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 ا

ت   ذف ازﻡ اوار
ا'ف ﻡ& ه%ا ا  $ه" درا ﺥ ./و-ت  ,ا ) *+ا ذف ازﻡ اواري
' +ام اﻥ" 2

ﻡ 1",/ﻡ& ا 'ا )&.ا" *+ن( .ه :%ا'را  - +ﺝ' 'ا "",+ﺝ ﺝ' '9 :

"' زﻡ ذات آ< 1 9ﻡ& ﺝز ذف ازﻡ اواري ا%ي @  /
ا",وي  Bا-

 @A 9ازﻡ وا?ﻥ'ﻡج

ا%ر  .ه%ا از   HD $ا EFGا"ي دون اDﺝ ا ﻥCم ا"+ .) *+ن ذف

ازﻡ اواري ﻡ& دا.ة آ ﻡ"ﻥ ﻡ& -ر و ﻡوﻡ وﻡ  Jو"+ن ا-ر
ﻡ  1 /+ا"+ازي  Aآ  'ره  70ﻡو9راد 
آ  10آ "  H"9واﻥ" 2

  C1ﻡ& ا-

ﻡ& ار ﻡ<*ت

'ره  3.5آ " ﺝ"ل وﺝ' &D2

ﻡ 1",/ﻡ& ا" *+ن ذات اد + "Rاوح & ) ( 10 -200 mm

وا -ر داﺥ  ﻡ &) " . ( 3 -8 mmﺽ Wا?ﻥ" &  &-ا'ه    $آﺙ"د وه" ﻡ*"+ح و ﺙY)H
D  $آ ( واﺥ اﻥ"د وه" ﻡ \ FوﻡD+ك  "R F 9 @D+ل اﻥ"ب ا.) *+
وﻡ& ا'  %آ ان ه :%ا?ﻥ-

 ] +ن  ا'رة ا   1اﻥ+ج زﻡ ذات آ< 1 9ﻡ& ﺥل  1

ا?/B+ل ا'D +ث "R  1ل ا _-Aا'اﺥ  'ار ا?ﻥ" ا^   1 .ا?/B+ل  9ﻡ< $ه :%ا?ﻥC
  1 +ﻡ'" b :ﺝ' ات ا/B+ل ﻡ  * +وﻡ'+د :و? &  aG ' 'Dاي ﻡ& ه :%ا?ت  H
و& اه@ ﺙث  1ت  $ا "اد Fدر ا _-Aه:
•

ا?/B+ل ا.."G

•

ا Aت آ :ا@D

•

ا?ﻥDل اDاري

و'Dث   1ا?/B+ل ا',1 ."Gﻡ

 dا*""ن ا-

ا A 9اا -ا] %  Bرة ﻡ2ة

واﻡﻥ Dره ﻡ& ا._-Aو%  9ف ا Aت آ :ا1 @Dن ﻡ  $D,و" 1 9 & +د ازﻡ ا?
اﻥ fﺙ  9آ*ء :ا?/B+ل.
اﻡ ا"/رة ا<< وه ا +ف @ ا?ﻥDل اDاري  "9ﺝ Wا آ  ا د :اF +در ا ',1 _-Aدرﺝ
ار :ﻡ ، ,وﻡ& ا'  %آ ان اه@ ات ا?/B+ل ه" ا?/B+ل ا.."G
 @+ا2ل ا ) *+ا^ي ﻡ& ﺥل ا ) *+ا?و ' +ام ﻡ'/ر ا2ل وه" 1رة  d  &1اﻥ*ري ﻡ$/+
 1ا? -ب  @+ bا 2ﻡ& ﺥل ﻡ'/ر ا-

ا ا"Aي )  . (RLCد  \ ﻡAر ا"+ﺹ$

)ﻡ& ﺥل   dا?2ل( & ا? -ب "ف fدي ا  ن ا+ر ا   ,و  & A @+ازﻡ ﻡ& ﺥل
 & Aﺝ"ل ،اﻥ^+ر ازﻡ "R  1ل ﻡ"Dر ا?ﻥ" ا^

fدي ا   1ا?/B+ل ﻡ& ا'ار ا'اﺥ 

ﻥ"  $D, bو & +ا دة ا +Aﺹ اﺙ,ء اﻥ +ﺥل  Rر  ﺝ'ا) ' 9ود ا وﻡG (+ف ا
ا ) *+  (bulk) $++ا^ي وه%ا fدي ا ز دة ا<. 9
و"+Dي ا +  1ۃ ا"اب:

•

 +اب ا?ول  'ﻡ  &1ازﻡ ا '"+ة ﻡ& ﺝز ذف ازﻡ اواري  @+ bﻡ&
ﺥ 2ح *  -  /اﻥ+ج ازﻡ ا ^ %ا ا",ع ﻡ& ا?ﺝ]ة وا ,ذج ا ﺽ ،
آ  "+Dي ه%ا ا]ء 1  1ض ?ﻥ"اع اﺝ] :ا' W9ا و9ة  ، 1و ^ $ +ا  1 G
2ح * $ 1  -  /ﺝز ذف ازﻡ اواري و lا-+ت ا +اﺝ H
' +ام ه%ا از ،و  @++ه%ا اب ض ?ﻥC

ا?2ل ا  * +وا  Gا'ف ﻡ& ه:%

ا .
•

و  +اب ا<ﻥ ض وﻡاﺝ ا?Dث ا Aا +اﺝ   1 Hﺝز ذف ازﻡ
اواري وا+ @+ +ﺙ ا?/B+ل   1ﺝ'ران ه :%ا?ﺝ]ة وا' +ام ا "اد وا$+
ا +Aﺹ  9ا-+ت ا  * +وا  +ﺹ %ا ا",ع ﻡ& ا?ﺝ]ة.

•

اﻡ اب ا<'9 bم  2ﻡ* &1 /آ mﺝز ذف ازﻡ اواري وﻡ"ﻥت ا+
وا'وا .ا ا ' +Aﻡ .

•

و  +اب اا Wض ?ﻥC

ا  ^+ا   * +زﻡ ا  :'"+ﻡ< $ﻡ  Jروﺝ"A9

س ر ا ) *+وﻡ oا' ا س ا' ا ا  F+ﻡ Wا]ﻡ& وا @+ +ﻡ& ﺥ 
ﻡ 9ا'رة ا   CDز ،آ  "+Dي ه%ا اب 1  1ض  lاﺝ]ة ا  ^+ا@ +
ا' +اﻡ  9ت اﺥي ﺥرج ﺝز ذف ازﻡ اواري.
•



 +اب ا ﻡ oض ا p.+,ا  qوﻡ +^ ,و   Dوه :
س  lاراﻡ+ات ا وﻡرﻥ p.+, +ا. C,
 lا-+ت  l  1ا "اد ا  G  @+ +زﻡ ﻡ , G+درا  Rه :%ا "اد و '
ا' +م ا  ا?+وﻥ ا _ ) C  ( SEMا"ﺹ JاG+   /*+ر  oوا Aت
ا,  D-Aت ا اد درا +وا ﺽ  زﻡ? .ﺽ 9ا  D9ا F+ات ا, "+
-ت ا _-Aا رﺝ  دة ا'ف ﻡ& ﺥل ﺝز ﻡ $ Dا 2اآ oو & G+ا'را ا  Gس
ﺹ ه :%ا "اد ا +ﺽ  Hزﻡ وا  Gا "اد ا.H +

•

و  +اب اAدس ض   ﻡ"ﺝ]   @ ا"+ﺹ $ا ﻡ& ﻥ 9 p.+ه :%ا'را .

و ' اوﺽ HDا p.+,ا  ان ا

ا+  Cر ا+ ) *+اوح &  9ا  49آ " اﻡ و& ﻡ& ات

ان ا+ر ا] p,داد ] دة ﺝ' ا^ ،&Dوان ا

ا*  Cق ا' &  -اﻥ" ا" ) *+ا  5آ "

',1 H"9ﻡ "ن ﺝ' ا^ 7 &Dآ "  .H"9و ' @  $ 1ﻡرﻥ & ا p.+,ا  وا p.,+اC,
 Aﻡ& ﻥﻡ pا Dآ .:واوﺽ HDا p.+,ا  Gان ا
ا  106ﻡ وات .

ا@ +

ا'   Cر :ا   CDز +اوح & 11.3

و1وة   1ذ @ '9 dس ر ا ',1 ) *+ا"Rال ﻡ  * +واﻥ/ف ا -ر ﻡ ? * +ﻥ" ا ) *+و& ﻡ&
ات ان ا+ر ا p,ﻡ& ا ] $ ) *+دة "Rل اﻥ"ب ا ، ) *+آ  & ان ا+ر ? +ﺙ آ<ا F+
اﻥ/ف ا -ر اﻥ"ب ا .) *+و ' @ س ر ا b @ ',1 ) *+ﻡ '  * +ا :.ا ا ' +Aﻡ و& ان
ا+ر ا ] $ p,دة  bا'ا، :.و ' ا' +ﻡ  R HﻡAD -Aب و س آ  ا "اد ا +Aﺹ
اﻥ"ب ا ) *+وا  Gﻡ& ا .&-و ' وﺽ_ ﻡ& ا p.+,ان ا $+ا *"د :ﻡ& ا?ﻥ" ا^

ﻡ&

]داد ] د:

ا -ا ) ﺝ' ا^ mA (&Dا] د 9 :ا aFGاDآ  زﻡ  9ا?ﻥ" .
و ' اﺝ  l Hا'رات   1ﻡد& ﻡ& ا"  ﻡ' +Aﻡ &+وه  " ا < & ا9ﺙت ) ( PETو"
+ا" 9روا < & )  b (PTFEاﺝ  Hت  _-  1ا"  ا ' +Aم  $و' ﺽ  زﻡ
ا  :'"+ﻡ& ا?ﻥ" ا^

وا  @ Gس زاو

ا +س )( contact angle

ووﺝ' اﻥ '  ,+

ﺽ  زﻡ .و ' @  D9ا,ت ' +م ا  ا?+وﻥ ا _ ) b ( SEMوﺝ' Fا واﺽ9 D
ﻡ"ر""9ﺝ ا ' _-Aض ا,ت  زﻡ ا  .:'"+و ' @ س ﺥ^"ﻥ ا _-Aووﺝ' اﻥ ]داد ] د:
R

ازﻡ ا  :'"+وه :%اf p.+,آ' ]ا ' ﺥﺹ ا?/+ق  دة ا"  ' ﺽ  زﻡ.

واﺝ  Hدرات   1س اF+ات اDدﺙ ? " ^Yا < & ا9ﺙت ) ( PETو ' @ درا ه:%
اF+ات  ,ت  Yا ^ وا ^ ' +ام ,ت ﻡ  * +ﻡ< $ﻡ-ف ا? HD 2ا Dاء ) (FTIR
وﺝز ا  ا?+وﻥ ا _  9ا"+ﺹ Jا+آ  :%ا,ت أﻡ اF+ات اDدﺙ  9ا "اص ا."G
? Y PET ^Yا ﺽ  زﻡ وا  Gا ﺽ ' +  @ '9ام  ,ا?Rف ا*""ﻡ2 +
"9ق ا ( UV/Vis) A*,و?ﺽ 9ا ذ '9 dوﺝ' ان "9ة ا-

ا ]  ,+ ."Gدة اW^+

وا+ض  زﻡ و ' اوﺽ HDﻥ p.+س ا "اص ا ?9م  PETاﻥ ]داد  9

ا"+ﺹ 

ا ' ا.W^+
و ' @  l $ 1ا-+ت  l  1ا دن ﻡ< $ا?"ﻡ",م واD,س و ا "' ",م

 $و' ﺽ

 زﻡ ا '"+ة ﻡ& ﺝز ذف ازﻡ اواري و ' ا' +م ا  ا?+وﻥ ا _ )( SEM
  Cا"ﺹ JاG+   /*+ر  oوا Aت ا,  D-Aت ا اد درا +وا ﺽ  زﻡ? .ﺽ9
ا  D9ا F+ات ا- , "+ت ا _-Aا رﺝ  دة ا'ف ﻡ& ﺥل ﺝز ﻡ $ Dا 2اآ ( XRF) oو
 & G+ا'را ا  Gس ﺹ ه :%ا "اد ا +ﺽ  Hزﻡ وا  Gا "اد ا ،H +و ' & ﻡ&
ا" p.+,اﺝ'  lا,ﺹ ا' ' :ا _-  1 C +ا,ت ' ﺽ *,ث ازﻡ ا 1A W9',
 1ﻡ& ذف ازﻡ اواري   ^ @ bه :%ا,ﺹ ﺝ] :ا  ^+ا  ,و ' 'Dﻥ+A
وآ]ا ا  _-  1 * +ا,ت و ' @ س   dا "اد ا  ' +ا+ض  زﻡ وا  @ Gس
ﺹ ه :%ا "اد ' ا+ض  زﻡ ووﺽ_ ان ﺹ] +داد ز د :آة ' ﺽ  زﻡ.

و ' اوﺽ HDا p.+,داﺥ $ا  د ا"  ا ' +Aﻡ &+وه  ) ( PET, PTFEوا   Gدن وه
ا?"ﻡ",م واD,س و ا "' ",م اﻥ
 زﻡ.

' 'ث  Fا ,ءا  9ﺥ"اﺹ ا+آ وا*]  ' .ﺽ@
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Abstract
ABSTRACT
The aim of the present work is to study the capillary plasma discharge
dynamics and characteristics. The capillary plasma device is a new
technology for producing high density plasma after ablating the capillary wall
using a pulsed electric power. An Electrothermal Plasma Gun (ETG) is
composed of a capillary discharge tube made of Teflon operated with simple
RLC circuit. The device called Electrothermal Gun (ETG) which is
composed of 4 capacitors (70 µF, 10 kV, 1.28 µH) connected in parallel to a
plasma source by means of one high power supply. The gun was operated in
open air at discharge energies between 35J – 3.5 kJ according to charging
voltage. The work presented in this thesis covers the following items,
1- Measurements of the basic parameters and characterizations of the pretest results of the electrical circuits and capillary plasma discharge using
Rogowiski coil, voltage probe and Photomultiplier.
2- Material processing including (physics of the surface modifications, the
morphology of the surface by using Scanning Electron Microscope
(SEM) at different conditions, compositions of the materials by using Xray Fluorescence (XRF), Micro hardness test and material particle
deposition.
In order to understand the operating characteristics of an electrothermal
plasma gun and its design, a variety of operation characteristics including
(the length of the capillary, applied voltage, diameter of the capillary tube,
circuit inductance) were investigated to determine performance effects and
viability in a real system. The results indicated that, the current lagged the
voltage i-e the plasma source has an inductive reactivity. The maximum gun
current ranged between 9 - 49 KA according to the charging voltage of
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capacitors. The maximum gun power ranged between (11.3 – 106 MW) and
varies linearly with discharge voltage.
It is noticed that, at shorter capillary lengths higher main discharge peak
current levels are achieved primarily because the path length between the
electrodes is shorter which reduces the resistance. Moreover, the data show
that, the periodic time of the current pulses and its amplitude are controlled
by the inductance of coils in the electrical circuits and reported that, an
increase in inductance causes a decrease in the peak current and an increase
in the periodic time of the discharge current signal. Also, the experimental
results show that the discharge voltage increases with reduction of the
capillary diameters and the current dose not change much since it is
determined by the circuit capacitance and inductance. Thus, the capillary
plasma resistance increases with the decreasing in capillary diameters.

