVIEW platform. The picoammeter is connected to the PC by an

RS-232 interface. The sampling rate and the range of measurement could be adjusted

remotely. The screenshot of the program is shown in Figure 3.5.
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Figure 3.5: The screenshot of the program for recording the data from picoammeter
Keithley 6485

Temperature measurement

Thermocouples in vacuum conditions lead to serious distortion of electric field distribu-

tion near the pyroelectric crystal. For this reason, the application of the thermocouples

and any isolated materials (e.g. mylar foil) around the thermocouple is highly undesir-

able. A remote observation method is required for temperature monitoring. Therefore,

the infrared camera FLIR E30 has been used. It is designed to obtain a visible im-

age of objects emitting infrared radiation in the 7.5-13 µm wavelength range. The

measurement range is from -20 to +150 ◦C with resolution of 0.1 ◦C. The focused dis-

tance could be up to 0.4 m. Special software from the manufacturer is used to acquire

the data. The thermal camera was mounted on a special holder looking through the

diamond window, transparent for infrared radiation. The temperature was recorded

from the points which are close to the top and bottom polar surfaces of the crystal.

The scheme of measurement was previously shown in Figure 3.3. The screenshot of a

typical image from the thermal camera presented is in Figure 3.6. Two points Sp1 and

Sp2 correspond to points of measurement. Besides that, the temperature of water in

a vessel with the submersible pump is monitored by the K-type thermocouple. The

thermocouple was connected to the thermocontrollers Atec 302, connected to the PC

by a USB interface. The data from the thermocouple also were recorded into a file.
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Figure 3.6: The screenshot from thermal camera FLIR E30 during measurement.

X-ray spectrum measurement

The X-rays are registered by a semiconductor detector Cd-Te XR-100T, manufactured

by Amptek (USA)[148]. The detector is located at aside flange of the vacuum chamber.

It is mounted in such a way that the entrance window of the detector is at the same

distance from the target as the top surface of the pyroelectric sample. Thus, it provides

the same angle of observation and a correct estimation of the contribution of each

element to the total X-ray yield. The distance between the detector window and the

vertical axis of the vacuum chamber is 180 mm. The parameters of the detector are

presented in Table 3.1.

Detector type Cadmium Telluride (CdTe) Diode

Detector area 5 × 5 mm (25 mm2)

Detector thickness 1 mm

Energy resolution less 1.5 keV FWHM at 122 keV

Dark counts <5×10−3 counts/sec in energy range 10 keV - 10 MeV

Detector window Berillium, 100 µm thickness

Table 3.1: The main characteristics of X-ray detector, used in the experimental setup
[148].

This detector has almost 100% efficiency in the energy range 8-50 keV. Thus, it

allows us to obtain an X-ray spectrum without restoring the primary spectrum using
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an efficiency curve. That significantly simplifies the analysis of the spectra from the

detector. The efficiency curve for the Cd-Te detector is shown in Figure 3.7.

Figure 3.7: The curve of efficiency of the detector Amptek Cd-Te XR-100T [148].

The diagram in Figure 3.8 presents a complete electronic scheme of X-rays detection

and signal processing. The detector itself with thermoelectric cooler and preamplifier

are combined into a single metal box. The detector power supply and the output

signal processing are performed by another single device, the digital pulse processor

PX5, which Amptek also manufactures. The PX5 provides a variable digital pulse

shaping amplifier (from 0.2 µs to 100 µs peaking time), a multi-channel amplifier and

all necessary power supplies for the detector and the preamplifier. It has a USB interface

to connect to a PC. The XR-100CdTe/PX5 system ensures stable operation in less than

one minute from power being turned on. A special software, the DppMCA program,

from the manufacturer is used for X-ray spectra acquiring and recording. Also, the

DppMCA program allows to analyze of the spectra by following operations: calibration,

peak extraction, some basic mathematical operations with spectra. Another important

option is the setting of the measurement range by changing the gain parameter. The

standard measurement range is from 0.7 keV to 75 keV. The DppMCA program could

also manage the other parameters of measurement, e.g. peaking time (time of signal

acquisition) or several kinds of the threshold for discrimination of useful signal. The
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front end of the program with the acquired spectrum is shown in Figure 3.9.

Figure 3.8: The diagram of X-rays detection and signal processing to the PC [148].

Figure 3.9: The screenshot of main window of the DppMCA program.

The X-ray detector is mounted at one of the side KF25 flanges. Its position is

indicated in Figure 3.10 by the number of 10. The X-ray detector was located at a

distance of 75 mm from the bottom of the vacuum chamber and at a distance of 115

mm from the axis of symmetry of the cylindrical chamber. The vertical distance from
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the position of the detector to the crystal/target was 5.5 mm in both cases (thus, the

full distance between the crystal and the target is 11 mm). These positions of the target

and the top surface of the crystal were chosen so that the distances from their centres

to the entrance window of the X-ray detector were the same. This distance is equal

to 115.2 mm. The crystal and the target are observable to the detector in the same

way, this allows one to observe and compare the radiation yield from both elements

without taking into account the geometric features. (Of course, it is necessary to take

into account the difference in the areas of the crystal and the target in an accurate

analysis, but for the purposes of this thesis, this is an overabundant task).

The full experimental setup

The scheme of the experiment is shown in Figure 3.10. The pyroelectric crystal assembly

(1) consisting of a LiTaO3 single crystal with attached aluminium foil, Peltier element

(2) separated by a mylar film from the aluminium foil, and a water-cooled radiator (3)

was mounted inside the vacuum chamber (4). The water-cooled radiator is necessary to

extract residual heat from the Peltier element, powered by an amplified sinusoidal wave

from an arbitrary waveform generator (5). The water was supplied by an external water

pump (6). An infrared camera Flir E30 (7) monitored a side surface of the pyroelectric

crystal via a 0.5 mm infra-red transparent diamond window. The camera enables

contactless measurement of the temperature. Either brass or stainless steel target

(9) was mounted on a vacuum actuator (8) 11 mm away from the crystal interface. A

semiconductor Amptek Cd-Te XR-100T X-ray detector (10) was mounted on a separate

side flange such that the radiation from both the top surface of the crystal and the target

was measured with the same angular acceptance. The target and the aluminium foil at

the bottom of the crystal formed an electrical circuit for measuring the electron current

using picoammeter Keithley 6485 (11).

Different parameters were acquired with different sampling rates. For example, the

electron current is registered twice per second, while the temperature is registered up to

40 times per second. In the case of the X-ray spectrum, the recording duration depends

on the variation frequency (100 seconds for 0.5 mHz, 50 seconds for 1 mHz, 25 seconds

for 2 mHz, 16 seconds for 3 mHz, 12 seconds for 4 mHz). The record of the absolute
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time of each measurement act was used to synchronize all curves. Each parameter was

recorded on the same computer, which eliminates the possibility of desynchronization.

Figure 3.10: The scheme of experimental setup in vacuum conditions. (1) -
pyroelectric crystal LiTaO3, (2) - Peltier element (3) - water-cooled radiator, (4) -

vacuum chamber, (5) - arbitrary waveform generator, (6) - water pump, (7) - infrared
camera, (8) - vacuum actuator, (9) - target, (10) - X-ray detector, (11) - picoammeter

3.3 The used pyroelectric samples

In this thesis, a lithium tantalate (LiTaO3, LT) single crystal was used in research. The

picture of LT assembly in the experimental setup is shown in Figure 3.11. The typical

geometric shape is the parallelepiped with the top surface area of 20×20 mm2 and the

thickness of 10 mm. The manufacturer polished the polar surfaces, and their roughness

was less than 0.5 µm. In total, three samples of LiTaO3 with standard sizes (indicated

above) were used.

Used materials were manufactured by the Tananaev Institute of Chemistry (Russia).

This material possesses a trigonal crystal structure, which lacks inversion symmetry
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Figure 3.11: The picture of sample of LiTaO3 used in experiment.

and displays numerous effects [142]. The Czochralski process is implemented for the

growth procedure of single-crystal samples. The choice of this material is motivated by

a possibility of particle generation, high pyroelectric properties, execution in the form

of single-domain single crystals. The comparison of the main parameters of LT with

similar material of lithium niobate LiNbO3 (LN), which is also widely used for particle

generation [70, 71, 74, 75, 78–80], is presented in Table 3.2. The values are taken from

the manufacturer.

LiNbO3 LiTaO3

Crystal symmetry and class trigonal, R3c trigonal, R3c

Density 4.648 g/cm3 7,46 g/cm3

Curie temperature 1145 ◦C 660 ◦C

Thermal conductivity 4 W/m ◦C 4.6 W/m ◦C

Specific Heat 0.633 J/g ◦C 0.251 J/g ◦C

Resistivity 2×1010 Ω cm 4.5×1010 Ω cm

Dielectric constant along Z-axis 32 45

Pyroelectric coefficient 0.7 C/◦C/m2 2.3 C/◦C/m2

Table 3.2: The features of samples of LiNbO3 and LiTaO3
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Due to different elements (tantalum and niobium), there are certain differences in

the properties of LN and LT. The ferroelectric phase is narrower for the LT, while

pyroelectric properties are better for this material. Also, LiTaO3 has better thermal

conductivity with larger resistivity. This means that the heat spreads more intensively

(which determines stronger pyroelectric properties), but at the same time, a greater

electric resistance allows to obtain the higher electric potential. That is the reason for

the more efficient generation of a high electric field by LiTaO3. However, LiNbO3 is

a more widespread and cheaper material; that is why the majority of works related to

this topic deals with LN. The similarity of structure and properties of both materials

suggests that LiNbO3 can be considered as a modelling material for LiTaO3.

During the work, the samples were exposed to the least possible chemical and

mechanical operations. Any contact with the sample was carried out only with latex

gloves, in order to avoid the ingress of sebum and dirt on it. The samples were either

contained in a special container and wrapped with special lint-free paper, or in a vacuum

chamber under forevacuum conditions. When the vacuum chamber is at atmospheric

pressure, the upper surface of the crystal was blown with air using an enema to remove

dust particles. When gluing the crystal to the Peltier element, a layer of glue was

applied to the Peltier, and the crystal was placed on top. The assembly was pressed

with a massive stuff on top and left to dry for 24 hours. When removing the Peltier

element from the crystal, sharp blades moistened with acetone were used to soak the

glue layer. Remains of glue on the crystal surface were removed by soaking them with

a drop of acetone from a pipette and treating the surface with a lint-free paper. No

influence of these procedures on the effects of particle generation was observed.

3.4 Background studies

First, it is needed to make sure that the designed measurement systems can work in

surrounding conditions. Therefore, the contribution of background signals should be

evaluated. The experimental setup is located in the accelerator physics laboratory, in

the Tolansky building, room 242. The main view of the experimental setup is shown

in Figure 3.12.
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Figure 3.12: The view of experimental setup with denoted elements.

All main measurement systems were subjected to the background. Three types of

background measurements can be distinguished:

• The background when the experimental setup is completely off.

• The background when vacuum system is working and temperature control system

is off.

• Background when the vacuum system is off but the temperature control system

is working.

The first type of background is caused by external sources of noise related to another

experimental setup and equipment in the building, i.e. ventilation and electric power

supply. The other types are associated with individual elements of the experimen-

tal setup, which may affect other components. The background X-ray flux and the

background current were considered for each type of background. The results of these

measurements are presented below.
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The background when the experimental setup is completely off

Low current measurement is susceptible to the scheme of grounding of the experimental

setup and surrounding elements. Such types of background were measured every day

for 15 minutes before starting the vacuum system running or starting the experiment.

The typical current curves is shown in Figure 3.13. There are aperiodical oscillations

of up to 2 pA. It is believed that the source of these oscillations are distortions from

other powerful experimental setups and the ventilation system to which the room is

connected. However, the noise level (up to 2 pA, the average value is about 0.5 pA) is

small compared to the expected level the current, which is 102-103 pA.

Figure 3.13: The background current curves

Usually, the background of the X-ray spectrum was measured every day before

running the pumps. As a rule, 10-15 counts were registered in the range of 0.8 - 75 keV

during 15 minutes. No correlation was observed in the distribution of events vs energy,

i.e. the background events were distributed uniformly on the energy scale. The sources

of the background events are by-products of cosmic rays that have passed through the

atmosphere. Also, the distortions on the power supply circuit of the detector and the

digital pulse processor may affected on the background.
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The background measurement with working vacuum system and inactive

temperature changing system

The vacuum system includes the forevacuum and turbomolecular pumps. Each of them

can contribute to the background current of the circuit due to vibrations, which could

be transmitted through the vacuum fittings to the feedthrough connector. To prevent

this effect, the main vacuum chamber is connected to the pumps through a flexible

pipe to damp the transmitted vibrations. Also, the vacuum gauge can contribute to

the background current as an electron source. The additional valve gate is used to

cut off the gauge electrons from the main vacuum chamber. It allows eliminating the

additional particle flow. The curve of the background current at the working vacuum

system and inactive temperature control system is shown in Figure 3.14. The pressure

of the residual gas was about 1 mTorr. It is seen that the shape of the background

current does not change with active vacuum pumps and the closed vacuum gauge.

