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SAMENVATTING 

Tijdens de afstudeerperiode is het snijden van materialen met behulp 
van hoog vermogen lasers bestudeerd. Het afstudeerwerk geschiedde in 
samenwerking met het bedrijf Pulsarr Industrial Research bv te 
Eindhoven. 
Eerst is een literatuuronderzoek over de interactie van laserstraling 
met materie uitgevoerd, waaruit de aspecten die van belang zijn bij het 
lasersnijden zijn gedestilleerd. 
Verder is een model opgesteld wat de invloed van de focussering van de 
bundel ten opzichte van het werkstuk op de vorm van het snijvlak 
beschrijft. 
Het lasersnijden gebeurt gewoonlijk in combinatie met een gasstraal die 
coaxiaal met de bundel op het werkstuk wordt gericht. Dit om 
verschillende redenen, bijvoorbeeld om gesmolten materiaal weg te 
blazen of om met zuurstof een exotherme reactie op te wekken die de 
snijsnelheid aanmerkelijk verhoogt. 
De gasdynamische aspecten van deze gasstraal zijn theoretisch en 
experimenteel onderzocht, dit met het oog op het optimaliseren van het 

snijproces. 



SUMMARY 

The cutting of materials using high powered lasers bas been studied, in 
cooperation with Pulsarr Industrial Research bv at Eindhoven. 

Literature bas been investigated about the interaction of laser 
radiation with matter, especially the aspects which are of interest in 
laser cutting. 
A model bas been set up descrihing the influence of the focussing of 
the beam relative to the workpiece on the cutting edge. 
Laser cutting is usually being done in combination with the assistance 
of a gas jet which is made to impinge on the workpiece, coaxially with 
the beam. This bas several reasons, for example blowing away of molten 
material or, when oxygen is used, creating an exothermic reaction which 
increases the cutting speed. 
The gasdynamical aspects of this gas jet have been studied both 
theoretically and experimentally with the purpose of optimalisation of 
the cuttiPg process. 
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I. INTRODUCTION 

IN THE LAST TWENTY YEARS LASERS HAVE BECOME BIGGER, faster, and more 
controllable, while material interaction phenomena have become more 
understood. Laser processing has evolved from challenging one-of-a

kind difficult to process applications to products designed to take 
advantage of the laser's unique ability. New areas for laser 
applications have developped. It has become obvious that the laser 
could and should be considered as another machine tool. Fixturing has 
been improved, numerical control and computer operations introduced, 
and technology advanced so that the laser is now a critical component 
of many automated systems. Today's laser processing not only provides a 
competitive technology with appreciable economie benefits, even for 
older products, but offers capabilities undreamed of 20 years ago. 

I.l. Laser Materials Processing 

Lasers are far more efficient than conventional heat sourees as flames, 
torches and electric arcs. Conventional sourees spread their energy 
over a relative large area. Lasers have a small, well defined spot size 
varying from 1 ~m to 1 mm, so an enormous energy density can be 
obtained. The low electric efficiency is then no longer a problem. 
The energy is delivered to the point where it is needed and other parts 
of the workpiece are not very much affected. 
Many applications of lasers in materials processing involve the 
initiation of phase changes. For example, drilling involves heating to 
vaporization while laser welding involves both melting and 
vaporization. These applications can be divided in those which involve 

material heating and those which involve material removal: 

(1) MATERIAL HEATING PROCESSES: 

CONDUCTION WELDING is one form of laser welding and is confined to 
thinner sheets. Joining is obtained by overlapping them and fusing the 
surface by which they contact. So the heat souree is at one of the 
exterior surfaces. Systems have been developped for the production of 
microwelds in the fabrication of electronic circuit boards, inside 
vacuum tubes and in other specialized applications where conventional 
technology is unable to provide reliable joining. 
The availability of high power co2 lasers and the limitations of 
current welding technology have stimulated considerable interest in 
DEEP PENETRATION WELDING, which is the more important form. It uses an 
interaction phenomenon called the "keyhole" effect (fig 1.1). A high 

pressure superheated vapor of the metal is created at a certain depth 
from the exterior surface, and interacts with the molten material 
moving it out of the way and forcing it to rise above the upper surface 
of the material. 



The molten metal is violentely stirred by the vapor and strong 
convective currents are created by the very strong temperature 

gradients. When the laser beam moves forward the molten metal closes in 
its wake and solidifies. 

Be om 
sl .. cold" metal /:: s4 ~ 
Sz keyhole 

s3 molten metal 

s4 solidified metal 

fig 1.1 Deep Penetration Welding 

HEAT TREATMENT is primarily used on steels and cast irons with 

sufficient carbon content to allow hardening. An absorbing coating is 
applied and as the beam moves over an area of the surface thermal 
energy is conducted into the metal. Temperatures must rise to values 
that are more than the critical transformation temperature but less 

than the melting temperature. After the beam has passed over the area, 
cooling occurs by mass quenching. 
ALLOYING brings the metal surface to a substantially higher temperature 
than in heat treating and results in a thin molten layer. Then the 
desired amounts of additive elements are introduced into the molten 
layer. Since solidification of this alloyed layer occurs very rapidly 
as the beam is swept across the surface a very fine microstructure is 
produced. 
OTHER applications are cladding, glazing, annealing and processing of 
semiconductors. 

(2) MATERIAL REMOVAL PROCESSES 

LASER MACHINING and laser assisted 
machining, especially of ceramics, 

by turning and milling (fig 1.2). 

fig 1.2 Laser Assisted Machining 
invalving Pretreatment 
by a Pulsed Laser 

_ LASER BEAM 

WORKPIECE 



serpentine 

plunge 

--------top hat 

.. 1" 

fig 1.3 Thick Film Circuit with a Variety of Resistor Trims (ESI) 

RESISTOR TRIMMING: adjusting the value of microcircuit resistors by 
vaporizing parts of it (fig 1.3). During the trimming control occurs 

by dirct messurement of the resistance or by measuring another 
parameter somewhere in the circuit, such as a voltage or an 
amplification factor. 

Laser trimming of thin and thick film resistors have become common 
place in industry. Complete trimming systems are available which can 
trim thousands of resistors per hour. 

DRILLING AND CUTTING: these will be subject to the next section. 

General literature on the applications of lasers in manufacturing: 
(2-4-S-6-8-9-10-12-13-14-27-31-32-33-34-35-36] 

laser radfation 

lens 

gas in -
nozzle 

workpiece 

fig 1.4 Gas Jet Assisted Laser Cutting (schematic) 
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1.2. Drilling and Cutting 

There are five different ways in which a laser can be used to cut 
different materials: 

(1) VAPORIZATION. The beam energy heats the substrate to above its 
boiling point and material leaves as vapor and ejecta - requires 

around 10 times the energy of (2). 
(2) MELTING and BLOWING. The beam energy melts the substrate and a jet 

of inert gas blows the melt out of the cut region - requires around 
twice the energy of (3). 

(3) BURNING in reactive gas. The beam energy heats the material to the 

kindling temperature which then burns in a reactive gas jet. As in 
(2) the jet also clears the dross away - requires around 10 times 
the energy of (4) for some materials. 

(4) THERMAL STRESS CRACKING ar contolled fracturing. The beam energy 
sets up a thermal field in a brittle material e.g. glass such that 

it can guide a crack in any direction. 
(5) SCRIBING. A variant on (4) whereby a blind cut is used as a stress 

raiser allowing mechanica! snapping along the scribed lines. 

Laser drilling and cutting can be fully automated, which has enormous 
advantages. It increases accuracy, reproducability, flexibility and 
productivity. 
Industrial laser drilling is only done if mechanica! methods can nat be 
used. It is only efficient if small holes in the order of ~m's have to 
be drilled (for example holes in turbine blades) ar if the material is 
toa fragile (ceramics), toa hard (ruby, diamond) ar toa soft (rubber, 
plastics). 
A pulsed co2 laser drilles holes with diameters in the range of .1 to 

.2 mm, a Nd:YAG laser reaches diameters of S~m in thin material. 
Lasers can cut a wide variety of materials: metals, wood, leather, 
textile, plastics, rubber, ceramics, quartz, glass and stone. 
The most important advantages of laser drilling and cutting are: 

- minimum heat affected zone 
- minimum dross produced when cutting metals 
- cutting quality and rate nat dependent on material hardness 
- na contact of taal with workpiece 

These advantages can only be obtained by carefully setting and 
cantrolling the laser and gas flow parameters. Otherwise the kerf width 
and the heat affected zone increases, burr formation takes place and 
the quality of the product quickly decreases. This will be subject of 
chapter lil and IV. 
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The qualities of a cut which are desirable to a manufacturer are: 

- sharp corners at the entry of a cut 
- smooth cut surfaces 

- parallel sides to the cut 

- non adherent dross 
- narrow cut width 

- minimal thermal damage to the material 

Subject of this report are (2) and (3), together named gas jet assisted 
laser cutting (fig 1.4). The most important parameters here are: 

laser: À 

p 
wavelength 
output power 

output mode 

peak power, average power 

CW, pulsed, chopped 
TEM beam mode 

mn 
2w, D beam diameter 

lens: f focal length 
beam: 2w

0 
L 

I 

workpiece: v 
h 

R 

a 
L 

K 

K 

gas assist: pr 

Pe 
ps 
dN 
ZNP 
L 

waist diameter 

waist length 
power density 
speed relative to beam 
positioning relative to focus 
reflection 
absorption 
latent heat 
thermal diffusivity 
thermal conductivity 
reservoir pressure 

nozzle exit pressure 

stagnation pressure 
diameter nozzle exit 
distance nozzle exit - workpiece 
jet shock cell length 
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I.3. High Power Industrial Lasers 

In this report we will not consider the very basic principles of laser 
operation as we assume that the reader is familiar with them. A lot of 
literature on this subject is available, for example [1-S-8-26]. 
The rapid development of laser technology bas led to the availability 
of reliable industrially rated lasers. Especially the high power co 2 
and Nd:YAG lasers (the most common types) have found applications in 
materials processing. Some details of these lasers will be described 
below. 

The C0 2 Laser 

The C02 laser is well known because of the high powers (from some Watts 
to many kiloWatts) that can be obtained in CW mode. The efficiency of 
the laser process, i.e. the ratio of laser output power and electrical 
input power, can be as high as 30%. 

