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Abstract

Ablation depths of stainless steel targets irradiated by 80-fs laser pulses at a fluxF # 40 J0cm2 ~intensity# 5 3 1014

W0cm2! in the presence of air at atmospheric pressure are experimentally measured. These values are lower than the
theoretical predictions for metal targets in vacuum. Results are analyzed on the basis of the role of the ambient gas and
of crater formation on the behavior of the ablated material.
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1. INTRODUCTION

In the very recent past, femtosecond lasers have opened new
topics ~Milchberg et al., 1988; Duet al., 1994; Chichkov
et al., 1995; Nemiz, 1995; Preusset al., 1995; Lenzeret al.,
1998! in the study of surface processing of metals, polymer,
dielectrics, of thin film deposition, surgery, micropacking,
fast ignition ~Hall et al., 1998; Bataniet al. 2000; Pisani
et al., 2000; Santoset al., 2002! and even of the dismantling
of the atomic weapon stockpiles, besides the study of fun-
damental aspects of laser plasma interaction. There have
been several reports on the study of physical properties like
electrical resistivity~Nemiz, 1995!, laser induced surface
breakdown~Du et al., 1994; Nemiz, 1995; Stuartet al.,
1995!, plasma temperature~Milchberget al., 1988; Nget al.,
1995!, and so forth for plasmas produced by femtosecond
lasers.

Femtosecond lasers have also been used for the fabri-
cation of debris-free microstructures with high precision
~Preuss and Stuke, 1995; Chichkovet al., 1996!. Subpico-
second lasers provide optimum energy deposition in a
minimized volume of the target material because energy
spreading from the heated zone and plasma shielding due to
vaporization occur on a time scale significantly longer than
the laser pulse duration. After the laser pulse has passed,

damage and ablation take place in a volume primarily
determined by the energy penetration depth~Kautek &
Kruger, 1996!. Due to ultrashort duration, femtosecond
lasers offer several advantages to the study of material pro-
cessing:~1! laser energy is rapidly deposited on the target
surface due to inverse bremstrahlung because of high colli-
sion frequency at solid density,~2! hydrodynamic expansion
of the material ablated from the target surface is negligible
during the laser pulse, and~3! thermal diffusion to the sur-
rounding material is negligible, leading to a lower ablation
threshold and the absence of molten material~Kanavinet al.,
1998; Lenzeret al., 1998!.

In vacuum, the target material ablates with no adverse
effect from the surrounding gas; instead the presence of an
ambient atmosphere may significantly reduce ablation due
to redeposition of ablated material~Preusset al., 1995; Nolte
et al., 1996; Lenzeret al., 1998!. Thus the size and shape of
the ablation site will depend on laser parameters~wave-
length l, pulse durationt, and laser fluxF! and on the
physical and chemical characteristics of the target material,
but also on the ambient atmosphere~gas pressure and gas
properties!. Therefore, a proper choice of the ablation con-
ditions is necessary for each type of material in order to
optimize the ablation process.

The main goals of the experiment presented in this article
were to study the ablation of metal targets from femto-
second lasers at higher intensities~I # 5 3 1014 W0cm2!
than those previously reported in the literature, and in the
presence of an ambient gas. Therefore laser drilling of stain-
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less steel foil targets was performed in air at atmospheric
pressure without using any vacuum chamber. Several re-
ports are available about drilling a flawless and debris-free
microstructures using femtosecond laser beams~Preusset al.,
1995; Nolteet al., 1996; Lenzeret al., 1998!. When the
quality of the ablated site and surface finish are not the
prime criteria in drilling a hole in a metal target, one can do
so at high intensity and in air without using any vacuum
chamber and evacuation accessories. This study also has
practical applications when the target dimensions are too
large to accommodate in a vacuum chamber.

2. EXPERIMENTAL SETUP

Experiments were performed at the Laboratoire d’Optique
Applique ~LOA! in Palaiseau, France, using a dye laser of
wavelengthl 5 620 nm and pulse durationt ' 80 fs
~FWHM! with a repetition rate of 10 Hz and energy per
laser pulse up to 3 mJ. However, in the present experiment,
'60 mJ of laser energy were delivered onto the target sur-
face. The laser focal spot diameter was also varied from
13 mm to 30mm. Then a laser fluxF on the target surface
between 2 and 40 J0cm2 was obtained. Laser energy repro-
ducibility from shot to shot was of the order of610%.
Maximum laser intensity on the target surface was' 5 3
1014W0cm2.Astainless steel foil target of thickness 120mm
was irradiated in air with laser light at normal incidence on
the target surface. A shutter placed on the laser beam al-
lowed us to choose the required number of pulses for target
irradiation. Ablation depth for a given laser flux was mea-
sured by exposing the ablation site with 1000 laser pulses.
Quantitative measurements of ablation depth were then per-
formed using an optical and a scanning electron micro-

scope. Ablation depth per shot was estimated as the total
ablation depth~measured value! divided by number of shots
~1000!.

