
234 LASER BEAM MACHINING

LASER BEAM MACHINING

Laser beam machining involves the practical harnessing and
manipulating of laser radiation to have some effect on a mate-
rial. The advantage of the laser over other light sources is
that the light is produced in a well-defined beam which is
easily manipulated and focused to produce the high intensi-
ties required to machine materials. The first laser was oper-
ated in 1960 by Maiman (1) and for a little while, at least,
the cliché that it was an invention looking for an application
had some truth to it. However, it was soon realized that the
properly developed laser could be used in a wide range of sci-
entific and industrial applications. It is ironic that in these
early days before dedicated power and energy meters had
been developed, the unit of measure of ‘‘power’’ of the laser
was the number of razor blades drilled with a single pulse.
Today, one large application of lasers is spot welding the flex-
ible blades of a modern ‘‘high tech’’ razor blade to its support.

Throughout the ages, humankind has advanced by using its
intelligence to harness and manipulate energy. Early civiliza-
tions developed tools, first made of stone but later of metal.
These tools were used to direct their energies in a more efficient
way. More recently we have mastered chemical, electrical, and
nuclear energy. As our mastery of these energy forms has ad-
vanced, so has our technology, and this is reflected in the preci-
sion to which we can manufacture components and our ability
to miniaturize them. Examples of this are abundant. The com-
puting power which once occupied several large rooms is now
built into a device the size of a wrist watch through the replace-
ment of valve technology with transistors and then integrated
circuits (ICs). Automobile body panels, once made to a toler-
ance of a millimeter or so, are now manufactured to within a
few tens of microns. The fuel injection orifices in a diesel engine
are drilled to within a few microns.

Lasers have contributed greatly to our ability to manufac-
ture and miniaturize and continue to do so. By 1966 the first
commercial 100 W power carbon dioxide (CO2) laser was com-
mercially available. Since then the power available has in-
creased a hundredfold and there are many laser types avail-
able offering a choice of power, wavelength, and pulse format.
This proliferation has widened the scope of laser applications
which today range from heavy industry, such as welding in
shipyards, to microelectronics, where the laser photolitho-
graphic process is used to manufacture ICs and memory
chips. A laser beam for welding has a number of advantages
over conventional techniques. A laser beam is an almost par-
allel beam of light. It is focused to a small diameter, it is
easily directed via optical components, and its power is accu-
rately controlled. This allows the user to exert precise control
over the position and extent of the weld which, in turn, im-
proves the quality of the weld and reduces thermal damage
to the component.

GENERALIZED LASER BEAM MACHINING

Laser beam machining is the interaction of the laser beam
with a material resulting in some change to the material.
This is in the form of material removal (drilling and cutting),
material addition (alloying and cladding), chemical changes
(marking), structural changes (hardening or annealing), or
joining (welding and soldering). The interaction results from
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the absorption of laser radiation by the workpiece. A certain
fraction of the incident laser power is absorbed over the ab-
sorption depth and the remainder is reflected. Transmission
of the beam occurs only when the absorption depth is greater
than the material thickness but this is not the case for most
materials of interest. Generally the absorbed energy or power
is converted into heat in the material. Then the nature of the
induced effect depends on the amount of energy absorbed, the
time over which it is absorbed, and the thermal transport and
thermodynamic properties of the material (2,3,4). In some
cases, the energy of individual laser photons is important be-
cause, when high enough, it breaks chemical bonds which
change the chemical nature of the material or even removes
individual atoms or molecules from the structure. This is of-
ten called ‘‘cold ablation’’ because there is little or no thermal
input to the material.

The absorption of the incident light intensity I0, is given
by the following equation:

I(x) = I0e−αx (1)

where I(x) is the intensity at depth x and � is the absorption
coefficient. The absorption coefficient is a material property
that also depends on the wavelength of the light and its inten-
sity (at high intensities nonlinear effects occur). Light is an
electromagnetic wave which, as it passes through a medium,
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interacts with the electrons of the medium whether they are
Figure 1. The sequence of events as the absorbed power increases.bound or free. The electric field forces the electron to vibrate
First the material is heated, then it melts, increasing power absorbed

at the frequency of the wave. As the electron vibrates, it rera- boils the melt, and finally very high absorbed power leads to plasma
diates (transmits light), or, if it is restrained by lattice forces, formation.
it couples energy into the lattice via phonons. The phonons
cause the lattice to vibrate which is manifested as heat. If
sufficient heat is absorbed, then the material melts or is va-

depth characterizes the extent of the heat damage to the re-
porized. Figure 1 shows the sequence of events as the ab-

maining material, and submicron values are typically ob-
sorbed power increases.

served. Medium-length laser pulses (100 �s) are often used in
Beyond heating the material, the process in Fig. 1 assumes

laser drilling applications, and the heat penetration depth is
that the flow of heat away from the irradiated zone is less

typical of the drill depth per pulse. A long-pulse laser (10 ms)
than the absorbed power. However, in some cases, a point is

is often used for welding sections approximately 1 mm thick.
reached where the heat loss equals the absorbed power, and,

Thus an appreciation of the laser beam energy, pulse dura-
therefore, the process may reach only the melting stage, for

tion, material absorption coefficient (which is wavelength-de-
example. Heat flow in a material is proportional to its ther-

pendent) and the thermal diffusivity give a good indication of
mal conductivity k and the rate of change of temperature de-

the type of interaction and effects possible.
pends upon the specific heat C. The heating rate is inversely
proportional to the specific heat per unit volume, which is
equal to �C, where � is the density. A thermal diffusivity � LASER MICROMACHINING
may therefore be defined as k/�C which is the change in tem-
perature produced in a unit volume by the quantity of heat Laser micromachining is the use of lasers to produce features
which flows in unit time through a unit area of a layer of or components with micron precision and is widely used in
unit thickness with a unit temperature difference between its the electronics, automotive, and precision engineering indus-
faces. Thermal diffusivity is involved in all nonsteady-state tries (5). Typical applications include drilling blind and via
heat flow processes and is therefore of great significance for holes in printed circuit boards (6), dicing chemical vapor depo-
pulsed-laser machining. The depth of heat penetration D over sition (CVD) diamond wafers into miniature heat spreaders
time t is given in Eq. 2 (see 2,3,4): for high-power semiconductor devices (7), drilling precision

fluid orifices for fuel injection (8) and aerosol components,
D = (4κt)1/2 (2) etching silicon in the photolithographic process (9,10), manu-

facture of micro sensors and micro devices for surgical use,
drilling orifice plates for inkjet printer heads (11), and manu-Typical values of � for metals range from 0.05 to 1.0 cm2s�1.

