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1; ABSTRACT Recently, laser ablated molecular isotopic spectrometry (LAMIS) has expanded its
;g capability to explore molecules formation mechanism in laser induced plasma in addition to isotope
g; analysis. LAMIS is powerful tool for tracking the origination of atoms that involved in formation of
gi investigated molecules by labeling atoms with its isotopic substitution. The evolutionary formation
gg pathways of organic molecules, especially of C, dimers and CN radicals, were frequently reported.
3573 However, very little is known about the formation pathways for metallic radicals and heterodimers in
gg laser ablated plasma. This research focuses on elucidating the formation pathways of AlO radicals in
g; femtosecond laser ablated plasma from '*O-labeled Al,O; pellet. Plasmas expanding with strong
gi forward bias in the direction normal to the sample surface were generated in the wake of weakly
gg ionized channel created by femtosecond laser. The formation mechanism of AlIO and influence of air
g; were investigated with multiple plasma diagnostic methods such as monochromatic fast gating
Zg imaging, spatiotemporal resolved optical emission spectroscopy and LAMIS. An advanced LAMIS
j; fitting procedure was used to deduce the spatiotemporal distributions of AlI'*O and A1'°O number
32 densities and also their ratios. We found that Al'°O/A1'*0 number density ratio is higher for plasma
32 portion closer to the sample surface, which suggests that chemical reactions between plasma plume
jg and ambient air are more intense at the tail of plasma. The results also reveals that direct association of
gg free Al and O atoms is the main mechanism for the formation of AlO at early stage of plasma. To the
g; contrast, chemical reactions between plasma materials and ambient oxygen molecules, and isotope
gi exchange effect are the dominate mechanisms of the formation of AlO and evolution of Al'*0/A1"*0
gg number density ratio at late stage of plasma.
57
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Introduction
Laser-induced breakdown spectroscopy (LIBS) has been advanced as a versatile analytical technique
over past several decades because it has shown efficient and promising results in the field of elemental
analysis, even at standoff distance.' The laser sampled materials undergoes vaporization, atomization,
ionization and recombination in the plasma plume, and the excited atomic, ionic, molecular species
emit at their characteristic wavelength.*” Recently, the importance of analyzing molecular emissions
in laser ablated plasmas has been raised drastically for the purpose of recognition of organic
compounds,” detection of halogen elements'® and quantitative analysis of isotopes.'"'® The
molecular emission is tightly related to the structural and chemical-physical properties of molecules,
together with experimental parameters.'” Factors altering the electron distribution within the organic
molecules have been reported to have a direct impact on its ensuing optical emissions, because
electron structure governs the breakage of molecular bonds and further determines the extent of
atomization and fragmentation of laser sampled materials.'” The acquired molecular emission spectra
are relevant to complex plasma processes such as photochemistry, association of atoms into a
molecule, dissociation of fragments and combustion of atomized species, and vary significantly in

17419
space and time.

The study of chemical reaction pathways and formation mechanism of molecules
is essentially important whilst seeking chemical information of samples through molecular emission
from plasma.

Spatiotemporal behaviors of molecular emission and elucidations of molecules formation routes have

. . . 20-22
been investigated in several works.

However, most of these works are limited on establishing
direct link between plasma emission and molecular structure, or origination of atoms that form
molecules. For example, it is hard to differentiate the origination of N and O atoms in case of laser
ablation of compounds with N and O elements in air. The development of laser ablation molecular
isotopic spectrometry (LAMIS) provides a versatile technique for the study of molecules formation
mechanism because it is powerful to track the origination of atoms that involved in formation of

13,23-25

investigated molecules by labeling atoms with its isotopic substitution. An investigation of

ns-laser ablation of *C-labeled benzoic reveals that direct release of fragments from molecules acts as
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a complementary mechanism for the formation of C, molecules and CN formation likely involves
atomic carbon or species with a single carbon atom.” Similar study of fs-laser ablation of urea and
deuterated urea —CO(ND,),— also reveals that direct release of native molecular bonds is a significant
source that populates plasma with NH radicals.”” The molecular emission also was found to be related
to the surrounding environment, rather than solely connected with ablated material stoichiometry.17
The contribution of fragmentation to the apparent spectra depends on the type of atmospheric gas as a
result of interaction between ablated materials and ambient gases.24 In addition, the contributions of
association of free atoms and fragmentation mechanism to the formation of molecules differ at

2324 . )
" and the laser induced shockwave can also mediate

different portions or evolution times of plasma,
the formation of molecules.'” Thus, the formation of molecules in plasma is rather complex. Despite
these interesting findings, most of the studies are focused on the formation of non-metallic dimers or
radicals. Metallic radicals and heterodimers can also form in plasma and play critical role in isotopic

d.2%%7 However, the kinetics of metallic

analysis with LAMIS technique and other spectrometric metho
molecules formation and its relation to plasma chemistry are seldom investigated and not
well-known."’

