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Molecule formation induced by non-uniform plume-air
interactions in laser induced plasma†

Pengxu Ran,a Huaming Hou,∗ab and Sheng-Nian Luoab

Measurements with Laser Ablation Molecular Isotopic Spectrometry (LAMIS) are usually per-
formed in atmosphere for rapid isotope analysis, and understanding of molecule formation via
plasma-air chemical reactions is important for quantitative analysis of LAMIS. In this work, the
expansion of plasma plume from ablation of pure aluminum in air is studied with time- and space-
resolved monochromatic imaging and emission spectroscopy. The distributions of neutral Al and
O atoms, and AlO radicals formed through plasma chemical reactions are characterized. The
emission spectra of AlO bands of B2Σ+−X2Σ+ system are synthesized, and rotational-vibrational
temperature obtained through fitting experimental spectra. Inter-molecular vibrational band inter-
ference is well re-constructed, and self-absorption of bandheads, especially for the (0-0) band, is
corrected. Interpretation of spatial-temporal evolutions of plasma species and plasma tempera-
ture provides insights into the formation mechanism of AlO radicals in laser-induced plasma.

1 Introduction
Laser ablation of solid targets is widely used for chemical analy-
sis.1 Laser-induced breakdown spectroscopy (LIBS) utilizes laser
ablated plasmas as an emission source.2,3 Elemental analysis is
performed via analyzing emission spectra, assuming that the sto-
ichiometry of a plasma is the same as the ablated material, and
its performance greatly depends on plasma’s properties and the
efficiency of plasma emission detection.4,5 Nowadays, the capa-
bility of LIBS has been expanded from elemental analysis to sens-
ing molecular structure6 through analyzing the emission from
molecules that formed through fragmentation of polyatomic clus-
ters, association of neutral atoms, and vaporization of intact
molecules from the ablated surface and gas phase combustion of
plasma species with surrounding oxidizers.7–13

Most LIBS measurements are conducted in air, and the plasma
plume-air interaction can result in the deviation of plasma stoi-
chiometry from that of an ablated material. On the other hand,
the interaction can be exploited for isotope analysis through an-
alyzing molecular isotopologues formed via chemical reactions
between plasma species and air molecules, and this technique
is Laser Ablation Molecular Isotopic Spectrometry (LAMIS).11

Molecules formed through chemical reactions among plasma
species can also be used in LAMIS. To date, detection of several
isotopes (H, B, C, O, Cl, Sr and Zr) has been demonstrated with
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LAMIS.12 Compared to isotope analysis with mass spectrometry,
LAMIS has such advantages as rapid response, simplified sample
preparation, and allowing for in situ, real time or remote analysis,
as demonstrated in our previous works.14,15 However, the forma-
tion mechanisms of molecules in plasma plume are not well un-
derstood, because laser ablated plasmas are complex and strongly
dependent on the nature and pressure of the ambient gas.16,17

For example, a study of 13C-labeled benzoic9 showed that the
12C/13C ratios derived from C2 and CN emission exhibit oppo-
site features, and a possible cause is different formation mech-
anisms of C2 and CN. Some C2 molecules are released directly
from molecular fragments, whereas CN formation likely involves
atomic carbon or species with a single carbon atom.9 The forma-
tion routes of CN also depend on ambient buffer gas, as reported
by Sreedhar et al.18 Recently, investigations on metallic monox-
ides (e.g., ZrO and UO) were conducted for isotope analysis or
understanding formation mechanisms of molecules.14,19

Emissions from ions, atoms and molecules can be successively
detected during the evolution of a laser-induced plasma, and
the maximum emission intensity of molecules and atomic species
are well separated in time.20 Molecules tend to form when the
plasma cools down, and temperature gradients are present in
the plasma.16,21 Therefore, distribution of molecules is supposed
to be inhomogeneous.22 Moreover, formation of molecules can
be influenced by the interaction of plasma plume and ambi-
ent gas,16 especially for those formed through combination of
plasma species and ambient gas molecules.23–26 The spatial dis-
tribution of these molecules can be mediated by shock wave.27

Previous investigations of molecular emission from laser-induced
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plasmas were mostly performed ignoring the spatial distribution
of plasma emission,20,28 so plasma plume-ambient gas interac-
tion can hardly be revealed. Spatially and temporally resolved
spectral analyses of the formation of molecules, including the dis-
tribution difference between formed molecules and ionic/atomic
species, and its relationship to plasma temperature, are crucial
to understanding the formation mechanism of molecules in laser
ablated plumes, and for improving the performance in LAMIS or
other techniques based on molecular emission.