There are oscillations with an amplitude below 1 pA and unstable frequency.

The background X-ray flux is also not particularly affected by the vacuum system.

Generally, the same 10-15 counts were registered in the range of 0.8 - 75 keV during

15 minutes. A weak influence was observed only at energies below 1 keV during the

launch of the turbomolecular pump, which is associated with a sharp increase of the

vibration level at that moment.

The background measurement with active temperature changing system at

different values of residual gas pressure

The change in temperature of the pyroelectric sample is a driving process leading to

particle generation. However, it is believed that observed phenomena (e.g. X-ray

generation) should be effective only at the pressure level of about 10−2 Torr or lower.

Higher pressure leads to the screening of the induced charge and loss of the effect of

an electric field and particles generation. Nevertheless, it makes sense to study the

response of measurement systems on a the temperature change in conditions close to

atmospheric pressure. Figure 3.15 shows the results of measurement of current at two

different values of pressure: 760 Torr and 10 Torr. The red color corresponds to the
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Figure 3.14: The background current in the pyroelectric source in the configuration
with working vacuum system and inactive temperature changing system.

heating phase, the blue color to the cooling. In both cases, the temperature variation

was produced according to sinusoidal law (see Eq 2.1) with amplitude about 2.7 ◦C and

frequency of 4 mHz. It is seen that the shape of the current curve is similar in both

cases, and at the same time, it differs significantly for positive and negative polarity.

The sharp and short peaks are observed at positive polarity, while the current shape is

smooth at negative polarity. The reason for this discrepancy is the different directions

of particle flow.

In the case of positive polarity, there is no constant emission of charge from the

surface of the pyroelectric crystal. Therefore, the charge accumulates up to a cer-

tain value, causing an avalanche ionization of the residual gas molecules, forming an

electrical breakdown. This causes the pulsed nature of the current. At negative polar-

ity, there is a constant electron emission from the surface of the pyroelectric sample.

Shielding the charge by the environment leads to the absence of conditions for sharp

electric breakdowns. At the same time, the emitting electrons have a path length much

shorter than the distance to the target. However, due to impact ionization, secondary

electrons are generated and reached the target. The amplitude of the current is notably

decreasing with pressure rising. At the 10 Torr the amplitude of current is 1.0 × 10−10
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Figure 3.15: The background current in the gap between the crystal and the target in
the configuration with active temperature changing system at different pressure level:

760 Torr (left) and 10 Torr (right).

A, while at the 760 Torr this value decreases up to 4.0 × 10−11 A. This fact confirms

the influence of pressure as a factor that suppresses the effect of particle generation.

The background of X-ray generation is the same as for other types of background

measurements. The amount of registered counts during measurements, presented in

Figure 3.17, is 14 and 17, respectively. The distribution of counts by channels does

not have any correlation. This indicates that the origin of registered counts is related

to cosmic rays. There are no counts caused by X-ray generation at pyroelectric effect,

which confirms the function of pressure as suppression of that phenomenon.

Thus, the study of all types of the background shows the possibility of reliable

measurement of the X-ray spectra and the electron current during the pyroelectric

effect since the background values are much smaller than the expected experimental

values.
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Chapter 4
Studies of particle generation

This chapter includes a description of the results and an analysis of the main set of

conducted measurements. The main attention was paid to the following measured

parameters: X-ray spectrum, electron current, temperature close to the top surface

of the pyroelectric sample. Two main factors considered in the experiment are the

frequency of temperature variation and the pressure level of the residual gas. The

measured pressure range includes three decades from 0.1 mTorr to 100 Torr. This

range is divided into 12 parts with 4 equal regions over each decade. The pressure was

maintained by the handling valve gate 1 (see Figure 3.1). In every pressure region,

the measurements at 0.5, 1, 2, 3 and 4 mHz frequency of temperature variation were

conducted. All presented results were obtained using the same sample of LiTaO3.

The amplitude of the power wave driving the Peltier element was the same in all

measurement points - 0.5 W.

At first, the dependence of the peak-to-peak amplitude of temperature oscillation on

the frequency for all measured pressure ranges is presented in Figure 4.1. It is obvious

that the amplitude decreases as a function of frequency. At the same time, there is

no correlation with the pressure change. Table 4.1 presents the mean values of the

peak-to-peak amplitudes and maximal rate of temperature change at every measured

frequency. The maximal amplitude consists of only 20 ◦C. Amplitude deviations from

the mean value do not exceed 7%. The temperature oscillations were stable during the

whole set of experiments and it allows us to consider the impact of other parameters.
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Figure 4.1: The dependence of the peak-to-peak amplitude of temperature oscillations
at the top surface of the pyroelectric sample on frequency and pressure range.

Frequency (mHz) 0.5 1 2 3 4

Amplitude (◦C) 20,45±0,4 18,46±0,3 13,40±0,4 9,89±0,6 7,86±0,4

Max. rate ((◦C/min) 0,92±0,1 1.84±0,1 3,65±0,1 5,89±0,2 7,22±0,3

Table 4.1: The mean values of peak-to-peak amplitude and maximal rate of temperature
change depending upon a frequency overall pressure regions.

4.1 The case of pressure range from 25 to 100 mTorr

Here are the results obtained in three upper regions of pressure for all measured frequen-

cies. The measured parameters during periodic temperature variation at the frequency

of 0.5 mHz and pressure region 75-100 mTorr are shown in Figure 4.2. From now on, in

all such pictures, the top-down windows correspond to the temperature curve near the

top surface of the pyroelectric crystal in degrees Celsius (blue curve), the current curve

in the circuit in nanoamperes (red curve), and the endpoint energy of the X-ray spec-

trum over a measurement time in keV (open square), the intensity of x-ray radiation

for 1/10 of a half-period of oscillations in quanta per second (black square).

In Figure 4.2 the spikes of current manifest at both polarities. The amplitude of the
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Figure 4.2: The measured parameters during periodic temperature variation at
frequency of 0.5 mHz and pressure region 75-100 mTorr

sinusoidal wave component of current reaches 2.5 nA at each polarity. At the frequency

of 2 mHz, the current amplitude of 6.5 nA was observed. However, there are no X-ray

photons. The absence of X-ray generation is evidence that the particle flow does not

have enough kinetic energy to generate bremsstrahlung of sufficient energy. It means

that electrons at a distance between the pyroelectric crystal and the target collide with

molecules. Numerous single spikes indicate that short breakdown discharges occur from

time to time. The amplitude of corresponding single spikes exceeds 20 mA occasionally

(upper limit of picoammeter). A similar type of discharge has been observed in [149]

and explained by the presence of the dielectric inside the vacuum chamber (namely, the

pyroelectric material itself). However, the exact nature of these discharges remains to

be unexplored. The integral value of current, registered during a half-cycle (excluding

single spikes), does not change much when the frequency increases from 0.5 to 1 mHz.

Such a feature may indicate that the strength of the generated electric field is sufficient

to ionize the maximum number of molecules. The further increase of the frequency

variation provides the reduction of the integral current for a half-cycle exponentially.

Let us consider the region of 50-75 mTorr. An analogous picture for the case of

2 mHz is shown in Figure 4.3. Here the X-ray emission appeared only at positive
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polarity. At 2 mHz, the peak X-ray intensity does not exceed 1.5 ph/s (in the solid

angle, covered by a detector), while the endpoint energy of the spectrum barely reaches

2 keV. It is worth noting that the endpoint energy can be determined in case if the

spectrum contains more than 50 photons, at least, which are collected in the spectral

region of 2–2.5 keV. Otherwise, the determination of the endpoint energy cannot be

performed due to the poor statistics. It is worth noting that the amplitude of each pulse

changes according to the sine law, which allows to visually observe the sin half-wave

even at a positive polarity (however, at higher frequencies, this feature becoming less

obvious). The single spikes at positive polarity occur more frequently than at negative

polarity, although their number reduces with an increasing frequency too. Reducing

the pressure enhances the trends described above.

Figure 4.3: The measured parameters during periodic temperature variation at
frequency of 2 mHz and pressure region 50-75 mTorr

The interesting aspect is that an increase in frequency promotes more intense X-ray

emission. In the case of 4 mHz, the peak intensity reaches 7 ph/s with endpoint energy

of 3 keV. The number of breakdown spikes on the current curve significantly reduces

at the negative polarity. The case of 3 mHz is shown in Figure 4.4. The effect of

X-ray generation is significantly gained at positive polarity. The peak intensity reaches

50 ph/s. The endpoint energy reaches 3 keV. The spectrum collected during a single
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half-cycle at a positive polarity is shown in Figure 4.5.

Figure 4.4: The measured parameters during periodic temperature variation at the
frequency of 3 mHz and pressure region 25-50 mTorr

Figure 4.5: The spectrum collected during a single half-cycle at positive polarity on
the periodic temperauture variation at the frequency of 3 mHz and pressure region

25-50 mTorr

The characteristic lines of tantalum (Mβ = 1.76 keV and Mγ = 1.96 keV) are

observed in the spectrum. It confirms that the pyroelectric crystal is the source of

X-rays at the positive polarity (i.e. the electrons move from the target to the crystal).
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Also, in this pressure region, the X-ray generation starts at the negative polarity too.

However, the X-ray flux is low (peak intensity is not more than 5 ph/s, the endpoint

energy does not exceed 2 keV).

Figure 4.6 presents a comparison of the current oscillation amplitude for three

discussed pressure regions overall measured frequency ranges. It is worth noting that

sharp spikes were not counted. It is seen that the current amplitude manifests a slow

dependence on pressure at negative polarity, while at a positive polarity, the situation

is reversed. The current amplitude grows with the frequency saturating after 2 mHz.

Figure 4.6: The comparison of current oscillation amplitude for three pressure regions
over the measured frequency range.

The peak X-ray intensity over half-cycle (the average value from the maximum of

each X-ray wave at each polarity) vs frequency is shown in Figure 4.7. The logarithmic

scale is used for more descriptive demonstration. The X-ray generation becomes more

intense when the pressure is reducing at both polarities. The increase in frequency does

not cause a decrease in X-ray generation.

Explored pressure region of 25-100 mTorr was not used for the particle genera-

tion at the pyroelectric effect due to the weak and unstable process of X-ray emission.

Nevertheless, this region is exciting from a fundamental point of view due to the man-

ifested features of particle generation depending on the polarity of surface charge. In

conclusion, the following features can be summarized:
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Figure 4.7: The comparison of peak X-ray intensity for three pressure regions over the
measured frequency range.

• X-ray generation is mainly suppressed in these pressure regions. Only at positive

polarity, the weak pulses of X-rays are observed. It is worth noting that an

increase in frequency leads to keeping of intensive manifestation of X-ray emission.

• The current curve consists of the smooth sinusoidal wave and the breakdown

spikes that interrupt the wave. The shape of the current is different for both

polarities. At the positive polarity, the current curve contains many breakdown

spikes. At the negative polarity, the pressure reduction leads to the elimination

of sharp peaks, and the shape of the current curve becomes smoother.

4.2 The case of pressure range of 10-25 mTorr

The results in this pressure region are described in a separate section due to many

features that appear only here. The results in the case of 1 mHz are presented in Figure

4.8. Comparing with Figures 4.3 and 4.4 it is seen that X-ray generation becomes much

more intense. However, the positive polarity still makes a larger contribution, and the

X-ray pulse shape is different from the half-wave. The peak intensity reaches 200

ph/s at a positive polarity and 80 ph/s at a negative polarity. The endpoint energy

reaches 35 keV at the positive polarity and 10 keV at a negative polarity. The spikes
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of current remain, but their number is significantly reduced in comparison with the

previous section.

Figure 4.8: The measured parameters during periodic temperature variation at the
frequency of 1 mHz and pressure region 10-25 mTorr

It is worth paying attention to the transitions from positive to negative polarity

highlighted by green ovals in Figure 4.8. It is the region of temperature minimum. A

linear decrease of the current with the transition to the negative polarity is observed.

