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(57) ABSTRACT

The present disclosure relates to a laser-based system and
method for providing eflicient melt removal of material from
a surface of a material sample being acted on 1n a laser
machining operation. In one implementation the system may
make use of a continuous wave (CW) laser for generating a
laser beam directed at a spot on the surface of the material
sample. The CW laser may be configured to be modulated at
a predetermined frequency such that the laser beam excites
and amplifies surface capillary waves on the surface of the
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sample up to a melt ¢jection point, which ejects molten
§ 371 (c)(1), material from the spot being acted on by the laser beam, to
(2) Date: Sep. 22, 2020 more rapidly facilitate material removal from the spot.
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SYSTEM AND METHOD FOR
ENHANCEMENT OF LASER MATERIAL
PROCESSING VIA MODULATION OF LASER
LIGHT INTENSITY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 62/647,521, filed on Mar. 23, 2018.
The entire disclosure of the above application 1s 1ncorpo-
rated herein by reference.

STATEMENT OF GOVERNMENT RIGHTS

[0002] The Umnited States Government has rights in this
invention pursuant to Contract No. DE-AC52-07NA27344
between the U.S. Department of Energy and Lawrence
Livermore National Security, LLC, for the operation of
Lawrence Livermore National Laboratory.

FIELD

[0003] The present disclosure relates to laser systems and
methods used for various processing operations, and more
particularly to laser systems and methods 1 which reso-
nance excitation of surface waves results i effective melt
ejection from a material being acted on, at lower intensities
without light absorption in the vapor plume.

BACKGROUND

[0004] This section provides background information
related to the present disclosure which 1s not necessarily
prior art.

[0005] Laser metal drilling and cutting imnvolves melting
the metal and removing the molten liquid from the hole.
Typically the removal 1s performed by a pressurized gas
stream but this removal mechamsm 1s difficult to use when
the drill hole 1s small (~mm). In this case, the melt 1s
removed by the recoil pressure produced by the metal vapors
ejected from the heated surface. During melting, the tem-
perature of the metal surface approaches and exceeds the
boiling temperature T,, and a metallic vapor jet 1s formed.
Recoil pressure generated by the vapor expansion produces
a downward force on the melt pool causing rapid melt pool
motion leading to liquid melt being e¢jected away. For
cllective matenial removal, a large area of the metal surface
must be heated to above T,, requiring significantly more
energy than required to melt the surface. For example,
aluminum has a T,~2,730K nearly three times higher than
the melting point T, ~933K which requires raising the laser
power by the same factor (varies linearly with T,/T ). At
high laser power, other highly undesirable effects occur. The
intense vapor flux absorbs the laser beam and shields the
surface, further reducing the efficiency. In addition, the
undesirable overheating affects the cooling process and can
lead to cracking on the metal surface and inside the hole
walls, degrading the process quality

SUMMARY

[0006] This section provides a general summary of the
disclosure, and 1s not a comprehensive disclosure of 1ts tull
scope or all of 1ts features.

[0007] In one aspect the present disclosure relates to a
laser system for providing eflicient melt removal of material

Jan. 28, 2021

from a surface of a material sample being acted on 1n a laser
machining operation. The system may make use of a con-
tinuous wave (CW) laser for generating a laser beam
directed at a spot on the surface of the material sample. The
CW laser may be configured to be modulated at a predeter-
mined frequency such that the laser beam excites and
amplifies surface capillary waves on the surface of the
sample up to a melt ¢jection point, which ejects molten
material from the spot being acted on by the laser beam, to
more rapidly facilitate material removal from the spot.

[0008] In another aspect the present disclosure relates to a
laser system for providing eflicient melt removal of material
from a surface of a metal material sample being acted on 1n
a laser machining operation. The system may comprise a
continuous wave (CW) laser for generating a laser beam
directed at a spot on the surface of the matenial sample. The
laser may be modulated at a predetermined frequency which
1s sullicient to excite and amplily surface capillary waves on
the surface of the sample up to a melt ejection point, to eject
molten material from the spot and to facilitate more rapidly
forming a hole at the spot. The predetermined frequency of

the capillary waves is given by the expression: w=(c"/p)"'~,

where “0” 1s surface tension, “k” 1s a wave number, and “p”
1s a metal density of the sample.

