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ABSTRACT

Unipolar arcing was studied using a new method of laser

plasma production. The mechanism of unipolar arcing has been

shown in the literature to be the most important source of

wall erosion and plasma pollution. Arcing is of particular

concern in Tokamak and other magnetically confined fusion

devices. The experiment was conducted using a neodymium-

glass laser in both normal pulse and Q-switched modes to

generate a hot plasma. This plasma, generated from several

different targets, was used to initiate arcing on the surface.

From the experimental results, a model of the arcing process

was proposed which extended those available in the literature.

Further analysis using TiC film deposited by the Activated

Reactive Evaporation technique indicated that such films showed

promise in preventing or greatly minimizing unipolar arcing

damage.
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I. INTRODUCTION

Confined fusion energy sources have become the focus

of significant scientific and technological effort as the

limits of fossil fuel reserves have been recognized. In

the past decade significant theoretical advances and parallel

technological progress have brought fusion power much closer

to operational reality. However, there are still difficult

problems to be overcome. The phenomena of plasma-surface

interactions have led to many difficulties in this field.

The products of these interactions are undesirable plasma

impurities which ultimately result in the inability to estab-

lish a self-sustaining plasma. Another problem to be solved

is the damage to walls caused by thermalization of high energy

neutrons. This study was focused on the more immediate of

these two problems, that of plasma-surface interactions.

The primary damage effects of the plasma-surface inter-

action are sputtering, evaporation, and unipolar arcing. The

physical process involved in sputtering is predominantly a

momentum transfer process. When an energetic ion or neutral

atom strikes a solid surface, a collision cascade with the

lattice atoms is produced. When this cascade results in a

surface atom receiving sufficient energy to exceed the bind-

ing energy, sputtering results [37]. Evaporation is primarily

caused by absorption of radiant heat at the wall surface.
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Evaporation is a well known process that can be predicted

quite accurately given the wall composition, the equilibrium

vapor pressure curves for the material, and knowledge of the

surface temperature as a function of time. Unipolar arcing

is a phenomenon whereby an arc is established between a hot

dense plasma and a conducting wall, with the wall acting as

both the cathode and the anode. These arcs have been reported

in recent studies as the most significant among the three

damage mechanisms (19,43].

Several methods of inhibiting these interaction phenomena

are currently being developed. Included in these efforts

are improved surface preparation; optimization of wall

material and configuration; and special emphasis given to

the development of "hard" and sputter resistant wall surfaces.

An advanced deposition technique, Activated Reactive

Evaporation (ARE), was developed by Bunshah [7]. The films

deposited by this process appeared to have significant

advantages over those from other processes. The study reported

by this thesis was an investigation into the effectiveness

of thin films of titanium carbide deposited by ARE in eliminating

unipolar arcing.

A pulsed laser was used to generate a plasma over the

surface of the samples and damage was assessed using both

optical and scanning electron microscopy, and x-ray analysis

techniques. As background to this study, the theory of

arcing phenomena in general, and unipolar arcing in particular,

9



were considered in detail. The development and character-

istics of various techniques of thin film deposition were

likewise investigated in some depth.

The results of this study have shown that thin films

of titanium carbide may indeed be capable of solving the

unipolar arcing problem.

10
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II. BACKGROUND AND THEORY

A. UNIPOLAR ARCING

1. Description of the Arcing Problem

The problem of interaction between hot plasmas and

hard surfaces has been of interest since the beginning of

power generation fusion programs, and the resulting research

on plasma confinement devices. This interest has increased

recently as realistic designs for confining fusion plasmas

are being tested operationally.

There are two major reasons for this concern. First

is the damage to the first wall itself by the plasma; and

second, damage interaction products which introduce impuri-

ties into the plasma. Unipolar arcing, because of the small

scale of physycial erosion, has not been of primary struq-

tural concern, but is rather a problem encountered in seeking

to achieve sustained, magnetically confined fusion [36]. The

products of plasma-surface interactions contaminate the plasma

resulting in radiation losses from high atomic number, Z,

particles, which causes sufficient cooling that the plasma

can not be sustained at fusion temperature [36,54,55].

In order to support this type of research, there has

been a parallel effort to develop better plasma diagnostic

techniques, to determine the actual values of reaction param-

eters such as magnetic fields, currents, voltages, temperatures,

11



and the presence of specific phenomena such as arcing within

plasma. The detailed information obtained by these diag-

nostics has resulted in more precise theoretical models

which are useful in obtaining a better understanding of

problems such as unipolar arcing. Through these models

the relative importance of plasma pollution mechanisms has

been determined in a quantitative manner [19].

One of the important results of recent research is

that surface erosion due to evaporation and sputtering,

while remaining of significant importance of themselves,

are shown to be greatly increased in the presence of uni-

polar arcing [23,2]. More significantly, it has been experi-

mentally shown that the erosion of stainless steel due to

unipolar arcing is two orders of magnitude greater than

sputtering in DITE and Russian Tokamaks [36,43]. Tests

have been conducted in the Columbia University shock tube

device; producing a hot, dense deuterium plasma closely

simulating the conditions of a toroidal confinement machine.

These tests have demonstrated that arcing would cause most

significant problems under the conditions present in an opera-

tional fusion power reactor [61].

Unipolar arcing was first observed many years ago

[51] and was proposed to be the source of metal impurities

in diffuse pinches. More recently it has been observed and

described extensively by a study conducted at DITE by Goodall

and McCracken [191. The study provides firm physical evidence

12



that unipolar arcing does occur on test probes, limiters,

and the first wall itself; and that this damage mechanism

is the dominant one. The study concludes that "... arcing

is consistent with all the experimental evidence concerning

the behavior of metals in Tokamak discharges. Not only the

quantity of metal, but also the variation of concentration

as the low Z impurity is changed or as hydrogen is puffed

in, are all consistent with arcing."

As a result of the increasing evidence indicating

the dominance of unipolar arcing as a damage mechanism in

plasma surface interactions, the study reported by this

thesis was focused on determining experimentally the effec-

tiveness of thin films of stochiometric TiC in reducing

unipolar arcing between a laser generated plasma, and a

stainless steel substrate.

2. Theory

A plasma is defined as a quasi-neutral gas of charged

particles which exhibits a collective behavior. A fundamen-

tal characteristic of a plasma is its ability to shield out

electric potentials applied to it. The characteristic

shielding length of a plasma is the Debye length (ND) where

k T 1/2

4 7rn e
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where:

k = Boltzman constant

Te = electron temperature

n = plasma density

e = electron charge

In order for shielding to exist, and for the sheath

to exist and for the plasma to act collectively, a suffi-

ciently large number of electrons and ions must be present.

