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Abstract: Identification of chemical intermediates and study of chemical reaction pathways
and mechanisms in laser-induced plasmas are important for laser-ablated applications. Laser-
induced breakdown spectroscopy (LIBS), as a promising spectroscopic technique, is efficient
for elemental analyses but can only provide limited information about chemical products in
laser-induced plasmas. In this work, time-resolved resonance fluorescence spectroscopy was
studied as a promising tool for the study of chemical reactions in laser-induced plasmas.
Resonance fluorescence excitation of diatomic aluminum monoxide (AlO) and triatomic
dialuminum monoxide (Al,O) was used to identify these chemical intermediates. Time-
resolved fluorescence spectra of AlO and Al,O were used to observe the temporal evolution
in laser-induced Al plasmas and to study their formation in the Al-O, chemistry in air.

© 2017 Optical Society of America
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1. Introduction

Identification of chemical intermediates and the study of chemical reaction pathways and
mechanisms in laser-induced plasmas are important for laser material interactions but present
challenges. Both optical spectroscopy and mass spectrometry (MS) analytical methodologies
have been used for studies of chemistry in laser-induced vapors, such as infrared (IR)
spectroscopy [1], molecular emission spectroscopy (MES) [2], time-resolved mass
spectroscopy (TRMS) [3-5], and inductively coupled plasma-mass spectrometry (ICP-MS)
[6]. Analytical techniques capable of characterizing molecular species in time are necessary
for studying chemical reactions. Time resolution is a key parameter of the technique used.
Time-resolved MS is one of the main techniques in chemical analyses due to its capability of
identifying molecules and clusters along with evaluating temporal evolution and high
sensitivity. However, optical spectroscopy has the characteristic advantages of superior
temporal resolution, in situ analysis, applicable for extensive atmospheric environments (such
as open air, inert gases, or reactive gases) at different pressures, for solid, liquid, and gas
analyses, etc.

Laser-induced breakdown spectroscopy (LIBS) as one of the spectroscopic techniques for
chemical analyses has the advantages of nearly nondestructive, in situ real-time analyses;
remote detection; trace element analyses; and active all-element detection, etc., but is mainly
used for elemental analyses [7]. The laser-ablated materials undergo the processes in a time
sequence of vaporization, ionization/atomization, and recombination; and these excited
species emit at their characteristic wavelengths [8]. LIBS mainly takes advantage of the
ionic/atomic emissions for chemical analyses. Recently, molecular emission in the laser-
induced plasmas has attracted great interest for organic compounds recognition [9], diatomic
molecule identification, isotope determination [10—14], and isotope-labeled chemistry for the
study of diatomic molecule formation [2]. Generally, a gate width in the submicrosecond
scale is necessary for molecular emission measurements due to the relatively low emission
intensity compared with atomic/ionic emissions in the laser-induced plasma. Also, only
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diatomic molecular emission bands with relatively large electronic transition probability are
used for measurements and analyses.

In this work, resonance fluorescence excitation was proposed to identify both diatomic
and polyatomic chemical intermediates in laser-induced plasmas. Time-resolved fluorescence
spectra were used to study temporal evolution of the chemical intermediates as a potential
tool for chemical reaction pathway analyses. One advantage of resonance fluorescence
excitation of molecules is that a small gate width, down to a few nanoseconds (ns), could be
used to acquire high-quality spectra for analyses, which would significantly improve the
temporal resolution of this technique and make it promising for chemical reaction analyses. In
addition, for polyatomic molecules with naturally weak emissions in the ultraviolet-visible
spectroscopy (UV-VIS) range, fluorescence emissions can be significantly excited and easy to
measure by resonance excitations. Besides, the selective resonance excitation can
significantly reduce spectral interference from other chemical products, which is desirable for
analyses of chemical reactions in laser-induced plasmas with various chemical products.
Also, resonance fluorescence spectroscopy maintains the characteristic advantages of optical
spectroscopy technology and can easily cooperate with other optical spectroscopic techniques
for more complicated analyses or specific applications. In this work, we chose aluminum (Al)
as a sample for studying the temporal evolution of two important chemical intermediates,
aluminum monoxide (AlO) and dialuminum monoxide (Al,0), in the Al-O, chemistry. This
approach can easily be extended to other diatomic and polyatomic molecules. Benefits of this
approach are rapid molecule identification (which is complementary to LIBS), temporal
evolution monitoring of diatomic and polyatomic molecules as a potential tool for chemical
reaction pathways and mechanisms analyses, and significantly improved temporal resolution
for chemical reaction analyses with gate widths for detection down to a few nanoseconds.

