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Figure 1.1. Machining of stainless steel with:
a) conventional lasers, and b) with ultrashort (10" sec) pulse lasers
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1. Introduction

1.1 Femtosecond laser materials processing

Lawrence Livermore National Laboratory (LLNL) has developed a new laser-based
machining technology that utilizes ultrashort-pulse (0.1-1.0 picosecond) lasers to cut
materials with negligible generation of heat or shock. The ultrashort pulse laser,
developed for the Department of Energy (Defense Programs) has numerous applications
in operations requiring high precision machining. Due to the extremely short duration of
the laser pulse, material removal occurs by a different physical mechanism than in
conventional machining. As a result, any material (e.g., hardened steel, ceramics,
diamond, silicon, etc.) can be machined with minimal heat-affected zone or damage to
the remaining material. As a result of the threshold nature of the process, shaped holes,
cuts, and textures can be achieved with simple beam shaping.

Conventional laser tools used for cutting or high-precision machining (e.g., sculpting,
drilling) use long laser pulses (10® to over 1 sec) to remove material by heating it to the
melting or boiling point (Figure 1.1a). This often results in significant damage to the
remaining material and produces considerable slag (Figure 1.2a). With ultrashort laser
pulses, material is removed by ionizing the material (Figure 1.1b). The ionized plasma
expands away from the surface too quickly for significant energy transfer to the
remaining material. This distinct mechanism produces extremely precise and clean-edged
holes without melting or degrading the remaining material (Figures 1.2 and 1.3). Since
only a very small amount of material (=<0.5 microns) is removed per laser pulse,
extremely precise machining can be achieved. High machining speed is achieved by
operating the lasers at repetition rates up to 10,000 pulses per second.

Figure 1.2: Top of cut in stainless steel performed with the same laser (wavelength =1 jim) operating with
a) conventional pulses and b) ultrashort (10" sec) pulses.

As a diagnostic, the character of the short-pulse laser produced plasma enables

detérmination of the material being machined between pulses. This feature allows the

machining of multilayer materials, metal on metal or metal on ceramic where one



material can be machined without damaging the next. Developed originally for the
Stockpile Stewardship program of the Department of Energy, numerous industrial,
medical and national security applications of the technology have emerged.

The difference in machining ability of the ultrashort-pulse laser is dramatically illustrated
in Figures 1.2 and 1.3. The clear presence of slag (resolidified molten material) is
observable in Figure 1.2a where 1 mm thick stainless steel was cut with a 1 pum solid-
state laser. By changing the pulse duration of the laser to the ultrashort regime (=10 to
102 sec), material is removed without melting and the formation of slag. A cross section
of holes drilled in 304 stainless steel (Figure 1.3) illustrates the lack of any heat affected
zone or collateral damage in the remaining material. Note that the individual grain
boundaries are intact up to the edge of the laser-machined surface.

Figure 1.3. Holes drilled through 1 mm stainless steel with 120 fs laser pulses at 45°: a) Magnified section
of top of hole, b) exit hole on bottom, ¢) cross section, d) magnified (bottom left) cross section.

1.2 Application to Fuel Injectors

Fuel injectors are commonly produced by electron discharge machining (EDM). It is
difficult to produce high quality holes below a diameter of =0.2 mm through 1-mm thick
steel with EDM. For these reasons, laser drilling has often been investigated. Clean,

' straight-walled holes with minimal heat affected zone have been produced by trepanning



with copper vapor lasers and frequency doubled Nd:YAG lasers. Trepanning is the
process by which the laser beam is rotated around the hole. Laser drilling has been
plagued by the problem of backwall damage associated with trepanning (Figure 1.4).
Even if the backwall damage problem can be solved, it will be difficult to achieve the
next generation of holes (diameter ~100 microns) with conventional laser processing due
to diffraction associated with the laser beam. Achieving this next generation of holes is
critical for meeting the goals for improved fuel efficiency and reduced emissions.
Increased fuel efficiency can be achieved by decreasing the hole size in the injector
thereby increasing the atomization level of the fuel. An‘increase in fuel efficiency of only
1% would have a dramatic effect on the reduction of carbon dioxide emission from
military vehicles and diesel generators.

