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Abstract. The propagation processes of the plasma excited by double laser pulses in multicomponent
copper alloys have been investigated. The methods to study direct and reverse substance deposition from
the erosion plume have been developed. The spatial heterogeneity of the brass and bronze ablative plasma
composition has been exhibited. With the use of laser beam defocusing relative to the sample surface, the
propagation velocities of various elements in the ablative plasma have been estimated.

1 Introduction

Single- and double-pulse laser-induced breakdown spec-
troscopy (LIBS) is one of the most promising techniques
for qualitative and quantitative atomic emission analysis
of different objects [1-4]. Owing to the advantages of laser
evaporation and of the ablative plasma excitation, this
method has found a wide use for the elemental analysis
of natural objects, industrial samples, building materials,
objects of art and cultural heritage. One of the most im-
portant aspects necessitating further investigation in the
process of developing the quantitative analysis methods
is the problem of correlation between the ablative plasma
composition and that of the starting material.

As demonstrated by the literature data and by the re-
sults of our studies, ablation is actually independent of
the physical and chemical properties of samples at the
flux densities commonly used for analytical purposes (¢ =
109-10° W/cm?) [3-6], although at these parameters the
plasma-second pulse interaction may lead to the appear-
ance of spatial and temporal heterogeneities in the propa-
gating ablative plume [6,7]. Besides, one should take into
account the differences of the local plasma temperature
and particle density in various regions of the plume [8]. An
analytical signal from the element, the atoms of which are
predominantly at the plasma periphery that is relatively
colder than the central part, displays conservative values
of the concentration. Because of this, spatial heterogene-
ity of the multicomponent ablative plasma may lead to
significant errors in the results of quantitative analysis, es-
pecially when using the calibration-free method based on
the calculation of Boltzmann expression for the line emis-
sivities [9]. The main objectives of this work are to study
the propagation processes of the plasma formed by single-
and double-pulse laser ablation of multicomponent cop-
per alloys, to evaluate the radial distribution of elements
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in direct- and backward-deposited films, and to estimate
the average velocity of different types of atoms in the ab-
lative plume.

2 Experimental

The plasma was generated at the fundamental wave-
length (1064 nm) of a nanosecond Q-switched double-
pulse Nd:YAG laser (LOTIS, Belarus) with a pulse width
of 15 ns and repetition rate of 10 Hz. Double laser pulses
with the interpulse interval At = 0—100 us (1 us step)
were used to vaporize the sample and to excite the atomic
spectra. Investigation of the spatial heterogeneity of the
double-pulse laser multicomponent plasma was performed
at the interpulse delays and pulse energies most commonly
used for analytical purposes. A most significant increase in
the spectral line intensities of all the considered elements
was observed for At = 5 + 15 us and during the experi-
ments the interpulse delay was varied from 1 to 20 us. The
effect of double laser pulses with zero interpulse interval
(At = 0 ps) was identical to that of a single pulse with
the doubled energy. Laser pulses with the energy ranging
from 10 to 70 mJ were focused by a lens of 100-mm focal
length, with the spot diameter on the sample approximat-
ing 50-100 pgm. The laser beam was aligned horizontally
at right angles to the sample surface and the plasma was
generated in the air at atmospheric pressure.

A simulation study of the plasma propagation in the
presence of air has been performed by Bogaerts et al. [10].
It was shown that at the laser irradiance 109-10'° W /cm?
the plume pushed background gas away from the target
leading to depletion in density near the surface and to the
increased gas density in front of the vapor plume. The
main difference between ablation in the vacuum and in
the presence of background gas is forming of a shock wave
moving away from the target.

As suggested by Han et al., the shock wave formation
in a buffer gas and the plasma shielding play an important
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Fig. 1. Schematic of experiments with direct and backward deposition from the ablative plasma excited by double laser pulses.

role in the cluster formation in the plume due to the in-
creasing rate of particle collisions between clusters, vapor
atoms, and gas atoms [11]. Brailovsky et al. have shown
that the condensation droplets can be formed at laser in-
tensities 108-101 W/cm? and at the pulses of several
nanoseconds under slow expansion of the vapor plume into
the background gas [12].