The number of particles in a Debye sphere (ND) is given by:

4 3 T3/2
N Tr D 1380 [T in *K1 (2)ND = -5 D n ^DY

For a plasma ND >> 1. A gas in thermal equilibrium

has particles of all velocities present. The most probable

distribution of the velocities, u, at equilibrium is the

Maxwellian distribution:

1 m u 2

f(u) = A exp (-2 kT -) (3)

where:

m = mass of particle species.

This leads to the fact that the average energy per

particle per translational degree of freedom is given by

14
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Eav = /2'k T (4)

As a convention, temperature of a plasma is expressed

in terms of electron volts where a temperature of 1 ev = 11,600

OK.

Because of the difference in charge and relative

mass, the ion temperature (Ti) does not necessarily equal

the electron temperature (T ) within the plasma. Since

interaction rates are different, the electrons and ions

may be in thermal equilibrium within their own species but

not have time to be in thermal equilibrium with the other

species.

If the electron leakage from the plasma to the wall

(divertor, probe, etc.) is more rapid than the ion leakage,

the plasma takes on a positive potential relative to the

wall. Due to the relative mass differences, the electrons

have much higher thermal velocities. Thus, this situation

of more rapid electron leakage is a common condition for

a plasma [39].

The function of the sheath is to establish a potential

barrier so that the more mobile species, usually electrons,

are confined electro-statically [7]. The plasma potential

will build up to the level where ion losses match electron

losses, thus maintaining plasma neutrality (7,39].

Figure 1 illustrates the Coulomb barrier in a sheath,

reflecting electrons.

15
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Figure 1. Plasma potential and sheath

The foregoing discussion describes the well-known

Langmuir sheath condition.

The electric field, E, in the sheath, between a

plasma and the surface is of the order:

_ Uf
E x (5)

D

where:

U = the floating or sheath potential.
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Uf = e in M (6)
"re

where:

Te = electron temperature

e = electron charge

M. ion mass
1

m =electron masse

Only the electrons in the high energy tail of the

Maxwellian distribution can overcome the sheath potential.

Ions entering the sheath are accelerated and gain energy.

Since the ions are much more effective than electrons in

sputtering and the sputtering rate for deuterons increases

steeply with energy in the range of 102 - 103 eV, sputtering

and desorption of loosely bound metal atoms (56] will become

worse if the sheath potential increases due to an increase

of electron temperature near the wall [49].

Consequently, large influxes of metal atoms are

observable during Tokamak disruptions and wave and beam

heating experiments. In each of these cases a higher

temperature plasma is contacting the wall.

Unipolar arcing occurs if the sheath potential in-

creases enough to sustain an arc [36,40]. Electrons are then

emitted from a surface spot into the plasma. This reduces

the nearby plasma potential and less energetic electrons

17
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froi the high energy tail of the -Maxwellian distribution can

reach the wall, thus closing the current loop. In the arc,

the ion current magnitude, J, is determined from the Child-

Langmuir law of space charge limited current:

3/2

4 2 e 1/2 l7J = (i ) d2 (7)

i 4Tr d

where:

e = electron charge

M. = ion mass1

Uf = floating potential

d = distance

Figure 2 illustrates the potential distribution and

fields present near a cathode spot. What causes the initial

breakdown and the formation of the cathode spot is still

under discussion.

The minimum requirement for the onset of unipolar

arcing is that the sheath potential is comparable to the

ionization energy. The ionization energy (Ui ) of Fe is 7.9

eV and that for Cr is 6.8 eV [54]. The sheath potential for

the Fe-plasma is

k T e
Uf = 4.83 - e (8)
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Thus the minimum electron temperature for the onset of

arcing in stainless steel is about kT = 2 eV. The binding
e

energy of Fe is about 4 eV which is about half of its ioni-

zation energy.

For an arc to develop it is also necessary that the

ion density increase above the cathode spot, in order to

enable a larger electron current to flow into the plasma.

The increased electric field strength on the wall

surface, caused by collection of charges at surface protru-

sions, will increase the ion flux from the plasma to these

spots. Surface protrusions are considered relative to the

average surface smoothness and may be metallurgical inhomo-

geneities, inclusions, or whiskers from processing operations,

such as milling and grinding.

Increased ion bombardment and recombination rates

lead to locally increased surface temperature. This increase

in local temperature results in ejection of neutrals from

the surface into the plasma sheath. Ionization of the neu-

trals results in a local increase in density of the plasma

above the cathode spot and an arc is established which con-

tinues to remove material from the spot.

A more complete description of the unipolar arcing

process is discussed in the conclusions of this thesis.

3. Previous Studies on Arcing

Unipolar arcing is a serious problem which must be

overcome to achieve successful operation of a fusion power

20



reactor. The efforts to solve this problem have taken on

new significance as existing fusion test facilities report

having confined a plasma to within approximately one decade

of the well-known Lawson criteria. Other facilities have

achieved temperatures greater than sixty percent of that

required for break-even.

"Hard" metals like molybdenum and tungsten have low

sputtering rates at deuteron energies of 10 - 100 eV. How-

ever, those high-Z materials radiate very strongly in a

fusion-like plasma and only a very small concentration can

be tolerated. This is the "crux" of the unipolar arcing

problem; unipolar arcing has been shown to be two orders of

magnitude more important than sputtering in the introduction

of high-Z impurities into a plasma [43].

A. E. Robson and P. C. Thoneman were the first to

study and report on the subject of unipolar arcing [51].

Their experimental work used a tube which had a mercury elec-

trode in the presence of a plasma generated by an electrode-

less high-frequency discharge. The tube was evacuated to a

pressure of less than 10-6 Torr. The mercury vapor pressure

at room temperature is 1.76 x 10-3 Torr. An arc was initially

established with an external anode voltage applied. Thus

the plasma was generated. As the plasma density was increased,

the arc current increased. When the external supply to the

anode was turned off, the arc remained in the unipolar mode.

As the plasma density produced by the R. F. pumping was

21



reduced the arc continued until it vanished when plasma

density became too low to sustain it.

Robson based his theoretical discussion on the

floating potential derived from the works of Langmuir and

Bohm. He said that with the wall at the floating poten-

tial, Uf:

kT M.

f e 71 m (6)
e

where:

e = electron charge

m = electron masse

M. = ion mass
1

T = electron temperature

if the electron temperature is sufficiently high, the float-

ing potential will exceed the potential required to sustain

an arc. If under these conditions a cathode spot is initiated,

the strong emission from the spot will reduce the potential

from the wall to plasma from Uf to Uc (cathode fall potential).

More electrons can now reach the wall from the plasma against

the reduced retarding potential except at the small cathode

spot. The arc current flows to the wall and returns through

the cathode spot. The circulating current was calculated

to be:

22



k Te 1/2 -e Uc  -e Uf
I = A n e(-) {exp(- ) expf( (9)

e e e

where:

A = area of the plate exposed to the plasma.