Taking carbon steel as an example (� � 0.12 cm2s�1), the pen- facturing micromolds (12). For the feature size and precision
required in micromachining, low- to medium-power lasers areetration depths for laser-pulse durations of 10 ns, 100 �s and

10 ms are 0.7, 70, and 700 �m, respectively. A short laser used which control material removal more accurately. In ad-
dition the laser beam must produce small, well-defined, irra-pulse (10 ns) ablates material and so the heat penetration
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diation zones on the workpiece to make the hole or pattern
desired. The material removal must be precise and must not
produce significant amounts of debris or heat damage or in-
duce mechanical stress in the component. These results are
usually most easily achieved with a short-pulse laser op-
erating in the visible or ultraviolet part of the spectrum
where absorption is greater. Lasers which fall into these cate-
gories are the copper vapor laser, the Q-switched Nd : YAG
laser, and the excimer laser.

LASER BEAM CHARACTERISTICS AND MANIPULATION

Laser Beam Characteristics

A laser beam is characterized by describing its spatial proper-
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ties (beam profile and divergence), spectral properties (the
Figure 2. Diagram of a stable resonator showing the containment ofrange of wavelengths which it contains) and temporal proper-
the paraxial ray and output coupling via a partially reflecting mirror.ties (pulse duration and pulse repetition frequency). An excel-
The lower diagram shows an unstable resonator illustrating the out-lent review of these subjects is in (13,14). A detailed treatise
put coupling by geometrical loss.on these subjects and lasers in general can be found in Ref.

14a.

Laser Beam Divergence and Profile. Laser beam divergence diffraction presents a limit to minimum divergence. This min-
is the spreading of the beam as it propagates by diffraction. imum divergence (often called diffraction-limited) is realized
It should not be confused with the spread or convergence of a only with certain lasers and when conditions are optimum.
beam caused by a lens or some such device which may be The diffraction-limited divergence, which also depends on the
canceled by using an appropriate optical element. The diver- near-field beam profile, is given in Eq. (4) for a Gaussian
gence � of the beam determines the minimum diameter w to beam and in Eq. (5) for a plane wave (as produced by an un-
which the beam is focused by a lens of focal length f and is stable resonator with high magnification):
given approximately by Eq. (3) [see (13), (14)].

θDL = 4λ/πd = 1.27λ/d (4)
w = f θ (3)

θDL = 2.44λ/d (5)

The beam profile is the spatial distribution of cross-sec-
where �DL is the full-angle, diffraction-limited divergence, � istional intensity at a given point along the axis of beam propa-
the radiation wavelength and d is the near-field beam diame-gation. The ‘‘near-field beam profile’’ (near the output of the
ter. These equations show that the divergence is inverselylaser) and ‘‘far-field beam profile’’ (at a great distance from
proportional to the beam diameter. Therefore, it is meaning-the laser or at the focus of the beam) are the profiles most
less to compare beam divergences without stating the near-often quoted. The beam divergence and profiles are deter-
field beam diameter or the ratio of the divergence relative tomined by the laser resonator of which there are two principal
the diffraction limit. Using Eqs. (3), (4), and (5), the minimumtypes known, somewhat misleadingly, as stable and unstable
focused beam diameter for a diffraction-limited beam is calcu-resonators. Their descriptive names do not refer to the power
lated by the expressionor beam stability of the laser but rather to the type of output

coupling. A stable resonator has mirrors which contain the
paraxial rays over multiple reflections within the resonator. w = f θDL = fβλ/d = ( f#)βλ (6)
The beam is coupled out of the resonator by making one of
the mirrors partially reflecting. In an unstable resonator, par- where � is 1.27 for a Gaussian beam and 2.44 for a plane

wave, and f# is the f -number of the focusing system used,axial rays leave the resonator after a few reflections by being
coupled past the perimeter of one of the mirrors. These reso- that is, the focal length divided by the beam diameter at the

lens. For a copper vapor laser, � � 511 nm and with f1 focus-nators are illustrated in Fig. 2. The beam profile of the stable
resonator is Gaussian or Gaussian-like in both the near and ing the minimum spot size is 1.24 �m. The spot size for a

Gaussian beam is defined as that diameter which containsfar field. The beam profile of the unstable resonator is more
complex; it is annular in the near field, and forms a central 86.5% of the power, and, for an unstable resonator, it is the

diameter which contains 84% of the power.disc with lower intensity rings outside it in the far field. When
the magnification of the resonator (defined as the ratio of the Although the laser spot size is a good indicator of the mini-

mum size feature, such as a hole, that can be produced, it isradius of curvature of mirror M1 to M2) is high, the near field
is a plane wave and, in the far field, 84% of the power defines possible to produce features larger and smaller than the spot

size. For example, if the intensity of the beam at the spotthe central disc. The far-field intensity distribution is de-
scribed mathematically by the Airy pattern. diameter is in excess of the ablation or machining threshold

intensity, then the feature size will be larger than the beamFrom Eq. (3) it can be seen that, for applications requiring
a very small focused beam diameter, the beam divergence spot. Likewise, if the machining threshold is much higher

than the intensity of the beam at the spot diameter, then theshould be as small as possible tending to zero. Unfortunately
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feature size will be smaller than the spot. This is illustrated For further details and examples of how the optical quality
of the laser beam affects the machining process the reader isin Fig. 3.

The optical quality of the laser beam differentiates it from referred to Refs. 14b, 14c, 14d in the bibliography.
any other light source and significantly affects the machining
process in many complex ways. The laser beams described in Laser Beam Spectral Bandwidth. The laser spectral band-
this section are those that are achieved under ideal condi- width is the range of wavelengths or frequencies emitted by
tions. In practice these ideal conditions are not always achiev- the laser. The bandwidth or spread of wavelengths depends
able, titled and it is not possible to describe the interaction of on the type of laser and how it is configured. Some lasers,
the laser beam with the material by simple algebraic equa- such as dye lasers, have large bandwidths of 20 THz (approxi-
tions. However, some qualitative observations can be made. mately equivalent to a 20 nm spread at a central wavelength

As described in this section and the section titled ‘‘Focus- of 600 nm) whereas others, such as the frequency-stabilized
ing,’’ the focused laser spot size is proportional to the diver- HeNe laser, are essentially monochromatic with bandwidths
gence of the laser beam. Therefore a low divergence laser of 1 MHz. The gross bandwidth is determined by the band-
beam enables the beam to be focused to a smaller spot size, width of the atomic or molecular transition that produces the
which permits the drilling of smaller holes, the cutting of nar- laser photons. The laser cavity itself has resonant modes (14)
rower kerfs and welding, soldering, or heat treating smaller whose width and bandwidth are determined by the cavity
areas. A smaller focused spot size also increases the focused length and mirror reflectivity. Resonant longitudinal modes
intensity of the laser beam. Higher intensities generally pro- occur when a laser photon has the same phase after one com-
duce higher temperatures in the workpiece and therefore tend plete transit through the laser cavity. Equation (7) gives the
to increase or change the machining effect (for example, in- frequency separation �� of the longitudinal modes where c is
creasing the evaporation rate of the material or change the the speed of light and 2L is the complete round-trip distance.
machining effect from melting to evaporation).