[0009] In still another aspect the present disclosure relates
to a method for providing eflicient melt removal of material
from a spot on a surface of a material sample. The method
may comprise using a continuous wave (CW) laser to
generate a collimated laser beam, and focusing the colli-
mated laser beam to a desired spot size on the surface of the
material sample. The method may further comprise modu-
lating the collimated laser beam from the CW laser at a
predetermined frequency which 1s suflicient to excite and
amplily surface capillary waves on the surface of the sample
up to a melt ejection point, to eject material from the spot on
the surface of the sample.

[0010] Further areas of applicability will become apparent
from the description provided herein. The description and
specific examples 1n this summary are intended for purposes
of 1llustration only and are not intended to limait the scope of

the present disclosure.

DRAWINGS

[0011] The drawings described herein are for illustrative
purposes only of selected embodiments and not all possible
implementations, and are not intended to limit the scope of
the present disclosure.

[0012] FIG. 1 1s a high level drawing of one embodiment
of the present disclosure using a high speed imaging setup
ofl axis (30 degrees off axis i1n this example) from an
ablation laser beam path, which captured 1mages showing
the effects of exposing aluminum plates to a beam of
periodically modulated intensity;

[0013] FIG. 2a 1s a graph illustrating one example of a
removal volume of material vs. CW laser beam modulation
frequency;

[0014] FIG. 256 15 a graph 1llustrating how the diameter of
holes (in um) created using the modulated CW laser beam
also peaked with a beam modulated at a frequency of about
8 kHz;

[0015] FIGS. 3a-3¢ show three frames of a video of melt
ejection recorded at 400 kips with CW modulation at 8 kHz,
330 W average power, at time t=0, t-200 us and =400 us,
demonstrating the complexity of multiple mode oscillation
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during the melt ejection process, and where the bright white
sections indicate molten aluminum particles which have
been ejected from the area where a hole (shown as a dark
black circular spot at the very center of the 1mage) 1s being,
formed;

[0016] FIG. 4a shows images obtained with a confocal
microscope of holes drilled through a 2 mm aluminum plate
at different modulation frequencies and laser time durations;

[0017] FIG. 45 shows dnll through time through a 1 mm
aluminum plate at different modulation frequencies for laser
beam diameters at 50 um and 100 pum;

[0018] FIG. 4¢ shows drill through time through a 2 mm
aluminum plate at different modulation frequencies for laser
beam diameter at 50 um;

[0019] 4d shows a computed tomography scan of the hole
drill through time through a 2 mm aluminum plate at 8 kHz
for laser beam diameter at 50 um;

[0020] FIG. 5a shows the ablation of a sample (1.e., Al)

surface using the traditional CW laser processing approach;
and

[0021] FIGS. 56-5d are images showing images on a
microscopic scale of the ablation of the sample (1.e., Al
plate) surface using different modulation frequencies for the
laser beam. The following text provides additional details of
the construction and operation of systems and methods
described herein.

DETAILED DESCRIPTION

[0022] Example embodiments will now be described more
tully with reference to the accompanying drawings.

[0023] The present disclosure relates broadly to laser
systems and methods 1n which resonance excitation of the
surface waves results 1n effective melt ejection at lower
intensities without light absorption 1n the vapor plume. The
present disclosure 1s based 1n part on the understanding that
the melt pool supports capillary surface waves which oscil-
late with a wide range of different frequencies related to the
melt pool and keyvhole geometry. The oscillations can be
excited by an external driver such as mechanical and acous-
tic waves, electrical current, or laser irradiation and are akin
to the well known ripple eflect of a droplet impinging on a
liquid surface. Since the melt has a low viscosity, the weakly
damped capillary surface waves can be easily excited by
recoil pressure and thermocapillary forces. Growth of the
waves can induce large melt motion and result 1n melt
gjection at temperatures below T,.

[0024] The present disclosure proposes an etlicient
removal system and method based on resonant excitation of
surface capillary waves using periodic modulation of a laser
intensity. The present disclosure demonstrates that the opti-
mal selection of modulation frequency can greatly enhance
the melt removal volume and enables removal at lower
temperatures, even 1n the absence of strong recoil pressure.
I1 the modulation frequency matches the natural oscillation
of the liquid melt, a resonance eflect will be produced, and
the oscillation amplitude will peak, thus leading to large
droplet gjections; 1n contrast when the modulation 1s detuned
from the natural frequency, the removal efliciency drops
sharply.
[0025] The angular frequency of the capillary surface
wave on a free surface is given by the expression w=(ok’/
, Where “0” 1s surface tension, “k” 1s the wave number,

p)lf.’z
and “p” 1s the metal density. For the lowest mode, k 1s
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approximately equal to 1/d, where d 1s the spot diameter. For
aluminum (Al) with d~50 um, the frequency v=mw/2n~9 kHz.

