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Abstrakt

Proces elektrostatického zviawani vytvdi nanovidkna fisobenim vysokého néib
na polymerni roztok. Bylo dokazano, Ze nanovlakazhpvavaji uwité mnozstvi naboje
béhem jejich ukladani asktera Zistavaji nabitd i &kolik hodin poté. Trysky vzniklé
elektrostatickym zvlakovanim mohou vytu&t cylindrické elektrody, které koncentruji ve
svém okoli extréemhivysoké hodnoty intenzity elektrického pole za afédckych
podminek. Tyto vlastnosti elektrostatickeho zvidkani jsou jen nedost&m@ prozkoumany
a interakce elektrického pole jimi generovana s wikoi plyny je téndi neznadma. Tato prace
pojednava o objeveni jednoduchych experimentalrdtieni zaloZzenych na
elektrostatickém zvlalovani, které generuji Roentgenovderd do energii 20 keV za
atmosférickych podminek jenz je detekovano pomextiografickych filni a kemikového
detektoru nizko energetického Réentgenovarzda Tento jev byl vysstlen pomoci teorie
zvané Counterion condensation. Proces lze vyudiheptzrejsi aplikace jako je na&fklad
pienosné zdroje Réentgenovaeard nebo jako anomaldasticové urychlowse v jaderné
fyzice.

Formovani nanovlakennych trysek je také négZrovadt v prostedi obsahujici
radon. Radon se rozpada na produkty, které jgenagr kladre nabité diky jejict rozpadu
a tyto kladr nabité radonové dcery jsou pot@ghovany a zachycovany zap&mabitymi
vlakny. Tohoto jevu Ize vyuZzit pro aktivni filtraiwinizovaného z&ni.

Kli¢ova slova: Elektrostatické zvia@vani, nanovlakna, Réentgenovderd, Ohé svatého Elidse,
depozice dagnych produkii radonu.

Abstract

Electrospinnig is a process to create nanofibresgpjication of high voltage on the
polymer solution. It is proved that nanofibres keeme amount of charge during their
deposition and some of them are charged even fensladter that. Electrospinning jets can
serve as fine cylindrical electrodes to createegmély high electric field intensity in their
vicinity at atmospheric conditions. However, thisatity of electrospinning is only scarcely
investigated, and the interactions of electricdseenerated by them with ambient gasses are
nearly unknown. Here is the report on the discovieay simple experimental set-ups
employing electrospinning generate X-ray beamougnergies of 20 keV at atmospheric
conditions detected by radiographic film and theecsrally measured by Silicon Lithium-
Drifted Low Energy X ray Detector. Some theoretieaplanation by the process of
Counterion condensation has been built up as Weit process can be used for several
applications such are for example portable X-ray&es or the design of anomalous particle
accelerators in nuclear physics.

The forming of the jet could be running in gas emwment contains Radon. Radon
decay creates progenies which are positively cliadge to thei decay and these positively
charged Radon daughters are then attracted anckthdgynegatively charged nanofibers.
This process can be used as active filters of ezhradiation.

Keywords: Electrospinning, nanofibers, X-rays,Btno’s fire, Radon daughter’s deposition
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Amplitude of the wave
Acceleration

Magnetic induction
Capacity

Speed of light in vacuum
Energy

Intensity of electric field
Coulomb force
Frequency

Gravitational acceleration
Depth of the liquid

Wave number
Boltzmann constant
Molecular weight

The mass of the ion

The mass of the electron
Avogadro constant

Polarization density
Dipole moment

Electric pressure
Hydrostatic pressure
Capillary pressure

Total charge
Electric charge

Radiated power of accelerated particle

Vector displacement
Surface
Temperature

Time

Electrostatic energy
Volume

Speed

Atom’s number

Permittivity of vacuum
Relative permittivity
Electrostatic potential
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1. Introduction

Nanotechnology has been under the scope of intdueisty last decades as a
promising research for future materials. It dealh\sizes of submicron dimensions but
rigorous definitions of nanotechnology have theetisions less than 100 nm. First concept of
nanotechnology was established by Feynman’s takkgat an American Physical Society
meeting at Caltech on December 1959, where heradtirthe famous phrase: “There is plenty
of room at the bottom”. For many scientists, nadet@logy is manipulating with individual
atoms or molecules. One part of nanotechnologyeiation of nanofibers with diameters less
than Jum. Nanofibers are usually made from polymeric sohd, consisted by individual
macromolecules.

Serious physical explanations of some phenomenerads in “nanoworld” are still
missing. Some basic principles of quantum theoilf oulast century gives explanations of
behavior of elementary particles comprising an aémh inside an atom, but nano-objects are
usually consisted from many of these elementariigbes and therefore this quantum theory
starts proceed into collective phenomena basedammamolecular structures. “Classical
macroscopic” theory is not good enough for expliamadf some processes observed in

“nanoworld”. Therefore the new theory has to bdtbui

1.1 Goals of the thesis

This work aims to creation of some cornerstongshgtical principles of electrostatic
spinning (electrospinning) process, which is theideethod for nanofibrous creation. Some
of improvements of current theory were already mheiteed and are introduced in this work,
for example an implementation of relative thin mand permittivity into the dispersion law
(chapters 3 and 4) or preliminary theory with irsotun of viscosity (chapter 3). But the
comparison with experiment is still missing.

The main goal of this work is the clarificationaigin and parameters of detected
high energetic electromagnetic radiation. DiscowvarRoentgen radiation produced at
atmospheric conditions during electrospinning pssagan be very helpful for the
understanding of physical phenomena occurring dwglagtrospinning process. It can be as
well very helpful for many future applications. Biehas been aligned in the same rank as
the time of discoveries was going on. It starthwdiéscription of first observations by
radiographic films, and continues with measureneéits spectrum. Then it was necessary to

have a brief description of generation of X-rayteded during electrospinning (chapter 7)

-5-
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and at the end, some theoretical explanation oégeion of X-rays by electrospinning
process has been created. More detailed studlestlofradiographic and spectral
measurements have to be made.

The last goal was the observation of Radon daugtdeposition during
electrospinning process. In chapter 9 is the regaout the radon progeny deposition driven
by electrospinning which can be used for severgliegitions as active filters of ionized

particles.

1.2 Electrospinning

Electrospinning is the process for creation of fiiéeos by application of high
electrostatic field on a surface of a polymeriagioh. This process is in its principle very
simple, but as was already mentioned it is affebiechany parameters. First report of
electrospinning was discovered by John Zeleny (L81H4is atmospheric observations. He
applied high voltage on the tip of the sharp neéalle€reation of high corona discharge to
simulate the lightning in laboratory conditions.tBloe tip of the needle started to vituperate
by these corona discharges and therefore he usencof water instead. He was the first
person who observed electrostatic spraying in ooy conditions. But he didn’t find any
application at that time and published it as aargdting, but useless phenomenon. Anyway it
was the first step for future creation of nanofthén this work, only basic principles of
electrospinning will be explained because thereewext books written about this process.
The first monography about electrospinning wastemity Ramakrishna (2005), Andrady
(2008), Filatov (2007) or the monographic articletten by Reneker (2008) or Lukas (2008).
But the description of electrospinning processtiim main topic of this work. This work
aims mainly to unexceptional phenomena observeidgletectrospinning which are for
example radon daughter’s deposition, St. EImo&sdind mainly detection of X-rays.

Anyway it is useful to briefly describe basic piples of electrospinning. As was
already mentioned, electrospinning is a procesadoofibrous creation by application of
high electrostatic field on the surface of polymelution. It has three main stages. At the
beginning, Taylor (1969) cone is created by theatelzation of the liquid surface by
application of electrostatic field. If the field $¢rong enough, jet is emitted from the tip of the
Taylor cone and most of the solvent is evaporatethd this phase. This stage is usually
called stable part. If the viscosity (concentratdmhe polymer) is not high enough,

-6 -
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electrospraying instead of electrospinning will@cdt means that nanodroplets instead of
nanofibers are created. Liquid jet will be disineggd into the droplets by Rayleigh (1882)
instability and in some cases it can create StoErfire (see chapter 5). A robust approach
for the analysis of the stable jet region was intcati by Xiao-Hong Qin and co-workers
(2004). There is a crucial impact on dielectricgpaeters of the polymeric solution during the
stable part due to the massive solvent’s evaporatma there weren't any studies of impact of
relative permittivity on the electrospinning prosestil this work (for analysis of dielectric
properties see chapter 4). When the most of theesbls evaporated, jet starts to circulate
and form the spiral or it starts to split into themrfibers. This stage is called whipping zone.
Due to the impossibility of observation of whippingne by accessible methods, there isn’t
any satisfactory theory and experimental obsermatimtil these days. Some first theoretical
explanation was made by Reneker and Yarin (200&)tH2 observation of X-rays during the
nanofiber’s deposition, which is the main topidtag work, can be helpful for the description
of this last and hidden part of nanofiber’s creatids can be clearly seen, electrospinning is
very simple process but with many variable pararsetdich can drastically change its
behavior. Schematic view with all these three npairis of an electrospinning jet can be seen
in Fig. 1.1.

whipping zone

< stable part

‘ Taylor cone

Figure 1.1: Stable and unstable zones of a ligatdn an electrospinning zone.

Electrospinning until beginning of 21st century,svea interesting natural
phenomenon but without any possibility of effectapgplication for mass production.
Therefore it is important to tell few words abother specifications of this method. Until the

-7 -
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year of 2004, electrospinning was possible oningisine needle filled by the polymeric
solution which is the method with low productivifijhe productivity can be simply increased
by application of an array of needles, but it bsirngher problems of clogging of needles, see
Theron (2005). Therefore another solution had tdibeovered. Yarin (2004) and his
colleagues found a method of spinning from the licged surface and named it needless
electrospinning. The real revolution method waerldeveloped by Jirsak (2005) et al by
using of rotating cylinder in the polymeric solutidMany jets from the surface of the cylinder
are created and their invention was then appoiasedanospider. This work is not focused on
technological development but on explanation ofgatal problems, connected to this
wonderful and interesting natural process. All nared technical details about
electrospinning can be found in works mentionedvabo

First physical description of destabilization aflid surface and the formation of
Taylor’'s cones was worked out by Lukas (2008) withdtudents. They had to use several
approximations such are incompressible and idealhductive liquids. It gives some nice
results comparable with experiment. Their main t@ys is the relations between hydrostatic,
capillary and electrostatic forces. This theorga®d initial point for future enhancements and

some its base stones are determined in chapter 4.

1.3 Author’'s own contribution to the thesis

- Calculation of all examples in chapter 2 which laepful for many theoretical as well
as experimental results such for example Countecanidensation theory or
Nanospider technology.

- Inclusion of relative permittivity into the dispeya laws for charged liquid surface
and their analysis (chapters 2.6 and 4.3). Theaenimssive evaporation of solvent and
therefore distinct change of relative permittivilyring jet’s elongation.

- Inclusion of viscosity into the theory of electrasping process (chapter 3.5).
Viscosity seems to play the crucial impact on thekiness of the fibers.

- Derivation and analysis of dispersion law for thims of charged liquid surface as
the real liquid surfaces has finite depths (chapi2).

- Analysis and comparison of theoretical approacli€ &lmo’s fire as this
phenomenon was observed during electrosprayingepsaa laboratory conditions
(chapter 5).
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- All radiographic experiments were prepared assh fietection of X-rays as well as
measurement of its space distribution (chapter 6.1)

- All X-rays spectral distributions were measurememsSi-lithium drifted detector as
the elimination of parasite effects as well as prgwf X-rays generated by the
electrospinning process (chapter 6.2).

- Generation of X-rays by electrospinning process éasained by the Counterion
condensation theory. Derivation and analysis oépial gradient in Manning zone
showed the possibility of acceleration of ions itite energy of X-rays region of
electromagnetic spectra. (chapter 8)

- The last unexpected phenomenon of electrospinsitigel Radon daughter’s
deposition. Several measurements in laboratoryedisas in radon chamber were
prepared to prove it. Precise PVDF yarns were pegpfr filtering of ionized
radiation (chapter 9).
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2. Introduction to the basic electrostatic paramters

There were many text books or monographs writt@ugelectrostatics. A great
course was written by Richard Feynman (1971). Melires a brilliant description of basics
of electrostatics and adds more complex exampliden chapters. The book continues in
description of electromagnetism, but as we obsethede isn’t almost any influence of
magnetic field on nanofibre creation. Here, only finst twelve chapters of his second course
are important for us. Another brilliant book wastten by Lev Davidovic Landau and
Evgeny Mikhailovich Lifshitz (1960). They solved neaccomplex problems in this book,
which readers are supposed to meet in some basicsers of physics. These courses should
be provided for instance by the Open Coursewand/adlyer Lewin from Massachusetts
Institute of Technology (MIT). It is possible to tgh these courses online on internet:

(http://ocw.mit.edu/OcwWeb/web/courses/av/indexhti brief overview of basic

electrostatic laws which will be used later for @gstion of electrospinning is introduced
further. Basics knowledge of electrostatics is @uior understanding and explanation of
electrospinning phenomenon. Many of these fundaahéws are introduced without a broad

description, since one can use books mentionedeabov

2.1 Coulomb law
Electrostatics starts as a rule with definitiom@fl known Coulomb law which

describes force between two chargeand g, with distance between them.

E, = gq_lﬂzqz%, (2.1)
4rse, — r® F|

where &, is a permittivity of vacuume, is a relative permittivity of used material arids the

vector displacement to point (1) from (2).

A force exerted per a single positive unit chaggealled intensity of electrostatic field
or field strength and is denoted Bs This is a very important quantity of electrostatieory,
F=0cE. (2.2)
Electric field can be represented by field linesm@times these lines can be very

complex in shapes and a problem is hard to solab/acally (see Fig. 2.1). Sharp body edges

always keep higher values of electrostatic fielslad them, as can be seen in figure 2.1 D.

-10 -
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2.2 Electrostatic potential
Another important parameter of electrostatic figslory is an electrostatic potential

@ . ltis a scalar quantity, typically measured intgo Areas with same potentials can be in

2D represented by lines called equipotentials dHiaks are always perpendicular to them
(see Fig 2.1). Knowledge of these lines plays aiatuole for electrospinning explanation.

The proper definition of electrostatic potentiagsi®lectric field of two points:
#F)=-[Edr +C- (2.3)
0

This can be expressed by derivation obtaining aratkfinition of electric field:
E- O¢. (2.4)
Another condition for electrostatic potential isth
OxE=0 or §Ed| =0,
It simply means that any work cannot be made, whercharge is transferred around any

closed curve without generation of magnetic inductiThis is the special form of the second

Maxwell’s equation of electromagnetism, which fidtmula is:

= = _0B
xE=Y2. 2.5
OxE=5; (2.5)
If OxE #0, some magnetic induction per unit of time hasd@teated during electric
charge transportation, see Maxwell’'s equationseyniman (1971). One can now use Gauss’s

law which in general form i53§\7 [ B :J'(@ @)dvV . WhereSis the closed surface bordering

volumeV. Gauss’s law can be used to derive Coulomb’s ladware versa

OE=-g00)g=-0p=2, (2.6)
1>

0

what is the first Maxwell’'s equation for electrastaconservative field, wher@is total

charge density. Total charge can be expressegaf?&.[pdv for continual charge
S

distribution andQ,;; = > G for discrete charge distribution inside surf&&or non-
S

charged or inside some closed conductive objeatiwis commonly called Faraday’s cage,

is the electric field zero:

—

(g =0. 2.7)

-11 -
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This equation is usually called as Laplace’s equatBy combination of (2.2) and (2.3), we

get formula for electric potential of point chaigaced inl" = 0:

p=—t f 2.8)

4mes v

Figure 2.1: Electric field represented by fileddm (solid lines) and equipotentials (dash
lines) for various examples. (a) Electric fieldWween two charges with different polarity,(b)
electric field between a charge and charged platé different polarity, (c) electric field
between two charges with the same polarity, (dtatefield around a sharp charged object.

-12 -
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2.3 Electrostatic energy

Another important quality for the theory of elexdtatic field is its electrostatic
potential energy. There is a great explanatiomisfquantity made by Feynman (1971), in
chapter 8 ,Kopal (2008) or Griffiths (1999). Onlgry basic definitions of electrostatic energy
will be explained here. At the beginning one caweha look on the basic definition of
electrostatic energy. With using of the principfesoperposition, the electrostatic enetdy
of reciprocal locations of system of point chargas be expressed as a sum of the energies of

all possible pairs of chargeg andq; (i, ] =1,....n) with distanced; in between them:

U:E qu '
2 477‘»:0rij

(2.9)

which simply means the total work which has to beelto bring all charges together. The
factor 1/2 is introduced, because all pairs are counted twinether approach how to
calculate the electrostatic energy of electriadfisl to use the charge densjy. Each volume
elementdV contains the element of chargelV . So the formula (2.9) can be rewritten by

the integral expression of principle of superpositi

U =EIMdV1dV2. (2.10)
2° 4rgy,

Formula (2.10) can be rewritten by using of defomtof electrostatic potential, formula (2.8),

for continuously distributed chardg, and for formulation of two discrete chardds:

U=2[pap@ay,, U,=q 2 =qp0=q¢@ . (21
2y 4rey,,

Because the energy is not the term of chargeskeutetm of the fields they produce, the
formula (2.11) is numerically equal to:

U :5JEEEdV, (2.12)
2
which is the energy of electrostatic field. Enepgy unit volume, also called energy density,
IS:
£E’
u=-—", (2.13)
2

and the total energy is therefotd: = judV. Energy of the electromagnetic radiation will be
\%

explained later.

-13-
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2.4  Electric pressure of ideally conductive mateals

Electric pressure is another basic concept in spinning. Having a charged sphere

with surface elementlS and El being the contribution to the total field fromacbes that

reside on surface of this element ah::g is the field contribution of all other chargesamd
the elementlS. The total field strength therefore will be sufrboth contributions:

E= El+ Ez- Field strengthEl is for conductors orthogonal to the surface. Eiedield

strength inside the element has to be equal tq #egoefore— El+ Ez =0 andE, has to be

collinear toE, . That is whyEl = Ez = % E , see Fig 2.2. For more details: Lukas (2009).

1/2E

IT|¢"

Fig.: 2.2: A charged, perfectly conductive spheitha radiusr has a normali
perpendicular to an elementary arexg, of its surface. Point A is just outside the tep

while point B is inside itEl is the contribution to the total field from chargbst reside on

surface of this element ar@z being the rest field intensity contribution of athers charges
around the elemewtS .

