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ABSTRACT

Femtosecond laseenablematerials processing of moahy materialwith extremely high precision and
negligible shock or thermaloading tothe surroundingarea. Applications rangingfrom drilling teeth to
cutting explosives to precision cuts @@mpositesare possible by using this technologior material
removal at reasonable rates, havedeveloped a fullfcomputer-controlled 15-Wagtveragepower, 100-fs
lasermachining system.

1. INTRODUCTION

The use of femtosecond lasers allows materials processingradftically any material with
extremely high precisioand minimal collateraldamage. Advantages oveonventional lasemachining
(using pulses longahan a few tens of picosecond®sk realized bydepositingthe laserenergy into the
electrons ofthe material on a time scale short compared to the transfer time of this energjptktioé the
material (either electron-phonon coupling or thermiflusion), resulting in increasedblation efficiency
and negligibleshock or thermasétress. Wepresent severaxampleshere which demonstratibe benefits
of, and in many caseameenabled byusingthe technology of femtosecordsermaterials processing.

The physical nature dhe short-pulselaser interactiorwith material (alongwith the benefits)
results in only a veryhin layer & 0.1-1 um) of material being ablated by eaphlse. For efficient bulk
material removal, lasesystems of highiepetitionrate andchigh averagepowerare necessary. In addition,
for femtosecondaser materials processing to gain industd@ceptancethe lasersystems must beade
turn-key andreliable. We have takenstep inthat direction byconstructing aomputercontrolled, 15-W
averagepower systenthat requires no lasénowledge or adjustments dine part of the operator.

2. DIELECTRICS

In transparent dielectric materials ablated with high-intensity femtosqualsds, venyittle energy
(shock or thermal) isoupled intothe bulk material because the pulse durationskworterthan the
characteristictime for energy transfefrom the electrons tothe lattice (afew ps for most dielectrics).
Measured andalculated ablatiohresholds for fusedilica’ are shown in Figure 1 over aide range of
pulse duration. The deviation from long-pulse behavtiéfz(scaling) at=20 ps signalshe transitioninto



this new regime of nonthermalblation. Thecontinuously decreasing threshold felnorter pulses means
that less energy is coupled into surroundangas as shock or thermal loading.
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Figure 1. Measured¥( fused silical053 nm;¢ fused silica526 nm; 4glasg 780 nm) andcalculated (solid
line) ablation threshold. Deviatiofiom 11/2 scaling below 20 ps indicates the new regime of nonthermal
ablation.

From the standpoint of thismechanism oflaser interaction,enamel, bone.etc. are simply
dielectrics and exhibit theame behavior as fusedica. Shown in Figure 2 arelectronmicrographs of the
surface of a tooth following materisémoval by 1.4-ndaser pulsesand 350-fs pulsesThe pulses are
produced by aariable pulse duratiolaser operating at 1053 nm and 10 Hz. Crackinghaf surrounding
material andhe uncontrollable nature of material removal by therrslhbck are readily apparent in the
enamel irradiated bganosecond pulses (Figa). In this regimelinear absorption due to defects produces
inhomogeneous energy absorption acthsslaserbeam and thermastressesbuild up causingablation
first from the point with the least materiatrength. This isiot the case with femtoseconpulses where all
regions throughouhe laserbeam profile withsufficient intensity to be above ablatidhresholdwill be
removed resulting in extremeline control ofthe position of material removal (Figb). In addition, the
morphology inthe femtosecond case @haracteristic of internal enamel ath@re is no evidence dieat
transfer into thesurroundingmaterial.

This non-thermal material removiadechanism results in a minimialcrease in temperature of the
surrounding material. Thermaleasurements shothatwhen irradiated with 508onventionall-ns laser
pulses.the bulk temperature of &-mm slice of toothincreased by over 49C while for femtosecond
pulsesthe tenperature risavas lesghan 20C (Figure 3).The fluence in eaclkasewas set toremove
approximately Jum depth of materigber pulse. This required 30 J/énor the nspulses and only 3 Jichn
for the fspulses. The practical consequences in dentistry are substantial. In
the case of existing lasaystems, activeooling ofthe tooth is necessary to prevgmérmanent damage to
the pulp (5°C increase) while noooling would be necessawith femtosecondaserpulses.