The mass of capillary tube is weighted before and after the plasma
created inside the capillary tube and the results show a difference of the
weights due to the mass loss. It was found experimentally that the mass loss of
the capillary tube increases with the increasing in charging voltage and that is
because of the increase in the capillary plasma pressure. The morphology, the
particulate and surface structure which created by the plasma ablation is
investigated. Moreover, the morphology studies are described according to the
visual appearance of micrograph which taken by the scanning electron
microscope (SEM). The results of the (SEM) term describe what the SEM
image looks like.
Some physical properties of Polytetrafloroethylene (PTFE) films were
studied; whereas the surface free energy of polymers is an important factor to

iii

Abstract
be studied. It affects the surface properties such as wetting, adhesion and
biocompatibility. Therefore, in the present work, the change in the surface
free energy of (PTFE) samples is reported. The surface morphology of the
pristine and irradiated Polyethylene terephthalate (PET) samples is
investigated as imaged by Scanning Electron Microscope (SEM). The
untreated sample showed rather relatively smooth surface, meanwhile, the
SEM micrographs of bombarded samples display numerous small voids on
the surface of the PET samples as a result of capillary plasma discharge
irradiations.
X-Ray Florescence (XRF) analysis showed that, there are some
elements appeared on the surface of the sample after exposed to the capillary
plasma, these elements and their concentrations are recorded.

UV/Vis spectra of the pristine and the irradiated sample were
performed in the wavelength range from 190 to 600 nm, using the UV–
Visible spectrophotometer model CECIL 3041, UK. The Ultraviolet/visible
absorption (UV/VIS) spectra lead to some measurements for optical band gap
energy (Eg) by monitoring of the absorption edges and carbonaceous cluster.
The optical band gap (Eg) energy decreases while the number of
carbonaceous cluster increases with the increasing ion fluency. It was found
that the value of optical energy band gap decreases from 4.13 eV for pristine
sample to 3.4 eV for the sample exposed to the 1715 J. The decrease in the
optical energy values is due to creation of carbon enriched clusters which
leads to a decrease in optical band gab.
Carbonaceous clusters are supposed to be rich with charge carriers that
enhance the electrical conductivity in ion irradiated polymers and
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consequently they also influence the optical properties of such materials. The
number of the carbon atoms in clusters increases from 69 for pristine PET to
88 and 102 for PET irradiated with energy of 875 J and 1715 J respectively.
Contact angle measurements showed that wettability and surface free
energy of samples increases with increasing the irradiation dose, where the
values of droplet contact angle of the samples decrease gradually with
increasing the radiation dose. The increase in the wettability and surface free
energy of the irradiated samples are attributed to the formation of hydrophilic
groups on the polymer surface by the oxidation, which apparently occurs by
the exposure of irradiated samples to air.
The results showed that the surface roughness (Ra) of PTFE polymer
films is increased by capillary plasma discharge irradiation. The Ra is about
0.26 µm for pristine sample and increases to 1.17 µm for PTFE sample
irradiated to energy of 875 J and the roughness increase to 1.88 µm with
exposed to energy of 1715 J.

Also, the results showed that the surface

roughness Ra of PET polymer films is increased by capillary plasma
discharge irradiation. The Ra is about 0.21 µm for pristine sample and
increases to 1 µm for PET sample irradiated to energy of 875J and the
roughness increase to 1.66 µm with exposed to energy of 1715J.

In addition, Fourier Transform Infrared Spectroscopy (FTIR) technique
is applied, to study the change in the structure of the films as irradiated. Also,
in order to investigate the change in the surface morphology for the pristine
and irradiated PTFE films, SEM was performed. Furthermore, the analysis of
the sample metals (aluminum, molybdenum and stainless steel) surfaces of
treated and untreated samples with and without plasma are recorded and
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discussed. The results show a quit different of the surface morphology after
exposed to the plasma. The experimental analysis of the film hardness
illustrated that the Vickers’s micro hardness of the film increases upon the
plasma treatment, and the results showed that, the hardness of the
molybdenum sample increased by 90 ℅, the hardness of the stainless steel
sample increased by 35.3 ℅ and the hardness of the aluminum sample
increased by 497℅.
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Chapter one
General Introduction to Plasma
1.1. Introduction
The simplest definition of plasma is a collection of ionized and unionized gas
molecules. The degree of ionization depends on the plasma devices, gun pressure, gas
type and the plasma energy source. For example, fusion plasmas and plasmas found in
the cores of stars are completely ionized whereas most industrial plasmas are only
partially ionized [1].
Plasma

has

often

been

called

the

fourth

state

of

matter

(solid↔liquid↔gas↔plasma). It forms when gas molecules achieve a kinetic energy
beyond that of their ionization energy. At this energy, the most loosely bound electron
can break free from the electron cloud surrounding the nucleus. However, all gases
contain some small degree of fractional ionization, and yet they are not classified as
plasma. Thus the definition of plasma must be more refined. Francis Chen proposes three
additional requirements to characteristic the plasma [2]:
1) Quasi-neutrality
2) Collective Behavior
3) And Motion controlled by Electromagnetic forces.
1) Quasi-neutrality means an equal number of electrons and ions coexist. Plasma is
normally formed when a neutral gas dissociates then ionizes, so it naturally contains an
equal number of negative and positive particles. The implications of this quasi-neutrality
can be summarized by the concept of Debye shielding.
The shielding distance around electron or ion is called Debye length, λD, and is given by
(1.1)
Where n is the plasma density (cm-3), Te is the electron temperature (Kelvin) and K
is the Boltzmann constant 1.38x10-16 erg/Kelvin. For Debye shielding to occur, it is
essential that the length of the plasma dimension be greater than the length of the Debye

shield (L>λD). The plasma profile will be that of a charge gradient. The next necessary
characteristic of plasma is collective behavior.

2) Collective behavior means that plasma particles are influenced not only by their
immediate surroundings, but also by regions a significant distance away. In a medium
like air, waves travel only by collisions between one gas molecule and another. However,
in plasma if a charge is displaced from its neutral location, it generates an electric field.
This electric field disrupts the entire body of charged particles. Each one feels repulsions
and attractions resulting in the general motion of all the particles.
However, there must be a significant number of ionized particles within plasma for
collective behavior to be exhibited. In addition, this number must be greater than the
number needed to form a Debye shield. The number of particles in a Debye shield is:

(1.2)
Thus, ND>>1 in order for plasma classification
The acceptable amount of ionization that allows for classification of an ionized gas
mix as plasma is a combination of two factors, the collective behavior (the plasma
oscillations), and the time between ionized particle and neutral gas collisions , that is the
third conditions 3) A third condition has to do with collision if ωp in the frequency of
typical oscillation and τ is the mean time between collisions with neutral atoms, it
requiring that ωpτ > 1, with ωp defined as the frequency of plasma oscillations, in
order to classify an ionized gas as ‘plasma.’[3].

1.2. Electrothermal Plasma Devices.
1.2.1 Introduction
The study of electrothermal plasma devices is considered as one the promising
studies in the field of plasma technology, especially in the last twenty years. This
importance appears due to strong relation between the electrothermal devices and electric
propulsion and, as well as fusion reactors (Tokamaks) [4].

There has been much interest in recent years in the design and implementation of
electrothermal (ET) guns. Furthermore, there has been an increasing interest for
processes using atmospheric pressure electrical discharges; one of these electrical
discharges is the studying of the electrothermal plasma gun which is the subject of this
work. Moreover, the subject of this research thesis is the study of electrothermal guns or
electrothermal-chemical guns which were originally developed to improve the
acceleration of projectiles and studies of the effect of the wall ablation of the capillary
plasma discharge tube as an electrothermal plasma gun. An electrothermal gun is
designed to utilize the interaction of electrically-generated plasma or to create the high
density plasma at high gas pressures necessary for projectile motion [5].
The process of electrical discharges employs a high-power discharge of electrical
energy to vaporize the solid materials of capillary bore (typically Teflon or Artelon), and
the eroded vapor is subsequently ionized to form a dense plasma flow during the duration
of a high current discharge. The vapor plasma then exits the open end of the bore to
create a high-velocity, high-temperature, and high-pressure external plasma jet into the
background gas in an open or closed chamber.
For several years, the accelerator facilities, especially the electrothermal, are used
for surface treatment and modification of metals and alloys [6]. For this purpose, the
electrothermal accelerator is operated without any projectile; only the hypervelocity
plasma pulse generated in the capillary and ejected through the barrel is used to interact
with the surface of a target.
1.2.2 Electrothermal gun idea.
The electrothermal gun (ET gun) or electrothermal accelerator is a propulsion
concept in which all or a portion of the energy used to accelerate the projectile is
provided by an electrical source which is external to the gun breech. A complete ET gun
system comprises four major components as shown in Figure (1.1). The first component
consists of the necessary equipment for generation and storage of the required electrical
power. A capillary is then required through which the electrical current (energy) flows

creating a plasma of low mass but extremely high pressure and temperature. This plasma
passes into the third component, the combustion chamber, in which the plasma interacts
with the chamber wall.

In this research, the properties of plasma propulsion outside the capillary tube will
be studied, due to the walls ablation as a result of the electrical discharge inside the
capillary tube. Also, this research will study the effect of several variables on the process
of plasma propulsion outside the capillary tube like the capillary material, the capillary
dimensions, and electrical energy which used in the process of electric discharge.

Figure (1.1) Schematic of Electrothermal Gun System
Furthermore, electrothermal plasma sources have various applications in
electric launchers technology. Electrothermal plasma sources are used as a launcher by
itself, or as a pre-injector to form a plasma armature in rail guns. In plasma-chemical
launchers, the source injects the plasma into the propellant to control the burn rate. The
operation of such devices may be greatly affected by the characteristics of the injected
plasma (temperature, pressure, flow velocity, etc.) that is produced from the
electrothermal source [7].
An electrothermal source produces, usually, a high-density (1025- 1026/m3), low
temperature (1-3 eV) plasma flow that can serve as an external high heat flux source [8].
ET plasma guns are most commonly studied for their application to hypervelocity
launchers (ET launchers) and plasma assisted ballistics including the electrothermal
chemical (ETC) concept [9]. ET plasma guns also have great utility as material test
stands to study the interactions of high-energy plasmas on surfaces [10]. ET plasma guns

are also studied for their use in the neutralization of explosives and unexploded ordinance
[11].
Several methods have been suggested for producing a directed plasma gun of high
velocity. Among these is the capillary plasma discharge.
1.3

Types of electric propulsion

Electric propulsion can be broadly divided into three mechanisms through which
thrust is produced: electrothermal, electromagnetic and electrostatic devices
Electrothermal: - Electrothermal is a type of electric propulsion devices which use
electric power to heat a propellant, which is then accelerated through a nozzle to produce
thrust. Arc jets, cyclotron resonance thrusters, Capillary Discharge Pulsed Plasma
Thrusters (CDPPT)

and resistojets are examples of this form of propulsion. A typical

system has specific impulses of 300-600 seconds; thrust of 0.1-1 Newton’s and power
levels of 0.1-2 kW. A schematic of an arc jet is shown in Figure (1.2), [12].

Figure (1.2) Arc jet schematic [12]
Electromagnetic: - Electromagnetic electric propulsion devices use a combination of
electric (E) and magnetic (B) fields to accelerate the propellant. Subject to perpendicular
E×B fields, a plasma current j is created. The plasma typically remains neutral, so space
charge limitations are not a concern. The magnetic field is large enough to alter both
electron and ion trajectories. Magnetoplasmadynamic (MPD), pulsed plasma thrusters
(PPT) and traveling-wave accelerators are examples of electromagnetic force devices.
Typical system has specific impulses of 1,500-8,000 seconds

Figure (1.3) Teflon pulsed plasma thruster schematic
Electrostatic: - Electrostatic means electric propulsion devices accelerate charge-carrying
propellant particles in a static electric field. An electron source in the near field
neutralizes the exhaust after it travels through the nozzle. Ion, Hall and FEEP thrusters
are examples of generating force through fields. By using the electric field instead of heat
to accelerate the particles, material thermal issues are largely alleviated, resulting in
higher performance. Typical systems have specific impulses of 2,000-10,000 seconds,
thrust of 0.1 µN - 1 N and power draws from 1-5,000Watts. Figure (1.4) shows a Hall
thruster in operation [12].

Figure (1.4) Hall thruster schematic [13]
1.4. Capillary Discharge Pulsed Plasma Thrusters

A capillary discharge (CD) is a pulsed, ablative electrothermal PPT, capable of
efficiently producing high density plasma. These devices are characterized by their high
aspect ratio. An arc is established in the center of the capillary, which results in ablated
wall material that constitutes the high density plasma. In the case of PPT, one end is
open, allowing the plasma to exit the capillary while at the same time creating thrust. In
section 3.2 and 3.3 a detail description of this device and its electrical circuit. This circuit
includes a pre-charged storage device, usually a capacitor bank and some other
diagnostics. Furthermore, Capillary discharges (CD) are relatively efficient sources of
high density, high temperature plasmas which are being developed for a number of
applications [14].
1.5

Capillary Discharge Applications

Capillary discharges are efficient sources of high-density high-temperature pulsed
plasmas which are being developed for a wide range of applications. Some of the
important applications of the capillary are indicated as follow:A- Capillary discharges have been used as pre-injectors for electromagnetic rail
systems that provide initial acceleration and the material needed for the plasma
armature [15].
B- Capillary discharge have been used as x-ray sources for low pressure capillary
discharges and electro-thermal-chemical guns for high- pressure capillary
discharges [16].
C- Capillaries have been investigated as wake field accelerators and optical guides
for high power lasers[14]
D- Capillaries are used for studied the interaction between a high-intensity laser
pulse and a plasma which is important for a wide range of applications, such as
high-harmonic generation.
E- Capillaries are used for EUV generation which is an important application as
microlithography [17].
F- Capillary plasma discharge is used for Material ablations
1.6

Capillary Discharge Description

Capillary discharges can produce high-density, high-temperature pulsed plasmas [15].
They typically consist of a long capillary of a nonconductive material, usually high
density

Polyethylene

(HDPE).