The analytical signal was recorded synchronously with
the arrival of the second pulse in order to eliminate reg-
istration of continuous spectra of the air. The contin-
uum emitted by the leading front of the plasma formed
by the second pulse was much weaker because of the re-
duced particle density of the surrounding atmosphere in
the near-surface region. Radiation of the sample plasma
was collected by two achromatic objectives into two SDH-1
compact polychromators (SOLAR Laser Systems, Minsk)
with the working range 190-340 nm and 265-800 nm,
respectively. In both cases the recorded spectral width
~150 nm; range of the second polychromator was re-
tuned by a microscrew. The SDH-1 polychromator (grat-
ing 1200 lines/mm; the average inverse linear dispersion
5.3 nm/mm; spectral resolution 0.12 nm) was a diffrac-
tion spectrograph providing a linear spectral scan for
the recording system based on a 3648-pixel multi-channel
TCD1304AP detector (Toshiba).

Two different copper alloys (brass containing Cu —
60.92%; Zn — 36.78%; Pb — 1.39%; Sn — 0.15%; Al - 0.39%;
Ni — 0.28%; Fe — 0.09% and bronze containing Cu — 86.
29%; Sn — 11.71%; Zn — 0.75%; Pb — 0.29%; P — 0.96%)
were selected to study the spatial heterogeneity of the mul-
ticomponent ablative plasma. The spatial distributions in
the ablative plume were examined with the use of the spe-
cially developed experimental methods enabling both di-
rect and backward deposition of the material (see Fig. 1).

Aguilera and Aragon have compared the synthesized
and experimental intensity distributions of the neutral
atom and ion emission lines in the ablative plasma of met-
als and have found that a maximal intensity was observed
at a distance of 1-2 mm from the target [13]. A maximal
intensity corresponds to the highest density of the atoms
and ions in the plume. Similar results were presented by
Bindhu et al.: 90 ns after the laser pulse the plume length
was approximately 5 mm with the central dense part of
1 mm [14]. These data were used during the experiments
with direct and backward deposition from the ablative
plasma. A distance between the target and adsorber plate

for backward deposition and a thickness of the adsorber
for direct deposition were chosen in order to investigate
a deposited film in the plasma region with the highest
density.

During the direct deposition experiments an adsorber
glass plate was fixed 1 mm above the surface of a brass
or bronze sample. Laser radiation passing through 1 mm
hole in the glass plate vaporized the sample. The central
part of the resultant ablative plasma freely propagated
through the hole, whereas in the peripheral regions at a
distance exceeding 1 mm from the laser beam axis the
layers were deposited on the internal surface of the glass
plate. In the backward deposition experiments the glass
plate 1 mm thick was fixed directly on the brass or bronze
sample [15]. In this case the deposited film was analyzed
on the external surface of the glass plate.

A semi-quantitative analysis of the material deposited
on the adsorber plate was performed with the help of a
LSS-1 spectrometer. A relative elemental concentration in
the deposited films was evaluated as a ratio of the spectral
line intensities for different components. When the spec-
tral line intensity of some element was on a background
level, it was assumed that atoms of this component were
absent in the film or their concentration was under the
detection limits of LSS-1 (C' < 0.001%).

3 Results and discussion

The performed study of the radial distribution on the
adsorber plate after double pulse ablation of brass and
bronze has demonstrated that the deposited film is inho-
mogeneous and the content of the deposited layer is at
variance with the concentrations in the original sample.
Copper was detected within 5 mm from the hole, zinc —
3 mm for direct and 4 mm for backward deposition, lead
— 2 mm. The same radial elemental distribution was ob-
served after double pulse ablation of bronze: copper was
detected within 5 mm from the hole; tin — only within a
circular region with a radius of 3 mm. The spectral line
intensities of the remaining components of copper alloy in
the deposited films were on a background level, indicating
that their concentrations in the deposited layer were below
0.001%. The obtained results demonstrate that elements
with smaller melting enthalpy (tin, lead, aluminum, zinc)
of the investigated alloys propagate mostly in a dense cen-
tral region of the plasma [15].
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Fig. 2. Spatial distribution of the spectral line intensity of copper Acu = 324.754 nm, zinc Az, = 334.502 nm, and lead
App = 405.798 nm in the direct- and backward-deposited film due to double pulse ablation of a brass sample at the pulse energy

100 mJ.

