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Abstract. Temporally profiled pulsed radiation of the ablation conditions for the following portions of radiation (to
Nd:YAG laser was applied to drilling and micromachining lower ablation threshold, for instance), while the train of short
of ceramics, steel, and CVD diamond, demonstrating onkaser pulses at the end of the succession can promote removal
or two orders of magnitude enhancement of ablation ratesf the ablated material.

compared to conventional pico- and nanosecond-pulsed abla-

tion at the same energy density. The developed laser system

delivered combined pulses consisting of a picosecond pulsk Experimental setup

train followed by a nanosecond pulse train. The combina-

tion of picosecond and nanosecond components within orfeor the ablation tests, we specially developed MteYAG
laser shot turned out to be especially beneficial for highlaser, operating in the combined pulse mode, so that within
aspect-ratio channel formation. Polarization dependence @f single pumping pulse the laser output consisted of an ini-
the ablated deep crater morphology was observedlkh tial train of picosecond pulses with an axial period3d ns
samples. Waveguide radiation propagation in self-made deeaghich, after a time delay of 10us, was followed by a se-
channels as well as the influence of high-temperature lasequence of 10-20 Q-switche®00 nspulses with a period

produced plasma on this phenomena are discussed. of 5-7 ps. Using a wide-band oscilloscope and fast photo-
diode, we estimated the energy of the picosecond compon-
PACS: 42.62.Cf; 42.60.By ent to be the largest in the combined pulse train and thus

the nanosecond pulses were much less intensive. Parame-

ters of the temporally profiled pulse are shown schematically
Shielding of an irradiated area by laser-produced plasma ia Fig. 1. After amplification and spatial filtering, the total
one of the key problems for high-rate precision ablation byshot energy amounted 2 mJwith the pulse-to-pulse energy
intense, short (picosecond and nanosecond) pulses. In tBpread belovb%. The entire device allowed operation at the
case of deep channel formation, the problem looks even moraaximum repetition rate df0 Hz
complicated: the plasma at the bottom is denser due to ex- A single transverse mode beam was focused at the sample
pansion limitations imposed by the side walls [1]. The usesurface with65-115mm focal length lenses which corre-
of femtosecond pulses could be one of the solutions to mirsponded to the irradiated spot diametdys- 25-45um. The
imize plasma shielding [2, 3]. Another possibility, considered
in this paper, is application of pulse trains including picosec-
ond and nanosecond components. Indeed, plasma paramet
can be dramatically changed by a proper choice the inter
sity and time interval between pulses and, correspondingl)
the influence of shielding on ablation can be modified ot
even suppressed. The combination of pulses of different dt
ration and intensity within one laser shot allows more than th
reduction of plasma shielding. An important resort for the im- A

L

provement of ablation efficiency in the channels is “casting
roles” between the particular components of the pulse succe