Figure (1.5) Capillary Discharge Ablation Process [15]
In this experiment a Teflon tube with electrodes at both ends of the capillary are
used and it is shown in figure (1.5) which illustrate the basic processes occurs in the
capillary plasma discharge including ablation processes, radiation processes and energy
transfers.
Capillary discharges are ignited by creating pre discharge plasma throughout the
capillary using an ignition source, typically an exploding wire ignition system. A
capacitive electrical energy source is connected across the electrodes. Once a conductive
path has been created between the electrodes, current will begin flowing between them
and the plasma will be heated by Joule heating.
The heated plasma along the axis radiates, ablating material in the wall. The ablated
material becomes dissociated and ionized during its transit through a thin (typically
several µm) transition layer, adding mass to the capillary discharge [18].
1.6.1 Ablation Processing
Ablation and melting of surfaces in devices such as electromagnetic launchers and
electrothermal accelerators are of fundamental concern. The plasmas in these devices can
expose surfaces to heat fluxes greater than 1010 W/m2 for duration of 1-100 µs. In

general, a simplified view of the process that occurs in the breech of an electrothermal
gun is the following: Electric energy is inputted to the system leading to heating of initial
plasma that is weakly ionized. As the plasma is heated, radiation from the plasma
produces ablation of the breech-wall material. The ablated material dramatically
increases the plasma density. Due to the pressure buildup by the plasma is transported
axially, which leads to both particle and convective energy loss of the plasma [19]

Figure (1.6) Ablation Mechanisms [15]
Figure (1.6) is an attempt to illustrate the various ablation mechanisms and the
energy transport mechanisms that typically causes them. Only the most relevant energy
paths are shown for simplicity. The ablation process that occurs at the surface of the
capillary wall is a complicated process [15]. There are two main transport mechanisms
that can generate heat or energy to the capillary wall. These mechanisms are convection
and radiation. (i) The process of convection is described by energy that is transported to
the surface by collisions, where a particle within the plasma deposits energy to an atom
on the wall. (ii) The other main form of energy transport is radiation. Photons interact
with the surface atoms either by breaking molecular bonds directly, or are being absorbed
into the vibrational modes of the molecules, causing heating [15].
Furthermore, there is another process which is called (iii) Conduction process. The
conduction process is a common heat transfer mechanism and only acts as a loss
mechanism in these discharges. Due to the relative long time scale in which conduction

occurs, it does not effectively aid in ablation during the short time of the discharge pulse.
Any conduction that does occur would be relatively small and regarded as a loss.
Ablation occurs in a number of different ways. The three main forms in which
material can leave the surface are photo-ablation, macro-particles, and thermal pyrolysis,
as illustrated in figure (1.6). (A) Photo ablation occurs when a photon has enough energy
to break a molecular bond of an atom directly, potentially releasing it from the surface.
(B) In macro particle ejection a localized hot spot within the bulk material leads to a high
pressure void which explodes outward ejecting macro particles along with the originally
ablated gas. Often times these macro-particles are quickly dissociated and ionized in the
plasma column, but they do affect ablation rates and efficiencies. (C) The third form,
called thermal pyrolysis, simply refers to an amount of material that leaves the surface
due to the material’s elevated vapor pressure at a certain elevated temperature. Any
damage or heating that occurs within the material is a form of energy loss, for it does not
lead to ablation.
1.7

Capillary Discharge Physical Assumptions.
There are three primary physical assumptions that are typically used to produce

simplified capillary discharge models. The first assumption (1) is that the capillary
discharge is an electrothermal device so that the effect of magnetic fields can be
neglected. The second assumption (2) is that the plasma is in local thermodynamic
equilibrium (LTE). Under LTE conditions charge particles are considered to be the same
temperature, greatly simplifying the physical model. The third assumption (3) is that the
plasma is ideal plasma. Ideal plasmas are those in which, for the majority of the time a
plasma particle is traveling, it is unaffected by other particles and only rarely experiences
strong charge interactions.

1.7.1 Pressure Ratio
In this section we will use β parameter which is the ratio of thermal pressure to
magnetic pressure in the plasma and is given from this relation,

β =

P
P

T
B

(1.3)
Where PT is the thermal pressure defined by

P T = nkT

(1.4)

And PB is the pressure caused by the magnetic field.
B 2
P B =
2µ 0

(1.5)

The magnetic field in the capillary discharge is generated by the large current flowing
though the plasma column. The relationship between the plasma current and magnetic
field can be assumed from Amperes law

µ

0
(1.6)
I
2π r
By substituting equations (1.5) and (1.6) into equation (1.3) an expression for β is

B =

obtained [15],
β=

8nkT  π 2 r 2 
µ 0  I 2 

(1.7)

For a temperature (2 eV), density (1x1025 m-3), radius (0:002 m) and nominal current (6
kA) expected in the experiments conducted here, the pressure ratio β is about 22. Because
β >> 1 so that the device is considered purely thermally driven. It is important to note
that while β is greater than 1, if the density is an order of magnitude lower, while the
other parameters are held constant, β can get very close to 1 and the previous assumptions
may not be valid.

1.7.2 Local Thermodynamic Equilibrium
A system can be said to be in thermodynamic equilibrium if it is in thermal
equilibrium (temperature), mechanical equilibrium (pressure), and chemical equilibrium
(chemical potential). The condition of local thermodynamic equilibrium (LTE) exists
when intensive properties (such as temperature) may change in the system, but are doing
so slowly so there is approximate equilibrium around a point.

LTE plasma requires that transitions and chemical reactions are governed by
collisions and not by radiative processes. Moreover, collision phenomena have to be
micro-reversible. It means that each kind of collision must be balanced by its inverse
(excitation/de excitation; ionization/recombination; kinetic balance) [20]. The average
energy exchange in an electron-ion collision is: 2 me 

∆ ε e ↔ i = T 

 mi 

(1.8)

Where me is the mass of the electron and mi is the mass of the ion. The average energy an
electron gains from a surrounding electric field between collisions is
∆ εE =

e2 E
m e v ei

(1.9)

Assuming a Maxwellian distribution the electron velocity can be estimated to an order of
magnitude by v2 = kT/me. The average energy gained by an electron between collisions,
due to the electric field, as a function of the electric field, temperature and number
density is given by:∆ εE =

256 π 2 ε 02 K 3 T 3 E 2
e6
n2

(1.10)

The LTE parameter can be defined [15] as a ratio of energy exchanged during electronion collision to the energy gained by the electron from the electric field.
K =

∆ ε e↔ i
∆εE

(1.11)

Combining equations 1.9 into 1.11 a value for the LTE can be obtained.
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(1.12)

Therefore at a given temperature of 4 eV , a number density of 1 x 25 m-3 and an electric
field of 1 x 105 V/m the LTE parameter of K ≈ 1 x 109. This indicates that the plasma is
strongly dominated by collisions and can be considered in local thermodynamic
equilibrium.
1.7.3 The Non-Ideal Parameter

The Non-Ideal plasma parameter, Γ is defined by
Γ=

W PE
W KE

(1.13)

Where WPE is the potential energy between two charged particles and WKE is the average
kinetic energy for a particle.
W PE =

e2
4π ε 0 r

=

1
e2 n 2

(1.14)

4π ε 0

Where the distance between the particles, r, can be express by
energy is
W KE = KT

n

−

1
3

, and the kinetic

(1.15)

By combining these equations an expression for the non-ideal parameter is obtained
Γ=

1
e 2 KT n 2

(1.16)

4π ε 0

For a temperature of 2 eV and a density of 1 x 1025 m-3, typical for the experiments
conducted in this work, the calculated Г is about 0.16. Because Г is less than 1 the
plasma can be considered ideal and is dominated by its kinetic or thermal energy.

1.8 Model and assumptions of the capillary device
J.D. Hurley [21] has been developed a model of the plasma formation and flow in the
source and the barrel of the ET launcher. Several simplifying assumptions are considered
in this model. The plasma parameters are assumed to be constant across the cross section
of the capillary. The plasma is assumed to be an ideal plasma, which is an acceptable
assumption at higher values of input energy to the source (> 4 kJ), where the plasma
temperature is about 3 eV.

Figure (1.7) shows a schematic Diagram of Capillary Model
The basic model that will be employed in the calculations is shown schematically in
Figure (1.7) A potential difference applied between the anode and cathode,( in the figure,
produces a current i which is conducted through a plasma arc in the interior of the
cylinder shown. The current ohmically heats the plasma to temperatures of several tens of
thousands of degrees. Radiation flux ý from the heated plasma then ablates additional
material from the capillary wall. This material replaces the plasma which is shown, via
the curved arrows, flowing out the end of the capillary tube.

1.81 Governing Equations
The three fundamental equations utilized in the analysis of any flow process are the
conservation of mass, momentum, and energy. The number of variables (independent and
dependent) could be reduced by considering the physical problem at hand and making
various simplifying assumptions. The procedure adopted in the code was to consider
volume-averaged plasma parameters, which reduces the number of independent variables
from four to one (lumped parameter model). The momentum equation is eliminated by
assuming that the plasma particles are transported by convection at the speed of sound.
To determine the composition of plasma, Saha equation that describes the plasma state
according to the LTE assuming quasi neutrality will be used. This equation is given by:

n e n i +1
g  2π m e kT 
= 2 i +1 

ni
gi  h 2
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(1.17)

where i is the charge state of plasma species, ni is the number density of species i, ne is
the electron number density, gi is the degeneracy of the i th electron excitation level, Ei is
the ionization potential of the i th charge state, k is Boltzmann’s constant, me is the
electron mass, h is Planck’s constant, and T is the plasma temperature. And the correction
term ∆Ei is given by:
Ze 2
∆E i =
4πε o λ D

(1.18)

Where Z=1 for the ionization of neutral particles, Z=2 for the ionization of singly
charged particles, and λD is Debye length.
Three main conservation equations are to be used to solve the problem under
investigation and getting the plasma parameters. These equations are the conservation of
mass, conservation of momentum, and conservation of energy.
A- Conservation of mass

The rate of change of the particle density in each cell is the difference between the rate
at which particles are introduced into the cell from wall ablation and the rate at which
particles enter and leave the cell. The continuity equation is used and given by:
∂n
∂ ( vn )
= n& a −
∂t
∂z

(1.19)

Where n is the number density of plasma particles (atoms/m3), n& a is the time rate of
change of the number density of ablated material from the cell wall (atoms/m3 sec), and v
is the plasma velocity (m/sec). The time rate of change of the number density of ablated
material from the cell wall is given by :
n& a =

QA w N A
2Q
=
VH sub M p H sub M p R

(1.20)

where Q is the radiation heat flux incident on the wall surface (W/m2), Aw the surface
area of the tube wall (m2), V is the volume of the plasma (m3), R is the radius of the cell

(m), NA is the Avogadro number, Mp is the mass of the atoms that constitute the plasma
(kg/atom), and Hsub is the heat of sublimation. The radiation heat flux Q incident on the
wall surface is modeled as a fraction f of the blackbody radiation is given by:

(

4
4
Q = f T σ s Tplasma
− Tvap

)

(1.21)

This radiation heat flux emitted from the hot plasma core, where fT is the energy
transmission factor through the vapor shield, and T is the plasma temperature.
B- Conservation of momentum

The change in velocity in each cell is due to the pressure forces, the kinetic energy
of particles entering and leaving the cell, and the ablation and viscous drags. The time
rate of change of the velocity in each cell is given by the equation:
∂v
1 ∂P 1 ∂v 2 vn& a 2τ w
=−
−
−
−
∂t
ρ ∂z 2 ∂z
n
ρR

(1.22)

Where τw , is the viscous drag at the wall (N/m2). The first term on the right hand
side is the change in velocity due to the axial pressure gradient. The second term is the
change in velocity due to the kinetic energy gradient. The third term is the velocity loss
due to the increase in the number density from ablated material. The fourth term is the
velocity loss due to the viscous drag at the wall. The viscous drag for steady full
developed incompressible fluid flow was used in calculations and is given by:
τ w = 12 C f ρv 2

(1.23)

Where Cf is the friction factor, the friction factor is adjusted internally in the code
based on the Reynolds number, Re, of each cell.
C- Conservation of energy

The rate of change of the internal energy in each cell in the source section is due to Joule
heating, radiation, flow work, changes in density, internal energy entering or leaving the
cell due to particle transport, and frictional heating. The time rate of change of internal
energy in each cell in the source is given by:
n

∂U
2Q
∂v 1
∂ (nU )
= ηJ 2 −
−P
+ 2 ρ& a v 2 − n& a U − v
∂t
R
∂z
∂z

(1.24)

Where η is the plasma resistivity (Ω.m) and j is the discharge current density (A/m2).
The first term on the right hand side is the increase in internal energy due to joule
heating. The second term is the loss in internal energy due to thermal radiation and the
(2/R) factor is due to the conversion of surface heat flux to volume radiation. The third
term is the change in internal energy due to work done by the plasma flow. The fourth
term is the increase in internal energy due to friction from ablation. The fifth term is the
loss in internal energy due to the cold ablated material entering the plasma. The sixth
term is the change in internal energy due to particles entering and leaving the cell. The
rate of change of the internal energy of each cell in the barrel section is identical to that in
the source except for the absence of the joule heating term. The internal energy of ideal
plasma is given by:

(

)

U = 32 kT 1 + Z + I i + DE

(1.25)

Where DE is the dissociation energy and Z is the average charge state which is given by:
Z=

Ne
∑ Nm

(1.26)

m= 0

The first term on the right hand side of equation (1.25) is the internal energy due to
thermal motion, and I i is the internal energy due to ionization.

1.9 Ignition system
In this section we will explain some ignition methods such as wire ignition method,
paschen ignition method and coaxial ignition method. In this work we will concerning on
the wire ignitions method which are examined and their effects on the discharge and
thruster performance investigated. The preliminary capillary discharge experiments were
ignited using a thin, 0:004 mm diameter, aluminum and copper wires and a capillary tube
made of Teflon and Artelon with different diameters and different lengths.

1.9.1 Wire Ignition

The wire ignition process is a very simple method and very reliable in terms of its
ability to ignite a capillary. Capillary discharge operation not only depends on the mode
of wire vaporization, but the ablated mass and thrust energy will be strongly influenced
by the initial plasma conditions following the wire explosion.
This ignition system uses a thin wire connecting the anode and cathode within a
capillary and the explosion of this wire creates the charged particles necessary for
electrical breakdown of the primary discharge. Due to the chaotic nature of wire
breakdown and vaporization, the initial plasma forming conditions within the capillary
can vary from shot to shot [15].

Figure (1.8) Photograph and x-radiograph montages of an exploding wire [15]

Figure (1.8) shows wire explosions, as a photographed by an intensified fast frame
digital camera and a flash x-ray system, to obtain details of the wire structure hidden by
the expanding plasma. As can be seen the wire does not vaporize evenly. Breaks occur
within the wire due to hot spot formation in the material. In detail, from figure (1.8) the
first image (starting far left) shows the location of the wire (shown in white), suspended
between two electrodes. This image was captured at the beginning of the voltage spike.
Consideration of the energy and resistance of the wire shows that the heating of the wire
to wire melt is homogenous.

The photographic images show that immediately following melt, plasma formation
begins first at the electrodes (where contact resistance is highest) and then at various
points along the wire length. Plasma spots grow longitudinally along the wire (but not
radially) and their number increases (second and third image) until finally the entire gap
between the electrodes is filled with plasma. The rise in resistance strongly correlates to
the length of plasma sheath. As the breaks develop, the resistance increases, thus causing
a voltage drop across each break. A point is reached when the voltage attains the Paschen
or similar threshold for electric breakdown, and an arc discharge occurs. The discharge
current, plasma temperature or resistivity, and the spot dimensions will all affect the
ohmic heating that occurs.