The depth of focus (DOF) of a laser beam is given in Eq.
�ν = c/2L (7)

(6a) and is defined as the distance over which the laser beam
is within a factor of �2 of its minimum diameter. For a given

The bandwidth �� of each mode depends on the reflectivity ofbeam diameter and required focused spot size, a lower diver-
the cavity mirrors and is given by Eq. (8).gence beam enables a longer focal length lens to be used

which increases the depth of focus. Therefore a lower diver-
gence beam (closer to the diffraction limit) can enable deeper δν = {c[1 − (R1)1/2]}/[2Lπ(R1)1/2] (8)
holes or cuts to be made or can be used to relax the tolerance
to which the lens position has to be held relative to the work- In this equation it is assumed that the reflectivity of one mir-
piece. ror is R1 and the second mirror has 100% reflectivity as in

Fig. 2. The bandwidth of a longitudinal mode is typically a
few megahertz. Therefore the spectral output of the laser isDOF = 2πw2/λ = 2π f 2θ2/λ = 2π( f#)2β2λ (6a)
made up of a series of longitudinal modes, each with a very
narrow spectral bandwidth and whose intensity envelope fol-While the divergence of the beam plays an important part

in the machining process, so does the intensity distribution of lows the gain profile of the laser. The practical bandwidth of
the laser is reduced by configuring the laser cavity so thatthe laser beam at the workpiece. For example, most hole drill-

ing applications require round holes and a nonround intensity optical losses are incurred over all but part of the bandwidth.
These losses reduce the effective gain over most of the band-distribution at focus can produce nonround holes. Uniform in-

tensity distribution is very important when the laser beam is width to levels below the threshold required for laser action.
Consequently laser action then occurs at longitudinal modesused to illuminate a mask which is then imaged onto the

workpiece. which fall within the part of the bandwidth above threshold.

Figure 3. Laser beam with a simple
beam profile, illustrating how the feature
size depends on the machining threshold
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This technique is used to narrow the bandwidth and is also ser, such as titanium sapphire, the pulse widths are as short
as 5 fs with a pulse repetition rate in the megahertz range.used to tune the laser frequency.

In most machining applications, the laser wavelength sig- The pulse width and pulse repetition rate, along with other
characteristics, such as laser wavelength and workpiece ma-nificantly affects the machining process because of the wave-

length-dependent nature of the workpiece material’s absorp- terial characteristics, significantly influence the type of mate-
rial interaction that occurs.tion coefficient. However the bandwidth does not greatly

affect the process because the absorption bands in most mate-
rials are relatively broad. Spectral bandwidth is important Laser Beam Manipulation
when the ultimate performance is required and when focusing

The output beam from most lasers is a collimated beam of
or imaging a laser beam and chromatic aberrations must be

several millimeter diameter, usually in the range of 2 mm to
minimized. The focal length of a simple singlet lens depends

20 mm for a machining laser. The intensity of the collimated
on the curvature of its surfaces and its refractive index. Be-

beam is usually too low for most applications. The intensity
cause the refractive index is wavelength-dependent, the lens

at the workpiece is increased by focusing or imaging the beam
focal length is also wavelength-dependent. Photolithographic

with a lens or mirror. Although it is possible to machine small
production of integrated circuits employs excimer lasers be-

features directly with the laser beam, in many cases and es-
cause their ultraviolet wavelengths permit higher resolution

pecially for larger features, it is necessary to manipulate the
imaging. To attain the highest resolution, however, the laser

laser beam or the workpiece or both. Beam manipulation
bandwidth is narrowed from typically 1 nm down to a few pi-

techniques include focusing, imaging, and scanning. The
cometers.

beam is scanned by a variety of means including mirrors
(galvo or piezo-driven), moving refractive optics (lenses and

Laser Beam Temporal Characteristics. Lasers produce contin-
prisms), acousto-optic modulators, articulated mirror beam

uous output or pulsed output. The pulse widths range from
delivery systems, and fiber beam delivery. Practical examples

milliseconds to femtoseconds although usually a given laser
of beam manipulation can be found in Refs. 2, 3.

or configuration is limited to a much narrower range of pulse
widths. A laser is operated in one of four basic ways: continu-

Focusing. The diameter w of a focused laser beam was
ous wave (CW), pump-pulsed or quasi-CW, Q-switched, or

given in Eq. (3). The equation assumes that the lens is aberra-
mode-locked (14). CW operation is possible with most but not

tion-free, that the lens is in the near field of the beam, and
all lasers. CW operation requires that the lifetime of the lower

that the f -number of the lens is much less then the inverse of
level of the laser transition is shorter than the lifetime of the

the divergence (1/�). The general equation for the diameter of
upper laser level. If this is so, then electrons are quickly recy-

a beam at the focus of a lens (13) is given in Eq. (9) where
cled to the upper laser level to maintain output with continu-

the beam diameter at the lens is wL:ous energizing or pumping of the laser. Quasi-CW operation
occurs when the laser is capable of CW operation but the w = (λ/π){θ2 + (wL/ f )2 − (2λ/ f )[(πwθ )2 − 1]1/2}−1/2 (9)
pumping of the laser is pulsed. Typically this produces pulses
of millisecond or microsecond length. The pulse repetition When the lens is in the near field of the beam, this equation
rate for such a device is usually in the range 1 Hz to 1000 Hz. simplifies to Eq. (10):

Q-switching employs an intracavity shutter (often an elec-
tro-optic or acousto-optic device, rather than a mechanical de- w = f θ[1 + ( f θ/wL)2]1/2 (10)
vice) to produce nanosecond length pulses. The laser is either
pump-pulsed or continuously pumped. Initially the shutter is When the f -number is much less than 1/�, then Eq. (10) re-
closed and, while the laser is pumped, the electron population duces to Eq. (3), and the focused beam is located at a distance
inversion of the laser medium is built-up to a population re- f from the lens.
sulting in a gain which greatly exceeds the laser threshold Finally when the lens is placed in the far field of the beam,
value. When the shutter is opened, the intracavity optical in- then Eq. (9) reduces to Eq. (11):
tensity increases very rapidly because of the high gain of the
laser medium. The rapid increase in intensity quickly depopu- w = (λ/π)[(wL/ f ) − θ]1/2 (11)
lates the upper laser level and, at some point, the gain is
driven below the threshold value terminating the laser pulse. Assuming that the lens f -number is small compared to
The resulting output pulse is usually very short, ranging from 1/�, then Eq. (11) simplifies to Eq. (12).
1 to 1000 ns depending on the laser gain and cavity length.
The pulse repetition rate is usually in the range of 1 Hz to w = λ f/πwL (12)
50,000 Hz.