3. EXPERIMENTAL RESULTS

Our experimental results are summarized in Figure 1, which
represents the ablation depth per single shot in a stainless
steel target, as a function of incident laser fluxF. Ablation
depth increases with laser fluxF, but at fluxes higher than
F ' 5 J0cm2, the increase becomes slower. In other words,
higher laser fluxes~higher intensities! seem to be less effec-
tive in mass ablation. Images of the ablated sites are shown
in Figure 2. In particular, Figure 2a,b show, respectively, the
ablation site for 1000 laser shots atF59.8 J0cm2 and at 105
J0cm2. We notice that the morphology of the ablation site
shows cracks, blobs of molten material, ripples, and so forth
around the irradiance site as in Figure 2a and this increases
with increasing laser flux as in Figure 2b. The rear side of
the ablated site is relatively free from such adverse effects,
as shown in Figure 3.

4. COMPARISON WITH THEORETICAL
MODELS

Ablation depth is estimated theoretically by various authors
~e.g., Eesley, 1986; Groeneveldet al., 1990! in the optical
penetration regime, and at higher fluxes, in electron heat
conduction regime, by Nolteet al. ~1996!. Figure 1 also
represents the theoretical values of ablation depth per shot
as given by Eq.~1! below, according to the model described
by Nolteet al. ~1996!

Fig. 1. Ablation depth~mm! per pulse as a function of laser fluxF ~J0cm2! on the target surface. Experimental results~black circles!
are compared~a! with an interpolation corresponding to the formulaL ~mm!59 ln~F00.335!, and~b! with Nolteet al.’s ~1996! formula.
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L 5 l ln~F0Fth!, ~1!

whereL is the ablation depth per pulse,F is the laser flux on
target surface, andFth is the threshold flux.l is the typical
energy penetration depth, which Nolteet al.~1996! identify
with the optical penetration depth5c0vp at low fluxes~F ,
0.5 J0cm2!, and with the electron heat penetration depth5
a~Mi 03me!

102 at higher fluxes. Herea is the average inter-
atomic distance, andMi andme are ion and electron mass,
respectively. The threshold flux is given byFth5 rVl where
r is the density andV the specific heat of evaporation per
unit mass of the material, respectively. The threshold flux is
calculated when the energy of the lattice~Ci Ti ! exceeds the
heat of evaporationrV, whereCi is the heat capacity of the
lattice per unit volume andTi is the ion temperature. In our
case, we consider the values of iron since stainless steel

contains 97% iron. Hencer 5 7.8 g0cm3 andV 5 7482 J0g.
From iron data~Samsonov, 1968! we also calculate that
l ~optical! 5 18.3 nm andl ~conduction! 5 41.9 nm. This
gives threshold fluxes of 0.1 J0cm2 and 0.24 J0cm2, respec-
tively, for the optical and electron heat penetration regimes.
The threshold for laser ablation has also to be divided by
surface absorptivity~Nolte et al., 1996!. This is'33% for
an iron surface at normal incidence~Landsberg, 1976!. Metal
reflectivity will rapidly change during laser irradiation
~Milchberg et al., 1988!. However this will influence the
ablation depth only very weakly due to the logarithmic de-
pendence of Eq. 1. Thus we can conclude thatFth for laser
ablation in our case at high fluxes is'0.335 J0cm2.

Eq. ~1! has been used by Nolteet al. ~1996! to explain
their experimentally observed ablation depths for a copper
target irradiated by 150-fs, 30-ps laser pulses in vacuum. In
our case, the laser flux is high. Therefore electron heat con-
duction is the most important mechanism of energy trans-
port and the electron heat transport regime can be applied to
our results in order to discuss the effect of the ambient gas
on the ablation depth. However, Figure 1 shows that Eq.~1!
largely overestimates experimental results. For comparison,
we have also drawn the interpolation of our experimental
results with a formula of the typeL 5 l ln~F0Fth! where we
used the valueFth 5 0.335 J0cm2 previously calculated and
we left l as a free interpolation parameter. The best fit gives
l 5 9 nm. The experimental values are interpolated fairly
well by this formula, showing a strong reduction inl ~'4.6
with respect to the calculated value!, which accounts for the
strong decrease in ablation depth. Let us observe that the
evaluation of threshold from experimental data~Fig. 1! is
difficult due to the logarithmic dependence of Eq.~1!. Also
it is not possible to reduce the flux on the target to get a
better evaluation ofFth because this would bring us in a
different regime~optical penetration!.

~a!

~b!

Fig. 2. Front surface of the ablation site after exposing the target surface
with 1000 laser pulses atF 5 9.8 J0cm2 ~a!, andF 5 105 J0cm2 ~b!.