Then a small peak is manifested towards the positive current (especially it is clearly

observed at fourth half-cycle in Figure 4.8). Another interesting thing is an additional

X-ray wave aligned with a small peak of the current. This period takes 200-250 seconds.

The recorded spectrum during this stage is shown in Figure 4.9. The characteristic lines

of tantalum are clearly observed. This confirms that the charge polarity on the surface

of the pyroelectric crystal is still positive.

The tendency of manifestation of additional X-ray wave and current peak at positive

polarity is more evident with an increase of the frequency, as it is shown in Figure 4.10.

The peak of current becomes clearly visible. In some cases, the X-ray wave at positive

polarity is stopped already after the transition of the current to negative polarity (as at

third and fourth half-cycles in Figure 4.10). Nevertheless, there is no doubt that these

waves have a different nature. They are correlated with different shapes of the current
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Figure 4.9: The spectrum collected during single half-cycle at a transition from the
positive polarity to the negative on periodic temperature variation at frequency of 1

mHz and pressure region 10-25 mTorr

curve at a positive polarity (smooth sinusoidal wave at first, then continuous peak at

the end).

Figure 4.10: The measured parameters during periodic temperature variation at
frequency of 3 mHz and pressure region 10-25 mTorr
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Thus, the main peculiarity of this pressure region is a manifestation of an additional

X-ray wave and continuous current peak at positive polarity. The nature of these

phenomena will be discussed later, but it is important to keep in mind that this pressure

region is unique in that it combines two different regimes of particle generation during

the pyroelectric effect. Finally, several key points are highlighted:

• X-ray generation appears at each polarity, although the intensity and the endpoint

energy is still higher at positive polarity. (At some half-cycles, the peak intensity

reaches up to 1000 ph/s with endpoint energy up to 35 keV).

• The dead time without X-ray generation is smaller than in other pressure regions.

Especially it is manifested at transfer from positive to negative polarity. The dead

time is about 50-60 seconds (less than 10% from the whole duration of the cycle).

• The amplitude of current at negative polarity is much higher than at positive

polarity. The current shape is a half-wave at negative polarity, while at positive

polarity, it is accompanied by sharp spikes.

• The most interesting feature is a manifestation of the additional X-ray wave and

corresponding current peak at the end of the phase at positive polarity.

4.3 The case of pressure range of 5-10 mTorr

The further decrease of pressure dramatically changes the picture of particle genera-

tion during periodic temperature variation. The measured parameters for the case of

frequency of 0.5 mHz and pressure region 7.5-10 mTorr are shown in Figure 4.11. The

difference in the X-ray emission depending on the polarity is obvious. The shape of the

X-ray wave in the case of negative polarity is smooth, while it is asymmetric in the case

of positive polarity. The peak intensity reaches 300 ph/s at the positive polarity and

400 ph/s at the negative polarity. The endpoint energy reaches 50 keV at the positive

polarity and 65 keV at the negative polarity. The maxima of X-ray wave shifts close

to the end of a specific thermal phase. The amplitude of the current wave becomes

smaller, especially at negative polarity (1 nA for smooth sinusoidal wave against 3 nA
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at the case of 0.5 mHz and 10-25 mHz). The continuous pulses with maximal ampli-

tude at the negative polarity of 1.3 nA appeared. At positive polarity, these pulses are

manifested very weakly.

Figure 4.11: The measured parameters during periodic temperature variation at the
frequency of 0.5 mHz and pressure region 7.5-10 mTorr

The case of 4 mHz and 5-7.5 mTorr region is shown in Figure 4.12. The peak X-

ray intensity falls up to 6-8 photons per second for both polarities, while the endpoint

energy does not exceed 10 keV. Interestingly, the current curve’s shape becomes a

smooth sinusoidal wave with equal amplitude at each polarity, which value is close to

0.5 nA. Note that the X-ray wave occurring at higher frequencies (starting from 2 mHz)

has maxima at the point of maximal rate of changing temperature, in contrast to the

case of higher pressure when the X-ray emission is distributed over the thermal phase.

A comparison of peak X-ray intensity for three pressure regions from 5 to 25 mTorr is

shown in Figure 4.13. The peak X-ray intensity linearly grows for both polarities at

the 10-25 mTorr. Below 10 mTorr, it monotonically decreases. A similar comparison

for the amplitude of current at negative and positive polarities is shown in Figure

4.14. The amplitude of current oscillation decreases for both cases with the pressure

reducing. However, the changes are minimal in cases of 5-7.5 mTorr and 7.5-10 mTorr.

The increase of the frequency affects the amplitude differently (depending on the sign
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of polarity). At positive polarity, the amplitude always grows with the frequency, and

the growth rate decreases with the reduction of the pressure region.

Figure 4.12: The measured parameters during periodic temperature variation at the
frequency of 4 mHz and pressure region 5-7.5 mTorr

Figure 4.13: The comparison of peak X-ray intensity for three pressure regions from 5
to 25 mTorr
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Figure 4.14: The comparison of the amplitude of current curve for three pressure
regions from 5 to 25 mTorr

The presented pressure region from 5 to 10 mTorr becomes an area where the

effect of particle generation in both polarities changes. The character of the X-ray

generation changes, as does the contribution of polarities and frequency of temperature

oscillations. It is worth noting that the observed X-ray yield is already significant and

may be considered for different applications. Several of the most exciting features are

summarised below:

• The X-ray emission at negative polarity becomes comparable with positive polar-

ity. The amplitude of current oscillation becomes smaller at both polarities. The

spikes of current disappear.

• The current curve can be separated into two components. The first one is a

smooth sinusoidal wave. Another component is a continuous pulse of current,

occurring close to the end of the thermal phase. This component occurs at lower

frequencies (0.5 and 1 mHz).

• The X-ray generation phase shifts to the right relative to higher pressure cases.

Here the maxima of X-ray waves shift close to the end of each thermal phase.
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• The increase of the frequency leads to the reduction of parameters of generated

X-rays in contrast with the higher pressure, where the X-ray intensity rises with

the frequency.

4.4 The case of pressure range of 0.1-5 mTorr

This section covers the last pressure range from 0.1 mTorr to 5 mTorr. The mea-

surement results for the case of 1-2.5 mTorr and 0.5 mHz are shown in Figure 4.15.

Remarkably the shapes of X-ray waves at both polarities are quite similar and have

comparable intensity. The main difference is a slightly lower value of the endpoint

energy in the case of positive polarity. The shape of the current curve can be unam-

biguously split into two components: sinusoidal wave with an amplitude of the order of

100 pA and the previously mentioned continuous pulses in both polarities. It is worth

noting that the sinusoidal wave is shifted approximately by π/2 with respect to the

temperature curve, as predicted by Eqs 2.2 and 2.3. The continuous pulses always ap-

pear close to the end of a linear stage of the temperature change curve at each thermal

phase. The peak of each X-ray wave coincides with the peak of continuous pulse.

The other example measured at the frequency of 2 mHz and pressure region 0.5-

0.75 mTorr is presented in Figure 4.16. Here continuous pulses disappear, and X-ray

generation becomes weaker. However, asymmetry in the current curve appearing cycle

by cycle suggests that the process is still here, only its amplitude is much lower. The

peak intensity barely reaches 25 photons per second. The endpoint energy comes up to

30 keV. The further increase of variation frequency gains the tendencies of weakening of

the X-ray yield. Figure 4.17 presents the case of 4 mHz and 0.1-0.25 mTorr. The peak

X-ray intensity does not exceed 20 photons per second. The amplitude of the current

is slightly higher than in the previously presented case. Moreover, the amplitudes of

the current are almost equal at both polarities.

Let us consider the variation of peak X-ray intensity and current oscillation ampli-

tude for both polarities in the discussed pressure range. Corresponding dependencies

are shown in Figures 4.18 and 4.19. First, we note a very weak dependence on the

pressure for both the peak X-ray intensity and the current curve amplitude. The X-
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Figure 4.15: The measurement results during periodic variation of temperature at the
frequency of 0.5 mHz and pressure region 1-2.5 mTorr

Figure 4.16: The measurement results during periodic temperature variation at the
frequency of 2 mHz and pressure region 0.5-0.75 mTorr

ray peak intensity and the current amplitude generally decrease with the frequency

increase. There is a slight growth of the current amplitude at range 2-4 mHz for both

polarities, where only a sinusoidal wave is observed. The difference in current ampli-

tude and the X-ray peak intensity at different polarities is minimal. It indicates that
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the processes leading to particle generation begin to be identical.

Figure 4.17: The measured parameters during periodic temperature variation at the
frequency of 4 mHz and pressure region 0.1-0.25 mTorr

Figure 4.18: The comparison of peak X-ray intensity for pressure regions from 0.1 to
5 mTorr
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Figure 4.19: The comparison of the amplitude of current curve for pressure regions
from 0.1 to 5 mTorr

The X-ray spectra recorded at different polarities during a single thermal phase

at 1-2.5 mTorr pressure range and 0.5 mHz frequency variation are shown in Figure

4.20. The spectra are different in both cases. For negative polarity, the following

characteristic lines are observed: copper (Kα - 8.05 keV) and zinc (Kα - 8.64 keV)

corresponding to the elements of the target, as well as chromium (Kα - 5.40 keV)

and iron (Kα - 6.40 keV) corresponding to the elements of the vacuum chamber. For

positive polarity the characteristic lines of tantalum (Lα - 8.15 keV, Lβ - 9.35 keV,

Lγ - 10.89 keV) are observed. The shape of the bremsstrahlung spectrum above 20

keV also differs. In the case of positive polarity, the spectrum decays faster, leading

to slightly lower endpoint energy than negative polarity. Nevertheless, the burst shape

and the X-ray intensity are comparable, providing a quasi-continuous and stable X-ray

generation.

The discussed pressure region exhibits the most appropriate conditions for particle

generation using the pyroelectric effect. The X-rays and electrons are generated at each

thermal phase polarity. Moreover, its characteristics are close to each other. However,

this circumstance takes place only at ultra-low frequencies of temperature variation.
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Figure 4.20: The X-ray spectra recorded at different polarities during a single thermal
phase at 1-2.5 mTorr pressure range and 0.5 mHz frequency variation. Left - the case

of negative polarity, right - the case of positive polarity.

The increase of frequency leads to gradual suppression of X-ray generation. Finally,

there are several highlights:

• The difference in X-ray waves at both polarities tends to be small. In most

cases, the difference in total X-ray yield over a single thermal phase does not

exceed 15% during the full experiment time. However, it should be noted that

the contribution of negative polarity and the endpoint energy are almost always

higher than at positive polarity.

• The continuous pulses appear at each thermal phase for the 0.5 and 1 mHz.

Amplitudes of pulses are almost equal at both polarities. The duration of the

pulse may extend to 400 seconds.

• X-ray generation phase and continuous current pulses exhibit a clear correlation

with each other. The X-ray generation in the rest phases of the current curve is

low (in contrast to the higher pressure).

• The increase of frequency of variation leads to the disappearance of continuous

pulses and reduction of X-ray yield (in contrast to higher pressure, where X-ray

emission rises with the frequency). The current curve has the shape of a smooth

sinusoidal wave with equal amplitude at both polarities in this case.
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4.5 Influence of pressure and temperature variation pa-

rameters on spectrum of generated X-rays.

The above-presented results show a crucial effect of residual gas pressure and param-

eters of temperature variation (amplitude and frequency) at properties of generated

electrons and X-rays. Here, a general analysis is given, as well as the interpretation of

the observed phenomena. Let us consider the change of some parameters of particle

generation overall measured pressure ranges and frequencies. The distribution of the

current oscillation amplitude depending on the frequency and pressure range is shown

in Figure 4.21 for both polarities. The analogous distribution of X-ray intensity is

shown in Figure 4.22.

Figure 4.21: The distribution of the amplitude of current oscillation depending on
frequency and pressure range for both polarities.

Based on the change in amplitude, three zones can be distinguished in the “frequency-

pressure” space. Zone I is located at the lowest frequencies (0.5 and 1 mHz), and the

pressure range from 0.1 to 10 mTorr. Here we observed continuous current pulses and

active generation of X-rays at both polarities. Zone II includes all frequency range

above 10 mTorr. This zone is characterised by the highest current amplitude at both

polarities and different X-ray generation patterns in both polarities. Finally, Zone III

is the highest frequencies (beginning with 2 mHz) at the 0.1-10 mTorr pressure range.