In this work, we investigate plasma induced from laser ab-
lation of pure aluminum in air. Aluminum is selected because
AlO mission is typically intense and the formation mechanism of
AlO is still unclear. The expansion and emission of the plasma
is monitored with fast monochromatic imaging, and emission
spectroscopy are obtained with high spatial and spectral reso-
lutions. The dynamic distributions of AlO radicals, and neu-
tral O and Al atoms are analyzed in detail. The rotational and
vibrational bands of AlO, the B2Σ+ −X2Σ+ system, are simu-
lated. An improved molecular band synthesis and fitting method
is proposed, which reproduces well experimental spectra. The
interference between different vibrational sequence (e.g., ∆ν = 0
and ∆ν = +1) is modeled rather than being treated as a noise-
like baseline. Rotational temperature and rotational-vibrational
temperature are calculated through fitting experimental spectra
with synthetic molecular bands. Moreover, the influence of self-
absorption of molecular bands on deduced temperatures is con-
sidered and a correction procedure is proposed. Rotational tem-
peratures deduced from several methods are compared. Com-
pared with previous investigations of molecule formation in laser
induced plasma plume,20,27 this work is focused on accurate sim-
ulation and fitting of single rotational bands, and calculating rota-
tional temperature with the improved algorithm. Our results bear
important applications to quantitative analysis of LAMIS. Corre-
lating dynamic distributions of different species in plasma plume
to temperature evolution provides insights into the formation of
AlO radicals.

2 Experimental setup
A nanosecond Q-switched Nd:YAG laser operated at 1064 nm,
with 50 mJ pulse energy and 5 ns pulse duration, is focused with
a fused-silica lens ( f = 50 mm), and incident on the sample sur-
face for plasma ablation; the crater size is about 200 µm. The
laser-induced plasma is imaged by two achromatic lens onto the
entrance slit of a Czerny-Turner spectrometer (Horiba JY 1250
M) coupled with an intensified charge-coupled device (ICCD, An-
dor DH334T-18U-73) detector. The slit is aligned with the plasma
center, which is imaged at the center of an ICCD image plane.
Prior to being focused, the laser beam is precisely aligned to be
parallel to the spectrometer slit. A grating with 2400 g/mm is
used to capture spectra with a resolution of about 20 pm over
all the spectral range investigated. It enables an accurate mea-
surement of the AlO rotational lines. A grating with 1200 g/mm
is used to capture the spectra of neutral oxygen emissions. The
ICCD is operated at the image mode and each 2D spectrum rep-
resents the integration of 15 laser shots. Wavelength calibration
is performed by recording Fe lines emitted from very late time

laser induced plasmas from pure iron samples. The Stark shifts
of Fe lines are negligible, as confirmed by comparing the spectra
from a plasma and a hollow cathode iron lamp. The spectral re-
sponse and sensitivity of the entire optical system are calibrated
as follows. A certified blackbody light source is placed at a plasma
source under consideration, and its spectrum is captured with the
spectrum detection system identical to that for the plasma source.
Calibration is done via comparing plasma source spectral inten-
sity (after background substraction) with that of the certified light
source.

A pair of achromatic lenses (BK7) are used to image plasma
directly onto another ICCD camera, along the axis perpendicular
to both the laser beam and the optical path of the spectrometer
system. Spectroscopically resolved images for different species
in the plasma plume are obtained with narrow band filters with
transmission wavelengths corresponding to characteristic lines of
certain species, such as AlO radicals and neutral Al and O atoms.
Each image is the accumulation of 5 acquisitions. The ICCD dark
current is subtracted from spectroscopic images and direct im-
ages. The plasma emission spectra and images are temporally
resolved via triggering ICCD at different delay times. The laser
and two ICCDs are controlled by a pulse generator DG535 from
Stanford Research Systems. The magnifications of the two sys-
tems are calibrated with a reticle.