1.9.2. Paschen Ignition
In order to successfully study and understand the capillary discharges and their
ignition, it was strongly felt that the wire needed to be removed and another method used.
A Paschen breakdown ignition scheme seemed the most logical next step in the study of
capillary ignition phenomenon. The idea was to eliminate the wire from the experiment
and lower the background pressure to a range were the space between the anode and
cathode would break down based on the principles of Paschens Law. Paschen found that
breakdown voltage could be described by the equation:
V =

a ( pd )
ln( pd ) + b

(1.27)

Where V is the breakdown voltage in volts, p is the pressure and d is the gap distance in
meters. The constants a and b depend upon the composition of the gas. From the above
relation, the Paschen condition for gas breakdown shows that the voltage required for gas
breakdown between two electrodes separated by distance d, depends on pd, where p is the
pressure in the region between electrodes, and in this case a high voltage and low
pressure are needed.

1.9.3 Coaxial ignition

This method of ignitions provides an electric field disturbance as well as ionized
material that allows the main discharge to occur.
Moreover, this ignitions system use a voltage difference applied across two electrodes
separated by an insulating material to create a surface flash over. For ignition of the main
capillary discharge, it is important that the neutral and charge particle leave the surface
during the second phase of the surface flash over. These particles create a conductive
path for the discharge to occur.

1.10 Capillary plasma discharge applications on polymer
Applications of the capillary plasma discharge on the polymer materials have been

reported. The efflux of material from the open end of capillary discharge is compensated
by material being ablated from the capillary wall. Several surface modification methods
are employed to modify the polymer surfaces, such as chemical, thermal, mechanical and
electrical treatments [21]. The plasma discharge treatment of polymers has been gaining
popularity as a surface modification technique to increase the polymer surface
“attractivity” for applications in tissue, engineering, and electronics [22].
Another interesting property of radiation-modified polymers is the formation of
conjugated double bonds between carbon atoms and increased electrical conductivity of
the material which may support their colonization with living cells higher or adhesion of
subsequently deposited metals [23].

The plasma produced from the capillary discharge has a wide range of applications
on some polymer samples.

Polyethylene terephthalate (PET) film is used in many

technological fields for a wide variety of applications (packaging, decorative coatings,
capacitors, magnetic tape, . . .) since it has some excellent bulk properties, such as very
good barrier properties, crease resistance, solvent resistance, high melting point,
resistance to fatigue, and high tenacity as either a film or a fiber. However, PET is
sometimes an unsuitable material to use due to its low surface free energy, leading to
poor wettability and poor adhesion [24.25]. It is necessary to modify their surfaces to

increase the surface free energy without change in their bulk properties for many
commercial applications.

PET, an aliphatic-aromatic polymer composition and thermoplastic, shows a rather
hydrophobic nature due to its rigid structure. Moreover, PET, having a chemical
composition of C, H, and O, can be expected to be highly infrared active. It was,
therefore, decided to carry out a careful infrared spectroscopy using a FTIR spectrometer
to understand the molecular bonds. The chemical structure of a PET is shown in figure
(1.9):-

Figure (1.9) Chemical structure of PET

The two carbonyl functions together with the aromatic ring provide the structural rigidity
of the macromolecule; little flexibility arises due to the presence of the ethylene group in
the repeating unit.
For another polymer namely Polytetrafluoroethylene (PTFE), another specific
experiments were carried out. Polytetrafluoroethylene (PTFE) is a semi-crystalline
polymer having outstanding chemical, physical, electrical and mechanical properties,
such as excellent resistance to chemical reagents, thermal stability in a wide temperature
range, low dielectric constant, high electric resistance, very low surface free energy and
friction coefficient. This self-lubricating property of PTFE is exploited in a wide range of
applications from rubber ink stamps, ice-making machines, and ultrahigh vacuum
bearings. Polymer films (PTFE) used in this study was irradiated by capillary plasma
discharge

at

different

energies.

Moreover,

Physical

properties

of

pristine

Polytetrafloroethylene (PTFE) is: - white color, transparent, density= 2.2 g/cm3, glass
transition temperature (Tg) = 120 0C, melting temperature (Tm) =327 0C Composition:
[C2F4] n. The chemical structure of a PTFE is shown in figure (1.10):-

Figure (1.10) Chemical structure of PTFE

A Scanning Electron Microscope (SEM), X-ray Florescence (XRF) was performed
to examine the change of surface morphology for the pristine and irradiated polymer. The
present study aims to improve the adhesion for PTFE and PET by increasing the
wettability and surface free energy. This can be done via inducing structural change with
some surface modifications for the polymer through plasma irradiation.

1.11 Aims of The study
The primary aim of the study was to clarify the mechanism of the plasma produced
in atmospheric pressure and to develop the technique further and get the optimum
conditions for using the capillary plasma discharge in applications. So the present study
passes through the flowing steps;
(1)

Construction and design of the discharge chamber, electric circuit and
determination of the thrust plasma parameters under the influence of various
charging voltage and using capillary tube for material processing.

(2)

Optimize the performance of the machine and scanning the working conditions by
changing the charged voltage and at series of tube length, tube diameters and
circuit inductance.

(3)

Study the mechanism of the plasma gun and how to use this plasma to ignite a solid
wire and use this for thin film depositions?

(4)

Gain a basic physical understanding of the operation of the capillary discharge
experiment which was conducted for a variety of geometries, discharge circuit
parameters, exploding wire ignition systems, and ablation of the capillary
components.

(5)

Study, improve and apply plasma generation and diagnostic techniques focusing on
possible applications in the field of surface analysis

(6)

Clarify and understand the physical mechanisms responsible for initiation and
propagation of the discharge inside the capillary tube at different charged voltage.

1. 12 Thesis outline
The dissertation is arranged as follows:
Chapter 1 provides motivation, background information of the electrothermal plasma

devices, types of electric propulsion and gives information’s about
descriptions and applications of these devices.
Chapter 2

describes some articles of the previous work which has been chosen related
to the capillary discharge plasma including electrothermal gun, ablation
effect of the capillary tube wall, testing materials, wire exploding and
capillary plasma applications.

Chapter 3

gives experimental details on the facility, the plasma source and the
diagnostics. A detailed of the capillary tube and its dimensions is given.

Chapter 4

presents several diagnostic techniques are used to measure the different
parameters concerning on the diagnostics of electrical circuit’s parameters,
optical diagnostics and diagnostics of material processing

Chapter 5

divided into two parts, the first part presents experimental results and
analysis. Plasma current profiles are provided at different lengths,
diameters, inductances and charging voltages in the experiment including
a calibration factor for the Rogowiski coil. Moreover, the spectroscopic
measurements are described including plasma density and velocity. The
second detailed the applications of the capillary plasma discharge on the
polymer

materials

like

Polyethylene

terephthalate

(PET)

and

Polytetrafluoroethylene (PTFE). Also, the applications on some metals
(Aluminum, Molybdenum and Stain less steel) are described.
Chapter 6

concludes the research, provides a summary and conclusion of the
measured data.

Chapter two
Review of the previous work
In this section some articles of the previous work will be presented. These previous
work has been chosen related to the capillary discharge plasma including electrothermal
gun, ablation effect of the capillary tube wall, testing materials, wire exploding and
capillary plasma applications. Moreover, the study of electrothermal plasma devices is
considered as one of the promising studies in the field of plasma technology in the recent
years. This importance is due to the strong relation between the electrothermal devices
and electric propulsion. An arc is established in the center of the capillary, which results
in ablated wall material that constitutes the high density plasma. Furthermore, capillaries
have been investigated as wake field accelerators and optical guides for high power lasers
[15].
Capillary discharges are ignited by creating pre discharge plasma throughout the
capillary using some ignition source, typically an exploding wire ignition system. A
capacitive electrical energy source is connected across the electrodes.

2.1 Electrothermal Gun
John D. P. A. Zielinski (1992)

[26]

has used a one-dimensional model for

calculating the properties of plasma arcs in ablating cylindrical capillaries. The objective
of the work is to provide information concerning these plasmas which can ultimately be
coupled to models of both the working fluid and the power supply in electrothermal guns.
Various limiting-case approximations to the model are described. A number of diagnostic
measurements are then discussed for eight separate shots in which an arc was discharged
into a long, open-ended, brass tube. The measurements included the pulsed current
supplied by the power supply, the voltage across the capillary and the pressure within the
capillary measured at a point near the breech or anode end of the tube. Results from the
experiments in this work are (the max. current ranged between 10 to 60 KA, the charging
voltage ranged between 1 to 20 KV, the max. power ranged between 10.91 to 120 MW
and the energy related to the charging voltage and ranged between 5 to 47 KJ. a

Hurley J. D. et al (1995) [27] have found that an electrothermal plasma source (ET)
may be used as a launcher by itself, or as a pre injector for electromagnetic launchers (rail
guns) or electrothermal chemical (ETC) launchers. The characteristics of the injected
plasma may affect the performance of the plasma armature (EM'S) or the combustion
process (ETC's). A 1D time-dependent fluid dynamics code, ODIN, has been developed
to model the plasma formation and flow in the source and the barrel of the ET launcher
SIRENS. The produced plasma is allowed to expand into the barrel (6 mm inner diam.)
that is attached directly to the source. The heat flux can be varied from 2 to 70 GW/m2
over 100 µsec duration for input energies of 1-8 kJ. The code models the energy
transport, particle transport, Plasma resistivity, plasma viscosity, and the equation-ofstate. The measured mass loss of the ablating liner in the source section is in good
agreement with that predicted by the code. Comparisons between the measured and
predicted pressures inside the barrel are in good agreement.

Andreas Koleczko et al (2001)

[28]

have reported that the electro-thermal-chemical

(ETC) initiation and combustion offers the possibility to increase the performance of
guns substantially as new propellant formulations and high loading densities (HLD) can
be safely ignited and burnt in an augmented way. A 100 kJ power supply with maximum
voltages of 22 kV enabled ETC ignition and combustion whereas only stored energies up
to 10 kJ were used. The resistor was<10mΩ and the inductivity was 20 mH. The
comparison of transparent and opaque versions of the propellant is of special interest.
Electrically produced plasma can strongly influence the ignition and combustion of solid
propellants. Predominantly, plasma arcs influence strongly the burning of propellants by
its radiation. The high intensity of the radiation initiates burning with short time delays in
the ms-range and high conversion during exposure also in the case of a stable burns.
Radiation can penetrate into the propellant interior and partially fragment at absorbing
structures which could be artificially introduced or be inherently present as in the case of
a JA2 propellant. Simplified approaches based on the heat flow equation and radiation
absorption can explain these effects at least on a qualitative scale.

Mofreh R Zaghloul et al (2001)[29] have reported that power input to

the

discharge capillary is recovered and used to analyses the basic processes involved in
electrothermal (ET) plasma devices operated in an ablation-controlled-arc regime. A
semi-analytical model for an ET plasma source with non-ideal effects is described and
incorporated into a comprehensive computer code to simulate plasma evolution and flow
in the discharge capillary. The model is one-dimensional, time dependent and uses the
recovered Ohmic power input in the source term of the energy equation. The developed
code has been used to investigate the ablation process and has shown the
inappropriateness of a widely used ablation model. The discharge energy obtained in this
work is 4 KJ, the current is 100 KA, the electron temperature ranged between 1-3 ev and
the ablation energy ranged between 5-8 MJ Kg-1. Code predictions for different plasma
parameters are presented, discussed, and compared to available experimental data.
Keidar, M. et al (2007) [30] had been used a combined theoretical and experimental
study of the capillary discharge and they found that Electrothermal-chemical (ETC)
ignition systems have been demonstrated in gun systems to provide desirable
characteristics including reproducible shorter ignition delays. A combined theoretical and
experimental study of the capillary discharge with an aim to develop a capillary plasma
source with efficient energy conversion was done. The major emphasis in the present
capillary discharge model is the ablation phenomenon. Consideration is given to different
characteristic sub regions near the ablated surface: namely, a space-charge sheath, a
Knudsen layer, and a hydrodynamic layer. A kinetic approach is used to determine the
parameters at the interface between the kinetic Knudsen layer and the hydrodynamic
layer. Coupling the solution of the non equilibrium Knudsen layer with the hydrodynamic
layer provides a self-consistent solution for the ablation rate. The ablation rates are
measured for capillary tubes made of polyethylene and Teflon. Both experimental
measurements and simulations indicate that the ablated mass increases with the peak
discharge current and that a smaller diameter capillary yields a larger ablated mass.
Jean-Luc Cambier et al (2007) [31] have discussed that the pulsed plasma thrusters
have significant experimental heritage over a range of power levels, more recently they
are often described as attractive low-power thrusters due to their small dimensions,

simplicity, and ability to provide high specific impulses at low power levels. A 0D
transient physical model of the capillary discharge was constructed and used to
characterize the operational envelope of the capillary discharge. Fundamental
experimental investigations were also conducted to demonstrate the performance of the
polyethylene capillary discharge over a range of energy/shot levels (500- 1500J),
capillary lengths (4cm-10cm), and LRC circuit inductances (10µH-40µH). The
experimentally measured parameters (voltage difference, current, ablated mass, plasma
temperature, and electron number density) typically agreed with the model predicted
values to within 20%.
A.P. Pancotti_et al (2009)

[15]

have reported that the better understand of the

operating characteristics of a capillary discharge based electrothermal pulsed plasma
source, a variety of ignition techniques were investigated to determine performance
effects and viability in a real system. Discharge current profiles along with thrust and
specific impulse measurements were obtained to take a detailed look at ignition caused
by an exploding wire, the Paschen breakdown of gas, and a surface flashover caused by
the addition of a third electrode. Experimental testing showed that there are only slight
performance differences between the three techniques, however, the surface flashover
ignition method is currently the best option for adapting the capillary discharge to space
applications due to reliable and repeatable operation. Capillary discharge plasma sources
utilizing the surface flashover ignition method showed propulsion efficiencies of 8-18%
within an Isp range between 350 and 650 s with no nozzle expansion or material
optimization. While these numbers do not match performance predictions in work by
Burton, it is believed that material optimization and the addition of an expansion nozzle
will exceed all previous experimental efficiencies.