The spectral line intensities of copper — Acy =
324.754 nm, zinc — Az, = 334.502 nm, and lead — App, =
405.798 nm are shown in Figure 2 as a function of the
distance d from the laser beam axis in direct and back-
ward deposition of the material from the ablative plasma
formed due to the effect of double laser pulses with the
energy F, = 100 mJ on brass. As demonstrated by the
experiments, an increase in the laser pulse energy leads
to growing volume of the deposited material and greater
diameter of its spraying on the sample surface. After laser
ablation with the pulse energy 50 mJ, zinc is found only
within a 3 mm circular region, whereas growing of the en-
ergy to 100 mJ leads to greater spraying of zinc on the
adsorber plate (4 mm). At the pulse energy 100 mJ cop-
per is detected within the region of 5 mm, lead — 2 mm;
at 30 mJ the radius of copper deposition is 4 mm, and the
lead content on the adsorber plate in this case is under
the detection limits being below 0.001%.

The data obtained indicate that the ablative plume is
extended along the axis of a laser beam. Elements with
smaller melting enthalpy (zinc, lead, tin) expand mainly
within a narrow central region of the plasma that passes
through the hole in the adsorber plate without deposition.
On ablation of brass or bronze, during expansion of the
plasma to the diameter that is equal to the hole width in
the adsorber plate, the atoms of zinc, lead, and tin have
time to leave the region between the plate and the sam-
ple surface. This means that the velocity of components
with the smaller melting enthalpy along the laser beam is
higher than in the perpendicular direction. The situation
is somewhat different from copper atoms in the ablative
plasma of brass or bronze: velocity along the laser beam is
lower than in the perpendicular direction so copper atoms
reaching the adsorber plate (1 mm distance) are located
within 4 mm from the centre of the hole.

The differences between the axial and radial veloci-
ties of copper and zinc in the ablative plasma and in the
deposited layer on the adsorber (Tab. 1) are supported
by the increased ratio of their line intensities compared
to the double-pulse ablation of the original brass sample
(Icu/Izn ~ 0.9 = 1). This growing of Icy,/Iz, indicates
that in the direct- and backward-deposited film the con-
centration of zinc is reduced and the content of copper is
increased. The central part of the plasma that propagates

Table 1. Ratios of the spectral line intensities for copper
Acu = 324.754 nm and zinc Az, = 334.502 nm in brass de-
posited on the adsorber on double pulse ablation at different
interpulse intervals At.

At, ps
0 1 5 10 15
Icu/Izn
1 10 7 4 3 3
2 17 9 6 5 4
3 - 13 9 7 6
4 - 19 13 10 8

through the hole without deposition reveals the reduced
concentration of less volatile copper and increased content
of components with smaller melting enthalpy from brass
or bronze.

Backward deposition of the particles from the plasma
created by single laser pulses (At = 0 us) is governed by
the collision frequency, by the probability that an atom
receives impetus towards the sample surface, and by the
probability that an atom flies through the steam-gas mix-
ture after collision. These factors should be taken into ac-
count in physical models for backward deposition. In this
way the thickness and composition of deposited films are
dependent on the volume of the evaporated material of
copper alloys as well as on the temperature, density, and
propagation velocity of the plasma. As shown by the ex-
periments, coming back of the particles from the steam-gas
mixture to the sample surface is continued for a long time
after the laser pulse. The publications devoted to the ex-
perimental and theoretical studies of laser ablation point
to the fact that almost 20% of the ablated particles are
backward-deposited on the sample [11,16].