3 Results and discussion

3.1 Monochromatic imaging of plasma expansion

Laser ablated sample materials and dissociated air molecules con-
stitute a plasma plume. Intense emission from neutral Al and
O atoms as well as AlO radicals dominates the spectrum. Dis-
tributions of each species at different stages of plasma evolu-
tion are studied by monochromatic imaging with bandpass fil-
ters. Three bandpass filters from Thorlabs, FB390-10, FL488-10
and FL780-10, are used for imaging Al atoms, AlO molecules and
O atoms, respectively. All the three bandpass filters feature 10±2
nm FWHM with their central wavelengths located near the peak
of the atomic lines and bandhead of molecular bands. Fig. 1
shows the distribution of excited AlO, Al and O species in the
plasma at various times during plasma evolution. The images of
these three species (AlO, Al and O) are displayed in different false
colors, with red for AlO radicals ((0-0) band of the B2Σ+−X2Σ+

system), green for neutral aluminum (Al I 394.4 nm and 396.15
nm), and blue for neutral oxygen (O I 777.2 nm). Here, the Al I
lines used for imaging may suffer from self-absorption, leading to
slight deviation of the observed distribution of aluminum atoms
from the real distribution, especially for the inner part of plasma.
However, the influence is negligible for comparison of distribu-
tions of different species. To better show plasma structure, each
species is normalized to 0–1 based on its own maximum and min-
imum of intensity.

To minimize the bremsstrahlung radiation component that con-
tributed to the intensity of apparent images of AlO at early time
(≤ 2 µs), the emission existence of AlO radicals is confirmed
firstly by measuring the axially resolved spectrum of AlO (0-0)
band with the same gating time simultaneously, and then the ax-
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Fig. 1 Time-resolved spectroscopic images of neutral Al and O atoms and excited AlO radicals in an Al plasma at atmospheric pressure induced with
a laser pulse energy of 50 mJ (fluence of 160 J/cm2). For recording these images, three different narrow band-pass filters with transmission centered
at 488 nm (AlO), 780 nm (O) and 390 nm (Al) are used. False colors are used to represent the three different species in the plume with red for AlO
radicals, green for neutral Al atoms and blue for neutral O atoms. The emission intensity of each species is normalized to 0-1 based on its own
maximum and minimum. The dash lines represent the sample surface.

ial intensities of AlO bandhead are corrected by subtracting the
continuum baseline near bandhead from spectrum of AlO bands.
The focusing lens is well aligned to ensure that the laser ablated
plasmas are rotationally symmetric. The Abel inversion is then
applied to each image, yielding spatial intensity distribution of
each species.29 Prior to the inverse Abel transformation, the 2D
images are smoothed with the Savitzky-Golay filter to reduce ran-
dom noise.

As early as 150 ns, Al and O species show a layered struc-
ture. The spherical plasma morphology and such layered struc-
ture correspond to the consequence of laser-induced detonation
wave.30,31 The excited aluminum plume is enclosed by O atoms.
Strong emission of O is visible, indicating the abundance of neu-
tral O atoms in the plasma. Afterwards (0.5 to 1 µs), the alu-
minum plume penetrates into surrounding air from the top, re-
sulting in mixing of Al and O atoms at the central part of the
plasma. Meanwhile, a zone rich in neutral O atoms is observed
at the bottom. To the contrary, AlO radicals appear first at the
bottom other than at the top, even though the neutral Al atoms
are enriched at the top. A possible cause is the flow of cold am-
bient air molecules into the gap between plasma plume and sam-
ple surface, and further diffuse into the plasma plume, due to the
vorticity generated by the initially non-spherical shock wave.27,32

The fast cooling of plasma promotes the association of neutral Al
and O atoms and combustion of Al species with air molecules. At
3 µs, distinct AlO emission at the top of plasma shows a spherical
layered structure expanding towards sample surface along the pe-
riphery of plasma. This agrees well with theoretically predicted
phenomenon that chemical bonding occurs only in a boundary
layer of the plume with a high temperature gradient, as reported
by Shabanov et al.33 Such an expansion leads to plasma cool
down and size reduction (see details in section 3.3). At later de-
lays after 40 µs, the emissions of both neutral Al atoms and AlO
radicals reach a maximum at the radial position of ∼0.6 mm and
decrease to zero at plume center, giving rise to a donut-like emis-
sion structure. At a delay time of 500 ns−5 µs, a green spherical
layer at plasma border indicates that oxygen emission in this area
is pretty weak, other than that aluminum emission in this area is

stronger than the emission in the central part of plasma. The light
blue area merges Al (green) and O (blue).

