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Abstract. Laser ablation of Mn target in vacuum and in the presence of CH4 was studied under 308 nm laser
irradiation. Time-resolved emission using gated detection and scanning monochromator and absorption
using the cavity ring-down spectroscopy were used to study vaporized plume. In the CH4 atmosphere we
observed transitions identified as Co and MnH bands, while these spectral features were not detected in
emission spectra. This is a clear evidence of importance in combining both spectroscopic techniques in

laser vaporized plume study.

PACS. 52.38.Mf Laser ablation — 33.20.Kf Visible spectra

1 Introduction

Focusing a laser light on solid target surface results with
the hot and dense plasma plume created above the target,
in which many relaxation mechanisms lead to the emission
of characteristic atomic or molecular spectral lines. In-
teraction of vaporized material with reactive background
may lead to formation of interesting gas-phase molecules
and/or ions hardly observed and produced in usual ovens
or discharge setups. Laser vaporization has also been used
for controllable thin film growing, particularly in recent
years for high T, superconductor film deposition. Stan-
dard method for fast quantitative and qualitative analysis
of laser induced plume is Laser Induced Breakdown Spec-
troscopy (LIBS) [1]. However for detection of ground state
atoms and molecules laser induced fluorescence or absorp-
tion techniques, such as the cavity ring-down spectroscopy
(CRDS) have to be used [2,3]. Usefulness in a combined
study by CRDS and LIBS was demonstrated recently [4],
in study of the morphology of a laser-produced aerosol
plume.

There have been several studies of laser ablation of
pure manganese or manganese containing samples per-
formed for a purpose of the growth of thin superconduct-
ing films. Ground state Mn atoms generated by laser ab-
lation of pure manganese sample were resonantly excited
and ionized, and velocity distribution was determined by
analyzing temporal evolution of ionic signals [5]. Lecoeur
et al. [6] have measured both wavelength- and time-
resolved emission of laser induced plume from Mn and
MnyOs3 targets, in Os and NoO atmosphere. They mea-
sured peak velocities of Mn atoms ranging from approx.
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1.5 x 108 cm/s for zero pressure, down to 0.3 x 108 cm/s
for 0.3 Torr of the background gas. Dang et al. [7] have
measured time-resolved mass spectra of neutral and ionic
species in the ablation plume of the La-Ca-Mn-O pel-
lets: estimated kinetic energies of ablated metal ions and
neutrals were in the range 6-10 eV and 0.2-0.9 eV, respec-
tively, for 355 nm and 532 nm laser beams with 1.5 J/cm?
laser fluences. Importance of small manganese contain-
ing molecules and Mn atoms itself, is evident from their
appearance in catalytic processes as well as in mercury—
manganese stars [8].

In the present work we have studied both, emission and
absorption, of manganese laser ablation plume in vacuum
and in the presence of methane gas with the purpose to
characterize the plume content in the reactive environ-
ment and make comparative observations. Paper is or-
ganized as follows. After short description of our laser
ablation set-up, we presented emission and absorption
measurements results. Discussion and conclusion are given
in Sections 4 and 5, respectively.

2 Experiment

For a purpose of the present work we have combined ex-
perimental set-ups for the optical emission spectroscopy
and for the cavity ring-down spectroscopy, previously de-
scribed in more details in references [9,10], respectively.
Briefly, a manganese plume was induced by a nanosec-
ond 308 nm excimer laser light focused on the Mn target
(99.99% purity). Laser ablation was performed in vacuum
(less than 10~3 Torr) using a roots pump system, or un-
der constant flow of methane, at pressure of few Torr.
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Precise positioning of the target and lens for focusing ex-
cimer laser light was assured by a stepping motors. Tar-
get holder was rotating slowly to avoid drilling. We use
the cavity ring-down spectroscopy for absorption mea-
surements in the wavelength range (472-485) nm. Prior
to the experiment, we tested our cavity ringdown spec-
trometer which shows no significant change of mirror re-
flectivity within given wavelength range. Cavity mirrors
were mounted directly on the vacuum chamber, in the di-
rection perpendicular to the plume propagation. Finesse
of the resonator was about 5200. Detection and analysis of
the time-dependent absorption was performed according
to the procedure described in [10].