Back-wall
Damage from
Laser strike

Figure 1.4
Typical fuel injector illustrating the problem of

backwall damage in conventional laser
processing

Stainless Steel
1 mm thick

Incident
Laser
Beam

Hole Diameter
= 100-200 pm

Figure 1.5
Injector hole produced by ultrashort-pulse laser

Drilling (no trepanning)




By utilizing the rapid ionization machining mechanism associated with ultrashort-
pulse laser machining, very clean holes of the size necessary for increased efficiency
(=0.1 mm) can be produced in fuel injector nozzles (Figure 1.5). These holes can be
produced without trepanning and potentially no backwall damage (preliminary
investigations are encouraging, but much work remains). Since ultrashort-pulse
machining performs similarly in all materials, equivalent results can be produced in
ceramics.

1.3 Scope of Work

Three areas were id_ent_iﬁed for initial investigation into the benefits of and practical
implementation of femtosecond laser drilling for transportation-related applications:

1) Drilling in air vs. vacuum »

Due to the short pulse duration, the peak intensity of each pulse is very high (>10"
W/cm?). This can lead to breakdown of air and usually requires drilling in a vacuum
environment. Drilling in vacuum adds complexity to a high-throughput industrial process.
What is the consequence of drilling in air instead of vacuum? We measured the initial
ablation rates and drill-through times in 1-mm stainless steel as a function of fluence and
pulse duration.

2) Drilling of martensitic steel :

A simple experiment was designed to determine whether or not a heat effected zone
surrounded holes drilled in steel foil by the femtosecond laser. LLNL drilled holes in
specimens of a heat-resistant martensitic 9Cr-1MoVND steel foils (supplied in two
metallurgical conditions by ORNL) using a range of parameters with the femtosecond
laser. ORNL then performed post-laser-drilling analysis with additional metallographic
examination of the material surrounding the holes.

3) Drilling of ceramics

An initial investigation into drilling of ceramics was made.

The results are presented in the following three chapters.



2. Air vs. Vacuum

2.1 Introduction

Many micro-machining applications benefit from minimally invasive procedures that can
precisely drill materials with little collateral damage to the surrounding material.
Developments in ultrashort-pulse (sub-ps) laser technology have opened up a new regime
of materials processing. Precise and. reproducible drilling of nearly any material with
minimal collateral damage has been demonstrated.

Much of the previous work in micro-drilling of metals with ultrashort-pulses has been
done in a vacuum to prevent laser-air interactions. However, for many industrial
applications, the ability to drill in air is desirable to cut down complexity and cost.

In this section we present ablation rates of stainless steel and aluminum at different pulse-
widths in both air and vacuum. Although rates have previously been measured for
various energies and fluences, to our knowledge no complete analysis of the differences
between air and vacuum has been completed. It will be shown experimentally that the
ablation rate of aluminum is much higher in vacuum at shorter pulse-widths. We discuss
the effects the air environment has on the drilling rates and how the rates differ with
pulse-width and fluence. We present data on how the ablation rates change as the hole
deepens in the initial ablation regime (aspect ratio <2:1). We then measure the
breakthrough times for drilling through 1-mm thick aluminum and stainless steel and
show the resulting entrance and exit holes at breakthrough- and after a “cleanup” time of
five times the breakthrough time. This choice of “cleanup” time allows the process to
reach a steady-state, after which not much happens to the hole shape.

2.2 Experimental setup

For the experiments described in 'this section, we used a chirped-pulse amplification
(CPA) Ti:sapphire laser and amplifier system. The system delivered pulses at a repetition
rate of 1 kHz with energies up to 5 mJ at a wavelength of 810 nm. Because of the CPA
configuration, the pulse width could be varied from 150 fs to 20 ps without changing any
other parameters. When a 500 ps pulse was needed, the uncompressed pulse was picked
off and sent to the drilling chamber. '

A lens of focal length 64 cm was used to focus the Gaussian beam to a round spot with a
diameter of 400 microns. The polarization was made circular by adding a 1/4-wave plate,
and the beam hit the part to be drilled at normal incidence. The fluence was changed by
adjusting the power, while the spot size remained constant.

The parts drilled were 1" X 1" coupons of two materials, 304 stainless steel (900 microns
thick), and 7075 aluminum (1 mm thick). When drilling in vacuum, the pressure in the
chamber ‘was approximately 10 mTorr. When drilled in air, the chamber was vented and
the lid left off.