3.2 Axial emissions profiles of neutral Al, O atoms and AlO
radicals

To further characterize the plasma, we present in Fig. 2 normal-
ized axial profiles of integrated emission intensity for neutral Al
and O atoms. For O atoms, O 777.2 nm (with lower energy level
of 9.1 eV) is chosen to circumvent self-absorption. For Al atoms,
the resonance line (Al 396.2 nm) is chosen because of its long
persistent time and high signal-to-noise ratio. In addition, our de-
tector is not sensitive to Al atomic lines located in the UV range.
Self-absorption of this line is examined via analyzing the recorded
spectra. For short delays (< 3 µs), self-absorption is negligible
due to the high degree of ionization of the Al vapor. In order to
minimize the influence of self-absorption, we use the integrated
line intensity (Fig. 2). The axial position (z) represents the verti-
cal distance with respect to the sample surface (z = 0). The gate
width of the ICCD is different for different gate delay time, and
all the spectra are normalized to the ICCD gate width (in unit
of 1 µs). To enhance the signal-to-noise ratio, averaging over
15 ablation shots is adopted, and each spectrum measurement is
repeated five times to compensate for the lower signal-to-noise
ratio.

The emissions from neutral Al atoms and O atoms are origi-
nated from the target and ambient air, respectively. Both distribu-
tions of neutral O and Al atoms become spread out initially (t < 5
µs). However, emission zones for species from the target and am-
bient air are considerably different. First, the intensity peak of
neutral Al atoms moves from z ∼ 0.5 mm at t = 0.15 µs to 1.2
mm at 5 µs, whereas that for neutral O atoms tends to remain
around z ≤ 0.5 mm for all delay times. Second, during plasma
expansion, the front edge of the Al emission zone is outside the O
zone. One possible reason is that the excitation energy level for
O I 777.2 nm (10.7 eV) is much higher than that of Al I 394.4 nm
(3.1 eV), and the temperature in the periphery is typically much
lower than in the central core.16 As a result, much higher percent-
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Fig. 2 Time-resolved emission intensity as a function of axial distance
for (a) neutral Al atoms (Al I 396.2 nm) from the target and (b) neutral O
atoms (O I 777.2 nm) from air. The intensity profiles with longer delay
time are shown in insets.

age of O atoms populate at ground energy level and O atoms in
the periphery cannot be detected via emission imaging. However,
plasma cooling facilitates the formation of AlO molecules.

For AlO radicals, the temporal-spatial evolutions of the band-
head intensities for the (0-0) and (0-1) bands of the B2Σ+−X2Σ+

system are shown in Fig. 3a and b, respectively, and different from
those for neutral O and Al atoms. The AlO emission can only
be observed at delays beyond 2 µs. For delays between 2 and
7 µs, AlO emission is only observed at the very top and bottom
of plasma plumes, and AlO emission is hardly detectable from
the central part, whereas the emissions of both neutral O and Al
atoms are relatively strong.

The formation mechanisms of AlO include dissociation of free
O and Al atoms and combustion of free Al atoms with O2 from
air when plasma cools down.20,27 Interaction of plasma plume
with air through thermal conduction and mixing is the dominant
mechanism for plasma cooling. Plasma-air interaction mainly oc-
curs at the top of a plasma plume during plasma expansion, al-
though this expansion is nearly spherical (Fig. 1). Another sig-
nificant difference is that the AlO emission zone at the top of the
plume expands towards lower axial positions with evident inten-
sity enhancement before the final decay at delay time of about
40 µs, but the evolution of emission intensity of AlO from the

Fig. 3 Time-resolved emission intensity of (a) (0,0) band and (b) (0,1)
band of B2Σ+−X2Σ+ system as a function of axial distance for AlO
radicals formed through plasma chemical reaction. The intensity profiles
with short delay time (less than 7 µs) are shown in insets.

bottom of plasma zone is moderate both in time and along the
axis. The formation of AlO radicals is closely linked to plasma
temperature and its distribution, because plasma chemical re-
actions are thermally dependent, and ionization of atoms and
molecules may further mediate chemical dissociation and asso-
ciation.33 Further cooling down of plasma will lead to intensity
decay of AlO molecular bands because the population degenera-
tion of AlO molecules in an excited state. Moreover, at lower tem-
peratures, AlO molecules can further react with oxygen through
reactions:34 AlO+O2→AlO2+O and AlO+AlO2→Al2O3, which
result in a decrease of AlO density. Formation of polyatomic
molecules would deplete the population of diatomic molecules,
as reported by Hartig et al.19 in their study of evolution of UO
molecules in laser-induced plasma.