The backward particle flux caused by atomic colli-
sions in the ablative plasma is approximately identical
for all interpulse intervals At, being determined by the
pulse energy only. The number of collisions in the abla-
tive plasma may be evaluated by comparing the thermal
velocities u of atoms with the mass m in a saturated steam
as (1):

L 2T O

m
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where k — Boltzmann constant (JK~1), 7' — plasma tem-
perature (K).

The method used to determine the temperature is
based on the assumption that a local thermal equilibrium
exists in the laser-induced plasma. Saha and Boltzmann
expressions define spectral line intensity as a single-valued
function of the plasma temperature (2) [17]:

Ee

I =A. hveng Je e kT . (2)

g0

By substitution of the values for the energy, transition
probabilities, and degeneracy of the i-level for the spectral
lines of copper Acy = 510.554 and 515.324 nm we derive
the expression (3) for the plasma temperature:

11945

T 1.826 + lg (1510/1515) ’ (3)
where I519 and I515 are intensities of the corresponding
spectral lines.

The changes in the plasma temperature AT and ther-
mal velocities Au of the particles were evaluated as (4)
using equations (1) and (3)

T - T'in
AT = double single « 100%)7
Tsinglc
Au — Udouble — Usingle % 100%)7 (4)
Usingle

where Tsinglc and Tdoublm Usingle and Udouble are the plas—
ma temperature and thermal particle velocities in the ab-
lative plasma formed under the effect of single and double
laser pulses.

According to the performed calculations, doubling of
the pulse energy (from 50 to 100 mJ) leads to a 1-2%
temperature growth. Similar results were described in the
book titled “Handbook of Laser-Induced Breakdown Spec-
troscopy” by Cremers and Radziemski [18]. After the be-
ginning of the first laser pulse, an ultradense cloud of
atoms, ions, and electrons occurs in several picoseconds.
The leading edge of the forming plasma with a rather
high electron density can absorb or reflect light almost
completely. As a result, only an insignificant part of the
pulse energy can directly interact with the sample. Thus
at nanosecond laser pulses, due to the plasma shielding,
the pulse energy doubling leads to a very insignificant
growth of the signal enhancement. As it was calculated
by Bogaerts and Chen and shown by Russo and Mao, the
electron density was differently decreased as a function of
time [19,20].

The shock wave formed on the leading edge of the
plasma ejects the surrounding gas away from the sam-
ple surface. According to Scaffidi, the main reason for the
signal enhancement in a double pulse configuration is the
substance evaporation by the second pulse to the near-
surface region at high temperatures and low gas densi-
ties [21]. Because of this, shielding of the laser energy by
the leading edge of the plasma created by the second pulse
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is reduced. A greater part of the energy is spent to heat-
ing of the sample surface and substance evaporated by the
first pulses and remaining in the near-surface region.

Thus, the energy doubling due to shielding by the lead-
ing edge of the plasma leads to a very insignificant temper-
ature growth. The use of sequential delayed pulses causes
notable heating due to changed conditions in the near-
surface region when the second pulse arrives.

On going from single to double laser pulses at the fixed
total energy and power the plasma temperature change is
increased by 10-15%, whereas the thermal velocity in this
case is growing by 6-7%. An increase of the interpulse
interval At for more than 1 us results in a gradual reduc-
tion of the temperature and thermal velocity differences
between single- and double-pulse laser ablation. In this
way an increase of the plasma temperature in the double-
pulse configuration leads to greater thermal velocities of
the particles and hence to more collisions in the plasma.

