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The plumes accompanying 1064 nm nanosecond pulsed laser ablation of barium in vacuum at three
moderate incident laser fluences in the range of 5.3–10.8 J /cm2 have been studied using both
wavelength and time resolved optical emission spectroscopy and time-of-flight laser-induced
fluorescence. Neutral atoms and both singly and doubly charged monatomic cations in excited states
up to near the corresponding ionization limits are identified in the optical emission spectra. The
population distributions of low-lying ��1.41 eV� “dark” states of Ba atoms measured by
laser-induced fluorescence revel that the metastable 3DJ and 1D2 abundances in the plume are higher
than predictions based on assuming a Boltzmann distribution. The 3DJ and 1D2 populations are seen,
respectively, to decrease slightly and nearly no vary with raising fluence, which contrasts with the
increasing trend that is observed in the ground-state Ba�1S0� population. At all fluences, the
time-of-flight distributions of the whole dark states and of various of the emitting levels are bimodal
and well described by Maxwell–Boltzmann and shifted Maxwell–Boltzmann velocity functions,
respectively, with different average translational temperatures �T� for each state. The �T� values for
the dark states are insensitive to the fluence, while for all emitting species marked variations of �T�
with fluence are found. These observations have been rationalized in terms of material ejection from
the target being dominated by a phase explosion mechanism, which is the main contributor to the
Ba�1S0� population. Thermionic emission from the target surface can also release initial densities of
free electrons and cations which, at the prevailing irradiances, will arguably interact with the
incident laser radiation by inverse bremsstrahlung, leading to further excitation and ionization of the
various plume species. Such a heating mechanism ensures that the energy injected to the plume will
alter the propagation velocities of the primary inverse bremsstrahlung absorbers, i.e., cations, to a
major extent than those of neutral atoms with increasing fluence. Electron-ion recombination
occurring early in the plume expansion can lead to the generation of both neutral and ionic species
in a manifold of long-lived Rydberg states, from which a radiative cascade will likely ensue. The
distinct fluence dependences of the Ba�3DJ� and Ba�1D2� populations and velocity distributions
show up the major complexity that distinguishes their populating mechanisms with respect to the
remaining species. © 2009 American Institute of Physics. �DOI: 10.1063/1.3089214�

I. INTRODUCTION

Studies on the pulsed laser ablation1 �PLA� of solids
have contributed substantially to the current knowledge of
the interaction between intense electromagnetic fields and
condensed matter.2 Both available applications of PLA
chiefly as a thin film deposition technique3–5 and its use in
the production of atomic,6,7 molecular,8 and cluster5 beams
for basic research, rely on these grounds. However, detailed
understanding of PLA still imposes a considerable challenge
that is conditioned by the variety of physical processes in-
volved as well as the complex interrelation between the laser
pulse parameters and both the nature and condition of the
irradiated material. The case of bulk-metals ablated by nano-
second pulsed lasers is exemplary in this regard. In most
cases, their primary ablation process can be described suit-
ably within a thermal picture by which the laser light ab-

sorbed by the target degrades to lattice heat at subpicosecond
time scales, causing metal atoms to be removed from the
transiently heated bulk surface most likely as a result of
evaporation or boiling.1 Notwithstanding, a few previous
studies on the PLA of gold at 248 �Refs. 9 and 10� and 532
nm �Ref. 11� and of alkaline-earth metals at 193 and 248 nm
�Ref. 12� have suggested that electronic contributions1 may
also be involved at low laser fluences. Reported evidence in
the case of alkaline-earth metals includes the observation of
both ion desorption at a lower fluence than that predicted by
the thermal vaporization model and a highly nonlinear rela-
tionship between the amount of desorbed ions and fluence.12

On that basis, a photochemical mechanism was proposed in
which the ultraviolet �UV� PLA of alkaline-earth metals at
low irradiances is caused by MPI of the highest electron core
of the atoms. This situation should be contrasted with the
findings of a recent study of the 1064 nm PLA of alkaline-
earth metals from this laboratory, where the total ablated
monatomic mass of the various metals was measured at a
range of incident laser fluences from the vaporization thresh-
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old to the laser ablation regime.13 Modeling of the data
showed a correlation between the fluence above which laser
ablation becomes dominant �the so-called critical fluence�
and the Fermi energy of barium, which would suggest that
the primary ablation process at 1064 nm is dominated by
thermal contributions.