Certain lasers, such as the copper vapor laser and excimer Lens Aberration. Equations (9)–(12) assume an aberration-
free lens. If there is significant aberration, it is not usuallylaser, are inherently pulsed and produce pulse widths in the

range of 10 to 100 ns. The inherent pulsed nature of these possible to calculate the spot size exactly without using a ray-
tracing software program. The common aberrations includelasers greatly simplifies their design compared to Q-switched

lasers. spherical, astigmatism, coma, field curvature, distortion, and
chromatic and are discussed in detail in Ref. 14e.Modelocking is a technique in which an intracavity shutter

is operated at the cavity round-trip frequency for laser radia- Spherical aberration is caused by rays distant from the op-
tical axis focused at a different distance from the lens thantion. This phase-locks the longitudinal modes, and the pulse

width of the laser is then the Fourier transform of the longitu- those closer to the axis. For a positive lens, the distant rays
are focused closer, and, for a negative lens, the distant raysdinal mode spectrum’s bandwidth. For a broad bandwidth la-
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are focused further. Combining a positive lens made from a
low refractive index glass and a negative lens made from a
high index glass produces a combination in which the spheri-
cal aberration cancels but the focusing power does not.

Astigmatism occurs when a lens effectively has two differ-
ent focal lengths leading to a cylindrical component to the
spherical lens. It is caused by a nonspherical curvature of the
lens or because the lens is nonorthogonal to the optical axis.

Coma results from different parts of a spherical lens sur-
face exhibiting different degrees of magnification. This causes
an off-axis imaged point to appear as a flare rather than a
point.

Field curvature is the tendency of optical systems to form
an image on a curved surface rather than a flat plane. The
field curvature varies with the square of the field angle or
square of the image height. It is reduced by reducing the field
angle. It is corrected to some extent by combining positive

Beam conditioner

Laser

Mask

Lens

Image
and negative lenses.

Figure 5. Typical optical configuration for a laser mask imaging sys-Distortion occurs when a point in the object plane is fo-
tem. Note that the image is inverted.cused to a point in the image plane but not to the correct axial

position. Distortion usually increases with image height. It
does not reduce the resolution of the optical system but does

ameter of the hole below the surface to increase. However, fordistort the shape of the image.
a typical Gaussian profiled beam, a point is reached at whichChromatic aberration results from the wavelength depen-
the intensity of the beam near its outer diameter is reduceddence of the focal length. This is only significant for a laser
to a value below the machining threshold (see Fig. 3). At thiswith broadband wavelength output.
stage the diameter of the hole starts to reduce. This continuesOptimum Focal Position. When optimizing the focusing of a
until the hole breaks through the lower surface or machininglaser beam, the first task is to choose the appropriate lens for
ceases. In some cases, the user finds that it is possible to drillthe desired machined feature. In addition to this, it is neces-
a parallel-sided hole whose depth is much greater than thesary to choose or experimentally determine the optimum posi-
depth of focus of the beam. The reasons for this behavior aretion of the focus relative to the surface of the workpiece. This
complex, but it is most likely to occur by guiding the beamposition depends very much on what type of laser is being
through the material by reflection and scatter from the holeused, the workpiece material, and the desired effect. When
wall or by balancing the beam expansion and machiningthe laser beam is focused on the surface of the workpiece,
threshold. Experimental evidence suggests that both mecha-then the minimum surface spot size is achieved. At focus, the
nisms occur and can be used to advantage. For example, takebeam is collimated, that is, it is neither diverging or converg-
a laser beam focused on the surface of a material where theing, as shown in Fig. 4. It can be seen from Fig. 4 that if the
laser is removing material in an ablative mode. If the laserbeam is not focused on the surface then as it enters the mate-
power is high enough, it is possible to drill a hole whose diam-rial it is diverging or converging. This affects the machining
eter increases into the material, creating a hole with a nega-as the beam propagates further into the material. Except for
tive taper (15). Now if the laser power is reduced a little, thenvery thin workpieces (typically less than 0.2 mm thick), then
it is possible to balance the beam expansion with the lowerthe workpiece is thicker than the distance over which the fo-
intensity and losses to produce a parallel-sided hole.cused beam is approximately collimated (depth of focus).

Therefore the user must consider the effect that the out-of
focus beam has on the workpiece. For example, if the focus is Mask Imaging. Mask imaging is a technique whereby a la-

ser beam illuminates a mask and an image of the mask isplaced at the surface to drill a hole, then, as the beam propa-
gates into the workpiece (as material is removed by the laser projected onto the workpiece. A typical mask imaging config-

uration is shown in Fig. 5. Through appropriate optical de-beam), the laser beam expands. This initially causes the di-
sign, magnified or demagnified images are created. In most
cases the image is demagnified. One advantage that mask im-
aging has over conventional focusing of beams is that the user
easily chooses and adapts the shape of the beam to the work-
piece. With conventional focusing, the beam at the workpiece
is the Fourier transform of the beam at the lens, and there-
fore it is typically circular with a Gaussian profile. Although
this is suitable for many applications, mask imaging opens a
wider range of possibilities to the user. To get the best resultsDistance over which the laser

beam is nominally collimated and maximum benefit from mask imaging, however, the ma-
terial must be removed only where the workpiece is exposed,Figure 4. Propagation of a laser beam through focus. The distance
that is, it must be a ‘‘cold’’ process in which material is re-over which the laser beam is nominally collimated is defined as the
moved through vaporization, ablation, or chemical means. Ifdistance by which the diameter has increased by a factor �2�. This

distance is known as the confocal parameter. there is a large degree of melting the edges of the interaction
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zone blur. Thus the laser beam must be strongly absorbed by etched simultaneously is limited by the laser pulse energy
and the energy density required for machining. A simple CNCthe workpiece and in most cases this requires a UV laser

source. program is then used to repeat this pattern over a larger
area. If a direct-writing technique is used, then the CNC pro-The most common type of UV machining laser is the exci-

mer. These lasers use a rare gas-halide mixture as the gain gramming required to etch the feature and repeat it is more
complex, although the optical set-up is more straightforward.medium. The usual gas mixes are XeCl, KrF, and ArF, which

generate 308, 248, and 193 nm wavelengths, respectively. When the laser wavelength is UV, then strong absorption
means that the depth of absorption is shallow, typically in theThese short UV wavelengths are strongly absorbed by most

materials including plastics, polymers, ceramics, diamond, range of 0.1 �m to 1 �m. Then it is possible to control the
depth of the etch by using a fixed energy density and countingand metals. In many materials the photon energy (inversely

proportional to the laser wavelength) is high enough to break the number of laser pulses. In addition this technique is used
to create 3-D structures in materials by overlapping imagesthe atomic and molecular bonds of the workpiece material.