The surface of the sphere is charged and bothibatitms of the electric fieId§1 and

Ez have the same direction perpendicular to the seréad form together consequent electric

field outside the sphere. The charge on the elerd&ntan be expressed as[dS , where

-14 -
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O is a surface charge density and it generatestansity of electrostatic fieltﬁl. So the
force acting on this charge is caused by the eteiidtd strengthEz that interacts with the
chargeo [dS:

dF = o [SLE, :%amSEE. (2.14)

When the electric force acting on charge of thenelet is known, one can find

formula for electric pressure:

pe:?;‘ :%U[E:%é‘o [E? (2.15)

electric pressure is defined as orthogonal compalexctric forceF, acting ond<. Surface
charge density can be expressedas &, [ E. To make formula (2.15) usable for
electrospinning theory, one has to find its dependen a surface deflection.
The basic formula for the deflectiafican be expressed as a harmonic function:
{ = Alexpl(kx—at)], (2.16)

with amplitude A, wave numbeK, angular frequency. and timet . Electrostatic potential
can be implemented as well with the knowledgesti@flection of the harmonic function
(2.16) in vertical dimensiorz = { where{ - O:

¢, =Dle™ [expli(kx—at)]. (2.17)
Detailed expression of this formula can be founBeynman (1971) in chapter 7.5.

Electrostatic potential on the deflected wave asation of the field in ground leveE, is:
$.=E{ (2.18)
With respect to equation (2.17) and conditidn— O and thereforee™ - 1, one can a find
relation between constants A and D and rewrite8)2as:
¢, = ALE, [e7™ [expli(kx—at)] (2.19)
Deflection of the wave by the electric pressurengortant for theory of electrospinning. It

will be used for determination of dispersion lawievhis the main equation for description of

destabilization of liquid surface by the electigd, see Lukas (2008).
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Figure 2.3: Schematic view of the surface of thait body. (1): non deflected plane liquid
surface with constant intensity of electric fidﬁg and (2): deflected liquid body by the

electric field of intensinEZ where is an amplitude andl is a wavelength of the deflected
surface.

One can implement two compounds of electric fidlthes system for the purpose of
electrospinning description. Firﬁois the field of stable surface of the liquid, aEgl

denotes the field on a wavy surface. Thereforeadted field strength is a sum of both

compounds (see Fig. 2.3). So the formula (2.15)osarewritten as:
p. =3ef(E, +E,)* = 3¢(E} +2E,E, +E ) O 220
D%e‘o(ﬁoz +2EE,).

Since Ez << EO Ezzcan be neglected in equation (2.20). It is necggsampose formulas

for electrostatic potentials due to their depengtienctwave deflection.
BecauseE,=—-0¢, /0 , therefore:

E=kKE,[ (2.21)

With this result one can write formula (2.20) as:
p. =3 E, +eRES T (2.22)

Only the second part of formula (2.22) is time degant,{ = ¢ (X,t) .
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2.5 Electrostatic field of capacitors

A brief decryption of electric forces acting on alg conductive liquid surface was
done in previous chapter. Real materials usedlémtr@spinning are not ideally conductive. It
IS necessary to start with description of capasitmfore the inclusion of nonconductive
liquids. The simplest example is plate capacitwo(bppositely charged plates with distance
d between them) with various materials between aldes. Geometry of such a capacitor is

sketched in Fig. 2.4.
S

d

///)/

Fig. 2.4: A sketch of a simple capacitor with vacubetween electrodes; € Q; are
charges of electrodes; d is a distance between;thgi® a permittivity of vacuum and U is a
voltage which is equal to the potential difference.

+/+

5 = U

Q1
+
/++
Q2

Intensity of electrostatic field for vacuum caneégressed ak = g / &, wheredis

a surface charge density. Capa€ityf the plate capacitor with vacuum can be theeefor

calculated by simple formula:

oS £S

C=8= =;, (2.23)
7w
gO

where capacit{ is an ability to store electrical charge with uratled Farad [F=C/V].
Capacity of the plate capacitor without any matdreaween capacitor plates depends only on
its geometry, i.e. on the distance between platasd surfac& A question now is how some
another material affect capacity of the capacitserted between its electrodes. If a
conductive material of a thicknelsss added between electrodes, the charges will
immediately move to the edges of the inserted elenidis is because charge inside the
conductors is transferred by electrons which cavelrin conductive zone freely. Capacity

will therefore be:
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_ &S _ &S

= , (2.24)
d-b  d@-b/d)

g &S
d

where € is relative permittivity and for metals, — oo when b - d. One can see that

capacity will increase. It is not very surprisifbgcause if we decrease distance between
electrodes, the capacity will automatically inceeas

Another situation occurs when dielectric matersahdded in between the electrodes,
instead of a conductor. Dielectrics can be poldrizg application of external electric field. It
simply means that it starts to form dipoles whioh then formed as a response to the polarity
of external electric field. The reason for it isithhe nucleus of each atom is slightly moved
from its central position or the trajectories of #lectrons are deformed. Such an example

can be seen in Fig. 2.5b.

free
a FF++++++ + + + +] X b H+++++++++++++-‘i'-|-/*l~+++++++l / p‘Ol
"""""" J. [PEEReEERRERE| .
prrrrsssssssly  DO0O0000EEEE[°
DR T = =

Fig. 2.5: Capacitors with different materials addeetween its electrodes. (a) conductor, (b)
dielectric.

The same happened for liquids which are dielectAogady known free charge

densityo _ is on the surface of the electrodes without aejedtric. Another polarized

charge densit)UpoI has to be considered inside the dielectrics. bitgof electrostatic field
will therefore be:

E — afree - Jpol — o

&

0

afree - XEO E _ Jfree free

(2.25)

€ _€O(J_+X)_£O£r’

0

where Y is electric susceptibility and is already mentioned relative permittivity, which i

an important quality determining material’s elecparameters. More detailed study of such
problem can be found in chapter 10 and 11 of Valritten by Feynman (1971).
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2.6 Electric field in fluid dielectrics

Anyway, it is useful regarding to electrospinnitghave a brief look how the electric
field affects molecules inside a liquid dielectri®ausius (1849) and Mossoti (1850) found a
relation for non-polar liquids and Onsager (1936grnaded this formula for weakly polar
liquids.

Due to the explanation of theory of electrospinnibhg convenient to find the
formula for electrostatic pressure including thelelttric parameters of the liquid. One can
start with the definition of Maxwell stress tensdrich for dielectrics in absence of magnetic
field has a form:

= _P(pm’T)dlk £2E [ r _pﬂ(gjn] ]dk + £O£r EEk ' (226)

where J, is Kronecker's delta an®, is the pressure in the medium in the absencesofréd

field, 0., is the mass density anid is the temperature. Its complete derivation isthe

main topic of this work. It was done by Landau (@P#& chapter 15 and Griffiths (1999)
showed derivation of this formula in vacuum. Anywdaxwell stress tensor is the general

formula for all forms of matter. It is conveniewntr fliquids to find the formula for volume
density of the electric force acting on the flufd= F /dV . One can use well known formula

giving the volume forces in terms of the stresstenf, =00, / 0%, . According to

Helmholtz (1868) we can get known formula:

00 2
Its detailed derivation can be found in Landau®6() book in paragraph 15 or Abraham and
Becker (1932).

= _Dp(pmiT) + 2 D[Ezpﬂ( ag j ] ﬂ Ezljgr : (227)

Relative permittivity is a function only ofo,, and T, and its gradient can therefore be

written asCl, = (9¢, /aT)p[ﬁT +(0¢, /0p, ). Op,, and for uncompressible liquids and for

constant temperature, the formula (2.28) can beldied:

0&,
E ) 2.28
(apm“ &

It is now easy to find the formula for electrostgiressure and one can focus only on its

=—DP(,0m,T)+—

electric part.
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Formula for electrostatic pressure of ideally castothe materials was evolved in
chapter 2.4. Let focus on the polarization of dieies in external electric field. The formula
for the pressure in dielectric liquids was evolsgdAbraham and Becker (1932). They

determined the excess of electrical pressig, . By choosing of two points and one of the
points as a base with zero electric field and oletehi

A e

_pe %:_g E2 agf '

pm ped p 2 apm

or, if the dielectric has a weak compressibility:

1 o€,
Ap, = p, = Py = &F? P (2.29)
2 00,
So the formula for electrostatic pressure can ilsi written as:
Ez
p. = % pm( 0¢, j . (2.30)
2 "™ ap, )

One can compare equation (2.30) with previouslyioled formula (2.22) for electrostatic
pressure of ideally conductive materials. It ises=sary to find dependency of relative

permittivity on mass density of the liquid.

2.6.1 Clausius-Mossotti relation
As was mentioned at the beginning of this chapétation for nonpolar liquids was

firstly found by Clausius (1849) and Mossoti (185@) assume that each molecule inside
the external electric field with intensiE has a dipole moment equal to:

p=acE, (2.31)
where @ is a polarizability of molecule. The polarizatidfh for several molecules with
number densityN can be found as

P=Np=Nae,E = Al\ﬁm £E, (2.32)

for medium with mass densitg,, and molecular weighM , where N, is the Avogadro’s

number. It is important to find how electric fiaklexperienced by an individual molecule

relative to the average electric field in the medisuppose that dielectrics are polarized by

uniform external electric fieIcE0 which is directed along the z-axis. To establisbrimary

between macroscopic and microscopic range of phenaraffecting the molecule, one has to
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find a sphere of a radiud around this particular molecule. Outside this sphthe dielectrics
are considered as continuous medium and insidepihere the dielectrics is a collection of

polarized molecules. The polarized cha@g, on the surface of the sphere in spherical polar

coordinates is:

0., =-Pcosb. (2.33)

pol
This formula can be used to calculate magnitudé@tlectric field irz-axis E, at the
molecule with surface element of the sphd&= 27a°sin&lé:

1 (0 cosﬁ

E,=- j P~ jcoszesmedﬁ . (2.34)
4re, a 3¢,

0

It can be easily demonstrated, thg = E, =0 and therefore the electric filed at the

molecule will be only itz part, due to the chosen direction of our coordngaspherical

system(z, 8, @) with respect to the external electric fieldziaxis:
= (2.35)

So the intensity of the electric field seen byitidividual molecule will therefore be a sum of

the intensityEO and the intensity generated by its surface chdegsity (2.35):

ﬁ

=E,+ (2.36)

o%’\'m

By the combination of the definition of polarizaii@ =g —])EO (see Feynman 1971)

and formulas (2.32) and (2.36), one can obtain:

&1 _Nupa (2.37)
£+2 3M

which is the well known Clausius-Mossotti relati@ut it is obvious that one has to find
partial derivative of relative permittivity with spect to the mass density of the liquid, which
is necessary for finding of the formula for elestatdic pressure (2.30):

‘;‘; - (& _21(5 *2) (2.38)
detailed mathematical operations can be found peagix A3. Another way how to obtain

Clausius-Mossotti relation was done by Feynman 1197 by Kittel (1963). Feynman used

indexes of refraction instead the relative perwitifibecause the square root of index of
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refraction of some material is equal to its relagpermittivity. His expression of Clausius-
Mossotti formula is:
n“-1_ N,po.a
n° +2 M

but the Clausius-Mossoti relation works only fonAmolar liquids; therefore Onsager (1936)

, (2.39)

developed another theory which includes weakly plajaids.

2.6.2 Onsager relation
Formula for dielectric constants of pure polar idgucan be according to Onsager
(1936) expressed:

(& —n)(2e, +1P) _ Nwo@
£ M

r

(2.40)

and one can see the difference between Clausiusd¥@nd Onsager relations. But for the
same reason, it is convenient to find the pargaivétive of relative permittivity with respect

to the mass density of the liquid :

de, _&(& —n°)@25 +1)
do,  [2e)* +n'lp,
Both relations for non polar a weakly polar liquitsve been sufficiently verified in practice

by Hakim and Higham (1962).

(2.41)

2.6.3 Electric pressure in dielectric liquids

With using of Clausius-Mossotti and Onsager reltaifor non polar and weakly polar
liquids, one can find the formula of electrostagtiessure in this media. The dependence on
mass density was already determined in previousobpanis chapter. So one can now easily
find the formula in the range of validity of ClaustMossotti approach:

2 3

ApCM =

and according to Onsager:

— 1 2 gr (Er — nz)(zgr + nZ)
T T ey e

Both formulas for electrostatic pressure will bedi$or dispersion laws and then analyzed in

(2.43)

chapter 4 which will help to describe behavior eédle-less electrospinning of dielectric

liquids.

-22 -



Physical principles of electrostatic spinning Dissertation thesis

2.7 Asymmetric capacitors

Understanding of electrostatic field around namefgbrequires solutions of the first
Maxwell’s equation (2.6), (2.7) for basic alignmeif ideally conductive cylinders with
finite radius. Some examples will be solved and¢hsolutions will be useful for the theory

of electrospinning or for explanation of radiatjgmenomenon.

Example E.1: The cylinder between two parallel plates.

The first example will be very useful for explarmetiof electrospinning device called
Nanospider. It is the asymmetric capacitor congjséi plan parallel infinite and ideally
conductive cylinder and a plate with distaideetween them. To simplify this problem one
can use the method of charge mirroring and imagiegher plate of the same distance from
the cylinder as upper plate to make the symme#jpacitor. Field lines in the middle of the
capacitor have to be perpendicular to both pldtks alignment can be seen in Fig E1. Itis

convenient to use cylindrical coordinates due tdylindrical shape of our fiber.

Figure E1: Two plan parallel plates with electrielfl and an infinite ideally conductive
cylinder, heaving a diameter R. The distance h ftieencylinder is the same to the upper as
well as lower plate. (A) Three dimensional ske(&);Cross-section with the schematic view
of electrostatic field lines.
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Laplace of electrostatic potential in cylindricalocdinates has a form (see Fig.: E2B)

Ag - 11(r %J L1 o e

ror\  or r’ 9’0 9’z

The cylinder as assumed has infinity length an(bifmee62¢/622 is equal to zero. For

more details about cylindrical and spherical cooatk systems see Appendix A1,A2.

Electric potential is constant everywhere on thréase of the cylinder, because it is equal to

the potential on the surface of the conductiventdr induced by the external electric fieltd

—

@ :cons@a (E1.2)

The Laplace’s equatioA@ = 0 has to be valid for places without any chargerdtves that

potential is constant everywhere on the surfacmaotiuctive cylinder and is zero fér — oo

:lim ¢ = 0. Potential everywhere outside the cylinder isrecfion of the distance from the

center of the cylinder onlyp, = —EF . A joint intensity of electric filed will be a suwf its

contribution from the surface charge of the cylinded its external part:

— —

E =E, e T Ecverna- The Maxwell equation can be now rewritten as @il difference

—

—EF Rcoso

Ap = constlrz—g =cons . ERcos®© =0, (E1.3)

r=R
r=R

where first part is equal t@, and second part is equal ¢ for both sides. It is obvious from

equation (E1.3) thatonst= R? and therefore one can find following result:

- R?
¢ =-Er cos@[l——z] . (E1.4)
r
So the general intensity of electric filed on theface of ideally conductive cylinder can be
found:
2
Egenera = 09 -9 Ercos® 1—52 =2EC0o (EL5)
or|.g Or r* )] .
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Nano Eislls=ly

Figure E2: (a) Nanospider technology. One can $eanide area where Taylor cones are
created (figure by EImarco Company), (b) cylindticaordinates of cylinder (fiber).

The equation (E1.5) plays a crucial role for thplaration of needleless
electrospinner based on the cylinder and calledoSjider technology introduced by Jirsak
et.al. (2005). Its picture can be seen in Fig H2aés theory is in a good agreement with the
experimental observations. It predicts existenceeo§ small variations of intensity of
electric field on the top of the cylinder and isiépendency on the radius of the cylinder.
Example is solved with the presumption that théncldr is in its half dived in the liquid. A
gualitative demonstration of theory/experiment confation can be seen on Fig E2a where

one can observe the creation of Taylor cones itequide surface area of the cylinder.

Example E2: Electric field between two plan parallel tubes

This example demonstrates the electric field betwe® parallel cylinders. Such
situation is sketched in Fig. E3 with all geomedri€his example is important for an
understating of whipping zone in electrospinning afectric field between deposited pairs of
nanofibres. However there are more deposited nawesfin a real situation. It will be
necessary to use some numerical methods to sotveasugeneral situation. This example is

useful for knowledge of charge distribution betwegmair of parallel fibers.
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y
x-d
.y
d r'
R r |

Figure E3: Two parallel nanofibres in the distancleaving radii R and infinite lengths as a
Apollonian circles.

Electric potential of these two cylinders has tacbastant on their surfaces and they
can be approximated as conducted “threads” hegosgions in points A and A’. These
threads are unbalanced by Coulombic force fronr teziters when an external electric field
is applied. The distance between unbalanced posit®ohere denoted dsThese “threads”

are sketched as points A and A’ in Fig.: E3. Eleqgtiotential of infinitely long cylinder can

be calculated by Gauss-Ostrogradsky theorem ofretﬁatics:§ Edf =Q/ &, » Where electric

field is orthogonal to the surface of the cyIind'élnerefore§ Edf = E277L =eL/ &, » WhereL

is the length of the cylinder. General electricguatal ¢ is then sum of contributions form

points A and A’

6=—S_(nr-Inry=—S—nL . (E2.1)
£ 2T o2 '

We have to find a points where the ratio ldf' is constant. It can be represented by
Apollonius circles (fig.: E3). One can find thaethadius of the cylindeR can be expressed
as a function of the distance of charge from threereof the cylinderd and the distance from
the centre of the next cylinder to the chatgs: RZ =d I = d [{c — d) and the distance
IS:

d= E2.2
R (E2.2)
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For simplicity we choose points (1) and (2).

e R-d c-R-d
x—R_¢‘xzc—R= In _In =
- 271€, c-r-—d R-d

e R-d |
In
277'6:) c-r-d

The scope of our interest is not the voltage, batdiectric field. Firstly we have to find a

(E2.3)

formula for charge on the cylinder:
Cc-R-d)]"
e=2mg n~—~* (E2.4)
(R—d)
After some mathematical manipulations one can rfesdilt for the field strength on the

cylinder surface

-1

__09¢ :iq/l’“zﬂ In 28-1+\1-45° (E2.5)
X/, 2R \1-28 1-23+ /1—4,32
where S =R/c.

Example E3: Asymmetric capacitor consisting of a lage plate and a plan parallel
cylinder.

Our next example is important for the explanatiba cadiation phenomenon occurred
during electrospinning. It is the first step howetglain extremely high values of intensity of
electrostatic field in a vicinity of nanofibres. Folve such an example, it is convenient to use
the method of mirror charges. This simply meansiagine another infinite cylinder with the
same radius placed in the same distance on the sitteeof the plate. (see Fig. E4 and E5).

Electric field lines have to be orthogonal to tleatral plate.
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Figure E4: (A) The ideally conductive infinite aydier and plan parallel plate forming an
asymmetric capacitor. The upper cylinder represemeshod of mirror charges; (B) Electric
field lines between two parallel cylinders aftee thpplication of the method of mirror
charges.