[0026] One embodiment of a system 100 1n accordance
with the present disclosure 1s shown 1n FIG. 1. The system
10 includes a laser 102, which 1n this example 1s a CW fiber
laser which may be controlled by an electronic controller
104. The laser 102 produces a collimated beam 106. The
beam 106 1s modulated using a suitable signal generator 108
which produces a modulation signal 108a which i1s used to
control the frequency of the collimated beam 106 and
produce a modulated laser beam 110. Optionally, the signal
generator 108 and the laser 102 may be combined into one
integrated subsystem. Still further, the laser 102, the signal
generate 108 and the electronic controller 104 may likewise
be combined i1nto a single integrated subsystem, and all of
the foregoing implementations are contemplated by the
present disclosure.

[0027] The modulated laser beam 110 may be further
focused using a focusing lens 112 to produce a focused,
modulated laser beam 114. In this example, the intensity of
the focused, modulated laser beam 114 1s 100% modulated,
meaning modulated power 1s between zero percent of peak
power to one hundred percent of peak power, with frequency
ranging from 2 kHz-40 kHz. The modulation frequency may
be selected to match the resonant frequencies of the liquid
melt pool. The focused, modulated laser beam 114 1s
directed at a sample 116, which 1 one example 1s an
aluminum (Al) plate having a thickness of a few millimeters,
and more particularly a thickness between about 1 mm-2
mm. The focused, modulated laser beam 114 1n this example
1s directed along an axis generally perpendicular to a surface
of the sample. The sample 116 rests on a stage 118. The stage
118 may be moved in the X and Y planes, 11 needed, by
control signals applied to the stage 118 from the electronic
controller 104 or by a separate controller (not shown).
Alternatively, the stage 118 may be stationary and the laser
102 and focusing lens 112 may be moved mn the X and Y
planes; both implementations are contemplated by the pres-
ent disclosure.

[0028] The removal rate for interaction with Al samples 1s
presented on FIG. 2qa. It 1s apparent that the removal peaked
at a modulation frequency of about 8 kHz, indicated at point
120 1n FIG. 2a, consistent with the above estimates. The hole
diameter also peaked at about 8 kHz, as indicated at point
122 1 FIG. 2b. At higher modulation frequencies the
removal rate decreases, most likely due to the excitation of
the higher modes. For unmodulated (or low modulation)
pump, the removal rate 1s very low due to the direct
evaporation; in other words an ineflicient material removal
Process.

[0029] High rate video recorded at 500 kips helps to
clanty the ejection mechamism. FIGS. 3a-3¢ show a plural-
ity of frames of a high rate video that demonstrates melt
¢jection for an optimal modulation frequency, which 1n this
example 1s 8 kHz. One can see the growth of the surface
perturbation up to ejection on the scale of three time periods.
The 1mages of FIGS. 3a-3¢, which represent three distinct
frames 1n the high speed video, reveal sporadic ejection of
melt from the hole at times t=0, t=200 us and t=400 us. The
¢jected molten Aluminum particles are indicated by 124 1n
FIGS. 3b and 3c. FIGS. 356 and 3c¢ also reveal a dark black
hole 126 1n the middle of each image, from which the molten
aluminum particles 124 are being ejected.
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[0030] The focused, modulated beam 114 was used to drill
high aspect ratio holes as part of further testing. Referring to
FIG. 4, i1llustrations of a plurality of holes “drilled” mnto a 2
mm thick aluminum plate using the system 100 at 600 W
maximum power and 300 W average power, and with
different modulation frequencies and for different time dura-
tions are shown. Holes 200 and 202 shows the entrance hole
formed for the unmodulated CW at 600 W and 300 W. For
hole 200, the entrance hole 1s large —700 um surrounded by
a large heat atfected zone with multiple cracks. The collat-
eral damage (i.e., cracking, material redeposition, large heat
zone) produced by CW excitation 1s well known. For hole
202, the entrance hole 1s much smaller since the power and
temperature 1s half of hole 200. For the modulated beam, the
entrance holes are smaller, and the heat aflected zone 1s
practically absent. Hole 204 was produced using a modula-
tion frequency of 2 kHz; hole 206 using a modulation
frequency 4 kHz; hole 208 using a modulation frequency of
8 kHz and a drilling time of less than 2 seconds; hole 210
using a modulation frequency of 12 kHz; hole 212 using a
modulation frequency of 16 kHz and a drilling time of less
than 2 seconds; hole 214 using a modulation frequency of 20
kHz and a drilling time of less than 2 seconds, hole 216
using a modulation frequency of 8 kHz and a drilling time
of less than 2 seconds; hole 218 using a modulation fre-
quency of 12 kHz; hole 220 using a modulation frequency
of 16 kHz and a dnilling time of less than 2 seconds; and hole
224 using a modulation frequency of 20 kHz.