A fast mechanical shutter (UniBlitz) was used to select a defined number of pulses. For
each fluence and pulse-width chosen, 6 holes were drilled, 2 holes for each of three
different times (number of pulses). The times and corresponding number of pulses chosen
were 0.5 s (500 pulses), 1 s (1000 pulses), and 2 s (2000 pulses). The depths of the two
holes were averaged in each case and used to determine the drilling rate for that number
of pulses. Then the three rates were averaged to get the final rate for each fluence. The
estimated error in depth was +10%, and in fluence +15%.

The depths were measured with a light microscope with a calibrated z stage.  The
microscope was focused at the surface of the part and then zeroed. Then the focus was
moved to the deepest surface of the hole and the depth recorded. The estimated
uncertainty in depth was £10%, and the uncertainty in fluence +15%.

2.3 Initial ablation rates

At the shorter pulse-widths (150 fs, 1 ps) the drilling rate in vacuum exceeded the drilling
rate in air for both materials, although the difference was greater for aluminum. (Figures
2.1 and 2.2) The rates were similar in both the 150 fs case and the 1 ps case. At 20 ps,
the rates for all conditions were lower than the shorter pulse-widths. The rates for
stainless steel were similar in air and vacuum while the rates for aluminum were higher in
vacuum than in air. (Figure 2.3) At 500 ps, the rates are again lower than those at shorter
pulse-widths For lower fluences at 500 ps, the drilling rate of stainless steel was higher
in air than in vacuum, but above 1 J/cm’, the rate was higher in vacuum. For aluminum,
the rate in air was higher than in vacuum for all fluences tested (Figure 2.4). This is the
only pulse-width for which the ablation rate of aluminum was higher in air than in
vacuum. '

Ablation Rate vs. Fluence Ablation Rate vs. Fluence
50fs 1ps

—eo—SS Air

B Al AT
---SS Vac

eyl Al VAC

Fluence (J/cm*#2) Fluence (J/cmA2)

Fig. 2.1. Ablation Rate vs. Fluence at 150 fs for Fig. 2. 2. Ablation Rate vs. Fluence at 1 ps for
aluminum and stainless steel in air and vacuum. aluminum and stainless steel in air and vacuum.



Ablation Rate vs. Fluence

0.001

Fluence (J/lcm*2)

20 ps
1
ii —e—SS Ar
01 — Al AR
° e §§ Vac
g 001 —3— AlVac

Fig. 2.3. Ablation Rate vs. Fluence at 20 ps for
aluminum and stainless steel in air and vacuum.

Ablation Rate vs. Fluence

500 ps
1
i 019
0.01 —e—SS Air
0.001 & it Al Ailr
0.0001 i S VAC
& 0.00001 |—3—AlVac
0.000001

Fluence (J/cm*2)

Fig.2.4. Ablation Rate vs. Fluence at 500 ps for
aluminum and stainless steel in air and vacuum.

As part of the results above, we measured ablation rate as a function of hole depth. The
general trend of this data is that rate decreases with depth. At higher pulse-widths, this
decrease is sharper, especially for higher fluences. There is no appreciable difference of
slope between holes drilled in air and holes drilled in vacuum. There is also no
appreciable difference between stainless steel and aluminum. The decrease in rate with
increased depth seems dependent only on pulse-width and fluence (see Figs. 2.5-2.8).

Ablation Rate vs Depth
Stainless Steel in Air
150 fs

Fluence=1

-3¢--Fluence=2
—¥—Fluence=5

Ablation Rate
{mioron/putse)

Ablation Rate vs Depth
Stainless Steel in Vacuum
150 fs

Eg —@— Fluence=0.2

= el Fluence=0.5
E‘E Fluence=1
5 E e Eluence=2

- —¥— Fluence=5

—*— Fuence=Q2
-l Fyence=05

Fuence=1
s FONCE= 2
—*— Fuence=5

0.1

0.01

0001

Depth (micon)

Depth (micron) Depth (micron)
Ablation Rate vs Depth Ablation Rate vs Depth N
Aluminum in Air Aluminum in Vacuum
150 fs 150 fs

—— Fluence=0.2
8- Flence=0.5
Fuence= 1
+  Fuence=2
—*%— Fuence=5

Deph micon

Figure 2.5 Ablation rate vs. hole depth at 0.15 ps for aluminum and stainless steel in air and vacuum.
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Ablation Rate vs Depth
Stainless Steel In Alr
500 ps
1
0.1
0.01
0.001