The C02 laser operates at a wavelength À = 10.6 ~m in the infrared. 
As active medium it utilizes a gas mixture of carbon dioxide (C0 2 ), 

nitrogen (N2 ) and helium (He) which is excited by an electrical 
discharge. 
Transitions occur between molecular rotational and vibrational levels. 
The C02 molecule is a linear molecule. The three atoms lie in a 
straight line with the carbon atom in the middle. There are three 
different types of vibrations which can occur in the molecule, 
respectively symmetrie stretch, bending and asymmetrie stretch (fig 
1.5). The molecule is able to vibrate in more than one mode at the same 
time and it can have more than one quanturn of vibrational energy in a 

mode at the same time. These states are denoted as (ij1k), where i, j 
and k are integers denoting the quanta of vibrational energy in each of 
the three modes as given above. The superscript 1 for the quanturn 
number of the bending vibration is an additional quanturn number which 
arises because the bending vibration can occur in either of two 
perpendicular senses. 
In addition, each of the vibrational states is split into a number of 
rotational states. The rotational structure is small compared to the 

spacing of the vibrational structure. 
0 0 Population inversion occurs between the (00 1) level and the (10 0) and 

(02°0) levels (fig 1.6). The (00°1) level is only 18.6 cm- 1* above the 
first excited vibrational level of the N2 molecule, which is excited 

very efficiently by electrous in the discharge: 

(1.1) 

This energy is transferred by collision with the co 2 molecule to the 
(00°1) state: 

1. 2E-4 eV 
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( 1.2) 

0 
Laser operation is obtained by transitions to the (10 0) state at À = 
10.6 ~m and to the (02°0) state at À = 9.6 ~m· The gain is higher for 
the 10.6 ~m transitions so this wi11 be the preferred transition. The 

0 
(10 0) state is deexcitated by the process: 

(1.3) 

0 
The (02 0) state decays by: 

(1.4) 

The He-atom plays an important role in the decay of (01
1
0): 

(1.5) 

which process is 20 times faster than deexcitation by collislons with 
0 co2 (00 0). The He also tends to cool the gas mixture by keeping it in 

the lowest rotation states. 
Due to decomposition of molecules and buildup of harmfull products 
(probably CO) in the discharge the quality of the gas mixture 
decreases. Most C02 lasers have a gas circulation/refreshment circuit. 

symmetrie stretch 
I I 

I 
bending 

I asymmetrie stretch 
I 

I I 

~ 
,_ 
" "' "' z 
"' 0.1 

0.0 

COLLISIONAL ENERGY 
TRANSFER 

MANY ROTATIONAL 
SUBLEVELS 

(00"1) VIBRATIONAL LEVEL 

LASER TRANSITIONS 
10.61'm 

9.6/'m 

(0000) 

N2 LEVELS C02 LEVELS 

fig 1.5 Vibration Modes of C02 fig 1.6 Energy Levels of C0 2 laser 

The opties used in co2 laser technology has to be suitable for high 
intensity infrared radiation. The 100% reflective mirrors are usually 
made of gold (Au) coated on copper-nickel (CuNi) or of molybdenum 
(Mo).The lenses and windows are usually made of germanium (Ge), 
cadmium-telluride (CdTe), zinc-selenide (ZnSe) or gallium-arsenide 

(GaAs). 



- 8 -

The Nd:YAG Laser 

The Nd:YAG laser is one of the most versatile and important lasers yet 
developped. lts excellent laser potential derives from a combination of 

trivalent neodymium (Nd3+) with the excellent optical and thermal 
properties of the crystal yttrium aluminum garnet (YAG). When excitated 

by light from an electric Xe or Kr discharge lamp Nd 3+ ions in YAG in a 
proper resonator give most efficient laser operation at À = 1.064 ~m· 
The most efficient optical pumping cavity for a solid state, optically 
pumped laser is the close coupled cylindrical ellipse (fig 1.7). The 
energy level scheme of Nd3+ is shown in fig 1.8. It shows strong 
absorption bands between .5 and .9 ~m, which lead to excitation of the 
2c level. From here the ions are deexcitated to the metastable 4F 312 
level (lifetime T = 160 ~s). Laser operation is obtained by transitions 
to the 4r 1312 state (À = 1.34 ~m), the 4r 1112 state (À = 1.06 ~m), and 

the 41912 state (À = .91 ~m). The gain is higher for the 1.06 ~m 
transitions, which will be the preferred wavelength. The 4I 1112 state 

is .22 eV above the ground level, which means it is almost empty at 
room temperature. When it is excited it has a lifetime of only 10-7 s. 

flash tube 

mirror~ 

laser rod 

fig 1.7 Optical Pumping Cavity 

E[eV] ~ 

2,5, 
Vff//Z 

4~~~ 2
G,

4
G 

0 

-~-1,34JLm 
Optische f- _ 1,0C4JLm 

Anregu'!!._ - 0,91 f.Lm 

4 -+-'-+-+- I 13;2 

fig 1.8 Energy Levels of Nd:YAG 

The efficiency has a maximum of 3% so a cooling system must carry away 
the unused input energy to retain good lamp life and optical quality in 
the pump and laser cavity components. 
At 1.06 ~m optical components can be made from such excellent materfals 
as fused quartz and so are far more rugged than transmissive opties for 
use at 10.6 ~m. 



II. INTERACTION OF LASER RADlATION WITH MATTER 

II.l. Introduetion and Outline 

In this chapter we shall discuss the physical processes that occur 
in the interaction of high power laser radlation with materials. 

Knowledge of these processes is important in unáerstanding capabilities 
and limitations of laser processing. These interactions are the basis 
for laser applications in materials processing. 
The dominant laser-material interaction mechanism depends on the laser 
output mode (CW, pulsed or chopped), pulse duration ,the average as 

well as the peak spiking power and the power density*. 
Understanding the interaction of the high intensity laser beam with 

materials is very difficult, since the simultaneous occurrence of 
several complex physical phenomena are involved. 
According to [17] the analysis of these interaction mechanisms can be 

carried out using a power balance block diagram (fig 2.2). We will 

discuss the details of each block in the next sections but we will give 
a brief outline first. 

When laser radfation falls on a target surface, part of it is absorbed 
and part of it is reflected. The absorbed energy starts heating the 

surface and forms a heat source. 
With increasing intensity, there are respectively four interaction 

mechanisms: heating, melting, vaporization and plasma production. 
Rough C02 laser intensity ranges for these phenomena are listed below: 

phenomenon I (W/cm2) 

heating + 105 

melting 105 - 106 

vaporization 106 - 2.5•107 

plasma effects 2.5•107 + 

In fig 2.1 a simple illustration of these effects is given. 
There are several ways by which energy can get lost: reflection and 

scattering of laser radlation and radlation and thermal diffusion from 

the formed heat source. Reflection can be a dominant process, the other 
processes usually are too small to be considered. 

* The power density or intensity in laser materials interactions 
is usually expressed in W/cm2 • 
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thermal 
conduction 

liquid 
interface 

fig 2.1 Interactions of Laser Radlation with Matter (Schematically) 

There are also a number of feedback mechanisms and other physical 
processes, such as: 

- decrease of reflectivity during a laser pulse 
- laser induced thermal stress and generation of shock waves 
- laser induced partiele emmision 
- laser supported absorption in the formed plasma cloud 
- explosive ejection of solid material 
- gas breakdown in the ambient air 
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fig 2.2 Power Balance Block Diagram 
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11.2. General Optica! Properties of Materfals 

Electromagnetic radiation with wavelengtbs ranging from uv to ir 
interacts exclusively with electrous since atoms are too heavy to 
respond significantly to the high frequencies (v > 1013 Hz) of the 
electromagnetic field. 
Therefore, the optica! properties of matter are primarily determined by 
the energy states of its valenee electrons. Generally, bound electrous 
respond only weakly to the external electromagnetic wave and mainly 
affect its phase velocity. Free electrous are able to be accellerated 
and extract energy from the field more efficiently. However, since the 
external field is periodically changing its direction, the oscillating 
electrous re-radiate their kinetic energy unless they undergo frequent 
collisions with the atoms. In this case energy is transmitted to the 
lattice and the external field is absorbed. Re-radiation is the cause 

of reflection. 

II.3. Absorption and Reflection 

Let us consider a solid being irradiated by a plane electromagnetic 
wave. Assuming that the solid bas a finite conductivity a (Q-lm- 1) we 
can substitute Ohm's law: 

+ + 
J = oE 

in the Maxwell equation: 

which gives: 

The solutions of this equation are plane waves: 

E(x,t) = Ê0•exp(iwt)•exp(-ikx) 

substitution of (2.4) in (2.3) gives: 

k = /(€~) for a = 0 

k = I(E~w2 - a~iw) for a * 0 

(2.1) 

(2.2) 

(2.3) 

(2.4) 

(2.5) 

(2.6) 
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We can write solution (2.4) in a different way: 

+ + 
E(x.t) = E0 •exp(-bx)•exp(i(wt-Sx)) (2.7) 

where b is the attenuation coefficient (m- 1 ) and a a phase constant: 

2 
b = w 1( ~e: I (1~)-1) w e: 

2 
8 = w l(~e: 1(1~)+1) w e: 

We will now discuss the values of b for two 

(1) a/we: >> 1 (conductor). We can write: 

b = I ( jJa2w ) 1 =d 

and so: 

Ê(x,t) = Ê0•exp(-x/d)•exp(i(wt-8x)) 

(2. 8) 

(2.9) 

extremes of a: 

(2.10) 

(2.11) 

So the electric field decreases with penetration, falling to 1/e of its 
surface value in a distance d, which is known as the penetration depth. 
The intensity is proportional to the square of the electric field and 
falls to 1/e2 of its surface value within d: 

I(x) = I 0•exp(-2x/d) (2.12) 

For metals d is usually in the order of jJm for infrared (10.6 \Jm) 
radiation. The reflecting power of the surface can he found from the 

+ 
boundary conditions which require continuity of E (and the magnetic 
field H) at the boundary. The ratio of reflected intensity to incident 
intensity is: 

R 

I 
Irefl = 1 _ 2 1 (2~ 0w) 
inci 

(2.13) 

which for most metals is > 98% at À = 10.6 JJm• 
In fig 2.3 measured reflectivities of several metals in the infrared 
are plotted. 
So conductors are good absorbers of infrared radiation but most of it 
is reflected at the surface. 

