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Abstract

Crater shapes and plasma plume expansion in the interaction of sharply focused laseflflgamsvaist diameter,

60 fs—6 ns pulse duratigmvith metals in air at atmospheric pressure were studied. Laser ablation efficiencies and rates
of plasma expansion were determined. The best ablation efficiency was observed with femtosecond laser pulses. It was
found that for nanosecond pulses, the laser beam absorption, its scattering, and its reflection in plasma were the limiting
factors for efficient laser ablation and precise material sampling with sharply focused laser beams. The experimental
results obtained were analyzed with relation to different theoretical models of laser ablation.
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1. INTRODUCTION The aim of this work was to investigate the crater shapes

) ) ) ) and the microplasma expansion in the interaction of laser
The interaction of a powerful laser beam with a solid Samplepulses(60 fs—6 ns pulse duratiprwith pure metals. For

results in a crater formation on the sample surface and thgis 1ange of laser pulse duration, different regimes of laser

creation of laser plasma that is composed of excited atomgyation can be studied. They are defined by the character-
and ions of the sample. This plasma is of analytical interesfic time of electron—phonon interaction in soli¢tsf the

for solid surface characterizatioielemental cartography g qer of 1 ps: Anisimov & Rethfeld, 1996: Momn al,
or mapping by spectral analysis of the plasma emission; gg97) and correspond to the ablation with laser—plasma in-
(method of laser ablatiofoptical emission Spectroscopy  taraction(for ns/ps pulsesand without it(for fs pulses.
Spatl'al resplutlon of this method'ls associated with the Crag aser—plasma interaction can change dramatically both the
ter dimensions that are determined not only by the lasef;ser heam intensity distribution on the solid surface and
beam waist, but by the laser beam interaction with the samy, o |3ser plume expansion features. The investigation of the

ple surface and the near surface plasma as well. The intef5ser plasma limiting effects in nanosecond laser micro-
action is a complex process involving heating, melting, 5p1ation was under study as well.

evaporation, excitation, and ionization. It has not yet been
satisfactorily explained and is still under intensive investi-
gation (Mele et al, 1997; Maoet al, 1998; Salléet al, 2. EXPERIMENT

1999; Semeroktal, 1999. Itdepends on a great number of The experiments were carried out with two different lasers

laser—matter interaction parameters such as laser pulse dura-_. :
. . . in air at atmospheric pressure. A set of metal sam(ilrg
tion, wavelength, angular divergence, spot size and eNer9%|, and Pb with various material parametdiSemeroletal.

physical prop_e_rtles of solid matter, surroun(_jmg enV"Oh_1998 was chosen to investigate the effect of material prop-
ment composition, and pressure. Such a multiparameter dé-

. X e rties on the laser ablation process. The surfaces were pol-
pendence of the interaction process presents difficulties bo g L .
. . . . ~]shed to facilitate the localization of the microcraters and to
for theoretical analysis of the ablation process and the inter-
increase the accuracy of crater parameters measurements.

pretation of experimental results and obtained dependencies. The nanosecond pulse experiments were performed with

. a Nd-YAG laser(Quantel Compact YG 585with a 6 ns
Address correspondence and reprintrequests to: A. Semerok, CEA Sacl

DPC/SCPA/LALES, Bat 391, 91161 Gif survvette Cedex. France. E-mai: (FWHM) pulse duration emitting on the fir$1064 nm,
asemerok@cea.fr second(532 nm), or fourth (266 nm harmonic. The laser
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beams with near the Gaussian intensity distribution were
focused by a 100 mm lens at normal incidence to the sample
surface. The waist diameters were found to be .ili
(FWHM of intensity distribution for 1064 nm and 532 nm
and 6, um for 266 nm. The laser beam energy was varied
in the range of 0.0l MX E=4 mJ(10 Jem? = F =

4500 Jcm?).

The femtosecond—picosecond experiments were per-
formed with Ti-Al,O5 laser emitting on the first800 nn),
second(400 nm), or third (266 nm harmonic. The laser
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beams with wavelengths of 800 nm or 400 nm were focused 0.01 01 | 10

by a 150-mm lens at normal incidence to the metal sample

Energy (mlJ)

surface. A200-mm lens was used for the 266-nm laser beam.