2.2 Ablation of the capillary wall
Fang M. T. C. and Newland D. B (1983)

[32]

have found that the wall ablation is

caused by intense arc radiation. The evaporated wall material forms an ablation layer
which reduces the effective flow area for the arc quenching gas. The discharge current is
equals to 90 KA. A theoretical model is established to study the complicated interaction

between the ablation layer, the external gas flow and the arc. It has been found that for
arcs burning in affinity related nozzles the arc behavior is controlled by two
nondimensional parameters, one of which is similar to the nozzle coefficient .The other
nondimensional coefficient, which characterizes the effect of wall ablation, is determined
by the thermodynamic properties of the nozzle material, the characteristic quantities of
the gas and the radiation coefficient for a given upstream electrode material. Three nozzle
materials, steel, copper and PTFE have been studied and two arc quenching gases SF6
and air, examined. It has been found that wall ablation greatly reduces the thermal
blocking current but only has a marginal effect on the voltage-current characteristics. A
comparison with the recent test results indicates that the theoretical model can adequately
describe the nozzle arc behavior in the presence of wall ablation.
Stokes A. D. et al (1989)

[33]

Explained the ablation properties of a selection of

insulating materials including PTFE, boric acid, nylon and polymethylmethacrylate have
been studied experimentally and theoretically for arc lengths up to 150 mm, arc diameters
in the range 6 to 20 mm and currents up to 16 MA. The results are in good agreement
with those previously available for PTFE, but show a trend with increasing current
density that does not support a linear model for theoretical predictions.
JOHN G. et al (1990)

[34]

have explained that Ablation-Controlled Arcs (ACA's)

are a particular type of high-density (≈ 1026 m3), low-temperature (≈3 eV) arc used as
switches and for acceleration applications. The wall material under high heat flux will
usually lead to ablation and energy loss by axial convection transport in a cylindrical
geometry. A zero-dimension (0-D) time-dependent code (ZEUS) has been developed to
simulate ACA behavior the code includes energy transport, equation-of-state, and
electrical resistivity models. Particular attention is given to the equation of-state and the
determination of the charged state of multicomponent plasma under LTE conditions. To
study the effect of erosion, the electrothermal gun is operated by a current of 10 – 50 KA
with a pulse length of 100 µs. The 0-D model is self-consistently solved by the fourthorder Runge-Kutta method. The numerical simulation of ZEUS was compared against
both experimental and other theoretical results. Moreover, the purpose of this study was
to compare the results from the numerical simulation of an ACA with the experimental

results. The numerical simulation code ZEUS was developed to consider the timedependent parameters of the plasma that are particular to plasma guns. However the
steady-state parameters of the plasma can be determined by considering long time periods
of the pulse. The comparison of the code with experimental results was carried out to
check whether the assumption that was adopted into the code lead to the correct physics
of the problem.
Mohant R. B. et al (1991) [35] have used the simulation of electrothermal launchers
to include nonideal plasma effects. The max. charging voltage used is 10 KV, with stored
energy of 15 KJ and a max. current of100 KA. The simulation is compared to
experimental data obtained from the SIRENS facility, for the measurable quantity of
ablation depth as a function of the input discharge energy. The plasma model for nonideal
plasma is based on the evaluation of a non-Debye radius due to incomplete screening of
the shielding cloud around a charged particle. The consistent and necessary transport and
thermodynamic functions for weakly nonideal plasmas are included in the timedependent set of governing equations.

Kyoungjin Kim (2003)[36] discussed the capillary plasma device which is a
relatively new technology for producing plasma vapor after ablating the capillary bore
wall using high-magnitude pulsed electric power. Moreover the work showed that timedependent behavior of the plasma flow in the capillary plasma device is investigated
numerically by solving the radially averaged one-dimensional inviscid conservative
equations of gas dynamics using LCPFCT gas dynamics code, which utilizes flux
corrected transport (FCT) in solving generalized continuity equations. Joule heating and
the mass ablation from the bore wall are incorporated in the numerical modeling. The
thermodynamic and transport properties of the plasma are evaluated based on the
assumption of local thermodynamic equilibrium and weakly nonideal plasma. At the bore
exit, the sonic boundary condition is applied due to the thermally choked flow. The
computational results yield the details of the plasma discharge behavior in the capillary
bore including high- pressure and high-temperature plasma conditions at the bore exit.
The results showed that the ablated mass per firing is approximately 7.6 mg, the energy

stored in the capacitor bank is approximately 3.1 KJ, the peak current of 4.6 KA was
obtained at the time of 110 µs and for entail voltage of 5 KV. Computed mass ablation
from the bore wall agrees well with the experimentally determined mass loss, but the
assumption of blackbody radiation from the bulk plasma yields the over prediction in
mass ablation.
Anthony W et al (2006)

[37]

have used common discharge geometry for efficiently

generating plasma from stored electrical energy for gun ignition utilizes a capillary tube
to contain, direct, and sustain the discharge. The plasma gas composition is determined
by the air in the tube before discharge begins and by materials removed from the
capillary tube wall, electrodes, and exploding wire used to start the event. The
conductivity of the plasma in the capillary affects the discharge and the conversion of
energy. The optimized materials, properties, and geometries for these components have
not been identified. A reasonable first step in understanding the capillary tube dynamics
would be to model and experimentally quantify parameters of interest. In the present
work, a series of parametric experiments has been conducted utilizing polyethylene and
Teflon capillary-sustained plasmas in which the mass ablation for the capillary tube is
measured. The capillary geometry, exploding wire geometry, and material and energy
input to the plasma have been varied to provide insight into their respective effects on the
ablation. A systematic study of the efficiency of stored energy deposited into the plasma
will be made with capillary wall material, capillary diameter and length, and the effects
of exploding wires as variables.
Mofreh R Zaghloul (2008)

[38]

have reported that An improved one-dimensional,

time-dependent model with radiation transport is developed and used to simulate the
evolution and flow of Ohmically heated nonideal plasma in the capillary of an
electrothermal (ET) plasma source operated in the ablation stabilized arc regime. The
model uses the Ohmic input power, recovered from the experimentally measured
impedance, as the sole driving force of the computations to circumvent depending on
arguable theoretical models of the resistivity of nonideal plasma. The discharge current
approximately 45 KA, the ablated mass ranged between 32.38 to 28.62 mg and the
discharge energy ranged between 4.21 to 4.16 KJ for the shot index P233. A consistent

model of the equation of state and thermodynamic functions of weakly nonideal multicomponent plasma mixtures is implemented and used to calculate the thermodynamic
properties of the ET plasma generated from the ablation of the capillary wall. The flow
velocity at the bore exit is not allowed to exceed the local sound speed and no prior
assumptions of choked-flow are made at the bore exit. The frequency-dependent and
frequency-averaged opacities of the plasma have been calculated considering the basic
atomic processes of photoionization, inverse bremsstrahlung, resonant photoabsorption as
well as electron scattering. The radiative heat flux escaping the surface of the grey
plasma column is used to calculate the rate of the ablated mass improving the temporal
behavior of the calculated plasma parameters.

2.3 Capillary Discharge for material processing
Mohamed A. et al (1995)

[39]

have used the electrothermal launcher, SIRENS, to

provide extensive study on material surface erosion under typical operational conditions
experienced in electric launcher technology and they used various material surfaces and
exposed it to SIRENS plasma to test their performance, erosion behavior. Tested
materials are pure metals, alloys, refractory materials, specially-coated materials,
insulators and composites, pure and composite graphite’s. Results showed that coating
reduces erosion. Tungsten-based alloys have no observable erosion. Vapor shield
phenomena have been characterized for different materials, and the energy transmission
factor through the vapor shielding layer is obtained. Moreover, this study showed that
material surfaces have been exposed to heat fluxes between 2 to 80 GW/m2 over 100 µs,
to determine their erosion behavior in electric launcher component technology. Results
obtained for material surfaces showed that coating is a potential approach to reduce
erosion. Tungsten-based alloys have no observable erosion. Carbon materials have low
erosion rates compared to insulators and composites Polycarbonate (Lexan) ablates more
uniformly than other tested insulators and composites. The vapor shield is very efficient
in protecting surface ablation of carbon materials and insulators. Tests conducted on
diamond coating on silicon wafers showed removal of the coating due to thermal shocks
under high pressure. Stronger material surfaces, other than silicon, are currently under
investigation for potential diamond coating.

Laxminarayan L. Raja et al (1997)

[40]

have performed that the electrogun metal

vapor plasma discharge is a new high-power pulsed device for producing vapors of
different metals. The process employs electrode erosion to vaporize one of the discharge
electrodes. The eroded metal vapor is subsequently ionized to form dense plasma in
which a high current discharge is sustained. The vapor plasma then exits the discharge
where it can be used in the synthesis of novel materials or as an ignitor for
electrothermal– chemical guns. A model for the electrogun discharge bore plasma flow
bore wall erosion, and simplified models for the cathode and anode regions are presented
in this paper. The bore plasma flow under local thermodynamic equilibrium conditions
and is weakly nonideal. Two electrogun shots involving different cathode materials
(aluminum and titanium) are simulated. Results reveal the physics underlying the
operation of the electrogun discharge. High pressures of the bore plasma result in thermal
choking at bore exit. Cathode material erosion dominates over the bore wall erosion, thus
ensuring a relatively pure metal vapor yield. The exit parameters of the electrogun are
predicted and can be used as input boundary conditions for analysis of the external
plasma jet. The exit velocities of the plasma vary between 5 k d s and 8 km/s for the
range of currents between 10 t0 80 KA. Moreover, the mass erosion rates from the bore
wall are an order of magnitude less than erosion from the cathode surface. For all of the
surfaces examined (Al, Ti, and alumina) the predicted instantaneous erosion rates are
approximately linear with current with somewhat greater scatter for the cathode erosion
rates.
Gregory E. et al (2002)

[41]

have performed that the plasma interactions with

propellants experiment (PIPE) facility is designed for the study of materials and
propellants exposed to pulsed, high-heat flux plasma produced with an electrothermal
plasma gun. PIPE is powered by a single 340- F capacitor with a maximum charging
voltage of 10 kV, for maximum discharge energy of 17 kJ. This work describes discharge
voltage and current measurements made with a high-frequency compensated voltage
divider and a Pearson coil. For these experiments, the gun was operated at discharge
energies between 1.1– 8.1 kJ. The maximum current ranged between 10–45 kA. The
maximum gun power ranged between 30–160 MW. Typical discharge durations were on

the order of 100 µs. Moreover, the electrical discharge characteristics of the PIPE
electrothermal plasma gun operated in air at 2 torr. The characterization of the plasma
load will allow optimization of the pulsed power system to improve the performance of
the current and future electrothermal plasma guns. Furthermore, the plasma resistance at
peak current was determined from the transient voltage and current measurements.
Glen P. Jackson et al (2003)

[42]

have designed an ionization source to efficiently

utilize sub-milligram quantities of electrically non-conducting compounds (i.e. oxides)
for prolonged periods of mass spectrometric analysis is described. The source is coupled
to a quadruple ion trap mass spectrometer in this report, but could readily be modified for
alternative types of mass spectrometers. The coaxial-design glow discharge ion source is
unique in that it incorporates a focusing lens behind the discharge surface to steer ions
towards the ion sampling plate and thereby improve sensitivity. Non-conducting oxide
samples are infused in indium and set in one end of an electrically conductive rod, to
which the voltage is applied. Transmission efficiency is sufficient to allow the
measurement of isotopes of tungsten from a tungsten rod using glow discharge pulse
widths as narrow as 2 ms, which is on the order of single-atom layer sputtering. The
sputtering and ionization processes occurring in the discharge produces mainly atomic
metal ions, regardless of the chemical form of the metals in the samples. This latter
aspect is particularly useful for intended applications involving actinide samples, and
allows a minimal amount of sample handling. In a second application, a metal capillary is
used in place of the rod to create an atmospheric sampling glow discharge. In this mode,
the ion-focusing lens was also found to enhance ion signals arising from volatile vapors
entering the discharge from the capillary.

2.4 Wire exploding in a capillary discharge
M. Shuker et al (2006) [43] have presented the results of a technique to generate jets
of pure Titanium plasma. A Ti wire is exploded in an Alumina capillary sealed with
1atm. of air inside. The generated plasma emerges from the capillary (to a high-vacuum
environment) by ripping a thin Ti foil that seals one of the capillary ends. The generated
plasma jets have a velocity of up to 4.5 ± 0.5mm/µs, an electron temperature of

1.5±0.5eV and an ion density of 2.7±1×1017/cc. The plasma source was designed for a
capillary discharge extreme ultraviolet laser experiment, but might also be useful to other
application such as a target for Z-pinch experiments.
V.M. Romanova et al (2008)[44] have reported the results of an experimental study
of current and dense matter distribution in the discharge channel developed upon
nanosecond electrical explosion of thin tungsten and nickel wires in air and vacuum are
presented. The investigations were performed for different discharge conditions (with and
without interruption of current) using electrical measurements and optical imaging.
Analysis of the optical images has been performed in a shunting breakdown scenario.
Anthony P. Pancotti (2009)

[15]

has examined the effect of ignition on thruster

performance characteristics of a capillary discharge device. Early tests of the presented
device, incorporating an exploding wire ignition, showed a strong dependence on the
initial plasma conditions. The literature supported these findings for more basic
laboratory capillaries, but the effect on a thruster device was unknown. An in-depth
investigation of different ignition systems were conducted for a capillary discharge based
pulsed plasma thruster. In addition to conventional wires, capillary discharges were
ignited with low pressure gas and several different types of spark igniters. These methods
were compared with each other and with newly developed computer models. The
viability of a capillary discharge based electrothermal pulsed plasma thruster as an inspace propulsion system was examined. Thruster performance levels, and their ability to
fill a desired niche, which has historically shown rather poor efficiencies, have been
explored. The max. current produced in this work is 100 KA , the max. charging voltage
is 10 KV and the peak energy is 36 KJ. This work contains a background literature study,
experimental setup and testing of a capillary design, and a comparison to performance
models created by others.
K. Kolacek et al (2009) [45] have reported that the exploding wire in water creates a
capillary with liquid, ever fresh wall. In the beginning the driving current is skinned and
heats the surface layer; immediately, the current starts to diffuse towards the wire axis,
and similarly the heat is conducted in this direction. As soon as the wire surface exceeds

100 oC, the water at the wire surface starts to evaporate creating a thin, high pressure,
insulating water-vapour layer. This process is numerically modelled and the model is
verified by measurement of Hα-line emission in radial as well as in axial directions. From
Hα-line profile/broadening the plasma parameters are inferred.

2.5 Capillary Plasma Applications
L Juschkin et al (1999)

[46]

have performed the result of a capillary discharge as a

pseudo-Planck radiator at the wavelengths 700.2 Å, 713.8 Å, 770.4 Å and 780.3 Å based
on a long capillary discharge which was realized and investigated. Conditions were found
for which the emission of the resonance lines of ArVIII (700.2 and 713.8 Å) and NeVIII
(770.4 and 780.3 Å) becomes optically thick. The characteristics of this radiation were
measured: the energy emitted per solid angle in each of these lines is ~370 _J sr−1, the
duration is ~700 ns for the argon lines and ~500 ns for the neon lines, and the radiant
intensity is ~ 700 W sr−1 for argon and 1000 W sr−1 for neon.
T. Hosokai et al (1999) [47] have presented a new method of optical guiding for the
laser Wakefield acceleration using an imploding phase of a gas-filled fast capillary
discharge. Imploding plasma column has a concave electron density profile in the radial
direction just before a stagnation phase driven by a converging current sheet and shock
wave. The feasibility of optical guiding of high intensity laser pulses using an imploding
phase of the fast capillary discharge has been experimentally demonstrated over a
distance of 2 cm corresponding to ~12.5 times the Rayleigh length. A high intensity laser
pulse (> 1017 W/cm2) focused on the front edge of the capillary has propagated through
the center of the column maintaining its spot size. The electron density in the fully
ionized channel is estimated to be 6.0 x1016cm−3 on the axis and 1.5 x1018 cm−3 on the
peaks with the diameter of 70 µm.