To measure emission spectra, visible photons from the
whole ablation plume were focused onto the 6 mm en-
trance of the optical fiber placed at 35° from the cavity
axis. The other part of fiber was mounted on the entrance
slit of a 60 cm scanning monochromator with spectral res-
olution of about 0.1 nm. Wavelength resolved emission was
detected by a photomultiplier and measured by means of
a boxcar averager for chosen delay and gate settings. That
allowed us to study the time evolution of the complete ab-
lation plume emission. To measure the time evolution of
signal at particular wavelength, we used a 8 bit 150 MHz
digital oscilloscope.

Chosen wavelength interval is of particular interest,
since many Mn atomic transition, Co and possible MnH
rovibrational bands are expected to be observed.

3 Results
3.1 Emission measurements

We recorded emission spectra in the visible wavelength re-
gion, 400-700 nm, in vacuum and CH4 atmosphere. Apart
from numerous pronounced manganese atomic line tran-
sitions, many low-intensity manganese ions emission lines
were observed. In what follow, we present emission spec-
tra measured in smaller wavelength interval, which might
be directly compared to absorption measurements showed
below.

Figure 1 shows temporal evolution of the manganese
plume emission occurring in the wavelength range (471.5—
483.7) nm. Gate was set to 200 ns and delays 0 ns (solid
line), 100 ns (dash) and 200 ns (dot, bold). Figure 1a shows
spectra taken in vacuum and Figure 1b spectra in the pres-
ence of 9 Torr of methane. As one can see, we observed
only atomic manganese lines, both in vacuum and CHy.
Identification of manganese lines is given in Figure la. All
identified transitions are between excited Mn atomic lev-
els. The background continuum, intensities and linewidths
of all observed lines were decreasing with increasing time
delay. Level of this broadband radiation is higher for the
laser ablation in the presence of CH, than in vacuum by
factor of two.

Figure 2 shows the Mn(6887/2728P8/2) line full-width-
of-half-maximum (FWHM) versus delay time (Fig. 2a)
and CHy pressure (Fig. 2b). FWHM decreases rapidly
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Fig. 1. Time-resolved emission spectra of manganese ablation
plume in (a) vacuum and (b) 9 Torr of CHy, in the wavelength
range (471.5-483.7) nm. Boxcar settings were: gate = 200 ns
and delays = 0 ns, 100 ns, 200 ns, showed by solid, dashed and
dotted lines, respectively. Identification of Mn atomic tran-
sitions observed in spectra is indicated in the upper part of
figure.

with increasing delay time. In the same time, the level
of background emission is decreasing too, as can be seen
from the inset of Figure 2a. FWHM is larger at delay
time § = 0 ns than for § = 200 ns, and this is valid for
each measured CHy pressure, as can be seen from Fig-
ure 2b. In a dense sample such as ablation plume at ini-
tial stages, different line broadening mechanisms, such as
Doppler and Stark, contribute to a measured line profile.
In the early stage of plume evolution, ionic and electron
densities are very large, and we expect significant contri-
bution to the line shape from Stark broadening mechanism
[11]. In the present experiment, complete plume emission
is coupled into fiber and monochromator, so photons emit-
ted by atoms with very different velocities are collected.
This atomic velocity distribution is responsible to Doppler
broadening mechanism and, together with Stark broaden-
ing, results in observed line shape. As seen from Figure 2a,
after approximately 150 ns, measured linewidths do not
change significantly, due to the plume cooling and ther-
malization on background conditions.
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Fig. 2. Full width of half maximum for atomic Mn(eSS7/27
2°P§ ;) line at 482.35 nm in dependence of (a) delay time &
and (b) CHy background pressure for two different delays: § =
0, 200 ns. Line in (a) is only for eye-guiding. Inset in (a) part
shows continuum background intensity in dependence of delay
time §. Lines showed in (b) are fit of the obtained FWHM
values on exponential growth and linear function, respectively.