[0031] For a 1 mm sample using a d=50 um 1/¢* modu-
lated beam with peak power at 600 W, the drill-through time
1s around 20 ms, reproducible from test to test, with maxi-
mum removal around 12 kHz (FIG. 4b). When the beam size
is doubled to d=100 um 1/e* at the same power P, the
drill-through time 1ncreased above 200 ms. At frequencies
below 4 kHz, there were no drill through after 5 s. For the
2 mm sample, the 50 um modulated beam always drilled
through 1n less than 1 s, but drill-through times varied
stochastically with a trend to optimum removal at 8 kHz
(FIG. 4¢). There 1s a large dispersion in drill-through times.
First, as the laser drills deeper into the channel, many effects
come 1nto play. The laser radiation 1s reflected, difiracted
and absorbed by the walls. Second, the melted layer has to
travel along the walls back up the hole entrance but surface
tension can stop it. The combination of these eflects con-
tribute to the dispersion 1n drill-through times.

[0032] FIG. 5 compares ablation of a surface using dii-
ferent modulation frequencies. The i1mages shown are

frames from video recorded at 100 kips for unmodulated
CW, 4 kHz, 8 kHz, and 12 kHz. The average power 1s 300

W for the CW case, and the peak power 1s 600 W for the
modulated case. The total drill time 1s 5 ms. For the case of
unmodulated CW (FIG. Sa) and 4 kHz (FIG. 5b), laser recoil
pressure pushes down on the melt, and the thermocapillary
force drives the flow to the side to form a crown. During
melting, the material density decreases, and now the same
amount of material occupies a larger volume. The volume
expands upward but surface tension pulls the melt inward to
form a blob. The liquid blob stops expanding laterally since
the melt does not wet the substrate, and subsequently
retracts. As a result, the blob 1s stable—the nonresonant
excitation of the capillary waves induced only oscillations
with little melt ejection. The cycle repeats itself every
100-150 us with a blob that moves up and down (axi-
symmetric mode).
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[0033] For modulation frequencies at 8 kHz (FIG. 5¢) and
12 kHz (FIG. 5d), near the resonance, large melt removal 1s
observed throughout the entire drilling time. Small, high
velocity droplets eject within 5 us of the laser initiation. As
the crown expands, droplets also break apart from the
perimeter of the crown. The depression formed 1s now large
enough that during melt retraction, a central jet emerges
from the center of the pit (at 100 us and 270 us 1n FIG. 5d)
and escapes 1 the vertical direction. Unlike the CW case
where liquid 1s constantly ejected, in the near resonance
case, periodic burst of materials occurs every few cycles due
to the time 1t takes for the resonance to build up. At 2470 us
in FIG. 5S¢ and 670 us i FIG. 34, a large cluster of particles
explode violently outward to leave a hole. As the laser
penetrates deeper 1nto the channel, a large jet of liquid bursts
out (see video at 3700 and 5300 at 8 kHz). From the video,
both axi-symmetric (up and down) and asymmetric (slosh-
ing mode) oscillations are observed.

[0034] The foregoing description of the system 100 and 1ts
operation demonstrates that modulation of a CW laser 1n an
optimal frequency range significantly increases the removal
rate of material by the laser beam. The optimal frequency
range 1s consistent with the excitation of capillary waves.
The resonant frequencies can be broad because absorption,
scattering, and reflection of light can affect the resonant
frequency and lead to multiple oscillating modes.

[0035] The proposed methods for eflicient melt removal
described herein may be used for applications beyond sim-
ply hole drilling. One additional example 1s 1n metal sheet
cutting, where material can be removed without extenswe
evaporatlon which can increase a processing rate and eili-
Cl1ency.