Here we have low current amplitude and low X-ray intensity.
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Figure 4.22: The distribution of the amplitude of current oscillation depending on
frequency and pressure range for both polarities.

The continuous current pulses occur only in Zone I. The most intense X-ray gen-

eration is also observed here during these peaks. The value of the current amplitude

insignificantly changes over the pressure. It is worth noting a weak influence of the

pressure level on the value of peak X-ray intensity. Also, the values of the peak X-ray

intensity are comparable at both polarities. The main feature of Zone II is the shape

of the frequency dependencies. The X-ray intensity and current amplitude tend to be

higher when the frequency increases. The X-ray generation is sufficiently suppressed

at the negative polarity. In contrast, the peak X-ray intensity at positive polarity is

comparable with Zone I. Zone III is characterised by a smooth sinusoidal wave of cur-

rent without dependence on the pressure level. It is worth noting that an increase of

frequency from 2 mHz to 4 mHz leads to the growth of the current amplitude by an

average of 17%. The peak X-ray intensity decreases by about 25 times in the same in-

terval. Let us consider another aspect - an increase in the current amplitude associated

with the sinusoidal wave in the Zones I and III. The amplitude increases by a factor

of 3 at the transition from 0.5 to 1 mHz. In Zone III, the amplitude becomes at 15-20

% higher at the transition from 2 mHz to 4 mHz. This effect is pronounced at both

polarities. It does not depend on the electron emission source (the pyroelectric crystal
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or the target).

Finally, it can be concluded that the pressure and parameters of the temperature

variation dramatically change the conditions of particle generation at pyroelectric effect.

Three zones were identified in the “pressure - frequency temperature variation” space

with different characteristics of the generated particles fluxes.

4.6 Contribution of the pressure and geometry to particle

generation

The role of the residual gas pressure on the considered processes is primarily related to

change of mean free path, λ. According to the kinetic theory of gases [150] the mean

free path of a molecule colliding with the same molecules can be calculated as:

λ =
kT√

2πpd2m
(4.1)

where, k is the Boltzmann constant, dm is the diameter of the molecule with mass m,

p is the pressure level. In comparison with a molecule, an electron can be considered

an infinitely small size particle moving much faster than molecules. According to [150],

an approximate relationship between the molecule mean free path in a medium of the

same molecules and the electron mean free path is:

λe = 4
√

2λ (4.2)

The main component of air is nitrogen, for these molecules the product of λ and p

is 5.9×10−3 Pa·m [151] or 44.25 mTorr·mm. Accordingly, for an electron this value is

250.31 mTorr·mm. This is only an approximate estimation of the free path for electrons.

Electron energy has a great influence on this parameter. However, this approximation

of the kinetic theory suits for qualitative analysis. The dependence of the mean free

path on pressure for an electron in the air (nitrogen) is shown in Figure 4.23.

The green oval corresponds to the distance between the pyroelectric crystal and the

target (11 mm). The mean free path is approximately equal to this distance at the
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Figure 4.23: The dependence of mean free path of electron on residual gas pressure
for the case of air (nitrogen)

10-25 mTorr range. From Figure 4.21 it follows that a sharp increase of the current

amplitude at both polarities starts in this pressure range. A further increase in pressure

only leads to the decrease in the mean free path for electrons and, as a result, to growth

in the observed current amplitude. This coincidence shows that the impact ionization

of residual gas molecules is responsible for the observed increase of current amplitude

with the pressure range in Zone II.

From Figure 4.22, a question arises about the peculiarity in X-ray generation in

Zone II, at which the peak X-ray intensity is much higher at positive polarity. The

main difference between the two polarities is the source of electrons. If the lower

work function for the target was the reason, then this feature would manifest itself

in the whole pressure range. However, below 10 mTorr, the peak X-ray intensity is

comparable for both polarities. An asymmetry in X-ray generation can be caused by

different surface charge distribution for both polarities.

As is well known, the distribution of negative charge on the surface of pyroelectric

sample has a shape of a ring [90–92]. This feature leads to self-focusing of the electron

beam [72–74, 77, 86, 88, 90, 91]. The dispersion of electron trajectories is very narrow

and is determined by the diameter and thickness of the charged ring on the surface.

Evaluation of these parameters is a rather non-trivial task. The direct measurement of
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charge distribution at the surface of the LT single crystal was reported only in Ref. [92].

Here is shown that there is a significant difference in charge value on segments close to

the centre and the edge of the crystal surface during the active change of temperature.

Simulation of the electron motion from different points of crystal surface with experi-

mentally observed charge distribution showed the the surface region, making the main

contribution to the electron beam. Figure 4.24 shows the result of the simulation. The

single crystal from this work has a diameter of 30 mm and the same height of 10 mm.

The region with the main contribution of charge induction includes two segments with

an inner diameter of 2.5 mm and an outer diameter of 7.5 mm. The diameter of the LT

crystal used in this experiment is 20 mm. Based on the ratio of geometric dimensions,

we can estimate the inner and outer diameters of the charged ring as 1.6 and 5 mm.

Figure 4.24: The result of simulation of electron motion through the electric field,
generated by measured charge distribution [92].

The focal length strongly depends on the parameters of change in temperature

[92, 123]. It is difficult to estimate its value from the measurements. The calculations

[90] predicts that the average value of focal length is linked with the radius of charge

ring as z=5r0 (8-25 mm in our case). On the other hand, the positive polarity does

not possess such narrow trajectory dispersion. Formally, the emission of an electron

is possible from any point of the target surface. In reality, the emission from various

inhomogeneities makes a non-uniform contribution of different regions of the target

surface to the emission. The electron flow, accelerating toward the pyroelectric crystal,

also has a focusing feature [74]. The size of the spot can be estimated as 1-2 mm [91].
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Considering the transverse size of the target to be 50 mm, the dispersion of electron

trajectories at positive polarity should be much wider than in the case of negative

polarity. Apparently, the relatively narrow spread of possible electron trajectories is a

factor, which determining the monochromaticity of the electron flux [73, 74, 86, 88]

Thus, it is suggested that the dispersion of the electron trajectory in the case of pos-

itive polarity is greater than in the case of opposing polarity. The explanatory picture

of the trajectory dispersion is shown in Figure 4.25. The white arrows indicate electron

trajectories. In the case of negative polarity, the lengths of trajectories are comparable,

while in the positive case, the trajectories have an extensive range of lengths. There-

fore, more intense X-ray emission at positive polarity in Zone II can be caused by the

contribution of electrons with the smaller length of the trajectory. Another important

conclusion is that the relation between distance “pyroelectric crystal-target” and mean

free path defines the dependence of particle generation upon pressure level.

Figure 4.25: The scheme of dispersion of electron trajectories depending on the
polarity of surface charge on the pyroelectric sample.

4.7 The influence of temperature phase variation on par-

ticle generation

The temperature variation is a sinusoidal continuous process. No doubt, the sinusoidal

particle generation in response to temperature variation is of great interest. It is con-

venient to consider linking the temperature variation to the change in the oscillation
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phase. The variation starts from a certain initial temperature T0, which is quite close

to the thermal equilibrium temperature Teq. However, it should be noted that the

temperature variation starts from an initial thermal phase, which is incomplete and

lasts only a quarter of the full cycle. In this thesis, the start of the first full-fledged

thermal phase will be taken as a zero point, regardless of the pre-history. Thus, the real

initial measurement phase is -π/2 in the proposed frame of reference. Let us consider

the change in the current and the total number of counts in the X-ray spectrum during

a single cycle of temperature variation with the frequency of 0.5 mHz as a function of

pressure. The corresponding maps and temperature curve are presented in Figure 4.26.

The X-ray counts are averaged over T/20 seconds (where T is the full period of os-

cillation), while the current is measured every 0.5 s. The colour intensity is logarithmic

in the case of X-ray counts and linear in the case of current. The maxima of X-ray

counts and the electron current are naturally aligned below 10 mTorr, corresponding to

Zone I in “pressure-frequency” space. These peaks occur at the end of the linear part

of the temperature oscillation curve, i.e. at about 3π/4. The phase dependence con-

firms the connection of the X-ray peak with the continuous current pulse. It is worth

noting the appearance of the sinusoidal component of the current (especially noticeable

at positive polarity). The maxima of the current sine component are pronounced at

around of π/2 and of 3π/2 where temperature rate is maximal and temperature close

to the T0. It confirms the “pyroelectric” nature of the current.

A similar picture for the case of 2 mHz is presented in Figure 4.27. The peak of

current and the peak of X-ray intensity are around π/2 and 3π/2 below 10 mTorr.

The continuous current pulses disappear. X-ray emission associated with these pulses

also vanishes. Generally, X-ray generation becomes weaker, although the sinusoidal

component of current remains the same. Above 10 mTorr, the tendency of prevailing

X-ray generation at positive polarity remains. Compared with the case of 0.5 mHz,

the X-ray generation is only slightly weaker. The current becomes higher at both

polarities, although the structure of the current is also different. At negative polarity,

a few breaks are observed during the thermal phase. The shape of the curve is close

to the sinusoidal wave. The number of breakdowns significantly raises at positive

polarity. These breakdowns lead to the intermittent and impulse current structure.
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Figure 4.26: The results of measurement of a single period of temperature variation
at 0.5 mHz frequency. (a) the temperature change at the top surface of LT single

crystal; (b) the X-ray photon map; (c) the particle current map.
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The X-ray generation also has an impulse character at the positive polarity, and it

happens throughout the full-time thermal phase.

Figure 4.28 shows the case of 4 mHz. Below 10 mTorr, the X-ray generation becomes

weaker. The maxima of particle current are at π/2 and 3π/2 phases. Above 10 mTorr,

the X-ray yield is slightly lower than in the case of 2 mHz (at negative polarity, it is

manifested even better in the 10-25 mTorr range). Nevertheless, the X-ray intensity at

positive polarity is higher. The X-rays occur during the entire thermal phase without

any reference to the specific value of the phase. The difference of current character at

both polarities remains the same.

It can be concluded that X-ray and electron generation effects have a certain correla-

tion with the phase of temperature variation. The position in the “pressure-frequency”

space determines the form of this correlation. For example, additional continuous pulses

of current and massive X-ray generation appear in Zone I (at lowest frequencies up to

1 mHz and pressure below 10 mTorr). These effects are shifted by π/4 ahead to the

standard maxima of pyroelectric current (as it follows from Eq.(2.2)). The nature of

these pulses will be discussed in Chapter 6. However, it can be noted that they appear

towards the end of the thermal phase. That indicates that the charge needs to be

accumulated to reach a certain threshold to initiate this pulse.

4.8 The dependence of the X-ray spectra on pressure and

parameters of temperature variation

The registered X-ray spectrum consists of two components: bremsstrahlung and char-

acteristic lines of elements contained in the pyroelectric sample of LiTaO3, brass target

and the vacuum chamber wall. For negative polarity, characteristic lines of copper (Kα

8.05 keV) and zinc (Kα 8.64 keV) corresponding to the elements of the target, as well as

chromium (Kα 5.40 keV) and iron (Kα 6.40 keV) corresponding to the elements of the

vacuum chamber is observed. For positive polarity characteristic lines of tantalum (Lα

8.15 keV, Lβ 9.35 keV, Lγ 10.89 keV), corresponding to the elements of a pyroelectric

sample are observed. The shapes of the spectra are different at both polarities (see

Figure 4.20). Studying the spectrum structure at different zones gives a lot of addi-
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Figure 4.27: The results of measurement of a single period of temperature variation
at 2 mHz frequency. From top to bottom presented: the temperature change at the
top surface of LT single crystal; the X-ray photon map; the electron current map.
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Figure 4.28: The results of measurement of a single period of temperature variation
at 4 mHz frequency. From top to bottom presented: the temperature change at the
top surface of LT single crystal; the X-ray photon map; the electron current map.
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tional information about the process of particle generation at the pyroelectric effect.

In this section, the results of this analysis are described. At first, let us consider the

typical phase structure of the X-ray spectrum in Zone I, where is the largest X-ray

generation. Figure 4.29 presents X-ray spectra measured within one temperature cycle

at the frequency of 0.5 mHz and pressure range of 1-2.5 mTorr.

Figure 4.29: The X-ray spectra registered during periodic variation of temperature of
LiTaO3 the frequency of 0.5 mHz at 1-2.5 mTorr pressure range.

The colourmap corresponds to a number of photons with a specific value of energy.