2. Experiment setup

Spectrograph

Excimer, i
248nm,25ns —

OPO tunable laser ‘
225nm-2.4pm,5ns

Sample Block

Excimer laser (248nm, 25 ns)

|

OPO laser (225 nm-2.4 ym, 5 ns)
1 Inter-pulse delay
Hs

iccp "

Fig. 1. Schematic diagram of the experiment setup.

The schematic diagram of the experiment setup is shown in Fig. 1. A KrF Excimer laser
(Coherent Inc., COMPex 205, 25ns) with a wavelength of 248 nm and a repetition rate of 10
Hz was used for laser ablation of an Al sample. The laser has an energy of 190 mJ/pulse and
was focused to a spot size of | mm % 3 mm on the sample surface by Lens 1 (fl =20 cm). A
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wavelength tunable optical parametric oscillator (OPO) laser (OPOTEK Inc., VIBRANT 355
LD, 5 ns, 0.22-2.4 um, spectral linewidth 4-7 cm™") was slightly defocused on the plasma by
Lens 2 (f2 = 10 cm) to a spot size of 3 mm in diameter. The measured spectrum signals are
the spatially integrated resonance fluorescence emission. The wavelength of the probe laser
was tuned to selectively excite the electronic transitions of diatomic AlO and triatomic Al,O
molecules in the laser-induced plasmas in air. The probe laser energy was 5 and 2 mJ/pulse
for resonance fluorescence excitation of AIO and AlLO, respectively, with the maximum
output power at different wavelengths. The interpulse delay time between the ablation and
probe laser pulses was controlled by a digital delay generator (Stanford Research Systems
DG535, 5 ps delay resolution). A pair of convex lenses (f3 = 10 cm, f4 = 6 cm) were used to
collect and couple the resonance fluorescence emissions from the excited molecules to an
optical fiber. The optical fiber then coupled the collected emission signals into a spectrometer
(Andor Technology, Shamrock 505i, ICCD DT-334T) for measurement. The pair of lenses
used for collecting light from plasma emission was put in plane with the probe laser beam and
vertical to its direction. The intensified charge-coupled device (ICCD) detector was
temporally synchronized with the probe laser pulse. For data acquisition, resonance
fluorescence spectra and time-resolved fluorescence spectra of AlO and Al,O were acquired.
For resonance fluorescence spectrum measurement, a gate width of 10 ns, an accumulation of
100 pulses, and a fixed interpulsed delay time of 20 ps were used. For time-resolved
fluorescence spectrum measurement, a gate width of 10 ns, an accumulation of 30 pulses, and
an increase step of 2 pus in interpulse delay time were used.

3. Results and discussion
3.1 Resonance fluorescence excitation of AIO

For the diatomic AlO, the electronic and rovibronic structures have been extensively studied
[2, 17-19]. In this work, we resonantly excited the naturally weak emission from the CIT,—
X’z electronic transition system of AlO. The C*IT—X’X" transition system has been studied
both by experiment [16] and theoretical calculation [15] with the detailed band origins listed
in Table 1, which is cited from Refs [15, 16]. In Refs [15, 16], the data for band origins are
shown in the unit of cm™. In order to clearly show the excitation and transition processes in
this work, the corresponding data with the unit of nm are also shown in Table 1, obtained by
direct cm™ to nm unit conversion. In this study, resonance fluorescence excitation of
vibrational transitions in the Av = 0 band of the C’IT, —X’Z" electronic transition system of
AlO were conducted. The fluorescence spectra of AlO with the excitation wavelength at
302.13, 302.94, 303.30, and 304.00 nm are shown in Fig. 2(a)-2(d), respectively. Figure 2
shows that, for resonance excitation of vibrational transitions in the Av = 0 band, the
corresponding vibrational transitions in the Av =+ 1 were significantly excited. For example,
with the excitation wavelengths at 302.13 and 302.94 nm with resonance to the (0-0)
vibrational transitions of C2H3/2(F2)7X222+ and C2H1/2(F1)7X22+, the corresponding (0-1)
vibrational transitions at 311.26 and 312.09 nm were significantly excited and observed, as
shown in Fig. 2(a) and 2(b), respectively. Similarly, with the excitation wavelength at 303.30
and 304.00 nm with resonance to the (1-1) vibrational transitions of C*IT5(F,)-X’" and
C2H] /Z(Fl)—Xzf, the corresponding Av = + 1 vibrational transitions were observed with the
(1-2) transitions at 312.39 and 313.08 nm and (1-0) transitions at 294.73 and 295.44 nm, as
shown in Fig. 2(c) and 2(d), respectively. The observed resonance excitations and
fluorescence emissions were consistent with previous studies [15, 16] and were used to
identify the existence of AlO in the laser-induced plasmas.
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Table 1. Band origins of the C*IT, —X*Z" transition of AlO. Cited from Refs [15, 16].