The conclusions were that there is a critical plasma

density and electron temperature required in order for a

unipolar arc to exist but also there must be some mechanism

by which the arc is initiated such as ion heating of the

wall. Figure 3 shows the two conditions for the sheath

potential with and without unipolar arcing as Robson des-

cribed.

Early arc studies with various metals, in the absence

of an imposed magnetic field, showed that for easily vapor-

izable metals the arc tended to be stationary [10,31]. It

was also noted that the arc was initiated due to the estab-

lishment of fields which resulted from minute impurities within

the metal or the presence of thin insulating areas on the

cathode surface. Also observed was that many arc reactions

resulted in the phenomenon of vapor jet erosion from the

cathode. As a result of these studies the vapor jet velocity

was shown to be a unique function of the vapor production per

unit surface area and the vapor density [31]. Calculated and

observed velocities were found to be in agreement and of

the order of 105 cm/sec.

23
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Figure 3a. Equilibrium of isolated plate with
no cathode spot.
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Figure 3b. Equilibrium of isolated plate
with a cathode spot.
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Erosion measurements on copper cathodes have shown

the erosion rate to be primarily dependent on arc current,

arc duration and cathode size. The behavior of other cathode

metals was found to be similar [10]. In a vacuum discharge,

charged and neutral particles are present. For cathodic

arcs, i.e., where there is no anode spot, neutral particles

are emitted from the cathode surface, and a fraction becomes

ionized in the nearby plasma.

While these studies were based primarily on work

with copper cathodes and millisecond arcs, the results are

of significance to unipolar arcing since arcs with a life-

time as short as 100 nanoseconds were investigated.

A validated conclusion based on these studies indi-

cated that the mechanism of ion production is not altered

by the arc duration or cathode area [45].

Continued work in the area of direct current vacuum

arcs established that the current is of the order of 10- 50

amperes [12]. Ion velocity estimates were further refined

to 106 cm/sec. It was postulated that initially many neutral

atoms and low energy electrons are emitted from the cathode.

Those electrons gain energy from the electric field. Ior.iza-

tion of neutrals begins when the average electron energy

is a few electron volts. Ionization results from two distinct

processes: (1) the higher energy electrons ionize atoms

directly in single collisions, and (2) because of very great

densities of both electrons and neutrals just above the cathode

25
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spot, an atom can be ionized by a series of inelastic colli-

sions, with the time between collisions being less than the

lifetime of the excited atom in its particular energy state.

A peak of positive ion concentration is formed near the

cathode. Quasi-neutrality requires a coincident local elec-

tron maximum. However, the thermal electron velocity is

much higher than that of the ion. As a consequence electrons

tend to flow out of the region of production much more quickly.

This results in a net local surplus of positive ions which

creates a maximum positive potential (hump) in the region.

The electrons are slowed by the resulting electric field (see

Figure 4) and the positive ions are accelerated until the

charge loss rates of ions and electrons are equal (i.e.,

an ambipolar diffusion controlled process). This potential

hump increases in magnitude as long as the local plasma

density increases due to ionization of neutral particles.

Figure 4 shown below shows the proposed potential distribu-

tion. The potential gradient is determined as follows:

(a) e n E = -VP (10)

where:

VP = plasma pressure gradient

-k Te 1 dn
(b) E = - - (11)
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Figure 4. Assumed potential distribution
in a vacuum arc (U a =arc voltage)

(c) E = -dU (12)dx

eliminating the dx terms;

Uc k Te
(4) J dU =ldn (13)

Ufe

(e) AU = Uc ~U = ke 1 n (14)
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This theory of the potential hump explains the

observed occurrence of high energy ions (40- 80 eV). It

was implied that the density of ions must decrease very

rapidly away from the potential hump region.

A study by E. Hantzsche, et al., 121], reported

extensively on the erosion of metal cathodes by arcs. This

work primarily dealt with nanosecond pulse breakdowns. It

was established that the initiating micropoints (cathode spots)

have a dimension of 10- 6 meter. The plasma produced at the

copper cathode spot expanded at a rate of 2 x 106 cm/sec and

had an energy of approximately 85 eV. It was also shown

that the electron emitting point which causes an arc is

destroyed in the process; but as a result of the arcing new

sites appear. The arc rim may serve as a new point where a

stronger electric field exists. Also, some of the numerous

droplets of metal which were observed to form at the arc and

disperse radially about the cathode spot, produce new micro-

inhomogeneities and new field emitting points which are

potential arcing sites.

Another important conclusion of the Hantzsche study

was reached concerning the mechanism of destruction and

production of emitting sites. There is a smoothing of the

surface micro-roughness by local melting if the arcing period

is less than the heat transfer period. After such smoothing

a greater arc initiation voltage is required. On the other
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hand, enlargement of roughness and crater formation lead

to a decrease in the breakdown voltage if heat transfer is

significant.

It has been demonstrated that arcing and vacuum

breakdown mechanisms are very similar [21]. Hantzsche also

concluded that if the current i > 5 x 1012 A m- 2 the heat

conduction in the material is insufficient to allow a sta-

tionary top temperature of the protrusion. It was also

13 -2concluded that if i > 7x 10 A m - , the protrusions will

explode due to local pressure, thus producing a smoothing

effect.

Kimblin, who continued the work with long period

vacuum arcs in order to develop a predicting model for ero-

sion rates, confirmed earlier arc current measurements for

a variety of materials, but did not attempt to study the

cathode process itself [31].

4. Unipolar Arcing

Unipolar arcing requires the presence of a plasma

near a conducting surface. A net negative charge with respect

to the plasma will be established on the surface (wall) due

to the fact that electron flux and ion flux must be equal.

If the potential that is established exceeds a critical

voltage (-10 V dc) low impedance cathode spots will form [61].

A widely referenced explanation for unipolar arcing

by Miley (39] is illustrated in Figure 5. In this theory

it is assumed that the plasma takes on a positive potential

29

.......



0

.4... ...-...... ..



"i

relative to the surrounding wall. This explanation expands

Robson's work and is based on the well-known description

of the Langmuir sheath. When unipolar arcing occurs ion

bombardment from the plasma creates local hot spots on the

wall. The hot spots emit electrons from the wall which flow

back into the plasma. This electron flow is equivalent to

an outward flow of ions. The plasma potential falls below

the original value, which allows larger electron leakage

currents to flow from the plasma. Ultimately a balance is

set up with this increased electron current from the hot

spot. This phenomenon has been called unipolar arcing be-

cause the wall serves both as the anode and cathode.