While thermal and electronic effects are basic to the
PLA phenomenon, its nature can be concealed both as a re-
sult of collisions between particles in the plume and through
plume-laser radiation interactions, which are very likely at
the range of laser fluences �typically of 1–30 J /cm2 for
most ablation laser wavelengths� used for thin film
deposition.1–5,14 This aspect is of utmost importance in PLA
studies as the characterization of the resulting plumes is usu-
ally a major source of information about the underlying ab-
lation process. To this aim, experimental data are frequently
evaluated with respect to a number of predictions which are
based on simple thermodynamic considerations. For ex-
ample, the degrees of ionization immediately after cessation
of the laser pulse within plumes ablated from metal targets
are experimentally found to be �0.1, which are far higher
than estimations based on assuming local thermal equilib-
rium at the target vaporization/boiling temperature in the gas
plume.3,4 Such a difference is usually ascribed to laser-
induced multiphoton ionization �MPI� of the nascent plume
that results in a rapid transition of the plume from an ionized
gas to a plasma.1–4,15–17 Related predictions of the internal
state population distributions of neutral monatomic plume
species would allow to anticipate an overwhelming majority
of ground-state atoms given their typical ejection tempera-
tures of the order of several thousand kelvin. This assump-
tion, though, might require closer scrutiny in situations
where low-lying metastable states are expected to be present
in the ablation plume. The kinetic energy distributions of
such metastable species may also differ substantially from
those of the ground-state atoms, as exemplified by an earlier
time-of-flight �TOF� laser-induced fluorescence �LIF� study
of the 1064 nm PLA of barium at �=5.3 J /cm2,18 which in
turn may have profound consequences on the quality of the
deposited films of any suitable material. There are few re-
ports of investigations of the electronic state populations of
neutral atoms in plumes formed by PLA, involving only UV
and visible �vis� laser wavelengths to compare with these
thermal predictions.19,20 The present work was undertaken
mainly as an attempt to explore this topic in the case of the
infrared �IR� PLA of a metal target, which is likely to favor
thermally rather than electronically driven material
ablation,13,18 and at a range of laser fluences which are ap-
propriate for plasma formation above the target surface in
order to get information on the primary process under abla-
tion conditions of practical use.

In this article, an improved characterization of the plume
accompanying the PLA of barium at 1064 nm in vacuum is
reported, using a combination of wavelength resolved optical
emission spectroscopy �OES� and time resolved OES and
LIF. These techniques allowed quantitative determinations of
both the velocity distributions of various emitting and neutral
dark monatomic species within the plume and the relative
internal state population distribution of the latter, together

with estimates of both the composition and the extent of the
ionization and electronic excitation of the ablated material, at
laser fluences in the range of �=5.3–10.8 J /cm2. Prelimi-
nary results of the population distributions of dark Ba atoms
at �=7.6 J /cm2 have been reported previously as a part of a
recent study of the Ba�3P�+N2O reaction dynamics at hyper-
thermal collision energies.7 Taken altogether, the results pro-
vide not only a comprehensive picture of the plume dynam-
ics following IR PLA of barium but also clues to the primary
ablation mechanism. In addition, they show up the major
complexity that distinguishes the mechanisms populating the
lowest-lying excited states of neutral Ba.

II. EXPERIMENT

The ablation apparatus comprises a high-vacuum stain-
less steel chamber equipped with several side arms, sealed by
either a quartz or a BK7 glass window, permitting optical
contact with the target. Chamber evacuation is by means of a
diffusion pump �Edwards Diffstak 250/2000 M, 2000 l/s�,
backed by a two-stage rotary pump �Edwards E2 M40,
50 m3 /h�, which together maintain the chamber at a base
pressure �1�10−6 Torr. The 1064 nm output of a
Q-switched neodymium:yttrium aluminum garnet �Nd:YAG�
laser �Laseroptics LND 532, 10 ns full width at half maxi-
mum �FWHM� pulse duration, 5 Hz repetition rate� was
steered through one of the side arms using a prism and a set
of mirrors and focused onto the target surface at normal in-
cidence using a biconvex lens �BK7, 40 cm focal length�
placed before the entrance BK7 glass window. The target
consisted of a 22 mm in diameter ��2 mm thick disk of
barium �Alfa Aesar, purity �99%�, mechanically polished on
the face to be exposed to the incident laser beam. The target
was mounted on a homebuilt rotation/two-dimensional trans-
lation stage and rotated during the experiments by a stepper
motor so as to allow ablation of a fresh area of the target
surface with each laser shot. Because of target erosion,
though, lateral translation of the target was periodically re-
quired in order to minimize groove formation. The circular
ablation laser footprint at the focal point was estimated to be
0.25 mm in diameter by digital image analysis of a scan of
the burned pattern on a photosensitive paper placed at the
target position. The ablation laser output energies were con-
trolled in order to set the incident laser fluence � to the three
specific values of 5.3, 7.6, and 10.8 J /cm2. To determine the
actual laser energies that reached the target, the vacuum
chamber was vented before experiments and the unfocused
incident laser energies were measured by placing a Scientech
756 calorimeter head inside the vacuum chamber; the trans-
mission loss through the focusing lens was determined sepa-
rately and periodically checked.