[0036] The present disclosure thus teaches a laser based
systems and methods which use modulation of the laser
intensity to increase melt removal efliciency and to thus
enhance a drilling and/or cutting process. The modulation
frequency may be selected to match the frequency of a melt
capillary ground mode. The typical frequency 1s in the kHz
range, more typically between about 1 kHz and 20 kHz, and
even more typically about 8 kHz. The resonance excitation
of the surface wave results in eflective melt ejection. As a
result, the melt removal rate i1s enhanced dramatically.
Practical applications of the disclosed systems and methods
include enhanced drilling with a high aspect ratio and an
increase 1n a cutting rate for laser metal processing.

[0037] The present disclosure thus discloses a laser system
and method which uses modulation of the laser intensity
produced by a CW laser to increase melt removal efliciency
and to thus enhance a drilling and/or cutting process. The
modulation frequency may be selected to match the fre-
quency ol a melt capillary ground mode. The typical ire-
quency 1s 1n the kHz range, and more typically between
about 1 kHz and 20 kHz, and even more typically about 8
kHz. The resonance excitation of the surface wave results in
cllective melt ejection. As a result, the melt removal rate 1s
enhanced dramatically. Practical applications of the dis-
closed systems and methods include enhanced drilling with
a high aspect ratio and an 1ncrease 1n a cutting rate for laser
metal processing.

[0038] The laser systems and methods described herein
also operate at a lower temperature than that typically used
with conventional laser drilling and cutting, with much less
energy absorbed 1n ejection of material. The systems and
methods of the present disclosure may be applied for high
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aspect ratio hole drilling and/or to increase the cutting
ciliciency when cutting a material.

[0039] The foregoing description of the embodiments has
been provided for purposes of 1llustration and description. It
1s not itended to be exhaustive or to limit the disclosure.
Individual elements or features of a particular embodiment
are generally not limited to that particular embodiment, but,
where applicable, are interchangeable and can be used 1n a
selected embodiment, even if not specifically shown or
described. The same may also be varied in many ways. Such
variations are not to be regarded as a departure from the
disclosure, and all such modifications are intended to be
included within the scope of the disclosure.

[0040] Example embodiments are provided so that this
disclosure will be thorough, and will tully convey the scope
to those who are skilled 1n the art. Numerous specific details
are set forth such as examples of specific components,
devices, and methods, to provide a thorough understanding
of embodiments of the present disclosure. It will be apparent
to those skilled i1n the art that specific details need not be
employed, that example embodiments may be embodied 1n
many different forms and that neither should be construed to
limit the scope of the disclosure. In some example embodi-
ments, well-known processes, well-known device struc-

tures, and well-known technologies are not described in
detail.

[0041] The terminology used herein 1s for the purpose of
describing particular example embodiments only and 1s not
intended to be limiting. As used herein, the singular forms
“a,” “an,” and “the” may be mntended to include the plural
forms as well, unless the context clearly indicates otherwise.
The terms “comprises,” “comprising,” “including,” and
“having,” are inclusive and therefore specily the presence of
stated features, integers, steps, operations, elements, and/or
components, but do not preclude the presence or addition of
one or more other features, integers, steps, operations,
clements, components, and/or groups thereotf. The method
steps, processes, and operations described herein are not to
be construed as necessarily requiring their performance in
the particular order discussed or illustrated, unless specifi-
cally identified as an order of performance. It 1s also to be
understood that additional or alternative steps may be
employed.

[0042] When an element or layer 1s referred to as being

on,” “engaged to,” “connected to,” or “coupled to” another
clement or layer, 1t may be directly on, engaged, connected
or coupled to the other element or layer, or intervening
clements or layers may be present. In contrast, when an
clement 1s referred to as being “directly on,” “directly
engaged to,” “directly connected to,” or “directly coupled
to” another element or layer, there may be no intervening,
clements or layers present. Other words used to describe the
relationship between elements should be interpreted 1n a like
tashion (e.g., “between” versus “directly between,” “adja-
cent” versus “directly adjacent,” etc.). As used herein, the
term “and/or” includes any and all combinations of one or
more of the associated listed 1tems.

[0043] Although the terms first, second, third, etc. may be
used herein to describe various elements, components,
regions, layers and/or sections, these elements, components,
regions, layers and/or sections should not be limited by these
terms. These terms may be only used to distinguish one
clement, component, region, layer or section from another
region, layer or section. Terms such as “first,” “second,” and
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other numerical terms when used herein do not imply a
sequence or order unless clearly indicated by the context.
Thus, a first element, component, region, layer or section
discussed below could be termed a second element, com-
ponent, region, layer or section without departing from the
teachings of the example embodiments.