Miley's model and conclusions have been substantiated

by others [43]. Dealing particularly with the Tokamak, it

was calculated that the theoretical plasma pollution from

unipolar arcing should be one hundred times as great as

from sputtering, which has been confirmed, as mentioned

previously.

A diagnostic method utilizing a double probe has been

developed (30] to detect the presence of unipolar arcing.

This technique and efforts in the spectroscopic area [52]

have provided new information useful in the effort to find

a means of suppressing unipolar arcing. The assessments

of this thesis were limited to after-the-fact analysis by

optical and scanning electron microscopy.
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B. THIN FILM DEPOSITION

1. Background

The deposition of films of material on a substrate

is a process that has been in use for many years. The early

applications of adhesive thin films were mainly decorative,

or for mechanical strengthening. During the last two decades,

the interest in mononitrides, carbides and oxides of the

transition metals of group IV to VI of the periodic table

has increased substantially because of their unique combina-

tion of properties [13].

Thin films of these materials display many desirable

characteristics including increases in hardness, melting

temperature, corrosion resistance, abrasion resistance,

electrical conductivity, and chemical inertness. These

properties, and combinations of them produce a broad spec-

trum of possible applications for thin film technology [8].

Methods of deposition may be placed in one or two general

classifications, droplet transfer, and atom-by-atom transfer.

a. Droplet Deposition

The more common examples of droplet deposition

are plasma spraying, flame spraying, detonation gun coating,

arc spraying, and wire explosion spraying. Coatings deposited

by these methods result in significant surface porosity which

is a serious flaw for applications involving plasma-surface

interaction.
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!A These processes are characterized by molten or

solid "chunks" or droplets of the coating material which

are forced onto the substrate surface, impinging on the sur-

face with sufficient kinetic energy to embed the droplet

in the surface, as with detonation gun coating; or with a

combination or high thermal and kinetic energy, as with

flame spraying, which results in adhesion to the surface

(5,37]. Porosity is a consequence of both the condition of

the substrate, and the stresses developed between droplets.

In addition, these processes do not have the surface prepara-

tion advantages of many atom-by-atom deposition techniques

which remove oxides and other surface inclusions as a result

of atomic particle bombardment of the surface (46]. Droplet

techniques often result in the entrapment of these surface

impurities which increase the porosity and reduce adhesion

to the surface.

The advantage of the droplet techniques, for

applications that are not critically sensitive to surface

porosity, is the simpler coating procedures and correspond-

ingly lower cost [37]. The widespread commercial use of

droplet deposition techniques is evidence of the great

utility of these processes.

b. Atom-by-atom Deposition

Processes which deposit coatings through an atom-

by-atom transfer include physical vapor deposition (PVD),

chemical vapor deposition (CVD) and electro-deposition. Among
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these methods there are significant differences in the con-

trol of the two basic steps of the deposition process. These

steps are formation of the species to be deposited and

growth of the deposit after condensation. In CVD and electro-

deposition these steps take place simultaneously. In the

PVD process these steps are essentially independent of each

other resulting in more control over the parameters which

govern these steps. With these added controls the growth

rate of crystal structure may be specified as well as the

substrate temperature, which ultimately determines the micro-

structure and mechanical properties of the deposit [7].

Although there are many different geometric

configurations in use, these are included in basically three

primary PVD processes: evaporation, ion plating, and

sputtering.

The evaporation process is normally carried out

in a vacuum. In this process a vapor of the source material

is produced by a method such as electron beam heating. The

vapor is then transported by line-of-sight to the substrate

material. The process is pictured in Figure 6, taken from

Reference 7.

The ion plating process is similar to that of

evaporation with the addition of an inert gas glow discharge,

usually argon, interposed between the source material and

the substrate. Figure 7 is a schematic of this configuration

(7]. The discharge is produced by charging the substrate
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to a high negative potential (2 to 5 kV). The substrate

is bombarded with the ions which provides a constant clean-

ing effect, resulting in improved adhesion. The primary

improvement that this provides over simple evaporation is the

even coating produced as the discharge gas ions collide with

the coating vapor atoms causing an even spread.

The sputtering process, as shown in Figure 8,

also uses a glow discharge; however in this method the dis-

charge ions impinge upon the target source material directly.

Groups of atoms are sputtered off the target by this momentum

transfer process and are vaporized in the discharge prior

to deposition on the substrate.

The PVD processes result in several advantages

which are outlined by Bunshah as follows [7]:

1. Production of simple shapes (sheet, foil,
or tubing) directly, of full density, from metals,
alloys, and ceramics at high deposition rates (0.001
in/minor 250,000 A/min), which is a very important
economic consideration.

2. Very high purity of deposits.

3. Very fine grain size (-1 ,m) in the deposits,
thus increasing the strength with toughness as con-
trasted to other methods of strengthening, such as
solid solution or precipitation, where strength is
increased at the expense of toughness.

4. Growth of single-crystal deposits on seed
crystals.

5. Excellent bonding to the substrate in systems
where metallurgical bonds can be formed.

6. Surface finish equal to that of the substrate,
thus minimizing or eliminating post deposition
machining or grinding. Conversely the defects in
the surface finish of the substrate will also be
replicated in the deposit.
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These advantages are well documented and have been confirmed

by other studies (8,20,32]. Clearly there are many bene-

fits to be gained by employing these methods of thin film

deposition for the solution of metallurgical problems where

use of filns is deemed appropriate.

The primary weakness of the PVD techniques is

that evaporated source atoms striking the surface often

adhere to a position where the binding potential is a local

minimum. Depending on the effective binding energy, thermal

motion can cause desorption or migration of the adatoms to

sites where they are more tightly bound. Consequently the

micro-structure of the coating depends on the surface mobility

of the adatoms which is determined by the temperature of

the substrate and the kinetic energy of the incoming atoms.

The effect of the limited mobility on the overall coating

process is a less tightly bound film, a reduction in the

rate of deposition, and variation in the composition of the

coating (5].

2. Activated Reactive Evaporation Process

a. Description of the Process

Among the physical vapor deposition (PVD) pro-

cesses, activited reactive evaporation has been shown to

be particularly effective in coatings of the transition

metal mononitrides, -oxides, and carbides. In the ARE

process, the problems mentioned above for other PVD processes

have been significantly reduced. The process is shown in
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Figure 9 as developed by Bunshah [7]. In this process,

metal or alloy vapors are produced in the presence of, a

reactive gas such as C2 H2, which is activated by the glow

discharge produced by biasing voltages. This technique

produces a quicker and more stochiometric reaction due to

ionization of both gas and metal atoms for a reaction such

as [8):

2Ti + C2 2H 2 2TiC + H2

The process initiates by heating the source

metal with an electron beam at a high acceleration voltage.