sion. The initial pulse (or several pulses) is able to modify \V
3.5ns 5 us
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1999 in Gottingen, Germany Fig. 1. Schematic of the combined picosecond—nanosecond pulse structure
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sample plates (up t@.2 mm thick) were made of ceramics tion (Fig. 3), this dependence manifests itself in the output
(AIN in most of the experiments), stainless steel, and CVIhole shape. While the entrance hole is round, disregarding the
diamond. The samples were positioned at the input windowncident beam polarization (Fig. 3a), the opening at the rear
of a photometric sphere and exposed to ablative pulses usurface is strongly polarization dependent. It is circular with
til the through hole was created. In the course of drilling, thed; < dy for the circular polarized beam (Fig. 3c) or shaped as
incidentEg and transmittedE; energy signals were recorded a narrow slit in the case of linear polarization. Orientation of
by AD converters to obtain the ratio. The idea of integrat-the slit here is strictly perpendicular to the plane of polariza-
ing sphere registration was to define correctly the number dfon (Fig. 3b). To obtain the result shown in Fig. 3b we rotated
pulsesN;, needed to produce a through hole in the opaquéhe polarization plane within an angle 6€°. In the same
sample, and the number of pulss, corresponding to for- tests steel samples demonstrated no apparent polarization de-
mation of the largest exit diameted;); formation, and to pendence, neither in the ablation rate, nor in the channel
measure the maximum transmission of laser radiation througmorphology, which is consistent with less pronounced angu-
the ablated channel by thg/Eg ratio. lar dependence of the surface optical properties in metals [4].
The results described differ drastically from our ablation
data obtained for conventional intense pico- and nanosecond
2 Results and discussion single pulses. It can be illustrated by transmission depen-
dence, measured inl& 0pum thick semitransparent sample of
Radiation transmission dynamics for th@ mm AIN sample  AIN ceramics, ablated b¥nspulses at the energy density of
is given in Fig. 2 as an example. As can be seen, at the ener§@0 Jcn? (Fig. 4). The transmission registration schematic
density 0f1200 Jcn? the output hole appears after about 200was the same as mentioned abdle{ E;/ Eg). Shown on the
pulses (1) which corresponds to a very high drilling rate of graph are transmission values of two sorts. So-called “hot”
~ 6 um/pulse The following process of the through channeltransmissiornmy was measured in the course of ablative chan-
formation manifests itself by transmission growth with os-nel formation, i.e., in the presence of hot laser plasma at the
cillations, indicating successive cleaning and clogging of theurface, the “cold” transmissiofic was measured between
output hole, and finally stops &t ~ 500. No plasma is ob- the “hot” series with probe low intensity pulses below the
served at this point and the final transmissiyiE, reaches ablation and plasma formation threshold. Due to significant
the 20% level which means that most of the laser energy iplasma shielding, the “hot” readings are much lower than the
absorbed inside the channel. “cold” (Th < Tg).
The losses measured are rather high which is consistent Collation of the graph in Fig. 2 and th&:(N) curve in
with the geometry of the channels drilled AN at the typ-  Fig. 4 reveals similar behavior except for two very import-
ical focusing parametersl{= 25um, 1/e — intensity level).
The input hole diametedy was close tals, the aspect ratio
(h/dp) amounted to 40, and in all cases the output hole SiZ fmmemr—rmm R
d: appeared to be less than the inpdit<€ do). Considering —
altogether the transmission data, the characteristic input ar
output hole diameters, the focused beam geometry, and tt
significant thickness of the ablated plates, we come to th
conclusion that foAIN ceramics a kind of waveguide beam
propagation takes place in the self-created channel with hig
losses which, specifically, results in its conical shape.
The pronounced polarization dependence, observed in tt
special tests implying linear and circular polarized beams
confirms this idea. As follows from the microscope observa
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Fig. 2. Transmission plot for the channel, ablatedAiN opaque sample )

(thickness,1.2 mm input/output diameters, 3A0m) at the energy dens- Fig. 3a—c. Polarization dependence of the output hole shape observed in
ity of 1200 Jcr? (circular polarization of incident radiation). Obtained AIN ceramics. Inputd) and rear surface holes)exposed to the incident
from the graph are: the average ablation rat®.6fum/pulse output hole  radiation of different orientations of the polarization plane. The holes
completing pulsedN; ~ 500; optical losses in the channel 8% produced by circular polarized beam
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Fig. 5. Average ablation rate®pen circle} and pulse numbers, correspond-
Fig. 4. Transmission dependence in semitranspafdht ceramics ablated ing to completion of drilling inAIN ceramics golid triangle$
by 2 nslaser pulses

nitude) drilling for the same thickness, focusing spot, and
ant points: the complete perforation of the sample by conenergy density. In the same way, advantages of the combined
ventional nanosecond single pulseshats 2000 results in  pulse mode were demonstrated for the other materials investi-
~ 100 channel transmission for the ceramics tested andated. Attracts attention also the differencé/itiN) behavior
d: ~ do > ds, while for the combined pulse drilling the final for the combined and single pulse drilling. Typically, in the
transmission level does not exce2d even for the max- later case, there are two characteristic regions with approxi-
imum achievable exit diametets < dy (for the transmission mately constant ablation rates: the fast one at the beginning
curve in Fig. 2,Ty = Tc when N > N,). It is evident from  of crater formation switching to the slow one at a definite
these facts that in the case of high intensity nanosecond sichannel depth. The(N) dependence shown in Fig. 6 can be
gle pulses, wave guide propagation may not occur, and thattributed to shifting of the plasma-shielding regime. The ab-
surface plasma can play a most important role in the beaation rate for the combined pulse mode slows gradually with
intensity attenuation. Such laser plasma expands and intahe channel length demonstrating no clear steps, which may
acts with the channel walls which can drastically increaséndicate the domination of Fresnel losses in a waveguide-like
the ablated channel diameter [1] making it much larger thadeep structure. The drilling of steel also revealed fast rates
the focused spot, at least for ceramics. Concerning this chanemparable to those in ceramics (see Fig. 7). In the same way
nel enlargement, one should keep in mind that in the deas for ceramics, we could not avoid the conical shape of the
scribed nanosecond pulse experiment the resulting crater size
(do = 200pumfor ds = 50 um) exceeds the beam diameter, es-
timated by calculating the Gaussian beam size, within whiclg o,
the intensity is above the ablation threshold.