The AIO blue-green system has a relative large transition probability, and was extensively studied due

%2 The emission spectrum of AlO from laser induced plasma was

to its importance in astrophysics.
also widely investigated for the purposes of plasma diagnostics.'® Precisely AlO spectrum simulations
enabled that AlO spectrum emitted from laser induced plasma can be well fitted with theoretical
model,**>* and provide a new method of predicting chemical reactions leading to the formation of
AlO radicals.”” Simultaneously analyzing the spectra of molecular isotopologues shows great
advantage in seeking insights related to formation mechanism of molecules in plasma chemistry, and
AlO is a good candidate because of large isotope shifts of band spectra of Al'°0 and A1'*0 radicals.

The fs-laser ablation shows outstanding advantage in formation of molecules in plasma plumes over

. 3436
ns-laser ablation,

which motivated growing investigations. Compared to ns-laser ablation, fs-laser
ablation is absent of laser-plasma interaction, and the produced plasma typically features lower

temperature,”’ which favors the formation of molecules. As a result, spectra resulting from ns-laser
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ablation mainly manifested atomic signals, whereas emissions from fs-laser ablated plasma are more

36,38

likely dominated by molecular bands. Moreover, fs-laser produced plasma features narrower

angular distributions in plasma expansion,”  which suggests a lower plasma-atmosphere

. . 3440
interaction.”

In addition, emission spectra acquired with fs-laser ablated plasma exhibit a lower
continuum emission background and narrower line broadening,” which favors the molecular band
analyzing. Hence, the fs-laser ablation regime together with LAMIS technique provides a versatile
method for understanding the formation routes of molecules.

This study focused on the formation mechanism of metallic heterodimers in fs-laser induced plasma in
air. Formation routes of AIO molecules were investigated, and Al,O; pellet samples labeled by %0
were used to differentiate the oxygen from air. Plasmas expanding with strong forward bias in the
direction normal to the sample surface were ablated in the wake of weakly ionized air channel created
by femtosecond laser. Multiple diagnostics methods, viz. monochromatic fast gating imaging,
spatiotemporal resolved optical emission spectroscopy and LAMIS, were used to infer plasma
chemistry on AlO formation throughout the evolution of the laser ablated plasma. Several reactions

involving association of Al and O atoms into a molecule, combusting of Al species with surrounding

oxidizers and isotopic oxygen exchange has been raised and discussed.

DESCRIPTION OF THE MEASUREMENT SETUP

Optical Setup. A Ti:Sapphire laser, operating at 800 nm, with 35 fs pulse duration and 5 mJ
pulse energy, was used. The laser pulse was focused with a fused-silica lens (f=15 cm). The
geometrical focus was about 1.8 mm down to the sample surface, likely caused by the self-focusing
effect and filamentation phenomenon, the fs-laser beam was focused above sample surface and a short
weakly ionized air plasma channel was created. Laser energy was coupled onto sample surface and
plasmas were produced. The spot diameter is about 0.2 mm and laser fluence was 16 J /cm”. The
plasma was directly imaged by two lens (®=2 inches) onto the entrance slit of Czerny-Turner
spectrograph (Horiba JY 1250M, 2400 g/mm) configured with an intensified CCD (Priceton
Instruments, PI-MAX). The emission of plasma was acquired in two different configurations. (1) For

temporally resolved plasma image measurements, the spectrograph grating operated in reflection
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mode (0 order) and the entrance slit was fully opened (3 mm). A band pass filter was placed in front of
the spectrograph entrance slit to detect the A1O emission. The imaging system was well aligned to get
a clear image of AIO B—X (Av = 0) band emission with spatial resolution about 40 Ip/mm. (2) For
spatiotemporally resolved spectra measurements, the entrance slit was 50 um, and the AIO B—X
(Av =-1) molecular bands were recorded. The spectral resolution of the spectrograph system was
about 15 pm.