3.3 Rotational and vibrational temperature analysis
3.3.1 Simulation of AlO B2Σ+−X2Σ+ band spectra

Emission spectra of AlO radicals were thoroughly studied and
several advanced spectrum simulation algorithms were re-
cently developed.35–37 Rotational and vibrational temperatures
of molecules can be determined by comparison of an experimen-
tal band spectrum with its corresponding synthetic spectrum. If
we assume that plasma is under local thermodynamic equilibrium
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(LTE), the emission intensity of a molecular band is given by38

In′,n′′,ν ′,ν ′′,J′,J′′ = Ce
qν ′,ν ′′SJ′,J′′

Qrotν ′
(νJ′,J′′)

4 exp
{
−G(v)hc

kTvib

}

exp
{
−F(J)hc

kTrot

} (1)

Here, h is Plank’s constant, k is Boltzmann’s constant, Ce is emis-
sion constant, and n is the principle quantum number, νJ′,J′′ is
the transition wavenumber. Tvib and Trot are the vibrational and
rotational temperatures, respectively. Qrot is the rotational parti-
tion function, SJ′,J′′ is Hönl-London factors and qν ′,ν ′′ is the Frank-
Condon coefficient. G(ν) and F(J) are the vibrational and rota-
tional energy terms, respectively.

In this study, the AlO blue-green B-X system observed has a
relatively large transition probability. The molecular band com-
prises two principal branches (R and P) and additional branches
(Q) with significantly lower intensity. In this paper, the ExoMol
database39 is used in the simulation, which provides a more ac-
curate line position with respect to that calculated with molecular
constants,40 especially for rotational lines with high J numbers.
The simulation approach of molecular bands is similar to previ-
ous works14,15 but with modifications. The B2Σ+−X2Σ+ bands
are red-degraded, and high J-lines contribute to form a quasi-
continuum extending widely in the red part of each individual
band. The overlaps of lines from the ∆ν and ∆ν + 1 vibrational
sequences are considered. For example, rotational lines with high
J numbers from the ∆ν + 1 vibrational sequence underlie those
from the ∆ν vibrational sequence. In previous studies, the inter-
fering lines were not analyzed in detail via comparing experimen-
tal and high resolution synthetic spectra.

Thus, the simulation was performed by four parameters: the
emission constants (C∆v and C∆v+1), temperature (T ), apparatus
peak broadening (∆λ). The temperature information of plasma is
extracted by fitting the data with synthetic emission spectra. The
fitting algorithm locates the best combination of all fitting param-
eters by minimization of the sum of squares of the fitting residuals
(ε(λ )) at all wavelength (λ) of the experimental spectrum (Iexpt

AlO )
through

Iexpt
AlO (λ ) =Isyn

AlO−C∆v
(C∆v,λ ,T,∆λ )

+ Isyn
AlO−C∆v+1

(C∆v+1,λ ,T,∆λ )

+ Icontinuum + ε(λ )

(2)

Here we note that intensities Isyn
AlO−C∆ν

and Isyn
AlO−C∆ν+1

are assigned
with two different fitting coefficients, in order to account for pos-
sible difference in vibrational temperature and deviations from
equilibrium in laser-induced plasma. In our experiments, a spec-
trograph with a very high spectral resolution is used, and each
spectrum only covers two neighboring vibrational bands, so the
rotational temperature and vibrational temperatures are assumed
to be the same (Trot = Tvib = T ).

Two typical experimental spectra of the AlO B2Σ+ − X2Σ+

∆v = 0 and ∆v =−1 vibrational sequences together with their fit-

Fig. 4 Typical experimental spectra (black) of (0-0) and (0-1) bands of
B2Σ+−X2Σ+ system together with their corresponding fittings (red).
Spectra are acquired from the very top of plasma at a delay time of 30
µs. Each single rotational band is further re-constructed through the
fitting procedure. The spectrum in olive is the sum of the re-constructed
band tails of ∆ν =+1 band (a) and ∆ν = 0 band (b) of B2Σ+−X2Σ+

system. The spectrum in blue is the re-constructed (0-0) band (a) or
(0-1) band (b) of B2Σ+−X2Σ+ system. The six spectra shown in insert
of figure (a) from top to bottom are the sum of re-constructed band tails
of ∆ν =+1 vibrational sequence and single rotational band of (1-0),
(2-1), (3-2), (4-3) and (5-4), respectively. The four spectra shown in inset
of (b) from top to bottom are the sum of re-constructed band tails of
∆ν = 0 vibrational sequence and single rotational band of (0-0), (1-1)
and (2-2), respectively. The fitting residuals were shown at bottom of
each figure with offset.