Therefore the material is removed by photochemical dissocia- or changing the image as the depth of etch increases. Take,
for example, a simple slit mask. If the workpiece is movedtion. If the energy density greatly exceeds the machining

threshold, then the excess energy introduces thermal input to across the image plane, then, by programming the number of
pulses per CNC position and the overlap of the image of thethe workpiece which leads to a loss in image definition.

To achieve a uniformly machined depth, the mask must be workpiece, the width of the etch as a function of depth is var-
ied. An example is shown in Fig. 6. With some imaginativeuniformly illuminated. Most laser beams are not uniformly

intense across their beam area. For example, many have a use of the mask and programming, complex shapes are gener-
ated. Some practical examples of mask imaging as applied toGaussian intensity beam profile. Even lasers with a nomi-

nally uniform beam profile, such as the excimer, are not uni- the marking of products can be found in Ref. 3.
form enough. Therefore optical beam homogenizers are em-
ployed. In addition the laser beam area may need to be Diffractive Optics for Beam Shaping. Diffractive optics are a
compressed or expanded to use the mask efficienctly. In Fig. new class of optics that replace conventional optics or produce
5, these units are represented by the beam conditioner mod- effects not readily achievable with conventional optics (16).
ule. The beam then illuminates the mask, an inverted trian- The structure and propagation of a laser beam is determined
gle in this case. The mask is usually formed in a metal sheet by the spatial distribution of its amplitude, phase, and polar-
or by etching/depositing a metal film on a silica substrate. ization. Diffractive optics modify the spatial amplitude and
The lens is placed some distance after the mask. This dis- phase of a beam to effect some change. The modification to
tance is called the ‘‘object distance’’ represented by the symbol the amplitude and phase is produced by etching the surface
s in Eq. (13). The distance from the lens to the image is the of an optic with micron resolution. The beam shape after the
‘‘image distance,’’ s	 in Eq. 13, and f is the focal length of the beam has propagated a great distance is called the ‘‘far-field’’
lens. beam profile or beam shape. This condition is also achieved

at the focus of a lens. Diffractive optics usually produce far-
field beam shapes. Because the beam shape in the far field is1/ f = 1/s + 1/s′′ (13)
the Fourier transform of the near field, then, for a desired far-

The ratio of the image size h	 to the object size h, called the field pattern, computational techniques are used to calculate
magnification, is given by Eq. (14): the near-field pattern. Then an optic is manufactured which

m = h′′/h = s′′/s (14)

Typical values for m range from 0.05 to 1. The lens focal
length is usually in the range 0.05 m to 0.2 m and so object
distances are usually of the order 1 m. Because magnification
values are often much less than unity, the mask is made
without resorting to high precision micromachining tech-
niques. Chemical etching and standard laser cutting tech-
niques are often used to fabricate the mask.

The depth of focus of a lens is the distance over which the
image is acceptably sharp and within certain dimensional tol-
erances. These criteria are set by the user and depend very
much on the application. Depth of focus increases with in-
creasing f -number, where the f -number is the effective focal
length divided by the system clear aperature. In many cases
the depth of focus is just a few tens of microns or less and
therefore mask imaging techniques are best suited to surface
structuring or cutting/drilling very thin layers.

Mask imaging techniques, when applicable, simplify the
processing procedure and increase production rates. For ex-

Mask

Workpiece

Controlled depth machining
by varying pulse number

Lens

ample, if the workpiece requires reproducing a certain etched
shape over the surface, this is achieved by using a mask with Figure 6. An example of 3-D machining by a mask imaging tech-

nique with step indexing of the workplace.this shape repeated in it. The number of features that are
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produces the required near-field pattern. In addition to cus-
tom optics, a wide range of standard diffractive optics are
available. These include transformation from Gaussian to top-
hat (super-Gaussian) and vice versa, transformation from
Gaussian to an annulus or line or cross or square or arrays of
dots. The efficiency of these devices is usually 
70% and is as
high as 95%. This is much higher than is often achieved with
a mask, and so diffractive optics are being adopted in cer-
tain applications.

D = F.A

Ray through
center of lens

at an angle A to
the optic axis

A

F

Focal
plane

Lens

Adaptive Optics. Adaptive optics are optics, usually mir- Figure 7. Rays passing through the center of a lens are not re-
rors, that are deformed to modify the wave front (spatial fracted.
phase distribution) of the beam. The mirror is usually de-
formed to a prescribed curvature with an array of piezo-actua-

passes through the center of the lens (Fig. 7) because elemen-tors attached to the back face of the mirror. The advantages
tary optics says that a ray traveling through the center of aof this technique over diffractive optics are that the phase and
lens is not refracted.hence far field of the beam is controlled from a PC in real

time. Also the efficiency of the mirror should be 
99%. The
Piezo-Driven Mirrors. The principle of operation is similardisadvantage is that the technique cannot modify the ampli-

to that of the galvo-mirror system, that is, the beam is de-tude of the wave front, and this limits the range of shapes
flected by a mirror and then focused by a lens. For the piezo-and their definition. A description of an adaptive optic mirror
driven mirror, two piezo-actuators tilt the mirror in the X andcan be found in Ref. 16a.
Y directions, so that only a single mirror is required. The ac-
celeration and velocities are similar to that of the galvo-mir-
ror systems. However, the range of deflection is smaller butBeam Scanning. The inertia of the workpiece and CNC ta-
more precise. Therefore these systems are sometimes pre-bles limit the accelerations and velocities possible, especially
ferred for micromachining applications (16b).for small movements. Optical deflection and scanning tech-

niques achieve very high accelerations and velocities and are
Acousto-Optic Deflection. Acousto-optic deflectors operatewidely used in laser beam machining applications. The three