Sample. To differentiate the oxygen in air, '*O-enriched AL,O; (Sigma-Aldrich, 95 atom % '*0)
was used as the sample. The powder samples were pressed with 7 tons of force for 4 min into a
one-centimeter pellet.

Data Acquisition. A single measurement of image or spectrum comprises plasmas from 20 laser
pulses, respectively. To record the temporal evolution of plasma emission, a delayed detection window
with increasing gate width was used to compensate for the decreasing plasma emission intensity. The
sample was ablated with 20 laser shots per sampling location. The magnification of plasma image on
ICCD pixels was calibrated with reticles, and each ICCD pixel row corresponded to 6 um height in the
plasma. The dark current of the detector was recorded and all presented spectra were dark current
subtracted. Flatfield correction for ICCD was also performed.

Binning. As stated above, the ICCD was set to acquire spectra with image mode. Several
sub-regions of the two-dimensional CCD array were averaged afterwards. Tests showed that averaging
of 50 pixels (correspond to 300 um, 6 pum/pixel row) for each sub-region give good signal-to-noise

ratio whilst maintaining sufficient number of regions so that the plasma can be well spatially resolved.

RESULTS AND DISCUSSION

Plume Hydrodynamics: AlO imaging Plasma emission spectrometry is typically used to
gauge the distributions of excited species in laser ablated plumes and evaluate the plasma properties.
Measurement of the spatiotemporal behavior of molecules and emission spectra is helpful to
understand the distribution of different excited species in plasma plume. Both sample materials and air
molecules contribute oxygen atom to the formation of AIO molecules. LAMIS technique in

conjunction with fast photography provides the spatiotemporal evolution of isotopic species in the

ACS Paragon Plus Environment



O©oOoO~NOOOPRWN -

Analytical Chemistry

plume, and this information is extremely usefully for understanding the laser ablation plume chemical
reactions and formation mechanism of molecules.

Figure 1(a-h) shows eight time-resolved plasma emission images. A 10 nm FWHM bandpass
filter centered at 488 nm was used for plasma image measurements. The filter only allows the
transmissions of AIO0 Av = 0 bands of B *X"—X *S" system, and no significant continuum emission
contributes to the spectra acquired after 0.5 ps, according to the spectra recorded by spectrograph.
Thus the images taken after 0.5 pus represent the distribution of AIO species in the plume. The plasma
is found to propagate normal to the sample surface. The maximum plasma propagation distance can be
up to 4 mm, whereas the plasma maintains similar width, ~ 0.4 mm. The expansion of plasma from
Al,O3 sample is limited inside the region of weakly ionized air plasma channel (c.f. Fig.1) . The
emission persistent time of the air plasma is less than 10 ns. For this experiment, a fs-laser pulse with
35 fs duration and 5 mJ energy was employed to produce strong plasma, the power is over the critical
power for self-focusing.*’ The abnormal plasma evolution is the consequence of the nonlinear
propagation of fs-laser beams and related nonlinear phenomenon such as filamentation, creation of
vortices, " pre-excitation of air molecules above ablation area before producing plasma. Basically, a
long-lived underdense channel was created above the laser radiation spot, which modifies the
propagation of laser induced plasma. A full discussion of the plasma interact with the air affected by
fs-laser through nonlinear effect is beyond the scope here and will be address in another paper.

Re-construction of Molecular Components via Fitting Procedure The rotational and
vibrational energy levels of diatomic molecules are directly related to the reduced mass of two atoms.
The energy levels are changed upon replacement of an atom by its isotopes. As a result, the molecular
spectral structure shifts and the isotopic shifts allow the origination analysis of oxygen in formed AlO
isotopologue molecules. The molecular bands of AlO are red-degraded, and the B *L —x "
transition dominates the emission of AlO in plasma. Electronic transition involving a change in large
Av (i.e., when v’ # v") results in larger isotopic shifts. The AIO Av = -1 bands of B X"~ X’ system
were chosen in this study because of its strong intensity and appreciable isotopic shifts. Compared to

12,16,23,43

our previously reported algorithm for isotopologue molecular bands synthetization, three
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modifications were implemented to improve the synthetic spectra. First, the theoretical spectra for
AI"0 and A1'°0 were synthetized based on the database from Patrascu et al.** instead of calculation