3.2 Absorption measurements

While emission was measured summing over the whole
plume volume, cavity losses were measured at different
distances of the target surface from the cavity axis, thus
allowing spatial analysis of ablation plumes. Typical ring-
down curves at several wavelengths are shown in Figure 3.
Ringdown curve at the wavelength off resonance (empty
cavity) is straight line in In-lin graph. Ringdown curves
at laser wavelengths, resonant with the given spectral fea-
tures, show several characteristic time intervals, due to
time dependent absorption [10,12]. In the first time win-
dow ablated particles did not reach the cavity axis. As
the cloud of atoms and molecules passes through the cav-
ity axis, complicated time dependence of ringdown curves
were observed. As the cloud is gone, the slope of the ring-
down curve resembles that of the empty cavity. We found
that to be true for absorptions at Mn and MnH, while
not for Cy which presence prolongs to much larger time
interval. This indicated different production mechanism
for Cs.

Figure 4 shows cavity losses in the range 472—-482 nm,
measured in subsequent time windows in the presence of
0.57 Torr CHy (steady condition). Each of subsequent time
windows last for 0.5 us. Cavity loss determined in the first
time window, (0.25-0.75) us, is shown in Figure 4a. We
identified observed lines as Mn atomic transitions. In the
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Fig. 3. Typical ringdown transients, in In-lin scale, for sev-
eral dye laser wavelengths: laser wavelength off resonance
(empty cavity), MnH molecular transition, C2 molecular tran-
sition and atomic Mn transition, as indicated. Empty cav-
ity ringdown transient is approximately described by single-
exponential function, which is shown by straight line.
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Fig. 4. Cavity losses determined in two subsequent time win-
dows, measured in manganese ablation plume in 0.57 Torr CHy:
(a) time window (0.25-0.75) us, (b) (0.75-1.25) us. Distance
between target surface and the cavity axis was 0.5 cm and
ablation laser fluence 1.6 Jem™2.
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second time window (0.75-1.25) us, Figure 4b, Cy (1,0)
band within the (d3II, — a®II,) electronic transition is
observed [12], together with atomic Mn transitions and
intensive band around 480 nm. Absorption could be an-
alyzed further on after 1.25 us only for losses less than
about 5x107® cm™!. For larger losses, all cavity photons
were absorbed in earlier time windows. There are three
classes of particles in ablation plume: electrons, ions and
neutrals. According to nanosecond laser ablation model,
velocities of electrons and ions are in general an order
of magnitude larger than accompanying neutrals. In the
early time window, Figure 4a, and chosen wavelength
interval, we observed mainly neutral Mn atomic transi-
tions. In addition, small absorption losses corresponding
to Cy band head at 474.75 nm were detected. In the fol-
lowing time interval, Figure 4b, Cy absorption increases.
Intensities of all Mn atomic lines decrease and MnH band,
situated around 480 nm, is more pronounced. This in-
crease of Cy absorption in late time window is indication of
methane decomposition, for which certain amount of time
is required. Among methane decomposition products are
free hydrogen atoms which may contribute to MnH for-
mation. Under the action of fast electrons and UV laser
light, it is possible to induce decomposition of CH4 to rad-
icals such as CHs, CHy, CH, C, simply by hydrogen ex-
traction. In laser vaporization, presence of large molecules
and particulates may contribute to additional scattering
losses in the CRD spectrometer. However, these losses are
not wavelength dependent and are contributing to the flat
background which changes by 2 x 1076 cm ™! for time in-
tervals of Figures 4a and 4b.