by producing a dynamic acoustic standing wave in an opti-techniques used conventionally are galvanometer-driven mir-
cally transmissive crystal via the piezo-electric effect (16c).rors (galvo-mirrors), piezo-driven mirrors, and acousto-optic
The compression/decompression of the crystal generates adeflection.
standing wave that produces a periodic variation in opticalGalvo-mirrors are standard optical equipment widely used
density which behaves as a diffraction grating. By varyingin industrial applications of lasers. The optical configuration
the drive amplitude and frequency, the dynamic diffractionusually includes two independent galvo-mirrors, one to scan
grating deflects the laser beam. Again this angular deflectionthe beam in the X direction and the other in the Y direction.
is converted to a displacement at the focus of the lens. This isThe beam is then focused onto the workpiece with a flat field
an attractive solution because there are no moving parts andlens which maintains the focus over a scanned area up to
the response is very fast. The disadvantages are the lower300 � 300 mm for laser machining applications, although the
efficiency (typically 80%) compared to a mirror (
99% effi-highest precision is achieved only over smaller areas. The
ciency) and the restricted range of deflections achieved at cer-most common use is in laser marking systems in which the
tain wavelengths where the choice of appropriate crystals is

galvo-mirrors scan the beam over an area of material to etch limited.
text or graphics (3). Typically such a system writes at 300 dpi
over an area of a few cm2 in a few seconds. Very high accelera- Beam Splitting. Beam splitting is used in laser beam ma-
tions and velocities (2 ms�1) are achieved while maintaining chining to increase process speeds or spread the heat input
positional accuracy to within 5 �m. The step response time into a component over a larger area. It is accomplished spa-
for a step change of a few degrees (equivalent to a few mm tially or by amplitude. Spatial splitting is the simplest and is
movement on the workpiece) is approximately 5 ms. This illustrated in Fig. 8(a). A mirror is inserted into the side of a
should be compared to a response time of 50 ms to 150 ms for beam and that part of the original beam is split off. The frac-
a typical linear translational stage. The controls and pro- tion split off is determined by the area of mirror presented to
gramming of the galvo-mirror drivers are integrated with the the beam relative to the original beam area. The disadvan-
host controller of the production machine. Galvo-mirrors are tages of this technique are that it is difficult to set the power
also used in drilling, cutting, welding, and soldering applica- in each beamlet exactly, the space occupied by the optics be-
tions. comes large if more than a two-way split is required, and the

After deflection by the mirror, the beam passes through change in dimensions of the beam changes the size and shape
the focusing lens. The angular deflection imparted to the of the focused beam.
beam becomes a positional change or displacement at the fo- Amplitude splitting of the beam is achieved with partially
cus of the beam. The displacement is approximately equal to reflecting mirrors [Fig. 8(b)] or diffractive optics [Fig. 8(c)].
the product of the angular change and the focal length of the Although the concept of the partially reflecting mirror is sim-

ple, in practice it is difficult to attain the exact reflectivitylens. This holds exactly when the angle is small and the beam
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Such features are used to aid lubricant delivery to specific
components inside combustion engines. Another application
is in the medical industry where microchannels and reser-
voirs are used in drug delivery systems (12). Similarly, exci-
mer lasers are used to pattern and etch polyimides for use in
desktop inkjet printers (11). Nd : YAG lasers (7) and copper
vapor lasers are used to manufacture photovoltaic panels by
scribing the large substrates into smaller panels. Isolation
and connections between different layers are achieved
through selective laser scribing steps.

Lasers alter the topography of a surface removing material
by ablation or reshaping it via melting. Surface texturing al-
ters the appearance of a component (for cosmetic reasons) or
modifies its characteristics. Texturing increases surface area
for catalytic or voltaic reasons and modifies the flow of a fluid
over the surface (as is done conventionally on a macroscopic
scale on golf balls).

Milling is an extension of the etching/scribing process
whereby the small focal laser spot is scanned over the surface
of a material to remove ‘‘bulk’’ material on a micron scale.
This creates complex 3-D structures and could be used to take
existing planar microelectronic fabrication technologies into a
new dimension. Another use of laser milling is to replace a
number of primary steps in the laser LIGA process by a single
laser operation. LIGA is a German acronym for Lithographie
Galvanoforming Abforming which translates as photoabla-
tion, metal deposition, and molding (12). An excimer laser ab-
lates a master mold form in a polymer. This has a thin con-
ductive coating applied using vapor deposition. Then
electroforming makes a metal (nickel cobalt) mold which rep-

Mirror

Partially
reflecting

mirror

Diffractive optic
beam splitter

(a)

(b)

(c)

licates the part in PMMA or polystyrene. Using a copper va-
por laser or Nd : YAG laser and a milling technique, the mas-Figure 8. (a) A mirror is partially inserted into the beam to split off
ter form is created directly in a metal substrate by lasera fraction of it. (b) Amplitude splitting using a partially reflecting
ablation.mirror. (c) Schematic of a diffractive optic producing three beamlets.

Photolithography. Photolithography is used to fabricate in-
tegrated circuits on silicon. One of the drivers of this technol-required, especially when a larger number of beamlets is

needed. For example, a four-way split requires three mirrors ogy is the market demand for dynamic RAM (DRAM). Each
year the manufacturers increase the memory capabilities ofwith reflectivities of 25, 33, and 50%, respectively. In addition

it is difficult to fabricate a compact system. these chips by etching smaller and smaller features onto the
wafer (9,10). In the photolithographic process, a light sourceDiffractive beam splitting uses a custom-made optic which

has a diffraction grating type pattern etched onto it. The pat- illuminates a mask which is imaged onto a photoresist for
subsequent chemical etching. The feature size produced istern is optimized to create a finite number of orders (beam-

lets) with equal power in each order. The emerging beamlets primarily governed by the lithographic resolution although a
great deal of technology is also involved in optimizing the restare identical in size to the incoming beam and have an angu-

lar separation determined by the wavelength of the beam and of the process such as the chemical etch. The lithographic res-
olution is proportional to the exposing wavelength and thethe diffractive optic. The angular differences between the

beamlets are converted to displacements in the focal plane of numerical aperture of the projection lens. Consequently the
illumination sources have changed from mercury g-line lampsthe focusing lens thereby creating a number of focused beams

of equal intensity on a fixed pitch. The advantages of the dif- (436 nm) to the i-line (365 nm) to deep UV sources (248 nm
excimer laser) and even to X-ray sources. Although the X-rayfractive optic are that it is extremely robust and simple to

use. The disadvantages are the low efficiency (50% to 90%) source has significant advantages in terms of resolution by
virtue of its wavelength, the excimer laser has a number ofand the high cost for custom designs.
practical advantages for production use. The 250 nm features
needed for 64 Mbit DRAM fabrication is resolved using i-line