The cause for the increased backward flux from the
plasma to the sample surface due to radiation of the sec-
ond pulse was investigated by a quantitative analysis of
the multicomponent film deposited at different distances
from the laser beam axis. It was found that a change in the
interpulse interval At leads to changes in the plasma-laser
pulse interaction at different stages of the plasma propaga-
tion, and also to changes in the quantity and composition
of the material deposited on the adsorber plate. Owing
to the performed experiments, it was demonstrated that
on going from single- to double-pulse ablation a multiple
growth of the backward flux of brass (5 times for copper
and 3.5 times for zinc) and bronze (4.5 times for copper
and 2.5 times for tin) is observed. Both with single- and
double-pulse ablation, the multicomponent plasma cre-
ated as a result of single- or double-pulse ablation fea-
tures spatial heterogeneity: elements with smaller melting
enthalpy (zinc, tin, lead) spread at higher velocities in the
central “hot” region of the plume, whereas the elements
with higher melting enthalpy are mostly localized at the
plasma periphery.

The spatial heterogeneity of the ablative plume formed
during double-pulse laser ablation of copper alloys is also
confirmed by calculations of the plasma temperature by
relative intensities of spectral lines using Boltzmann plot.
The line integral intensity I;;, corresponding to the tran-
sition between two levels ¢ and j with the energies E; and
E;, is determined by the relation (5) [17]:

E;
gl-67 kT

Iij = FCA” U(T) y

()
where C is the concentration of the emitting atomic
species, A;; is the transition probability, g; degeneracy
of the i-level; k Boltzmann constant; T is plasma temper-
ature, F' experimental parameter taking into account the
optical efficiency of the system used and some plasma pa-
rameters. The distribution function U(T) of the i-th atom
is given by (6)

u(r) = Zgi exp(—E;/kT). (6)
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Fig. 3. Spectral line intensities of copper Acu = 324.754 nm, tin Asn = 326.233 nm, zinc Az, = 334.502 nm, and lead
App = 405.782 nm as a function of the defocusing parameter Af.

Taking the logarithm of expression (6) and using the def-
initions (7)

L 1

, m=— r=F;
giAij ’

y=In p=1In

kT’
we derive a linear relationship (8) between z and y

(8)

According to (8), the values of y corresponding to the in-
tensity of different lines from the same emitting species
will be distributed linearly with respect to the energy of
the upper transition level; the slope of the distribution
curve being related to the plasma temperature. On the
assumption that the ablative plasma remains at the lo-
cal thermodynamic equilibrium (LTE), after determining
the plasma temperature, the species concentrations can
be obtained by the normalization relation (9) since a sum
of the relative concentrations of all the elements must be

unity [22]
Z Cr=1.
k

When the plasma temperature is known, it is possible to
determine the concentration of the element of interest by
measuring just one experimental emission line with the
known parameters E;, A;;, g;. Applying this method to
determine a temperature of the double pulse laser-induced
plasma, we have obtained distinct results for the calcula-
tions performed using the spectral line intensities of dif-
ferent components: copper — 9400 K; tin — 7500 K; lead
— 6700 K, and zinc — 8700 K. The obtained data indicate
that atoms of different species are predominantly local-
ized in different regions of the propagating plasma, i.e.
the components of copper alloys in the ablative plume are
differing in their recession velocities.

Recession velocities of brass and bronze components in
the plasma were evaluated in the experiments with posi-
tive and negative defocusing of the laser beam — focusing
at some distance above and below the surface of the ab-
lated sample [23]. An increase in the spectral line intensity
of all the components of brass and bronze was observed in
both cases (Fig. 3).

Yy =mx +p.

(9)

A maximal intensity of the spectral lines for all com-
ponents of copper alloys after single pulse ablation was
observed at Af = 4+0.5 mm. Aguilera and Aragon showed
similar radial distribution of the plasma temperature, and
also analogous electron and ion densities as a function of
the distance to the laser beam axis [24]. The observed dip
in the spectral line intensities is caused by self-absorption
and shielding of laser radiation by the dense plasma. Re-
duction of the flux density ¢ after defocusing leads to a
decrease in the amount of evaporated material and in the
density of the propagating steam-gas mixture. At small
distances Af almost all radiation of the second laser pulse
is transmitted without absorption to the surface of the
sample and almost all the energy is spent on evaporation.
Further defocusing leads to reduction of the flux density
with simultaneous growing of the portion of laser energy
spent on heating and melting of the sample rather than
ablation. The same dependence was observed for the de-
focused double pulse ablation of bronze [23].