The molten pool develops a plasma sheath at the surface of

the source. The lower energy secondary electrons are pulled

from the plasma sheath into thd reaction zone by an electrode

placed above the surface and biased to a low positive dc

potential (20 -10OV). The 100 eV electrons have a high proba-

bility for ionization of neutral atoms. In addition, by

varying the partial pressure of the reactant gases the metal-

to-carbon ratio of the coating can be adjusted in either direc-

tion. a

b. Advantages Gained by Activated Reactive
Evaporation

The flexibility gained by variable substrate

temperature and control of reactive gas pressures in the ARE

process produce significant improvements in surface quality
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of the deposited film. The substrate temperature has a

direct effect on the mobility of adatoms which attach to

the surface at a point of low binding potential. If the

temperature is insufficient for the adatom to be thermally

moved to a point of stronger binding potential the coating

can have poor adhesion. Thus by independently raising the

temperature of the substrate the adhesion of the coating

can be improved without reducing the rate of deposition or

adjusting the metal-to-carbon ratio [7].

The substrate temperature control, in addition

to improved adhesion, results in direct control of grain

size and other microstructural properties [7,8]. Since these

microstructural properties directly influence other charac-

teristics of the coating, such as conductivity and hardness

[3], many advantages are realized as a result of controlling

this variable.

The metal-to-carbon ratio, which is controlled

by the partial pressure of the reactive gases, also has great

influence on the characteristics of the TiC film. The ARE

process consistently results in a higher carbon-titanium

ratio [32,59] which enhances those properties of the coating

desirable in a hot plasma environment; higher melting tempera-

ture and greater thermal conductivity results in less evapora-

tion and reduced localization of heat which should reduce

the probability of arcing. Improved adhesion of the coating

is critical to the reduction of wall sputtering.
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III. EXPERIMENT DESIGN

A. APPARATUS

The apparatus used for this experiment included a neo-

dymium glass laser and an evacuated target test chamber.

An optical microscope, a scanning electron microscope, and

an energy dispersive x-ray analyzer were used to study the

samples. The laser was used to irradiate type 304 stainless

steel targets with varied surface preparations, which were

mounted in the test chamber. Figure 10 is a schematic of

the laser and the test chamber arrangement. The optical

and scanning electron microscopes were used to characterize

the surface conditions of the targets prior to and after the

plasma-surface interactions generated by the laser. The

energy dispersive x-ray analyzer was used to study the removal

of surface material after interaction with the plasma.

1. Laser

A neodymium-doped glass laser, with a wavelength of

1.06 pm, was the source of energy for producing a hot plasma

over the target surface. The laser used was the two stage,

KORAD K-1500 [62], operated in both the Q-switched and normal

modes of operation. In the normal mode the pockels cell

was removed from the oscillator cavity. A detailed descrip-

tion of the installation is given by Davis (11]. In Figure 11

a block diagram of the basic components of the system is shown.
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The output energy of the laser is variable in the

range of 0.2- 15 J, by means of altering the voltages applied

to the oscillator and amplifier flashlamps. For this experi-

ment the laser was operated at an output level of about 15 J

and reduction of energy at the target to about 3 - 5 J was

accomplished by transmission filters placed in line with the

laser radiation. This method was chosen because the laser

sometimes failed to oscillate properly at lower voltage

levels.

The laser total output energy was measured using a

Laser Precision RK-3200 Series Pyroelectric Energy Meter.

The meter was calibrated to an accuracy of about 20% [29].

2. Target Test Chamber

The target test chamber was a 6 inch cube of unbaked

aluminum with an internal volume of 12.0 ± .04 liters. The

vacuum system, composed of a mechanical forepump and an oil

diffusion pump, provided a chamber pressure on the order

of 10- 6 Torr. The laser beam was aligned 30 degrees from

normal to the target surface, in order to allow the use of

probes directly in front of the target without interference

from the laser beam.

3. Optical Microscope

A Bausch and Lomb Balplan stereoscopic light micro-

scope was used to photograph and observe the target surfaces.

This microscope was also used to determine the appropriate

depth of craters after irradiation.
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4. Scanning Electron Microscope

The Cambridge Stereoscan S4-10 scanning electron

microscope was used to characterize the target surface before

and after irradiation. A schematic showing the basic func-

tional assembly of the microscope is shown in Figure 12 [53].

All images reported in this study were formed from secondary

electrons.

B. PROCEDURES

The experimental procedure was separated into three stages.

Target preparation was the first step. This included the speci-

men machining, coating with TiC, and mounting of the targets.

Prior to the plasma-surface interaction process, the target

surfaces were examined by light and scanning electron micro-

scopes to establish surface smoothness and uniformity of

coating. The second step, that of plasma-surface interaction,

was then accomplished in the laser laboratory. The final

step was the re-examination of the target surfaces by light

and scanning electron microscopes to determine the effects

of the TiC coating on the degree of unipolar arcing damage.

1. Target Preparation

a. Before Coating

All specimens were made of type 304 stainless

steel. Targets were either machined in a disk shape or rolled

foil of about 0.5 mm thickness was used. The disks were

machined on a lathe to a diameter of 1/2 inch and a thickness

of 1/8 inch.
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b. TiC Deposition

The samples which received the TiC film were

processed at the University of California at Los Angeles

by the ARE deposition technique (7]. The substrate tem-

perature was 550 0 C. A diagram of the deposition process is

shown in Figure 9.

c. Target Surface Examination

After coating, each target was examined using

both an optical and scanning electron microscope. Photo-

graphs were taken of surfaces in order to compare the appear-

ance of the surface prior to the plasma-surface interaction

with the damage observed after the interaction.

2. Plasma-Surface Interaction

Each specimen was cleaned with acetone and mounted

in the test chamber. The laser was fired at energy levels

of 3-6 J. and for a duration of about 1 millisecond for the

normal mode cr 25 - 30 nanosecond FWHM for the Q-switched mode.

Breakdown was achieved establishing a hot, dense plasma of

short duration over the specimen surface. The plasma estab-

lished a sheath potential causing unipolar arcs and the

resultant craters.

3. Surface Damage Investigation

Each specimen was inspected and photgraphed by opti-

cal and scanning electron microscope after laser irradiation.

The surfaces were scanned for the presence of titanium using

the PGT 1000 energy dispersive x-ray analyser. Depth of the
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craters was determined using the optical microscope by

focusing on the smooth target surface and the bottom of

the crater. The difference in the focal distance established

the crater depth.
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IV. EXPERIMENTAL RESULTS

This study included three categories of targets sub-

jected to plasma-surface interactions. The target used in

experiment one was a stainless steel disk coated with a

sputtered thin film of type 304 stainless steel. Experiment

two was conducted on a .5 mm thick stainless steel foil, part

of which was coated with TiC by the ARE process. Several

targets were cut from the foil for mounting in the vacuum

chamber. In experiment three the targets were unpolished

type 304 stainless steel disks with half of one flat surface

coated with TiC.