Part of the spectrum around 480 nm was measured
more carefully in the presence of CHy. Figure 5 shows
spectrum of the manganese ablation plume in the wave-
length range (479-481.8) nm. Pressure was 2.8 Torr CHy,
distance of the target surface from the cavity axis was
0.2 cm and fluence 0.8 J cm~2 (focus on the target sur-
face). In this spectral region the MnH (a°X" — d°II)
electronic transition is dominant. Signal to noise ratio in
showed spectrum is satisfactory good, and even lines with
small intensity can be identified. The spectrum has very
complex appearance. We indicated only a few most intense
ro-vibrational transitions. Identification was performed
with the help of tabulated rotational lines within (0,0)
and (1,1) and the (2,2) bands of the MnH (a®X% — d°IT)
electronic transition [13]. Q(J) progressions indicated in
Figure 5 belong to the (0,0) band. In the given wave-
length range, P(J) progressions within (0,0), (1,1) and
(2,2) bands are present as well. Intensities of identified
MnH ro-vibrational lines are now larger than those pre-
sented in Figure 4b. As was already mentioned, spectrum
showed in Figure 5 was taken under 2.8 Torr CHy, which
is about 1.5 times larger than background pressure for
spectrum presented in Figure 4b. Visual inspection shows
that ablation plume is of conical shape when it spreads
into vacuum. This shape changes into spherical, occupying
much smaller volume, in the case of background gas. In-
creasing background pressure, sphere is becoming smaller,
thus inducing increase in number density of ablated ma-
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Fig. 5. Absorption loss in the wavelength interval (479-
481.8) nm of Mn ablation plume in 2.8 Torr CHy4, showing
part of the 480 nm MnH band. Distance between cavity (ob-
servation) axis and target surface was 0.2 cm, laser energy
8 mJ, 0.8 J cm™2 (focus on the target surface). Observed
spectral lines are identified as ro-vibrational transitions of
MnH(a® X+ —d’IT) electronic transition [13]. Indicated Q tran-
sitions are within the (0,0) band and P transitions within the
(2,2) band.

terial. Three-body collisions are then more probable, with
higher efficiency in MnH production. There are two main
reasons to believe that MnH molecules are formed in in-
teraction with methane dissociation product: first, we did
not observed MnH molecules under vacuum condition and
second, intensity of MnH rovibrational lines increase with
increasing methane pressure.

Figure 6 shows direct comparison of emission and ab-
sorption spectra in the same wavelength interval and sim-
ilar experimental conditions. Figure 6a, shows emission
for two different delay times, § = 0 ns (bold line) and
d = 200 ns (normal line), with the gate of 200 ns. Fig-
ure 6b shows cavity loss determined in the time window
(0.2-0.44) ps recorded at 2 mm distance of the target sur-
face from the cavity axis. Laser fluence was 0.9 J cm™2.
Both emission and absorption were measured in the pres-
ence of 3 Torr of methane gas. Overall look on (a) and
(b) part of Figure 6 leads to the conclusion that quite dif-
ferent information are obtained from the absorption and
the emission spectrum. Manganese atomic lines are spec-
trally much more narrower in absorption than in emission
spectra. Causes of this difference are several. As we al-
ready mentioned, emission spectrum is integrated signal
over whole plume volume, without taking care of spatial
resolution. Instead, we coupled complete plume emission
by mirror and lens system into optical fiber and later in
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Fig. 6. Comparison of emission and absorption spectra.
Methane background pressure was 3 Torr. (a) Emission spec-
tra for two different delay times, 0 ns (bold line), 200 ns (thin
line), with gate equal to 200 ns. (b) Absorption loss spectrum
taken at 2 mm distance of the target surface from the cavity
axis and for 0.9 J cm™? laser fluence. Time window chosen for
the loss evaluation was (0.2-0.44) ps.

monochromator. In this way, regions of very different tem-
peratures were included and atoms with very different ve-
locities and moving directions, contribute to final emission
line profiles. CRDS spatial resolution is defined by the
waist of the laser light in the optical resonator. Absorp-
tion spectra are integrated along the line, also including
regions of different temperatures, but we implicitly assume
that the temperature is constant across the plume, in the
cavity axis direction, which is common assumption in suc-
cessful theoretical models of nanosecond excimer induced
plumes [14]. This difference will be discussed in more de-
tails below. In addition, by CRDS, we were able to detect
not only the excited constituents of ablation plume, but
also the ground state atoms and molecules.