(2) a/we: << 1 (insulator). In this case we find for b: 

b=~l~ 
2 e: 

(2.14) 
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fig 2.3 Reflectivity of Several Metals as a Function of Wavelength 

11.4. Heat Souree Formation 

We will now consider the heat souree which is produced in the solid by 
the absorbed laser energy. According to [7] there are two roodels for 
this heat source: 

(1) VOLUME model: 
For solids having a small absorbtion coëfficient and a relative large 
penetration depth, such as semiconductors and insulators, we assume 
that the heat souree has a three dimensional spatial distribution. At 
the surface the intensity of the heat souree equals the intensity of 
the absorbed radlation and it decreases exponentially while penetrating 
into the solid: 

A alb•exp(-bz) (2.15) 

where b is the attenuation coëfficient (m-1 ) and the penetration depth 
d = 1/b (m). 

(2) SURFACE model: 
For solids having a small penetration depth and a high absorption 
coëfficient, such as metals, we assume that the heat is formed at the 
surface of the workpiece. From the surface it is conducted into the 
solid: 

al = F z 
ar = -K:
dZ 

where F is the flux through the surface. z 

(2.16) 
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II.S. Heating without Phase Change 

We will examine the equation of heat conduction in a solid with the 
laser energy absorbed at the irradiated surface as a heat source. First 
we consider the temperature rise below the levels which produce melting 

and vaporization of the surface. If the heating time is much langer 
than the free time between collislons for the electrans within the 

workpiece (-1o-11 -1o- 13 s) it can be argued that classica! heat 
conduction equations apply to the laser heating process. The 

differentlal equation for thermal diffusion in three dimensions is: 

Here: 

ar + + 
pc - = V • KVT + A 

P at 

T = T(x,y,z,t) = temperature 
p = material density (kg/m3) 

c = heat capacity (J/kgK) 

(K) 

p 
K = thermal conductivity (W/mK) 
A = heat supply (J/sm3) 

The material properties are related as: 

K = pc K 
p 

where: 

K = thermal diffusivity (m2/s) 

(2.17) 

(2.18) 

These properties will depend on temperature and position. This results 
in a nonlinear equation which is very hard to solve exactly. For most 
materials the thermal properties do not vary greatly with temperature. 
In this case it is possible to solve the heat flow problem. A further 
simplification is obtained by assuming that the material is homogenous 
and isotropic. 

The salution to the heat transfer equation can be expressed in 
analytica! form only when the system posseses certain symmetrical 

boundary conditions. Analytica! solutions can be found in [5-6-11] 
for several intensity distributions in space and time. 
An example is given in fig 2.4 where an infinite half space is 
irradiated by a CW Gaussian laser beam. 



I(r) T/2a~aw = T' 
K 1T 

1 

II.6. Melting and Vaporization 

T'(O,O,t) arctan /(t') 

The subject of laser induced melting is of interest because of its 
relation to the applications of laser welding. Here the optimum 
situation is melting without vaporization, which is produced only over 
a fairly narrow range of laser parameteres (105 W/cm2 < I < 10 6 W/cm2 , 
CW mode preferred). 
Let us consider the interface between molten and solid material moving 
into the workpiece, with the latent heat being absorbed at the 
interface. The heat flow equation must be solved in both molten and 
solid regions, with the conservation of energy at the moving boundary 

giving: 

where the subscripts s and 1 refer to solid 
and liquid (molten), Z(t) is the position 
of the moving boundary (fig 2.5) and Lsl is 
the latent heat of melting per unit mass. 
at the boundary the tempeature equals the 
melting temperature T • At the surface we 

m 
have the boundary condition: 

-K ~ 
1 ilz 

z=O 
= al(t) (2.20) 

(2.19) 

I t I I I 
__lLLLz~O 

,. . . . // / . ( ' \.jil,.lÀcL 

~-· . ZL-1:) 

fig 2.5 Moving Boundary 
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This general problem is not susceptible to analytic solutions and has 
to be solved by numerical techniques. 

The time from the start of the laser irradiation until the surface 
reaches the melting temperature is given by: 

(2.21) 

Vaporization is very easy to produce with lasers, it is even difficult 
to stay out of the regime of surface vaporization. 
We will now consider how to calculate the amount of material removed 
from the irradiated surface. We assume that the presence of a liquid 
phase can be neglected, because the latent heat of melting is generally 
much smaller than the latent heat of vaporization or the quantity of 
heat required to raise the temperature to the boiling point. The 

process can be considered as quasi sublimation. 
We review a treatment based on one-dimensional heat flow, a continually 
vaporizing surface with constant heat input at the surface. 
The surface is raised to vaporization temperature after a time: 

(2.22) 

which is usually short enough to be neglected (t < ~sec). 
V 

The energy balance at the surface requires that the energy given to the 
vaporized material equals the energy conducted from the solid: 

(c (T -To) + pL )·a~ft) = 
p V SV 

(2.23) 
z=Z 

Substituting (2.20) gives an equation for the steady state velocity of 
the moving boundary: 

= a Z ( t) = -::--:-a_I-:-:=---:::-:-
at pL +c (T -r

0
) 

SV p V 

(2.24) 

This equation will be used in section III.3. 
This treatment only holds for laser operation in the CW mode or in the 
pulsed mode with pulselengths > msecs. Typically, very high power short 
pulses (for example from Q-switched lasers) do not produce much 
vaporization and remove only a smal! amount of material from the 
surface. Instead a lot of other phenomena can occur. [11] 
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II.7. Plasma Production 

A laser induced plasma can be produced by vaporization of some of the 
opaque workpiece and subsequent absorption of laser light in this 
vaporized material. 

Plasma production studies are carried out at high irradiances, of the 
order of 109 W/cm2 and greater, normally obtained by very short (ns) 

pulses from Q-switched lasers. Observation of charged particles can 
already be carried out in the range of 107 to 108 W/cm2. 

There have been many investigations of plasma production, most of them 
motivated by the possibility of producing a high temperature plasma in 

which thermonuclear reactions could occur. 

Experimental studies have been done with high speed photographic 
techniques to record the emission of the blowoff material from the 
surface. Also interferometric techniques have been used to measure the 
electron density n and the temperature of the plasma. More details on 

e 
these and other techniques can be found in [11] and results in for 
example [19] 

The physical phenomena accuring in plasma production will now be 
discussed briefly. 
Material is vaporized from a solid surface and then heated further by 
absorption of laser radlation in the blowoff material. This material is 

slightly thermally ionized and evolves into an opaque, high temperature 
plasma. The laser radlation is effectively cut off from the surface. 
For intensities in the range of 109 to 101 2 W/cm2 the main absorption 
process in the plasma is the inverse Brehmsstrahlungs process (fig 2.6) 
which involves absorption of a pboton by a free electron and heating 
of the electron • In order to conserve momentum the process must occur 
within the field of an ion. 

ion recoil 

pboton 

free electron 

fig 2.6 Inverse Brehmsstrahlung 

At still higher irradiances > 10 13 W/cm2 collective plasma effects 
become important. Here the laser radiation is absorbed by interaction 
with a number of plasma particles collectively. This leads to 
generation of ion waves, collective oscillations or other 
electromagnetic modes in the plasma. The understanding of these effects 
is still in an early state but because of its relation with 
thermonuclear fusion it is developing rapidly. 



After the plasma cloud has formed it expands very rapidly and the 
absarptien decreases due to the decrease of the electron density. 

In fig 2.7 a compilation is shown of measured plasma temperatures in 
electron volts as a function of the laser intensity. 
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fig 2.7 Temperature Measurements of Laser Generated Plasma's ( 11] 

It can be seen that the temperature increases rather slowly with 
irradiance, which reflects the fact that the plasma temperature is 
limited by the rapid expansion of the heated material. 
If a plasma is produced during laser materfals processing, the 
absarptien in it will shield the workpiece from the laser radlation 
(22-23]. This shielding effect is the reasou forthefact that little 
vaporization occurs at very high power densities. In fig 2.8 the mass 
remaval from an Al workpiece struck by a 1 ~s co2 laser pulse with 
variable intensity is shown. 
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fig 2.8 Mass Remaval Rate of Al as a Function of Intensity 

It can be seen that there is an optimum for I = 107 W/cm2 due to the 
plasma shielding at higher intensities. Therefore plasma formation is 
not desired in materials processing applications. 
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!!.8. Feedback and other Mechanisms 

Reduction of Reflectivity 

Although co2 lasers provide a convenient means to process metals, the 
high ir reflectivity of the latter allows only a small fraction of the 
incident power to he utilized. In most practical applications of laser 

processing irradiation occurs under oxidizing conditions, resulting in 
reflection coefficients that are significantly smaller than those 
theoretically predicted for clean metal surfaces, as in eqation 2.13. 
The decrease of reflectivity of metal surfaces under conditions of 
surface erosion indicates that under appropriate conditions laser 
energy can be coupled effectively into a workpiece even if the original 
refectivity is high. 

Re-radiation Loss 

Losses due to re-radiation of energy by the surface being irradiated by 
a laser beam can be estimated by assuming black body radiation: 

(2.25) 

Here W is the power loss in Watts, a is the Stefan-Boltzmann constant, 
A is the total radlating surface and € is the emmisivity of the 
radiator which, in this case is equal to the absorption a. 
Under normal laser processing conditions this type of energy loss is 
too small to be of any significance. 

Diffusion Loss 

The average fraction of power lost by thermal diffusion increases with 
the material properties K and K. It has been estimated in [17]. For 
metals it appeared to be in the range of 4 to 10 %. 

Scattering Loss 

When laser vaporization occurs, the high pressure vapor removes 
material (solid, liquid, vapor, plasma) from the formed crater. As the 
depth of the erater increases this ejection of material is mainly in 
the direction of the laser beam, and scattering will occur. 
It is very difficult to say how much the radlation will be scattered, 
as there will he much variation with the laser and material 

parameters. 
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Explosive Removal of Solid Material 

In [18) and [21] it has been reported that at laser intensities of 108-
109 W/cm2 explosive removal of solid material from the erater can take 
place caused by tempersture maxima below the vaporizing surface. 