tings are shown in Fig. 4a and b, respectively. For better fitting
of interference lines, the bandheads of (0-0) and (0-1) are lo-
cated at the center of spectrum detection window, and as a result,
the neighboring molecular bands, for instance, (1-1) and (1-2),
are not covered. The spectrometer measures emission from the
very top of a plasma, and self-absorption should be negligible be-
cause the radial optical absorption length is very short, and lower
number density of AlO molecules in the X2Σ+ state is expected
as AlO molecules further react with oxygen from air. As seen
from Fig. 4, even the noise-like baseline can be well fitted with
simulated band spectra for both molecular bands. Moreover, the
noise-like baseline can be further re-constructed. For example,
the baseline shown in Fig. 4a consists of the rotational lines with
high J numbers from vibrational bands, (1-0), (2-1), (3-2), (4-3)
and (5-4).
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Fig. 5 Axial profiles of rotational temperature and rot-vibrational
temperature for delays from 7 to 60 µs. Rotational temperature is
deduced through fitting (0-1) band of B2Σ+−X2Σ+ system in the
spectral range from 507.67 to 510.10 nm, and rot-vibrational
temperature is deduced via fitting (0-1) and (1-2) bands of B2Σ+−X2Σ+

system in the spectral range from 507.67 to 511.39 nm.

3.3.2 Spatio-temporal evolution of the plasma temperature

Using the method introduced above, we obtain temporal-spatial
evolutions of rotational (Trot) and rotational-vibrational temper-
ature (Trot−vib) from 7 to 60 µs (Fig. 5). Trot and Trot−vib are de-
duced via fitting the (0-1) band in the spectral range of 507.67–
510.10 nm, and both (0-1) and (1-2) bands in the range of
507.67–511.39 nm, respectively. Here the ∆ν = −1 vibrational
sequence is used to reduce the error due to self-absorption. The
temperature profiles of Trot and Trot−vib at the same delay time are
quite similar, but Trot−vib is slightly lower than Trot.

The vibrational and rotational temperature both describe the
population of energy levels in molecular species. The vibrational
energy levels are given by a pure Boltzmann distribution, but
the thermal population of rotational energy levels is the prod-
uct of the Boltzmann factor and the fold degeneracy. More-
over, for molecules formed at spherical zone of plasma, colli-
sions between heavy particles are the predominant mechanism
of thermalization,indicating a deviation from a local thermody-
namic equilibrium. Lower vibrational temperature is typically
observed at late stage of plasma evolution, similar to the case
of C2 and TiO molecules.26,41 Because the electron density is

much lower than that of heavy particles.26 The excitation state
of AlO radicals can also be mediated by chemical reactions, since
reaction Al+O2 → AlO(X2Σ+)+O is almost isoenergetic,42 the
AlO (B2Σ+) state can hardly be produced via single-collision
events.43 Instead, the reaction sequence Al+O+O2→AlO3, and
AlO3→AlO(B2Σ+)+O2 was proposed44 for the formation of the
B2Σ+ state.

Due to plasma expansion, and the interaction of plasma plume
with ambient air, temperature is lower in the periphery zone than
that in the centre of plasma. As a result, the AlO radicals is en-
riched in the periphery of a plasma especially at later stages, since
its number density decreases exponentially with increasing tem-
perature (for T > 3000 K), according to previous calculations.37

Harilal et al.27 also reported that AlO/Al ratio increased greatly
whilst plasma temperature dropped from 5000 K to 3000 K. This
is consistent with the image sequence shown in Fig. 1. Moreover,
the temperature remains higher at lower axial positions during
the whole process, where O atoms are enriched (Fig. 2b), be-
cause higher temperature is necessary to populate the O atoms in
an excited state. However, Al atoms tend to become ionized at
elevated temperatures.37