Electric potential on the surface of the cylindeconstant. One can use Gauss formula

of electrostatics§ Edf = Q/ £,, whereQ is a charge on the cylinder aadis the

permittivity of vacuum. The intensity of electrield in the distanc® from the fiber axis of

such example isE =7 /2¢,7R , wherer is the linear charge density. Electric potential ba

simply calculated by the integration of intensifyetectric field:

r
2&e,17

f=-

InR. (E3.1)

Mathematical operations to get formula E3.1 arestrae as for formula E2.1 in previous
example. The simplest example of charge distrilbugilong the fiber is homogenous when the
fiber is infinite. So it is convenient to use tielr charge density asr or +r7 . Both fibers
have the same radius and they are separated by the dista?2tteElectric charges are
supposed to be localized along fiber axes, sinceuppose thah >>a. A sketch of such an

example can be clearly seen in Fig E5.
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Figure. E5: A cross-section of two parallel perfgatylindrical fibres of equal radii a: The
distance between fibres is 2h. Fibres are uniforoflgrged with linear charge densitieg
and 7 .

According to this example, the joint potent@k ¢, + ¢, heaving zero value on the plane, has
a shape:

000 = 00) +440) = | ). €32

The potential difference between fibers is:

U =¢,(a)-¢,(2h)= L{In(z—hj - |n(iﬂ - ﬂ—; |n(2—h) . (E3.3)

2718, a 2h a
The field strength on the surface of the cylindam be simply calculated as

= Zh r 1
E(r1 C=-0(r) D——In(T]r:a:ﬁg. (E3.4)

It is easy to find the expression for linear chadgasity from (E3.3) and to combine it with

(E3.4). One can simply find the dependenc&odn U anda

() U 1

Y on(ehia)a’ (E35)

Denoting E, as the field intensity inside a plate capacitothwioltage U'=U /2 and
distanceh between plates, i.&e, =U'/h=U /2h, the Equation (E3.5) can be rewritten as

E@)_ h/a _ & _
E, Inch/a) In2¢

Z, (E3.6)

Where é =h/a is a dimensionless distance between the tube lamplate andz, is the

amplifying factor. This field strength estimatioaswalidity fora<<h only.
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4

10 10 10

S

Figure E6: The logarithmic plot of the ‘amplifyirigctor’ & /2Iné on the dimensionless
distanceé between the fibre and the plate.

Analysis of (E3.6) shows us an increase of thel fsttength with increasing

amplifying factorZ, . This is an important result for our nanofibrefphcations, because

typical diameter of nanofibres is in interval fr(jlrﬁ_7to 10_9m. For classical electrospinning
setup as it is sketched in Fig. E31, the distamteden electrodel is usuallyl0'm and the

diameter of the nanofibre can go down t&[10°m. The amplifying factorz, for this setup
is 1310 The reference field strength val&g, for the used voltage &x10*V , is

3x10° V/m. Therefore the maximum field strengi is estimated as 39 GV/m, which
corresponds to the theoretical local surface chdegsityo reaching the value, = £,E, =

0.35 Cn¥ and linear charge density = 77U /In(2§) = 55x107° C/m for conductive fibers.

This calculation is valid only for single ideallprductive parallel fiber. In real situation there
is not only single fiber but bunches of them. ithierefore important to find the solution for

several parallel fibers.
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Example E4 Asymmetric capacitor composed of a platend a warp of parallel and
equidistant fibers
The last example, which will be solved here is apalike pattern of fibers with
constant neighbor to neighbor distance and eqaahetiers forming one electrode of an
asymmetric capacitor having a plate as a coungetrelde. It is the more general case of the

example E3. Schematic view of such capacitor casebe in Fig. E7.

Figure E7. The asymmetric capacitor composed of apwof parallel and equidistant
nanofibres with a spacing d between neighbouringson

This example has to be solved by the same methtitegsevious one (method of charge

mirroring) see Fig E8.

Figure E8: Two parallel and equidistant warps of cylindricabres: Each warp is planar
with distance d between neighbouring fibres. Tistadice between planar warps is 2h. Fibres
in the upper warp have a linear charge densitywhile lower warp fibres are charged to a
charge density 7 . Fibres are assigned to subsequent integer numisgghsthe origin of their
counting in the “0” fibre.
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It is not so trivial and one can find the way ofugion in appendix A4 and only the solution

will be sowed here. The amplifying facta@r, is governed by a dimensionless distance

p =d/a in the case that >>d >> a, and is approximately independent lon

EvpPloz, (E4.1)
E, 2m
where E,, isthe maximal field strength value on a surface @& ohthe warp fibers ané,is

the field strength in a plate capacitor with disgabetween platdsand with voltage

U'=U /2. Estimating the maximal inter-fiber distarcten a real electrospinning jet as 0.1
mm, one obtaing = 2x10°> and amplifying factor ag,, 032x10”. The maximum field
strengthE,, is estimated as 0.095 GV/m and linear charge deasit

r,, O 1(2r1d) = 1.3x10° C/m for conductive fibers, wher@ = h/d . The predicted field
strength enables electrons and ions, having thmeegltary charge, to reach over the distance
of 100 nm a kinetic energy{, about 0.0095 keV, which is about three orderstless the
maximal X-ray energy in measured spectra. The digese of the amplifying factof,, for

a warp orma and previously chosethvalue is plotted in Fig. E9. This effect of neighing
fibers completely erases the decay of field poérused by grouping of nanofibers into

warps.

1000
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100

50

Zw
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2x10° 4x10° a 6x10° 8x10° 10°

Figure E9: The Relationship between a field strargghplifying factorZ,, and a fibre radius

a: Field strength E on a fibre surface is calculhfer the following parameter values:
a=10"m, h=10'm, U=3 14V, d=10°m.
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3. Basics of hydrodynamics

There is another important part of physics for deweent of the theory of electrospinning.
Due to the reason that nanofibers are made of paigrsolutions forming jets, it is necessary
to have a basic knowledge of hydrodynamics. Thisipdbased mainly on Landau’s (1959a)
course of fluid dynamics. Another introduction tadlhodynamics was done by Feynman
(1971) in his Lectures on Physics or by Kundu antdéh (2002). Here, some basic ideas,

necessary for the understanding of electrospinpir@nomena description, will be explained.

3.1 The equation of continuity

The problem of explanation of fluids movement by standard way is in
impossibility of using of macroscopic (Newton’s)sgéption as well as the corpuscular one.
One has to use the theory of continuity which wiss &dvanced by Georg Cantor (1877).
Cantor was a mathematician and his descriptioncoininuum was: There is no set whose
cardinality is strictly between that of the integend that of the real numbers.”
In fluid dynamics, the molecules of the fluid cd#i with each other’s and with solid objects.
One way to look at fluids is to use the particleatgtion. Fluids are consisted from many
small molecules. Their description by particularvexments of all these small molecules will
be impossible without powerful computers. Due @ ¢fffort of finding a fundamental
description of fluid dynamics, the theory of cowiily was implemented. The theory describes
fluids as small elementary volumes which still evasisted of many elementary particles.
But the drift speed of the fluid does not belonghtese elementary volumes but to the
movement of their molecules/particles. To makeciddeulation of the drift speed of the fluid
possible by analytical way, the movement of molesulas not to be considered. One can see
an example of this volume and its flow in Fig.3.1.
A modern discipline how to consider individual malées in the calculations is called
computational fluid dynamics. It uses numerical mes and algorithms to solve and analyze
problems by usage of modern computers. But indhégpter the classical analytical theory of

continuum is used.
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Fig. 3.1: Elementary volumey¥ontaining constantly moving particles. This volume
infinitesimally small but still much bigger compadtethe size of the particles. There are many
particles inside the elementary volume.

A total fluid flux from boundaries of a volum&, is equal to the change of the fluid

mass inside the volumé&. This can be expressed by the formula:

2 [ pdV ~{ oo (3.1)

wherepn, is a mass density is a velocity of the fluid andff is vector of the surface area

element. By applying of known Green’s / Gauss fd%wf :Jdiv(pﬂv)dv, one

obtains
j[%?+di\/(pn\7)]dV:O (3.2)
From which follows aa—'an +div(owV) =0 (3.3)
t

as the equation of continuity. For incompressihl&§ whereon =cons, formula (3.3) can
be simplified to

div(v) = 0. (3.4)
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3.2. Euler’'s equation
Transformation of total force§ de acting on the volum¥y, to the volume integral
by Gauss/Green formula can get :
—:ﬁde:—J'ipdV (3.5)
where p is Pascal’s omnidirectional pressure. By the ihtiiion of this force into the

classical Newton’s formul& =mL@V/dt = g.[dV [&v/dt , and after its integration we

obtain the following equation

V__1p, (3.6)
dt  on
Positions of the liquid elements are function & time and therefore this total derivation of

V[x(t), y(t), z(t),t] has a complex form@ - al + al Eﬂ - aj + (V10w - Formula
dt ot or ot ot

(3.6) can be now rewritten to

N, @byw+ Lop=o. 3.7)

ot ol
which is the known Euler’s equation. But very snaatfiplitudes of surface waves are
considered for the beginning of electrospinningcpss, what can be expressedfas< A,
whereA is amplitude of the wave andlis its wavelength (see Fig. 3.2). The horizontalggh
velocity of the wave can now be estimatedvds A/ T , whereT is a period of the wave.
The comparison of first two terms of the Euler'siation gives following relations where the
first term is equal t@v/ot C A/T2 and second elementds/ar [ar /dt C A?/T2A. And now
the comparison of both of them i8/T2 >> A?/T2A = dv/ot >>av/or [dr /ot . One can see,
that second element is much smaller than firstasmtetherefore it can be neglected. Euler’s
equation for small deflections of the surface @fliquid, such as in the case of
electrospinning, can be simplified

ov

WV, 1ep=o. (3.8)
ot on
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Figure 3.2. A schematic view of liquid’s surfacéhwnain parameters of the wave

Another simplification is the application of cum ¢he both sides of equation (3.8):
ix‘l"+i|jx(ip):o, (3.9)
ot o

where by the identitylfl X (ﬁp) = 0. Therefore also the first term in (3.9) is zero

[ x — = 0 and sol] x V = cons. The constant should be taken as zero, whicleis th
ot

condition for the implementation of the velocitytpotial @ asV = Do. Assignment of
definition of velocity potential to the formula &.gives the known Laplace’s formula:
AD = 0. (3.10)
Laplace’s formula is very important result. Detdikxplanation can be found in Landau’s
(1959a) book. This velocity potential plays an imtpot role in solution of Euler's equation

for many examples. Formula (3.8) can now be expressa more familiar form:

A o+ p=o. (3.11)
ot n

and its solution will be found in following chaptér
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3.3 Capillary pressure
The curved liquid surface introduced in Fig. 3.3tigdied in this chapter. It is

necessary to include capillary pressye= F./S = yJL/S when considering a real liquid;

where J/ is a surface tension arld is the length of the wave (see Fig. 3.3 A). Thentef

the surface tension will be described in detathim next part of this chapter. The vertical
component of capillary pressui@, is important for electrospinning process due ® th
vertical orientation of electrostatic field strengt

One can see in Fig.3.3 B thpg= y [Sin(d@) andS = L [2d¢ [ R. For very small angles
can besin(d¢) approximated ad¢ . The well known formula for capillary pressure fo

cylinder:

E:p :M:Z

, (3.12)
S 2LdgR R

and for sphere it has the forng, = 2 /R and for an surface with two radiuses of curvature:

p. = Y/ R +1/ R, . But the capillary pressure as a function of stefdeflectiond (X)

instead a function of radius of curvature, is imaot for electrospinning. A harmonic planar
wave can be approximated by series of circlesi(s€ey. 3.3 C) Radius of the curvature can
be expressed as extended formula:

1_.

—Ellmd—a. (3.13)

R d-0R[da

Now we can implementd{ / dx =tg(a) and approximation for small angldg)(@) C a .

The interest is only in the change of this angle directiond{ /dx=a so the formula is

izlim a(x+dy)-a(x) _da __0°¢ |

> (3.14)
R -0 (x+dx)—X dx  ox
. . o107 .
One can obtain from (3.13) and (3.14) the mporlmp]roxmatlon:ﬁ [ PR So finally
X
capillary pressure has an important form usefuttierdescription of electrospinning process:
¢
=-y—. (3.15)
Pe Ox?
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When second derivation is negative, the surfadbefunction has concave shape, but
the capillary pressure acts always against theses deflection and vice versa. Therefore
the formula (3.15) has negative sign. This is intgatrto keep liquid surface stabilized.

Y
A B
L A
Jy
R
¥
de
C Yov d(p A
dS R

R

dol
do

Fig. 3.3: An element of a liquid surface with cgliital symmetry.

3.4  Surface tension

The notion of surface tension was already usedenipus chapter describing the
capillary pressure (formulas 3.12 and 3.15). &ndmportant parameter for electrospinning
process. The unit of the surface tension is acogrth (3.12) the force per unit length or the
energy per unit area. Surface tension can be exqulas the excess of free energy at an
interface. The molecules in a liquid bulk attraatke other and all attractions are balanced by
the attractive force in all directions. But the emiles on the surface of the liquid are

unbalanced due to the state transition of thedigund the air as indicated in Fig. 3.4.

The liquid surface must remain flat, if no forcesagon it. But if there is some pressure on one
side which is different from pressure on the oside, some normal force has to be acting on
it. This surface will then be unstable and inst@bdreates the curved surface of the liquid.
When all forces are balanced, the pressure diféereould be written by known Young-

Laplace equation
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1 1
Ap=y—+—]|, (3.16)
R F%]

which is the general formula (3.12) for two dimemsi and wherd\p is the pressure

difference, yis the surface tension arl§ and R are radii of curvatures.
Air

Interface

Surface
tension

’.

0-0-0-0-9
ais PRI IR
IRIRIXIXE
0-0-0-0-9

Figure 3.4: Schematic view of liquid’s moleculegadtion. In the interface between the
liquid and air the interactions are unbalanced ardate the surface tension

More precise and detailed explanation of surfansite was done by Bush (2004) in his MIT
lectures which can be freely downloaded from irgeriithere is detailed explanation of
Ryleigh-Plateau instability, which is as well imfaort phenomenon for electrospinning
theory.

3.5 Viscosity

Viscosity is another important parameter which @fehe process of electrospinning.
The influence of viscosity on the electrospinniagiill not known in detail but some first
analytical studies had been already done by Shisy6E998) (2000). At the beginning it is
necessary to get some basic ideas about visc8sisyc ideas can be found also in Feynman
(1971) in the chapter 41 entitled as: The Flow atWater, where Feynman highlighted that
it is “funny” to talk about liquids without inclush of viscosity. Another more detailed and
precise explanation of viscous fluids was writtgriandau (1959a) or Levich (1962).
Everything what was determined until now in thisyoter is valid for ideal fluids only. For
real fluids, it is necessary to include viscositipithe analytical description. The viscosity is

the internal friction of the fluid. Every real fiiwhich is deformed by the tensile or shear
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stress puts a resistance against it. The gendraltoba of viscosity based on imagining the
fluid as a “sandwich” that contains different layand all layers move by different velocities
see Fig. 3.4.

YA

moving boundary velocity
plate = » »

/ shear stress 4

Figure 3.5: Drifting of the fluid between two bowmy plates.

To speak about the real fluids, it is necessamadify the previously determined Euler’s

equation by adding the stress tengpwhich gives the irreversible transfer of momeniom
ideal fluid. The viscous stress tenggrbetween the layers is proportional to the

OV / 0%, + 0V /0% .

As is known, the process of internal friction accanly when neighboring particles move
with various velocities in the fluid. As it is shavin Fig 3.5, the viscous stress tengpr
depends on the space derivatives of velocity corapisn Its components for incompressible

fluids CIV = Q are:

T; ZU[%+%] (3.17)
ox, 0x

where7/) is called aslynamic viscosityTo find the formula for stress tensor of compitdes

fluids, it is necessary to add another term cadklscbnd viscosityit is possible to find its
determination in the Landau (1959a). But for ourpoese, incompressible viscous fluids are
assumed and the equation of motion can be writt¢ha form:

ov

N @Oy =-L0p+uav (3.18)
ot P
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where U=n1!pm, (3.19)
is thekinematic viscosityEquation (3.18) is often called as Navier-Stokgsagion and it

should be for nonturbulent flows lienarized inte form:

LAY, P (3.20)
ot p

Taking the curl on both sides one obtains a diflmgquation for velocity field:

%(ﬁ xv):vA(ixv), (3.21)
where the kinematic viscosity plays the role of difeusion coefficient. It is possible to
implement two dimensionalx(z, velocity field V. by decomposing into two partg:= v, +U,
whereV, represents the potential part of the liquid fléev,which holdsOxV =0. Itis

therefore possible to implement velocity potentfalwhich holds to Laplace equation (3.10).
This velocity potential fulfils the Euler part dfd lienarized NS equation (3.20), i.e.:

od /ot =-p/ p,,. There are the normal components of of the presemsor that are not
caused by viscosity effects. The solution of Laplaquation (3.10) should be written in
exponential form® = Alexpkz) [expj(kr —at)] (explained in following chapter).

The rotational parts of the velocity field can betetmined by scalar fielgy which holds to
the non-potential part of the liquid velocity =(-d¢/0z,0,0¢/0x agnd the continuity

equation. Obviously, fog holds the same diffusion equation as for the cus

b _
=AY (3.22)

It has the solutiony = C [exp(z) [expli(kr — «t)] with decayl along the axiz that differs
from the decay parametirthat is identical to the wave number, for. The relationship

between both parameters should be writteff a&sk® + —iw/v (see Levich 1962). The

boundary condition on the free surface of a visdoged should be expressed as

0¢
—=-p- , =0, 3.23
6'[ p pzz pxz ( )

where p,, = 24(dv, /9z) is the nnormal and,, = u(dv, / 9z +dv, / x) is the tangential

compnents of the viscouse stress tensor, Land&9é)9Levich (1962). The pressyrés

consisted of gravity, capillary and electric parkas (2008). The vertical liquid surface

displacementg’ C @orms a tiny harmonic wave;, = IavZ [0z dt = I(6¢/az+ oy 9z) dt.

The dispersion law of viscouse liquid should bedftwy following of Levich (1962) steps in
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part 117 of his book. He divided liquid into thenmascous and viscous part wheagis the

angular frequency of non-viscous liquid:

(Fiw+2vk2f +af = K /%’u, (3.24)

Analytical solution of equation (3.24) is almostpassible due to biquadrate root®f It is
only possible to find asymptotical solutions of2@). In the case of low viscosities, the

irrational part is much larger the rotational parthe velocity:A/C >>1. If we follow the

boundary condition for free surface of a viscogsilil (3.23) thenA/C >> —i (L—iw/ 2k?)

which should be even simplified tei w/2k* >> dnd| >>k . Under this assumption, the

solution of the dispersion law (10) can be soughhe from-ia =-iag + S, where

B <<ay. By using of equality-i« = —a, + £ the formula (3.24) will have a form:
—ia(-iaw)(B+ 22wk f = 2 V(i) (3.25)

and the right hand side can be according to owmaggon negligible and hence
~iw=—iay+ B O-iay - 2wk2. (3.26)

The minimal value o&ﬁ expressed from the dispersion law for a non-vistigsed has been

introduced in Lukagtal. (2008). It takes the form aff =?K(1— KIr)==QZ, wherel
a a

is a dimensionless electrospinning number defireeld aasE. /2y and for the dimensionless

wavenumbeK holds K =k/a . The symboh is used for the capillary numbar=,/y/i,ogi
and Q, denotes a dimensionless angular frequency. Therdifonless electrospinning

relaxation timeT is then defined as
T :%1/g/a. (3.27)
=i
The substitutions from Equations (11) and (12) itite formula forT provides with the
relationship for the dimensionless relaxation twhéw-viscosity liquids

1 1

LOW: = 2
Q,-20,K
gK(Kr—l)—zthz o T

T (3.28)

The symbolQ;, is used the Ohnesorge number define@as /v / ga’ .