APPLICATIONS OF LASER BEAM MACHINING
lithography but 248 nm excimer lasers are required for the
250 nm resolution for the 256 Mbit generation. The design

Surface Micromachining
of the projection lens is so critical that although chromatic
aberrations could be compensated, to do so would be at theSurface micromachining is the etching, texturing, or milling

of a surface with micron-scale resolution. Applications of expense of some other parameter. Therefore the illuminating
source must have a narrow bandwidth. In the case of the exci-these techniques are used in a wide range of industries. For

example, etching creates channels and reservoirs for fluids. mer laser this is possible but involves the use of additional
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intracavity components and is at the expense of output power. tage is that the drilling rate is high and is often performed
‘‘on-the-fly’’ because only a single pulse is used. PercussionHowever, modern excimer lasers produce adequate power for

this application, and this is anticipated to be a major applica- drilling is similar except that several pulses are used. One or
more may be required to pierce the material, and then antion for these lasers.
additional pulse is fired to remove debris from the hole and
give it its final shape. The hole quality is better than withMicrohole Drilling
single-pulse drilling but the drilling rate is lower. The best

The requirement for microhole drilling is increasing in many hole quality is usually achieved by a trepanning technique in
industrial sectors (5,6,8,11,15). For example, in the electron- which the laser beam is used to cut out the hole. The laser
ics interconnect industry, the sizes of via holes in printed cir- beam is focused to a spot size much smaller than the hole
cuit boards are limiting the packing density of components on diameter required and then the beam is moved relative to the
the boards and are currently the factor limiting miniaturiza- workpiece to form the hole. Generally a large number of laser
tion. Although high speed twist drills drill holes down to 100 pulses is used. The hole quality and precision are greatly en-
�m, the cost of the drills is high, their lifetime is short, and hanced because of the large number of pulses used (a lower
the reliability in the process is poor. International legislation pulse energy is used and a smaller amount of material is re-
is forcing automotive manufacturers to produce cleaner burn- moved per pulse). In addition the size and shape of the hole
ing engines. Lower emissions are achieved when the fuel is are now controlled by the relative movement of the beam and
injected at higher pressure and this in turn demands smaller workpiece and this is effected more easily and precisely than
injection orifices. The orifice sizes (�140 �m) are now going manipulating the beam focal spot size. The copper vapor laser
beyond the limit of conventional drilling techniques (mechani- is ideal for precise drilling of microholes because of its deal
cal twist drill and wire electric discharge machining). Laser laser parameters for this application (high beam quality, high
drilled holes are increasingly used in the aerospace industry peak power, high average power, low pulse energy, high pulse
as cooling holes in turbine blades, vanes, and combustion repetition rate, short pulse length, and visible wavelength).
chamber liners. Designers are examining the use of small
holes over the aerofoil to improve the laminar flow and hence Micro Soldering
improve the lift efficiency. The size (typically �100 �m diame-

Higher integration density of electronic circuits demands im-ter) and number require high speed precision drilling for
proved mounting technology. Because of the reduced contactwhich the laser is the best solution.
area of surface-mount packages, sophisticated soldering sys-Laser drilling involves the removal of material by vapor-
tems are required to ensure product quality and yield. Stan-ization or melt expulsion. The simplest mechanism to model
dard reflow soldering techniques thermally damage sensitiveis vaporization. When the laser beam strikes the surface of
devices and mechanical tension occurs in the solder joints.the workpiece a fraction of the incident power is absorbed.
These problems are avoided with a laser because the amountThis heats the workpiece and if the laser beam intensity is
of energy delivered is precisely controlled and accurately di-high enough, typically greater than 105 Wcm�2, vaporization
rected, so that the heat input to the component is minimized.occurs. Initially the workpiece surface reaches the vaporiza-
The laser also offers the possibility of controlling the heat flowtion temperature; if the laser continues to deliver more en-
to each individual solder joint (17). Using a fiber optic beamergy to the surface then the excess energy overcomes the la-
delivery or scanning galvo-mirror system, the Nd : YAG lasertent heat of vaporization and material is removed as a vapor.
is well suited to this task and similar tasks such as micro-The maximum depth that can be vaporized dmax using this
spot welding.model is expressed in Eq. (15).

Laser soldering occurs when the laser energy absorbed by
the solder surface melts the surface, and the melt front propa-dmax = [(1 − R)E/Aρ][cp(Tv − T0) + Lv + L f ] (15)
gates inwards until the energy of the pulse is dissipated in
the melt process. The melt process then stops and a resolidi-Equation (15) is a heat balance equation where R is the re-
fication from moves back towards the surface. For simplicityflectivity of the workpiece surface, E is the laser pulse energy,
this model ignores energy which is dissipated into the compo-A is the area of the laser beam on the workpiece, � is the
nents to be soldered. Assuming that the laser pulse has adensity, cp is the specific heat, Tv is the boiling temperature,
square temporal profile of length t0, so that the incident powerT0 is the ambient temperature, Lv is the latent heat of vapor-
is either P0 or zero, then the temperature T of the materialsization per unit mass, and Lf is the latent heat of fusion per
at a depth z and time t is given by Eqs. (16,17), where ierfc isunit mass. Applying the above equation to nickel and using a
the integral of the complimentary error function.10J pulse from an Nd : YAG laser (wavelength of 1064 nm)

focused to a spot of 10�3cm2, then the maximum hole depth is
1.4 mm. This value is in broad agreement with that observed T(z, t) = (1 − R){[2P0

√
(κt)]/K}ierfc(z/(2

√
(κt)) for t ≤ t0

(16)experimentally.
There are three basic laser drilling techniques; single-shot

drilling, percussion drilling, and trepanning. As implied, sin-
T(z, t) =(1 − R)[[2P0

√
κ ]/K]{√t .ierfc[z/(2

√
(κt)]}

− √
(t − t0).ierfc{z/[2

√
κ(t − t0)]} for t > t0

(17)
gle-shot drilling uses a single laser pulse to pierce the mate-
rial and form the hole. Typically a Nd : YAG laser is used with

The energy required to melt an area of material A to depth da pulse energy of a few joules and a pulse width in the 0.1 ms
is given by Eq. (18).to 5 ms range. The hole size is largely determined by the laser

beam diameter when it hits the surface. The hole quality is
quite poor but is adequate for some applications. The advan- E = [cp(Tf − T0) + L f ]ρπA2d/[4(1 − R)] (18)
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Further information on thermal modeling of these processes
can be found in texts such as Refs. 17a and 17b.