The waist diameters were found to be close tauh® FWHM
of the intensity distributionfor all laser beams. The laser

Fig. 2. Dependence of crater diameter on incident laser enéggg nm,
6 ng for copper.

pulse duration was adjusted in the 70 fs—10 ps range. The

laser energy was varied in the range gi 2= E = 800 uJ

(2 Yem? < F < 800 Jcm?).

rial as well. For femtosecond pulses, the crater profiles were

The craters formed at the surfaces were studied with awithout convexity formation. In general, the crater profiles

optical microscope profilometefMicroXam Phase Shift
Technology, USAof 1 um lateral and 0.0Lm longitudinal

were not identical to the spatial distribution of laser inten-
sity. Only at the lowest energy was the crater shape observed

resolutions. The laser plasmaimages were obtained by meate coincide with the laser intensity distribution of femto-
of an intensified gated CCD camefflamamatsu C4346- second pulse@ny wavelengthand nanosecond—picosecond
01) with a 3-ns gate time. At the first stage of the laserpulses(for the second and fourth harmonjcEor nanosec-
plasma expansion, the time delay with a 1-ns step was amnd pulses on 1064 nm, the crater diameligyswere smaller

plied. A microscope objective of 40 magnification was
used for the laser plasma imaging withuBn lateral resolu-

than laser beam diameter. At higher energies, the crater
diameters were found to be larger than diameters of laser

tion. Thus, laser plasma expansion was measured witin3- beam for all wavelengths and pulse durations. Figure 2 gives
spatial and 1-ns time resolutions. These measurements wettee dependences of crater diametBxss and D,,, on the
performed in a time delay range of 0 to 100 ns and aincident laser energ§s32 nm, 6 ngfor copper. In the 0.01—
different wavelengths in a spectral range of 200 to 850 nm1 mJ range, the surface diameter increased significantly

Other objectives of 128 and 2.5< magnification were

from an initial 15um to about 45um. Then, for energies

used for laser plasma imaging at the time delay range of 4@igher than 1 mJ, the diameter reached approximately the
to 500 ns and 500 to 1000 ns, where plasma dimensionsame value of around 50m. The crater diametdd, s dem-

reached up to 100Qm.

3. EXPERIMENTAL RESULTS

onstrated a particular behavior with the laser pulse energy.
Itincreased from 1um at 0.01 mJ up to 2@m at 0.1 mJ.
Then, it fell to a constant value of around iL&. These data
indicate that the crater shape varied with the laser energy.

Figure 1 gives the typical crater profile obtained in ourUp from 0.2 mJ, the profile of the crater suffered crucial
experiments with nanosecond laser pulses. On the targehanges—a large shallow area of erosion could be observed
surface along the crater boundary we observed formation adround the main deep crater. In our experiments, the crater
a convexity, the height of which depended on the targetiepth and volume were observed to increase with laser flu-
material, pulse duration, energy, and pulse number. With thence and energy, respectivellfigs. 3 and 4 The crater

pulse number increased, the ratio of the convexity height
to the crater deptkh) decreased. The crater diametBxss

behavior presented for copper was similar to all metals under
investigation. The differences observed were attributed to

and Dy, usually followed the laser beam diameter, but de-ablation efficiencies. For a 532-nm, 6-ns laser beam, they
pended on pulse energy, laser wavelength, and target mateere found to be 500Qum3/mJ, 2000 xm3mJd, and

m
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Fig. 1. Crater spatial characteristics.
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6000m3/mJ for Al, Cu, and Pb, respectively. In the 0.01—
0.06 mJ energy range, the ablation efficiency for copper was
the same for all nanosecond-laser wavelengths. With the
pulse energies higher at 0.06 mJ, the ablation was more
efficient for short wavelengths.

The craters formed with different Ti-AD5 laser pulse
durations were of a similar typical profile. No convexity
was observed on the target surface around the crater. The
crater depth per pulse versus laser pulse duration is shown in
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Fig. 3. Dependence of crater depth on laser fluef&82 nm, 6 n§ for
copper after one laser shot. Solid line is fitting cutvéum) = 0.06F % Fig. 5. Laser ablation efficiency for different pulse durations of TE®4
(Yem?). laser. Laser wavelength—800 nm, target—Cu, energy-20