The blue background corresponds to the negative polarity, the red background to the

positive one. Although the X-ray pulses at each polarity have a similar shape and

comparable endpoint energy, the careful look opens certain differences. It is worth

noting the different structures of bremsstrahlung. For the case of positive polarity, a

higher amount of photons is observed in the range of 10-30 keV. However, above 30 keV,

the spectrum decays faster. It leads to slightly lower endpoint energy than in the case
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of negative polarity. Below 10 keV, the contribution of bremsstrahlung is higher in the

case of negative polarity. It may be due to the absorption of part of the bremsstrahlung

in tantalum, which has a high Z. The example of X-ray spectra structure in Zone II is

shown in Figure 4.30.

Figure 4.30: The X-ray spectra registered during periodic variation of temperature of
LiTaO3 with the frequency of 1 mHz at 10-25 mTorr pressure range.

The case of 1 mHz frequency variation and pressure level of 10-25 mTorr is chosen.

It is easy to see the predominance of the X-ray emission at positive polarity. The X-ray

spectrum at negative polarity does not exceed 10 keV. Moreover, the characteristic

lines of copper and zinc are not observed due to their relatively high energy. The

X-ray spectrum at positive polarity can be divided into two parts. The first one is a

continuous flow with gradually increasing endpoint energy up to 40 keV and sudden

termination at maximum. The second one is a relatively weak flow with an energy of

up to 15-20 keV. In some cases, such a change of structure of the X-ray flow can occur
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2-3 times per single thermal phase. As a rule, the structure of the X-ray impulses is

similar to the current pulses. The most common point for the termination of X-ray

flow occurs at 3π/2. It may be linked with the fact of maximal rate of temperature

change. Figure 4.31 shows the X-ray spectra in Zone III.

Figure 4.31: The X-ray spectra registered during periodic variation of temperature of
LiTaO3 with the frequency of 2 mHz at 0.5-0.75 mTorr pressure range

The results are for cases of 2 mHz and 0.5-0.75 mTorr. Compared to the X-ray flow

in Zone I, the X-ray maxima are shifted to the π/2 and 3π/2. Here the X-ray emission

is relatively weak, and this tendency is strengthened with the frequency increase. The

endpoint energy does not exceed 40 keV. The intensity of bremsstrahlung above 10 keV

is slightly higher for positive polarity; however, this is not a distinctive feature of the

spectrum in this zone, but rather associated with the characteristics of thermal cycling

(will be discussed in the next chapter). If the oscillation frequency is fixed, we can see

how the total spectrum within the thermal phase (and its endpoint energy) depends
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on the residual gas pressure. The case of 0.5 mHz is shown in Figure 4.32.

Figure 4.32: Distribution of the X-ray spectrum (the number of registered photons)
generated over a thermal phase depending on the residual gas pressure range at 0.5

mHz frequency variation.

The endpoint energy tends to be higher for lower residual gas pressure. It means

that the electric potential also becomes higher. However, below 1 mTorr, the endpoint

energy saturates. Apparently, the maximal value for a given amplitude of temperature

variation is achieved. Decrease of the endpoint energy (i.e. electric potential) is linked

to increasing in the pressure that shield the potential. There is a difference in the

distribution of the X-ray spectrum for both polarities. The endpoint energy at negative

polarity sharply increases below 10 mTorr up to the saturation value, while the growth

is smoother at positive polarity. An analogous distribution for the case of 2 mHz is

shown in Figure 4.33. The sharp difference in the nature of the spectra above and

below 10 mTorr is immediately evident. Below 10 mTorr (Zone III), the spectrum

reaches the endpoint energy of 40 keV. At positive polarity, the X-ray generation is

a bit brighter. The further increase in frequency up to 4 mHz gained tendencies of

decrease of endpoint energy and intensity of characteristic lines. The corresponding

X-ray spectra are shown in Figure 4.34. The X-ray spectrum weakens below 10 mTorr.

The endpoint energy still reaches 40 keV. However, the number of X-ray quanta in this

region is much smaller than for the lower frequency. The tendency of higher X-ray

intensity at positive polarity also remains.

105



Studies of particle generation

Figure 4.33: Distribution of the X-ray spectrum (the number of registered photons)
generated over a thermal phase depending on the residual gas pressure range at 2

mHz frequency variation.

Figure 4.34: Distribution of the X-ray spectrum (the number of registered photons)
generated over a thermal phase depending on the residual gas pressure range at 4

mHz frequency variation.

4.9 Resume to the chapter 4

1. The process of particle generation (electrons and X-rays) during the periodic

variation of the LiTaO3 sample temperature was investigated in the frequency

range from 0.5 to 4 mHz. The pressure range from 0.1 to 100 mTorr was inves-

tigated. The distance between the pyroelectric crystal and the target was fixed
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at a level of 11 mm. Based on the observed features of generated particles, the

explored “pressure-frequency” space can be split into three zones. At each zone,

the intensity, time and phase structure and spectrum differ.

2. Zone I contains the lowest frequencies (0.5 and 1 mHz) in the pressure range

from 0.1 to 10 mTorr. Here we observed the most efficient X-ray generation with

endpoint energy of up to 65 keV, which predominantly occurred close to the end of

the linear part of the thermal phase (about 3π/4 point of temperature variation)

with a temperature variation the duration of 200-400 seconds. The current curve

consists of two components: smooth sinusoidal wave linked with the pyroelectric

current generation and continuous pulses of current, which occurred close to the

end of the linear part of the thermal phase. The continuous pulse of current and

X-ray flow appear in time. The particle yield at negative and positive polarity is

almost equal. These features were observed in the whole pressure range.

3. Zone II includes the whole frequency range above 10 mTorr. X-ray generation

is unstable in this region. Several X-ray pulses can occur over a single thermal

phase. At positive polarity, the X-ray yield is higher than at negative polarity,

although the endpoint energy does not exceed 30 keV in most cases. The X-ray

intensity decreases with a growth of the pressure, and it weakly rises with an

increase of frequency variation. The amplitude of the current sharply rises with

the growth of both parameters. It should be associated with an increase in the

role of residual gas molecules. Since the electron mean free path becomes smaller

than the gap between the pyroelectric crystal and the target, the contribution of

impact ionization manifests itself. The shape of the current curve differs at both

polarities. At positive polarity, several pulses with a sharp break are predomi-

nantly observed. At negative polarity, the sinusoidal wave with a large amplitude

is seen. The peak of the sinusoidal wave decreases at a point around π/2

4. Zone III contains the frequency range from 2 mHz in the pressure range from 0.1

to 10 mTorr. The X-ray generation is weaker here than in Zone I, and it becomes

lower with the growth of frequency. The peak of X-ray generation occurs at

π/2, where the temperature rate is maximal. The current curve consists only
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of a sinusoidal wave pattern, in which amplitude rises with the frequency. The

amplitudes of current at both polarities are equal, although the X-ray generation

at positive polarity is more expressed (possibly, it is linked with errors of thermal

cycling, which will be discussed in the next chapter).

5. There is difference in X-ray generation in both polarities, which is pronounced

especially in Zone II. It may be due to the difference in the spread of the tra-

jectories of electrons at different polarities. At negative polarity, the emission

of electrons mainly occurs from a charged ring at the polar surface of the pyro-

electric crystal. While at positive polarity, emission can be initiated from any

point of the target surface, facing the LT sample. Therefore, the larger spread of

electron trajectories at positive polarity provides electrons, which have a smaller

path to the pyroelectric crystal and contribute to X-ray generation.
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Chapter 5
Conditions for stable and reproducible

X-ray generation

The results presented in the previous chapter were obtained at long-term thermal cy-

cling. The dispersion of results from cycle to cycle was minimal. This has been achieved

thanks to the results explained here. This chapter presents the results of the impact of

residual heat during thermal cycling, the initial and final phases of thermal cycling on

the process of X-ray generation. The conditions for stable and reproducible generation

of X-rays are formulated.

5.1 The influence of a residual heat during thermal cy-

cling on X-ray yield

The law of temperature change is defined by Eq. 2.1. However, the experiment shows

that real law can be expressed as:

T (t) = T0 + T1 sin (2πνt) + αt (5.1)

where α is the parameter, characterising the rate of the temperature oscillations linear

shift due to residual heat, which can be rather high if the heat exchange is not properly

implemented. This process naturally occurs when there is insufficient or excessive
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heat removal from the pyroelectric crystal. The Peltier element produces additional

ohmic heat during operation, which leads to a gradual heating of the assembly and an

upward shift of the oscillation, thus α 6=0. A heat sink located on the opposite side

of the Peltier element was additionally cooled by water flow. The water flow rate was

regulated by a submersible pump. The level was the same in each measurement. If

the amount of heat removed by the heat sink is less than the ohmic heat, then α>0

and the temperature oscillations shifted upward. In the opposite case, α<0 and the

extrema of temperature oscillations are shifted downward, i.e. the assembly gradually

cools over time. It was revealed that the α value is highly dependent on the frequency

(amplitude) of temperature variation, as well as on the surrounding conditions (room

temperature and humidity). Figure 5.1 presents the correlation between the value of α

and the frequency in numerous measurements.

Figure 5.1: Distribution of α for different values of the variation frequency.

The α value range tends to shift towards below zero with increased frequency (or the

amplitude decrease). It is explained that Joule heating also decreases due to shortening

of thermal phase and heat removed by the water-cooled heat sink becomes excessive. On
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the other hand, the high amplitude of temperature variation and longer period promote

gradual heating of the crystal. Thus, the value of the shift oscillations depends on their

frequency due to the fact that the thermal phase has a certain duration. The relatively

wide range of α values is due to environmental influences. At the same time, it should

be noted that there were measurements with an almost zero shift of the temperature

oscillations at each frequency value. In general, the α in the experiment varied from

0.005 to 0.1 ◦C/min.

A clear correlation was observed between the value of shift rate and the ratio of

mean deviation to mean value of the X-ray yield for full thermal cycle to cycle during

four cycles. It is shown in Figure 5.2. The data for all measured absolute values of

frequencies are summarized. The vertical parameter characterises the stability of the

X-ray yield during the experiment. The smaller ratio is, the more stable the X-ray

generation is. It is evident that the greater the value of the shift rate is, the higher

mean deviation is and the more unstable the X-ray generation becomes.

Figure 5.2: A correlation between the value of α and the ratio of mean deviation to
mean value of the X-ray yield.
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The reason for this correlation a certain shift in the temperature curve leads to

the prevalence of one of the thermal phases (cooling or heating). Accordingly, the

generation of an electric potential at certain polarity also becomes more significant than

at another. Therefore, the induced charge is imbalanced during periodic temperature

variation. An example of the degradation of the X-ray spectrum recorded in one thermal

cycle during periodic temperature variation with the frequency of 0.5 mHz and the shift

rate of 0.065 ◦C/min is shown in Figure 5.3. This point is highlighted in Figure 5.2 by

a blue square. The total amount of generated radiation for the full period of oscillation

becomes 40% less over the same acquisition time. That difference is primarily expressed

in energy above 10 keV.

Figure 5.3: An example of the degradation of the X-ray spectrum during thermal
cycling with linear shift rate of temperature oscillations of 0.065 ◦C/min.

It should be noted that a stronger electric field is generated during the prevailing

thermal phase. However, such long-term thermal cycling leads to electric breakdowns

and the termination of the X-ray generation. Therefore, two different scenarios for the

termination of X-ray generation were observed:
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• A breakdown at prevailing thermal phase: as a rule, it happens due to the break-

down in the gap between the pyroelectric crystal and the target when surface

charge exceeds a certain value.

• A breakdown at suppressed thermal phase: the main reason is the change in the

thermal phase.

It is worth noting that usually, after X-ray interruption in one thermal phase, the next

breakdown occurs in another thermal phase (especially it is accomplished if the first

breakdown occurs at suppressed thermal phase). The further behaviour of the effect of

X-ray generation becomes unpredictable. Figure 5.4 shows the dynamics of registered

photons during thermal cycling in two cases: at the shift rate of 0.008 ◦C/min and

0.024 ◦C/min at 0.5 mHz.

In the case of 0,008 ◦C/min, the shift in temperature oscillations per cycle is no

more than 0.2 ◦C, and it is accompanied by a stable generation of X-ray radiation at

each polarity. The shape of the X-ray radiation pulse is stable from cycle to cycle with

slight deviations of the endpoint energy from the average value of 60 keV. The increase

in the shift of the temperature oscillations, shown in Figure 5.4 right (the shift of the

extremes of the oscillation by ∆T = 0.6 ◦C over the cycle), leads to distortion of the

X-ray pulses. In this case, gradual heating gives an advantage to the corresponding

polarity, which manifests itself in a brighter X-ray pulse, which is even stronger than

in the case of a smaller value of shift rate. However, the generation of X-rays turns

out to be suppressed in the opposite thermal phase. This imbalance leads to an abrupt

termination of the X-ray generation due to the end of this thermal phase.