0.0001 =—3—Fiuence=5

AiRsagen R Bisrenmpiine]

0.00001

el Fluence=0.5
e Fluence=1

Ablation Rate vs Depth
Stainless Steel in Vacuum
500 ps

—— Fuence=02
—&— Fuence=05
i FlienCe=1
—*— Fuence=2
—¥— Fuence=5

Dep th (miaon)

Depth (micron) Dep th (micon) —%— Fuence=5
Ablation Rate vs Depth Ablation Rate vs Depth
Aluminum in Air Stainless Steel in Vacuum
500 ps 500 ps

Dep th (micon)

Figure 2.8 Ablation rate vs. hole depth at 500 ps for aluminum and stainless steel in air and vacuum.
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2.4 Through-hole drilling in air vs. vacuum

A study was done evaluating break-through times at different pulse-widths and fluences
in air and in vacuum. The materials were again 304 stainless steel (900 microns thick)
and 7075 aluminum (1 mm thick). :

Holes were drilled at 3 J/cm?, and 15 J/cm?, again at 1 kHz. At the lower fluence, the
Gaussian spot size was focused with an f=64 cm lens to 400 microns (diameter) and at
the higher fluence, the Gaussian spot size was 200 microns (diameter). The pulse widths
studied were 0.15 ps, 1 ps, 20 ps, and 500 ps. '

In order to detect breakthrough, a CCD camera was set up outside the back end of the
chamber with a system of lenses to image the plane of the part being. drilled.
Breakthrough was marked at the time when laser light first appeared on the camera after
the shutter was opened.

The graphs below (Figs. 2.9 and 2.10) show breakthrough time vs. pulse-width for air and
vacuum. The breakthrough times were generally faster in vacuum than in air (see Table
2.1). They were also faster for higher fluence. In vacuum, the breakthrough times were
faster for aluminum in both fluence cases. In air, at 3 J/cm?, there was no breakthrough
detected for aluminum for all but 0.15 ps. We believe that oxidation created a layer with
higher ablation threshold than bare aluminum. At 15 J/cm?, the breakthrough times for
stainless steel were faster than aluminum.

Breakthrough Time vs. Pulsewidth
In Air
1000 = A .

——Al Air 3 Jicm*2
— 100 —8—SS Air 3 Jlcm”2
= -2 Al Air 15 JlcmA2
E —3¢—SS Air 15 Jlem*2
= D
1
0.1 1 10 100 1000

Pulsewidth (ps)

Figure 2.9. Breakthrough time vs. pulse duration in air for aluminum and stainless steel.
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1000

100

Time (a)

10

Breakthrough time vs. Pulsewidth
In Vacuum

—&—Al Vac 3 Jlcm*2
——SS Vac 3 Jlcm?2
~ge~~ Al Vac 15 Jlcm”2
—»—SS Vac 15 Jlcm?2

0.1 1 10 100 1000
Pulsewidth (ps)

Figure 2.10. Breakthrough time vs. pulse duration in vacuum for aluminum and stainless steel..

PulseWidth Al Vac 3 Jlem*2 SS Vac 3 Jicem*2 Al Vac 15 Jlcm*2 SS Vac 15 J/lcmA2

0.15 ps 7s 16 s 2s

1ps 8s 22 s 3s

20 ps 19s 75 s 6s

500 ps 170 s 294 s 7s

PulseWidth Al Air 3 J/em*2  SS Air 3 Jlem*2 Al Air 15 J/cm*2
015ps  15s 15s 13 s

1ps - ' 28 s 17 s

20 ps - 62 s 70's

500 ps - 124 s 108 s

5s
7s
35s
53 s

SS Air 15 Jlem”2
9s

25s

33s

59 s

Table 2.1. Breakthrough times measured at various pulse durations and fluences for 1-mm thick aluminum

and 0.9-mm thick stainless steel.

The presence or absence of air also affects the hole shape and qliality. Pictures of the
entrance and exit surfaces are presented below (Figure 2.11). The holes were drilled to
breakthrough (brk) and cleaned out by drilling to five times the breakthrough time (5brk).

