i+l

NRC Publications Archive
Archives des publications du CNRC

Effect of plasma on ultra short pulse laser material processing
Li, Chengde; Vatsya, S.R.; Nikumb, S.K.

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. /
La version de cette publication peut étre I'une des suivantes : la version prépublication de l'auteur, la version
acceptée du manuscrit ou la version de I'éditeur.

For the publisher’s version, please access the DOI link below./ Pour consulter la version de I'éditeur, utilisez le lien
DOI ci-dessous.

Publisher’s version / Version de I'éditeur:
https://doi.org/10.2351/1.2402521
Journal of Laser Applications, 19, 1, pp. 26-31, 2007

NRC Publications Record / Notice d'Archives des publications de CNRC:
https://nrc-publications.canada.ca/eng/view/object/?id=3c59bca2-8f6¢c-4831-b23e-b65b84b4511a
https://publications-cnrc.canada.ca/fra/voir/objet/?id=3c59bca2-8f6¢c-4831-b23e-b65b84b4511a

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at
https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’acces a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site
https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la

premiere page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

National Research  Conseil national de C dl*l
Council Canada recherches Canada ana, a



Effect of plasma on ultra short pulse laser material processing

Chengde Li, S.R. Vatsya and S. K. Nikumb
Integrated Manufacturing Technologies Institute, National Research

Council of Canada, London, Ontario, N6G 4X8, Canada

Abstract

Machining with high power ultra-short-pulsed lasers is becoming a preferred technique in
material processing. However, the laser beam passing through a medium, e.g., air,
experiences the self-focusing, Kerr effect. High intensities increased further by self-
focusing cause optical breakdown of the air, generating plasma. The associated diffusion
compensates for the Kerr effect but it also deforms the laser beam. In the present article,
properties of the plasma columns so induced by the femtosecond laser pulses are studied,
which are similar to the long filaments induced with collimated ultra short pulses. It is
found that the two effects balance each other very closely for the part of the beam. Thus,
placing the focal position at an appropriate position results in improved drilling and
cutting, i.e., with flat bottom, parallel wall, and less dross. Theoretical calculations of the
intensity profile of the optical beam propagating through air are found to be

commensurate with the experimental observations.

Keywords: ultra short pulsed laser, plasma generation, laser material processing,

nonlinear optics



1. Introduction

The observations of light filaments tens of meters long in air created with
collimated high power ultra short laser pulses[1], has generated considerable interest in
the studies of the ultra-intense laser pulse propagation in transparent media[2-12]. Such
long filamentation results from a dynamic balance of the two competing nonlinear effects
associated with the optical beam propagation in dielectric media. The first one is the Kerr
effect, describing self-focusing of the medium resulting from higher refractive index at
high intensities. The second is partially caused by the Kerr effect. High intensities are
further enhanced by self-focusing to be sufficiently high to ionize the medium by multi-
photon ionization and tunneling, generating plasma. The consequent photon-plasma
scattering diffuses and distorts the beam in general. Existence of long filamentation
indicates that the two competing effects neutralize each other almost exactly in some
experimental situations, maintaining a steady profile of the optical beam, although a
fragile balance. Eventually, the filamentation ends where the energy loss from ionization,
inherent radiation, self-phase modulation and supercontinuum generation breaks up the

process.

The investigations of the collimated and focused ultra short laser pulses
interacting with gases are not only of significance to fundamental nonlinear optics, they
may also lead to the understanding of phenomena such as lightning discharge in
clouds[13] and ultra fast white light sources[14], as well as to applications in laser
processing of materials. For the case of converging geometry, recent experiments and

simulations have focused on femtosecond pulses propagating in water[15] for the purpose



of understanding the mechanism of femtosecond laser writing waveguides in fused
silica[16]. In the present article, we investigate the behavior of such pulses in air for

application in femtosecond laser machining in ambient air medium.