1845 The database is deduced by a combination of

using the reported molecular spectroscopic constants.
empirical and ab initio method, and provides more accurate wavelength positions for rotational bands
with high J numbers, especially for AlI'"®0. Second, three vibrational bands ((0,1), (1,2) and (2,3))were
used to construct the synthetic spectra, which consists three Av = -1 bands of AlO. Previously reported
LAMIS works mostly utilized only one single band (i.e. C, d° II,—~a } II, (1-0) band, BO AL~
X 22" (0-2) band, CN B*Z'—~X *z" (0-1)) for isotopic analysis.13 Third, the tails of Av=0 bands
enter the Av=-1 spectral region, which can interference the Av=-1 bands. A synthetic spectra
including Av = 0 bands could indeed improve the overall accuracy."*

Isotope information was extracted by fitting the experimental spectra with synthetic molecular

16,26

spectra. The fitting approach was similar to our previously reports. Briefly, a set of spectra for

Al'°0 and AI'O (denoted as I:%réo(/l, T) and Ij?’féo(l, T)) were generated for each rotational
component in the AIO B*T'—X’z" (0,0), (1,1), (2,2), (0,1), (1,2) and (2,3) bands. Intensity
distribution of each rotational/vibrational component was assigned based on the rotational/vibrational

line strength and the Boltzmann distribution under temperature 7, assuming the rotational temperature

and vibrational temperature are the same. The synthetic spectral band of Al1'"°0 can be expressed as:

L2 (AT) =170 AT+ AT) + 7% AT) + 7% A7)+

Al'%0 Al%0 (0,0) AL'0 (1,1) A0 (2,2) Al%0 (0,1)
syn syn
lAllso (1'2) (/1: T) + IA1160 (2’3) (/11 T) (1)
The synthetic spectra for Al'°O together with A1'°0 take the following form:
Ly = lax s, (A T) + B x LY, (4, T)] )

The ratio of coefficients R = a/f corresponds to the isotopic ratio. Notice that a, [ are
proportional to the number of AIO molecules, other than the bandhead intensity. The influence of
temperature on apparent molecular band intensity was compensated in our simulation. The same
fitting algorithm as previously reported was used,'® which located the best combination of all fitting
parameters by minimization the sum of the squares of the fitting residuals [e(4)] at all wavelengths of

the experimental spectrum, I:fg Y through:
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t
I:;{g = Ijggl + Leontinuum + €(4) 3)

The fitting quality is gauged by relative residual, which is defined as:

jexp_jsyn
Res = \/Z (Iex Icontmuum) /N (4)

N is the number of wavelength data point.

Figure 2 shows a typical LAMIS spectrum acquired from the Al'*O-enriched ALO; pellet and its
fitting. The experimental spectrum and fitted spectrum matches well regarding to the rotational
structures and intensities of each rotational and vibrational band, and the fitting procedure returns the
ratio "*0/'°0 = 0.7 and T, = 3386 K. Rotational lines in the bands were deconvolved. It is noticeable
that the contribution of the rotational tails of Av=0 band to Al'°O (0,1) bandhead intensity is

B0/10 ratio is low and

ignorable. However, the interference will be clearly observed whilst the
plasma temperature is high, as demonstrated by Bol’shakov et al."® The intensities of AlO (0,0) band
rotational lines with high J-numbers would be stronger at higher plasma temperature conditions,
which would bring more interference to the apparent structures of AIO Av = —1 bands. From this
point of view, the fs-laser shows advantage over ns-laser for LAMIS analysis because fs-laser
typically produces plasma with much lower temperature.'® Only at very early time, the rotational
temperature of fs-laser ablated plasma can be over 4000 K for this experiment, as will be addressed
below.