3.3.3 Self-absorption correction of simulated molecular
spectra of (0-0) bands

Utilization of molecular emission for integral plasma temperature
measurements was previously reported.22 However, the most in-
tense (0-0) band typically suffers self-absorption,45 which may
result in deviation between simulated and measured spectra, es-
pecially for bandheads. Two models for self-absorption correction
have been reported. In one model, laser-induced plasma is ap-
proximated by a hemispherical shape and divided into two zones
(the plasma core and the peripheral zone) with different tem-
peratures.37 However, for laser-induced aluminum plasma in this
study, most AlO molecules form at the peripheral zone (Fig. 1)
and molecular emissions from the plasma core is relatively weak,
and can be ignored. Thus, a homogeneous peripheral media with-
out temperature or density gradients for the emission and absorp-
tion is assumed, and AlO radicals in the excited state and ground
state co-exist and in thermal equilibrium.

The intensity of emission from a homogeneous media is given
by46

I(ν) =
ε(ν)

κ(ν)

{
1− exp

[
−κ(ν)L

]}
(3)

Here ε(ν) and κ(ν) are the emission and absorption coefficients,
respectively, and L is the geometrical thickness of the emission
region. For simulated spectrum (Isyn

AlO), the self-absorption is zero,
and Isyn

AlO = ε(ν)L. Since ε(ν) = αρ(ν ,T )κ(ν), Eq (3) can be
rewritten as

I(ν) = αρ(ν ,T )
{

1− exp
[
−

Isyn
AlO

αρ(ν ,T )

]}
(4)

where ρ(ν ,T ) = 2hν3/c2/
(

ehν/kT −1
)

and α is a fitting parame-

ter. I(ν) is experimental spectrum. For the fitting process with
self-absorption correction, Isyn

AlO−C∆v+1
and Isyn

AlO−C∆v
are first ob-

tained via fitting without self-absorption correction, through
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Fig. 6 Experimental spectrum and synthetic spectra with and without
self-absorption correction (SAC). The spectrum is acquired at a delay
time of 50 µs and an axial distance of 0.6 mm. The inset shows the
bandhead of (0-0) band of B2Σ+−X2Σ+ system.

Iexpt
AlO (λ ) = ηIsyn

AlO−C∆ν+1
+ξ Isyn

AlO−C∆ν
+δ (ν) (5)

δ (ν) is the fitting residual, η and ξ are fitting coefficients. Af-
terwards, ηIsyn

AlO−C∆ν+1
is subtracted from experimental spectrum,

Iexpt
AlO (λ ), for further fitting with self-absorption correction algo-

rithm, through

Iexpt
AlO (λ )−ηIsyn

AlO−C∆ν+1
= αρ(ν ,T )

{
1− exp

[
−

ξ Isyn
AlO−C∆ν

αρ(ν ,T)

]}
+ε(ν)

(6)
Here ε(ν) is the fitting residual.

The self-absorption correction algorithm is applied to AlO (0-0)
band spectrum fitting in the spectral range from 484.0 to 486.6
nm. An improved fitting accuracy is obtained as demonstrated
in Fig. 6. The bandhead intensity deviation from experimental
spectrum is about 6% for the fitting without self-absorption cor-
rection, and reduced to 1% with the self-absorption correction.

An alternative method to minimize the effect of self-absorption
on deduced temperature is fitting a molecular spectrum without
its bandhead.45,47 However, for AlO B2Σ+ −X2Σ+ (0-0) band,
our simulation (Fig. 7) reveals that the rotational temperature
can hardly be precisely deduced from the well-separated rota-
tional lines located near the bandhead of B2Σ+−X2Σ+ (1-1) (e.g.,
485.5–486.3 nm), because the relative intensity ratios among
these lines are weakly temperature dependent. This is reason-
able because upper energy levels of these rotational transitions
are very close. Due to the high resolution spectrography used in
this experiment, the well separated rotational lines can extend to
as low as 484.5 nm.