0.0
. ,oo—oO'O’oo
66

£
It is also worth mentioning that the “hot” and “cold” % 031 OOO
curves in Fig. 4 are practically constant until the exit open-S 0,2 o
ing formation atN > 1400, which indicates that conditions & 1] & initial rate - 0.13 um/pulse

for surface plasma generation do not change much with thg 2 final rate - 0.014 um/pulse

i imati i 00+—&B : ; ; |
channel depth. Simple estimation also shows that the intel o0 4000 6000 8000 10000
sity in an individual nanosecond spike of the combined puls: Shot number N

train (for, the same total energy f!uence) is at least ,tWO Orderﬁg. 6. Ablated depth dependence obtained®i®& mmthick Al,Os ceramics,
of magnitude lower than for a typical nanosecond single pulsgxposed t® nspulses at the laser flux @00 Jcrr? (ds = 40 m)
(r ~20+40n9 which should result in significantly more
transparent (less dense) surface plasma, much higher ablation
rates, the channel diameters much closealsfand domina-
tion of waveguide propagation losses in the energy balance. w
Visual observations of the spot, irradiated by the com-‘—zn
bined pulses, have shown that at the flux level belowg 4
1200 Jen? plasma brightness is much lower than for pico- E
and nanosecond single pulses. This can be considered as -
ditional evidence for the pronounced difference between th,
single and combined short pulse regimes of deep hole pen's
tration discussed above: absence in the later case of the strc =
shielding plasma leads to much higher ablation rates an-2
channel diameters significantly closerdp
Application of the transmission measurement procedur
to the combined pulse ablation AN samples of different
thicknesshg resulted in the graph in Fig. 5. The calculated i
average ablation ratds = hy/N; are plotted here along with 10°
the pulse numbersl,, corresponding to drilling completion. Energy density, Jiem®
Compared to the conventional pulsed ablation data [5, 6], theig. 7. Ablation rates measured irmm sample plates versus incident en-
combined mode demonstrated faster (by two orders of magrgy density: steelofosed circlel and ceramics oAIN (open circley
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Fig. 8. aThrough cuts ir0.75 mm AIN ceramics and 0.5 mmthick CVD

diamond film
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Fig. 9. aFront andb rear surface ol mmthick steel plate after trepanning-

like drilling at the energy density 500 Jcn? (3500 pulses)

created channetlp = 30 um, doyt = 20um), which may ad-

ditionally stands for the suggestion on dominating radiation ; sy garnoy,

proximately matched or slightly exceeded the focused spot
diameter. Pronounced spatial profile overlapping took place
here. Figure 9 shows results of the trepanning procedure in
1 mmthick steel.

3 Conclusions

It is shown that the combination of picosecond and nanosec-
ond pulse trains within one shot dfd:YAG laser provides

1-2 orders of magnitude higher ablation rates in shallow and
deep channels compared to conventional pico- and nanosec-
ond single pulses of the same fluence (below the level of
1200 JcrP). This opens wide possibilities for application of
such lasers in materials micromachining. The dynamics of
deep hole penetration and optical transmission of the laser-
produced channel were investigated. It is evident from the
obtained results that, depending on the pulse temporal shape,
either waveguide propagation, corresponding to the mini-
mum plasma influence and domination of the energy transport
losses in the channel, or plasma assisted mode, implying sig-
nificant plasma shielding and side-wall ablation, could be re-
alized. More refined experiments, allowing direct comparison
of the plasma-screening effect for the combined and conven-
tional laser pulses, are in progress.
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