Temporal Evolution of The AlIO Emission From The Plasma Five typical spatial integrated
spectra acquired at delay time from 200 ns to 3 ps, as shown in Fig.3, were chosen to show the
temporal evolution of the optical emission from the fs-laser ablated plasma. As early as a delay time of
0.2 ps, the spectrum is already dominated by rotational spectra from AlO molecular bands, which
shows great difference compared to the case of ns-laser ablation, where the AlO emission appeared at

. 18.45
several microseconds after the laser pulse. ™

For short delays (e.g. 0.2 ps), the continuum emission
contributes about one third in intensity to the total emission. As the delay increases, this emission
drops significantly as a result of association of free electrons and ions and reduced bremsstrahlung

. 4647
emission.
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Spatiotemporal Distribution of Isotopologue Molecules The plasma plume interacts with
ambient air, and the oxygen abundance of materials inside plasma will be modified. The apparent
bandhead intensity ratio of Al'®O to Al'°0 decrease as the decay of plasma, according to the time
resolved spectra given in Fig.3. Even at the same delay time, we found that the bandhead height ratios
of AI'*0 to AI'°0O at different portions of plasma were significantly different (c.f. Fig.4). Six spectra
were taken with a same gating time (6 ps) but from different portions of plasma, and were further
normalized to 0-1, separately. It clearly shows that the bandhead intensity ratio of Al'%0 to Al'*0
drops dramatically as a function of distance from sample surface, and the result implies that the
plasma-air chemical reactions are more intense at plasma portions closer to the sample surface.

Before elucidating the reaction pathways or mechanism for the formation of AlQO, it is important
to study the dynamic distributions of isotopologue molecules and temperature during the evolution of
plasma. The chemical reaction rates and stability of products are relevant to temperature.*® To deduce
the temporal evolutions of the number densities of AlO isotopologue molecules, the emission
intensities were normalized to the ICCD gate width (in the unit of 1 ps). For example, to obtain the
normalized intensity for spectrum acquired with gate width of 2 ps, the measured intensity was then
divided by a factor of 2. The temporal profiles of AlI'°0 number density, Al'*0 number density,
Al'®0/A1"0O number density ratio and temperature as functions of distance from the sample surface
are summarized in Fig.5. Notice that the intensities of Al'*O and A1'°O were deduced from a same
spectra thus they are directly comparable. At the delay time of 0.2 ps, both intensities for Al1'°0 and
AI"0 increase as the increase of distance from sample surface. At later time (>0.3 ps), the profiles
feature an intense head located at plasma portion that far away from the sample surface, and the
intensities degenerate gradually towards shorter distance from the sample surface. We also remark that
the peak intensities of Al'°O remain similar at delays of 2 to 6 ps, whilst an apparent degeneration of
the peak intensities of Al'®O was observed. This difference was obviously revealed by comparing the
Al'®0/A1"0 ratios at different delay times, as shown in Fig.5c. The Al'®O/A1'*0 number density
ratios are higher for plasma portion that closer to the sample surface, and decrease as function of

distance from sample surface. It is also noticeable that the spatial gradient of the Al'%0/A1"*0 number
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density ratio is larger for longer delays (2-6 pus) compared to that of early times (0.2-1.5 ps), and it

implies that the chemical reactions for the formation of Al'®

O is different over plasma decay. The
chemical reactions are relevant to the temperature and the temperature profiles are significantly
different for early and late stage of plasma, as shown in Fig.5d.

Plasma Chemical Reaction Mechanism for Evolution of AlI'O/AI'®0 Ratio Several studies
have shown that the formation of AlO molecules involves gas-phase combustion of Al with

184930 A comparison of fs-laser ablation of '*O-enriched Al,O5 sample in air and

surrounding oxidizers.
Ar would help to understand the pathways of molecules formation. For the experiments in Ar, a thin
Ar flow layer-was applied at the sample surface by placing a flat nozzle (inner size ~1.5 mm) near the
laser ablation spot. The vertical propagation characteristic of plasma plume allows the analysis of
early time plasma evolution in Ar and late stage of plasma-air chemical reactions when plasma is
exposed in air.

As expected, performing this experiment yielded a total different evolutions or profiles of
Al'®0/A1"™0 number density ratio, as shown in Fig.6. At early times (0.3-0.5 ps), the plasma plume
was exposed in Ar ambient, the Ar layer acts as a barrier that prevents the plasma-air chemical
reactions. The experimental results showed that intense AlO emission can still be observed, which
implies that association of free Al and O atoms through reaction R1: Al +O +M — AIO +M is the
dominant pathway of formation of AIO molecules. Moreover, AIO molecules can also be formed
through dissociation of laser ablated Al,O; fragments (R2: AlL,O; — AIOAIO+ O and R3:
AlOAIO — AlO +AIO),51 and possible chemical reaction (R4: Al + AL,O; —~ 3AIO).52 The optimum