The temperatures are obtained with three different fitting al-
gorithms as introduced above. The spatial temperature profiles
presented for t = 40 and 50 µs (Fig. 8) are similar to those in
Fig. 5. The temperatures calculated through fitting experimental
spectra with synthetic spectra are evidently higher. This is reason-
able because the apparent bandhead intensity is suppressed due
to the self-absorption effect. The bandhead consists of R branch

Fig. 7 Simulated (0-0) band of AlO B2Σ+−X2Σ+ system at temperature
of 4000, 5000, 6000 and 7000 K. All spectra are scaled to the same
maximum and minimum at 486.4–486.6 nm. The components of P and
R branches are shown separately in insets.

rotational lines with low J numbers. The temperatures deduced
through fitting molecular bands without bandhead is quite sim-
ilar to that deduced via fitting the whole rotational band with
self-absorption corrected synthetic spectra.

Thus, these two methods can be used for temperature analy-
sis using molecular bands with self-absorption. The temperatures
deduced from the (0,0) band (Fig. 8) with self-absorption correc-
tion are slightly higher (about 10%−20%) than those from the
(0,1) band (Fig. 5a), although they should be same because the
upper energy levels for these two rotational bands are identical.
The possible reason is the precision of Hönl-London factors and
the error of spectral response calibration of our detection system,
since the upper energy levels of the rotational lines are very close
(< 0.37 eV), and temperature is very sensitive to the relative in-
tensity among rotational lines.

The knowledge on AlO and temperature distributions, together
with their evolutions, allows one to analyze plasma characteris-
tics. Such analysis reveals that plasma can hardly reach a ho-
mogeneous state because AlO molecules are always enriched in
the periphery of a plasma plume, even at very late stages of
plasma evolution. This agrees well with previous studies.22 The
temperature deduced from molecular spectra is not comparable
to that calculated from atomic or ionic lines, because different
species (molecules vs atoms and ions) concentrate in different
zones of a plasma plume. For molecular analysis, a complete
thermal equilibrium state of a whole plasma plume can hardly
be assumed because the temperature deviation over axial posi-
tion can be up to about 2000 K (Fig. 5). Chemical analysis (e.g.,
LAMIS) with molecular spectra emitted from a small portion of a
plasma and spectrum acquisition with a narrow gate are encour-
aged to reduce the errors induced by the inherent inhomogeneity
of a plasma plume.

The temperature analysis in this work is focused on rotational
temperature, which is considered very important for LAMIS anal-
ysis. The formation of AlO radicals is attributed to plasma cooling,
which facilitates the association of free neutral O and Al atoms
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Fig. 8 Rotational temperature as a function of axial position.
Temperature is obtained through fitting experimental spectra with
synthesized molecular spectra and self-absorption corrected band
spectra, and fitting spectra without bandhead. (0-0) band of AlO
B2Σ+−X2Σ+ system is used here. For fitting without bandhead, the
spectra in the range of 484.5 to 486.3 nm are used.

and combustion of Al species with O2 in ambient air. Although
the number density of each species of homogeneous plasma in
LTE can be roughly estimated,27,37 the dominant mechanisms re-
main to be resolved, because the product is the same (AlO radi-
cals) and the reactants are mixed. Moreover, some of the inter-
mediate products42 (e.g., OAlO and AlOAlO) are not detectable
at present. Isotopic labeling of sample or ambient gas in con-
junction with LAMIS can potentially differentiate such products.
For example, isotope labeled Al218O3 can be used as sample and
the products from association (Al18O radicals) and combusting
(Al16O) can be well resolved by analyzing spatial-temporal evo-
lutions of emission. The isotope shift is about 1 nm for the (0-
1) bandhead of AlO B2Σ+−X2Σ+ system, which is sufficient for
quantitative analysis of molecular isotopologues.12

4 Conclusions
The spatial and temporal evolutions of laser-induced plasma from
a pure aluminum target in air are investigated with monochro-
matic imaging and emission spectroscopy. The AlO radicals are
mainly situated outside the aluminum and oxygen plume, as con-
firmed by the axial profiles of emissions from neutral Al and O
atoms, and AlO radicals, indicating non-uniformity of the plasma

plume.

The rotational-vibrational molecular bands of AlO B2Σ+ −
X2Σ+ system are theoretically synthesized and further used for
plasma temperature calculation via fitting experimental spectra.
The interference between vibrational bands is well demonstrated
in simulated and experimental spectra. A self-absorption correc-
tion algorithm is employed for rotational temperature determina-
tion with the (0-0) band, and the deduced temperature agrees
well with that calculated through fitting the rotational bands
without bandhead. Knowledge on spatial and temporal evolu-
tion of AlO allows one to perform accurate plasma temperature
analysis.
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