Applications of femtosecond pulses in laser material processing with converging
beam propagating through air is considered undesirable for the following reason. The
density of the plasma in air in the vicinity of the focal point is much higher than the
plasma density in the long filaments generated by the collimated beams. The defocusing
caused by plasma exceeds the self-focusing effect and the disturbance in plasma induces
self-phase modulation of the laser beam. This results in a distortion of the beam profile.
Therefore, femtosecond laser material processing is usually conducted in vacuum
environment with associated inconvenience and expense [17,18]. It is pertinent to remark
that although the plasma generation may distort the laser beam, high-energy particles in
plasma, which participate in the material ablation, have positive effect in achieving better

quality processed machined surfaces [19].

Beam delivery schemes of femtosecond laser radiation by inexpensive facilities
at ambient pressures have been investigated recently. Doughnut shape profile produced
by DOE’s, have been found to produce cleaner machined surfaces [20]. Alternatively,
inert gases with high ionization potential, e.g., helium, reduce the effects caused by the

air breakdown with similar effects [21].



In the present article, we report the observations of filamentation consisting of
high-density plasma, with converging femtosecond pulses delivered through air. The
intensity in the plasma column was limited to the range of 10" - 10" W/cm®. The energy
loss for plasma generation was less than 10% for power up to 1 W. Furthermore, by
placing the plasma column halfway down to the stainless steel sample surface, which is
about 50 to 60 micron below the focal point, resulted in a flat bottom drilling and
parallel-wall cutting. Also, the dross formation and re-deposition with this arrangement
were considerably lesser than with placing the focal position below the sample surface.
While an adequate modeling of the phenomena involved is quite complex and beyond the
scope of this article, profile of machined surface is known to compare well with the
intensity distribution of the beam. Calculations show that there is a rapid variation in the
intensity profile of the beam close to the focal point. The calculated profile was found to
be close to a well-peaked Gaussian distribution with little distortion, at about 50 micron
below the focal point. This indicates that a cleaner machined surface should result with
the material surface irradiated with this part of the beam, which is compatible with the

experimental observations.

2. Experimental details

The experiments were conducted with a Clark-MXR CPA 2010 femtosecond laser,
which consists of a 35 MHz SErF fiber oscillator and a chirped-pulse-amplification

Ti:Sapphire regenerative amplifier. Material was processed with 150 fs pulses with
wavelength centered at 775 nm, at the pulse repetition rates of 1 kHz and a power of

1 W, which corresponds to the pulse energy of 1 mJ . The input pulse energy was



controlled by a set of ND filters. The laser beam was collimated by a beam expander

without real focus inside and expanded to fulfill the 10 mum clear aperture of an 8x
achromatic objective (CVI Laser Co.) with NA = 0.23 and focal length of 21 mun. The

positioning precision of the motion system used was 1 um.

The laser system was used to process a 316 stainless steel plate. The plasma
column region was imaged using a MEIJI EMZ-TR stereo-microscope with color CCD
camera from the side. A stereo-microscope has long working distance and its
magnification and resolution are satisfactory for this purpose. Also, the high sensitivity of
CCD camera is better suited to detect faint plasma. The images were captured and
analyzed by using the software Vision Gauge. To determine the impact of the plasma
column generated by ultra short pulses in air on the ablation process and cutting of

materials, careful observations of the laser focusing positions were made.

3. Observations

Our observations showed that the threshold pulse energy for generating visible

plasma was about 50 uJ . The observed dimensions of the plasma columns with pulse
energies up to about 1 mJ , with corresponding laser power of 1 W, are listed in Table 1.

Because of a nonlinear dependence of ionization on the laser intensity, the transverse
dimension of the ionization region is smaller than the width of the laser beam waist. The
two are related by [22]

wL= K" w,, (1)



where wy is the beam waist, wp is the diameter of the plasma column and X is the
Keldysh exponent. The value of the Keldysh exponent for P=140uJ, w, = 14um, wp =
43um, and the intensity I = 6.3 x 10" W/ecm® is given by K = 9.6[23] As the calculated
pulse energy increases from 50 pJ to about 1mJ, the intensity in the vicinity of the focal
point varies in the range of 10" - 10" W/cm?, which is comparable with the intensity for
the case of filamentation occurring in collimated ultrashort pulse delivery in air[10].
Initially, an ultrafast laser pulse generates electrons exclusively through multiphoton
ionization due to the fact that the duration of the pulse is short compared to the average
collision times, followed by avalanche or the cascade ionization. As the electron density
reaches the critical value, high density plasma is created due to the resulting air
breakdown. Photon-plasma defocuses the laser beam reducing the local intensity, which

is commensurate with the above observation.