Welding

As with laser soldering, welding benefits from the laser’s abil-
ity to precisely heat a certain area or volume of material. La-
sers are used extensively for welding in the automotive indus-
try because of their flexibility, precision and cost effectiveness
(18). Laser welding is used in one of two ways, either conduc-
tion welding or keyhole welding. In conduction welding, the
laser beam melts the surface of the metal to a depth deter-
mined by the heat input and conduction properties of the
metal. This technique is limited to shallow welds because of
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the limited conduction depth. Keyhole welding is used for
deep, high penetration welds. The impinging laser energy is Figure 9. Illustration of the coaxial-assist gas nozzle and laser-melt
concentrated by focusing the beam, and this heats the metal cutting process.
above its boiling point, forming a hole in the metal. The va-
porized cavity is full of ionized metallic gas (plasma), trapping
some 95% of the laser power in a cylindrical volume called a reactive gas, such as oxygen, is used which chemically reacts

with the melt to aid decomposition. Figure 9 shows the gaskeyhole. Heat is transferred from the keyhole region outward
rather than from the surface down, forming a molten region nozzle for coaxial delivery of the gas and illustrates the cut-

ting mechanism.around the vapor. As the laser beam moves relative to the
workpiece, the molten metals fills in behind the hole and so- Gas-assisted laser cutting uses a lens to focus the laser

beam on the surface of a workpiece. The assist gas, introducedlidifies, forming the weld. The process happens very rapidly
so that welding speeds of several meters per minute are ob- coaxially with the focused laser beam, blows the heated mate-

rial away. When the cutting head or workpiece is moved, atainable with minimal heating, a small heat affected zone,
minimal thermal distortion, and limited residual stress. The kerf or cut is formed. This type of cutting is most often ap-

plied to metals and cuts thicknesses from 0.1 mm to 20 mm.keyhole enables high aspect ratio welds. In addition keyhol-
ing induces a stirring motion within the weld puddle. This With high-power lasers, cutting speeds of several meters per

minute are achieved in moderate thicknesses (0.5 mm to 2allows gases to escape and provides low-porosity welds. The
intense heat also lowers the impurity content and provides mm). However, this process does not lend itself to high preci-

sion cutting which is best accomplished by ablative materialvery rapid cooling rates, so that the resultant weld nugget
has average tensile strengths equivalent to or greater than removal. Laser ablation usually refers to the direct removal

of material through vaporization or the removal of molten ma-the parent material. Detailed discussions of the theory and
practice of laser welding can be found in Refs. 2, 3, and 18a. terial via an explosive ejection of the molten zone. The explo-

sive ejection results from a very rapid rise in the temperatureThe ability of high power CO2 lasers (1 to 20 kW) and high
power Nd : YAG lasers (1 kW to 5 kW) to produce high integ- of the zone during irradiation and the consequent rapid rise

in pressure which ejects the melt. This ablative process there-rity, deep welds at high speeds has enabled their uptake by
automotive industry, replacing electron beam welding, which fore requires a short laser pulse and high pulse repetition

frequency produced by the copper vapor laser and somemust operate in a vacuum and is sensitive to magnetic fields.
Laser welders are used extensively in welding transmission Nd : YAG lasers.
gear assemblies, body panels, and other automotive compo-
nents. They are used in the electronics industry to seal her-

PROCESS MONITORING
metic packages, spot-weld TV guns, and other structural com-
ponents. An example of laser welding on a household item is

Process monitoring keeps track of key parameters or influ-
the spot welds on the Gillette Sensor razor which attach the

ences in a machining operation to maintain the reproducibil-
flexible blade to its support.

ity of the production process. Although modern lasers are
very reliable and their performance is reproducible, laser ma-

Cutting
chining is complex and the results are subject to many influ-
ences including the laser, the environment, the workpiece ma-Laser cutting is the largest application for industrial lasers

accounting for about 40% of the industrial laser market. High terial, the workpiece handling (CNC), and the skill of the
operator. The process monitor is used to warn the operator ofspeed cutting is usually performed by high-power CO2 or

Nd : YAG lasers. The copper vapor laser is emerging as the a problem or is part of a feedback system to actively control
the process. One of the key laser parameters to control is theleading candidate for precision cutting in micromachining ap-

plications on metals, ceramics, and diamond. focus position of the laser beam relative to the workpiece sur-
face. Nonuniformities in the flatness of the workpiece, CNCHigh-speed laser cutting (using either CO2 or Nd : YAG la-

sers) is similar to laser welding except that a high-pressure (2 errors, or complex workpiece shapes all lead to focus errors.
This in turn changes the laser spot size on the workpiece re-bar to 20 bar) assist gas removes the melted material, thereby

forming a cut (2,19). The gas is delivered coaxially to the laser sulting in either too large a spot which does not have the re-
quired intensity for the process and is too large or too smallbeam and removes the melt material by virtue of the gas pres-

sure, blowing the material out of the bottom of the cut, or a a spot whose higher intensity damages the component or pro-
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duces too small a feature. The position of the workpiece rela- Beam Profile Control
tive to the focus is determined by various metrological means

The laser beam profile (spatial intensity distribution) is also
(height monitors) or by observing the effect that the focused

an important parameter especially in micromachining appli-
intensity has on the laser-induced plasma or the acoustic

cations where the beam shape is important in defining the
noise generated. Some other examples of process monitoring

machined feature. Laser beam profiles are readily measured
and control can be found in Ref. 2.

by amplitude sampling the beam on-line via the leakage
through a mirror or by the reflection off an appropriately

Height Monitors coated optic. The sampled beam is focused or imaged onto a
CCD which is coupled to a PC with image analysis software.Many different height monitors have been developed and of-
This displays the beam profile in section, as an intensity mapten it is necessary to tailor the device to the application. For
or isometric 3-D plot. Comparison of the beam profile againstexample, in machining flat metal sheets, a capacitative moni-
a standard is used to indicate alignment errors in the lasertor is used. The capacitance between a probe (which is
or beam delivery system. Alternatively the data could be fedattached to the assist gas nozzle) and the workpiece is mea-
to an adaptive optic to correct the laser beam profile in realsured. A calibration of the capacitance relative to the focus
time.position is determined and used to monitor the process. This

technique is simple and benefits from being noncontact. Com-
mercial devices are readily available. Simple mechanical BIBLIOGRAPHY
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