It can be concluded from the experimental data that the highest permissible addi-

tional shift rate for stable X-ray generation is 0.020 ◦C/min. It corresponds to 20% of

dispersion of X-ray yield for the full thermal cycle as is seen from Figure 5.2. Below

this value of α, the interruption of X-ray flux is not observed. It is worth noting that

all the results given in the previous chapter were obtained at a shift rate less than 0.02

◦C/min, which allows us to speak about their reproducibility and stability. Neverthe-

less, the instability of the X-ray flux is observed above 10 mTorr due to the influence of

residual gas molecules. In addition, a higher X-ray yield at positive polarity was noted
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Figure 5.4: Dynamics of the number of registered photons and the corresponding
change in temperature near the top surface of LT at an additional shift rate of

temperature oscillations of 0.008 ◦C/min (left) and 0.024 ◦C/min (right).

at higher frequencies (3 and 4 mHz, see Figure 4.34). It may be linked with the fact of

a slight negative shift rate (0.015-0.02 ◦C/min).

Therefore, the necessary condition for obtaining stable X-ray generation is the small-

est shift of temperature oscillations both towards heating and cooling. In other words,

the range of temperature variation should be unchanged during thermal cycling. An

applying of external cooling system to extract residual heat might help to stabilise tem-

perature oscillations. Nevertheless, this condition is insufficient for guaranteed stable

X-ray generation; several more conditions are discussed below.
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5.2 The influence of initial phase of temperature variation

on reproducibility of X-ray yield

The temperature oscillations start from -π/2, since the first thermal phase lasts only

a half from the full-fledged period. Therefore, the first half of the following thermal

phase compensates for a charge of opposite polarity. Thus, particle generation becomes

useful in the second half of the thermal phase only. At first sight, such an approach to

thermal cycling is not optimal, and it is better to start by applying the maximal power

for obtaining the full-fledged thermal cycle. However, the experimental verification

reveals that the used way is the most productive for particle generation.

Experimental studies of the X-ray yield stability depending on the initial phase of

temperature variation were carried out in the range from -π/2 to 4π/3 with a step of

π/6. The point of -π/2 corresponds to the start of the typical thermal cycling mode at

which the first thermal phase is incomplete. The points of 0 and π are the extremes of

temperature variation and correspond to the complete cooling and heating first thermal

phase, respectively. Intermediate points from -π/2 to 0 correspond to the first thermal

phase with shortened heating; from 0 to π to the first thermal phase with gradual

reduction of cooling; from π to 3π/2 to the first thermal phase with reduced heating

(but more than half of period). All experimental points were obtained at the 0.5 mHz

frequency and the 1-10 mTorr pressure range.

The dependence of X-ray yield over full thermal cycle on the initial phase of tem-

perature oscillation is shown in Figure 5.5. The data over four full thermal cycles are

collected, and an average value of X-ray yield is plotted. It is seen that at points of

-π/2 and π/2, the X-ray yield is the most productive. At these points, the variation

starts from half-time of heating and cooling, respectively. The deviation from that leads

to reduction and instability of X-ray yield (increased errors evidence this). The most

unstable and poor X-ray generation is observed at 0 and π, at which the temperature

variation starts from the full initial thermal phase. The reason for this behaviour is

the subsequent dynamics of temperature oscillations, which is dependent on the initial

phase. During the thermal cycling, there is an equilibrium temperature to which the

single crystal of LT tends. Actually, in the cases of -π/2 and π/2, the equilibrium
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temperature is quite close to the temperature at the final of the full thermal cycle.

Therefore, the difference between the final and equilibrium temperatures is minimal at

these initial phase points. At the 0 and π points, the final temperature is closer to the

temperature extrema. Therefore, the temperature oscillations shift with each cycle,

causing imbalance in charge induction, and thus disruption and instability of X-ray

generation. Despite the fact that temperature oscillations can become balanced with a

small linear shift over several cycles, the emerging advantage of a charge of one polarity

prevents stable X-ray generation.

Figure 5.5: The dependence of X-ray yield (registered counts over the full thermal
cycle) on the initial phase of temperature oscillation.

The examples of temperature curves at different initial phases are shown in Figure

5.6 for cases of -π/3, π, 0 and π/3. At points of -π/3 and π/3, where the amplitude

of the initial thermal phase is reduced comparing with the standard case of ± π/2, the

oscillations shift is visible, and the value of α can reach 0.10-0.12 ◦C/min. Ultimately,

such a regime leads to significant suppression of the X-ray generation in one phase and

to an increase in another. Therefore, the overall reduction in the X-ray yield is not

very large. However, this situation is unstable, and it ends with sudden termination

of X-ray generation, which leads to instability expressed with larger error. It is also
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worth noting that the sign of the first thermal phase (cooling or heating) determines

the direction of the oscillations shift. However, the shift towards cooling is weaker due

to the additional ohmic heat generated during the Peltier element operation. At points

of π and 0, the amplitude of the initial thermal phase is the highest. Nevertheless,

shift rate in range of 0.04 - 0.07 ◦C/min accompanies thermal cycle. The instantaneous

application of maximum power and its further variation according to the sinusoidal

law leads to the fact that the temperature change in the first thermal phase differs

from subsequent thermal phases. Therefore, periodic temperature variation goes with

a non-equilibrium charge state on the polar surface, causing the X-ray yield decrease

(by a factor of 2 in comparison with the case of π/2) and unpredictable behaviour.

Figure 5.6: The curves of temperature at the top surface of LT at different values of
the initial phase of the oscillation.

Finally, it can be concluded that there is an optimal initial phase of thermal cycling,

at which X-ray generation may be the most stable and reproducible. The initial phase

of cycling largely determines the shift rate and impacts on the balance of charge and

the X-ray generation.
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5.3 The influence of the final point of temperature varia-

tion on the reproducible generation of X-rays

During the measurement, we applied a pause of 20 minutes between single measure-

ments. During this time, the pumps were disconnected from the main volume of the

vacuum chamber. As a result, the pressure inside the chamber naturally increased due

to leakages, and the temperature returned to the equilibrium state. An increase in

pressure promoted enhanced relaxation of the charge; therefore, it was believed that at

the beginning of a new measurement, the charge state of the polar surface would be

close to zero. Nevertheless, the subsequent measurement very often showed an unsta-

ble X-ray yield even under the condition of a small shift rate and optimal initial phase

of π/2. These circumstances prompted the study of the causes of what was happen-

ing. The conditions for the correct completion of the thermal cycle for the subsequent

reproducible X-ray generation are opened.

The measurements of the X-ray yield as a function of the final phase point of the

previous thermal cycle were made. Initially, measurements were taken for the following

values of final temperature: Tinit (the phase is close to ±π/2), Tmax (the phase is 0),

Tmin (the phase is π), as well as at final temperatures, which close to points of ±π/4.

Later, it was suggested to measure after stopping at points where the current through

the circuit is zero (approximately π/10 and 11π/10). The condition of zero current

value appears after maxima of temperature oscillation, and it indicates the change of

the sign for the induced pyroelectric current. The preliminary and subsequent thermal

cycling was carried out under the same conditions: two complete cycles at 1 mHz and

the pressure of 1-5 mTorr. The pause between measurements was 20 minutes. The

results of this test are presented in Figure 5.7. The vertical axis is the ratio of the total

X-ray yield in the subsequent thermal cycle to the same value in the preliminary one.

In each measurement, a slightly different value of the X-ray yield in the preliminary

thermal cycle was obtained. The total spread does not exceed 13%, and it is taken

into account in the error. The black line in Figure 3 corresponds to the average level

of X-ray yield at the preliminary thermal cycle. As seen, only stopping at points of

π/10 and 11π/10 allows renewing thermal cycling with the same level of X-ray yield.
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At other points, the X-ray yield becomes weaker.

Figure 5.7: The dependence of the ratio of X-ray yield at preliminary and subsequent
thermal cycling on the moment of stopping of preliminary thermal cycling.

It is suggested that a charge state of the polar surface of LT at the initial point

of the thermal cycle defines the further behaviour of X-ray generation. A zero charge

state promotes more stable and reproducible X-ray generation at both polarities. After

ending the thermal cycle at a certain point, an additional thermal process of returning to

the equilibrium temperature happens. This process leads to the induction of additional

charges. Therefore, before the start of the subsequent thermal cycle, the surface charge

contains contributions from the preliminary thermal cycle and the additional thermal

process. The most favourable case is mutual compensation of both contributions.

At points of ±π/2, the surface charge is supposed to have the value close to zero,

while the temperature was slightly higher than Tinit and it continued to grow slightly

and then decreased to certain equilibrium temperature Teq. It becomes the reason that

a new measurement starts from unknown charge state caused by the additional thermal

processes, and the X-ray yield becomes irreproducible. As the temperature extremum

approaches, the surface charge grows. However, the residual change in temperature can
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compensate for it. It leads to the fact that a more stable X-ray generation accompanies

the new thermal cycle. However, a truly reproducible X-ray flux is obtained only after

passing the maximum, at about π/10 and 11π/10. Apparently, in this case, the further

additional thermal process leads to the smallest final charge state. Thus, a proper

choice of the final point of temperature variation is key to the successful reproduction

of X-ray generation. Let us consider the influence of different points of stopping the

thermal cycling on parameters of the X-ray spectrum. Figure 5.8 shows the typical

spectrum from the target (at the negative polarity and heating) and dynamic of the

intensity of highlighted characteristic X-ray lines in spectra upon different conditions

of thermal cycling stopping .

The intensity is normalised to 6.4 × 104 counts of the 8.05 keV Kα-line of copper.

The frequency of oscillation was 0.5 mHz. The pressure range was 2.5-5 mTorr. At

continuous periodical variation of temperature (cycles No. 1-4, the total operation

time is 2.5 hours), the deviation of the registered number of photons is less than 5%.

Stopping the temperature variation when the current through the circuit is zero enables

us to restart the measurement later with minimal distortion. One may see that cycles

No. 4 and 5, waiting for 10 min, did not change the characteristic X-ray spectrum’s

photon rate. On the other hand, when the thermal cycle stops at a different point (e.g.

at minimum temperature), the measurements after that leads to degradation of the

X-ray count rate. (the cycles No. 6 and 7). This result confirms the presence of an

optimal final point of thermal cycle for obtaining reproducible X-ray yield.

5.4 Recap of conditions for stable and reproducible X-ray

generation

The following basic conditions can be summarized, which make it possible to obtain a

stable X-ray yield during the periodic variation in the temperature of a single crystal

of lithium tantalate:

• The smallest additional shift of temperature oscillations towards both heating

and cooling. The most admissible shift rate was 0.02 ◦C/min in the experiment
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Figure 5.8: The X-ray spectra from brass target and a histogram of dynamic of the
intensity of characteristic lines during thermal cycling at different conditions.

is to be. A larger shift rate gives the advantage of one of the polarities, which

ultimately leads to an irreproducible X-ray yield.

• The most optimal initial phase of periodic temperature variation is ±π/2. In this

case, thermal cycling starts from the heating (cooling) phase, which lasts about

half of the full thermal phase. Therefore, a deviation from this value leads to a

high linear shift in temperature oscillations and a deviation from the periodic law
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of temperature change in the first thermal phase.

• There is the most optimal point of completion of thermal cycling for its subsequent

successful reproduction. In these measurements, this point was determined to be

π/10 and 11π/10, at which the current through the circuit is close to zero. The

stopping at another point leads to degradation of X-ray yield in the new thermal

cycle.
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Chapter 6
The features of generated electron flux

during periodic variation of temperature

of the LiTaO3 single crystal

This chapter concerns the features of electron current, which measured in Zones I and

III. The patterns of the current curve measured in Zone II are not covered in this chapter

due to the need for more detailed measurements. The considered zones are interesting

due to certain correlations between the X-ray and electron fluxes. It has a serious

practical perspective due to its ability to stabilize and control the X-ray yield. Two

main patterns of the current curve should be highlighted and considered separately:

• The sinusoidal wave. This pattern is common for Zones I and III.

• The continuous pulse, which occurs in the second half of each thermal phase, is

imposed on the sinusoidal wave. This pattern is common for Zone I only.