Thermal Stress 

This is caused by the large tempersture gradients. It is used in the 
cutting methods (4) and (5) mentioned in section 1.2. Knowledge of 
stress phenomena is here very important to obtain a good cut quality. 
[ 2] 
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lil. FOCUSSING ON MATERIAL SURFACE 

In this chapter we will discuss the influence of the way of focussing 
an intense laser beam on a workpiece on the quality of a drilled hole 
or a cutting edge. First the mode structure of the laser beam has to be 

discussed. [ 26] 

III.l. Spatial Profiles of Laser Beams 

The spatial profile of a laser beam is determined by the geometry of 
the laser cavity. The shape of the laser cavity provides boundary 
conditions on the wave equation which determines which configurations 
of the electromagnetic field will be allowed in the cavity. 
The field can assume many different cross sectional shapes, termed 

transverse electromagnetic (TEM) modes. Particular modes are labeled 
TEM where m and n are the number of nodes in two orthogonal 

mn 
directions. Both cylindrical and rectangular geometries have the TEM 00 
as the transverse mode of highest symmetry. 
Some transverse laser beam modes can be seen in fig 3.1. 

rectangular symmetry cylindrical symmetry 

• 11 lil I lil ···-· 00 10 20 30 
00 01* 10 11* 20 ,.,. •••• - ··~ ~~~ •• - ------ - -•• ··- ---- - - ·- .... ~~-~ •••• -11 21 33 04 OI 02 03 04 

fig 3.1 Transverse Modes of a Laser Beam 

In rectangular symmetry the integers denote the number of nodes as one 
passes through the beam pattern in each of two mutually perpendicular 
directions. In cylindrical symmetry the first integer indicates the 
number of nodes as one passes across the beam in a radial direction. 
The second integer specifies half the number of nodes in an azimuthal 
direction. The modes marked with an * are linear superpositions of two 

0 modes rotated by 90 about the central axis. 
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The intensity distribution of a certain TEM mode is given, in 
mn 

rectangular coördinates, by: 

{ 
x y x2+y2 2 

I (x,y) = I • H (/2-)•H (/2-)•exp(- ~)} mn 0 m w n w w 
(3.1) 

where H is the Hermite polynomial of order m, and in polar coördinates 
m 

by: 

- n r 2 r 2n r2 
I (r,6) = I 0 •lL (2::z-)]•(/2-) •exp(2::z-)•cos2(n6) mn m w w w (3.2) 

where the function L n is a generalized Laguerre polynomial and w is 
m 

the spot size of the beam, defined as the radius at which the intensity 
of the TEM00 mode is 1/e2 of its value on the axis. 
Some low order Hermite and Laguerre polynomials are listed below. 

H0 (x) = 1 

H1 (x) = 
H

2 
(x) 

L0 (x) = 1 

1 1 (x) = -x+l 

L2(x) = x2-4x+2 

The lowest order mode, TEM00 , which is normally used in laser cutting, 
reduces to a Gaussian for either case given above: 

(-2r2 ) I(r) = I 0 • exp ~ (3.3) 

The beamradius w is a function of the axial coördinate z. Every 
laserbeam has a minimum diameter 2w0 , the so called beam waist, which 
is a function of the laser wavelength and the resonator quality. 
When the coördinate system is chosen in a way that the waist lies at 
z=O then: 

(3.4) 

Another important beam parameter is the divergence a. The values of w0 
and a are coupled as: 

2 À 
wO • a = k = 1r 

where k is the wave number. 
The waist length L is defined as: 

(3 .5) 

(3.6) 
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This gives for the beam radius at z=L: 

(3.7) 

In fig 3.2 a beam waist is shematically shown with the nomenclature as 
given above. 

fig 3.2 Laser Beam Waist 
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111.2 Focussing Properties of the Laser Beam 

The dominant parameter in most applications of lasers in materfals 
processing is the laser intensity. The intensity is defined as the 
power per unit area, so the intensity along the axis of a beam is: 

I(z) 
p 

(3.8) 

In order to determine the maximum power density that can be produced by 
laser radlation we must consider the spot size to which the beam can be 
focussed. It is not possible to focus the beam to a mathematica! point. 
There is always a minimum spot size which is determined ultimately by 
diffraction. Very aften, of course, because of imperfectlans in the 
optica! system, one wil! not be able to reach this limit. 
A simple calculation of the distribution of intensity within the focal 
region is possible only when the propagating beam has a Gaussfan 
profile. As we have seen, this is the beam profile obtained from lasers 
operating in the fundamental TEM00 mode. Fig 3.3 shows the focussing of 

a Gaussfan beam by a simple lens. 

I 

l ;~, ~I 0 /I I~\ 
I /~ I \ -----t'·-t + ·-+ 

l \;Q_p_f_ 
I 

fig 3.3 Focussing of a Gaussfan Laser Beam 

Since the initia! beam has a smal! divergence, the focus is close to 
the focal point f on the right side of the lens. The waist of the 
focussed beam appears to be: 

(3.9) 

where D is the diameter of the initia! beam at the position of the 
lens. 



- 26 -

Finally, a combination of the previous equations gives the intensity 
distribution of a focussed Gaussian laser beam: 

p 
I ( z , r) = -----:------:,_. 

~ 2 + (-À z) J 
1r l wo 

1fwo 

(3.10) 

In fig 3.4 a plot is given of this distribution. 

log vertical scale 

fig 3.4 Intensity Distribution of a Focussed Gaussian Laser Beam 

In fig 3.5 a plot is shown of the lines of equal intensity in a 
focussed laser beam. They can be obtained by solving z(r) at a given I 
from equation 3.10. 

r 

fig 3.5 Lines of Equal Intensity in a Focussed Gaussian Laser Beam 
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In laser processing the direction of the laser beam is usually 
perpendicular to the surface of the workpiece. The workpiece moves 
relative to the beam with velocity v in the x-direction. We consider a 
frame fixed on the workpiece with the surface in the plane z=O and the 
focus of the beam in z=h. Then the intensity distribution becomes: 

I(x,y,z,t) (3.11) 

This is shown in fig 3.6. 

z 

l::y 
x 

--. 
V 

fig 3.6 Focussed Beam relative to Moving Workpiece 
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III.3. Laser Drilled Hole and Cutting Edge Profiles 

Let us now consider a workpiece with the surface being heated by a 
laser beam until it reaches its vaporization temperature (as discussed 

in section 11.6), and the vaporized material being removed by an inert 

gas jet. We will neglect other influences of the gas jet, this will be 

the subject of the next chapter. Also we assume that the vapor absorbs 

no radiation. 

From chapter II we know the boundary conditions of the diffusion 
equation: 

ar 
al = -K:az (3.12) 

The front surface energy balance requires that the energy given to the 
vaporized material equals the energy conducted from the solid, thus: 

K:dT 
az 

Here is: 

z position of vaporizing surface 

al = intensity of absorbed radiation (W/m2 ) 

K thermal conductivity (W/mK) 

c specific heat (J/kgK) p 
density (kg/m3) p 

L heat of vaporization (J/kg) 
V 

vb = velocity of moving boundary (m/s) 

(3.13) 

I 

I 

Z(t) 
~~ .... , 

'"'" 

vb ++x 
z 

fig 3.7 Moving 
Boundary 

This results in an equation for the quasi stationary velocity of the 
moving boundary (fig 3.7): 

dZ(t') 
at = -.".--a:.:....I__:(~t,_'l=-:-- = C•l(t') pL +c (T -T

0
) 

V p V 

(3.14) 

where C is a constant if we asume temperature independenee of the 
material properties. 

In literature (for example [2]) some considerations on this equation 

are given. In this work an attempt has been made to solve the equation 
in more than one dimeosion with I as a function of r,z and t, to obtain 

an approximation of the shape of the boundary, i.e. the profile of a 

laser drilled hole or a laser cut. This has been done in the following 

way: 
First assume a distribution of I which is constant in the r-direction 

and in time, but varies with z. The depth of vaporization reached after 

a eertaio time t' can be found by integration of (3.14): 



Z(t) 
t 

= j V (t') dt' = 
0 b 
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t 
j C•I(z(t')) 

0 
dt' (3.15) 

Because of the z-dependence of I this equation cannot be solved 
analytically. 
A numerical approach of the solution can be obtained using: 

dZ(t) c • I(Z(t),t) dt 

+ t.Z(t) = c • r(z(t),t) • t.t 

+ Z(t ) - Z(tn-1) = c • I(Z(tn-1)'tn-1) • (t -t 1) n n n-

+ Z(t ) Z(tn_1) + C • I(Z(tn-1)'tn-1) • (t -t 1) n n n-

n 
+ Z(t ) I: c • I(Z(tn-1)'tn-1) • (t -t 1) (3.16) 

n 1 n n-

Now we wil1 take an intensity distribution of a focussed Gaussian laser 
beam according to (3.10). We assume that the vaporizing surface moves 
in the direction of the laser light rays. We define these rays (fig 
3.8) as: 

~w(z) w(z) 

n= -2 -1 0 1 2 

fig 3.8 Rays relative to Workpiece 

(3.17) 

Here n and N are integers and 
w(z) is the beam walst as defined 
in (3.4). Equation (3.15) is now 

solved along these rays instead 
of in the z-direction. The 

profile of the vaporizing 
boundary as a function of time 
can now he obtained by connecting 
the calculated values of Z along 
the different rays. 
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In fig 3.9 an example is given of a calculation of the profile of a 
laser drilled hole after several time intervals. The * indicates the 
position of the focus, which, in this case, lies within the workpiece. 
In fig 3.10 the same values of the parameters are used in the 
calculation, except that the workpiece is moving relative to the beam 
in the x-direction. Here an intensity distribution according to (3.11) 
is used. The plot shows the cutting edge profile in the y-direction. 