In order to sample the neutral/ionic particle flux propa-
gating along the normal to the target surface, the central
portion of the resulting ablation plume was selected with a
collimating device, consisting in a sheet with a 0.2 cm in
diameter sampling orifice, which was positioned 0.3 and 1.25
cm from the ablation volume for OES and LIF measure-
ments, respectively.

Optical emission accompanying the ablation plume was
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viewed at 90° to the central axis of the ablation plume and at
a fixed distance d between the barium disk and the center of
the observation region of 3.3 cm. Emission light was col-
lected by a biconvex lens �BK7, 5 cm focal length� and fo-
cused onto the entrance slit of a 0.30 m monochromator
�McPherson 218, 1200 lines/mm grating, wavelength range:
105–1000 nm�, equipped with a fast photomultiplier tube
�PMT� �Hamamatsu R636, 2.0 ns rise time� with spectral
response in the range of 185–930 nm. The sensitive spectral
range of the combined detection system is between 350 and
930 nm. The collecting lens was positioned 6.6 cm from the
plume central axis and 20.6 cm from the entrance slit of the
monochromator. The acceptance cone of this sharply focused
arrangement determined the volume of the plasma from
which emission was collected, which was �80.5�0.5� mm3.
Emission spectra were obtained by scanning the monochro-
mator with the entrance and exit slit widths set to 150 �m
and passing the PMT output via a transient digitizer �Thurlby
DSA 524� to a personal computer for data processing and
storage. Signals from four laser shots were averaged and
time integrated for each spectral point; under these condi-
tions, the spectral resolution was 0.5 nm. Alternatively, TOF
transients of the relevant emitting species into the volume
viewed by the optics detection system were obtained by tun-
ing the grating to the center wavelength of the appropriate
emission line and using wider slit widths. The 6s6p 1P1, 3P1

states of Ba atoms were monitored by their emission lines at
553.55 and 791.13 nm, respectively, while the emission lines
at 455.40 and 709.55 nm were employed to detect the 2P3/2
and the 5s25p54f�3 /2�2 states of Ba+ and Ba2+ ions,
respectively.21,22 The PMT output was then passed through a
fast preamplifier �Stanford Research Systems SR455� to a
digital oscilloscope �Tektronix TDS 3034B� for data acquisi-
tion and storage. An average of 512 shots was used to gen-
erate the time profiles.

The 6s2 1S0, 6s5d 1D2, and 6s5d 3D1,2,3 dark states of Ba
atoms were probed by suitable two-level LIF schemes.18,23 A
pulsed dye laser �Lumonics HD500, 0.04 cm−1 FWHM
bandwidth� was used to excite the atomic fluorescence, op-
erating on Rhodamine 575 �for Ba ground-state measure-
ments� and dicyanomethylene �for Ba metastable state mea-
surements� dyes �Exciton� and pumped by a Q-switched
Nd:YAG laser �Spectra-Physics INDI 40–10, 10 ns FWHM
pulse duration, 5 Hz repetition rate� at 532 nm. The dye laser
beam was loosely focused to �2 mm diameter into the cen-
ter of the ablation plume by a planoconvex lens �BK7, 40 cm
focal length�. Two 10 cm long blackened baffles were placed
in the entrance and exit side arms to minimize the back-
ground from scattered laser light. In the current experimental
geometry, the probe laser beam propagated perpendicularly
to the axis of the optical system for the fluorescence collec-
tion and at 45° to the central axis of the ablation plume. The
dye laser was operated with output energies in the range of
7.0–20.0 �J /pulse, as measured by a pyroelectric detector
�Laser Precision Corporation RJP735�, but the energies that
reached the excitation volume were only 11% of these owing
to loses in the optical system. Further reduction in the dye
laser energy by a factor of 10−4 with a variable attenuator
prior to focusing was required to avoid optical pumping ef-