A. SPUTTERED STEEL COATING ON STAINLESS STEEL DISK

A laser produced plasma was used to deposit a film on a

polished collector disk in the form of a half-circle [281.

Figure 13 shows the coating arrangement. The PGT 1000 x-ray

analyzer was used to determine the composition of the coating

on the disk [28].

The target was irradiated with the laser in the Q-switched

mode, imparting an energy of 3J. Figure 14 shows the target

after laser firing. The laser impact crater was about 0.75mm

in diameter, surrounded by a plasma damaged surface area of

about 3mm in diameter. The damaged surface closest to the

laser impact crater is shown in Figure 15. This figure shows

the molten appearance .,f this sample due to the longer 8uration
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Figure 14. Stainless steel disk with stainless steel
coating after laser irradiation
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Figure 15. Overlapping "younger" and "older" craters.
The laser impact area is beyond the right
side of photo. 200 x magnification,
by optical microscope
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Figure 16. Crater formation at r 0.15 cm from laser
focal spot which is located beyond left
side. Crater density is of the order
3 ×105/cm2 . 200 x magnification, by SEM,
photo enlarged.
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of the plasma near the center of the impact crater. In

Figure 16 the boundary between the area of multiple, longer

duration arcs and the distinct, "younger" arcs is in the

center of the photograph. The laser impact crater is to the

left as shown. The area further removed from the impact

crater, Figures 17 and 18, indicates that the unipolar arcing

damage decreases in severity with increasing radial distance

from the impact crater.

Although no external voltage was applied, about 20,000

unipolar arc craters were observable on the surface, which

was exposed to the plasma for a few hundred nanoseconds. The

oldest craters, resulting from arcs sustained for a longer

time, have a diameter of 30 - 40 pm. These craters also

exhibit significant metal flow resulting in a hemispherical

shape and a praiounced rim. Other arcing craters, probably

initiated toward the end of the plasma surface interaction

period, have smaller diameters of about 10 m and frequently

exhibit a dark spot of approximately 1 pm in size. This

dark spot is the cathode spot. Further analysis of a freshly

formed cathode spot showed them to be nearly cylindrical in

shape with a depth of 3- 6 jim.

In this experiment it was observed that the sputtered

stainless steel coating, applied at ambient temperature in

a vacuum [28], exhibits poor adhesion to the substrate of

identical composition. It was also determined that unipolar
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Figure 17. Removal of Fe-Cr coating (darker areas)
from polished stainless steel surface by
plasma contact. 200 x magnification, by
SEM, enlarged photo.
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Figure 18. Onset of unipolar arc crater formation on
highly polished stainless steel surface.
1000 x magnification, by SEM, enlarged photo.
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arcs initiate from a cathode spot of 1 pm in diameter. This

crater grows from the initial cylindrical cathode spot to

a hemispherical crater with a diameter of 10- 40 wm if the

arc is sustained for sufficient duration to cause melting.

A rim is formed due to the outward (radial) flow of molten

metal caused by plasma pressure. Reflow after the arc

ceases tends to cover the initial cathode spot and leave a

hemispherical crater.

B. STAINLESS STEEL FOIL WITH TiC FILM

1. Reference Experiment Without TiC Film

The samples that were not coated with TiC showed

evidence of significant unipolar arcing. The foil surface

was irradiated in the rolled condition which left a relatively

rough surface even where there was no plasma damage. In

fact, where plasma damage is evidenced by the presence of

craters, the plasma seems to have a smoothing effect on the

immediate surface area. This effect has also been observed

by Hantzsche [21].

In Figure 19 the plasma damage is shown on the left

side. Craters 10- 15 Pm in diameter are distinguished by the

molten rims and center cathode spots. The general smoothing

effect is also observable in the area surrounding the craters.

The plasma interacting with this sample was generated by a

laser pulse of 4J in the normal mode.

Figures 20 and 21 show the damage resulting from a

Q-switched laser pulse of 5J. As a result of the assymmetric
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Figure 19. Cratering and surface smoothina effects on
uncoated stainless steel foil, normal laser
mode, 400X magnification by optical microscope.

Figure 20. Craters adjacent to center damage region,
Q-switched mode, 400X magnification, by
optical microscope.
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Fiqure 21. Arc tracks produced by plasma jet, laser
impact area is toward the bottom: 400X
magnification by optical microscope.

Figure 22. TiC coated foil surface, prior to laser
irradiation, 400X maanification by
ootical microscope.
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beam pattern of the laser during these firings the plasma

flow was quite different from the circular pattern of experi-

ment one. The resultant pressure gradients produced plasma

jet effects evidenced by the arcing tracks shown in Figure

21. As shown by Figure 20, the plasma appeared to separate

from the surface and "touch down" further out as seen by

the gap between the overlapping craters near the impact crater,

shown at the bottom left, and the isolated craters at the

center of the photograph. In Figure 21 the impact crater

is toward the bottom which shows the consistently decreasing

size of craters with increasing radial distance, even when

influenced by the "jetting" effect of the pressure gradients.

The craters started about 0.1 mm from the overlapping center

region, with a diameter of 15- 18 wm and continued radially

another 0.3 mm outward where crater diameters were 1- 3 vim

in diameter corresponding to the first stages of arc formation

and arc damage.

2. Foil Coated with TiC by ARE Process

The samples coated with TiC displayed many unique

effects. Unipolar arcing craters, as a manifestation of

plasma-surface interaction, were not observed. Some craters

were observed on the surface, but were apparently introduced

during the ARE coating process due to substrate pits. Figure

22 shows the craters on the surface prior to laser irradia-

tion, which are comparable in size and appearance to those

observed after laser firings. Also apparent in Figure 22
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is the replication of surface topography by the coating

process, which is evident by comparing the general surface

roughness with that of the uncoated foil in Figures 19, 20

and 21.

Since the observed damage effects on the coated

samples were significantly altered by changing from the

normal to Q-switched laser modes these cases were consid-

ered separately. The laser pulse energy for studies in

the normal mode was 5- 6 J with a pulse duration of about

1.0 ms. In the Q-switched mode, energies were comparable

however the pulse duration was 25-30 nanoseconds.

a. Normal Pulse Damage Effects

The most notable observation was the absence

of unipolar arcing craters. Although craters are observable

in Figure 23, taken near the laser impact damage area, these

craters are consistent with the size and appearance of those

in the coating prior to irradiation. Also seen in Figure 23

is the chipping out of sections of the TiC coating and cracks

at the boundaries of these chips. At the laser impact damage

area the coating of TiC was virtually removed as shown in

Figures 24 and 25, where the stainless steel substrate shows

molten flow and splashing on top of the surrounding TiC film.