V 

"" / - r-
/"'-

fig 3.10 Cutting Edge Profile 

lJ 

fig 3.9 Laser Drilled Hole Profile 

The next step is the calculation of cutting edge profiles for certain 
laser parameters (D, P, À, f) and material properties (included in the 
material constant C (3.14)) at several values for the cutting speed v 
and the position of the focus h. Some examples of these calculations 
will be discussed now. 



p 
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The material properties of perspex (App.1) have been taken to calculate 
C using the equation: 

a c = ---:--.,.--==---=~ 0! 
pL + c (T -T

0
) 

V p V 

1 
pL 

V 

(3.18) 

and the laser parameters of the Fairlight (section V.1) to enable 
comparision with experiments. The values of these parameters are: 
C = 10-10 m3/J, D = 6 mm, P = 50 W, À = 10.6 J.lm, f = 1.5" and 3" and 

the cutting speed v variing from 0 to 10 mm/s. Here w0 = 43 JJm· 
In fig 3.11 the calculated cutting edge profiles are shown with the 

position of the focus h variing from +4 to -10 mm above the surface of 
the workpiece. 
Gomparision with the experiments has shown good conformity of the 
calculations with rea1 laser made holes and cuts, although there can be 
some deviations which will be described in the next sections. 

25 w f = 1.5" SCALE 2:1 
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fig 3.11a Calculated Hole and Cutting Edge Profiles in Perspex 
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111.4. Refocussing Effects 

When camparing the calculated profiles with profiles of real laser cut 
kerfs in (for example) perspex, one aften can see that the last ones 
are deeper, as shown in fig 3.12. 

a 

fig 3.12 Refocussing Effect 

Laser 
Beom 

Workpiece 

In the sections above we assumed that the intensity distribution of the 
focussed laser beam is independent of the workpiece being cut by it. 
The effect mentioned above can be explained by multiple internal 
reflections within the kerf. These reflections cause a refoccusing of 
the beam and a different intensity distribution as used in the 
calculations. 
The refocussing effect can seriously decrease the quality of the laser 
cut. From the experiments it can be seen that the irregular intensity 
distribution of the refocussed beam causes a rough cutting edge 
(fig 3.13) 

V 

fig 3.13 Influence of Refocussing on Laser Cut 
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III.S. Beam Mode Effects 

Only certain beam modes, or mixtures of them, are useful for processing 
materials. 

The TEM00 mode is ideal for most cutting, drilling and welding 

applications because it can be focussed to a minimum spot size to 
achleve maximum power density. 

The TEM01 * or DONUT mode cross sectien shows a hollew center with most 
of the energy concentrated near the periphery of the focussed area. It 

is used in hole drilling applications where it is nat necessary to 

achleve the smallest possible diameter. This is a more efficient 
methad of drilling because it applies energy to the outer edges of the 

hole - the area that will define the actual hole diameter. This mode 

also distributes the beam energy efficiently for some heat treating 
applications. 

Because of instahilities that might occur in the laser it is important 
to monitor and control the laser beam mode. Deviations from the 

preferred mode for some application can seriously reduce the quality of 

the product. 

III.6. Polarization Effects 

The absarptien of light at a surface depends upon the incident angle 
and the polarization of the light. The absarptien ratio A /A , where 

and A are the fractions of the light absorbed when the plan: of 
s 

incidence is parallel respectively perpendicular to the plane of 
polarization, is shown in fig 3.14 as a function of the angle of 
incidence, for Fe at À = 10.6 ~m. 
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fig 3.15 Tangentlal Incidence 

A 
p 



- 35 -

When a laser beam is moving through a material forming a cut kerf, the 
energy of the laser beam is absorbed under incident angles close to 
tangentlal incidence (fig 3.1S).This means that the absorption in a 
cutting direction parallel to the plane of polarization is much larger 
than in a cutting direction perpendicular to the plane of polarization. 
However, the ratio A /A decreases as the temperature increases and 

p s 
combustion stimulated by the oxygen supply will reduce the difference 
in material removal in the two directions. 

Nevertheless, linear polarization of the beam will affect the cutting 
rate and the kerf width. It can also lead to sloping of the edges of 
the cut as can be seen in fig 3.16. This, in combination with the gas 
supply, could result in burr formation on one of the cutting edges. 

top view 

front view 

fig 3.16 Effects of Linear Polarization on Kerf Quality 
++ = Plane of Polarization, 11 = High Absorbtion 

This effect is most noticeable when cutting along circular or other 
curved paths. 
Most industrial C02 lasers are in fact plane polarized but in the last 

years many laser manufacturers have modified their lasers to be 
unpolarized. (28] 
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IV. GAS FLOW EFFECTS 

IV.1. The Role of the Gas Jet 

Attempts at cutting materials, especially metals, using relatively low 
powered co2 lasers, met with little succes until the advent of the gas 
nozzle. In gas jet assisted laser cutting the gas is usually introduced 
coaxially to the laser beam and the gas flow rate is varied by changing 
the pressure of the gas (see fig. 4.1). Nozzle design and flow 
characteristics will affect the cutting performance (cutting speed, 
edge quality) at a given laser output. 

laser 
b eam _____ ,,~;t:,G;<i''i''""l'!j0'if~il!:t~~,,~Jl':)i) 

horizontal 
lens 
adjust 

axial 
nozzle 
adjust 

45° 
degree 
mirror 

fine 
focus 
adjust 

lens 

gas 
k:::r:!----- supply 

nozzle 

~ workpiece 

fig. 4.1 Gas Jet Assisted Laser Cutting (COHERENT) 

Some advantages of the gas jet are: 

- Proteetion of the lens against molten drops of the workpiece. 
- When oxygen or air is used the exothermic reaction (oxidation) will 

increase the melting and vaporisation of the material. 
- Inert gasses (N2 , He, Ar) can proteet against oxidation if this is 

undesirable, and act as a shield gas. 
- Cooling of the workpiece and decreasing the heat affected zone. 
- Remaval of molten and vaporized material from the cutting edge. 
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IV.2. General Aspects of Compressible Flow 

In order to make a study of the gas flow effects we need the theory of 
gas dynamica, or compressible flow. This is the study of those motions 
for which changes in gas density p play an essential role. 

The Mach number M is a characteristic measure of the importsnee of 

density changes. It is defined as the ratio of the local flow speed to 

the local speed of sound: 

M =V 
c (4.1) 

Other characteristic quantities are the tempersture T and the pressure 

p. Considering a perfect gas they are related as: 

.E_ = RT 
p 

where R is the gas constant per unit mass. 

(4.2) 

The flow near the wall of a duet is subject to viscous and thermal 

effects and entropy normally ac~umulates in the gas. For sufficiently 

short ducts however the isentropic model (:~ = 0) is a satisfactory 
approximation. 

For a compressible flow of a perfect gas in a duet with variable 
area A we have the following balance equations: 

energy: 

mass: 

entropy: 

~v2 + _y_~ =constant (Bernouilli) 
y-1 p 

pvA = constant 

-y 
PP constant 

(4.3) 

(4.4) 

(4.5) 

Here y is the ratio of c and c , which are assumed to be constant. 
p V 

For y of air, N2 and 02 we take the value for a perfect, diatomic gas, 
y = 1.4. The constants can be calculated from the known reservoir 

conditions p , p , T and c • 
r r r r 

These equations hold if there is no viscosity, no heat conduction and 
no heat sources, and if the flow is steady and has a uniform velocity 

distribution in the duet. 

The speed of sound in an elastic medium is given by: 

(4.6) 



which gives together with (4.5): 

2 p 
c = y

p 
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Combination of equations (4.2,3,5,7) results in: 

c T 
-=-= 
c T r r 

(4.7) 

(4.8) 

Here the temperature, pressure and density are related to the Mach 
number and the reservoir conditions, which in some cases are all 
known. 

Shocks 

A shock is a relative thin region of rapid state variation across which 
there is a flow of matter. The shocks that are of interest here are the 
shock fronts occurring in supersonic flow. 

The flow across the shock must satisfy the coditions of balance for 
mass, momentum, energy and entropy. They result in the shock conditions 
which relate the flow variables on one side of the shock to those on 
the other side. 
Usually there is an increase of entropy across the shock and a 
corresponding production within the shock front due to thermal and 
mechanical dissipstion and relaxation processes. This, and the other 
conditions, state: 

mass: fl(pwA) = 0 (4.9) 

momentum: fl(p+pw2) 0 (4.10) 

energy: fl(h+\w2) = 0 (4.11) 

entropy: l!.s > 0 (4.12) 

Here w is the component of the flow velocity normal to the shock front 
and h is the enthalpy. 
The shock Mach number is defined as: 

=- (4.13) 

were the index 1 refers to the upstream side of the shock. 
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Mln is conveniently used to express the jump in all quantities, for 
example: 

lip 2y ( 2 ) 
~ = y+l • Mln -1 

A relation which will appear to be of interest for our purposes 
relation between p01 and p02 • These are the pressures up- and 
downstream of a flow where v

1 
~ v

2 
~ 0 (see fig 4.2). 

POl P02 

vl ~o v2~o 

/// //"' ';~ 

(4.14) 

is the 

fig 4.2 Flow between two Reservoirs where the Flow Velocity ~ 0 

Assuming that the flow is everywhere isentropic except across the shock 
one can derive from the shock conditions: 

Po2 lis 
-p- = exp(- R) = f(Mln'y) 

01 

where: 
ll _ ( 2y M 2 y -1 )_l_ ( 2 y -1 )__]_ 

exp(R s) - y+l ln - y+l y-1 • (y+l )M Z + y+l y-1 
ln 

and R is the universal gas constant. 

(4.15) 

(4.16) 

This function is tabelized in most books on gas dynamics (for example 
[37-38-39) in the normal shock tables. 
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IV.3. Nozzle Design 

When designing a nozzle, one has to consider first the shape of the 
focussed laser beam which must be allowed to pass through it. The 
minimum diameter of the nozzle is determined by the diameter of the 
beam and the required distance between nozzle exit and the focus of the 
beam. 