-42 -



Physical principles of electrostatic spinning Dissertation thesis

There is another way how to get some basic desmmipf viscous fluids via the characteristic
hydrodynamic time of capillary waves of a flat apeal surface of a polymeric solution of the
The second asymptotical solution of (3.24) for hyghscous liquids holds—ia)/(v k2)>>1
and it reforems the dispersion law to a simple gaiaclequation for the angular frequency:
(~iw)? +2k?(~iw)+ ey 00 (3.29)
from which follows:
2
—iw=-2k2 £ VK4 - o D—% (3.30)
vV

where we have done a choice for whieliew has a real positive value for negatiug

values. The dimensionless relaxation time for highiscose liquids is then derived from

Equation (13) as

_ 30,K _20,K?

T. =
S X

(3.31)
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4. Electric forces in fluids

Both previously mentioned chapters about electtiestand hydrodynamics will be
joined into one theory which will describe elecpimsing process. This interconnection of
two different theories is sometimes called electdsbdynamics and includes application of
electric field on the liquid surface. Ideally comtive or dielectric fluids will be considered.
Various forms of pressure, straightly connectefiiuids, were determined in the previous
chapter. The hydrostatic one has the same impa@tarooth forms of fluids: gases and
liquids. Whereas capillary pressure has the mapomance only in liquids due to the surface
tension ). Only liquids will be considered in this work. Bopressures mentioned above keep
liquids in the as most stabilized status as possibey actuate against its upward movements

in the case of needle less electrospinning.

The initialization of instability on the surfacekliguids should be caused using the
application of the external electric field that uregs electric forces on surfaces of liquids. To
include this phenomenon, it is necessary to finthfda for electrostatic pressure and add it to
the dispersion law. Electrostatic pressure forllgemnductive liquids was determined in
chapter 2.4 and for dielectric ones in chapter [2i6.convenient to start with the study of the
ideally conductive liquids. The description of thiave’s instabilities is expressed by

equations called dispersion laws.

4.1  Application of the electric force on ideally onductive liquids

The simplest example is an ideally conductive liguith infinity depth. The
derivation starts with the solution of the Laplacequation for velocity potential (determined
in chapter 3).It has manifold solutions that isedetined by the boundary conditions for

special cases. We will consider further only uncoespible fluidspon =CONS . Boundary

condition comes for infinite liquid layer depthiy, @ =0. The speed potential of the liquid

can be expressed as:
® = Alexplkz) [coskr —at). (4.1)

Velocity potential introduced in relation (4.1)dssolution of Laplace’s formulA® = O,

boundary condition include the hydrostatic presspire p gh and capillary pressure,
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p. = -y [8°C 18x’ (determined in chapter 3), actuating against thfase’s instabilities and

the electrostatic pressune, = %&‘OEEOZ +&JK EIEf [{’ (determined in chapter 2) creating the

surface’s deflections.

Inclusion of all above mentioned pressures, onegearfollowing boundary condition:

é‘oEEo +e4RE,"[7]=0 (4.2)

where { is the vertical displacement of the surface’s l&odns. The derivativé /ot is

the vertical component of the velociwy, therefore:

ot 0z
After the derivation of the formula (4.2) with resp to time and using (4.3), one obtains:
°d 9 6 0’d
g—-— —JK[E? JL 0 (4.4)

ot? 0z az ox’

This differential equation is solved with the prepd velocity potential (4.1) and the searched

dispersion law for infinity depth is now written:as
& = (g + K~ B (4.5)
Yo,

The more detailed analysis of this law will be daméhe paragraph 4.3.

The bottom of the liquid must be zero in the sitwratvith tiny liquid layers, as for example is

case of the Nanospider:
V. = — =0. (4.6)

General solution of the Laplace’s equation of ssigdtem is:
® =[Alexplkz) + Blexp—kz)] [exp|i(kx — at)]. (4.7)
With boundary condition (4.6), it is easy to firlgetratio between constants A and B:
® = Alcoshk(z + h)] [exp|i (kx — «t)]. (4.8)
The deflection of the wave is:

{ = Clexpli(kx — «t)], (4.9)
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and another condition is that the velocity in friBmension must be equal to the time change
of the deflectiond{ /dt , equation (4.3).

After constitution of (4.8) and (4.9) to (4.3) thearched ratio between constants A and C will
be:

-iICw
A= —mm, (4.10)
k inh(kh)
The using of Euler’s formula it is now possiblendte the dispersion law for thin films as:
) ) 2 K
w = (pg Brk - ¢ E k)—tanhkh) (4.11)
P

This form of dispersion law for thin films was filys presented in International Nanofiber
Conference in Prague on March 2009 by prof. Dawillas, Petr MikeS and Pavel Pokorny
and later published by Miloh (2009) and colleagues.

It is now possible to have a look into the detadedlysis of achieved results of both

dispersion laws.
4.2 Analysis of dispersion law for ideally conduove liquids

An analysis of the dispersion law for infinite depf liquid layers was done by

Luk&s (2008), the analysis of thin layers is firgttesented here. Our main focus is

concentrated on finding of negative values of sgquaot of angular frequency. Negatiﬂ@

violates the stability of liquid surface. The ardl position of the value of the electrostatic

field is independent to the depth of the liquidg(F.1a), but the minimal value oif'is a

little bit shifted on thek axis for the different depths and values of tleeteic field (Fig.

4.1b). The dependence of wavelength on the sutésxston is almost linear and the
wavelengths between jets are a little bit smateidwer depths (Fig. 4.1c). Dependency of

wavelength on electric field strength is exponéntia
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Fig. 4.1 (a) Square root of angular frequency vavelength number for
E,=2710°V/m, p=100kg/m’, g=10m/s*,y=72[10°N/m.
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Fig. 4.1 (b) Minima ofef vs. wavelength number for several values of iitiessof electric
field E, (values by the points in multiplicands8[V / m] ) and for infinity depth (bottom)

and depth h=0.1mm (up)p =100kg/n?, g=10m/s’,y =72[10°N/m.
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Fig. 4.1 (c) Wavelengtil as a function of surface tensignfor two different depths,
E=27[1C"/m, p=100kg/n?’, g=10m/s’.
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Fig. 4.1 (d) Wavelengtid for three different depths as a function of intgnef electrostatic
field &, 0 =100kg/n?, g=10m/s’,y =72[10°N/m.

-48 -



Physical principles of electrostatic spinning Dissertation thesis

4.3 Application of the electric force on the dieleiric liquids

Only ideally conductive liquids were mentioned meyious part of this chapter and dielectric
properties were neglected. Two electrostatic pressior non-polar and weakly polar
dielectric liquids were determined in the chaptér. 2

It is time now to find the dispersion laws for liqudielectrics with using of Clausius-Mossotti
and Onsager’s relations. To do so, one can follewstame steps as for ideally conductive
liquids (see formulas 4.2 -4.5) obtaining followiftymulas:

1) For nonpolar liquids with infinite depths:

MR CRT AT
3 p

(4.12)

= (pg + K
2) for nonpolar liquids with finite depths:

‘. (£, —1)(8 +2)

=(pg+yk2

3) for weakly polar liquids with infinite depths:

5 (€. —n®)(2¢, +n?)
2(¢.)?+n* Bk

(4.14)

E, k) tanhkh) (4.13)

W = (pg + K —¢€ 5
yo,
4) for weakly polar liquids with finite depths:

£ (& —n?)(2& +n )EO2

aﬁ:[pg”k AT ey e

JE tanhkh). (4.15)
P

4.4. Analysis of dispersion laws for dielectric ligids

A brief analysis of dispersion laws for nonpoladareakly polar liquids with infinity
depths according to relations (4.12) and (4.14p¥ed analysis of thin layers already made in
previous part of this chapter for ideal liquids.aiple of dependency of square root of
angular frequency on wavenumlfer both Clausius-Mossotti and Onsager relations is

introduced in Fig. 4.2.

Main influence of relative permittivity on dispeosi law is the decreasing critical

value of E, with increasing ofg, . This is dominant for value of, between 1 - 3.5, but this
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critical value starts to stabilize f&. >4 . With increase of refractive indexwhich is
important for inclusion of polarity to the liquiddis decrease is shifted to the higher values

of &, . Detailed analysis of influence &f on the critical value ofv” can be seen in Fig. 4.3.

ols’]
/

=4000

—6000]

—8000°

Figure 4.2: Square of angular frequencys. wavelength number k for ideal liquids (red),
nonpolar liquids according to Clausius-Mossottiatbn (blue) and for weakly polar liquids
(green) (B=2,5 10V/m;&=2.2, n=1.4; y =32*10° N/m; p=10%kg/nt;g=10 m/S).
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Figure 4.3: Influence of relative permittivitg, on the critical value electric field.Eor
nonpolar and weakly polar liquidsy(=32*10° N/m; p=10°kg/nT;g=10 m/$).
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Another important parameter for electrospinningcess is the minimal value @ .

The wavenumber where? is minimal and the minimal value @ was plotted as function of

relative permittivity and in the case of polar lidsi for different values of refractive index.

= Clausius-Mossotti=——0Onsager, n=1.3

— Onsager,n=1.5 ——0Onsager, n=1.55
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Figure 4.4: Influence of relative permittivity omet position of mimimal value of” (Eo= 2,5
10°V/m;y =32*10° N/m; p=10°kg/n?;g=10 m/$).
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Figure 4.5: Minimal value ot? for different values of relative permittivityd£2,5 10
V/im;y =32*10° N/m; p=10%kg/nt;g=10 m/$).
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The shift of wavenumber of minimal value af is rising with increase of relative
permittivity for weakly polar liquids. The questignstill the changing of refractive index
with changing of relative permittivity of the liqgisuch is in the case of evaporation of
solvent. In the case of nonpolar liquids the risifigo® with rising of &, is slightly increasing
for higher values of relative permittivity. Somdwes of relative permittivity and refractive

indexes of few chosen materials can be seen inttab.

material Relative permittivity Refractive index
air ~1 ~1
water 80.1 (20°C), 55.3 (100°C 1.33
ethanol 24 1.36
PVA 1.9-2.0 1.49 -1.55
Electroactive polymers 2-12 -

Tab 4.1: Relative permittivity and refractive indeXor some materials.

Relative permittivity is also a function of the teerature for liquids. Some deeper analysis of
influence of relative permittivity has to be dofiéere is a massive evaporation of solvent
during electrospinning jet path from a spinningceiade to a collector and therefore the

relative permittivity dramatically changes its valas well.
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5. Observation of St. EImo’s fire in laboratory caditions

One of the unexpected radiation phenomena accoymgpealectrospinning process
has been already known for many decades by th@sailhis chapter deals with the
observation of St EImo’s fire in laboratory conalits.

Zeleny (1914) already referred about the intereity range of luminosity that
depends on the prevailing type of a dischargezedlby a spray in the nearby Taylor cones
vide, Taylor (1964). Zeleny distinguished negatawel positive discharges depending on the
net charge involved in the spray. According to Ipiositive discharge is the one which
transports positive net charge through a spinnamgzand vice versa. Positive discharges
provide fibrous “brushes” of light that reach outther away from the electrode towards the
collector than those of the negative discharges.prbcess was observed using solution of
poly-vinyl-alcohol in distilled water. The solutiamas not viscous enough to produce
nanofibres instead of nanodroplets, but it wasatsaenough to keep the mother and
daughter droplet connected for the same potengifairé the daughter droplet is pulled-out.
This process is sketched in Fig. 5.1a and picttichserved St. EImo’s fire during

electrospraying can be seen in Fig. 5.1b.

A mechanism of St. EImo’s fire was described big@rev and Sinkevich (1984) and
Grigor'ev et.al. (1991). Small charged dropletscatled mother droplets, of residual solution
have been ejected from charged liquid bodies byyapmpstrong electric field. Smaller
daughter droplets can be created due to theirrgelisintegration from these mother droplets
as described by Grigor’ev (1985) and Shchukin (20008e daughter droplet is about twenty
times smaller than the mother one and can ususdigir a diameter of units of micrometers
and then extract great portion of all charge frtsmmother droplet, as described by Landau
(1960). Tiny daughter droplets emit high energytphs after collision with external ions
accelerated by strong fields in ambient gas.
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Figure 5.1. (a) Sketch of separation of a daughteplet with diameter r from a mother
droplet with diameter R. The distance between tisathenoted as Rmeasured from centers
of both droplets. (b) St. EImo’s fire created neafllaylor cones during electrospraying of
demineralized water.

5.1 Numerical analysis

To calculate parameters of droplets in exterredtek field, one has to deal with
electrohydrodynamic instability, where some modesagpillary liquid become unstable. This
mechanism was proposed by Tonks (1935) and Lark#94). Some theoretical explanation
of St. EImo’s fire generation has been made by @'y (1984,1991). He used Landau’s
(1960) calculation of Coulomb repulsion between tlarged drops interconnected by a thin
wire; similar example was calculated by Feynmary{39Landau assumed the same potential
for both drops and the radius of the small dromuch smaller than the radil& of mother

drop, R is not large compared with distance between cemtieboth dropsR,. Electrostatic

forceF between both drops is according to Landau’s (186®)problem 1:

F =4mee, ¢;£2R [1—;], (5.1)

where @ is the potential of both droplets. Grigor'ev udeshdau’s equation and modified it

under different conditions including some exteffloates. He solved more complex problem
closer to the real situation of St. EImo’s fire. etnsidered drops with different potentials,
because they are not supposed to be conductivehected. His result of free energy change
IS:

1

ey I g™’ , 5.2
AF =4y +o —ATIEE, R (R)Z/R2_1)+q¢ (5.2)

Where @ is the potential of the external field plus thédief the large drop at the point where

the small droplet separates from the large drop.fiitst right-hand term of equation (5.2) is

the energy of surface tension; the second is thg'slown electrostatic energy with chaige
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The third and the fourth addends are variatiorth®fenergy of external fieldf the field of
the induced charge in the drqpand the energy of interaction of the drop's otwargeq with
the external field

Let’'s now make some basic numerical analysis df approaches made by Landau and

Grigor'ev. To do so, one has to integrate Landaggmilsion force

2
AF :I 1 ¢ r? [1—3]&{) to get energy of both drops. Then it has to bepared
4rge, R, R,

with Grigor’ev third addend of equation (5.2) ardtged with dimensionless radius

V=Ry/R
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Figure 5.2 Numerical analysis of Landau’s (redsked) and Grigorev’s (blue) results of

Electrostatic energy of two charged drops.

One can see the difference between both resubks Wie small drop is close to the
mother’s one. Energy of non-connected drops deesaasich faster, but with increasing
distance both results has been showing similatteesu

By following of Grigorev’s steps and calculatiohratio of mother’s and daughter’'s

drop’s diametersy/R by the minimalisation of free ener@yAF)/ar =0, there will be very
small difference between both approaches. Grigq1®91) found that/R=0.018425and
using Landau’s result and the same Grigor'ev (1@@broachr/R=0.01778 A relative

derivation of small and big droplets radiR is, according to Grigor’ev, and Landau about
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0.018. Main difference between both approachdsaisltandau considered electric contact of

both drops for all time, it means the same potégtiaf both drops. But Grigor'ev didn'’t

consider the same potential on the both sphereall&mdrop start to “still” electrostatic
charge from its mother one and become more and amarged until the electric contact is
lost completely by the electrostatic repulsion. daun didn’t mention St EImo’s fire, in his
exercise, but his consideration was a very helgtiep for theoretical description of St EImo’s
fire.

To observe St EImo’s fire in a laboratory durelgctrospraying it is necessary to find
the border between electrospaying and electrogpjnmiocess. A polymeric solution has to
be viscous enough to create adequate charged tirdypiienot so viscous to make fibers. The
ideal concentration was found to be 4-5% for aqad®uA solution. Polymer had
predominant molecular weight of 60,000 g/mol. Témperature during the experiments was
21°C+ 2°C and the air relative humidity was #8%. The distance between electrodes was
10 cm and voltage of 25 kV was applied. The schenpatture of this experiment can be

seen in Fig. 5.3. To observe this phenomenon araléft was used as sketched in fig. 5.1b.

Figure 5.3: A scheme of the experiment for the agion of St EImo’s fire, (1) polymeric
solution, (2) circular cleft, (3) high voltage saay; (4) collector.

St. EImo’s fire is an electrical weather phenomeabluminous plasma generated
during thunderstorms. Electro-spinning/sprayingcpss can be used for observing and
studying of this, still not fully known natural pm@menon. We describe here the conditions
necessary to generate St. EImo’s fire. Some thieatetpproach done by Landau and
Grigor'ev et.al was provided and basic comparisionvo different theoretical approaches
had been made. Anyway, observations of St EImeesrfioved us to some new ideas about

electrospinning and detection of unexpected phenamennected straightly to that.

-56 -



Physical principles of electrostatic spinning Dissertation thesis

6. Detection and measurement X-rays generated by
electrospinning.

Unexpected phenomenon of electrospinning will ha@ared in this chapter. It was
proved by a series of experiments, that electrospingenerates X-rays radiation which will
be described later in this chapter. Next three whawill be the keynote of this work.

6.1 Detection by radiographic film

The first detection of X-rays produced by nanofideposition was observed using
radiographic film MEDIX XBU manufactured by FOMA €eh Republic. The primal goal of
using of radiographic film was to need of underdiag of Taylor cone creation. A similar
phenomenon was observed for field emission frorha@ananotubes by Bonard (2000) or in
the form of St EImo’s fire (see chapter 5). Wetsthmwith X-rays detection called
radiography at that time. Radiographic films weaeked in original paper boxes and placed
perpendicularly to the running electrospinningts® manofibres were collected even on these
boxes. Films shoved several black traces in theeglavhere silver lines were painted on the
box and most of the nanofibers were collected hEre.measurement of conductivity of
these lines showed slightly higher value then #@st of the box. Radiographic recording of

this first observation can be seen in Fig. 6.1.

a b

Figure 6.1: (a) First black traces produced by étespinning and recorded by radiographic
film MEDIX XBU.The film was packed in original petigylene (PE) foil. (b) A Sketch of
experimental setup of first observation of blackgrof radiographic film consisted of
nanospider (1), collector (2) and radiographic fil{3).