Figure 1 shows the plasma columns generated with laser power of 140 mW to
980mW. The columns have symmetrical shapes with well-defined boundaries. The
dashed line indicates the location of the focal point. According to the moving-focus
model[13] the focal point Zi should sweep back and forth along the propagation axis z
but within a distance limited by the focal length f of the lens according to Zg = (1/z; +
1/p", with z is given by[24]

0.367k w;

Z(n) = [0 (2)
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where k is the wave vector, a is the beam waist, P, is the critical power, and v, is the
group velocity. To determine the energy consumed in forming the plasma column, laser
power in front of the columns and behind them was measured. The observed energy loss
is plotted in Figure 2, which shows that the maximum loss for laser power up to 1 W is
less than 10%. These results are in agreement with the total energy of about 7% contained
in the long filaments [3], where there was no optical breakdown. This indicates that the

energy loss observed in the present experiments is due mainly to the generation of plasma.

Figures 3(a) to 3(c), show the plasma column produced by the air breakdown
moving and merging with the plasma plume produced by laser ablation. The plume is
seen to expand transversally as these two plasmas merge together. The high temperature
air plasma column can transfer energy to the particles in the ablation plume. Since the
low energy plum could fall back to the irradiated surface, this has an effect to reduce
dross and re-deposition around the ablation

site.

Figure 4 compares the quality of the holes drilled with 150 fs and 40 ns laser

pulses. The figure shows the 1000x SEM photographs of the holes drilled by 2000 shots
with laser power of 100 mW at pulse repetition rate of 1 kHz, in each case. The
femtosecond pulse generated a plasma column of length of about 70 um and 10 um in
diameter. Nanosecond pulse does not generate any visible plasma. This figure also shows
the effect of the location of the focal point on the quality of the processed surface. For

Figures 4 (a) and (b) plasma column was halfway down the sample surface as indicated.



In general, the nanosecond pulses produce melt and dross. In case of the femtosecond
pulses, there is little melt and dross resulting in cleaner fabricated surface. Quality of the
surface was found to be optimal when the focal point is a small distance above the
surface, producing holes with steep walls, flat glossy bottom surface and well-defined

periphery.

It has been reported that air breakdown in focal vicinity could deform the
wavefront of the ultrashort pulses resulting in deviation of the transverse mode from a
Gaussian distribution [9]. Furthermore, self-phase modulation forms a ring structure in
the beam profile [25,26]. These observations were made somewhere behind the focal
region, since it is impossible to place a detector in the focal region directly. Our
monitoring of the intensity distribution behind the focal point indicated that the energy
about the center of the laser beam was considerably depleted due to generation of the
plasma for input laser powers greater than 500 mW, resulting in the transverse intensity

profile with a donut structure.

According to a recent study on the time-resolved visible spectroscopy of plasma
produced by the breakdown of air using femtosecond pulses, the emission from the
plasma is initially dominated by N, molecular lines, then followed by the continuum
emission with a growth time of about 3 ns and a decay time of about 30 ns [23].
Atomic lines of N; and O, emerge from the decay of the continuum and last up to 1 ps.

Thus, initially the ultra short laser irradiation ablates the materials from the sample. Then,

the particles that have not been ionized in the ablation plume are heated by the long



lasting air plasma resulting in a reduction in the dross around holes observed in Figure 4
(a) and (b).