Analyzing ringdown transients for particular laser
wavelength, we were able to measure velocities of
molecules in ablation plume. We define arrival time for
different distance along target normal as a point when
slopes of ringdown curves off- and on- resonance become
different [3,10]. By plotting arrival time versus distance
along target normal, we determined velocities of MnH and
Mn. Using, so called drag-force model [15], we determined
initial velocities of ablated Mn atoms in 1 and 3 Torr of
methane background and laser fluence of 0.7 J/cm?, as
1.1 x 10° em/s and 7.7 x 10° cm/s, respectively. Deter-
mined velocity of MnH molecules in 3 Torr of methane
and same laser fluence is 6 x 10° cm/s.
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4 Discussion

When ablation plume spreads in the presence of back-
ground gas interactions between ablated material and
background molecules are possible. Interaction of a
nanosecond laser pulse with solid material is complicated
process and is divided in three phases: first, photon energy
is absorbed by electrons in a bulk. Electrons are thermal-
ized by lattice, surface is melted and evaporation starts.
Electrons are coming out from the surface with the high-
est velocity, followed by ions and neutrals. Dense and hot
plume is formed above the target surface within a few
picoseconds. This plume spreads isothermally until the
termination of the nanosecond laser pulse. In this second
phase many post-ionization processes and different colli-
sions are probable. In the third phase, after termination
of laser pulse, plume spreads adiabatically in vacuum or
background, with the preferred velocity component along
the target surface normal. Expansion of the plume is jet-
like. Due to the highest velocity, energetic electrons from
the bulk start interaction and collisions with background
molecules. We believe that electron induced decomposi-
tion of methane is a key point in the present experiment,
leading to formation of different molecules, like Cy and
MnH. Methane decomposition is followed by hydrogen
atom abstraction and addition processes involving back-
ground decomposition products and ablated atoms.

We have observed the Co and MnH molecules in ab-
sorption spectra taken in methane background, as can be
seen in Figures 4b, 5 and 6b. The most probable origin
of the Cy molecule are reactions between radicals formed
under decomposition of methane. Cy molecules were ob-
served in the presence of CH, regardless of the target
used for ablation. We checked it by measuring absorp-
tion of magnesium and lithium plumes in the presence of
methane, under the same experimental conditions where
we have observed the same rovibrational band within the
Cy (d®II, — a®11,) electronic transition. There are several
possible methane decomposition paths, such as dissoci-
ation under interaction with energetic electrons or pho-
todissociation. Probability for direct photodissociation by
the 308 nm laser photons is rather small in our experi-
ment due to the wavelength limit (~277 nm for CHz +
H decomposition [16]) and laser fluence which is not high
enough for two-photon process. Interactions of CHy with
energetic electrons were studied and modelled, in depen-
dence on electron energy, gas density [17-19]. Methane
molecules decompose into CHz, CHs, CH and C under
action of fast electrons. The electron energy required for
methane dissociation is approximately 10 eV [20]. Mea-
sured manganese atoms velocities correspond to energy
of about 30 eV. Keeping in mind that velocity of elec-
trons in nanosecond laser pulse induced plume is higher
than neutral particle velocities [21], we concluded that
electrons possess enough energy to induce decomposition
of methane. Beside neutral decomposition products, CH,
ions are also possible products of photoionization of neu-
tral CH,,, n =1..4 [22].

Dissociation products mentioned above and free hydro-
gen atoms can react with the ablated Mn atoms and form
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the MnH molecule. The electronic ground state of MnH is
of the X7X symmetry, while observed MnH spectrum be-
longs to the d®Il; <« a®X7 electronic system. Bands cor-
responding to electronic transition from the ground state
X7X to the first electronic excited ATIT state were not
accessible with our CRD spectrometer (for example (0,0)
band lies around 568 nm [23]). Metastable a® X+ electronic
state is for 3358 cm ™! shifted from the electronic ground
X7X state, while the shift for d°II; is 20880.56 cm™!.
Knowledge about this latter state is rather poor: molec-
ular constants were determined [13] while no accessible
data on potential energy function nor dipole moments for
d°II; state exists [24,25]. We assume that MnH is formed
in collisional process