temperature for the dissociation (R2 and R3) is about 4000 K.>"**

However, according to the NIST
JANAF thermochemical tables,54 AlO is unstable above 5400 K. Above this temperature, AIO will
further dissociate through AIO — Al + O shortly after its formation™, and this agrees well with the
results shown in Fig.5. At early time (0.2 ps), AlO molecular spectra were observed, the maximum
temperature is lower than 6200 K (c.f. Fig.5d). Moreover, the AIO molecules number density is very

low at high temperature zone of plasma (c.f. Fig.5b). It is the primary reason that AIO emission was

not observed at early time of ns-laser ablated plasma, in which case the temperature is typically much
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higher than 6x10° K, as reported by Bai et al.'® We also remark that direct dissociation of Al,Os
particles (R2&R3) and reaction R4 would not be the dominant formation mechanism of AlO for the
case of laser ablation in air because the oxygen in A,Os; is 18O-enriched, and reaction R2, R3 and R4
would lead to an increase of Al'*0/Al1'°0 ratio, which is inconsistent to experimental results shown in
Fig.5c.

Despite the absolute Al'°0O/A1'®0 ratio difference, the ratio profiles at early time are significantly
different. The A1'°0/Al1"®0 ratio vs distance from sample surface profile is nearly flat in Ar ambient,
whereas the Al'°O/Al1'0 ratio decreases as the increase of distance from the sample surface in air (c.f.
Fig.5c and Fig.6). It implies that oxygen molecules from air trend to diffuse into plasma at plasma
portions closer to the sample surface. We also remark that the tested Al'°O/A1'*0 number density
ratios at delay of 0.3-0.5 pis in Ar are close to 0.44 (70 atom % '*0), whereas the ratios are over 0.9 in
case of laser ablation in air. This is not surprising because air molecules near the laser sampling spot
can be directly dissociated by the extreme intense focused fs-laser.”> Moreover, the air oxygen
molecules can also dissociates through inelastic electron-molecule collision.”® Both processes enrich
the '°O abundance of initial plasma materials. Al can also directly react with oxygen molecules that
diffused into plasma via reactions: R5 Al + '°0, — AI'°0 + '°0 and R6 AlO + '°0, — AI'°00 + '°O.
AI'®00 can further dissociate through reaction R7 Al'°O0 — Al'°O+ 0O or Al'°00 — AlO + '°O.
Both reactions R5 and R6 promote the formation of Al'°0, and lead to enrichment of '°O neutrals

inside plasma plume. More Al'S

O can form through reaction R1. This is consistent with the
experimental observations that the number density ratio of Al'°O/AI'"®O increase over time for early
time plasma.

The plasma temperature after 0.5 ps is around 3500 K. The concentrations of neutrals Al, O and
AlO were roughly estimated with chemical reaction equilibrium theory, assuming that plasma is in
local thermodynamics equilibrium condition. Standard Gibbs free energy A¢G" of reactions R1 and
R5 were -107.7 and -66.6 kJ/mol, respectively. These values were derived from standard free energies

of formation given in the NIST-JANAFE.>* The equilibrium constants Keq is related to A¢G® by

Keq = exp(— A¢G°/RT) and partial pressure of species is related to Keq by
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n: n; . . . . .
Keq = DprodquctsP; /MyeactantsP; ' » where p; is the partial pressure of species i, n; is the power of

the coefficient in the equation for the reaction, R is gas constant and T is temperature. Using the
equilibrium  expressions  for reactions R1 and RS at 3500K, we  have
Paio/PaiPo = 40.5 and PajoPo/PaiPo, = 9.9. The ratio of each species such as neutral Al and O
atoms and AlO radicals can be further calculated, and the result reveals that about 98% of Al exists in
form of AlO. The calculation suggests that the concentration of AlO radicals is significant higher than
that of neutral Al atoms, and most of neutral Al atoms have already depleted at the later time. Thus,
combustion of neutral Al with surrounding oxygen molecules from air (R5-R7) is not the dominate
mechanism for the increment of Al'°0/A1'®0 ratio, especially for late stage plasma over 3 ps, during
which the density of neutral Al atoms is very low, and significant number density decay of both A1'°0
and A1'O was observed. Performing temporal analysis of spatially integrated spectra of laser ablated
plasma in air yields that the Al'*0 number density reaches its maximum around 1.5 ps, whereas the
Al'®0 number density reaches its maximum at 3 ps. The spatial integrated number density ratio of
Al'®0/AI"0 is linearly related to delay time with R*>>0.999 in 2-10 ps (c.f. inset of Fig.5¢c). The
AI'®0/A1"®0 ratio at 10 pus is about 2 times of that at 2 ps. The mechanism for increase of spatial
integrated number density ratio of Al'°O/AI'®O over time can attributed to the oxygen isotope
exchange effect (A1'*0 — AI'°0) during the dynamic equilibrium of forward and backward chemical
reaction through route:
A0 + %0 — Al + %00
Al+ "0, — A0 + 0 k=9.1X 10" em*/mol s RI