[0044] Spatially relative terms, such as “inner,” “outer,”
“beneath,” “below,” “lower,” “above,” “upper,” and the like,
may be used herein for ease of description to describe one
clement or feature’s relationship to another element(s) or
teature(s) as 1llustrated 1n the figures. Spatially relative terms
may be intended to encompass different orientations of the
device 1n use or operation in addition to the orientation
depicted 1n the figures. For example, 1f the device in the
figures 1s turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
“above” the other elements or features. Thus, the example
term “below” can encompass both an orientation of above
and below. The device may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly.

Y

What 1s claimed 1s:

1. A laser system for providing ethicient melt removal of
material from a surface of a material sample being acted on
in a laser machining operation, the system comprising:

a continuous wave (CW) laser for generating a laser beam
directed at a spot on the surface of the material sample;
and

the CW laser configured to be modulated at a predeter-
mined frequency such that the laser beam excites and
amplifies surface capillary waves on the surface of the
sample up to a melt ejection point, to eject molten
material from the spot being acted on by the laser beam,
to more rapidly facilitate material removal from the
Spot.

2. The system of claim 1, wherein the laser beam com-

prises a collimated laser beam.

3. The system of claim 1, wherein the laser beam 1s
directed along an axis perpendicular to a surface of the
sample.

4. The system of claim 1, wherein the predetermined
frequency of the capillary waves 1s given by the expression:
w=(ok>/p)"'?, where “0” is surface tension, “k” is a wave

eg 2y

number, and “p” 1s a metal density of the sample.

5. The system of claim 1, further comprising a focusing
lens for focusing the laser beam to produce a focused,
collimated laser beam.

6. The system of claim 1, wherein the predetermined

frequency comprises a Irequency between 1 kHz and 20
kHz.

7. The system of claim 1, wherein the predetermined
frequency comprises a {frequency of 8 kHz.

8. The system of claim 1, wherein the CW laser comprises
an average power ol 330 watts.

9. The system of claim 1, wherein the laser beam com-
prises a peak power of 600 watts.

10. The system of claim 1, wherein a power level of the
CW laser 1s modulated between full power and zero power
at the predetermined frequency.

11. A laser system for providing eflicient melt removal of
material from a surface of a metal material sample being
acted on 1n a laser machining operation, the system com-
prising:
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a continuous wave (CW) laser for generating a laser beam
directed at a spot on the surface of the material sample;
and

the laser configured to be modulated at a predetermined
frequency which 1s suflicient to excite and amplify
surface capillary waves on the surface of the sample up
to a melt ejection point, to eject molten material from
the spot and to facilitate more rapidly forming a hole at
the spot; and

wherein the predetermined frequency of the capillary
waves 1s given by the expression: w=(ok>/p)'’?, where
“0” 1s surface tension, “K” 1s a wave number, and “p”
1s a metal density of the sample.

12. The system of claim 11, wherein the laser beam 1s
directed along an axis perpendicular to a surface of the
sample.

13. The system of claim 11, further comprising a focusing
mirror for focusing the laser beam.

14. The system of claim 11, wherein a power level of the
laser beam 1s modulated between full power and zero power
at the predetermined frequency.

15. The system of claam 11, wherein the laser beam
comprises a peak power of 600 watts and an average power
of 330 watts.

16. A method for providing eflicient melt removal of
material from a spot on a surface of a matenial sample, the

method comprising:
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using a continuous wave (CW) laser to generate a colli-
mated laser beam;

focusing the collimated laser beam to a desired spot size
on the surface of the material sample; and

modulating the collimated laser beam from the CW laser
at a predetermined frequency which 1s suflicient to
excite and amplify surface capillary waves on the
surface of the sample up to a melt gjection point, to
¢ject material from the spot on the surface of the
sample.

17. The method of claam 16, wherein generating a colli-
mated laser beam comprises using a laser beam having a
peak power of 600 watts and an average power of 330 watts.

18. The method of claim 16, wherein focusing the colli-
mated laser beam to a desired spot size comprises using a

focusing lens.

19. The method of claim 16, wherein modulating the
collimated laser beam at a predetermined frequency com-
prises determining the predetermined frequency of the cap-
illary waves using the expression: w=(ok>/p)*? “o”

, Where “o
1s surface tension, “k” 1s a wave number, and “p” 1s a metal
density of the sample.

20. The method of claim 16, further comprising modu-
lating the collimated laser beam between a zero power level
and a tull power level.
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