-57 -



Physical principles of electrostatic spinning Dissertation thesis

It was necessary to make more precise observdbomeeper understanding of this
phenomenon. Several experiments with differentriaa of electrospinners and with
various materials used as shields of films werdedout. Radiographic film INDUX R7,
produced by FOMA Czech Republic, was chosen instéMEDIX XBU, because of its
main usage for X-ray/gamma spectrometry. But asdisovered later, MEDIX XBU seems
to be more sensitive for lower energetic part aly-spectra then INDUX R7. Out of hand
MEDIX XBU is more sensitive to the parasite elestatic effects, for more details see
chapter 6.1.3.

6.1.1 Characteristics of radiographic film

Some basic details about MEDIX XBU and INDUX R7icagaphic films produced
by FOMA Czech Republic are written in this part.
MEDIX XBU

MEDIX XBU is a blue-sensitive, double emulsion higipeed medical radiographic
film featuring uniform and reasonable high contregér the whole exposure area. MEDIX
XBU is manufactured on a bluish 0.18 mm thick petge base. That ensures dimensional

stability. The building up of electrostatic chargesvents an antistatic supercoat.

log £,y
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Fig. 6.2. Relative spectral sensitivityogarithms of MEDIX XBU spectral sensitivity is
plotted against a light wavelength. Original pictuof FOMA Company.
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INDUX R7

INDUX R7 is an industrial radiographic film interdiéor non - destructive material
testing using X-rays or gamma radiation. INDUX Raihigh-speed, high-contrast, fine-grain
film suitable for radiography with or without leadreens. INDUX R7 corresponds with the
class C5 classification according to EN 584-1 ssaddand according to ASTM E 1815
standard with class Il. INDUX R7 is manufacturedaodimensionally stable bluish polyester
base of 0.175 mm thickness. The data were takem FOMA Czech Repubilic.

6.1.2 Detection of radiation during electrospinnig process using various film shielding

We decided to shield radiographic films by thregouss materials. First of them was
PE foil in which these films were originally packesdcond material was black paper having
the thickness of 0.2 mm and area density 160°gand the last one was aluminum foil with a
thickness of 0.01 mm and area density of 25 ghil materials were for five minutes tested
by exposure of Deuterium lamp, HERAEUS D200F, 30@vdyiding UV light of
wavelength interval 160 nm- 400 nm, i.e. 50 eV -&0 to prove their attenuation of UV
radiation. All samples proved nearby absolute dimgl of UV radiation. Detection of
electrospinning was as well done for different pities using 300 Watt High Voltage DC
Power Supply with regulators; model number PS/EREDBF22; manufactured by Glassman
High Voltage, INC. with output parameters: 0-50 I6vHA.
The fresh 12% wt aqueous poly-vinyl-alcohol (PVA)usion was prepared by dissolving the
polymer in distilled water. Polyvinyl-alcohol Sl@#R was purchased from Novéackeé
chemické zavody, Novaky, Slovakia, having a predami molecular weight of 60,000 g/mol
and the dynamic viscosity of 10.4 mPa s for 4%ip&aljaqueous solution. The temperature
during the experiments wasZl+ 2°C and the air relative humidity was #6%. This
experimental setup for chosen polarity can be seé€igy. 6.2. Used polarity of all setups can

be seen in Table 6.1.

B1, C1, D1 B2, C2, D2 B3, C3, D3 B4, C4, D4
collector - grounded | collector — pos. HV|  collectgrounded | collector — neg. HV
rod - positive HV rod grounded rod — negative HV| odr grounded

Table 6.1: Table of different polarities used faffetent electrospinning setups, where B is
signification for PE foil, C for aluminium foil and for black paper shielding. Indexes 1,2,3,4
mean used polarity.
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80

k=2 L

Figure 6.3: An apparatus for studying high-energy emission fed@ctrospinning.
Electrospinner for production of fibrous electrospmaterials consists of a rod (1), a
collector (2), shielded radiographic film (3), algmeric solution transported from the
charged rod (4) and a high voltage source(5). Tistatice between the needle tip and the
collector is given in millimetres.

Poly-ethylene shielding

The first shielding was the original PE folil, in wh the radiographic films were
packed. This foil is a very good dielectric andiés placed inside the asymmetric capacitor
as sketched in (Fig. 6.3). It is very difficultdecide which tracks on radiographic films had
been made by X-rays and which are simply Kirligie&for corona discharge (both these
efects will be explained later in chapter 6.1.3, there is strong believe that most of the
blackening of the film was done by luminescenctex electrons generated from the PE foil.
Due to these difficulties, we decided not to use shielding for future experiments. The
record of film’s blackening can be seen in fig..&4éme detailed calculation of electron’s

energy losses in polyethylene was done by AshlégZ)L
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Figure 6.4: Radiographic films shielded by PE faitliated by electrospinning apparatus
with various polarities introduced in Tab. 6.1.

Black paper shielding

Another shielding of radiographic film was blackopa. It was proved that this shield
at least filters out all ultraviolet radiations tgp160 nm (120 eV) which were produced by the
deuterium lamp (see specifications above). But amot be sure about the Kirlian effect and
some blackening of radiographic film by procesdeslectron luminescence. This paper is
not a conductor and therefore it doesn't filter allielectromagnetic spectrum which can
expose the radiographic, film wrapped in the blpager, via discharges that penetrate to it.
Anyway one can see that deposited fibers correspmtite records on radiographic films (see
Fig. 6.5). There is a correlation between spotsepiosited fibers and radiographic records.
The rest clean area of radiographic film aroundhtlaek traces can be used as a reference
area without any radiation record. But it is hardé sure about X-rays produced around
spinned fibers due to the accompanying parasieesifwhich are in more detail described in
chapter 6.1.3. Kirlian effects and Lichtenbergtufies can be clearly seen on the both top
corners of the film. Some observations of luminaseeduring the nanofibers deposition was
observed in dark room. This is probably due todiseharging around the fiber when it hits
an oppositely charged collector. Due to the vew ilatensity of produced light by the fiber’'s

deposition, it was impossible to record it by stmadcamera.
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Figure 6.5: Comparison of radiated radiographiatilshielded by black paper. Radiographic
records (left) and deposited nanofibrous layersgesponding to the traces on the
radiographic films (right). Indexes D2,D3 and D4eantroduced in Tab. 6.1.

Aluminum shielding

Another series of films C1-C4 (Fig 6.6) were shégldy 0.02 mm thick aluminum
foil. One can assume aluminum foil as Faraday'®chgcause it is a good conductor. It
means that the charge should stay only on thecdithe aluminum and cannot penetrate
inside the aluminum envelope. Therefore the expamirwvithout electrospinning so called

“blind experiments” was carried out as a referetiogarove the quality of the Faraday’s cage.
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But “blind” sample exhibited same black traces tboese black traces are most probably not
made by X-ray radiation but by secondary electrwhigh passed through the aluminum foill
creating some currents that cause radiographicrékords. This experiment therefore cannot

be imagined as an electrostatic phenomenon (Fégar@d Fig. 6.7).

R e
Figure 6.6 Radiograp

electrospinning apparatus with different polariti&hielding of sample C3 was partly broken.
Indexes C1, C2, C3 and C4 are introduced in Tab. 6.

Figure 6.7: Radiographic films packed in differeshielding and placed in asymmetric
capacitor depicter in Fig. 6.3 for four minutes) @ + spunbond, the sample was grounded,
no el.spinning; (b) Al + spunbond, the sample was¢d on charged collector, no
el.spinning; (c) black paper + spunbond (carryirextile),sample, the sample was grounded,
no el.spinning; (d) black paper + spunbond, samfile,sample was grounded, el. spinning
process.
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Similar current occurs even for black paper shigjdbut it will be discussed later. As can be
clearly seen in Fig. 6.7a, the blackening of tira fs in the places, where aluminum foil was

in contact with the radiographic film, so the cutrean pass through.

6.1.3 Effects that might mimic X-rays

Two parasite effects which can mimic X-ray recaads explained in this part. First of
them is called Lichtenberg figure. It can be expeglsas branching electric discharges that
sometimes appear on the surface or the interiorsoilating materials. Second one mentioned
here is so called Kirlian photography or Kirliadest. If an object on a photographic plate is
connected to a source of high voltage, small cothseharges (created by the strong electric

field at the edges of the object) create an imaghe photographic plate.

Electric discharge

Pictures 6.5 and 6.6 are different from pictureslettric breakdown of the aluminum
foil by electric dicharge. This was done by usiegywhigh voltage around 150 kV
accompanied by a spark. Such an example of eldn®akdown record can be seen in Fig.
6.8.

| S

Figure 6.8: Electric breakdown of the aluminum fmibduced by high electric source and
accompanied by a spark.

It is impossible to create classic Lichtenbergifeghy creating an electric discharge
between a needle and collector of the electrospwith a radiographic film shielded by the
aluminum foil. Much higher voltage then what is diser electrospinning process has to be

used.
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Kirlian effect

When conductive object is placed on a metallicegplahich is connected to the high
voltage source, the small corona discharges wikap on the edges of the object. It is called
as aura or Kirlian (1939) photography. It can leadly seen and photographed in dark rooms.
So due to the dielectric features, the electrid fean pass through the film shield and affect
the film’s blackening. It was decided not to usefBiEshield for the next experiments due to
this parasite effects. Detailed explanation ofiirlphotography was done for example by
Boyers and Tiller (1973). Sample of Kirlian effean be seen in Fig. 6.9. Picture was
observed by radiographic film during electrospimnprocess with black paper shielding.

e R

Figure 6.9: Sample of Kirlian effect observed bglicgraphic film during electrospinning
process with black paper shielding.

So it is almost impossible to decide which eledatis process or electromagnetic radiation is
responsible for the radiographic film’s blackeniitgs therefore necessary to filter out all
parasite effects mentioned above.

6.1.4 Experiment with carton frame

First main goal is to cancel impact of discharge®lackening of the radiographic
film. To do so, one has to prevent contact of Alamn foil with radiographic film. The
carton frame was used for this purpose. A piecgahbod (carrying textile) textile was

placed in between the Aluminum foil and radiogradiim. Setup can seen in Fig. 6.10.

X-rays 4

Figure 6.10: Schematic view of experiment with@arframe. (1) aluminum foil; (2) carton
frame; (3) radiographic film; (4) spunbond or othaaterial.
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This alignment was then placed in between the @tangedle spinning electrode and the
collector of asymmetric capacitor and left thenetém minutes to prove its prevention against
electron’s luminescence. Experiment proved comgdetgention against parasite electrostatic
effects and any blackening occurred on the radpgcafilm (see Fig 6.11b). Another
experiment was done to prove X-rays during elepirosng. So the same alignment was
placed in between same electrodes of the sameespioutt this time electrospinning process
was running. There was some blackening on the gaaipdic film after its elicitation (see Fig
6.11a). It is possible to see structure of spurfladed between the aluminum foil and

radiographic film on this record. These black tsabave to be caused by outer radiation and

this radiation has to be in X-ray region of elestemnetic spectrum.

a) b)

Figure 6.11: Irradiated radiographic films a) wittunning electrospinning process and b)
without electrospinning process but with high vgéapplied.

6.1.5 Experiments carried out in a photographic labratory

The last experiments were done in a photograpburédory illuminated only by the
green light source specially designed for develgpihphotographic/radiographic films. This
setup is very useful for observation of all coraligcharges around all sharp edges of
equipments or made by imperfect high voltage cotimeplugs. The intensity of corona
discharge depends on the flow-rate of the polymsiation as well as on the concentration
and viscosity of the polymeric solution. It will loescribed later in this chapter, that the X-ray
generation is probably dependent on diameterseofi#imofibers that are affected by the flow
rate and viscosity. So it is important to find teal concentration (viscosity) of polymeric
solutions and flow rate to spin nanofibers as #srpossible. For some polymeric solutions
such as for example aqueous solution of PVA, imjgortant to control the air humidity.
Thinner PVA nanofibers are created at lower humpidit

- 66 -



Physical principles of electrostatic spinning Dissertation thesis

It is handy to work in dark room since there isme@d to shield radiographic films
against day light and it is therefore more effexfior observation of several effects which
cannot be seen under day light. Some of theseteféee for example corona discharge or
sometimes the corona accompied deposition of nlagicfion the collector (regular grid made
of 0.35 mm thin bronze wires with average innetatise 2.3 mm), it was occupied by the
illumination of small “flashes” probably due to d#arization. The sketch of the experimental
setup in photographic room is depicted in Fig. 6T shielding against the parasite
discharging effects was tested and proved by #tigs

Fig. 6.12: Apparatus for studying high-energy emission fré@eteospinning in the
photographic room. Electrospinner consists of addgrmic needle (1), from which a jet (2)
is ejected, a high voltage source (3) and a syri@@gesupplying the needle with polymeric
solution. Radiographic film (5) is positioned jlsthind the grounded aluminium foil (6). The
distances are given in millimetres.

The shielding against parasite electrodynamicstffimentioned in paragraph 6.1.3
was tested and proved by this setup. Each serieglafgraphic films during one experiment
consist of a sample with high voltage applied bith@ut polymeric solution, sample with
electrospinning process running and reference sampleference sample was developed
without any outer electromagnetic radiation (higittage and electrospinning). Second
sample was left for five minutes in between theteteles of spinner with high voltage
applied to prove resistance against parasite sffeentioned in chapter 6.1.3. The last sample
was developed after five minutes of electrospinmrgress running. Any blackening of
radiographic film wasn’t observed with the abseotteanofibrous production. So one can be

almost sure, that these black traces had been byaolater radiation, generated by nanofibers
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and the radiation has to be in the X-ray regiorle€tromagnetic spectra, because the
radiation of lower energy is absorbed by the Alwmmfoil. One of these pictures can be seen
in Fig 6.13, where the blackening of the film candtearly seen in the places of absence of

carton frame holding the aluminum foil.

(1)

2)

3)

I

Figure 6.13: Radiographic films irradiated by elexdpinning in dark room. (1) place
irradiated by outer radiation, (2) edges of cartisame on which the radiographic film was
placed, (3) parasite effects.

For detailed study of electron’s energy loosehienrhatter one can see the table of X-rays

absorption coefficients calculated by Hubell anttzge (1989).

6.1.6 Static samples

Another experiment was done with static nanofibretngcture. Fibers were
parallelized in between two parallel wires usea asllector (see Fig. 6.15a) and then for 2
minutes coated in vacuum by BELTZER BU which credt@ - 15 nm layer of gold. This
sample was then placed with radiographic film stadlby black paper between electrodes of
asymmetric capacitor. See Fig 6.14:

As can be clearly seen in Fig 6.15b, this gold edatanofibrous layer can concentrate
electrostatic field up to high values and probajg#perate X-rays. Blackening of the
radiographic film occurs only in places where ndmefs were positioned. Other experiments
with various materials were done too. These expattmproved that it is necessary to have
nanofibrous material with average diameter belo@ 2@. But it wasn’t possible to measure

spectrum of these X-rays due the possibility ohtiag the Silicon Lithium detector (see
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chapter 6.2). As it was calculated in example Edhiapter 2, that electrons cannot reach such

kinetic energy over the distance 100 nm for ndres8 grouped into the warp.

Figure 6.14:Apparatus for studying of high-energy emission femymmetric capacitor:
Asymmetric capacitor consist of: a collector (IQuater electrode (2), radiographic film (3),
gold coated nanofibrous layer (4) and a high voétagurce (5).

Figure 6.15: Microphotography of the electrospumaofibrous layer and radiographic film
records: (a) Scanning Electron Microscope imagéhefthin gold coated electrospun
nanofibrous layer used as the nano-electrode irayemmetric capacitor, (b) Radiographic
records exposed by the nanofibrous layer in thenasgtric capacitor.

Radiographic method of X-ray detection is efficiant sensitive. It is obvious that
this method didn't tell us anything about its spet, but it can clearly show its space
distribution. To measure the spectrum of X-raysegation by the electrospinning process
one has to use another method, which will be desdrin following part of this chapter.
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6.2 Spectral measurement

An energetic spectrum of X-rays emitted during &tspinning process is its
substantial feature. This is fundamental experin@prove the existence of X-rays. The
estimation of energy was above 1 keV, becausestrecorded by the radiographic film after
shielding by the 0.02 mm Aluminum foil. No trackems observed after passage through
doubled layer of Aluminum foil. Aluminum attenuatioata were taken from Hubell and
Seltzer (1989).

It is a common problem to detect electromagneticataon with lower energy then 1
keV at atmospheric conditions due to its high apison by air molecules. For detection of
energy lower than 1 keV it is necessary to use wacsystem, which brings many
complications to the measurement. Photons witihggnieigher than 1 keV should be
measured by SLP Silicon Lithium-drifted [Si(Li)]d&Mar Low-Energy X-ray Detector (SLP).
Such a detector seem to be the only reasonablendpdiw to measure spectrum of our
radiation. One of the closest laboratories havimdhsequipment is at the Czech Technical
University in Prague, Faculty of Nuclear Sciencd Bhysical Engineering in the Department

of Dosimetry and lonizing Radiation leaded by PiafmasCechak.

Specifications of lithium-drifted silicon detector

The detector used for spectrum measurement wasfatamed by ORTEC and the
particular type of the detector used was SLP-10180 SLP series has become an
important tool in soft x-ray spectroscopy in fusi@search. This detector doesn’t have the
same detection efficiency in its energy range. &heilan almost zero efficiency to detect
photon with energy lower than 1 keV and high devecefficiency between 2 — 30 keV, see
in Fig. 6.16. The energy range of this detectdras 30 keV down to 1 keV, depending on
the thickness of the beryllium window (Fig. 6.18he detector was occupied by 2am,

Beryllium window and its energy resolution is ab86teV. The X-ray detector consists of a
lithium-drifted silicon crystal and cryogenicallpaled FET (field-effect transistor), a high-

gain, low-noise hybridized preamplifier in a PopTegpsule.
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Figure 6.16: Detection Efficiency vs. Be Windovickhess on Low-Energy Curve and vs.
Crystal Thickness on High-Energy Curve. Originaitpre of ORTEC.

Two independent experiments were done, both wilstime setup. The syringe with

a hypodermic needle was used as a spinning electide 12% wt fresh aquous solution of

PVA was used (see specifications in the part 6. GBunded bronze grid was used as a

collector. Beryllium window of the detector wasealdied by a thin paper towel to protect it

against the polymer leakage. The coat of the dateds grounded too to protect it against

high voltage discharge. The distance between Bdawrand bronze grid was kept at 10 mm.

The schematic view of this experiment is sketchetidocumented in Fig. 6.17. The distance

between the hypodermic needle and bronze grid Waisged to prove amplifying factor

mentioned in chapter 2, example E3. As will be akm@d in chapter 8, there is an extended

theory independent to this amplifying factor cal@adunterion condensation which explains

the mechanism of X-rays generation during electrmspg. Some influence, caused by

changing the distance between the needle and tleetoo on X-rays energy was observed.
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a)

Figure 6.17: Apparatus for a study of high-energy emission feactrospinning. (a), (b),
Electrospinner consists of a hypodermic needle ffbjn which a jet (2) is ejected, a high
voltage source (3) and a syringe (4) supplyingrieedle with a polymeric solution. The SLP
Detector (5) is positioned just behind the groundeceen collector (6). The distance between
the needle tip and the collector is given in midines.