J.-J. ROCCA et al (2000)

[48]

have reported the results of the capillary discharge-

pumped lasers which are the first tabletop soft X-ray lasers to reach a level of
development that allows their routine use in numerous applications. The average coherent
power per unit of spectral bandwidth of the Ne-like Ar laser is similar to that of a third

generation synchrotron beam line, and its high peak spectral brightness makes it one of
the brightest sources of soft X-ray radiation. We have used this very compact discharge
pumped 46.9 nm lasers in combination with an amplitude division interferometer to
probe a large-scale laser created plasma. This result may lead to the use of table-top soft
X-ray lasers in probing a great variety of dense plasmas. In a separate experiment we
took advantage of the high repetition rate of the capillary discharge laser to conduct
reflectivity measurements as a function of angle. These measurements resulted in the
determination of optical constants at λ= 46:9 nm for several materials, and in the
characterization of XUV multilayer mirrors. One of these mirrors was subsequently used
to focus the beam of a table-top Ne-like Ar soft X-ray laser, realizing the first
demonstration of material ablation with a coherent soft X-ray beam. These proofs of
principle experiments in materials science and plasma diagnostics show that tabletop
capillary discharge lasers are powerful sources of coherent short wavelength radiation
that can impact numerous fields.
V.N.Shlyaptsev et al (2002) [16] have reported that the advantages of using of table
top x-ray lasers (XRLs) for different applications have been described. Examples of the
first successful use of XRLs, the current efforts in applying them and the potential
applications where an XRL can be used in future have been discussed. Modeling results
showing the possibility of 3-4 times shorter wavelength capillary discharge x-ray lasers
and calculated spectrum of Xe capillary EUV source are presented.
R. Mohan Sankaran et al (2002)

[49]

have discussed the principle of operation of

hollow cathode micro discharges to a tube geometry which has allowed the formation of
stable, high-pressure plasma micro jets in a variety of gases including Ar, He, and H2 .
Direct current discharges are ignited between stainless steel capillary tubes (d=178 µm)
which are operated as the cathode and a metal grid or plate that serves as the anode.
Argon plasma micro jets can be sustained in ambient air with plasma voltages as low as
260 V for cathode-anode gaps of 0.5 mm. At larger operating voltage, this gap can be
extended up to several millimeters. Using a heated molybdenum substrate as the anode,
plasma micro jets in CH4 /H2 mixtures have been used to deposit diamond crystals and

polycrystalline films. Micro-Raman spectroscopy of these films shows mainly sp3 carbon
content with slight shifting of the diamond peak due to internal stresses. Optical emission
spectroscopy of the discharges used in the diamond growth experiments confirms the
presence of atomic hydrogen and CH radicals.
J. J. Rocca et al (2003)

[50]

have reported the table-top capillary discharge soft x-

ray lasers combine the advantages of a small size and a high repetition rate with an
extremely high brightness similar to that of their laboratory-size predecessors. When
utilized to probe high density plasmas their short wavelength results in a higher critical
density, reduced refraction, decreased free-electron absorption, and higher resolution as
compared to optical probes. These characteristics allow the design of experiments
capable of measuring the evolution of plasmas with density–scale length products that are
outside the reach of optical lasers. reviews the use of a 46.9 nm wavelength Ne-like Ar
capillary discharge table-top laser in dense plasma diagnostics, and reports soft x-ray
laser interferometry results of spot-focus Nd:YAG laser plasmas created at moderate
irradiation intensity (~7x1012 W cm-2) with ~13 ns pulse width duration laser pulses. The
measurements produced electron density maps with densities up to 0.9x1021 cm-3 that
show the development of a concave electron density profile that differ significantly from
those of a classical expansion. This two-dimensional behavior, that was recently also
observed in line-focus plasmas, is analyzed here for the case of spot-focus plasmas with
the assistance of hydrodynamic model simulations. The results demonstrate the use of a
table-top soft x-ray laser interferometer as a new high resolution tool for the study of high
density plasma phenomena and the validation of hydrodynamic codes.
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Experimental Set-Up

3.1 Introduction
In this section the experimental setup of an electrothermal device will be described.
This section presents a detailed discussion of how the devices were built and tested.
From the descriptions of the device components it is possible to compose a general idea
of how these devices work.
The capillary discharge system consists mainly of: the electrothermal source section
(plasma gun), the capacitor bank, the air gap switch (triggatron type), the triggering
system, the electrical power supply, transmission line, associated diagnostics, and safety
procedures. Detailed description of each part will be given below.
A Photograph of the experimental arrangement is shown in figure (3.1).

Figure (3.1) Photographic view of an electrothermal capillary discharge device
Typical capillary discharge gun operates and studies in the present work as a simple
LRC circuit, which allowed the circuit parameters to be easily, and resulted in simpler
[15].

3.2 Capillary Tube as a source of Plasma Gun
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A Capillary plasma discharge as an electrothermal gun has been designed and
constructed to study the main parameters of the produced plasma [51].
The study of the plasma parameters, physical processes and effects of the capillary
plasma cannot be done easily in the present design of electrothermal gun. Therefore,
experimental studying on the capillary discharge have been started separately to get the
optimization design of the capillary plasma discharge tube as shown in figure (3.2) which
illustrate the simple schematic diagram of the capillary plasma tube.

Figure (3.2) Simple Schematic Diagram of The capillary Tube
The capillary is (3mm-8mm) in diameter, (10 mm - 200 mm) long, and is open at
one end only. The discharge is initiated with a thin copper or aluminum fuse wires,
ablation and ionization of material from the capillary surface sustains the discharge. The
anode is made of copper and the cathode is made of aluminum. The aluminum wire is
connected between the two electrodes in a cylindrical tube made of Teflon. The
parameters which are measured by the capillary discharge are the current trace
dependence on (charging capacitor voltage, capillary length capillary bore diameters and
circuit inductance). An electrothermal gun facility was assembled and studied for
investigation of the physical phenomena in an initial state of the capillary discharge [52].
The discharge voltage across the capillary in this experiment was measured as a
function of time using a high voltage probe (BK-PR-28A). The discharge current trace
was measured using a Rogowiski coil and the signal was integrated with respect to time
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to get the total current in the plasma circuit during the discharge. The current signal and
voltage are recorded on Tektronix TDS Oscilloscope model (2014-100 MHZ-1Gs/S).
The diameter of the wire is less than 0.5 mm and has a (1-20 cm) long of copper or
aluminum wires which were held vertically in air, or vertically within a capillary between
two electrodes. Figure (3.2) illustrates the typical capillary discharge geometry. Capillary
discharges typically made of Teflon, and consists of a copper anode inserted into one side
of the tube, and a cylindrical stainless steel cathode on the outside of the opposite end of
the tube. They are typically ignited by shunting current through a fine copper or
aluminum wire strung between the anode and cathode. The wire explodes by the
discharge current at more or less 20 µs and provides the initial plasma used to ignite the
main discharge.

3.3 Electrical Circuit of an electrothermal capillary discharge
The electric circuit diagram is shown in figure (3.3). The capacitor is connected to
the cathode of the gun via a transmission line and a spark gap switch. The electrical
energy of the capacitor is discharged through the gun upon closure of the switch.

Figure (3.3) the diagram and electric circuit of an electrothermal capillary discharge
system
The plasma gun is typically operated in air and a high electrical current vaporizes an
aluminum wire in a small tube and generates hot plasma by joule heating. Moreover, the
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plasma source is generated by the rapid discharge of 3.5 kJ of electrical energy into a
Teflon (Lexan) capillary. This energy is stored in a 70 µF capacitor charged to a
maximum of 10 kV. The capacitor was discharged with a wire load through a spark gap
switch and inductance L. In the experiment, inductance L could be changed into eight
values from 1.3 to 80 µH by an external coil.

3.4 The Electrical Power Supply

The power supply mains are protected by two inductive coils each of "50 m H"
inductance to overcome any surge from the discharge circuit. A load resistor of "100
KΩ", each is connected to the output of the power supply to limit the charging current.

Figure (3-4) Photographic view of a power supply

Figure (3.4) shows photograph of a power supply (HIPOTRONICS type) which is
used to charge the system with variable values of charging voltage. This power supply is
basically an AC to DC power converter. The power supply is capable to charge capacitor
bank up to "12 k V", "60 m A".

3.5 The Capacitor Bank
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The capacitor bank in this work consists of four 17.4µF capacitors. Each capacitor
has a maximum current rating of 100 kA and a maximum voltage rating of 10 kV. The
capacitors are arranging in parallel to provide a total capacitance of 70 µF. The charging
power supply was limited to 5KV, yielding maximum useable pulse energy of 0.9 kJ and
a maximum peak current of 37 kA. Moreover, the connections cables, high voltage
probe, earthing rod, control box and some diagnostics technique are included in the
circuit. The four capacitors are connected in parallel via strips of copper to ensure good
connections and to decrease the overall inductance of the total electrical circuit of our
device. The simplest and most commonly used procedures for reducing inductance is to
divide the capacitor bank into a number of parallel units which are connected to the
discharge tube via a spark gap switch.
The earth plate of the capacitor bank is connected to the mainframe. The two
plates of the capacitor bank are connected to a kilovolt meter through a voltage probe to
detect the value of the charging voltage.

3.6 Triggering System:
The triggering system is used to transfer the charge from the capacitor bank to the
plasma discharge chamber. It is consists of a pressurized air gap switch and a highcurrent pulse triggering circuit. The switch and the pulse system will be described in the
following paragraphs.

3.6.1 Pressurized switch:
The pressurized switch is an electrical switch (triggatron), this switch make
breakdown by several processes, such as; distortion of the electric field, ionization of the
medium by the plasma of the trigger pulse discharge and the ultraviolet radiation of the
discharge trigger pulse. However, the main

effective process is the field distortion, so it

is belongs to the field distortion group.
Figure (3.5) shows the sketch diagram of the pressurized switch consists of three
coaxial electrodes, an upper drilled electrode, a lower undrilled electrode, and the trigger
pin used as a third electrode. The three electrodes enclosed in a cylinder made of
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insulating material (Prespex), and enclosed in the brass cylinder which is connected to the
capacitor bank earthed terminal back lead.
The triggering pin is fixed inside the central hole of the drilled electrode, and is
surrounded by a teflon tube, which act as insulator for the drilled electrode. For triggering
a fast rise time positive pulse is applied to the electrode between the pin and the upper
electrode. At that instance, a very large increase in stress occurs at the pin due to the over
voltage beside the field distortion. The over stress will be accompanied by a field
emission of electrons, which is an auxiliary effect beside the field distortion that will
cause breakdown at a short time.

Figure (3.5) Sketch Diagram of the Pressurized Switch

3.6.2 Pulse generator
The circuit consists of a power supply (transformer of 110 volt and rectifier) to charge
a capacitor of 950 µF capacity. The capacitor is discharged by a central tapped micro
switch via the primary of T.V. line transformer to give an output sharp pulse with
amplitude of 6 KV and a rise time less than one micro second, the output is connected to
the triggering pin electrode.
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Figure (3.6) The Circuit Diagram of The Pulse Generator.
Figure (3.6) shows the circuit diagram of pulse generator. To ensure the triggering of
the spark gap switch, fast rise time high voltage amplitude pulse is applied between the
triggering pin and the upper electrode.

3.7 Safety System:3.7.1. The earth;
To overcome any hazards during the discharge, a good earth of resistance less than
"0.5Ω" is required. The earth points of all system are connected to one point as a star
connection to prevent any closed loops, which could be a source of noises. A special
earth was made to this experiment which consists of a copper triangle placed at "5 m" far
way from the experiment in the side garden with a depth of “50 cm", where the soil is
humid and forms a good conductor. The resistance of that system has been found to be
about "0.4 Ω".

3.7.2. The earth rod
The earth rod, figure (3.7), is used to relieve any residual voltage on the capacitor bank
after the discharge process. It consists of a hollow insulator tube of 1m length and 4 cm
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diameter with a copper hook fixed at the top of the insulating rod. This rod is connected
directly to a group of resistors each of them has a value of (500 Ω, 10 w), all connected in
series. These resistors are connected to earth via a shielded cable. To dump any remains
charges on the system components we apply the copper hook to the connections of the
positive plate of the capacitor bank.

Figure (3.7) Schematic diagram of the earth rode

Chapter 4
Diagnostic Techniques
4.1 Introduction
Several diagnostic techniques are used to measure the different parameters
concerning on the diagnostics of electrical circuit’s parameters and diagnostics of
material analysis. A Rogowiski coil and a voltage divider are used to measure the
discharge current and the discharge voltage respectively. X-Ray Fluorescence (XRF),
Scanning Electron Microscope (SEM), Micro Vickers hardness (VHN) are used for
material processing. In this chapter a more detailed description of the diagnostic tools
used in the work will be discussed.

4.2 Rogowiski coil
The Rogowiski coil [53] is a multi-turn solenoid bent into the shape of a torus and is
used to measure the total discharge current of circuit or the bulk of plasma current. The
design of Rogowiski coil is given in Figure (4.1).

Figure (4.1) Sketch Diagram of Rogowiski Coil
The coil operates on a simple principle. In most cases Rogowiski coils have been
made by placing the winding on a long, flexible former and then bending it round the
conductor.

A schematic drawing of the equivalent circuit for such a magnetic pickup coil, with a
simple "RC" integrating network, is shown in figure (4.2).

Figure (4.2) Equivalent Circuit for Magnetic Pickup Coil
In details, the simplest possible way to measure the current is to place a magnetic
pickup loop or coil in the vicinity of the current to be measured [53]. In such a coil the
changing magnetic induction will cause an electromotive force “dφ/dt”, where "φ" is the
magnetic flux threading the coil. A measure of the flux can thus be obtained by taking the
integral of the induced electromotive force. Since the magnitude of this flux depends on
the magnitude of the current, which produced the magnetic induction, knowledge of the
flux permits the determination of the current.
The flux at any time is related to the main discharge current I, the source of the
magnetic induction, by the form of:φ(t) = K n I (t)

(4.1)

Where "n" is the total number of turns on the pickup coil and "K" is a proportionally
constant which depends on the geometry of the coil and the current distribution. The
equation for the output voltage V(t) across C is given by:V( t ) =

Kn
I( t )
RC

(4.2)

Where "I" is the main discharge current flowing in the measuring circuit, "R" and "C"
are the resistance and capacitance of the integrating network.

A pickup coil arrangement which permits the determination of the current under
circumstances where the geometry is not so precisely known is the widely used
Rogowiski coil or belt. A Rogowiski coil is essentially a multi turn solenoid deformed
into a torus which encircles the current to be measured.

4.3 Voltage Probe
One of the basic electrical diagnostics was used in our experiments; in different
configuration are the voltage measurements. The high voltage measurements of interest
in plasma physics experiments are of two types: i) measurements of high DC voltages on
the capacitor banks (where high resistance voltage dividers of conventional design are
usually employed), and ii) measurements of high-voltage transients occurring during the
discharge of the capacitor through the plasma [53].