C’M,»(F,) — X*L" Transition C’[35(F,) — X*L" Transition
Band (v'v”) nm cm™ nm cm™
Av=0 0-0 302.9385 33010 302.1331 33098
v=
1-1 304.0068 32894 303.3244 32968
0-1 312.0612 32045 311.2162 32132
Av=-1 1-2 313.0576 31943 312.3438 32016
2-3 314.0802 31839 313.2538 31923
1-0 295.3425 33859 294.3984 33933
Av =1 2-1 296.5160 33725 295.8667 33799
3-2 297.6634 33595 296.9210 33679
(a) Wavelength (cm™) (b) Wavelength (cm™)
34247 33784 32051 31646 31250 . 34247 33784 32051 31646 31250
—' No ext;itation ' ' ' —' No ex(':itation ' ' '
40T witha, = 30213 nm (C°TI, (F,) - X’Z" : 0-0) 40T with 2, =302.94 nn:o(%’l'[m(ﬁ) -X25': 0-0)
- 351 - 35 312.09
;-’ 30p ;; sl
2 25 2 25
] — @ —
K 20 (0-1) CIL,(F,) — 8 20 [ ¢, (F,) —
£ 450 311.26 i £ 50 294.37
10 10 -
294.27
51 5t
0 0 =
202 296 312 316 320 292 296 312 316 320
Wavelength (nm) Wavelength (nm)
Wavelength (cm™) Wavelength (cm™)
(C) 45 4247 33784 32051 31646 31250 (d) a5, 34247 33784 32051 31646 31250
—' No ex'citation ' ' ' —' No ext':itation ' ' '
40T with &, = 303.30 nm (CIL,,(F,) - X’" : 1-1) 40T with &, = 304.00 nm (C’ML,(F,) - X’" : 1-1)
- 35 (1-2) - 351
5 sl 312.39 5 20l 12
< £ (1-0) 313.08
2 251 2 25¢ 295.44
2 2 =
g 2r (10) ] cn,,(F) ——1
£ 5l 2904.73 = s
10 b o _—‘_;:)
5L
0 — S “ﬁ
202 296 312 316 320 292 296 312 316 320

Wavelength (nm)

Wavelength (nm)

Fig. 2. Resonance fluorescence spectra with the excitation wavelengths at (a) 302.13, (b)
302.94, (c) 303.30, and (d) 304.00 nm measured with a gate width of 10 ns, an accumulation of
100 pulses, and a fixed interpulsed delay time of 20 ps.

3.2 Resonance fluorescence excitation of Al,O

For the triatomic molecule, Al,O, spectroscopic studies about its electronic structures have
been studied [20-25]; but assignment of the vibrational structures in terms of electronic states
has not been completed due to its complexity. Fluorescence excitation of gas-phase AL,O in
laser-induced vapor has been conducted experimentally by Cai [21]; and a broad range
fluorescence emission in the range of 38000-40200 cm™ (248-263 nm) from 'IT, — X12g+
electronic structure transition was observed with strong emission bands at around 38200—
38400 cm™' (260-261 nm), 39000-39600 cm™' (252266 nm), and 39800-40000 cm™" (250
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251 nm). In this study, several excitation wavelengths in the referenced fluorescence spectral
ranges were used to resonantly excite fluorescence emission of Al,O. The measured
fluorescence spectra of Al,O with the excitation wavelengths at 250.14, 255.10, 255.38, and
261.40 nm are shown in Fig. 3(a)-3(d), respectively. The curves in Fig. 3(d) have been
magnified three times for clear display.

At different excitation wavelengths, different vibrational structures were excited. For
example, with the excitation wavelength at 250.14 nm, the emission bands centered at 255
and 260 nm were excited. With the excitation wavelength at 255.38 and 256.00 nm, the
emission bands centered at 250 and 260 nm were excited. With the excitation wavelength at
261.40 nm, the emission bands centered at 255 nm were excited. These emission bands
observed match the previously observed fluorescence emissions of Al,O by Cai [21] in this
broad wavelength range and were used to identify the triatomic Al,O in laser-induced plasmas
in this work.