At small distances Af an increase of the spectral line
intensities for all the elements studied was higher in the
case of positive defocusing, indicating that the observed
growth of the analytical signal at Af > 0 mm is caused
not only by the reduced shielding of laser radiation but
also by the interaction between the second pulse and the
plasma formed by the first pulse. And the value of Af,,qz
corresponding to the maximal spectral line intensities is
differing for different elements: Cu — 1.5 mm; Zn — 2 mm;
Sn — 2.5 mm; Pb — 3 mm. As demonstrated by the data
obtained with the interpulse interval At = 10 us, a max-
imal concentration of the atoms for different elements is
observed at different distances from the sample surface.
When this distance of the maximal concentration A f,qx
for one of the components is coincident with the defocus-
ing length Af, these atoms acquire an additional excita-
tion due to the second-pulse emission. The schematic of
the interaction between the second defocused laser pulse
and copper or zinc atoms evaporated by the first laser
pulse are shown in Figure 4.

The average expansion velocity v of the elements can
be evaluated from the known values of the distance A f,q.
at the interpulse interval At = 10 us as (10):

Afmas = v At. (10)
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Fig. 4. Schematic of the interaction between the second defo-
cused laser pulse and copper or zinc atoms evaporated by the
first laser pulse.

According to equation (10), at the pulse energy 100 mJ
and interpulse interval At = 10 us the average expan-
sion velocities in the propagating plasma of bronze are:
copper — 150 mps, zinc — 200 mps, tin — 250 mps, lead
— 300 mps. The calculated average velocity of the atoms
evaporated by double laser pulses is less by an order of
magnitude than that of the ablative plasma. A decrease
of the laser pulse energy leads to reduction of the flux
density ¢, self-absorption in the plasma, and average ve-
locity of the elements. The performed experiments show
that v values depend on the melting enthalpy of the evap-
orated material, being independent of the atomic mass.
A mass of a copper atom (63.5 a.m.u.) is almost equal
to the mass of zinc atom (65.4 a.m.u.), but the melting
enthalpy of copper is two times greater than that of zinc:
13.0 and 7.2 kJ/mole, respectively. If the average velocity
of a component in the plasma is depending on the atomic
mass only, then the particles of copper and zinc propagate
at the same velocity.

The observed species segregation is stipulated by the
particle formation in the expanding plasma due to the
laser-solid interaction [25]. Elemental fractionation in the
plume is confirmed by numerous investigations in the field
of laser ablation — inductively coupled plasma — mass
spectrometry [26]. Spatial heterogeneity of the plasma is
caused mainly by preferential volatilization of lighter el-
ements coupled with preferential condensation in the ex-
panding plume [27]. The majority of models describe the
particle formation and growth in the plasma based on effu-
sion, condensation, and nucleation theories. Fantoni et al.
have demonstrated that partial vapor pressures of the el-
ements in the plume formed after laser ablation of the
multicomponent bronzes change differently with time [28].
The pressure of copper species drops down by 4 orders of
magnitude in 50 ns after the laser pulse, whereas the pres-
sure of zinc decreases by an order only.

4 Conclusions

The performed experiments with a direct and backward
deposition from the ablation plasma of brass and bronze
and also investigation of double-pulse ablation of copper
alloys by the defocused laser beam have demonstrated spa-
tial heterogeneity of the multicomponent ablative plasma.
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The atoms of components with smaller melting enthalpy
propagate with higher velocities in the central hot part
of the plume, whereas the atoms of relatively less volatile
copper are localized mostly at the plasma periphery. The
differences in the expansion velocities, plasma tempera-
tures in different regions of the plume, and also spatial
heterogeneity of the plasma may result in a significant in-
crease of errors in the results of quantitative analysis of
copper alloys, especially when using the calibration-free
method.
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