In this experiment the transient voltage across the plasma was measured using resistive
voltage probes which are commonly used because of their easy design and fabrication.

Figure (4.3) Simple Schematic Diagram of the Voltage Probe
The simple schematic diagrams of the resistive high-voltage probe are shown in
figure (4.3 ) which consisting of a series of ten 510 ohm/1W resistors shunted by a 51
ohm resistor at one end of the chain. The probe is enclosed in a copper tube of 40 mm
diameter. Moreover, the electrical insulation between the high voltage point and the

copper casing at ground potential is provided by flexible PVC pipe. The divider is then
connected to the oscilloscope through an attenuation terminal.
The output signal is attenuated 100 times. The frequency response of this highvoltage probe limits its response time to about 20 ns. The divider is then connected to the
oscilloscope through an attenuation terminal. The voltage across the two coaxial
electrodes can be calculated from the relation.
The attenuation factor Kv of potential divider is given by Kv=r/(r+ R), where r and R are
the input and output resistance of divider respectively, The attenuation factor Kv is then
0.01.

4.4 X-Ray Fluorescence (XRF)
X-Ray Fluorescence (XRF) is a very simple analytical technique: X-rays excite
atoms in a sample, which emit X-rays at energies characteristic of each element. A
detector measures the energies and intensities of the emitted X-rays. From this, one
deduces which elements are present and their concentrations. When a sample is irradiated
with x-rays, the source x-rays may undergo either scattering or absorption by the sample
atoms. When an atom absorbs the source x-rays, the incident radiation can dislodge
electrons from the innermost shells of the atom, creating vacancies. Electrons from outer
shells will fill the inner shell vacancy and emit x-ray photons [54].
By measuring the energy of the radiation emitted it is possible to identify which
elements are present in a sample. By measuring the intensity of the emitted energies it is
possible to quantify how much of a particular element is present in a sample [54]. The
intensities are related to the concentration of each element in the sample and to the
excitation probabilities. Analysis software detects which peaks are present, finds the
intensity of each peak, and computes the concentration of each element in the sample
[55].

4.5 Scanning Electron Microscope (SEM)

The scanning electron microscope (SEM) uses a focused beam of high-energy electrons
to generate a variety of signals at the surface of solid specimens. The signals that derive
from electron-sample interactions reveal information about the sample including external
morphology (texture), chemical composition, and crystalline structure and orientation of
materials making up the sample [56].

In the present work a Scanning electron microscope (SEM) model Joel Jsm – 5600
LV was used to study the morphology of the sample surfaces which described according
to the visual appearance of micrograph and taken by the scanning electron microscope
(SEM) [57]. The results of the (SEM) term describe what the SEM image looks like is
but not necessary what is actually might be or what is the material type is.

4.6 Fourier Transform-Infra Red (FTIR)
Infra-red spectroscopy is particularly applicable to the study of orientation in some
materials. Infra-red absorbance is due to the interaction between the electric field vector
and the molecule dipole transition moments due to molecular vibrations. The absorbance
is at a maximum when the electric field vector and the transition moment are parallel to
each other, and zero when the orientation in perpendicular [58]. Because each inter
atomic bond may vibrate in several different modes (stretching or bending), individual
bond may absorb at more than one IR frequency. Stretching absorptions usually produce
stronger peaks than bending, however the weaker bending absorptions can be useful in
differentiating similar type of bonds (e.g. aromatic substitution). It is also important to
note that symmetrical vibration do no cause absorption of IR radiation. In general, the
most important factors determining where a chemical bond will absorb or not are the
bond order and type of atoms joined by the bond. The % transmission is simply the ratio
of the intensity of sample beam (It) to the intensity of reference beam (I0)
(4.3)
In the present work a

Fourier Transform-Infra Red (FTIR) model thermo is10 was

used to studying molecular bonding, structure and functional group analysis.

4.7. UV/Vis absorption Spectroscopy
Ultraviolet and visible (UV/Visible) absorption spectroscopy is the measurement of the
attenuation of a beam of light with wavelength after it passes through a sample or after
reflection from a sample surface. The short-wavelength limit for simple UV/Vis
spectrometers is 190 nm due to absorption of ultraviolet wavelength below 190 nm by the
atmospheric gases [59].
Furthermore, the absorption of light energy by polymeric materials [60] in (UV/VIS)
regions involves transition of electron in n, π and σ orbital from ground state to high
energy states. (UV/VIS) spectroscopy has become an important tool to estimate the value
of optical energy gap (Eg). When an atom or molecule absorbs energy, electrons are
promoted from their ground state to an excited state. Irradiation of polymeric materials
results in the shifting of absorption edge from UV towards the visible region [60].

4.8 Micro Vickers hardness (VHN)
Hardness test is practical and provide a quick assessment and the result can be used as
a good indicator for material selections. This is for example, the selection of materials
suitable for metal forming dies or cutting tools. Hardness test is also employed for quality
assurance in parts which require high wear resistance such as gears [61].

Since the definitions of metallurgic ultimate strength and hardness are rather similar, it
can generally be assumed that a strong metal is also a hard metal. The tests determine the
depth which such a ball or cone will sink into the metal, under a given load, within a
specific period of time.
In this work a Vickers hardness test method was used. It is the standard method for
measuring the hardness of metals, particularly those with extremely hard surfaces: the
surface is subjected to a standard pressure for a standard length of time by means of a
pyramid-shaped diamond. The diagonal of the resulting indention is measured under a
microscope and the Vickers Hardness value read from a conversion table [62].

Chapter five
Experimental results and discussions
The results in this thesis divided into two parts, the first part contains on the main
electric parameters of the capillary plasma discharge device. The second part of this
thesis deals with certain applications that have been achieved using the capillary plasma
discharge source, the research work described in this thesis is an attempt to study
physical properties of polymers (PET, PTFE) films.

Part I Electrical circuit parameter measurements
5. I.1 Introduction
The behavior of the machine and the results were carried out at different charging
voltage (1- 8kV), capillary length (1- 20 cm), circuit inductance (1.3- 80 µH) and
capillary tube diameters (1-10 mm), moreover, the ablation effects of the capillary and
the loss of the capillary components are measured. The obtained results are divided into
parts:
•

The first part concerns with used electric circuit which include the circuit
inductance and resistance calculations. The experimental results are compared
with computed results.

•

The second part shows the characterization of the capillary plasma discharge
device including the basic electrical parameters at different conditions of
operation.

5. I. 2 Measurement of electric circuit parameters by short
circuit test
In practice, the short circuit test is usually employed to measure the technical
parameters of the discharge circuit and calibrate the Rogowiski coil. Moreover, the

electric circuit at electrothermal device can be considered as LCR equivalent electrical
components. The electric short circuit test is performed by directly connected to the
output ends of the discharge circuit, so that the discharge dose not flows into the plasma
tube.

Consider of I (t) is the discharge current from a capacitor bank, V0 is the initial
capacitor voltage, V (t) is the discharge voltage between the two coaxial electrodes during
the discharge, C0 is the capacitor bank capacitance, L (t) and L0 are the inductances of the
discharge tube and external circuit respectively, r0 is the resistances of the plasma
external circuit. Therefore, the circuit equation becomes,
t

1
Idt − V 0 + R0 I + L0 dI = 0
C 0 ∫0
dt

(5.1)

The discharge current trace is a damped oscillation waveform that can be assumed of the
form:

I=
Where

I e
0

e

−αt

Sin ωt

(5.2)

−αt

is the damping factor and α = R/2L.

Figure (5.1) Discharge equivalent electrical circuit parameters
The inductance Lo and the resistance Ro are given by;

L0 =

1
C 0 α 2 + ω 2 






(5.3)

R 0 = 2α L 0

(5.4)

5. I. 2.1 Calibration factor of the Rogowiski coil
The Rogowiski coil, when used as a current transformer, need to be calibrated. For a
simple L-R-C circuit, when the capacitor charged to voltage VO is discharged to an L-R
load, the equation which governs the current flowing through the circuit can be written
according to Lee formula. Lee has used a simpler formula [54] for the determination of
discharge current. For the actual peak current flowing, assumed to be a slightly damped
sinusoidal:

I

1

=

π

C V (1 + f )
0

0

(5.5)

T

Where, C0 = capacitance
V0 = charging voltage
f = reversal ratio of successive absolute values of the recorded signal

peaks, which can be calculated from the relation:f=

1 V 6 V5 V 4 V 3 V 2
(
+
+
+
+
)
5 V 5 V 4 V 3 V 2 V1

Where V1, V2, V3, V4, V5 and V6 are the voltage at

each peak of current (from figure 5.2)
T = periodic time (average value of several cycles)
I1 = the first peak value of the discharge current which has to be calculated
Thus, by measuring f and T from the wave form of discharge current, I1 can be computed.
From figure (5.2) f = 0.77, τ= 66µs, V0 = 5KV, C0 = 70 µF,

V1= 27 V. Hence I1= 36.4

KA.

Moreover, the short circuit test is usually employed to measure the technical
parameters of the discharge circuit (external resistance and inductance) and calibrate the
Rogowiski coil. Hence, the discharge current has been obtained at charging voltage 5
KV. Figure (5.2) shows the wave form of discharge current of short circuit.
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Figure (5.2) variation of discharge voltage with time at charging voltage 5 KV
Figure (5.2) shows a typical variation of discharge current for short circuit test. As
illustrated in figure (5.2) and by measuring f and τ from the oscillogram of discharge
current. Hence the calibration factor (K) can be also computed as follow:K=

I
V

1

(5.6)

A / Volt

1

As can be seen from figure (5.2) the waveforms of the discharge current, produced
experimentally, show damped sinusoidal signals of current versus time. According to
experimental results, the calibration factor (K) of the Rogowiski coil is found to be K=
1.296 KA/V.
As can be seen from figure (5.2) at charging voltage 5 KV maximum discharge current is
36.4 KA.

5. I.2.2 Measurement of electrical circuit parameters
The circuit parameters can be obtained using equations (5.2) and (5.3). The angular
frequency ω of the discharge current was calculated from the simple equation:

ω =

2π
= 105 x 10
T

3

Sec

−1

Where T is the periodic time of the discharge circuit

(5.7)
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Figure (5.3) shows the relation between ln(
get the value of

I

)

and the time of each peak to

o

α . α can be calculated by plotting a relation between the time (t)of

each peak of the discharge current and ln(

I
I

)

where I is the discharge current

o

value of each peak and I0 is the current at the first peak. Then the slope of the plotted line
gives the value of

α . It was found that α =9877.56 sec

-1

. By using equation (5.3) the

circuit inductance was found to be L0 = 1.28 µH. Also by using equation (5.4) the circuit
resistance found to be Ro=25 mΩ.
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Figure (5.4) the relation between the discharge current of the short circuit and the
time for measured and calculated results.
Lee Sing model has been used to obtain the relation between the discharge current
and the time [63]. Figure (5.4) shows the relation between the discharge current of the
short circuit and the time for measured and calculated results. Further more, by
comparing the measured results and theoretical calculations, it’s obvious that the
measured results are in agreement with the theoretical considerations.

5. I.3. Electrical parameters of the capillary plasma discharge.
5. I.3.1. Current and voltage waveforms
During each pulse, the variations of the discharge current Idis(t) and of the discharge
voltage Vdis(t) across the electrodes are recorded. Figure (5.5) shows the signal of
discharge voltage and current traces obtained during a discharge with charging voltage of
5 kV .The maximum discharge current approximately 36.4 kA, and the periodic discharge
duration time is approximately 90 µs.

The discharge current trace shows a clear double peak structure as shown in figure
(5.5). The first peak is due to the ignition wire explosion and the second peak represents
the main discharge. In brief, the current approximates to a half sine wave, although the
current decays approximately gradually with time. This figure also show a current dip
and a voltage spike which occur at the same time, approximately at 20 µsec
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Figure (5.5): discharge current and voltage of the gun.
As can be seen from figure (5.5), the coil inductance appears a quit difference on
the signal waveforms of the voltage and current. The small notch in the curves indicates
to the point which the wire connected between the two electrode are exploded. It should
be noted that the capillary plasma resistance is calculated from measurements of the
discharge current and voltage. In addition, the spike in the voltage trace has been
identified as being related to fragmentation of the exploding wire, plasma development
around the wire and begins shortly after the melt phase. The rapid rise and descent in
voltage is seen to be due to changes in plasma resistance, as the current over this period is
constant.
Figure (5.6) shows the discharge current signals at atmospheric pressure at charging
voltage 5 KV.
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Figure (5.6) Current signals of exploding wire in atmospheric pressure of the gun at
5 KV.
In atmospheric pressure a clear signature of the wire explosion is evident (the
current sharply drops and increases again shortly afterwards). Figure (5.6) indicates the
drop in the current shape which is known as the “wire-burst.” The wire fragmentation is
accompanied by a small inflection in the current profile.
Figure (5.7) shows the experimentally measured a maximum discharge current as a
function of charging capacitor voltages. There is a clear increase in maximum of
discharge current with the increasing in charging capacitor voltage.
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Figure (5.7) the maximum current versus the charging capacitor voltage.
As can be seen from figure (5.7) the increase in the discharge current is due to the
increasing in energy gained by the plasma particles causing more ionization by collision.

Figure (5.8) shows an image of the plasma discharge in air atmospheric pressure at
charging voltage 4 Kv. The diameter of the nozzle is 4 mm and this image was taken by a
digital camera.

Figure (5.8) Image of the emitted light from the capillary tube during the discharge
Figure (5.8) indicates the expansion processes of the plasma gun in the atmosphere.
As shown in this figure, the expansion shape of the plasma is started thinner and
increases its width gradually as the going of the time. During the plasma guns expansion
processes, the brightness of the plasma gun increases and then decay.
The high electric field intensity between the two electrodes allows a high plasma flux to
penetrate the nozzle from the tube discharge. It was found the color of the air glow
discharge is bright yellow blue.

5. I.3.2 Plasma Resistance at Peak Current
Referring to the electrical schematic shown in Figure (3. 3) the gun voltage can be
determined as a function of the gun current from the following relation [41] :V (t) = R (t)I(t) + L

dI ( t )
dt

(5.8)

Where the plasma resistance is a function of time and the inductance has been assumed to
be constant. Equation (5.8) can be solved for the plasma resistance
V (t) _ L
R (t) =

I(t)

dI ( t )
dt

(5.9)

Equation (5.9) is a single equation with two unknowns; the plasma resistance as a
function of time and the gun inductance. At the peak current, however, and the inductive
term drops out. The plasma resistance at peak current becomes [41],

V(t max)
R ( t maxtmax
) =is the time at which the maximum current occurs
Where
I(t max)
Plasma resistance
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Figure (5.9) Plasma resistance at maximum current

A plot of the plasma resistance at peak current versus the magnitude of the peak current is
shown in Figure (5.9). It can be seen in the figure that the plasma resistance at peak
current decreases with increasing plasma current. The peak plasma resistance can also be
said to decrease with increasing discharge energy.