(a) Wavelength (cm™) (b)
9683 39970 39063 38760 38462 38168 37879 37504 459000

T T T T T T T
No excitation

—— With A, = 250.14 nm

Wavelength (cm™)
38462 38168 37879

T T T

39683 37594

T
No excitation

—— With A, = 255.38 nm

20 -

o
~
<
0
~

Intensity (a.u.)
Intensity (a.u.)

ot * |
252 254 256 258 260 262 264 266
Wavelength (nm) Wavelength (nm)
(C) Wavelength (cm™) (d) Wavelength (cm™)
40000 39683 38462 38168 37879 37594 39683 39370 39063 37879 37594 37313 37037
25 25
T T T T T T T T T
— No excitation — No excitation
—— With A, =256.00 nm —— With A, =261.40 nm
20 20
3 3
L 5 s
2 2
£ £
8 8
E ' g® £
5 oRY
e S
58 8
. -} 0
250 252 260 262 264 266 252 254 256 264 266 268 270

Wavelength (nm)

Wavelength (nm)

Fig. 3. Resonance fluorescence spectra of AI20 with the excitation wavelengths at (a) 250.14,
(b) 255.38, (c) 256.00, and (d) 261.40 nm measured with a gate width of 10 ns, an
accumulation of 100 pulses, and a fixed interpulse delay time of 20 ps.

3.3 Temporal evolution of AlO and Al,O in resonance fluorescence spectra

For laser-induced Al plasmas in air, AlO and Al,O are two important chemical intermediates
in the Al-O, chemistry described by the following chemical reactions [3, 21, 26, 27]:

Al+0, - AlIO+0O

AlO + Al— ALO

M
@)
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In this work, time-resolved resonance fluorescence spectra were measured to observe the
temporal evolution of AIO and ALO in the Al-O, chemistry. Time-resolved fluorescence
intensities of AlO (peak intensity at 313.08 nm with a resonance excitation at 304.00 nm) and
Al O (peak intensity at 261.40 nm with a resonance excitation at 256.00 nm) were observed
with a gate width of 10 ns and a gate step of 2 us, as shown in Fig. 4. The temporal evolution
of atomic line intensities of Al I 308.2 nm and O I 777.2 nm were also measured with a gate
width of 1 pus and a gate step of 1 ps. All of these optical emission intensities were normalized
to their maximum value. Both the Al and O atomic emissions decrease rapidly along with the
delay time due to plasma cooling, but the O temporal evolution profile has a faster decrease
due to its high chemical reactivity. Chemical intermediates were formed during the
atoms/ions cool-down process. The temporal profile of AIO dominates the time range of
around 10-40 us, while the temporal profile of Al,O dominates the later time range of around
20-50 ps. The temporal profile of AlO shows that the AlO concentration increases in the time
range of around 10-30 us followed by a decrease due to dissipation or further chemical
reactions. While the increase section of the Al,O temporal profile occurs later than that of
AlQO, so does the decrease section, which indicates that a large amount of ALL,O formation
occurs later than that of AlO in the chemical reactions. This is consistent with the previously
demonstrated chemical reaction pathways, as shown in Egs. (1) and (2). The Al atoms react
with surrounding O, to form AlO via the chemical reaction pathway, as shown in Eq. (1) [2].
Due to the abundance of Al atoms, the AlO undergoes a reduction and further formation of
Al O through the chemical reaction pathway, as shown in Eq. (2). That is why the dominate
time range of the AL,O temporal profile occurs later than that of AlO. Therefore, time-
resolved fluorescence spectra can be considered as a potential tool for the study of chemical
reaction pathways for diatomic and polyatomic molecules.

i —eo— Al atom
1.0 ﬁ \ —A— QO atom

L E’ - * —=—AIO
08l / —e—AILO

06Hl e }
i
0.4-§ -

0.2 ’E

o_OMI-l.l.l.u

8 16 24 32 40 48 56

Normalized Intensity

Delay time (us)

Fig. 4. Temporal evolution of the normalized emission intensities of Al I 308.2 nm (diamond
dots), O 1 777.2 nm (triangle dots), A1O 313.08 nm (square dots), and AI20 261.40 nm (circle
dots).
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4. Conclusions

Time-resolved resonance fluorescence spectroscopy was performed as a promising tool for
the study of chemical reaction pathways for diatomic and polyatomic molecules in laser-
induced plasmas. Resonance fluorescence spectroscopy provides the advantages of superior
temporal resolution with the gate widths for detection down to a few ns and selective
excitation to eliminate spectral interference from other chemical products, which are
promising for chemical reaction analyses of laser-induced plasmas in air where various
chemical species exist. For laser-induced Al plasmas in air, resonance fluorescence spectra
from diatomic AIO (C’TI—X’%") and triatomic ALO ('II, — X12g+) were used to identify
these chemical intermediates. Time-resolved fluorescence spectra were measured to construct
normalized temporal profiles for study of chemical reaction pathways. The temporal profile
of ALLO dominates a later time range than that of AlO, which indicates a large amount of
Al O formation occurred later than that of AlO. This conclusion is consistent with previous
studies [3, 26, 27] that AlO formation follows the chemical reaction pathway of Al + O, —
AlO + O and Al,O formation follows the chemical reaction pathway of AIO + Al — ALO in
Al-abundant environments.
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