Both patterns and corresponding temperature curves are shown in Figure 6.1. The

case of 0.5 mHz frequency and 0.5-0.75 mTorr pressure is shown. The patterns of the

current curve are highlighted. Several parameters of these patterns (amplitude, full

width at half maximum of continuous pulses, required temperature change for pulse

initiation at each polarity) are shown. Within the zones, the pressure did not affect

these parameters. Therefore, every pattern is considered separately below.
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Figure 6.1: The typical current and temperature curves in the experiment.

6.1 The sinusoidal wave pattern of the current curve

The sinusoidal wave pattern has an almost equal amplitude at both polarities. At fre-

quency value of 0.5 mHz the amplitude of sinusoidal wave is 137 ± 6 pA (see Figure

6.1). Figure 6.2 shows the dependence of the amplitude of the sinusoidal wave on fre-

quency of temperature variation. One can see that amplitude increases with saturation.

The absence of correlation with the pressure indicates the lack of contribution from an

impact ionization of gas molecules. It is logical due to the mean free path is greater

than the gap between the crystal and the target (see Figure 4.23).

Figures 6.3 and 6.4 show a fast Fourier transform analysis (FFT) of the temperature

and current oscillation curves at the frequency of 4 mHz and 0.1-0.25 mTorr range,

respectively. Thus, it can be concluded that the frequency of oscillations of current and

temperature is identical. In addition, the FFT analysis confirms the phase difference

of π/2 between oscillations of current and temperature.

It is possible to estimate the loss of the induced charge for the electron emission

(negative polarity) or compensation of the surface charge by electron emission from the

target (positive polarity). The value of induced charge dQ can be estimated as:

dQ = pAdT (6.1)
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Figure 6.2: The dependence of amplitude of sinusoidal wave on frequency.

Figure 6.3: FFT analysis of current oscillations at the frequency of 4 mHz and
0.1-0.25 mTorr range.

Equation 6.1 is analogous to equation 2.2 for induced pyroelectric current. Integrating

over time the experimental curve of sinusoidal wave current over half-cycle with certain
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Figure 6.4: FFT analysis of temperature oscillations at the frequency of 4 mHz and
0.1-0.25 mTorr range

polarity, one can find the total lost charge dq for the electron emission. The value

of dT during integration time we can also define from the experiment. Thereby, the

relation of dq to dQ characterises losses of the induced charge for the electron emission

from the crystal or the target. It consists of 0.091 ± 0.001. This value turns out to

be practically the same for all measurements, where there is only a sinusoidal current

(2, 3 and 4 mHz). Therefore, the emission losses of induced current do not depend on

temperature variation and pressure parameters within discussed range. In conclusion,

the sinusoidal wave pattern represents a field emission current from the surfaces of the

crystal and the target depending on the polarity of the induced charge. This current

pattern depends on temperature variation parameters, but it is insensitive to a pressure

value.
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6.2 The continuous pulses at the current curve

A description of continuous pulses is given in Chapter 4 (see section 4.4). This pattern

occurs only at the 0.5 and 1 mHz frequency variation at the end of each half-cycle.

Some of the characteristics of these pulses are presented in Figure 6.1.

Figure 6.5: FFT analysis of current oscillations at the frequency of 0.5 mHz and 1-2.5
mTorr range

Minimal change in temperature, which is required for initiation of this pulse is 3.6 ±

1.1 ◦C (the first pulse). During continuous thermal cycling, the change in temperature

of 13.8 ± 0.5 ◦C for heating (negative polarity) and 15.3 ± 0.4 ◦C for cooling (positive

polarity) from the start of new thermal phase is needed for the beginning of this pulse.

The pulse fits well with the Gaussian curve. The FWHM of the pulse is 245 ± 4 s

and 270 ± 5 s (for positive and negative polarity, respectively) at the 0.5 mHz, 135

± 7 s and 160 ± 5 s at the 1 mHz. The peak value of current reaches 515 ± 35

pA for negative polarity, while at positive, it reaches 470± 25 pA. The continuous

pulses always correlate with a sharp increase of X-ray generation, which have a similar

time dependence. Another interesting feature is opened using FFT analysis of the

current curve, as it presented for the case of 0.5 mHz and 1-2.5 mTorr pressure range in
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Figure 6.5. The first harmonic is located at 0.5 mHz, as expected. However, only odd

harmonics, i.e. the third, fifth and seventh, appear further, while all even harmonics

are suppressed.

An analogue of a voltage-current (V-I) dependence was extracted from experimental

data to characterise the observed pulse. The current is measured in the circuit directly,

but not the voltage. The maximal energy of the bremsstrahlung photons (the endpoint

energy) is practically equal to the maximal energy of the accelerated electrons in the

gap between the crystal surface and the target. Therefore, the voltage can be evaluated

as V = h̄ωmax, where ωmax is the endpoint energy of the continuous bremsstrahlung

spectrum. If the endpoint energy changes, the electric potential between the crystal and

target changes as well. Only a few X-ray spectra were recorded during the continuous

pulse, which made the V-I dependence uninformative. The Gaussian function E(t)

fitted the time dependence of the endpoint energy.

E(t) = ae−
(t−b)2

2c2 (6.2)

where a, b and c - arbitrary real constants (c is non-zero), which are selected by fitting.

The current value, which was at the start of the recording of the first X-ray spectrum,

was taken as the zero value. As a rule, this value is close to the maximum of the

sinusoidal wave component of the current. The V-I dependence from the experiment at

0.5 mHz and 0.5-0.75 mTorr for the continuous pulse is shown in Figure 6.6. The cases

of positive and negative polarities are plotted separately. Grey arrows with numbers

represent the direction of dependence over time. Open circles show the experimental

points of the endpoint energy. The arrows indicate the position of the experimental

point during the cycle to avoid confusion. The presented picture is common for all data

in Zone I.

The first experimental point in both polarities corresponds to X-ray generation dur-

ing the sinusoidal wave and the beginning of the continuous pulse. The values of the

endpoint energy are almost the same at both polarities (28.93±1.23 keV for negative

polarity and 28.89±0.47 keV for positive polarity). The second experimental values

of endpoint energy are almost equable, while the current value for the case of posi-
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Figure 6.6: The analogue of V-I dependence from experiment for a continuous pulse.

tive polarity is much higher. The following four experimental points are related to the

continuous pulse. The pulse structure significantly differs for both polarities. Never-

theless, a loop is formed in both cases, where the current decreases faster than the

voltage. At positive polarity, the endpoint energy (and hence the voltage) rises simul-

taneously with the current in the pulse. Only at the short part of the curve (between

the sixth and seventh arrows), the voltage is constant during the change in current.

After that, both values are going down together. At negative polarity, the endpoint

energy weakly changes with the sharp rise of current. It can be concluded, that the

voltage in a gap between the crystal and the target is close to being constant in this

case. This circumstance reminds the conditions of repeatedly observed monoenergetic

electron production at the pyroelectric effect [73, 74, 84, 86, 88, 89]. This phenomenon

is not explained yet, and possibly, this continuous pulse is the key element to under-

standing this phenomenon. However, it is required to measure the electron spectrum

to verify this correlation directly.

Thus, the continuous pulse happens differently in both polarities. At the positive
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polarity, electrons are ejected from the surface of the metallic target by a positive

potential in the gap, while at the negative polarity, electrons are ejected from the

dielectric charged surface of the crystal. Analysis of V-I dependence clearly shows

that the observed pulse is discharge in the gap between the crystal and the target,

which alternately plays a role of cathode and anode. Figure 6.7 show typical full V-I

dependence of electric discharge in a rarefied gas (in this case, it is neon at the pressure

of 1 Torr and gap of 50 cm) [152]. There are highlighted points in Figure 6.7: random

pulses by cosmic radiation (A), saturation current (B), avalanche Townsend discharge

(C), self-sustained Townsend discharge (D), unstable region (E), corona discharge (F),

sub-normal glow discharge (G), normal glow discharge (H), abnormal glow discharge

(I), glow-arc transition (J), electric arc (K). The A-D region can be considered dark

discharge, the F-H region to glow discharge, and the I-K region is arc discharge.

Figure 6.7: The V-I dependence for neon at the pressure of 1 mTorr between two
planar electrodes separated by 50 cm [152].

It can be seen that the V-I dependence from our experiment is similar to the A-D

region of dark discharge with avalanche Townsend discharge. A similar V-I dependence

was found in the literature. Figure 6.8 shows the V-I dependence for the Townsend

discharge in nitrogen at atmospheric pressure and gap of 1 mm [153]. It is worth

noting that both electrodes are dielectrics in this experiment. Despite the difference in
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surrounding conditions, such coincidence leads to the idea that the observed discharge

is a Townsend discharge in both polarities. However, the analysis of the structure

of the Townsend discharge reveals an ambiguity of this interpretation. The standard

Townsend discharge includes three stages of this process [154]:

1. α-ionization process (impact ionization of gas). Electrons moving toward the

anode, frequently colliding with gas particles, ionize and generate large number

of electrons and positive ions.

2. β-ionization process (also impact ionization of gas). Positive ions move toward the

cathode, frequently collide with gas particles, ionize and generate certain number

of electrons and positive ions.

3. γ-ionization process (secondary electron emission). Particles (as a rule, the posi-

tive ions) strike the cathode to emit secondary electrons.

Figure 6.8: The V-I dependence for nitrogen at atmospheric pressure and gap of 1
mm [153].

Thereby, the avalanche Townsend discharge includes impact ionization of residual gas

molecules and secondary electron emission from a cathode under the particle flux gen-

erated due to impact ionization. This discharge can be turned into a self-sustained
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Townsend discharge (the region C-D at Figure 6.7). However, the electron mean free

path in experiment is much larger than the gap between the crystal and the target in

the considered pressure range. Therefore, amplifying the electron flow by impact ion-

ization of molecules is impossible in this case, and the standard avalanche Townsend

discharge does not fit. Nevertheless, the similarity of the V-I dependence and discharge

conditions suggests that a discharge is observed, which is analogous to the avalanche

Townsend discharge. Especially, it expressed in the Townsend plateau, a significant

change of the current, while the voltage is quasi-constant.

There is an assumption that the observed discharge is contributed by secondary

electron emission, which is triggered when the cathode is irradiated with X-rays. Such

type of secondary emission is well studied and has been repeatedly observed for different

structures [155–158]. Experimental observation of the characteristic X-ray lines at a

sinusoidal wave current pattern confirms that the photoelectrons are generated in the

anode before the start of the discharge. It is known that the voltage value of the

Townsend plateau depends on the secondary emission coefficient of the cathode, γ

[152]. It is also necessary to consider that the secondary emission coefficient for a

dielectric is higher than for a metal [160]. It is explained by a high concentration of

free electrons in a metal. As a result, the secondary electrons often colliding with

them quickly lose their energy and do not leave the metal. In dielectrics, collisions of

secondary electrons with other electrons occur less frequently and the probability of

secondary electrons leaving the emitter increases. This fact can also be the reason for

a slightly higher maximum current at negative polarity. Apparently, the difference of

secondary electron emission from a metallic grounded target and a charged dielectric

surface defines the diversity of shapes of the V-I dependence.

It is believed, that the work function of both cathode types also contributes to the

discharge difference at both polarities. The work function for brass is estimated to be

4.35 eV [159]. While for LT, the work function is the sum of bandgap, Eg, the electron

affinity κ and the term, expressing a strong band bending due to ferroelectric properties,

± ∆κ [65]. The Eg for LT is estimated to be 4.5 eV [161], the electron affinity and

additional term can be estimated to be 0.25 eV in both cases [65]. Therefore, the work

function for LiTaO3 can be evaluated to be 5 eV.
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The behaviour of γ during the discharge should differ for both cases too. Generally,

the value of γ arises with the electric field in a gap during Townsend discharge [154]. It

can explain the shape of the loop at positive polarity. However, for secondary electron

emission from a dielectric, the dependence of γ has specific features. The γ mostly

depends on the value of surface charge [153]. An increase in the number of secondary

electrons decreases the surface charge, thereby decreasing γ. However, the induction

of a new charge due to the pyroelectric effect again increases γ. Thus, an impact of

self-regulation of the γ coefficient of secondary emission [153] by the charge on the

surface of the pyroelectric sample is possible. In the experiment, it can be manifested

in a horizontal loop at negative polarity. Nevertheless, an accurate determination of the

nature of the observed discharge is possible only if a full-fledged research program using

targets and pyroelectric crystals with known emission characteristics is performed.

Also, it is worth noting that the observed process should be considered as a self-

sustaining discharge since the main condition is the voltage constancy after the current

drop observed for 100-350 seconds in the experiment. Further return to a non-self-

sustained discharge and its attenuation is associated with the termination of the thermal

phase. This process causes stopping the induction of a charge, thereby a source of

electric field disappears.