Figure 5. No significant changes in crater depth were obtear the surface disappears and the plasma volume does not
served in the 70-800 fs range. For higher pulse durationgvolve any more. This kind of plasma behavior is observed
the crater depth decreased with laser pulse duration inn the energy range of 0.01 to 0.4 mJ. At 1-mJ energy, the
crease. The same behavior was observed for crater volunrate of the plasma expansion is higher. An additional cone-
versus laser pulse duration. This is in good agreement witshaped plume is detected in this case. The formation of this
our previous experimental resulSemeroket al., 1999. cone-shaped plume is observed for plasmas created with
Femtosecond-laser ablation efficient3000 um3/mJ for  energies higher than 0.4 mJ. For short delay times, highly
Cu) was found to be independent of the laser wavelength fomtense “hot spots” can be seen in the plume along the laser
70-fs pulses. beam path. The width of these hot spots is measured to be
The plasma expansion was studied for a copper targeatlose to the laser beam diamet&f wm). With a 515-nm
with 532-nm nanosecond pulses. For short delay tifBes filter, the plasma created by 1-mJ pulses does not exhibit
20 ng a more intense area on the sample surface levedny intense hot spots. A similar observation was made with
disappears when a 515-nm filter, which cuts off laser wavethe filters being transmitted in the ranges of 250\ <
length, is used. This intensity, being stronger than the one o400 nm and 606< A < 800 nm. Thus, we may conclude that
the plasma emission, is attributed, consequently, to the laséine hot spots are not associated with a higher concentration
beam diffusion on the target surface. At 0.1 mJ energy, thef the excited copper atoms in these areas, but they are
ablated vapor escapes the surface with fast expansion in thiather attributed to scattering of the laser beam in the plasma
normal direction of the target. At the end of the laser pulseplume. The dimensions of the plasma were measured at the
the plasma comes unstuck from the surface and takes threaximum plasma intensity divided by 10. This intensity
shape of amushroom. An intense plasma core is located nekvel was considered as the plasma plume boundary. The
the surface with the maximum intensity observed at a certemporal evolution of longitudinal dimension of plasmas
tain distance from the surface. Then, the intensity decreaseseated on aluminum, copper, and lead samples at 1 mJ is
until it reaches its minimum. It increases again until thepresented in Figure 6. The plasma begins to grow very
maximum is reached at a distance of aroundun® above  quickly during the first 50 ns and the expansion does not
the sample surface. For longer delay times, the emissiodepend on the ablated material. The plume reaches the max-
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Fig. 4. Dependence of crater volume on laser engf&2 nm, 6 ngfor Fig. 6. Temporal evolution of longitudinal dimension of plasma created
copper. Solid line is fitting curv® (um?3) = 165E°° (mJ). on aluminum, copper, and lead for 1-mJ laser pu(§82 nm, 6 ng
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F . 4. DISCUSSION
PR .t _ Knowledge of the plasma dimension evolutidfig. 7) al-
g R . = lows us to estimate the longitudinal and transversal expan-
g R " . *38mJ sion velocities at the beginning of plume expangitable J).
g A0 S . ?.2 mJ For E < 0.4 mJ, the longitudinal expansion velocity was
5} LI A lmlJ .
E AP e 04ml determined to be lower than the transversal one. Above
A c ra. 5 |xo02m 0.4 mJ, the plasma is cone-shaped and the longitudinal ve-
200 :"‘.:-': = L 01ml locity becomes higher than the transversal one. Additional
.f;g;fi“ o° - 0.04mJ experiments with the incident angle of “48emonstrated
F j%;oo”(’ ° © 0.0l mJ that this cone-shaped plume follows the direction of the
R S Nd-YAG laser beam even though the plasma near the sam-
0 50 100 150 ple expands in the normal direction to the target. This ob-
Delay (ns)

servation implies that the cone-shaped plume is driven by
Fig. 7. Temporal evolution of the longitudinal copper plasma dimension the plasma absorption of the laser light, resulting in a laser-
for 0.01-4 mJ laser pulse energi&S2 nm, 6 ng supported ionization wave in air. The plasma plume “expan-
sion” velocityv, can be simulated by the “absorption wave”
model (Berchenkoet al,, 1979. In this model, the energy
lgalance can be described(@adziemski & Cremer, 1989

imum dimensions at 500 ns delay, then no further change X L
y g I'=aoT*+v,(cT+ E), wherea is a coefficient of plasma

are observed. The most efficiently ablated matdfd was : =
observed to have the largest plasma volume. When the efaynessy is the Stephan-Boltzmann constafiy - cm™=)

; . T3 1y o
ergy increases, the initial expansion rate and the maximur? the I_z;\se]rc mt:_nity_;(}lhcml K t) Is the stpecmc tge;hmal
plasma volume growFig. 7). Nevertheless, the character of capacity of airT (K) is the plasma temperature, ads the

the temporal evolution of the plasma dimensions is the sam pecific ionization energy of air. The energy of ionization
for all the energies E;) and the thermal capacitic) should be evaluated by

For different pulse durations and wavelengths of Ti-:‘;‘k'n? nto a;ccounttth(_ardelgorses 9;0'/0n'zz‘€l|t(;m1$ ﬁt?g(‘);t:.%for
Al O3 laser, the plasma exhibits a similar spatial evolution.1966p asrrgjathemperfllg GT f1 )(I et ovic d ar;zer,_ |
The temporal evolution of the plasma longitudinal dimen- 9 and the contribution of free electrons and chemica

sion is given in Figure 8. The plasma transversal dimensio@?f?.cucl)tnz;r;]a'; Itlmakestthe nurrtlerlc?lf\glg)uzzti)t;%)giy
has the same typical temporal evolution. During the first Teutt. igh plasma temperatures = 10°- )