Seven spectra were measured during the first axpatiwith variable distances
between the hypodermic needle and bronze grid. €estyre during measurement was 25 *
3°C, humidity 40 = 3 % and time of each electroepig measurement was 5 min. This was
done to prove the existence of the amplifying faatentioned in chapter 2 (example E3).
The deposited nanofibrous layer during the expartmas captured on the grid and it
therefore created another shield for X-rays.

The amplifying factor explanation for X-rays gerteya by nanofibre’s deposition is
not quite obvious, because another analysis (exaB4) for a warp of parallel fibers
disproved the possibility of reaching sufficientiigh values of electrostatic field strength. It
should be used for explanation of the depositioana fiber. Generation of X-rays by the
static sample wasn’t proved experimentally by fhectral measurement due to the risk of

harming the detector.
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Figure 6.18: First spectral measurements of X-rggaerated by the electrospinning process
and testing of validity of amplifying factor: a)), z), d), e) distance from Be window 10 cm,
voltage 30 kV f) distance 7.5 cm, voltage 22.5\istance 5 cm and 15 kV.

Second spectral measurement was done several matghwith the accent on the
spectroscopy evidence of the existence of the X-g@neration during the nanofiber’s
deposition and elimination of all possible parasiffects. Several parameters were controlled
such as temperature, humidity, flow rate of theypw@ric solution and some rheological
properties of the polymeric solution. As was memtid above in this chapter, many
experiments with radiographic films were done befand it was proved, that the process of
X-rays generation is affected by many parametdrat’s why many experiments were done
without any signal of X-rays. The only one spectnwas obtained and recorded. There was
an Aluminum foil placed in between the Berylliumngow and bronze grid to measure K-
absorption line of aluminum. The bronze grid wathat time coated on one side by thin layer
of gold. As can be clearly seen in Fig. 6.19, tbe-destructive physical evidence of
existence of X-rays generation by the electrospigprocess was made. K absorption line
measured here is slightly wider due to using ofrdilum foil which is alloyed by other

elements instead of pure Aluminum.
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Figure 6.19: Spectral measurement of X-rays produmeelectrospinning (black) and
comparation spectral K-line absorption of Alumintoit measured using X-ray tube TF
3005/Mo (red).
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Figure 6.20: Measurement of background noise cikaiehigh voltage applied in between
electrodes without electrospinning process running.
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Measurement of spectral K-line was made using Xtuag TF 3005/Mo and by the
comparison of spectrum with and without Aluminumdshielding of the Beryllium
window. Measurement of noise created by applicatidmgh voltage between electrodes
without electrospinning process running for fivenoites was made too (see Fig. 6.20). There

wasn’t any signal above range of tens of eventsatled during this measurement.

Now emerges another important question which hae tanswered. Why the
repetability of spectral measurement of X-rayshef ¢lectrospinning process is so difficult
and which parameters are responsible for that? @mdyy eighteenth experiment of detection
of X-rays was successful. The 12% wt water soluibRVA was the same as for all previous
examples and the used hypodermic needle has aateetkr 8.5 mm and an inner diameter
of 0.55 mm pointing downwards. The humidity at tgoratory was 45 +5% and the
temperature was around 20°C. It is very difficaltbntrol the flow rate through the needle
because it depends on many rheological parameténe polymer. There is a serious
suspicion that the X-rays generation depends oditdraeter of the deposited fiber, because
thinner fiber concentrates higher electric fieldefidfore it is important to analyze the

morphology of the sample with deposited nanofilzerd measure their diameters.
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Figure 6.21: Micrographs of deposited nanofiberkeia from the SLP detector made by
scanning electron microscopy PHENOM. Fibers areuaich 100 nm in diameter.
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Figure 6.22: Analysis of nanofiber’s diameters dapeal on the bronze grid of the collector
during the spectral measurement of the X-rays geitar.

Analysis of deposited nanofibrous layer duringélkperiment was done by scanning
electron table top microscope PHENOM and measureofdiber's diameter was carried out
by Lucia software. As obvious from Fig 6.21 and2 ihe diameters of fibers are very small.
Average diameters are in the range from 40 — 15@menthe most fibers have a diameter
around 80 nm. Quite many of them have diameter swgller than 80 nm. So there is a
strong believe that the X-ray generation is somebomnected with the diameters of
produced fibers. Some theoretical explanation beéldone in following chapters, mainly in

the chapter 8 entitled as Counterion condensahieory.
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7.  Electromagnetic radiation with main focus on X-ays

Electromagnetic radiation is usually created byerelerated motion of electrically
charged particles. This radiation travels througbuum as well as through air and other
substances. A source of electromagnetic radiasamfarm of energy should be explained as
waves or as particles. It is called as Wave-Parfalality. It exhibits both particle and wave
properties. Some experiments prove the descriptidight as waves such for example
double-split experiment. On the other hand the gdlettric effect introduced firm evidence
of a particle nature as well. The particle promsrof electrons were well documented when
the DeBroglie hypothesis and the subsequent expatsrby Davisson and
Germer established the wave nature of the elecilam classification of a wave is based on
its wavelengthd As was found by Max Planck (1901) both charactions are joined into

one simple formula.

E=hf =hc/A, (7.1)

where Eis energy of photonh = 6.626068<1034 m? kg /sis the Planck’s constant

is the frequencygis speed of light in vacuum andl denotesvavelength. There are many
regions in electromagnetic radiation’s scale. Tiséble light is one of them. One can have a

look into detailed characterization of electromagnediation clases in Tab. 7.1.

As is obvious from Table 7.1, electromagnetic waatessubdivided into six main
regions. The lowest energetic and with the longestelengths are the radio waves. They are
followed by infrared waves (IR), visible light witrequencies between 720 — 400 nm,
ultraviolet waves (UV), X-rays and Gamma rays. @ain focus will be for waves with
energies higher than 100 eV. This is the bordérxtfeme ultraviolet (EUV) and soft X-rays
waves. Both regions are not precisely defined. &'t also any exact limit which will
divide soft/hard x-rays. But one has to determmm@es division of these regions. So let
classify all waves (photons) with higher energlemt124 eV be already soft X-rays and with
energy higher than 12.4 keV be hard X-rays as edaiobexample seen in Tipler (2004). This
work will not focus on gamma rays, because the@rgies are much higher than what we

measured (see chapter 6).
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Class frequency wavelength energy
y rays 300 EHz 1pm 1.24 MeV
Hard X-rays 30 EHz 10 pm 124 keV
Soft X-rays 3 EHz 100 pm 12.4 keV
Extreme UV 30 PHz 10 nm 124 eV
Near Ultra Violet 300 THz dm 1.24 eV
Near Infra red 30 THz 10m 124 meV
Moderate infrared 3 THz 1@ 12.4 meV
Extreme high freq. 300 GHz lcm 1.24 meV
Super high freq. 30 GHz 10 cm 1pdv
Ultra light freq. 3 GHz 100 cm 124V
Very high freq. 300 MHz 1m 1.24eV
High frequency 30 MHz 10 m 124 neV
Medium freq. 3 MHz 100 m 12.4 neV
Low freq 300 kHz 1 km 1.24 neV
Very low freq 30 kHz 10 km 124 peV

Table 7.1: Characterization of electromagnetic itthn subdivided by its wavelength and
energy into classes. All values (i.e. frequencywelength and energy) represent here the
upper limit of the subdivision of the el.mag. spect

7.1 Energy levels

To understand mechanism of generation of X-raysesmeth lower energetic subdivisions of
electromagnetic spectra, one has to explain basiciples of quantum mechanics of our
system. A quantum mechanical system can reachdisdyete values of energy (formula 7.1),
as opposed to the classical mechanical system whitheach any energy. These discrete
values of energy are called energy levels and@remonly used for electrons orbiting the
nucleus or for the atoms or molecules. Every entrggl is strictly quantized. The wave
function of an electron in the atom has the fornstahding waves. Only electrons with no
time dependance probability density can occupy@niewvels wiyh corresponding integral
numbers of wavelengths. These states are calledreiey and other states have zero

probability density.

Excitation/de-excitation of electron to the higlh@wer energy can be done by the
absorption/emission of the quantum of energy wherptobability density of the electron has
been vibrating. It is grossly represented by theekrated movement of electric charge. This

is very complicated resonant process when ele@asses through non-stationary states.
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Electrons always tend to occupy levels with thedsirxenergy to keep system stabilized and
energetically optimal. Bigger difference betweerels means higher energy of
absorption/emission is needed or released. Some datails were introduced for example by
French (1978). If the magnetic field is affectihg tmovement of the charged patrticle,
cyclotron radiation is emitted. But there is no amggnetic field observed during
electrospinning process.

7.2 Characterization of selected subdivisions ofextromagnetic spectrum

Three main clases of electromagnetic spectrum itapbfor detection of radiation

generated by electrospinning process will be intoed in this article.
7.2.1 Extreme ultraviolet region

Extreme ultraviolet subtype of electromagnetic atidn is the most energetic part of
UV spectrum. It has wavelengths between 1um — 1@midnenergies from 1.24 eV up to 124
eV. EUV is naturally generated by solar corona sigdificantly by plasma sources. To emit
EUV radiation, we have to primarily ionize atomsisltypically emitted by electrons which
are bound to the charged positive ions. Bonds atveéectrons and charged positive ions are
weaker then bonds of typical valence electronsn&ily ionized particle has to be energetic
enough to cause bound electrons to be excitecetodhduction band in the case of solids or
free electron state. As these freed electronsreétuthe parent ion they accelerate and emit
high energetic photons. Absorption of these enargéiotons (EUV or X-ray) lead to the
creation of electron-hole pairs with time of lifefemtoseconds or microseconds, depending
on the band structure. This cascade of electroae-bairs leads to the excitation of high
energetic photoelectrons or Auger’s electrons adswhich can produce secondary
electrons. Absorption of high energetic photon WMor X-ray region generates other
photoelectrons or secondary electrons which cam &dcelerate other electrons by the
process of impact ionization or emission of Augetictron as described by Bass (1995).
Energy of absorbed EUV photon should be then tosteéctron binding energy, which is the
energy of unbounded electron from potential welho€leus or to the photoelectron initial
kinetic energy. Photoelectron loses its energyoyzation of the atom and by generation of
secondary electrons. These secondary electroribaraisually decelerated by production of
the heat, but sometimes they can continue wittzaiion of atoms and generate tertiary

electrons. For every absorbed EUV photon, aboetcdrsdary electrons are generated,
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Kozawa (1992). These secondary electrons have iesefyfew to tens of eV and can travel
tens of nanometers in polymers because they hgadisant amounts of free volume. It is
very difficult to detect EUV photons at atmosphexanditions due to their very low
penetrability. One has to use vacuum systems é&r tletection as is used in EUV
lithography which is a promising technique for figumicroprocessor’s technology, Bakshi
(2008).

7.2.2 ROentgen radiation (X-rays)

When Wilhelm Conrad Réntgen (1895), Fig. 7.1A trebserved for that time
unknown radiation, he simply called it X-rays, foany people known now as Réentgen
radiation. He get historically first Nobel prize 1801 for this remarkable discovery.
Discovery of X-rays has been voted as the most rtappmodern discovery by the British
public, in a Science Museum poll in November 5002 This fact highlights how important

this discovery for modern life was.

A B

A eeir Meaar F 2 i

Figure 7.1: A) Wilhelm Conrad Ro6entgen. B) AnratBa’s hand, first radiograph.

The first picture using X-rays was his wife’s haftiis picture is very famous around
all the world and known as the first radiograplg(Fil B). More details about Réntgen is
available in Howard (1995).

Waves with wavelengths lower than 10 nm (energhédiighan 124 eV) are usually
already clasified as soft X-ray subdivision of élemagnetic spectrum. Energy of X-rays can

go up to hundreds of keV, where gamma radiatiorissta dominate. There isn’t the clear
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border between soft and hard X-rays, but one camat® it around 12 keV , see Tipler
(2004) . Due to our observations we will focus mhaon soft X-ray region.

The simplest process how to generate X-rays iste acuumed vessel with cathode
which emits thermal electrons by high electricdielThese electrons are later accelerated and
after a strike are absorbed by anode, which isllyseu@de by some material with high
atomic number. These electrons collide with atofrenode’s material and create X-ray
radiation. This mechanism will be described latethis chapter. The efficiency of such
system is very low. Many electrons loses its enangie form of heat as was described in the
previous chapter and anode has to be cooled by v&tkema of a simple X-ray tube is

introduced in Fig. 7.2.

water in

G

Il
iwater out

Figure 7.2: Schematic drawing of simple X-ray tu§®.is a cathode emitting electrons, (A)
is an anode made by some heavy material, (C) iBngpof anode, (U’) is applied voltage on
cathode and (U) is voltage of the system.

7.3 Mechanisms of generation of X-rays.

The main physical interest in following chapterdl Wwe focused on processes of X-ray
generation. There are two possibilities of generatif X-rays. First is called Bremsstrahlung
and second is named Characteristic radiation. &emechanisms of X-ray generation will be

explained here.

7.3.1 Bremsstrahlung

The most common process of X-ray generation iddremsstrahlung (i.e., braking
radiation). When the freed electron or chargediglarhas been accelerated or decelerated an
electromagnetic radiation included synchrotronatidn is emitted similarly as is described

in production of EUV photons mentioned in previahgapter. It is frequently used for
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radiation of electrons stopping in matter. Nowadeal with higher energies of
electromagnetic radiation. When freed acceleraitren travels close to the nucleus of
some heavy atom it changes its direction and thetrein decelerates by the Coulomb force. It
is obvious that Coulombic attraction increases \wither atomic number and therefore loses
of electron’s kinetic energy increases too. Spactof this radiation has continuous
distribution. Figure of bremmstrahlung can be sedfig 7.3.

Lx..la

e o

&

K V2<V1

Figure 7.3: Schematic picture of Bremsstrahlungiaéidn
7.3.2 X-ray radiation produced by acceleration ofingle point charge

Consider a particle accelerated by electric fialthie direction collinear to its original
direction of the speed. Total radiated powepassing out through the surface (spherical
shell) is according to Griffiths (1999):

2
S s = Ho dzfj
RO¢SMHA =2 —- , 7.2

§ Gm[dtzj (7-2)

where S :]/,LIO [ExB is the Poynting vectord is the acceleration of the particlgy is
the permeability of vacuump is momentum of the particlejs time anct is speed of light
in vacuum. For oscillating electric dipole the dgganomentum will have form:

P = PyCOSt) and Pp= —afpocos@t) . Total radiated power for dipole radiation will:be

<P> = ,Llopgw4/12n:. But more important example for our needs is #ukation radiated by
single point charge accelerated by electrostagid fi

Charge momentunpt (df the single point chargg is P(t) = od(t) with trajectory

d of the charge with respect to the origin. Accogiirits second derivation will be:
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d?p(t) / dt® = c@(t) since electric charge is invariant. Therefore tiaiated poweR in this
case is according to Griffiths (1999) is:

2=2
R=t4a (7.3)
67T

This is the famoukarmor formula which tells us, that the power radiated by sinmgient
charge is proportional to square of its accelenatiore detailed explanation was done for
example by Griffiths (1999). The radiation enepggpagates itself to the infinity. Although
this formula was found with assumption that O which should be done by smart choice of
reference system, it holds to good approximatioloag asV << C. Otherwise one has to
include relativistic behavior of the charged paetiGSolution of radiated power from high
speed charged particles was calculated by Grif{it899) usind-ienard’s generalization of

Larmor formula:

R= MUY 5o _xal) (7.4)
6rc | C |

where y=1/,1- (/¢ is the Lorentz factor and it is obvious that réellepower grows

enormously when the speed of the charged parfpgeoaches to the speed of light.

For the collinear speedand acceleratiod i.e. whenvxa =0, of the charged

particle, the Lienard formula has according to fah§ (1999) form:

LTV _ Y
ec  6mEc

(7.5)

One can see that angular distribution of radiaitsiaihe same whether the particle is

accelerating or decelerating due to square ro@ of the simplified Lienard formula. So

when the electron with high speed is deceleratesbinye heavy target, the lost of its energy is

emitted in a form of electromagnetic radiation &nid therefore called braking radiation or

Bremsstrahlung (in German language). When the speed of chargeitlpds constant,

a =0, it does not emit any radiation. Only when paetisl accelerated or decelerated,

emission of radiation will occur. The energy logttbe particle in any given interval must be

therefore equal to energy of emitted radiation.rif\aecelerated/decelerated particle emits

electromagnetic radiation on which is then actiadjation reaction (recoil) Abraham-Lorentz
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_ M’

5 a and relativistic Abraham-Lorentz-Dirac forexperienced by relativistic
T

force F_,

charged particle due to electromagnetic field esped by Dirac (1938).

7.3.3 Thermal Bremsstrahlung

Every charged accelerating or decelerating pariicfgdasma produces microscopic
electric field. In addition we apply a macroscoglectrostatic field externally to plasma. The
motion of each charged particle is therefore affédiy both macroscopic and microscopic
electric fields. These mutual interactions betwparticles and electric field produce many
interesting phenomena in plasma. It is importartalasider processes in which particles are
scattered by the fluctuating microscopic electristfaelds and then radiate X-rays. Such
processes are called Bremsstrahlung of plasman#i@remsstrahlung or free-free emission.
This process is done by the collision of free etatd with the ions. Analytical explanation of
this phenomenon is very complicated and variousaqimations have to be made. For
example, interaction of electron-electron is vegaw compare to electron’s initial energy and
therefore can be neglected. Only electron-ion sioltis are important, and only electrons emit
radiation significantly during collisions. The mealectron kinetic energlyft in plasma of
temperature T can be calculated from well knownitoam theorem for one degree of

freedom:
1
E = 5 kT (7.6)

So from our measured energy of X-rays up to 15 kb¥ temperature of plasma has to be at
least in order of 1K if thermal Bremsstrahlung is responsible for Ys@bserved during

electrospinning.
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Figure 7.4: Fast electron passing a slow, heavy ibime distance b of the closest approach of
the electron to the ion is called impact factor dhd interval t=b/v is called collision time.
During interaction, electron will be accelerateddbgctrostatic field in parallel and
perpendicular to the path of the ion. But its patacceleration will emit much higher
energetic photon, then the perpendicular one. Eneemdicular acceleration emits radio
frequencies which are important for studying ofdaray galaxies. More details were written
by Rybicki (1979) or Ichimaru (1973). The force dancalculated from simple formula:

cma =L Z€ gy L Z€
FD_ma]_El_zcosﬂ_MT‘% b? cosy, 70
1 zé .1 zé .
AU M= 4 17 S ™ 2 2 SOV 7o

whereZ is Atomic number (number of protons found in nusle One can now find Larmor

formula (7.3),(7.5) for parallel acceleration ire tform:

R=

& 7% (sinpcody )
" 67ec m? (Smwco 41/] ' (79)

b2

And by the comparison of all mentioned formulag8),{7.5) and (7.9) it is possible to find

relation for parallel acceleration of the particle

8= Zezsinw;:oﬁl/ (7.10)

! mp
Another detailed explanation and calculation ofrhar's formula was done by Sarazin
(1986).
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7.3.4 Characteristic radiation

Another process of generation of X-rays is callkedracteristic radiation, a process
called inner-shell ionization. When the high eneegctron “knock out” by the Coulombic
repulsion another electron bounded in the ators,dl@ctron should be ejected out from the
atom. Another electron from higher energy levehthhift to its level due to the stability
reason. Energetic difference between these les@mitted in form of electromagnetic
radiation. About 0.1% of all ejected electrons el K-shell vacancies; most produce heat.
It is obvious that higher difference between lesgases an emission of more energetic
characteristic radiation. To obtain radiation ima§+ region, heavy element is needed.
Spectrum of this radiation is strictly quantifidgsbcause energy levels differences are
quantized. Possible energetic levels for charastteiX-rays can be K-shells, L-shells and M-
shells. When electron is transferred from L-shel mo K-shell n=1, K-alpha X-rays are
emitted, when from n=3 to n=1, K-beta X-rays araeted. Transitions to L-shells are called
as L X-rays. When electron is transfered from =842, L-alpha and form n=4 to n=2, L-

beta X-rays are emitted and so on.