To prevent damage in case of misalignment of the beam the nozzle has to 
be made of brass or aluminium, as these materfals have a very high 
reflectance at À = 10.6 ~m. 
In laser cutting normally a converging axially symmetrie nozzle is 
used, although some experiments have been done with converging
diverging (supersonic,de Laval) asymmetrie nozzles. (29] 
In fig. 4.3 some possible nozzle designs are shown. 

convergent conical COHERENT de Laval sharp 

fig. 4.3 Several Nozzle Designs 

Some parameters of a nozzle are: 

- The diameter of the nozzle exit dN. This is limited by the beam 
shape and determines the maximum flow (1/s) of the gas through it. It 
also influences the structure of the jet originating from it in a way 
that the typical dimensions of the jet as described in the next chapter 

are sealing linearly with dN. 

- The conicity ~ of the nozzle entrance, also limited by the beam 
shape, has no, or no significant, influence on the jet structure or 
other flow characteristics. 

The inner diameter of the nozzle can be made to vary smoothly, or to 
change directly from conical to cylindrical. The first one might 
guarantee a more gentle flow but is rather difficult to manufacture. 
The other type is used more often in practice and provides satisfying 
results. An additional parameter here is the length of the cylindrical 
part 1. 
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For most applications dN ranges from 1 to 3 mm and 1 from 0 to 2 mm. 
At the exit the nozzle can be blunt or sharp. The sharp version 
provides a better stability of the jet, as will be explained later. 
Furthermore, the positioning of the nozzle above a certain point of the 
workpiece can be controlled easier and the accessability in case of 
capricious shaped workpieces becomes better. 
One has to be careful in nozzle maintenance, especially with the sharp 
ones, because even little distortions at the nozzle exit can seriously 
decrease the gas jet quality. [29] 

IV.4. Nozzle Flow 

We consider the converging nozzle. Still we assume that there is no 
friction at the walls. For laser cutting applications we are interested 
in the pressure, the flow rate and the velocity of the gas at the 
nozzle exit, as a function of p which is usually variable and 

r 
easily controllable. 
Let us consider the effect of increasing the pressure ratio p /p over r m 
the levels a, b, c, d and e as shown in fig 4.4, where p is the m 

ambient pressure. 
In case a, p = p , there is no r m 

flow. In case b, p < p < p*, the 
m r r 

flow 
is everywhere subsonic and p = e 

p • In case c, sonic conditions (M = 1) m 
are achieved in the minimum area 
(4.8) we can calculate that this 

section and p = p • From equation e m 
condition is reached at p = p* = 

r r 
1.9 p • Further increase of p /p (cases d and e) will result in an 

m r m 

increase of p /p • From equation (4.8) with M = 1 we get: e m 

(4.17) 

A nozzle flow which has reached sonic conditions at the minimum area 
and which expands to a lower pressure outside the nozzle is said to be 
choked. 
In case of deviations from the !deal conditions, for example if 
friction occurs at the nozzle wall, we will get: 

and: 

p* > 1.9 Pm r 

for p > p* 
r r 

(4.18) 

(4.19) 
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fig 4.4 Pressure Distribution in a Converging Nozzle 



IV.5. Structure of the Free Jet 

A gas jet is called free if it is only influenced by the surrounding 
medium. This medium has to obey the following conditions: 
-it is infinite, 
-far away from the jet it is at rest, 
-there are no other influences then those from the jet. 
The general structure of a free jet is well known [41]. 
If we consider the flow emerging from a circular convergent nozzle, 
three major variations of the flow pattern are possible, depending upon 
the pressure ratio through the nozzle. These variations are referred to 
as: 
(1) the subsonic jet, 
(2) the moderately under-expanded jet and 
(3) the highly under-expanded jet. 
The idealized structural features of each of these variations, as well 
as the nomenclature and symbols used to describe these jets, are shown 
in fig. 4.5. Typical shadowgraph and Schlieren pictures (for 
visualisation method: see section V.3) are shown in fig 4.6 and 4.7. 

(1) THE SUBSONIC JET 
The subsonic jet is characterized by a potentlal core surrounded by a 
region in which mixing between jet and ambient gas takes place. Several 
nozzle diameters downstream, the mixing region has spread inward enough 
to reach the centerline, and the core no longer exists. Beyoud this 
point, the mixing region continues to spread as the velocity decays at 
a rate required to conserve axial momentum. In this portion of the jet, 
the mean velocity profiles approach the shape of the fully developed 
jet. Such a subsonic jet exists for air for isentropic pressure ratlos 
1 < p /p < 1,9 where p is the pressure in the reservoir and p is r co r co 

the pressure of the surrounding medium. Throughout this range it can 
be assumed that p /p = 1. Here p is the pressure at the nozzle exit. 

e co ' e 

(2) THE MODERATELY UNDER-EXPANDED JET 
When the sonic, or critical, pressure ratio is reached, a very weak 
normal shock forms at the exit. This shock changes rapidly with 
increasing pressure ratio and at p /p ~ 1.1 an essentially periadie 

e co 

structure of "shock cells" composed of intersecting oblique shocks is 
established in the core. This structure persists, for a sonic exit, 
until p /p ~ 2 (p /p > 3.8). e co r co 

The term "moderately under-expanded" is used here to denote jets within 
this pressure ratio interval (1.1 < p /p < 2). Because of the 

e co 

additional expansion required in the unconfined jet flow beyoud the 
nozzle, the boundaries of what was the potentlal core in the subsonic 
case are now determined by the requirement of pressure equilibrium 
between the outermost portion of the flow within the shock structure 
and the surrounding ambient air. Due to the expansion within the jet M 
becomes > 1. In the secoud part of the cells compression takes place 
and at the cell's ends M = 1 again. 
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The inward diffusion of the mixing region, however, continues, and 
ultimately results in the dissipation of the core. Downstream of the 

core, after the jet has become subsonic, the spread and decay is 
similar to that of a totally subsonic jet. 

(3) THE HIGHLY UNOER-EXPANDED JET 
At a pressure ratio p /p ~ 2 (for a sonic exit), the form of the shock 

e oo 

structure in the initial cell begins to change. Along the centerline, 
where the expansion is at a maximum, the pressure becomes so low 
relative to the ambient pressure that the recompression in the 
remalnder of the cell reaches the limiting value for conical shocks, 
and the required compression takes place through an observable normal 
shock disk (Mach disk). Once the disk forms, the jet is said to he 
"highly under-expanded". 
As the pressure ratio p /p is further increased, the shock disk 

e oo 

increases both in strength and in diameter. Immediately downstream of 
the disk, the flow is subsonic. Since the surrounding flow in the 
oblique shock region remains supersonic, a slip line exists at the 
boundary between the two concentric regions. For a fairly high degree 
of under-expansion, say p /p ~ 4, this subsonic core region is quickly 

e oo 
accelerated and becomes supersonic once again near the beginning of the 
second cell. In this case the second cell may resemble the first and 
even posses a normal shock similar to that in the first cell· For very 
high pressure ratios, the structure downstream of the first cell is 
dominated for a large distance by the very strong normal shock in the 
first cell, and no other normal shocks are present. The flow then 
decays through a structure of oblique shocks. The mixing region 
surrounds the core as usual, but lts radial diffusion is small with the 
result that the core of the highly under-expanded jet can he extremely 
long. Far downstream, the usual subsonic decay takes place. 

The length L of the cells as a function of p can he calculated from 
r 

the empirical function: 

-1 
p -1.9p 

L = .89 dN ( r 
00

) 

Poo 

This function is plotted in 
fig 4.5 tagether with 
measured cell lengtbs 
from fig 4.6. 

(4.20) 
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fig 4.5 Underexpanded Jet Cell Length 
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fig 4.6 Shadowgraphs of Underexpanded Jets 
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fig 4.6 Schlieren Pictures of Underexpanded Jets (from [41]) 
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IV.6. Jet Impingement on a Flat Plate 

Flow Patterns 

In order to onderstand the effects of the gas jet during laser cutting 
and drilling, we first have considered the free jet. The next step is 
to look at the phenomena that occur when the jet strikes a flat 

surface (jet impingement), still without laser operation. [41-42-42] 
It has been found that the nature of the flow in a jet impingement can 
best he correlated in terms of characteristics that the free jet would 
have in the plane of impingement, if the impingement surface was 
removed. When one is interested in the pressure distribution resulting 
from impingement, it is found that, as might he expected, this can he 
related to the local mean properties of the free jet. 
The flow field produced by the imgingement of an axially symmetrie jet 
against a surface whose diameter is large compared to that of the jet 
is conveniently described in terms of three flow regimes as follows: 
(1) The free jet regime upstream of any strong local interaction due to 

impingement; 
(2) The impingement regime where the strong interaction of the jet with 

the impingement surface produces a change in flow direction; 
(3) The wall jet regime consisting of essentially radial flow along the 

surface beyoud the point at which the strong interactions of 

impingement cause any local effects. 
These three regimes are illustrated in fig 4.8. Of course regime (2) 
has our particular interest. 

nozzle 

3 

fig 4.8 Jet Impingement Regimes 

In fig 4.9 shadowgraph pictures can he seen of onderexpanded impinging 
jets emerging from a COHERENT and a "sharp" nozzle with dN = 1 mm at 
different resrvoir pressores and different gaps between nozzle exit and 
plate zNP. It can he seen that the interaction of the onderexpanded jet 

with the plate is determined by a normal shock standing at a certain 
distance in front of the plate. 
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fig 4.9 Shadowgraphs of Impinging Jets 



The phenomena that occur depend on the position of this shock relative 
to the jet structure (and therefore on M1n)· While increasing zNP' the 

shock travels through the "free" jet structure. 
If the shock stans in the middle of a jet cell it is very strong and 
very stable. If it is approaching the end of a cell the flow becomes 
unstable, which can be seen at the increasing turbulence and even can 

be heard at the increasing noise coming from it. The position of the 
shock is also unstable and sametimes it dissapears. When again 

increasing zNP the flow suddenly stahilizes and the shock stands at the 

beginning of the next cell. Further a similar sequence of phenomena 
occurs until the jet has decayed so much that turbulence dominates. 
In fig 4.11 idealized pictures made after the shadowgraphs are shown, 
illustrating the phenomena mentioned above. 

Stagnation Pressure 

We are now interested in the so called stagnation pressure p at the 
s 

plate surface (fig 4.8) as a function of p and the normal shock 
r 

standing in the flow, as this pressure plays an important role in laser 
drilling and cutting applications. Here we can use equation 4.14: 

which function is plotted in fig 4.10 for y 1.4. 