and routes

A0 + 0, — *0A1"*0 + 0 k=2.6 X 10" cm*/mol s

%0A1"%0 — Al'°0 + B0 k=2.9X 10’ cm*/mol s
0A1"%0 + Al — Al'0AI"0 k=5.0X 10°> cm’/mol s
Al'*0A1"0 — A1'°0 + Al"*0O k=4.3X10" cm’*/mol s RII

where k is reaction rate coefficient have been calculated at temperature 3500 K with parameters

reported by Huang ef al.”’ Route RI is thought to be the dominate mechanism for the oxygen isotope
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exchange because route Rl is one step reaction with fast reaction rate and route RII consists multi-step
reactions with much lower reaction rates. In fact, the standard enthalpy (AH) for reactions in route RI
is close to zero because the dissociation energies of AIO and O, are very similar. The reaction has a
near-zero barrier.”® Evidently, oxygen atoms in Al'*O molecules can be easily replaced by '°O from
ambient air molecules, which favors rapid oxygen isotope exchange (Al'*O — A1'°0) as observed in

experiment.

CONCLUSIONS

We present the latest scientific finding on the formation of isotopologue molecules (Al'°O and
Al1"®0) in fs-laser induced plasma from '"*O-enriched Al,O5 pellet with LAMIS technique. The plasma
imaging study shows that propagation in one direction normal to the sample surface dominants the
evolution of fs-laser ablated plume, whereas the plume maintained similar radial size. Laser ablated
sample materials and laser dissociated air molecules near sampling spot constitute the initial
composition of plasma, and oxygen abundance of plasma can be modified in terms of collision
excitation of air oxygen molecules and combusting of Al species during the evolution of plasma. The
spatiotemporal distributions of AI''O and AI'O molecules were measured through fitting
multi-vibrational Av=-1 bands of AlO B *£'—x " system with using synthetic spectra, and the
Al'"°0/A1'"®0 number density ratio was found to be significantly dependent on time after the laser pulse
and distance above the sample surface. The incomplete dissociation of specific bonds in the original
molecular structure was shown to be an ignorable mechanism for the formation of AlO. Chemical
reactions between plasma materials and ambient oxygen was shown to be a dominate mechanism for
the formation of AlO, and oxygen isotope exchange effect acts as a complementary mechanism for the
evaluation of Al'°O/A1'®0O number density ratio for late plasma (about 2-10 ps). The results also
reveals that the formation mechanism of AlO is significantly differ to that of C, in laser induced
plasma from organic compounds, in which case, direct release C, in the original molecular structure

. L2324
was proven to be an important mechanism.””
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Figure Captions

Fig. 1 AlO emission images of fs-laser ablated plasmas from ®0-enriched Al,O; pellets.

Images (a-h) were captured at different delay times as labeled at bottom of each
image. For recording these images, narrow bandpass filters with transmission
centered at 488 nm (AIO Av=0 bands) were used. Each image was an average of 20
laser shots and was normalized to its maximum intensity.

Fig.2 Typical LAMIS spectrum acquired from the Al'®*O-enriched Al,O; pellet and its fitting.

The molecular bands (Av=0,-1) were re-constructed through fitting procedure. The
intensity scale expanded inset (bottom) emphasizes the rotational tails of Av =0 bands
of both A1'°O and A1'®0. Experimental spectrum was acquired with a 2 us gate delay,
1 ps gate width and at distance from sample surface of 2.89 mm.

Fig.3 Comparison of experimental (black symbols) and simulated spectra (red lines) for AlO

B — X (Av = -1) bands. The spectra were spatially integrated. GD: gate delay, GW: gate
width, Res: relative residual.