Auger electron

K-alpha ...L3

Figure 7.5: Schematic principles of generation lo&iacteristic radiation

To find possible elements for characteristic X-rggseration, one can use Moseley (1913)

formula:

hfy, = %13.6 0z -1%V ; hf, :3—5613.6 {Z - 74%V (7.12)
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Which predicts energyfrequency f ) of emitted characteristic Kkha and l-alpha X-rays

for element with atominumber Z . Simple plot of Moseley’s @13) law can be seen in Fi
7.6.
One can see, tit K-alpha Xrays are observable for eleme with higher atomit

numker than 13 (Alumum) and l-alpha Xfays are observable f& > 39 (Yttrium).
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Figure 7.6 Scan of oriinal picture from Moseley’s (1913) work. :ture shows dependen
of square root of frequncy of characteristic-ray radiation for elenents with dierent
atomic number. Loweine is for K-alpha Xfays and upper line isir L-alpha X-rays.

The detailed absorptic of the )>-rays in different materials were culated by Hubbell an
Seltzer (1989).

7.3.5 Xyay emissionby heavy ions Particle Induced X-ray Emission PIXE)

The phenomem of X-ray emission by heavy ions was fir: reported by Chadwic

(1912). There are elas and non elastic collisions of ionsth the aoms of the target wh
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ions pass through the matter. Electrons are fai@dide higher energetic levels during non
elastic — electron collisions. Vacations createceivytted electrons are then filled by
electrons from higher energetic levels accompaniinthe emission of the Auger’s electron
or by the radiation of X-ray photon which can bertlietected. PIXE ions exploit the
ionization of inner levels and the spectral lined.KM are emitted depending on the position
of indigenous vacation.

Interaction of ions with atoms depends on the gnef@n ion inside matter. Therefore
braking of the ion changes its energy accordinigstdepth inside a matter. Not all X-rays
radiation is emitted in the form of characteristdiation and bombarding of a matter by ions
accompanied by emission of the continuous radigboemsstrahlung). Energy of
electromagnetic radiation produced by Bremsstrahlsmrmuch lower for ions than for
electrons. Maximal kinetic energy lost after tladlision of the stationary electron with

accelerated ion with the ener@y can be expressed:

— “'el“li
E —4—Ej, 7.12
e (me+Mi)2 ( )

where m,is the mass of the electron aMy is the mass of the ion. Enerdy,., depends on

the mass of the ion by the inverse proportionality.
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Figure 7.7: Comparison of PIXE and Electron micropes (EDX). PIXE is generally approx.
100 times more sensitive than EDX, (ETH, Swiss flaétiestitute of Technology, Zurich)

Detailed description of PIXE was done for examptedmvil (2001). Since 1990 many

publications were written in magazine Internatiodalrnal of PIXE (IJPIXE) which was
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created due to the description of this phenomeRbXE is under the strong focus of research

for last two decades due to its using for a suréatysis.

7.3.6 X-ray emission during thunderstorms

One of the last processes of X-ray generation raeati here was observed by
Gurevich (1997). Process is determined by the plaltunaway breakdown caused by
thunderstorm electric field. Generation of X-rayxs in thunderstorms has been attributed to
bremsstrahlung of high energy electrons producedibgway breakdown. The runaway
breakdown is triggered by secondary cosmic-raytedes, which are accelerated by the
thunderstorm electric field producing next genemmbf high energy electrons. In the
presence of thunderstorm electric fields, the bemnaway electrons can propagate over
hundreds of meters in the atmosphere and ultima&i@hgfer a significant amount of charge.
Since the critical field for runaway breakdown msa@der of magnitude less than the
threshold of conventional air breakdown, the midtiunaway breakdown triggered by
cosmic rays develops during the preconditioningestaf a thunderstorm which precedes a
lightning flash. That process leads to X-ray enoissand to fast transfer of electric charge in

thunderstorm electric fields.

7.3.7 X-ray flashes produced by stick-slip frictionn peeling tape

Putterman with his colleagues observed an interggtioduction of X-rays by the
friction in peeling tape. They explained it by fh@cess called triboluminiscence which has
been known process to produce visible light byrélative motion between two contacting
surfaces. They observed nanosecond flashes of@feagnetic radiation in X-rays area by
the peeling of common adhesive tape in vacuum syst@e detector used for this study
consisted a scintillating detector. The main obseéneak was at 15 keV but some energy was

more than 60 keV. Their report was published inugtsee Camara (2008).

Example 7.1: Simple calculation of emission of freed electranManning region (explained
in detail in chapter8) can be done using non-refatic Larmor formula. Lets calculate initial
kinetic energy of the electron accelerated in endéelectric field

Strength of the external electrostatic fiéldsee chapter 8) affecting the electron is:
F =eE=1602x10"°150x10° N =240x10" N

Acceleration of the electron in external electr&dd can be calculated as:
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10
a :% - %m/ 52 = 26348x10°m/s2

Kinetic energy of electron given by external electield on the track length of typical
nanofiber’s diametes = 10Cnr:
W, = Fs=240x10'°100x10° J = 24x10™""]

Radiation powerR calculated according to Larmor formula (7.5):

_ @& _ (1L.602x107926348x107) 1782x10°¥ x10%2 ~
R= 3 - 12 7 8 W =
675C  678.854x10™2 299x10°f [1669x107°J2673x10' x10°)

= 3.9941—;8;W =3.9941x10°W

The time during which this electron travels thehpaits = 10Cnir

2s 2X100X10_9 30 15,
t=,— =,[———————S=4759%x10°"s=2.755x10"s
\/a | 26348x10*

Energy loss of the electron
W = Rt=39941x10° 2.755x10*°] = 1.1x10*J
The ratio of the lost and kinetic energy of thectlen is:

23
W_LH0”  ssgar

Some relativistic calculations:
Speedv of the accelerated electron:

v=axt=26348x10" 2.755x10"° m/s=726x10° m/s
Ratio of the speed of the electron and speed dighe

v _ 726
c 29¢

Relativistic change of the electron’s mass for gpee0.243xC:

=0.243

Mmoo om
m= = =1.0309
\/ WV W1-0243 ™

C2

Conclusion:

Radiation loss of kinetic energy of acceleratedted®m in Manning zone on the track length
100 nm can be neglected (around tines smaller) with regard to the kinetic energieg

by the external electric field. It is therefore asgary to explain the process of generation of

X-rays during electrospinning by some another meisina.
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8. Theoretical approach

It is necessary to find theoretical explanatioiXefiys produced by electrospinning
and detected by radiographic films and Silicon iuth drifted detector (chapter 6). We have
to start with classical Poisson-Boltzmann theony aith finding the maximal value of linear
charge density of the cylinder. Counterion condgasdheory will be implemented as
reasonable description of gigantic potential ddfere necessary for acceleration of electrons
and ions to produce X-rays by the processes megdionchapter 7.

8.1 Poisson — Boltzmann theory

One has to count with ions distribution and theferactions in the real experiment.
This can be determined by principles of statistatalsics. Particles in thermal equilibrium
are described by Boltzmann’s distribution. It telssabout distribution of the states of the

system:

S=_= _ge Xl (8.1)

where N, / N is fractional number of particles occupying a Jettates possessing energy

E , ks the Boltzmann's constarit,is the absolute temperature agdis the degeneracy

(number of states with same enerdy)s the total number of particles agdr)is the
partition function. More can be found in Kittel @® and Landau (1959b).

Distribution of ions in our system can be presemigdbove mentioned theory.

Volume density of the particle3 at the positiox is given by:
_Y®
n(X) =ne ", (8.2)
whereU (X) = e@(X) is the potential energy of an ion in an externglfiande is the
elementary charge. It is necessary to include ipessind negative ions into our equation and
then charge density has a forx) = e[n(X) . Therefore the total charge density of all ions
IS:
_e)  ep(n)

PIX) = P+(9 - p-(X) = ele " ~e"T ) =-2nesinnE ), ©.3)
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which is called Poisson-Boltzmann equation. Forlsexgponent values one can use
linearization of Poisson-Boltzmann equation byftiren Iirrg sinh(x) = x and then

nonlinear PB equation becomes linear. Using firakiell equation which is as well called
Gauss law in electrostatics (2.6) one can obtasnchmensional Debye- Huckel limiting law
0°¢(x) 2ng’

0x’? gk, T

which is the combination of principles of statiaticnechanics and electrostatics is called in

¢(x) =0, (8.4)

general as Poisson-Botlzmann theory (PB). Solufaequation [8.4] gives us an important
parameter according to Feynman (1971) denoted bgeXlength

2 EKT

D = :
2e’n,

(8.5)

The Debye’s length is the measure of the thickoésise ion sheath that surrounds a large
charged particle in an electrolyte. It is the dis@from the electrode where the potential
decreases by factor of 1/e, where e is Euler’'s rmumbls importance will become evident

later in this chapter. More details can be foun8eynman (1971).

Linear charge density can be expressedas:y.nNg [e, whereq is the ion’s valence.

Only g = 1 will mostly be considerdbr our purpose. Equation (2.5) can be for largebers

of ions for charged cylinder with respect to thdtBmann distribution rewritten in general

form:
1 . —geP(X)
Ap=— nel2sinh : 8.6
¢ s Z qQn T] (8.6)
It is helpful to implement another parameter caBgelrum length
b=, )
EEkT

which can be simply expressed as a minimal lengtivéen charges with the same polarity
where PB theory can still be valid. It is as wedtder of Manning zone fog |, : Manning

(1969, 1977). Detailed explanation of this ared el done later. One can find correlation

with Debye’s length ask® = }62 = IBZ Gg° which can be explained as Bjerrum’s length

multiplied by ionic strength and is called Debyeelél screening parameter. From these
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two parameters we can form dimensionless Manningrpeteré = lg/b, wherebis average
spacing between charges on the fiber. Combinir{§.6) and (8.7) and using substitution

y =e@/kgT the PB equation can be modified as:
Ay =-.>qgc [2sinhE-qy], (8.8)

wherey is the reduced non dimensional potential. It isv@mient to use cylindrical due to the

cylindrical shape of fibers coordinates (see appead). The PB equation will have form:

0%y(x) 10 .
ai(z ) +F6_Z = 2sinhy(r) (8.9)

It is necessary to find boundary conditions (Deblgeskel approximation) to solve this
equation. One of them can be found by applying €aulaw at the surface of the polyion

(charged cylinder with condensed ions see Fig.\8ith) linear charge density = €/b,

Iimrﬂl:—i : (8.10)
r-a dr 2
wherea is the fiber radius. Another boundary conditiondpen systems is:
yr) -0 asr - o, (8.11)

which means that the electrostatic potential gogbd zero when the distance from the fiber
is large.
Using both boundary conditions (8.10) and (8.1#&)lthearized Debye-Hiickel solution of

(8.9) in has a form:

Yor () = 2K(r), (8.12)

where Kjis the modified Bessel function. This approximatwarks quite well for potentials

far enough from the surface of our polyion. Theatxsalution of (8.9) gives the form for
r - 0:

re
y(r) = -2&logr +6£log2+ 2log r(1_25) +0o(l), (8.13)
2

wherel is the gamma function ama(1) is the integration constant. This exact solutibn o

nonlinear PB equation is very complicated, Tracy Widom (1996,1997).
The solution of (8.13) can be studied in more dietdihere is a singularity, when

& =1. It simply tells us, that when the average distanetween iondis equal to or lower
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then Bjerrum lengtlg, the PB theory becomes unsolvable. The equati®) k@s to be

linearized here. This phenomenom has receivedat deal of attention in recent decades and

is called: Counterion condensation.

8.2 Counterion condensation theory

To find the solution of (8.9) for critical value Manning paramete, =1, the

counterion condensation theory (CC) was created.fibler is represented here as a linear
chain of point charges, with a finite cylindricallume around it. The “condensed
counterions” are uniformly distributed around theef as was described by Manning (1969,
1977). The CC theory will be explained here asrssequence of cylindrical symmetry of
homogenously charged fiber. Manning zone is repteseby a tube around a thin charged

fiber where counterions circulate, (see Fig 9.1).

Figure 8.1. Imagination of Manning zone. Negatwasi (blue) are localized on the surface of
the fiber and positive ions (red) are trapped camksl inside the Manning zone forming high
concentrated plasma.
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CC theory was primarily developed for descriptidrmaomomalous behavior of
counterions around the polyions in electrolytesvds found by Le Bret and Zimm (1984)
that the PB equation predicts that polyelectroigteassociates closer with the “condensed”
than with the “uncondensed” fraction of counteriofise CC theory does not use the
nonlinear equations as PB theory, it uses onlyitigarized equation, which is assumed to be
satisfactory. In this view, the CC is a physicalqgess caused by the instability of highly
charged cylindrical bodies. But in the other hahdpes not confront with the question of
fluctuations — it just neglects them in a differarsty. The CC theory is an approximation to
the PB theory insofar as it predicts counteriofriigtion that is unstable relative to the PB
theory. So we can mention here two main regioresiah distribution in the region close to
the fiber (the Manning region) and the distributainons in the distant region (the Debye-

Huckel region).

One possible solution of (8.9) f@r <1 was found by Kornev (1999). He considers
counterions to be present in Manning zone becalug® solubility of Poisson-Boltzmann
equation foré <1. lons are simply excluded from the Manning zooeslare sitting on the
cylinder (fiber) and they quickly recombine wheeyhare pushed out from the cylinder.
Equation (8.9) can be rewritten as:

Y0 1Y) vy
o* r or

which is the PB equation in cylindrical coordinatiwhere on the left side is Laplace’s

(8.14)

operator affecting non dimensional potentjgl) on the right side. If we follow Kornev’s
(1999) steps, one can reach the solution for thiedsionless potentiaf(r) close to the

surface of the fiber:

y(r) = —Inl[gjﬂqz co§{z|n%}], (8.15)

where R, =r,, /a is the dimensionless radius of Manning regionafrterion condensation,
r, is real radius of Manning zore is a radius of our fiberRR is the dimensionless radial
distance from the center of the fiber. The bordeévianning zone holdR =R, ,
z2=expt+C,) andCg = 0.577215... is the Euler’s constant. Dimensionless radius of
Manning region can be, according to Kornev (1998)the border of Manning zone

calculated by the formula
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Ry = exp{—eCE arctan{aCE(l— 9}, (8.16)

where q = (€/ 277K T)T is the dimensionless linear charge density omdyical

nanofiber andr is the linear charge densit[/ m]. Linear charge density for our example

can be calculated from Bjerrum length= €/b and for Manning zon&® < |5 . Sinceqis in

our case of the order dfC*, Manning region spans t8, [ 16.4 according to (7). So the
Manning zone reaches up to 16.4 fold of fiber'sytgtera. In this zone, ions sit on the fiber
with distanceb < |5 . Oppositely charged counter ions are highly coeddrin Manning zone

at the distances](a,al 164)

14
12

10

8 §x=100nm

y (R)

10 16

R

Figure 8.2. Dependency of reduced electrostatiempixdl on distance R from center of fiber
in Manning region.

Figure 8.2 has to be interpreted carefully dudéodrastic decrease of electrostatic
potential in fibre vicinity. It tells us about higiotential difference between the fiber’'s surface
and the border of Manning region. The severe piatlesiecay can accelerate charged particles
inside the Manning zone to high velocities. Theigh laccelerated particles can be a source

for emission of radiation up to energies of X-ragtgotype of electromagnetic spectrum.
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The dimensionless potential valyg (1) on a surface of a nanofiber is supposed to be
(3><105V)>< e/(kBT) in our experiments. The numerical treatment offjeation (8.15) needs

a precise coupling between parametefsexp- C.) and R,, 116407 that fulfils the

relation zIN R, = 77/2 -1/ expu(l) + 2] =10788589 The drop of the dimensionless

potentialu,, (R) with an increasing distanéefrom the fiber surface is so precipitous that the
potential reaches a negligible value at the digatorter than a particle’s mean path at
atmospheric pressure, wide Fig. 8.2. Therefordighe strength valueE,, inside the

Manning region will be further estimated usingaterage value determined from the
difference of potentials on the fiber surfaga) and on the edge on Manning regigfr,, )

as
E, = ¢(a) B ¢(FM) . (8.17)
rM
This roughly estimated mean field strength valiggda the Manning region is about
150 GV/m, since the potential differengéa) - 4(r,, )is roughly one half of the voltage

applied, i.e., 15kV. This field is sufficient foag phase ionization of deuterium (>25 GV/m)
and undoubtedly such strength causes ionizatiorewofral air molecules nearby a jet; Tracy
(1996). lons or electrons, kicked by an increasimgmical potential inside the thinning
electrospinning jet into the Manning region, carslgmificantly accelerated by the predicted
gigantic field strength at a short distaxosomparable with their mean path in the air at
atmospheric pressure. The total energy radiatezhbyaccelerating electron at this distance
is, according to Larmor formula (example 7.1), odl§001% of the obtained kinetic energy
and hence relativistic effects are negligible. Bfere the theoretically predicted field
strength enables electrons to reach over the distance x=100nm a massive kinetic energy,
W, O[¢(@) - ¢(b)] L&, which is about 15 keV. This estimation is in w@greement with the

measured maximal X-ray energies in the spectraradaddrom our electrospinning
experiments.

The closest vicinity of individual nanofibrous ifeetrospinnig jets in our
experimental setup operates, according to our Imgsit, as a ‘microscopic’ particle
accelerator acting over an unusually short distaAceelerated particles collide with other
gas particles inside the Manning region, includomgs, or with other materials.