. : " 5 :
nanoseconds, the ablated matter escapes the surface wit '&d high laser intensitig30—-100 GWem®), the velocity of

fast expansion in the normal direction to the target. Thet € plasma plume expansion can be estimated from the ki-

initial rates of expansion do not depend significantly on thengzsIC theoy glz_relgﬁflfon '02)532?3“29:1‘10"'1‘3“. Stheulzer,
laser pulse duration. Longitudinal and transversal rates o& 6t) Vexp = . el . |E/7Tm) 7 V\; :ere e ISI tﬁe elec
expansion for 2Q+J laser pulses are found to be about4.6 ron temperature ot p asnﬁ_appromma celyequa ), mis .
10° cm/s and 3x 10° cm/s, respectively. These values are the mass of the.electrorN,ls the concentration ofl:;\torr;s n
close to the sound velocity in the copper target. From 25-n§;he initial gasC is a constant about 0.7-0.8510 " cm/

delays and upward, the plasma volume does not expand any" The_value obyin this case is apout tamys. .Th'S IS
more, but depends on the laser pulse duration. sufficiently good agreement with our experimental data
' (Table 1. But there are no reasons to use this model when

the optical properties of plasma can suffer significant changes
due to laser—plasma interaction. For solid matter surface

100 T T g
— r 1 | e007ps| 2
i @ A014ps| A Table 1. Longitudinal Y and transversal Welocities of copper
N— ' . .
- s A looaeps| plasma versus the incident laser energy E (mJ) at 532 nm.
.2 5O oy R
2 8 8 ©0.8ps E (mJ) Vi (cm/9) V; (cm/s)
é I 1 L |O2ps 1
A -8 Caioms | 0.1 2.3x10° 3.6%10°
i Lol I 0.04 4.4x10° 5.0x 10°
o— 0.1 4.6x 10° 5.7x10°
0 5 10 15 0.2 6.0x 10° 8.3x10°
Delay (ns) 0.4 9.4x 10° 8.5x 10°
y 1 1.4% 10° 1.1x 10°
) ) N . ) 2.0x10° 1.4x 108
Fig. 8. T | lut f the | t | |
ig. 8. Temporal evolution of the longitudinal copper plasma dimension 2 7% 10° 1.6% 10°

obtained with different 800 nm pulse durations. Laser pulse energy—
20 wd.
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Table 2. Experimental b,and theoretical feor longitudinal effective penetration depth that is determined either by the
dimensions of copper plasma for different energies at 532 nm. optical penetration depttat low fluence or by the heat
penetration deptltat high fluencg, being independent of

E(mJ) exp (M) Hineor (LM the pulse duration as well.

0.01 125 114

0.04 168 181

0.1 217 246 5. CONCLUSIONS

0.2 290 310 _ ) )

0.4 258 390 The experimental studies of crater profile and plasma ex-

1 644 529 pansion at the interaction of the sharply focused nanosecond
2 >550 667 laser beam with metal samples demonstrated with certainty
4 >620 840 the plasma-limiting effects on laser microablation. This was

revealed not only by the decrease of crater depth growth
with laser energy increase, but by the crater widening and its
) profile changes as well. The experimentally obtained veloc-
temperaturel > 1 eV, the crater growth velocity may be jties of plasma plume expansion and the dimensions of the
determined by the Frenkdll995 expressionv (T) = laser plasma plume may be described by the Frefig85

vs eXp(Eo/KT), whereus is a velocity close to the sound g4 shock wavéArnold et al, 1999 models.

velocity in solid matterE, is the energy of the atombond in 1o different regimes of laser—target interaction were
solid matterkTis the plasma particles’ energy. In this case,gentified. The first one is a femtosecond regime, where the
the plasma expansion velocity has to be at least equal to @gser pulse ends before the energy is completely redistrib-
higher than crater growth velocity. Thus, for an ablationyteq in the solid matter. Thus the pulse energy is deposited in
regime without a plasma absorption waileser energies  ihe matter without any participation of a laser—plasma inter-
0.01=E = 0.4 m), the plasma expansion can be estimatedyction. The second regime is a nanosecond—picosecond one,
by the Frenkel formula. Table 2 compares the experimentajhere the laser pulse duration is of the same order or longer
values of the maximum longitudinal dimensions of COpperthan the energy relaxation time. The irradiated volume heat-
plasma for different energies with the theoretical data. Thgng is fast enough to heat and vaporize the surface material
maximum height reached by the plasma front was evaluategring an early stage of laser pulse duration. In this case, the

by the following expressioArnold et al, 1999: Rmax~  neat conduction losses and the plasma shielding effects re-
0.39x (nE/Py)Y3, wherePy is the pressure of ambient gas, g ce the ablation efficiency.

andn is the ratio of the plasma plume energy to that of the
laser pulse. The experimental results are in good agreement
with theoretical values fon = 0.25 and the laser energies ACKNOWLEDGMENTS
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