Fig.4 Part of emission B — X (0-1) of AI'*O and Al1'°O formed during fs-laser ablation of

"0-enriched ALO; pellet. Spectra were acquired with a 6 us gate delay, 2 ps gate
width, and were averaged over 100 laser pulses. Each spectrum was normalized to 0-1.
The inset shows the bandhead intensity ratio of Al'°O to AI'®O versus distance from

sample surface.

Fig.5 Spatial profiles of predicted AI'*®*0 number density (a), AI"*0 number density (b),

AI'®*0/AI*®0 number density ratios (c) and rotational temperature (d) at different delay
times. Data with hollow and solid symbols represent the relative fitting residuals are
over and below 2x107?, respectively. The inset in subfigure ¢ shows the evolution of
AI**0/AI**0 number density ratio as a function of delay time, and each data point was
obtained by fitting the spatial integrated spectrum.

Fig.6 Spatial profiles of predicted AI*°0/AI**0 number density ratios at different delay times.

Data with hollow and solid symbols represent the relative fitting residuals are over and
below 2x107°, respectively. A thin Ar flow layer (about 1.5 mm) was created at the
surface of sample during fs-laser ablation.
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Fig. 1 AlO emission images of fs-laser ablated plasmas from ¥0-enriched Al,O; pellets.
Images (a-h) were captured at different delay times as labeled at bottom of each
image. For recording these images, narrow bandpass filters with transmission
centered at 488 nm (AlO Av=0 bands) were used. Each image was an average of

20 laser shots and was normalized to its maximum intensity.

ACS Paragon Plus Environment



Page 19 of 24

O©oOoO~NOOOPRWN -

Intensity (a.u.)

4000

3500

3000

2500

20004

15004

1000+

500+

Analytical Chemistry

Wavelength (nm)

507 508 509 510 511 512
— Fitted total Experimental AI"0 (0-0) —— AI*0 (1-1) A0 (2-2) —— AI"0 (0-1) —— AI"0 (1-2)
——AI®0(2:3) —AI®0(0-0) ——AI®0(1-1) — AI®0 (2-2) A0 (0-1) —— A0 (1-2) —— AI®0 (2-3)

Al'*0 "
AI''0 ) AI'°O
Al'*0
Al'®*0
A0

A Y VN dA

c‘ ) /’\ “\J’\J’\' ’\‘l'l \\?}W"q\'"““’/\yuu;«.\‘\' %, N

WY

Wavelength (nm)

Fig.2 Typical LAMIS spectrum acquired from the Al'®*O-enriched Al,O; pellet and its

fitting. The molecular bands (Av=0,-1) were re-constructed through fitting
procedure. The intensity scale expanded inset (bottom) emphasizes the rotational
tails of Av=0 bands of both AI'°O and AI"O. Experimental spectrum was
acquired with a 2 us gate delay, 1 us gate width and at distance from sample

surface of 2.89 mm.
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Fig.3 Comparison of experimental (black symbols) and simulated spectra (red lines) for
AlO B — X (Av = -1) bands. The spectra were spatially integrated. GD: gate delay,
GW: gate width, Res: relative residual.
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24 Fig.4 Part of emission B — X (0-1) of Al'*0 and A1'°O formed during fs-laser ablation
25 of "*0-enriched AL,O; pellet. Spectra were acquired with a 6 s gate delay, 2 ps
26 gate width, and were averaged over 100 laser pulses. Each spectrum was
28 normalized to 0-1. The inset shows the bandhead intensity ratio of Al'%0 to Al'*0
29 versus distance from sample surface.
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Fig.5 Spatial profiles of predicted AI°0O number density (a), AI"*0 number density (b),

AI*®*0/AI*®*0 number density ratios (c) and rotational temperature (d) at different

delay times. Data with hollow and solid symbols represent the relative fitting

. -3
residuals are over and below 2x107,

respectively. The inset in subfigure c shows

the evolution of AI"®O/AI®0 number density ratio as a function of delay time,

and each data point was obtained by fitting the spatial integrated spectrum.
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Fig.6 Spatial profiles of predicted AI"®0/AI"®0 number density ratios at different delay
25 times. Data with hollow and solid symbols represent the relative fitting residuals
26 are over and below 2x107, respectively. A thin Ar flow layer (about 1.5 mm) was

28 created at the surface of sample during fs-laser ablation.
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