Figure 25 is a PGT-1000 mapping of titanium over the same

area which shows that the titanium concentration was sub-

stantially reduced in the molten area.
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Figure 23. TiC coated foil near laser impact area,
normal laser mode, 400X magnification by
optical microscope.

Figure 24. TiC coated foil laser impact damage area,
normal laser mode, 10OX magnification by SEM.
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Figure 25. X-ray analyzer mapping of titanium over
region shown in Figure 24.

Figure 26. Cracking of TiC coating at molten interface,
normal laser mode, 400X magnification by
optical microscope.
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Figure 27. TiC "chip" floating on molten stainless
steel, 400X magnification by optical
microscope.

V&

Figure 28. TiC coating near molten boundary of laser
impact area, normal laser mode, 5000 x
magnification by SEM.
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An interesting effect, which occurred more

noticeably with normal mode samples exposed to a laser pulse

was cracking at the boundaries of molten stainless steel

and solid TiC. Figures 26 and 27 show this effect, with

Figure 27 showing a TiC chip floating on the top of a molten

ridge of stainless steel. In Figure 28, taken at the boun-

dary of the molten area, cracks are observed on a very small

scale. Also observable in the lower right hand corner is the

layered appearance of the TiC coating.

Due to the long pulse duration in the normal

mode, it appears that the laser heating led to melting of

the stainless steel substrate much sooner than the melting

or breakdown of the TiC surface coating. As the laser pulse

continued, the TiC cracked due to expansion of the stainless

steel which allowed the TiC to be "blown away" by the remainder

of the laser pulse. Evidence of this is shown in Figures 24

and 28 where the molten area is shown to have lower titanium

concentration than the coating by PGT-1000 analysis.

The underlying TiC layers in Figure 28 show a

sharp breaking line even at relatively high magnification.

b. Q-switched Pulse Damage Effects

In the Q-switched laser mode of plasma generation

the TiC coated samples did not show the same evidence of

unipolar arcing craters as stainless steel. The small craters

observed as shown in Figure 29 were again similar in character

to the craters resulting from the coating process. The
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Figure 29. TiC surface near laser damage area, impact
area is to the left bottom, Q-switched
laser mode, 400X maqnification by optical
microscope.

Figure 30. TiC coating after irradiation in laser
impact area, 8000 x magnification by SEM.
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larger dark areas are plasma damaged areas. The unique effect

observed on the Q-switched mode samples was the fine, "honey-

comb" appearance of plasma damaged areas and of the laser

impact area. This is shown as dark areas in the bottom left

hand corner of Figure 29 and is seen at higher magnification

in Figures 30 and 31. This glassy surface effect was the

only observable damage. The surface affected was of comparable

area to the molten area of the uncoated samples in the Q-

switched mode. Figure 32 shows a PGT-1000 mapping of the

titanium density of the damaged area shown in Figure 30. A

similar mapping for iron, chromium, and nickel showed that

none of these were present on the surface.

The boundary between the damaged area and the

coating surface is shown in Figure 33. The corresponding

PGT-1000 mapping, shown in Figure 34, shows that the

titanium concentration in the damaged area is the same

as in the normal surface.

C. STAINLESS STEEL DISK WITH TiC FILM

1. Reference Experiment Without TiC Film

The disk targets used for this portion of the study

were half-coated with TiC by the ARE process. The disk

surface was coated while in machined condition. Figure 35

shows the surface conditions prior to coating. These conditions

also prevailed during laser irradiation of the uncoated por-

tion of the targets. In Figures 36 and 37 the overlapping

craters near the laser impact area are shown. As with the
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Figure 31. TiC coating at laser imnact area showing
cracking, Q-switched laser mode, 8000 x
magnification by SEM.

Figure 32. X-ray analyzer mapping of titanium on
region shown in Figure 30.
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Figure 33. Boundary of laser damage area on TiC
coating, Q-switched laser mode, 8000 x
maqnification bv SEM.

Figure 34. X-ray analyzer mapping of surface shown in
Figure 33.
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Figure 35. Stainless steel disk machined surface
without TiC coating, 400X magnification by
optical microscope.

Fiqure 36. Molten damage area and individual craters
on stainless steel disk, Q-switched laser
mode, 400X magnification by optical microscope.
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Figure 37. Boundary of molten, overlapping crater
area, stainless steel surface, Q-switched
laser mode, 400X magnification by ootical
microscoDe.

Figure 38. TiC coating on stain ess stee dis prior to
laser irradiation, 400X magnification by
optical microscope.
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uncoated foil samples, the craters show the molten appearance

with a clearly distinguishable rim. Figure 36 shows several

individual craters just outside the molten area.

The sample seen in Figures 36 and 37 was irradiated

with a 5J laser pulse with a pulse duration of 25- 30 nano-

seconds. The surface smoothing effect observed in the foil

samples is also evident in Figure 36.

2. Disk Samples Coated With TiC by ARE Process

The disk samples coated by ARE had a rough, pitted

surface, prior to irradiation due to replication of the sub-

strate as seen in Figure 35. Figure 38 shows that the smaller

scratches in the surface are filled in by the deposition

process whereas the deeper scratches tend to develop circular

pits. Figure 39 shows one of these pits at higher magnifica-

tion. The upper coating layer is about 3,,m thick.

In spite of the roughness of these surfaces it was

clear that arcing craters were not observable in the coating.

Figure 40 shows the surface of the coated sample about 0.1 mm

from the laser impact damage (dark area on left hand side).

The larger spheres are deposits on top of the surface which

were "blown out" from the laser impact area. In comparison

to the melting and smoothing of the stainless steel surface

in Figure 37, no such effect is observable on the TiC coated

sample, indicating no melting. The melting temperature of

stainless steel is approximately 1526 0C while that of titanium

carbide is approximately 3430 OC. As with the TiC coated
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Figure 39. Surface pitting in TiC coating, prior to
laser irradiation, 5000 x magnification
by SEM.

Figure 40. TiC coating near center impact area,
Q-switched laser mode, 400X magnification
by optical microscope.
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foil samples the disk samples displayed the honeycomb

appearance in the laser impact region as shown in Figures 30

and 31.

In the normal mode of laser irradiation cracking

of the TiC coating was evident with the disk samples as

with foil. Figure 41 shows this cracking at the boundary

of the molten center damage area.
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Figure 41. Cracking in TiC coating at molten boundary
of center laser impact area, normal laser
mode, 400X magnification by optical
microscope.
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V. DISCUSSION

A. THE PROCEDURE

Unipolar arcing was studied using a focused, pulsed

laser to generate a plasma from the target materials. The

laser was used both in the Q-switched and normal pulse modes.