1 

.5 

0 
0 1 2 3 4 5 

fig 4.10 Stagnation Pressure as a function of Shock Mach Number 

(4.21) 
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fig 4.12 Stagnation Pressure Measuring Metbod 
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As Mln along the centerline of the jet is changing periodically from 

Mln = 1 at the the cell's beginningtoa maximum in the order of Mln 
1 - 3 in the middle with a periodicity of the cel length L, we can also 
expect a similar periodicity in the stagnation pressure p • In section 

s 
A.2 an attempt has been made to calculate the minimum stagnation 
pressures as a function of p • 

r 
Some experiments have been done with a laser drilled hole in the plate 

at the centerline of the jet, the diameter of the hole being relatively 
small (.2 mm) compared with the dimensions of the flow pattern (- 2 
mm). Not much difference can be seen with the flow patterns in case of 
the plate without hole. The pressure in the hole has been measured 
quantitively with a U-tube as shown in fig 4.12. The results are 
plotted in fig 4.13. 
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Despite the simplicity of the measuring method the results are still 
interest ing. 

At p /p = 1.5 the jet is subsonic and it can be seen that the r ~ 

stagnation pressure is almost constant due to the absence of shocks in 
the flow. 
At p /p = 2.5 and 3.5 we have a moderately under-expanded jet and the r ~ 

stagnation pressure, just like the free jet pattern, shows the expected 
periodicity. The distance between the pressure maxima should be equal 
to the free jet cel length L at these pressure ratios. Camparision with 
the measurements of L in fig 4.5 shows that there is conformity. 
From the shadowgraphs we can see that the distance between the shock 
and the plate ~ .2 mm. This takes account for the horizontal part of 

the curves for 0 < zNP/dN < .2 because there the shock is standing in 

the nozzle where Mln= constant= 1. 
Further it can be seen that there is a very sharp increase in p at 

s 
zNP/dN ~ an integer times L + .2. Left from this point the flow is 
unstable as mentioned before. 
At p /p = 4.5 the jet has a normal shock (Mach disk) by itself. The r ~ 

influence of this Mach disk can be seen at the small increase of the 
stagnation pressure at zNP/dN ~ 2.8. This increase is caused by the 
decrease of Mln over the Mach disk. 

Other Phenomena 

Some more details can be seen with the Shadowgraph method. 
In case of the blunt nozzle sound waves from the jet-plate interaction 
region reflect against the nozzle and increase the instability of this 
interaction. At some combinations of zNP and p /p even standing waves 

r ~ 

between the nozzle and the plate can be seen. The sharp nozzle has been 
designed to prevent this reflections and thus to stabilize the flow. 
In fact this nozzle already stahilizes in case of the free jet. The 
high speed flow emerging from the nozzle exit creates a low pressure 
outside the jet boundary, which in case of the sharp nozzle creates a 
smooth flow of the ambient air (fig 4.14 and 15). 

~I / 

fig 4.14 Sound Waves fig 4.15 Flow Stabilisation 
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In some cases of the measurements with the laser drilled hole in the 
plate it can he seen that a small jet is emerging from the hole exit. 
This indicates (supersonic) nozzle operation of the hole, which can be 
understood easily consiclering the possible profiles of the hole as 
shown in fig 3.11 
In [41] pressure measurements over the whole impingement region are 
described. Here it appears that the pressure distrubution usually has a 
maximum at the stagnation point at the centreline of the jet. In the 
case of the highly under-expanded jet the pressure distributions just 
downstream of the Mach disk show maxima on either side of the 
centreline (fig 4.16). 

r 

r 

fig 4.16 Pressure Distribution 
on Plate in Highly 
Under-Expanded Jet 

fig 4.17 Seperated Flow Region 

This suggests the exsistence of a seperated flow region caused by the 
reversed pressure gradient between the outer peak and the centreline. 
The flowpattern based on this idea is shown in fig 4.17. 
This "stagnation bubble" might have been present in fig 4.13 at p /p = 

r "" 
4.5 and 2.8 < zNP/dN < 3.6. (See also fig 4.9 ). 



IV.?. Gas Flow Effects on Cutting Performance 

After the jet impingement studies as described in the last section the 
question arrises whether the obtained results also apply to the 
situation with laser operation. 
We will consider two different cases: those which involve gas assist to 
remave molten and vaporized material from the hole or the cut (inert 

gas assist), and those which as well involve oxidising assisted by the 
gas jet (oxidising gas assist). 

In the first case usually He, Ne, N2 or air is used to cut plastics and 
rubber etc., in the second case usually 02 or air is used to cut metals. 

Inert Gas Assist 

Shadowgraph experiments with laser cutting and drilling of perspex have 
shown that the flow pattern of the impinging jet is not very much 
affected by the formation of a hole or a kerf. This might be caused by 

the small dimensions of the latter relative to the flow pattern. 
Therefore the results of the previous sections can also be applied 
he re. 
The flow within the holes and kerfs could not be visualized with the 
shadowgraph equipment, but we can expect that this flow is directly 
related to the stagnation pressure at the surface of the workpiece. 
The most important purpose of the inert gas jet is the remaval of 
molten and vaporized material from the hole or the cut. For this reason 
the stagnation pressure should be maximal. Turbulence and instability 
of the jet will cause a rough cutting edge. These are also minimal at a 
stagnation pressure maximum, but increase with pr/p~ and with zNP/dN. 

These conditions tagether lead to an optimum in p /p , with r ~ 

zNP/dNchosen in a way that (in case pe/p~ > 1) the normal shock is just 
below the end of the first jet cell. 
The sharp nozzles with their higher jet stability can imprave the cut 
quality. 
The optimum cutting speed did not appear to depend very much on the 
flow conditions. In case the material remaval is optimized as described 
above, the optimum cutting speed only depends on the phenomena 
mentioned insection III.3. Similar conclusions can be found in (2]. 
In case of specific shielding uses of the inert gas the same conditions 
of maximum stagnation pressure and minimum turbulence and instability 
are desired. For this purpose a flow with a seperated region as in fig 
4.16 might be applied. 
Another effect which bas been recognized is the bending of laser 
radlation by the gas jet due to the density, and thus the refractive 
index, variations (equation 5.2). 
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Beam profile control as described in section V.3 has shown that the 
density gradient within the nozzle and the jet at higher pressure 

ratio's p /p changes the shape of the beam. Also the normal shock r ~ 

standing on the workpiece could re- ordefocus the beam [2]. 
As this is difficult to measure due to the high power density it is not 
very clear how the profile of the beam is changed, but one might expect 

that this effect could decrease the drilling or cutting quality. 

Oxidising Gas Assist 

When the laser beam and the oxygen jet are made to impinge on a metal 
surface the heating of the metal arises from the laser energy alone. 
As the temperature rises, oxidation of the surface occurs which 

increases the absorption and allows more energy to be coupled in. An 
exothermic reaction then starts and a molten puddle is formed on the 
metal which then grows until a hole is piereed in the workpiece and the 
cutting process can begin. 
Each metal bas a power threshold which bas to do with the reflectivity 

and the onset of oxidation etc. For most metals several hundreds of 
Watts are needed to produce a good quality cut, so the 50 W laser used 
in the experiments could not be used for this purpose. 
Nevertheless, consiclering the results of the previous sections, some 
remarks on this subject can be made, and in literature also a lot of 

information can be found. 
When the cutting action is underway it is found that the metal does not 
flow continuously but flows in bursts. As it runs down the cut it is 
being heated by the laser beam passing into the cut as well by the 
exothermic reactions with the oxigen. The molten globule erodes the 
metal as it flows downwards. The intermittent action gives rise to 
ridges or striatons along the edge of the cut (The formation of ridges 
is not typical for oxygen assist; it also occurs in inert gas assisted 
cutting). The gas jet conditions determine whether the molten globules 
are blown free of the cut or are allowed to cling to the bottorn edge. 
Again we expect that maximum stagnation pressure and minimum jet 
instability is required. So the same considerations as in the case of 
inert gas assist can be made. Nevertheless it is not sure what the 
influences of the oxidising reactions on the flow pattern are. They 
could not be stuclied with the shadowgraph equipment because the light 
from the flame is much more intense then the light from the source, and 
it disturbs the obtained picture. 
The formation of the globules will affect the cutting edge and serious 
deviations from the predicted shapes in section III.3. will occur. 
In [29] is concluded that the optimum nozzle design is the convergent 
type. The instahilities in case of supersonic nozzles caused 
unsatisfactory results. An optimum for zNP in metal cutting was found 

to lie in the range of .9 to 1.25 mm. 
In [2] the optimum fordNis found to be 1.5 mm. 
In l30] best metal cutting results are obtained with pr/p~ = 3.5 to 4. 
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V. INSTRUMENTS AND METHODS 

V.1. Fairlight C0 2 Laser 

During this work some experiments have been done with a Fairlight model 

8110R co2 laser system (44] with a maximum output power of 50 Win CW 
mode. 
It camprises a laserhead and a control cabinet, the two being joined by 
an umbilical cord. 
The laserhead contains the watercaoled plasma tube of high quality 
pyrex with three electrades (one anode and two cathodes) incorporated 
within it. 
The lasing gas is fed into the tube at the anode in the middle and is 
pumped of at the ends. 
The resonator consists of an aluminum L-profile. This structure carries 
the mirror holders which screw into two granite mirror positioning 

plates at the ends of the cavity. The mirrors are a gold coated 100% 
reflective mirror and a ZnSe window with a dielectrical coating. 
The screw-in arrangement for the mirrors allows easy replacement and 
servicing of the mirrors without incuring loss of alignement, critica! 
to reliable operation of any industrial laser. In normal operation 
control of the laser beam mode is necessary but optimization of the 
rear micrometers in the back plate is sufficient. 
The control cabinet camprises the electronic control unit, the HV unit 
and the gas-water unit. 
The control unit contains all the electronic circuitry necessary to 
drive the power supply and hence the discharge, thereby enabling the 
user to choose the particular output mode (pulsed, chopped, continuous 
wave (CW) or gated). In addition it also carries the electronles 
necessary for the proper functioning of the safety interlock system and 
the stabilization of the laser tube current. 
The HV unit camprises all the circuit elements needed to provide the 
plasmatube with its power (up to 12 kV, 100 mA). Power to the 

plasmatube is regulated by two series pass valves which derive their 
signals from the control unit. 
The gas-water unit contains the rotary vacuum pump, the gas and water 
solenoid valves and pressure and flow sensors. 
The used lasing gas mixture contains 82% He, 12.5% N2 and 5.5% co 2• The 

gas consumpition is approximately 2 1/min. 
To obtain a certain output power of the laser the tube current and the 
gas pressure in the tube can be set. The power in TEM 00 mode has been 
measured as a function of current and pressure. As can be seen in fig 
5.1 there is an optimum in these power curves. 
The output power depends very strongly on the beam mode. Control of 
this beam mode is necessary because instahilities might occur. Some 
beam profiles are shown in fig 5.2. 
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fig 5.1 Measured Power Characteristics of the Fairlight 8110R 
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fig 5.2 Some Beam Profiles of the Fairlight 8110R 