The conditions of observed discharge can promote monoenergetic electron produc-

tion, which was observed earlier during electron emission from the pyroelectric crystal.

Unfortunately, there was no possiility to check this in the experiment since the spectrum

of charged particles was not measured. However, revealing the nature of this effect is

of great importance. The conducting the following experiment would be an excellent

continuation of the activity carried out here. The scheme of the proposed experiment is

shown in Figure 6.9. The geometry of the experiment is similar to the current one, but

the target has a hole coaxial to the symmetry axis of the pyroelectric sample. At nega-

tive polarity, the electrons are accelerated towards the target, and a small part of them

passes through the hole. At the same time, the target is connected to a picoammeter,

which makes it possible to register the electron current. A charged particle detector is

installed coaxially with the hole, which registers the spectrum. Thus, the simultaneous

recording of the spectrum and the particle current is possible. It will make it possible
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to construct a direct V-I dependence that finally confirms or declines the assumption

about the monochromaticity.

Figure 6.9: The scheme of the proposed experiment for revealing the electron
spectrum during the discharge at the periodic variation of temperature of the

pyroelectric crystal.

To summarize the section, the continuous current pulses are experimentally ob-

served at 0.5 and 1 mHz frequency of temperature variation in all pressure ranges below

10 mTorr. These pulses are likely the evidence of a discharge in the gap between the

crystal and the target. The observed process is very similar to the Townsend discharge

with the only contribution of secondary electron emission and without the contribution

of impact ionization of the gas. Also, some facts evidencing monoenergetic electron

production during discharge make this effect interesting for further investigations and
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applications.

6.3 Conclusion and remarks about current above 10 mTorr

Analysis of the two main current patterns, observed at a pressure of less than 10 mTorr,

allows to make a conclusion about the mechanism of their origin. The sinusoidal wave

pattern may be associated with field emission, while the continuous pulses can be caused

by secondary electron emission. Numerous features of observed patterns (behaviour of

amplitudes with frequency and pressure change, the shape of V-I dependence for each

polarity) are consistent with these assumptions.

Correct analysis of the current patterns above 10 mTorr is hampered by a large step

in the residual gas pressure in the experiment, which leads to a blurring of the current

curve properties. Nevertheless, there are several features of the current curve above

10 mTorr (see Chapter 4). The pattern of current strictly depends on the polarity of

the current. At negative polarity, the main pattern of the sinusoidal wave tends to

remain. In contrast, the curve is accompanied by separate pulses at positive polarity,

which abruptly break down (although the sinusoidal wave shape is visually guessed).

The evidence of discharges (continuous pulses) is observed at positive polarity at 10-25

mTorr and even at 25-50 mTorr pressure region, while for negative polarity, there are

no hints of them. Possibly, it is related to the large spread of electron trajectories at

positive polarity. The observed spikes may be evidence of glow and barrier discharges

at higher pressures [162], but these assumptions require additional studies.
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Chapter 7
Conclusions and outlook

Electrons and X-rays are very successfully used to analyse materials and defects, for

medical diagnostics, for the production of various structures etc. That is a cause of a

huge number of different sources of electrons and X-rays, which are briefly presented

in Chapter 1. There is a need for X-ray and electron sources which would be distin-

guished by their energy efficiency, compactness, controllability, albeit with restrictions

on the properties of the generated particle flux [60]. Therefore, it becomes a practical

motivation for this thesis.

An approach based on the use of the pyroelectric effect in vacuum conditions, i.e.

electrisation of some materials when their temperature changes [131–134] was applied

to generate the X-rays and electrons. Earlier, this phenomenon was widely investi-

gated and the description of the most valuable works was presented in Chapter 2.

Nevertheless, the X-ray and electron generation at the pyroelectric effect has not re-

ceived proper practical application due to instability and irreproducibility of generated

particle fluxes. The periodic variation of temperature of pyroelectric crystal according

to Eq. 2.1 was proposed to overcome the disadvantages. The processes of X-ray and

electron generation during periodic variation of the temperature for a single crystal of

lithium tantalate, LiTaO3, were experimentally investigated.

A new experimental setup was created for the above study, which is described in

Chapter 3. The experimental setup allows simultaneous measurements of the X-ray

spectrum, the electron current and the temperature close to the polar surface of the
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pyroelectric crystal. In addition, the regulation of the residual gas pressure from 0.1

mTorr to 100 mTorr and the periodic variation of the pyroelectric crystal temperature

according to the Eq. 2.1 in the range of 10 - 50 ◦C with a minimum additional shift

were achieved.

Comprehensive studies of the X-ray and electron generation were carried out in the

frequency range of 0.5-4 mHz (the amplitude of temperature variation in the range

7.5 - 21 ◦C), at a residual gas pressure in the range of 0.1-100 mTorr. The results

are described in Chapter 4. A “pressure-frequency” space can be divided into three

zones depending on the properties of the generated particles (see Section 4.5). Zone

I is located at the lowest frequencies (0.5 and 1 mHz) and the pressure range from

0.1 to 10 mTorr. The continuous current pulses at the second part of each thermal

half-cycle are observed. It may be interpreted as a discharge in a gap between the

crystal and the target. The massive X-ray generation with the endpoint energy up

to 50-65 keV at both polarities was observed. Zone II includes the frequency range

above 10 mTorr. Different patterns of the current curve characterise this zone at both

polarities with the highest amplitude and weak X-ray generation. It is believed that an

influence of impact ionization of residual gas molecules defines the number of particles

generated here. Zone III is the highest frequencies (beginning with 2 mHz) at 0.1-10

mTorr pressure range. Here is the lowest current amplitude with a basic pattern of

the only sinusoidal wave (which is interpreted as a field emission current). The X-ray

intensity is weaker than in Zone I, and it decreases with increase in frequency.

The borders between the different zones can be explained by the combined influence

of the geometry of the source and the pressure of residual gas (see Section 4.6). In Zone

II, the mean free path becomes comparable to the distance between the target and the

crystal, which causes the inclusion of the influence of the residual gas on the electron

and X-ray generation. The first one becomes more intense, while the second one is

suppressed due to the redistribution of electron energy during collisions of accelerated

electrons with molecules. The border between Zones I and III is defined by the threshold

voltage value for initiation of the discharge.

Another observed feature is the asymmetry of the pressure dependence for the X-ray

spectrum obtained at different polarities. This fact can be interpreted as an impact of
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the charge distribution and difference in geometric areas of the target and the crystal.

Due to the wider spread of possible electron trajectories during emission from the target

(see Figure 4.25), the X-ray generation at positive polarity has a wider distribution,

especially pronounced in Zone II.

It is possible to achieve the stable, controllable and reproducible X-ray generation

by periodical variation of temperature of the LT single crystal. The necessary condi-

tions are described in Chapter 5. First, the smallest additional shift of temperature

oscillations towards both heating and cooling should be achieved. The most admissible

shift was 0.02 ◦C/min in the experiment. A larger shift gives the advantage to one of

the polarities, leading to an unstable X-ray yield. Second, there is the most optimal

initial phase of periodic temperature variation (±π/2) at which the first thermal phase

takes only a half from the full-fledged phase. The deviation from this initial phase value

leads to a high additional shift of temperature oscillations and to a deviation from the

periodic law of temperature change in the first thermal phase. Also, there is the most

optimal point to complete thermal cycling for its subsequent successful reproduction.

In these measurements, this point was determined as π/10 and 11π/10, at which the

electron current is close to zero. Compliance with these conditions makes it possible

to overcome the previously mentioned problems [70, 71, 75, 78–80, 82, 83, 85, 91] in

the development of the pyroelectric X-ray sources and to construct suitably stable and

functioning sources for different applications.

An analysis of the electron current is presented in Chapter 6. Two main patterns

of the current are clearly observed at a pressure of less than 10 mTorr. The first

one has a sinusoidal wave shape. It is a fundamental pattern representing the field

emission from the crystal and the target during the periodic temperature variation.

The second one is continuous current pulses, which are interpreted as discharges caused

by secondary electron emission from the target and the crystal alternately. The shape

of V-I dependence differs for both polarities. It can be due to work function and the

secondary emission coefficient differences for the target and the crystal.

The following achievements described in this thesis can be highlighted as a signif-

icant contribution to the development of the X-ray and electron sources based on the

pyroelectric effect:
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1. Application of periodic temperature variation of a single crystal of lithium tan-

talate (LiTaO3) for the electron and X-ray generation.

2. Determination of the temperature variation conditions for stable and reproducible

X-ray generation.

3. Evidence of the presence of a discharge in the gap between the crystal and the

target, which does not lead to an unstable behaviour of the source, and, moreover,

correlates with an increase in the X-ray yield.

4. Determination of the relationship between pressure and geometry of a pyroelectric

source on the properties of the generated particle flux.

The publications on this thesis are still in preparation, but the author was involved

in several projects before studying in Royal Holloway College, which are close to the

topic of the thesis. The articles on which were published already during the training

[119–122, 163, 164].

It is worth noting that a fairly large number of issues and challenges remain unsolved

or poorly covered in this thesis. The list of these points is presented below. They can

be conditionally divided into two groups: fundamental and applied challenges. The

fundamental ones include the following points.

Determination of the electron spectrum during the discharge. This task

was partially introduced in Chapter 6. There are indirect arguments in favour of

the observed discharge being responsible for the monochromatic electron production.

Verifying this statement and determining the true V-I dependence of the discharge can

significantly advance the understanding of the observed phenomenon.

Study of the discharge at various emission characteristics of the target

and crystal. It is suggested that the observed discharge is initiated by secondary

electron emission. The real verification of this assumption is possible by comparing the

properties of discharge with change in the properties of the surface from which emission

occurs. Of particular interest, there is the case when both the crystal and the target are

coated with the same material, as well as when a material with a reduced secondary

emission coefficient (for example, titanium nitride) or with increased work function
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(for example, a target made of noble metals) is used as a target. The sensitivity of

the discharge to such changes would serve as excellent evidence in favour of the above

assumption and would provide new guidelines for the study of this phenomenon.

Study of influence of an electron mean free path on features of the gen-

erated particles flux. It is believed, that the border between Zones I and III and

Zone II is defined by the relation between electron mean free path and the distance

between the pyroelectric crystal and the target. However, the reliable confirmation of

this statement is possible only by analogous measurements at different distances. The

shift of border (above which the X-ray generation is gradually suppressed and elec-

tron generation sharply increases) with changing the distance would be an indisputable

marker of the influence of the electron mean free path. It is expected, that with an

increase in distance, the border will shift to lower pressure.

Study of influence of target geometry on the features of X-ray generation

at different polarities. The experiment shows that X-ray yield at positive polarity

is wider spread than at the negative one. It is suggested that it happened because

emission at negative polarity occurs from the charged ring at the surface of LT, while

the whole surface of the target was involved in the emission. Therefore, the trajectory

spread at positive polarity is wider, and portion of electrons can pass the gap with less

number of collisions with molecules at more high pressure. Conduction of analogous

measurements for the same target but with different areas will make it possible to verify

this assumption. There is expected a certain ratio of areas of the target and the crystal,

where the X-ray yield is maximally close to being symmetric.

In addition, there are applied challenges, which are more related to engineering.

Adaptation of thermal cycling principles for stable X-ray generation for a

compact sealed package. The periodic variation of temperature conditions for stable

X-ray generation, described in Chapter 5, was obtained in the experimental setup with

possibilities of vacuum evacuating and at an almost constant climate environment.

The next step should be approbation obtained conditions in more realistic operation

conditions for a commercial source. The tests of pyroelectric X-ray source in a compact

sealed package will clarify the conditions for stable X-ray generation under various

surrounding conditions and will allow simulating various possible applications.
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Extraction of the electron flux from the gap between the pyroelectric

crystal and the target. The development of a pyroelectric accelerator implies the

necessity of extraction of the electron flow from the inner space of the source for further

operations. The scheme of the proposed experiment in Figure 6.9 can be considered

a basis for the extraction of the electron flow. The parameters of electron flow still

need a detailed study. It is possible to apply a magnetic field for additional focusing of

electron flow.

In conclusion, the studies of X-ray and electron generation at the periodic variation

of temperature for a single crystal of lithium tantalate exhibit the perspective of this

approach to the development of X-ray and electron sources, based on the pyroelectric

effect. Further investigations should be highly promising from the point of view of

fundamental science and engineering.
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