Fig. 3. Rear surface of the ablation site after exposing the front surface
to a number of laser pulses sufficient to get complete drilling atF 5
33.6 J0cm2.
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5. DISCUSSION

There could be several reasons for the observed reduction in
ablation depth:~1! Presence of air envelope,~2! Decrease of
laser flux with increasing ablation depth,~3! Increase in
material density due to laser induced shock compression,
~4! Confinement of ablated material in the crater and con-
densation, and~5! Radiation transport effect.

5.1. Effect of Air Envelope

Although the expansion of the ablated material during the
laser pulse is negligible, expansion persists after the laser
pulse due to conversion of thermal energy in kinetic energy
of the plasma. Motion of the ablated material is constrained
due to the presence of the envelope of the ambient gas,
which will lower the plasma velocity compared to free ex-
pansion of plasma in vacuum. Presence of ambient gas of-
fers a mechanical resistance to the free flow of the ablated
material. The ablated material will recombine and also cool
off rapidly as it expands in a span of approximately nano-
seconds, implying that a fraction of the ablated material will
condense in the vicinity of the ablation site. Ablated mate-
rial also condenses in and around the ablation site before the
arrival of the next pulse~;0.1 s!. This causes a reduction in
ablation depth and it is also one of the reasons for the ap-
pearance of the molten material at the edge of the ablation
site, as seen in Figure 2. A similar observation has been
reported by Guptaet al. ~1991! in their study on fragments
produced by laser ablation: The fragments did not leave the
target surface when an ambient gas at sufficiently high pres-
sure is present.

The ablation rate will be decreased by the fraction of
material that redeposits on the ablation site and this depends
on the pressure and nature of the ambient gas as well as on
focal spot characteristics~Preusset al., 1995!. In a similar
way, the motion of the blowoff material from the walls is
reduced in gas-filled hohlraums used in indirect drive iner-
tial fusion energy experiments due to the presence of ambi-
ent gas, and higher density gas holds back the plasma for a
longer time~Delamateret al., 1996!.

5.2. Increase in Irradiation Area

With multiple laser shots, ablation depth increases and the
effective laser irradiated surface becomes larger. In partic-
ular, for a hemispherical structureL ' R ~focal spot radius!,
the laser irradiated surface area increases by twofold, caus-
ing a reduction in laser flux to half of its original value.
Thus, the actual laser flux has to be accounted for, and for
large values ofL, Eq.~1! can be written as

L 5 l ln~FpR20AFth!, ~2!

whereA is the actual laser irradiated area andR andF are
initial focal spot radius and laser flux. This effect is ex-
pected to be larger at higher fluxes, which corresponds to the

larger depths and for a large number of laser shots. For
instance, in the case of irradiation at 40 J0cm2, after 500
laser shots, from Figure 1, the ablation depth is~0.0353
500! ' 17 mm, that is, of the same order of focal spot size.
Hence we expect an increase of the irradiated area of the
order ofA0pR2 ' 2. However, this effect is not large; due to
the logarithmic dependence of the ablation depth, this only
implies a reduction of about 15% in ablation rate.

5.3. Shock Compression

Laser-irradiated targets also experience shock compression.
A shock wave is generated due to recoil of the ablated ma-
terial in the direction of laser, and this compresses the solid
material to a higher density~Koenig et al., 1999; Batani
et al., 2000, 2002!. The maximum increase in density cor-
responding to a single strong shock is~g 1 1!0~g 2 1! 5 4,
whereg 5 ~Cp0Cv! 5 503. Strength of the shock compres-
sion depends on laser flux. For a given laser intensity of
'1014W0cm2, ablation pressure~Lindl, 1995! is'15 Mbars,
and the corresponding compressed material density is'
18.7 g0cm3 using the well-known Sesame tables~Sesame
report, 1983!. The real resulting compression before the
following laser pulse~in our series of 1000 shots! is not
known since after such peak compression the material will
experience some relaxation and decompression. However,
some residual compression will remain, laser shocks are
indeed used for surface compactification~Fournier, 1989!,
implying a decrease in interatomic distance and thus in the
parameterl ~'a!. This results in the decrease of ablation
depth. Again, however, this effect is not dominant: Assum-
ing irradiation at 40 J0cm2 and a factor of'2 in material
compression brings a reduction of about 30% in ablation
rate, which is important, but small compared to the observed
reduction inl ~a factor of'4.6!.