5. I.3.3 Current Trace Dependence on Capillary Length
In this case the average maximum current values of every five shots of the tube
length were done. Figure (5.10) shows the experimentally measured discharge current
traces for different Teflon capillary lengths at charging voltage 5KV. From the results
recorded, it can be noted that at shorter capillary lengths higher main discharge peak
current levels are achieved primarily and that is because the path length between the
electrodes is shorter which reduces the resistance.
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Figure (5.10) the discharge current through the capillary hole versus the time for
different values of the Capillary length at charging voltage 5 KV.

5. I.3.4 Current Trace Dependence on External Circuit Inductance
Figure (5.11) shows the experimentally measured discharge current traces for
various numbers of inductors and the discharge conditions listed in table (5.1). As
expected an increase in inductance causes a decrease in the peak current and an increase
in the periodic time of the discharge current signal. The current initiated in capillary
discharge system is damped sinusoidal in nature and frequency of this sinusoid is
determined by the parameters of the discharge signal, inductance, capacitance and
resistance. Different type of faults cause change in these parameters, thereby resulting
into change in frequency of current and voltage for normal discharge capillary column
was shorted by a copper and aluminum wires. Under normal discharge, the breakdown
takes place inside the capillary. Since the periodic time of discharge signal is increased,
the inductance will be higher and the frequency will be lower.
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Figure (5.11) Current Trace Dependence on Circuit Inductance at charging voltage
5KV
As can be seen from figure (5.11) the periodic time of the discharge current and its
amplitude are controlled by the inductance of coils in the electrical circuits.
Table (5.1) mean value of maximum discharge current and periodic time versus the
circuit inductance at VCH=5KV data measurements.
Circuit Inductance(µH)

Max. Current (KA)

Periodic time (µS)

1.3
10
20
30
45
60
70
80

36.4
16
9
7
5.1
3.5
2.8
2.1

101.1
227
312
363
410
480
550
600

5. I.3.5 Current Trace Dependence on Capillary Diameter
The inner diameters of the cylindrical capillary is varied from 4 to 8 mm and the
length is 40 mm. Figures (5.12)and (5.13) show the waveforms of the discharge current
and the voltage across the capillary respectively for capillary diameters of 4, 6 and 8 mm.
It has been reported that reduction of the capillary diameter leads to an increase in the
energy applied to the plasma source because the plasma resistance increases with

decreasing capillary diameter and hence, results in an increase of the input energy into
the capillary plasma [64].
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Figure (5.12): Waveforms of the discharge current for capillary diameters of 4, 6
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Figure (5.13): Waveforms of the discharge voltage for capillary diameters of 4, 6
and 8 mm.
The experimental results show that, the voltage increase with reduction of the capillary
diameters while the current dose not changes much. Thus, the capillary plasma resistance
increases with decreasing of capillary diameters.

5. I.3.6 Power and Energy Measurements

The electric power flow into plasma discharge tube can be calculated by
multiplying the measured discharge current and voltage. Thus the total power input to the
discharge tube is given by the following relation,
P (t) = V (t) x I (t).

(5.11)

Where V (t) is the gun discharge voltage measured with the high frequency voltage
probe, and I (t) is the gun discharge current measured with the Rogowiski coil. A typical
gun power at charging voltage of 6 KV is shown in figure (5.14). The maximum gun
power for different charging voltage is shown in figure (5.15). The maximum gun power
is about 11.3 MW at 1 KV charging voltage and increases to around 106 MW at 8 KV
charging voltage
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Figure (5.14) Gun power at charging voltage 6 KV
It can be seen that the gun power increases rapidly after initiation of the discharge,
reaching its maximum of 78 MW in less than 15µs then it returns to decrease as shown in
figure (5.14).
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Figure (5.15) Maximum gun power at different charging voltage
Figures (5.15) show the gun power shown is for the same shot as the voltage and
current traces shown in figure (5.4). The results show that the maximum gun power
increases gradually with the increasing of charging voltage.
The energy flow into the discharge tube is estimated from the integration of the
power flow traces P (t), by calculating the area under the curve of the power flow as the
relations

From that, the energy flow into the

discharge tube is then obtained by calculating the area under the experimental curve of
the input power to the plasma tube at different times during the cycle of Idis. The gun
energy results were shown in figure (5.16).
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Figure (5.16) Maximum gun energy at different charging voltage

5. I.3.7 Ablations Effects of The capillary Wall Material.
In order to understand the basic characterization of the Capillary discharge, it can be
seen that the capillary discharges maintain a resistive arc through a narrow insulating
capillary by the continual ablation of the capillary wall material or by injected mass.
They are typically ignited by shunting current through a fine copper or aluminum wire
strung between the anode and cathode. The wire explodes in more or less 15 µs according
to the circuit inductance and provides the initial plasma used to ignite the main discharge.

One phenomenon that was observed during gun ignition tests, when more than one
firing was taken on a tube, there is a clear change in the discharge current as shown in
figure (5.17). Figure (5.17) shows the current profile for 4 shots were taken on the same
capillary tube. The first discharge had noticeably higher currents and longer discharge
times.
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Figure (5.17): Four consecutive signalus on a 4 cm capillary at 5 KV.
The change in the surface properties will be affect on the peak of current and
periodic time of the signal recorded. After the first discharge occurs the material surface
is significantly different. This different due to the ablation effects can be seen as a black
capillary. The inner surface of the capillary discharge tube is smooth, roughened from the

boiling and evaporation that occurs during the ablation process. There is also soot that
coats the surface from the previous discharges.

5. I.3.8 Mass Ablation Measurements
The plasma inside the capillary tube was heated resistively by the electric current
flowing between the electrodes. The interaction of the discharge plasma with the tube
wall has induced ablation of the capillary material, which, in turn, was added to the
plasma. As a result, a high pressure was developed inside the capillary, causing a mass
flow outward through the open side of the capillary.
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Figure (5.18): Ablated Mass Verses Initial Capacitor Voltage.
The mass loss from the capillary wall is detected using a digital balance and the
individual masses of the tubes, anode, cathode, and ignition components (when present)
are all weighted separately and then weighted again after assembly , the weighted done
after every 10 shots at the same parameters. The mass loss for a single pulse as a function
of the initial capacitor voltage is shown in figure (5.18), after a set of 10 fires, all the
components are weighed again (both together and separately). By weighing the
components together and separately it is possible to determine the mass loss of the
electrode as well as the material ablated form the capillary wall.

As can be

seen from the results, the mass loss due to electrode erosion was significantly higher than,
the mass loss from the tube itself.

5. I.3.9 Measurements of mass removed from capillary wall with

different tube diameters
The experimental results show that one of the most critical parameters in the
evaporation process is the discharge current. The mass of metal ablated from the
electrodes increases with increasing of the current density [65]. The capillaries mass loss
due to their ablation during the discharge as well as their diameters at the capillary exit is
quite different after exposed to the plasma than before. Moreover, the study of the
capillary and anode mass losses is important as it may allow to compare some plasma
parameters results at various electrical energies and to understand the procedures to the
gun performance as well as erosion of the gun component (the plasma gun electrode and
the capillary sleeve).
A series of measurements were made to study the ablation process of the system
components for different stored energies. The amount of ablation was determined by
measuring the weight difference of the system components before and after the plasma
exposure. In general, the explosion of the copper and aluminum wires provides a
conducting vapor, and subsequent ablation and ionization of dielectric material from the
capillary walls maintains the plasma within the capillary as the plasma jet discharges into
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Figure (5.19): Changes of the capillary exit diameter and mass with respect to
number of firings.
Figure (5.19) show that, the increase of the capillary exit diameter due to the
erosion of the capillary bore and the mass of the capillary which is decreased gradually

with the number of shots. The changes in the capillary bore exit diameter according to the
number of firing are measured by using traveling microscope.
It was found that the plasma density decreased by the increasing in capillary tube
diameters. Therefore, it is demonstrated experimentally that the rate of wall ablation
increases markedly because of the increase of the consumed energy into the capillary as
the capillary diameter decreases.

5. I.3.10 Plasma gun expansions
In this case the Teflon capillary is ablated by the high power discharge. The output
intensity of the plasma is adjusted by changing the charging voltage.
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Figure (5.20) Sequence processes of the plasma gun in the atmospheric pressure at
different discharge voltages.
Figure (5.20) shows the typical pictures of the luminescent of the plasma gun in the
atmosphere as the discharge voltage is 2 KV, 4KV, 6KV and 7KV and the diameter of
the nozzle is 3mm. As shown in the figure, the expansion shape is similar at different
voltages while the gun intensity is different. As the discharge voltage increases from 2
KV to 7KV, the expansion is strengthened in the axial direction and the gun is brighter.

The luminescent o plasma gun can be got from the sequence expansion pictures.
Figure (5.21) shows the axial expansion displacement changing at different discharge
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Figure (5.21) the expansion displacement distribution of the capillary plasma gun.
Furthermore, figure (5.21) shows the expansion processes of the capillary plasma
gun in the atmosphere as the discharge voltage changes from 2 to 7 KV at discharge
capillary tube diameter of 3mm. As can be seen from figure (5.21) the resulting plasma
rapidly expands from the open end of the capillary and the intensity of the signals
increase with the charging voltage increase. As the discharge voltage is 7 KV, the
expansion velocity is larger than the expansion velocity at discharge voltage of 2 KV.
The observed increase in optical emission by the increase in the charging voltage could
be due to a shock wave formation and thus the plasma heating accruing during plume
expansion.

Chapter six
Conclusion

In this study a simple formation of a capillary plasma device as a plasma source
with a wide diameter and high output current has been locally designed and constructed
in our laboratory, plasma and nuclear fusion Dept. Some investigations of this source
have been done.

The capillary plasma discharge device used in this work consisted of two
electrodes, cathode and anode, The capillary is (3mm-8mm) in diameter, (10 mm - 200
mm) long, and is open at one end only. The discharge is initiated with a thin copper or
aluminum fuse wires (less than 1 mm in diameters), ablation and ionization of material
from the capillary surface sustains the discharge

A capacitor bank of 70 µ f capacitance was used to deliver the high voltage pulse of
10 KV to the device through a triggered air gap switch. Different diagnostic techniques
were designed and constructed, such as a Rogowski coil to measure the discharge current,
a high voltage probe to measure the discharge potential between the two coaxial
electrodes.
In order to obtain a high current to determine the efficiency of the modified
capillary device, improvement of plasma characteristics have been made. Different
distances between the two electrodes (10 mm, 100 mm) are used to measure the capillary
discharge current. It was found that maximum capillary discharge current can be obtained
at shorter distance (36.4 KA at 1 cm), and low inductance (at 1.3 µH), and at a high
charging voltage (7 KV charging voltage). The experimental results show that the voltage
increase with reduction of the capillary diameters and the current dose not change much
since it is determined by the circuit capacitance and inductance. Thus, the capillary
plasma resistance increases with decreasing of capillary diameters. From the discharge
current data the total resistance was obtained and its maximum value is 25 mΩ. The
maximum value of the total inductance was 1.28 µH.

Time distribution of power and energy flow into plasma tube was calculated where
it has been found that the maximum value of power and energy are 106 MW and 2.24 KJ
respectively. Photomultiplier tube with light pipe to detect the luminous radiation
emission from capillary plasma discharge is investigated. The luminous information
provides one way to measure the velocity of the plasma produced from the capillary
discharge device.

The effect of capillary discharge irradiation on the wettability and surface energy
of PTFE polymer has been investigated. Upon irradiation, C–F and C-C bonds are broken
and free radicals are produced, which interact with the ambient oxygen. In this way,
oxygen are created, which increases the polymer surface polarity. Thus, the polymer
wettability and surface free energy are enhanced by the presence of such structures in
irradiation modified polymer surface. The increase in the wettability and surface free
energy by capillary discharge irradiation is due to the modification in the concentration of
the existing functional groups. From these results, it can be concluded that

•

The change of contact angles in the irradiated PTFE polymers is due to the
formation of hydrophilic groups rather than the change in surface roughness

•

Capillary discharge irradiation increases the polymer surface wettability. The
increase of wettability and surface free energy as a function of input energy is due
to the increase of oxygen uptake.

• SEM results evidenced that the irradiated PTFE polymer have a higher degree of
adhesion for metal deposition than the un-irradiated and the surface being more
homogeneous.

•

The effect of capillary plasma irradiation on the wettability and surface energy of
PTFE polymer has been done; consequently, the PTFE surface exhibits an
improvement for adhesion to Cu metal film. The enhanced adhesion of metal
films to PTFE was mainly dependent on the interlocking mechanism and
interfacial chemical bonds due to the existence of hydrophilic groups. The

metalized PTFE that is modified by ion beam could expect to be used in
electronic devices such as flexible circuit boards.

The Polyethyleneterephthalate (PET) polymer that was irradiated by 875 and 1715J
is considered. The results are discussed in the light of changes in the physical properties
of the pristine polymers as a result of their exposure to the plasma produced from the
capillary. The irradiated as well as the un-irradiated PET films were studied by different
techniques: FTIR, XRF, SEM and Uv/Visible spectroscopy.

FTIR spectra of pristine and irradiated PET with different energy have been
measured. There is no change in overall structure of the polymer, but a minor change in
intensity has been observed. A partial decrease in the intensity of the crystalline band was
observed, this perhaps occurs due to the partial increase of amorphous. This might be due
to the breakage of few bonds in the structure as well as enhancement of few functional
groups.

The surface morphology of the pristine and irradiated PET was observed by SEM.
The pristine PET Film is transparent and its surface is smooth. The color of films changes
gradually with irradiation from colorless to yellowish to dark brown. The change in the
color of polymer could be attributed to the formation of hydrogenous carbon clusters and
the density of such clusters increases with increasing in input energy.

The optical energy gap values for PET irradiated with capillary plasma discharge at
different energies were measured. The results clearly showed that the values of optical
energy band gap Eg decrease from 4.13 ev for the pristine sample to 3.67 ev. Moreover,
Eg decrease from 3.67 ev to 3.4 ev for irradidted sample with increasing input energy
from 875J to 1715J respectively. This decrease in the Eg value is due to creation of
carbon enriched clusters. This modification is attributed to the formation of carbon
clusters near the polymer surface due to the irradiation with the capillary plasma. The
number of carbon atoms in carbon clusters was found to increase with increasing the
input energy. The number of carbon atoms in carbon clusters increase from 69 for the

pristine sample to 87. Moreover, the number of carbon atoms in carbon clusters increase
from 87 to 102 for irradiated sample with increasing input energy from 875J to 1715J
respectively. The increase in the input energy may increase the size of these carbon
clusters, which, in turn, can decrease the energy required to induce optical transitions
from the valence to the conduction band.

The analysis of the aluminum, copper and molybdenum surface of treated and
untreated sample with and without plasma are recorded and discussed. The results show
a quit different of the surface morphology after exposed to the plasma and there are some
new materials deposited on the surface of the samples. The morphology of the particulate
and surface structure which generate by the plasma ablation is investigated and the
results.
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