13



Vacu: = J/z, brk=s, exit :

IE

r: 3 /cm, 5br—755, €

V.acuuiri? 3 c , Sbrk=3S5s, entrance

Figure 2.1 {a. Entrance and exit surfaces of holes drilied by 150-fs, ‘40(')"-pim diameter laser spot
on 1-mm thick 7075 aluminum at a fluence of 3 J/cm?, showing the difference in
shape and quality of holes drilled in vacuum and air.
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rk=2s, exit

. brk=2s, entrance Vacuum: 15 J/z,

s e

- Figure 2.11b: Entrance and exit surfaces of holes drilled by, 150-fs, 200-pm diameter laser spot
on 1-mm thick 7075 aluminum at a fluence of 15 J/cm®, showing the difference in -
shape and quality of holes drilled in vacuum and air.
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Air: 15 J/em?, 5brk=45s, exit

£

i: 15 Jcm s 5br=5, ce

by pis [V 5

Vau: 4 J/em®, br=55, ece

.. Figure 2.11d. Entrance and exit surfaces of holes drilled by, lSO-fs,'ZOO-lllm diameter laser spot - .
* - on 0.9-mm thick 304 stainless steel at a fluence of 15 J/cm®, showing the
difference in shape and quality of holes drilled in vacuum and air.
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Figure 2.11e. Entrance and exit surfaces of holes drilled by 1-ps, 400-pm diameter laser spot on
1-mm thick 7075 aluminum at a fluence of 3 J/cm®, showing the difference in
. shape and quality of holes drilled in vacuum. The holes drilled in air at this fluence

and pulse duration did not break through.
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ngure 2.11f. Entrance and exit surfaces of holes drilled by 1:ps, 200-pum diameter laser spot on
1-mm thick 7075 aluminum at a fluence of 15 J/cm?, showing the difference in
shape and quality of holes drilled in vacuum and air.
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rk=5 , ntrance
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Vuum: '3 J/em

'

s, exit

ob Vacuum: 3 J/em?, 5brk=95

Figure 2.11i. Entrance and exit surfaces of holes drilled by 20-ps, 400-pm diameter laser spot on
1-mm thick 7075 aluminum at a fluence of 3 J/cm?, showing the difference in
shape and quality of holes drilled in vacuum. The holes drilled in air at this fluence
and pulse duration did not break through.
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Figure 2.11j. Entrance and exit surfaces of holes drilled by 20-ps, 200-pm diameter laser spot on
; : 1-mm thick 7075 aluniinum at a fluence of 15 J/cm?, showing the difference in
shape and quality of holes drilled in vacuum and air.
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Vacuum: 3 J/cm?, 5brk=850 s, exit

Vacuum: 3 J/cm®, 5brk=850 s, entrance

Figure 2.11m. Entrance and exit surfaces of holes drilled by 500-ps, 400-pm diameter laser spot
on 1-mm thick 7075 aluminum at a fluence of 3 J/cm®, showing the difference in
shape and quality of holes drilled in vacuum. The holes drilled in air at this fluence
and pulse duration did not break through.
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. Figure 2.11n. Entrance and exit surfaces of holes drilled by 20-ps, 200-um diameter laser spot
on 1-mm thick 7075 aluminum at a fluence of 15 J/cm?, showing the difference in
shape and quality of holes drilled in vacuum and air.
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2.5 Discussion

For shorter pulse-widths, the rate in vacuum is higher than that in air. There are a few
possible explanations for this result. Short pulses tend to interact with air especially at
higher fluences. This causes a degradation of beam quality at the part and therefore a
lower drilling rate (compare the front-surface quality of any of the 15 J/cm® air/vacuum
holes). There may also be a plasma/air interaction at the ablation site that could prevent
the beam from efficiently ablating the fresh material. Oxidation may also play a role in
the lower ablation rate in air. In a vacuum, there is no interaction with air of either the
laser or the plasma, which leads to more efficient drilling and higher rates. There is also
no chance of oxidation. At longer pulse widths, laser/air interaction is less causing the
rates in air to be closer to those in vacuum.

As the drilling progresses, the rate slows down. This can also be explained in a number
of ways. Once a hole is established, the laser energy may reflect off the walls of the hole,
getting dispersed and not used for ablation. Because the walls of the holes may not be
smooth, some of the laser energy may be absorbed into the walls. This is most apparent
at longer pulse-widths and at higher fluences where the decrease in rate with depth is
much more dramatic. Shorter pulses win out for deeper holes since they heat the plasma
(ablated material) hotter which gives it a better chance of finding its way out of the hole.