With equations 3.8 and 3.9 we can find: 

Maximum Output Power: 50 W 
Beam Diameter D: 6 mm } w

0 
= 43 ~m 

Focal Length Lens: 1. 5" I0max = 8.6•105 W/cm2 
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V.2. Cutting Head Design 

To enable experiments with different gas nozzles,a special cutting head 
for the Fairlight has been designed (fig 5.3 & 4). It camprises an f = 
1. 5" Ge lens and different nozzles which can be exchanged. 
The nozzles have different exit diameters and different shapes. The 
position of the nozzle exit relative to the focal point can be changed 
by placing spaeer rings (.5 mm thick) between nozzle and head. 
There are different gas supplies, one entering the head at the centre, 
and two entering under a certain angle, thus providing a spiral flow at 
the nozzle exit. 
The lens can be horizontally adjusted to provide that the laser beam 
can be aligned in a way that it passes through the nozzle without 
hitting it. 
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fig 5.3 Cutting Head for the Fairlight Laser 
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fig 5.4 Cutting Head and Nozzles for the Fairlight Laser 
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V.3. Laser Beam Mode Control 

Laser Beam Analyzer 

A thin, highly reflective wire is rotated in a plane perpendicular to 
the beam. It is driven by a synchroneous motor. When the wire passes 
through the beam, a fraction of the power is reflected onto two 
detectors. These are arranged in such a way that the distribution of 
intensity in the x and y directions of the beam are obtained in a 
single scan. The wire moves through the beam at a constant speed, thus 
showing an undistorted power distribution on two orthogonal axes. 
The seperately amplified signals from the two detectors are connected 
to the two inputs of a two beam oscilloscope. The intensity of the 
amplified signal is directly proportional to the intensity of the beam. 
The time axis corresponds to the passage of the needle through the 
beam. A trigger pulse is also provided from the instrument for 
synchronisation with the oscilloscope. [45] 

Laser 
Beam 

Analyser 

For industnal and Iabaratory 
appllcations of C0 2 and YAG 
lasers it is Important to know 
the exact momentary dlstribu
bon of lfltensfly across the 
laser beam, te. the laser's 
mode 
All beam analysing methods 
known to date are cumher
some and have one senous 
drawback: they do nol aUow 
measur.:.ment and continuous 

Measurement during 
experiment and material 
processing 

mon~tonng during an expen
ment or dunng matenals 
process1ng. 
The Laser Beam Analyser 
- LBA - makes it possible to 
control intens1ty distribution 
across the laser beam while a 
workpiece IS bemg processed, 
without not1ceable loss of 
beam mtensity. In fact, 
1ntens1ty is reduced by a 
mere 0.8% 

fig 5.5 Laser Beam Analyzer 
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V.4. Flow Visualisation Metbod 

Index of Refraction 

There are three principal optical methods to visualize compressible 
flow: The schlieren, shadowgraph and interferometer techniques. They 
rely on the fact that the speed of light varies with the density of the 
medium through which it is passing. The speed of light c, in any 
medium, is related to the speed c0 , in vacuum, by the index of 
refraction: 

co 
n =

c 
(5.1) 

For a given substance and for a given wavelength the index of 
refraction is a function of density, n = n(p). In gasses the speed of 
light is only slightly 1ess than in vacuum, the difference being 
directly proportiona1 to the density, to very good accuracy. That is: 

(5.2) 

where p , the reference density, is taken at standard conditions. 
s 

Equation (5.1) shows that in an inhomogenous medium, such as a flow 
field of varying density, the index of refraction is also 
variable. Light passing through one part of the field is retarded 
differently from that passing through another part. This bas two 
interrelated effects: (1) a bending of the wave fronts, that is, a 
refraction of the rays, and (2) a relative phase shift on different 
rays. The first effect is used in the schlieren and shadow methods, and 
the second is the basis of the interferometer principle. 
Let us consider the refractive index. The curvature of a light ray 
passing through a general, three dimensional density field appears to 

be: 

1 sin a I I R = n grad n (5.3) 

where grad n is the vector gradient of the n-field and a is the angle 
between this vector and the ray. The curvature is in the direction of 
increasing density. 
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The Shadow Metbod 

The basic idea of the schlieren system is that part of the deflected 
light is intercepted by means of a knife edge befare it reaches the 
viewing screen or photographic plate, so that the parts of the field 
which it has traversed appear darker. [40] 
A more simple technique is the shadowgraph method, which is rather less 
expensive than the schlieren method, and may often be used to 
advantage, particularly when the finer details of a density field are 
not required, or need to be supressed. 
The shadow effect is illustrated in fig 5.6, which shows parallel light 
entering the test section and being intercepted on the other side • 
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fig 5.6 The Shadow Effect 

A point souree is usually preferable. Also the light need not 
necessarily be parallel when entering the test section. The lens is 
notstrictly necessary and the divergent light from the souree may be 
used directly. 
On the screen there are bright regions where the rays crowd tagether 
and dark regions where they diverge. At places where the spacing is 
unchanged the illumination is normal, even though there bas been 
refraction. Thus the shadow effect depends not on the absolute 
deflection but on the relative deflection of the rays, thus on the 
second derivative of the density. So a shock wave always appears as a 

dark line followed by a light line, as may be seen from fig 5.6 which 
shows the general shape of a density profile through a shock wave. 
The highest density region is on the bright side. 
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VI. DISCUSSION AND CONCLUSIONS 

VI.l. Focussing Effects 

In section III.2. two alternative representations of a focussed laser 
beam are given (fig 3.4 and 3.5), both showing the distribution of the 
power density. As this parameter is very important in laser materfals 
processing these representations give more information then the 
conveniently used beam waist representations. Camparing the plot of the 
lines of equal intensity (fig 3.5) with the plot of a laser drilled 
hole (fig 3.9) one can see that there is a direct relationship between 
those two. 

In section III.3. we discussed the influence of the way of focussing 
the laser beam relative to the workpiece on the profiles on drilled 
holes and cut kerfs. In the literature [2-3-13] many considerations on 

measurements of on laser drilled hole and cutting edge profiles can be 
found. They involve measurements of hole depth and diameter, and 
relations between them, as a function of the position of the focus h. 
Despite the assumption of simple interaction mechanisms and ideal 
conditions, the calculation method of section III.3. can be used to 
obtain a quite good first order approximation of most profiles in 
different materfals with different lasers. 
Some remarks on this calculation method (equation 3.16) have to be 
made. 

- Algorithm stability: 
If the time intervals 6t are chosen too large the calculated velocity 
dZ/dt does not match the actual physical velocity vb, which then leads 
to oscillations in the solution. 
- Parameters: 
The method can be used to approximate profiles as a function of laser 
power, beam mode, focal length, focal position, cutting speed, material 

properties etc. Calculations using a TEM00 beam mode or a time 
dependent output power could be interesting. 
- Other uses: 
If a eertaio hole profile or cutting edge is wished (for example a 
eertaio profilefora plastic spray nozzle [3], or a sqaure cutting 

edge) the method can be used to approximate the laser and cutting speed 
parameters. 
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VI.2. Gas Flow Effects 

Most Authors on gas jet assisted laser cutting have realized that the 
influence of the gas jet is a difficult gas dynamical problem. 
Some of them have done investigations to find the effects of nozzle 

deign and gas reservoir pressure on the cutting of metals using co2 
lasers in the range of several hundreds to some thousands of Watts [29-
30]. In (2] the presence of a normal shoch in the flow between the 
nozzle exit and the workpiece is noticed. 
In the area of gasdynamics a lot is known about free and impinging 
jets [41-42-43]. In this report an attempt bas been made to apply this 
knowledge to laser cutting. 
For the case of inert gas assist conditions for optimum cutting results 
have been found. For the case of cutting metals with oxygen assist only 
expectations could be given because the laser used in the experiments 
was not powerful enough for this uses. Nevertheless a lot more insight 
in the phenomena occuring caused by the gas jet have been obtained. 
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APPENDIX 

A.1. Properties of Perspex 

Perspex = Lucite Plexiglass = polymethylmethacrylate 

NAME VALUE 

density p 1190 kg/m3 

specific heat c 1470 J/kgK 
p 

thermal conductivity K .19 W/mK 

thermal diffusivity K 1.1 • 10-7 m2 /s 

melting tempersture T 360 K 
m 

latent heat of vaporization L 6.64 • 106 J/kg 
V 

electrical resistance p up to 1013 nm 

relative dielectrical constant e: 2 •• 3.6 
r 
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A.2. Stagnation Pressure Calculations 

characteristics p+ and p 

Prandtl Meyer function v = v(M) 

Characteristic equations: 
V - 8 = constant along p + 
V + 8 = constant along p-

1) nozz1e exit 
Ml = 1 + V = 0 1 
el = 0 (symmetry) 

2) jet edge 
p2 = p® (equilibrium) 
p2/pr + M2 (equation 4.8) 

3) jet centre 
e3 = 0 (symmetry) 

[0 
v2 - e 2 

+ 

v3 = v2 + e2 
+ 

+ v2 

(tabelized in most hooks (37-38-39)) 

The plot below shows the calculated Mach number at the jet cel! centre 
M3 and the stagnation pressure ratio p8 /pr = f(M 3) as function of PriP® 
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