Figure 5 shows a channel cut at the laser power of 28 mW with focal position
60 4m60 pm under the sample surface, resulting in funnel shaped cross section. The

depth of the cut is about 70 um and the width is 16 pm. The irradiation fluence is
estimated as 13.6 J/em”. Reconsolidation of the materials is noticeable on the ramping
edge of the cut. Figure 6 shows a channel cut with focal position on the sample surface.
The wedge-shaped channel is 8 pm in width on the surface and 90 um in depth. The
higher irradiation fluence of about 54.7 J/cm® improved the shape of the cut. However,
reconsolidation still made the edges and walls of the channel ripple. Figure 7 shows a

channel cut by a laser power of 165 mW with the focal point about 60 um above the

sample surface. This produced a 100 um long plasma column due to air breakdown. The
width of the channel is 35 pm and the depth is about 160 pm. The cutting quality is
improved considerably. There is no dross inside the channel and no reconsolidation along

the edges, and the wall angle is approximately 90°.

4. Optical beam profile

While a complete modeling of the laser-material interaction during ablation
involves a number of complex phenomena, qualitative inferences can be drawn from the
intensity distribution in the beam about the ablation region, as the fabricated surface
conforms to a significant extent to the beam profile. Propagation of an optical beam
through a medium is described by the following nonlinear Schddinger type equation [21,

26, 27]:
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where A is the wavelength, k =27/ A is the wave number and the intensity I =] A[*. The

refractive index n(I)=(n,+n,I), where n, is the optical Kerr coefficient. The electron

density N, follows the rate equation,

where N, is the number density of the neutral gas molecules. The critical plasma density
N, is defined in terms of the speed of light, the electron charge and the electron mass by
N_=[(k*m,c’)/(47e’)] in standard notation, and the ionization rate is given by
R=(020, |A[" +080, |A["), where o,, 0, , n, m are the scattering cross-

sections and effective multi-photon numbers respectively for oxygen and nitrogen, which
are determined experimentally[7]. The coefficients 0.2 and 0.8 are used on the

assumption that air constitutes of 20% oxygen and 80% nitrogen.

For a radially symmetric system, Eq. (3) can be expressed as

0A(r,t,2) i 19 ) ., 2mé’N
0t | — == k|AP - el A(r,t,7) = 0 4
dz {2k(ar2 ’ rarJ + imk] 4] e } (rt.2) “

With lens placed at the beam waist, the boundary condition is given by
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A(r,1,0) = Ajexp[—(r*/w, + 7°/7) — ikr?/2f),
where A;, w,, T, f and 7=(t—z/c) are the maximum amplitude, radius of the beam-

waist, pulse-width, focal length of the lens and the retarded time, respectively.
Commonly used methods to solve Eq. (4) are the finite difference methods[26], which
tend to accumulate round off errors and the fast Fourier transform [27], which are
inconvenient for applications in cases of converging beams. For accuracy, we have used a
method based on the eigenfunction expansion described below, which is better suited for
the cylindrical coordinate system. In all numerical methods, it is necessary to use a finite
interval, which is justified for the beam intensity diminishes to close to zero at some

finite value of r=r__. Therefore, the r coordinate will be restricted to the interval

max

[0,r 1. Eq. (4) can be expressed in compressed notation as

max

0A i
— — | —B V(A A =20 5
dz [21( + v I)] )

where B denotes the differential operator with respect to r, and V denotes the

remaining two terms. The operator B admits the spectral representation:
_ ~ 2
B = _Z /l/l Py
u=0
where the projection operator p, is defined by p u=¢,(#,,u) with the scalar product

given by

(u,w) = £mdrrLt(r)w(r).
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Here (—/15) and ¢, are the eigenvalues and the corresponding normalized eigenvectors
of B, respectively. The eigenvalues iﬂ are the zeros of the zero order Bessel function

and
8, =20 (A, (g, (A1 ],

where J,(4,r) and J,(4,r) are the Bessel functions of zero and first order respectively.

Consequently, the solution of Eq. (5) is given by

A(z) = eXp[—z%Bz] (A(z=0) + de' eXP[—sz’] V(z')A(z'))
, (6)

= —iA, . iA2 o
= ”Z:;)@I exP{ 2kﬂ z] [((ﬁ,,,A(z:O)) + I)a’z exp[z—l’c’-z] (¢,,V(z )A(z))]

with values of (¢ ,A(z=0)) determined by

V24,
roo (AT,

1 max

(8,,A(z=0)) = f““ drJo(A,r)exp[—(r*Iw, + 7°/7)) — ikr?/2f].