Figure 2. (a)Drilling of enamelwith 1.4 ns, 30J/cn? laser pulses. Enamel is removed byenventional
thermal/fracture mechanism resulting in cracking and collateral darfragetemperature rise anthermal
shock. (b) Drilling ofenamelwith 350 fs, 3J/cn? laser pulses. Enamel is removed at the same rate by a
nonthermal mechanism which eliminates collateral damage and leaves the surface in its natural state.
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Figure 3. Temperature increase of bulk tooth due to drilling with nanosefunzles) and femtosecond

(squares) laser pulses. In both cases, the laser wavelength was 1053 nm mwadetied removal rate was 1
pm/pulse at 10 Hz.

Another class ofdielectric materialsthat greatly benefitfrom the reduced thermal and shock
loading during femtosecondaser machining isthat of high explosives(HE). Cutting and machining
operations on energetic materials present significant safety challenges. If conventional machine tools are
used, improper fixturing of the work, impropertool configuration andmproper cutting speedshave
resulted in violent reactionduring machining operations. In additiosignificant hazardous waste is
generatedrom the machining chips anthe necessity of using cutting fluids to coible cutting tool.



Ablation of high explosives by femtosecotabser pulses offers arattractive alternative t@onventional
machining. Absorption ofheseultra-short pulses occurs @uch a shortime scale that thematerial is
ablated with virtually no heat transfer to th@rounding material, resulting in a "cold" laser cutting process.

We usedLX-16 explosive(96% HETN) for our initial experiments becaudeETN isone of the
mostsensitive ofthe secondary explosives. some ofthe experimentghe beam first cut througltthe HE
pelletand then into a stainless steel substrate amthir experimentsthe beam firstcut through stainless
steel and then into the HE pellet.dither case, no reactiomas observed. Wealso cutthrough pelletghat
were notbacked by a substrate. Figure glaows twocuts across &-mm diameter,2-mm thick pellet
made using a 1-kHz, 100-fs laser systédime ablationprocess is vergfficient in explosives with several
microns ofmaterial beingremovedper pulse. We also observédr small spot sizes (approximately 25
pum) thatafter aninitial taper,the cutexhibits extremely straight walls extending for sevendlimeters.
This enables cuts with extremely high aspect ratios of 200:1 and more.

The only experiment in whiclieactionwas observed was rutting aLX-16 pellet when we did
not compresghe pulse after amplification (a factor of 5000 increase in pulse lengdgig 500-pspulses
at a power level high enough to rewe materialjgnition of the LX-16 wasobserved. Examination of the
pellet afterwardrevealed thathe edges ofthe cutwere melted and contained a multitude wfaction
products (Fig. 4b).

Figure 4. Cuts in explosive pellet (PETN) by (a) short pulse and (b) long pulse laser. Thermal deposition in
the long-pulse case caused the pellet to ignite.

Preliminary investigationshow that the benefits of localized ablatiowan be realized imon-
transparent and composite dielectric materialaels Figure 5shows a 30Qum diameter hole and 200-
pm wide line cut in twodifferent carbon-epoxygamples.Very precise cuts witltlean edgesare made
possible by this technology.
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Figure 5. Hole and line cut in carbon epoxy with femtosecond laser pulses.

3. METALS

In metals, by choosing tHaser pulsaluration suchhat thethermal diffusion depth is otine order
of the distancethe laserlight penetrates, very smalmounts ofmaterial (0.01-1um) can beprecisely
removed with minimal transport of energy éghershock or thermal conduction awépm the volume of
interest The vaporized materiekpands fronthe surfacewith litte energy deposited ithe bulk. Thus,
there is no heat-affectezbne in theremaining bulkmaterial nor recast layeFigure 6 showsthe cross-
section of a 40Qum hole in 75Qum thick stainless steel at 4%he metallic grainstructure is unaltered up to
the edge of theut. The top (entrance) of this cutsisown in Fig. 7, again with nevidence of slag oneat-
affected zone.

Figure 6. Cross section of hole drilled in stainless steel with 120-fs pulses at 1 kHz.



Figure 7. Top of hole drilled in stainless steel. There is no evidence of melting or slag.

4. 15-W SHORT-PULSE LASER PROCESSING SYSTEM

The rate of materialemovalscal esessentially linearly with the averagewer ofthe lasersystem.
We have recentl}completed a highaveragepower short-pulsdaser system for use in an industrial
environment. The system isfully computer-controlled and is designed to be run by a machine-tool
operator. A block diagram die system is shown in Fig. 8. It is basedaamventional technology, i.arc-
lamp pumped, intracavity-doubled Nd:YAG pumping Ti:sapphire, and was desigopeitate without the
added complexity of cryogenic coolingtbé Ti:sapphire crystals.
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Figure 8. Configuration of 15-W short-pulse machining system.
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