5.4. Confinement of Ablated Material
in the Crater and Condensation

After irradiation on the target surface, especially for succes-
sive laser pulses, a crater is formed and the plasma may be
effectively confined inside if its depth is larger than the
distance to be traversed by the ablated material~within its
condensation timetc '1 ns!. This reduces the efficiency of
ablation. The minimum saturated ablation depth in vacuum
can be roughly calculated assuming the plasma flow inside
the crater remains one dimensional, and this can be deter-
mined by the conditionLsat $ Cst whereCs is plasma ve-
locity in vacuum corresponding to laser flux on the target
surface,Cs 5 ~Z*KTe0M !102, whereTe is plasma tempera-
ture,Z* the effective plasma ionization, andt is laser pulse
duration. Time-resolved dynamics of laser ablation irradi-
ated by a 500-fs duration laser pulse has been reported by
Preusset al. ~1993!. According to their study, the ablation
rate is very sensitive to the time delay between the two
pulses. With their measurements for a long delay time.50 ps,
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ablation rate for two consecutive pulses is equal to that
obtained by a single pulse, whereas for, 50 ps, the ablation
rate increases with decreasing delay.

For femtosecond laser-produced plasmas, electron tem-
perature will be, in general, higher than ion temperature. Ng
et al. ~1995! have studied the formation and propagation of
heat fronts produced by intense femtosecond laser pulses in
solids using one-dimensional numerical calculations which
treat self consistently the process of laser absorption, elec-
tron thermal conduction, and hydrodynamics. The maxi-
mum plasma temperature atI ' 1015 W0cm2 for a 500-fs
laser was estimated as'100 eV. An electron temperature of
a similar order for an aluminum target irradiated by 400-fs
laser pulses has been reported by Milchberget al.~1988!. In
our case, taking into account the smaller intensity and the
different material, we can estimate a temperature of a few
tens of electron volts, which yields a saturated ablation depth
Lsat of the order of a few tens of microns.

5.5. Radiation Transport

Kanavinet al. ~1998! have pointed out that in principle at
high laser fluxes, radiative heat transfer could influence
ablation depth. Radiative transport is an important mecha-
nism of energy carrier over thermal conductivity, provided
the conduction zone~nc , ne , ns! is optically thick~a near
Planckian condition! and is efficiently emitting X rays. For
a black body flux, the coefficient of radiation conductivity
~Zeldovich & Raizer, 1967! is given byKR5 @16slR~TR!3#0
3, wheres is the Boltzmann constant5 5.673 1025 ergs0
s{cm2K, TR is the black body radiation temperature, andlR

is the radiation mean free path. This can be calculated as the
Rosseland mean free path~Zeldovich & Raizer, 1967! for
bound-free transition, orlR5 @4.431022~Tk!

702#0@Z*~Z*1
1!2ni

2# cm, whereTk is in degrees Kelvin. In our experimen-
tal conditions, assuming again a temperature of a few tens of
electron volts, a calculation of radiation conductivity yields
a value which is comparable to electron thermal conduction.
Thus, in our case, such an effect is not going to drastically
affect our conclusions.

6. CONCLUSIONS

Ultrashort ultrahigh intensity laser-induced ablation of stain-
less steel targets in the presence of air at atmospheric pres-
sure shows a lower ablation rate compared to vacuum. This
can happen if one or more phenomenon discussed above
occurs simultaneously during the ablation of the target ma-
terial. With our present knowledge it is not possible to quan-
tify the contribution of each of these processes in reducing
the ablation depth exactly. However the previous discussion
suggests that phenomena 2~increased irradiation area!, 3
~shock compression!, and 5 ~radiation transport! are not
very important. Finally the fact that we can reproduce our
data with a single Nolte-like formula, without any changes
at higher fluxes, seems to suggest that the main effect is

redeposition induced by the pressure of air. Indeed crater
structure could be more effective for deeper craters and
hence at higher fluxes.

The ablated site~Fig. 2! very clearly shows a nonuni-
formly heated region with cracks, blobs of ablated material,
and ripples around the focal spot. The effect is more pro-
nounced at higher laser flux~Fig. 2b!. Contrary to this,
Figure 3 shows the rear side of the ablated surface.Athrough
hole was drilled withF 5 33.6 J0cm2 in the entire target
thickness~120mm! with several laser pulses. Here a clean
central hole is evident with damaged surroundings. This
also seems to confirm that the front surface effects are in-
deed due to redeposition of the ablated material.

We believe the appearance of molten material and blobs
at the edge of the ablation site is mainly due to the presence
of air. It is well known that in vacuum, with femtosecond
laser pulses, thermal diffusion is significantly reduced, and
hence no molten material appears in and around the ablated
region. The presence of air impedes the free expansion of
the ablated material. For metals, part of the laser-evaporated
material can then be redeposited on the surface in and around
the ablation site.

Condensation of molten material around the ablation site
is unfavorable for producing fine and debris-free microstruc-
tures in materials processing. Nevertheless, a practical ad-
vantage of the work reported here is that this is a less
expensive technique for drilling deep microholes in large-
dimension targets at atmospheric pressure without using
any vacuum chamber.
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