This technique provided a hot, dense plasma which was rapidly

(25- 50 ns) generated at a specific point on the target.

The target was subjected to a plasma density gradient as the

plasma expanded. Using a hemispherical expansion model, the

plasma which was 100 eV, 1021 cm- 3 initially decreased in

density as it expanded over the surface radially. The inner-

most surface was exposed to this dense plasma while the outer

surface was subjected a lower density plasma. No arc craters

were found on the TiC coated samples at any location.

B. CONDITIONS THAT PROMOTE UNIPOLAR ARCING

The minimum requirement for the onset of unipolar arcing

is that the sheath potential is comparable to the ionization

energy. Local micro-inhomogeneities exist either in the form

of surface projections and whiskers or in the form of dielec-

tric spots and inclusions. Apparently all metals, polished

or not, have micro-whiskers which can be erected in the

presence of the plasma [39]. The dielectrics are metalurgi-

cal impurities or surface contamination such as oil and

absorbed films of water and gases.
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The whiskers act much as an antenna or lighting rod

and establish strong local fields which promote arcing.

They provide a near plasma point which can be heated easily

by ion bombardment and act as a source of particles which

enter the plasma, become ionized, and increase the local

plasma density. The oils/gases are also heated by the plasma

contact, desorb from the surface and serve in the same

fashion as the whiskers to increase the local plasma density.

C. INITIATION OF UNIPOLAR ARCING

From the work of Langmuir and of Bohm, it is known that

when a plasma and electrically isolated metal are in equi-

librium, a floating sheath potential (Uf) is established

such that the ion and electron leakage rates from the plasma

to the wall are equal. The wall, at the floating potential,

repels all but the fastest electrons in the Maxwellian dis-

tribution, and the net current is zero. If the electron

temperature is sufficiently high, the floating potential

(Uf) will exceed the potential required to initiate and sustain

an arc.

The heat transfer rate from surface inhomogeneities is

lower than the surrounding areas due to local geometry or

material characteristics. This increased electric field

strength due to inhomogeneities, increases the ion flux to

these spots. Increased ion bombardment and recombination

rates lead to increased surface temperature. This increased

temperature leads to desorption and vaporization of neutrals
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from the surface. Neutrals are emitted with thermal

velocity corresponding to the surface temperature.

Not all such conditions lead to establishment of an arc

crater however. If heating is sufficiently rapid, whiskers

may be explosively removed from the surface; the local field

is reduced and U returns to its initial value. The arc
c

stops before crater formation occurs. This explains the

"conditioning" of materials observed in other studies [36].

If the local plasma density is sufficient an arc is

established which results in the formation of a visible

crater. Figure 2 illustrates the fields and currents

established in the area of a cathode spot.

D. CRATER FORMATION

A crater begins to form as material is removed from the

surface. The center crater (cathode spot) is approximately

1 wm in diameter. The arc current produces a significant

magnetic field. Based on an arc current of 10 amperes for

a lum diameter conductor, the magnetic field is 104 Gauss.

This magnetic field does not have sufficient time to permeate

the metal wall of the forming crater, and forces the plasma

to exit in a narrow jet. The magnetic field also prevents

particle interactions with the wall and results in a nearly

cylindrical cathode spot crater. This crater was observed

in all experiments and ranged in depth from 3- 6 im.

In the case when the arc duration is long, the magnetic

field does permeate the crater wall toward the surface and
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the particle interactions then heat the crater wall to a

molten state in that area. The plasma jet pressure, pressing

outward radially, causes molten metal to form a character-

istic rim about the crater. Flow and reflow of molten metal

cause the crater to take on a hemispherical shape (Figures

42, 43).

Figure 44 shows the various stages of arc crater formations.

E. ARC CESSATION

The density above the cathode spot is increased as new

material from the crater enters the plasma. The arc continues

until this influx of material is sufficient to cool the

plasma electrons locally to the point where the arc can no

longer be sustained. The density gradient within the plasma

decreases due to diffusion. Due to these factors the plasma

potential decreases to a value below that required to sustain

an arc and the arc stops. The net current flow to the wall

is zero and the floating potential returns to the original

value. Using Equaticn14 it can be seen that a decreasing

temperature and a decreasing pressure gradient reduce the

plasma potential hump. When it is reduced near the cathode

spot to a level below that required to sustain the arc, the

arc ceases.
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Figure 42. Arc crater in stainless steel, Q-switched

laser mode, 5000 x magnification by SEM.
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Figure 43. Arc crater in stainless steel showing
cathode spot and well developed rim,
5000 x magnification bv SEM

Figure 44. Stainless steel surface showing several
craters at various development stages,
1000 x magnification by SEM.
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VI. CONCLUSIONS

The study undertaken by this thesis had a dual thrust.

The phenomenon of unipolar arcing was examined theoretically

and experimentally resulting in the expanded model. Simul-

taneously the Activated Reactive Evaporation (ARE) deposi-

tion of TiC was experimentally investigated as a means of

controlling or preventing unipolar arcing.

Although the most effective environment for unipolar

arc initiation was generated with the laser in the Q-switched

mode, other significant information was obtained as a result

of normal mode laser irradiation. In the longer pulse, normal

mode, the substrate was heated to the melting point prior to

the coating. This was evidenced by the composition of the

molten areas in Figure 24 and the cracks evident in Figures

26 and 27. Clearly this indicates that any such combination

of materials for coating and substrate must be well matched

in thermal expansion characteristics; and must be maintained

at temperatures that are in general somewhat less than the

temperature of the lower of the two melting points.

With the higher laser intensities generated during the

Q-switched mode, the plasma conditions consistently produced

unipolar arcing on the stainless steel surfaces. In contrast,

no unipolar arc craters were observed on the surfaces coated

with TiC when irradiated in either laser mode. In the normal
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mode the cracking mentioned previously was certainly not

a plasma effect, while in the Q-switched mode the damage

appeared to be limited to the upper layer of the TiC film

as shown in Figures 30 and 32. The coating apparently

suffered breakdown on the surface and produced the plasma

which interacted with the surface immediately adjacent to

the laser impact area, causing vaporization and rapid

resolidification at ambient temperature. While the surface

area damaged by the laser was virtually equal to the area

damaged on equivalent stainless steel samples; it is remarka-

ble that a PGT 1000 analysis showed a homogeneous titanium

distribution of the 5 wm coating of TiC throughout the

damaged area, despite a laser intensity on target of 109

watts/cm2 .

Recognizing that there are many diverse considerations

involved in the selection of wall materials for magnetically

confined fusion devices, it appears that coatings of the

type tested in this study could be the solution to the unipolar

arcing problem.
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