Numerical integrations require some care in case of the rapidly oscillating
functions as is the case here. Suitable methods were used to reduce the difficulties
associated with the rapid oscillations and their accuracy was assured by comparing the

numerical values with the analytically calculated values of (¢ ,A(z=0)) as an infinite

series. The integral in Eq. (6) was approximated as

12
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which can then be evaluated at all z points starting with the zero where its value is

equal to zero. This approximation reduces the difficulties created by the oscillations. It is

necessary to truncate the sum at some finite value of . In the present calculations, five

to seven terms were found to be sufficient.

Numerical results for the input parameters corresponding to the present
experimental results are shown in Figure 8. The fluence normalized with respect to the
peak input fluence is plotted against the radial distance in units of the beam radius, at the
focal point, 50 um below the focal point and 60 gm below the focal point. At the focal
point, the fluence profile deviates from the Gaussian for the values of the radial
coordinate higher than about 1.5 times the half beam-width, where it is sufficiently high
to ablate the material or cause damage. Thus, the ablated crater is expected to be
deformed about the boundary. This conclusion is in agreement with the observations of
Figures. 4 and 6. If the material surface is placed below the focal point, the profile gets
closer to the Gaussian. In our experimentation, the most desirable profile was found at

about 50 um below the focal point where the profile is well shaped and the intensity is

well below threshold outside about equal to the half beam-width. Thus, placing the

13



material about 50 um below the focal point should result in a cleaner cut of about half
width radius. Experimentally, the cleanest cut was found to be at about 60 um as
indicated in Figures 4 and 7. In view of the uncertainties in the experimental parameters
and the measurements coupled with the modeling and numerical approximations, this is

an excellent agreement.

The calculated values are neither symmetric about the focal point, nor about the
50 um mark, but the values at 40 um below the focal point were found to be close to
the ones at 60 um below. The beam shape above the focal point was found to be close to
the Gausian but with low intensity. As a result of low intensity, there is little direct
ablation, instead considerable amount of melt should form. Also, for lack of sufficient
energy for transfer to plasma, more re-deposition results. This observation is also

compatible with the results of Figures 4 and 5.

5. Concluding remarks

In the present article, the observations of short filaments of the plasma columns
induced by the femtosecond laser breakdown of air in the focal region are reported. These
columns are found to have properties similar the long filaments induced with collimated
ultra short pulses, in terms of the intensity in the plasma columns and the energy
consumed in producing them. It is shown that the flat-top intensity distribution in the
cross section of the plasma column can be exploited in drilling and cutting of stainless
steel with flat bottom and parallel wall, by placing the plasma column halfway down to

the sample surface. Appropriate location of the plasma column also increases the energy

14



transferred to the plasma plum rising from the ablated material, which results in a
decrease in re-deposition and dross on the periphery of the processed surface. Numerical
calculations of the intensity distribution in the optical beam propagating through air are

found to be in a qualitative agreement with the experimental observations.
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Captions

Table 1. Correlation of the dimensions of the plasma columns and the laser power.

Figure 1. Calibrated optical microscopic images of the plasma columns in the focal

vicinity generated with 150 fs pulses.

Figure 2. Energy loss due to femtosecond pulses breakdown of air.

Figure 3. Plasma density variarion during merger of the column due to air breakdown and

the ablation plume.

Figure 4. Comparison of the holes drilled with femtosecond pulses (fs) and with
nanosecond pulses (ns). Relative location of the focal point is shown to the left of the

craters.

Figure 5. Channel cut with focal position below the sample surface.

Figure 6. Channel cut with focal position on the sample surface

Figure 7. Channel cut with focal point above the sample surface.

Figure. 8. Normalized fluence profile at the focal point (0 um ), 50 um below

the focal point (50 um) and 60 um below the focal point (60 um).
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Table 1

Laser Power (mW) 50 80 120 140 160 260 380 550 980
Diameter of Plasma Column (jum) - 7 11 14 18 28 42 60 88
Length of Plasma Column (um) - 55 72 81 92 142 174 227 294

C. Li, S. R. Vatsya and S. K. Nikumb
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Figure 7.
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