-99 -



Physical principles of electrostatic spinning Dissertation thesis

9. Deposition of radon progeny

The last unexpected phenomenon of electrospinmogcgegs will be explained in this chapter.
It has been proved that nanofibres keep some anodehtarge during their deposition and
some of them even few hours after that. Radon detes progenies which are positively
charged due to thefir decay and these positively charged radon daugaterthen attracted
and stored by negatively charged nanofibers.

Electrospinning is the process to make submiatwers by application of high voltage
on the surface of the polymer solution. The surfafcglution can be positively or negatively
charged depending on the polarity of source. Potynjets are then created by the
destabilization of the surface of the polymeriasioin by electric forces (Lukas 2008). There
IS a massive evaporation of the solvent duringetis flying, but some residual charge has
been kept on the fiber. This residual charge has patent mainly for ferroelectric polymers
such as for example Polyvinylidene Fluoride (PVRMRjch is permanently bipolar. They can
attract negatively charged radon daughters.

The description of radiant effects starts here witiation caused by Radon. Radon
is the chemical element with atomic number 86s the invisible, radioactive noble atomic
gas, that in the nature results from radioactiveagi®f some forms of UraniunJ, that may
be found in igneous rock formations beneath bugdiar in certain building materials. Radon
is being continuously produced by radioactive desfadgadium isotopé®®Raspread all over
the world. Radon is one of the heaviest gasesnitst stable Radon isoto#é’Rn, has a
half time of 3.8 days, viz Heinriqt1942). Radon gas and its solid decay products are
considered to be a serious health hazards singeatbecarcinogens. However, the pathways
linking Radon decay consequences to living tissuiesiot direct. The crucial links occur via
a deposition mechanism of the radioactive Radoglttus, as introduced by Batkin (1998).
Detail analysis of toxilogical aspects of Radon wascribed by Roper (1990). The
deposition of Radon decay products on electrospatenals and electrodes of
electrospinners was studied using various detetgicignologies ranging from etched-track
detectors, proportional counters, gamma spectro)ette. Radon decay progeny are not
gasesko, Bb, B) but solids, see Fig. 9.1). They can be attachsdyeto tiny aerosol
particles, and these particles may be trappedeiuiigs what results in a lung dose from
alpha and beta radiation.
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Radon?*Rn, decay products are also intensively deposited sutfaces of electrospun
materials and electrospinner parts. The deposgicaused by an attraction between any
negatively charged solids and positively chargeldmadaughters. Radon daughters have the
electrostatic affinity to negatively charged sudgsesince they are positively created as a result
of the stripping of electrons from the parent attumng their radioactive decays. The
investigation of the deposition of aforementionedvy metals should be critical for an
application of nanofibrous materials in tissue apgring due to health hazards of heavy
metals. Recent human health hazards increasedgeramodern industrial environment a
human body often carries a negative static charge s body potential up to tens of kilovolts
can result from everyday activities such as walldngpss synthetic floors, working with

plastic materials or from coming into contact witharged objects.

9.1 Experimental setup for radon daughter’s deposibn

A series of electrospraying as well as electrospmexperiments have been carried
out under special conditions to confirm that evesing mass of electrospun nanofibrous layer,
not greater than tens of grams, can exhibit radi@activity. It should be more than four
times higher than the natural background @83Sv/h , where Sl unit Sv is the Sievert,
derived unit of dose equivalent, Sv = J/kg 2/sh). Samples were prepared and registered
by twin Geiger-Muler Tubes of the Radiometer ‘VOLREBFT HS - 036‘. Measurements of
this deposition were made with negatively and peedig charged collectors, for various
temperatures, to exclude effects from an electhafi.sAll deposited nanofibers were stored
on the bending spunbond textile and taken down ttwercollector before all dose
measurements. For all samples we measured thelsdfrtene with various radiation
intensities. About one half lower irradiation insgtres were detected on positively charged
collectors, compared with negatively charged omeieuthe same conditions.

Complex measurement of this process was done &sul®® proved, that radiation
observed during electrospinning was a depositidRaefon progeny, what is in accordance
with the observed asymmetry of observed radiatenisities from positively and negatively
charged collectors covered by collected materiRIssitively charged Radon daughters are
more attracted by negatively charged bodies. Thddmental general theory which explains

process of Radon deposition in details was intreduxy Batkinet. al.(1989).
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Figure 9.1. Deposits of electrospraying and elegpianing materials of a mass around tens
of grams exhibit high-energy excitations four tinmegher than the laboratory background

(123+8 nSv/h). The activity was registered by twin Geléler Tubes of the Radiometer

‘VOLTCRAFT HS - 036‘. Two independent samples werasured, one heated up to 100 °C
(red) and second under room temperature to exciifets from the electron shell. Our own
measurement.

3.8d
22BN

0 5.49 MeV (100%
3.05m

)

1N

¥ 0.609 MeV (46%)

vy 1.64x10"s
214pg
22.3Y 0L 7.687 MeV

210Pb

Figure 9.2. The decay scheme*@Rn: All isotopes are assigned with atomic numbkeads
times in minutes [min] and emitted particles. Formple*'®o has an atomic number 218,
half time 3.05 minutes and disintegrates iAt®b by emission of 6 MeV energetic alpha
particle. Picture was inspirited by Batkin (1998).
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It is obvious from (Figure 9.2) that the last prodaf Radon radioactive decay is Lead
isotope?*Pbwith half time 22.3 years. This was analyzed bysaag electron microscope
JEOL JED-2300 with EDS (energy disperse X-ray ar&ly One can see, that amount of this
iIsotope is immeasurable (Figure 9.3).

Acquisition Parameter
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)-K Acc. Voltage : 23.0 kV
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2400 — Pb-] Dead Time 2%
= Aui-M Counting Rate: 1872 cps
Energy Range : 0 - 20 keV

2000 — .\“_\I"h-\l Ca-K
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Zn-K Au-L
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Cu-K  Zn-K I’h-i,"\u-l‘
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0.00 1.50 3.00 4.50 6.00 7.50 9.00 10,50  12.00 13.50

keV

Figure 9.3. Energy disperse X-ray analysis (EDS)edd?*®Pbamount in sample prepared
by electrospinning. The electrospunn nanofibroum@a was prepared from 10% PVA
solution in demineralised water. The immediate dampdioactivity was about six times
higher than background (Measurement made by Evadkosa in Budapest University).

Another idea was to use ferroelectric polymersciiseafilters for positively charged
isotopes. Ferroelectric materials demonstrate sp@aius polarization such as for example
Rochelle salt. An example of polymeric materialicades ferroelectric feature is
Polyvinylidene fluoride (PVDF). Nanofibers madeR)DF were electrospun, parallelized
and then collected. Their ferroelectric propertglesarly demonstrated by “ballooning” of

stored parallelized nanofibers (Figure 9.4). Thiallooning” is due to the nanofiber’s ability
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to keep the residual charge and the repulsion foeteeen identically charged fibers. PVDF
polymer has to be heated up to 55°C to be ablectte nanofibers from the polymeric
solution by the needle electrospinning. Nanofilveese then collected by the special device
designed for this purpouse which was rotating addtsz-axis by the angular frequency
around 40 RPM and its schematic picture and phafdgr can be seen in fig 9.5. Deposited
nanofibers were then taken down by the two smaktes and then twisted to make precise

nanoyarn see fig. 9.6.

Figure 9.4: Photography of parallelized PVDF narmafis showing trapped residual charge
by its “ballooning”.

Figure 9.5: Specially designed device for PVDF rfdrers deposition and parallelization.
Left is the schematic view and right is the phoapiwy of the final product.
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Figure 9.6: The device for taking down of the pkelaed nanofibers (left) and the detail of
the brush.

This process can be used in several applicatiopsotect humans against charged
radio isotopes like for example as active filtefrsamlon daughters or another charged

radiation. It was proved, that nanofibers can ettradon daughters and it can be used as
active filters for several applications.
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10. Summary and Outlook

The final compilation of all achieved results adlvas some future prospects will be
proposed in this last part of the thesis. As wastioped already in the introduction, the main
effort of this work was detection, measurement @estription of X-rays generated by the
electrospinning.

This discovery is very unique and no one beforeenebserved such phenomenon.
There are some discoveries of productions of X-taythe process called field emission from
nanotubes, but any article such for example writtgBonard (2000) didn’t report about
energies higher than hundreds of eV. Some artieles about other alternative methods of
X-rays generation. Both of them are mentioned i \Work (see paragraphs 6.3.6 and 6.3.7).
First of them is the observation of X-rays durihgridderstorms. The main difference with our
observations is in the value of current necessarthie X-ray generation. Electrospinning
needs only a fraction of current which is normaiily thunderstorms. The last alternative
method of X-ray generation is by the friction irepeg tape. Camara (2008) and his
colleagues under leading of Putterman observedthaseaond X-ray flashes generated by the
peeling of common adhesive tape in vacuum systdray €xplained this process by the
process called triboluminiscence but any X-rayatdn wasn't observed in atmospheric
conditions. Neither of all mentioned methods aaselto our discovery. Here is the first
report about the theory called Counterion condémsgiublished by Maning (1969) which
counts with critical linear charge density on &filn air at atmospheric conditions. It is as
well the new step for the better understandingawfoascale world where physical theories are
still missing. The process of Counterion condensatompletely erases the decay of field
strength caused by grouping the nanofibers intavédug (see example E4 in chapter 2) and
brings a new perspective on the point of view afafders.

The Manning zone which is created around the naacfican plays the role of
particle accelerator. The investigated effect cdind its applications in a lot of fields. Let us
mention: portable X-ray sources for therapeutic amalytical purposes and the design of
anomalous particle accelerators in nuclear physaading fusion apparatus, to mention just
Naranjo (2005). This investigation could providscehn important new insight into the
mechanism for generating X-rays from lightning & laboratory sparks.

Another interesting phenomenon, discovered durindiss of electrospinning, is
firstly published here. It was proved that nanafibleeep some residual charge and can attract

positively charged radon daughters (chapter 9)s phinciple can be used for many
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applications as for example active filters of i@dzadiation or as a cleaners of natural radon
depositions.

Outlook

More detailed analysis of impact of relative petiwitly on the electrospinnig process
has to be made in the near future. Some prelimiegpgriments of jet’s deflection by the
external electrostatic field during their flight meealready observed by our colleague Pavel
Pokorny and will be published soon in his thesmmBination of both theoretical and
experimental approaches seems to be promisingatéetter description of electrospinning
process. Viscosity is another important parameifwencing mainly thickens of the fibers.
Control of the thickness plays a crucial role fengration of X-rays. Many new experiments
with various values of viscosities of a polymerdution have to be prepared.

It is important to repeat spectral measurementbeérved X-rays as well as to study its
space distribution by the radiographic films. Thisra risk of health damage to work with
electrospinning in dark room without any aspiratibecause the ozone is created when the
high voltage is applied. The cooperation with Facaf Nuclear Science and Physical
Engineering of Czech Technical University in Pragilé play important role in spectral
measurements and better physical explanation fptiienomenon.

More detailed studies of radon daughters depostizused by nanofibers will be done
in cooperation with National Institute for Nucle@hemical and Biological Protection in their
Radon chamber. Ferroelectric polymers mentionedhapter 9 will be fully tested.
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Appendix

Al Cylindrical polar coordinates

Transformation (r=00<6<2n,~0<2z<wo):
X =rcosé
y =rsiné
Z2=7
_ _ 0P 100 . 00
Gradient: [®P=—F7+—""-60+—2
or r 06 0z
. . 1| 0 0A, 0
Divergence: LD UA=—| —(rA )+ — + —(rA,
r|:6r(A') 060 62( ):|
Fré 2
. . 1/0 o0 o0
Rotor: OxA=—— — —
ror 06 o0z
A A A
10 od 10’0 09’0
Laplacian: Do =="—|r— [+ +
r or r r’o06° 0z’

_A\ 5
zZ
_,1<‘: (ro.z) Y
/l}

puIsS J

yd

0 r/ y r coso X

v
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A2  Spherical polar coordinates

Transformation (r=00<1A<2n0<6<n):

X =rsindcos/
y =rsinédsinA
z =rcosd
0P 100 . 1 09 .
-——0+ A

Gradient O =—F +
or r od rsing oA

.10 o A
Divergence UUA=——(r A )+———(sinA) +—
r? ar rsiné 39 rsing gy
f rd rsindA
. L 1 0 0 0
Rotor Ox A= — | —
r’sin@lor 06 oA
A 1A, rsinéA
10 od 1 9’ . 1 RO
Laplacian: 0°® = ——| r? +————| siné :
r*or or r’sin@ 0o r’sin® @ oA’

-

>
&
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A3:. Clausius-Mossotti: Derivation of relative pemittivity according to
mass density
& -1_Nya

Clausius-Mossotti relation £ +2 aM yo
N, a
Substitution b = —2
3M
and expression of relative permittivity i€, = 2ppb+1
1-p.b
Derivation of relative permittivity according to sedensity is
3 E -1
05, _DA-pD)-@, VD) . B Te+2
0P (- p,b)° (- p b [ £ _1]2
P 1=
E *+2
3 & -1 3 & -1
£ +2 _ £ +2 _

b l1-28 1, —1)2} {(er +2)° -2, ~1)(, + + (¢, —1)2}

£ +2 (£ +2) (6 +2)
_ (&, D&, +2)
30,
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A4.  Asymmetric capacitor composed of a plate and warp of parallel and
equidistant fibers — detailed calculation
Total potentialg, at the surface of the"Ofibre surface in the lower warp is composed of

potential generated by thé"Gibre, the potential of its 'O fibre counterpart from the upper
warp, a potential sum from other fibres in the lowarp and ultimately a potential sum from

remaining fibres of the upper warp.

4.(r) :%(—m a+In(2h) —Ziln Jaz+(id)? + zznlln (2n)? + (id)zj -

i=1 i=1

L(Inz—h + Zzn"ln—(Zh)2 i (id)2 J

e, a = (Ja?+(id)?

(Ala)

wherei is an index assigned to individual fibres in war@snilarly to the relationship (Ala),

the total potentialp, at the & fibre surface in the upper warp is

?, (r)=%[|na—|n(2h)+2§n:|n\/az+7(id)2_2i|n (2h)2+(id)2):

i=1 i=1

r [In%+2§n:|n—a2 +(1d)’ ]

2mte, S Jen?+(d)?
(Ala)

Derivations in this paragraph follows the stepsnifréhe previous one and so, similar

equations are denoted by the same numbers distimegiby “a”.

The voltagel,, , i.e. potential difference, between lower and upparps is

r 2h a
UW :¢L _¢U :E(ln;_ln%j'*'

L[imM_im Ja? + (i) ]: ; (In2—h+§n:|nw) (A2a)
&, | =1 \/5‘2"‘7(“1)2 = \(2n) +(id ) e, a & a2+(id)2

Equation (A2a) provides with the following- U relationship.
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_ 2h, & (2h) +(d) )
r—ngou(ln a+IZ:1:In 2+ () ] . (A3a)

n 2, (iq)\2
The sumZInM in (A3a) is estimated using the following integpat
i=1

a? +(id )’

& (2n)+(id) 7, (2hf +(xd)? T 2 24— (1nla2 + (xd) ki
leizﬂllnaer—W D.[Inaer—(Xd)zdx—_l[ln[(Zh) +(xd) ]dx _[In[a (xd) ]d .

Using the relationship

/A, +/Bx

'[In[A+ sz]dx:xln(sz + A)— 2x+=—tan

VB VA

and substituting\=(2h)2 in the first term of the left hand side of (I), @=a® in the last

term of (1), andB = d?, one arrives to

00

xln(d X2 + (2h)2)— xIn(d?x? +a2)+ 2(2_htan'1x_d_3tan-lx_dﬂ
d 2h d a

1

00

B 2,2 2
xin X2 ): 2+ (th) +2(2—htan‘1x—d—3tan‘1x—dj
d°x +a d 2h d a

1 .

x?d? +(2h)®

The termXIn dZ+a’ goes to zero, fox — oo, since the L’Hospital rule gives

U

L . x2d? +(2n)? ]| _ 2d2[a2 - (2h)2]x
| ==X In -
(Xj and de 2 + az d 4X4 +d 2a2X2 + (2h)2d 2X2 + (2h)2 az
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And hence
2d2|a2—(2h)2|x SV TR
S d2a2x2+(2h)2d2x2+(2h)2a2( § )Dm;_o.

Finally we have
n 2 2
ZI (Zh) (Id) DO+E(@—ﬂj—In—d +(2h) —Z(Z—htan‘li—ﬁtan‘lgj:
S @ +(d) di. 2 2 d?+a’ d 2h d a
2 2
g(Zh—a)—InM 2

—— ——(than‘1 d atan‘lgj
d“+a d 2h a

From the Equation (A4a) one obtains potential diffeeU,, , between warps as

r |, 2h. 7 d? +(2h)? 2( L d _ dj
U, =—|In=—+=(2h-a)-In——"L -Z=| 2htan*— —atan*—
W [ a d( ) d?+a? d 2h al (A4b)

And hence thea - U relationship sounds as

2h 7 d’+(2n) 2 L d A
r=rgU,, [Inz+a(2h—a)—lnT(az)—a(2htan1%—atanlgﬂ | (ASb)

The field strength at a fibre surface is obtaingdtlhier derivative of the potential expressed
previously in Equation (A3a).

= N . |

2a

The sumZ'”aer—(id)z is here estimated using integral.
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2 dx 1. ,xd|” _2(m . .d
Zln a.[ﬁ: —tan'=—| ==| = -tan'—
= a +(|d) - a? +(xd) da a] dl2 a)
Therefore for the field intensity on the fibre s holds
r |1 2 4 d r (1. 7 2, _d
E,(a)= ~tan™ —+ e —
W(a) 27150[61 d( an aﬂ 27150( +d d an aj' (A6a)

The substitution from Equation (A5b) far into the Equation (A6a) provides with

Uw(l+ﬂ 2tan'ldj
a d d a

Ew(a)= S
Z{In2h+g(2h a)—Ind+(2h)—2(2htan'12dh atan‘ldﬂ

a d’+a? d a

Compare it with Equation (A6) and watch the asyrtiptéor d - o, to find their full
similarity.

Multiplying both sides of the previous equationdbygives

W 2
d

_ld

hE,, (a) _ e

- onh s m(z j (2) (J 2(2h L d _a _1d)

tan™ — ——tan
a a d
(2 =

d 2h d a
Introducing dimensionless distanced=h/a,{ =h/d and p=d/a and assuming that

& >>1 one arrives to

E, (a) _ E+m -2 tan p

2 2
In2& + 2717 —In 'OEA - 47 tan™ L 2 0 , (A7a)
P 2 p
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where E, is the field strength in a plate capacitor witstdhce between platésand with a

voltageU' =U /2, while Z,, is an amplification factor for the warp geometry.

Amplification factor z,, for a warp of parallel and equidistant nanofibngth a spacingd
between neighbouring ones is governed by the diibeless distancep =d/a, in case that

h>>d >>a, and is approximately independentton

&Dﬁ Z,
E, 2m :

The relationship between field strength amplifyfagtor Z,, and a fibre radiua for chosen

parameter values is depicted in Fig. E8.
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