Mn + H 4+ X — MnH(a°~1) + X (1)

where X is third body taking care of extra momentum.
Beside direct collisional process 1, alternative reaction
could be

Mn+ CH, — MnH+ CH,,_1, n=1..4,

(2)
or similar one involving CH;! ions. For n = 4, process 2
is exothermic with AE ~ 16539 cm™!: binding energy of
CHy is 36100 cm™! for decomposition on products H +
CHj [16], while binding energy of MnH is approximately
19560 cm~! [26]. MnH molecules are usually generated in
various electrical discharges or King furnace and detected
in emission or absorption [13,23,24,27]. Laser ablation of
solid Mn target in CH4 background presented here can be
considered as analogous generation process. CRDS setup
used for this work and laser ablation of manganese tar-
get in methane atmosphere, could be useful tool for fur-
ther MnH spectroscopy. It is known that different mech-
anisms influence the line shape in discharges leading to
spectral line overlap and decreased resolution. With use
of the CRDS detection in ablation plume, such problems
are greatly reduced. In the laser plume, ablated particles
move normally to the target surface, with small tangen-
tial velocity components. In this experiment, we measured
absorption perpendicular to the moving direction where
Doppler broadening is significantly reduced. This fact can
be used to explain much narrower lines in absorption spec-
tra as compared to broad lines in emission spectra. Ad-
vantage of absorption measurements over emission is best
illustrated in Figure 6, where we directly compared both
results. Using CRDS, we were able to detect C2 and MnH
transitions, while in emission this was not the case.

Natural linewidths for observed Mn atomic transitions
are equal to several MHz [28], while calculated Doppler
linewidths for temperatures of about 3000 K (as deter-
mined in Ref. [7]) are of about several GHz. Measured
linewidths for transitions presented in Figures 1 and 2 are
much larger (order of magnitude 100 GHz), indicating role
of other broadening mechanisms, like Stark. Influence of
Stark broadening in early stage of plume expansion is par-
ticularly strong due to high density of charged contents of
the plume.

On the other hand, manganese atomic line transitions
are much narrower when measured by CRDS. By em-
ploying CRDS perpendicularly to the species moving in
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a sort of beam expansion, Doppler broadening is mini-
mized. Stark broadening, important in very early stage
of the plume expansion is reduced in absorption spectra
due to a certain delay time, at which spectra are taken,
relative to the vaporization starting point.

Dye laser FWHM is equal to 6 GHz, which is larger
than linewidths of reported absorption spectral features.
According to conclusions given in reference [29], for ab-
sorbances sufficiently small (as in the present case), be-
havior of ringdown curves is nearly exponential and one
is able to extract the exact absorption.

Emission spectroscopy can be applied to study plume
with zero delay after ablation laser pulse, but without
ability to detect species in ground and metastable states.
CRDS is very useful technique for plume study in later
times, especially for detection of molecules formed in var-
ious interactions of plume contents with background. Un-
fortunately, performing of CRDS in very early times of
plume evolution and closer to target is not possible due
to increase of near surface cavity losses and scattering of
cavity photons [30].

5 Conclusions

We analyzed Mn ablation plume in vacuum and methane
background by optical gated emission spectroscopy and
cavity ringdown spectroscopy. Gated emission spec-
troscopy allows us to detect plasma emission from the
early beginning of its development, while by CRDS we
were able to detect absorption only in times after arrival of
ablated material to the cavity axis. In emission spectra, we
observed broad continuum and numerous Mn atomic tran-
sitions, both in vacuum and in the presence of methane.
In absorption spectra we observed also atomic Mn transi-
tions, and in the presence of methane also C; and MnH
molecules. We showed that complete picture of manganese
ablation plume is obtained by combining emission and ab-
sorption measurements.

This work was financially supported by the Ministry of Sci-
ence, Education and Sports of the Republic of Croatia, project
#0035003.
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