3. Martensitic steel drilling

3.1 Introduction

An investigation was made to determine whether femtosecond pulses produce any
significant effect on the microstructure of the surrounding material when laser drilling
steel of interest for fuel injector components. Two 10-mil thick samples were provided by
Oak Ridge National Laboratory (D. Ray Johnson). The samples were laser drilled at
Lawrence Livermore National Laboratory and returned to Oak Ridge for analysis. A wide
range of pulse duration (500 fs — 25 ps) and fluence (2-15 J/cm?) was covered to try to
determine where collateral effects might appear.

3.2 Samples (Phil Maziasz, ORNL)

10-mil thick 9Cr-1MoVNDb martensitic steel foils:

Heat treatment 1 (Material #1) — normalized but not tempered. This is a non-standard
fully-martensitic structure that is as hard as the material can be. Heating for any length of
time beyond several seconds at 400-700 °C should soften the material (hardness profile
would show this) and/or produce precipitation visible in the microstructure as evidence of
heating during or after machining. Heating beyond 700 °C will produce coarser carbide
precipitates and temper the martensite. Heating much above 800-900 °C will produce
austenite that will transform back to martensite, if cooling is fast enough. Discoloration
due to oxides will also produce visible measure of heating.

Heat treatment 2 (Material #2) — normalized and tempered. This is the standard
microstructural and properties condition for this material in a wide range of engineering
applications. This will not be very sensitive to heating below the temperating temperature
of 760 °C, but will give a better measure of temperature exposure in the range of 800-900
°C due to carbide coarsening in the as-tempered structure. Exposure at temperatures
above the austenite-start temperature (about 900 °C) will then become martensitic upon
rapid cooling. Surface of foil should be cleaned 50 that oxide heat—tmt will be evidence of
lower temperatures.

3.3 Laser drilling

We used an 810-nm, nominally flat-top spatial mode, produced by overfilling a 5-mm
round aperture and imaging the aperture with 25x demagnification. This resulted in a 200
um diameter beam with peak fluence in the range of 2-15 J/cm®. Since the imaging
geometry resulted in the beam going through focus before the part, all drilling was done
in vacuum to avoid air breakdown. A thin glass debris shield was used to shield the 10-
cm focal length lens from the debris. The pulse duration was varied from 500 fs to 25 ps
to ascertain whether there is any increase in thermal damage over this pulse duration
range. This is important for system design, as the laser architecture changes dramatically



over this range (from Ti:sapphire, to Yb:YAG, to Nd:YAG, the latter two being directly
diode-pumpable). The matrices of holes for the two samples and front and rear surface
pictures of the drilled holes are tabulated below (see Table 3.1, Figs. 3.1a-c for results
from material #1, and Table 3.2, Figs. 3.2a-c for results from material #2).

MATERIAL # 1 -
|Row # |Hole # |Fluence |Rep Rate |Pu|se With Time —I

1 1 156 J/emA2 100 Hz 500 fs 90s
2 15 Jlem”2 100 Hz 500 fs 225s
3 15 J/lem”2 100 Hz 1ps 90s
4 15 JlcmA2 100 Hz 1 ps 225s
5 15 J/lem”2 100 Hz 5 ps 90s

2 1 156 J/em”r2. 100 Hz 5 ps 225s
2 15 J/lem”2 100 Hz 25 ps 90s
3 15 J/em”A2 100 Hz 25 ps 225s
4 5 J/lemA2 100 Hz 500 fs 180s
5 5 J/lcm/r2 100 Hz 500 fs 450s

3 1 5 J/lemn2 100 Hz 1ps 180s
2 5 JlcmA2 100 Hz 1 ps 450s
3 5 J/lcmA2 100 Hz 5 ps 180s
4 5 JlemA2 100 Hz 5 ps 450s
5 5 J/icmA2 100 Hz 25 ps 180s

4 1 5 JlemA2 100 Hz 25 ps 450s
2 2 JlemA2 100 Hz 500 fs 300s
3 2 J/lemA2 100 Hz 500 fs 1500s
4 2 JlecmA2 100 Hz 1 ps 300s
5 2 JlemA2 100 Hz 1 ps 1500s

5 1 2 Jlemr2 100 Hz 5 ps ~ 300s

' 2 2 Jlemn2 100 Hz 5 ps 1500s

Table 3.1. Matrix of holes drilled in vacuum in Material #1 (non-témpered) by short laser pulses (500 fs —
25 ps), at different fluences, and for different times.
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