fects and to maintain the linearity of the LIF signals on the
dye laser power. The atomic fluorescence was imaged
through a telescope onto the same scanning monochromator
and PMT combination above mentioned, and the PMT output
was then amplified and digitalized for data acquisition and
processing. The waist of the probe laser beam and the solid
angle of the optical system collecting the fluorescence deter-
mined the excitation volume from which the LIF signal was
recorded, which was approximately cylindrical and 2 mm in
diameter �1.5 mm length. Relevant atomic barium TOF data
were collected by tuning the dye laser to individual Ba spec-
tral lines and recording the LIF signal as a function of the
ablation-probe delay 	t at a fixed distance l between the
barium disk and the excitation laser of 3.3 cm. An average of
128 shots was used to generate each data point of the time
profiles. For the determination of the population ratios of the
different dark species, the corresponding LIF-TOF profiles
were numerically integrated and further processed as de-
scribed in Sec. III C.

Wavelength calibration was verified using Ba atomic
lines and lines from low pressure H and Ne lamps. A master
pulse/delay generator �Berkeley Nucleonics Corporation 500
C� was used to control the timing sequence of the experi-
ments.

Although the distribution of Ban species in the beam has
not been directly measured in this laboratory, the amount of
small polyatomic species is considered to be negligible since
we detected neither emission nor LIF other than those of
monatomic Ba species �see Sec. III A�.

III. RESULTS AND DISCUSSION

A. Optical emission spectra

Before addressing to the spectral details of the plumes
accompanying 1064 nm PLA of barium in vacuum, it is in-
structive to make some remarks on the broad features of such
plumes when side viewed to the bare eye. An intense white
emission was clearly visible close to the laser focus onto the
target surface, in addition to a more extensive, jetlike pink
glow, distributed symmetrically about the surface normal.
While the white emission observed here can be associated to
bremsstrahlung,14 the visible glow could be indicative of the
presence of a significant amount of electronically excited
neutrals and cations.3,4,24,25 This latter emission was moni-
tored using time integrated, wavelength-dispersed OES in
order to analyze the composition and the extent of ionization
and electronic excitation of the ablated material.

The spectral shapes of the Ba plume emissions recorded
at d=3.3 cm were quite similar for the three fluences used in
this work. Figure 1 shows a representative high resolution
�	
=0.5 nm� spectrum over the range of 400–800 nm ob-
tained at �=7.6 J /cm2. This is dominated by the Ba atom
resonance 6s6p 1P1→6s2 1S0 line at 553.55 nm and, in fact,
analysis showed that electronically excited neutral Ba atoms
and both singly and doubly charged Ba ions �henceforth re-
ferred as to Ba�, Ba+�, and Ba2+�, respectively� are
responsible21,22 for all of the emissions observed. It should
be noted that the relative intensities of the various features in
the emission spectra were observed to vary with both d and
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� so that �i� the Ba+� and Ba2+� emission line intensities
were greater than those associated with neutral Ba� atoms at
small viewing distances �i.e., at d�1 cm�; �ii� the ionic
emissions decayed faster than the neutral lines with increas-
ing d; and �iii� for a given d, all emission line intensities
increased with �, in an extension dependent on the nature of
the emitting species so that the ratio of the Ba+� /Ba� emis-
sion intensities grew at higher � while the Ba2+� /Ba� ratios
remained nearly the same. Also worth mentioning is that
many of the emissions originate from highly excited Rydberg
states of Ba neutrals and cations, e.g., the 469.91,26 402.41,
and 709.55 nm emissions attributable to the 6s9d 1D2,
10d 2D3/2, and 5s25p54f�3 /2�2 states of Ba�, Ba+�, and
Ba2+�, respectively, which lie correspondingly at 4.88, 14.27,
and 36.11 eV above the ground state of neutral barium. In the
former two cases, the energies are certainly close to the val-
ues of 5.21 and 15.21 eV for the ionization energies for
forming the Ba+ and Ba2+ ions from the ground-state neutral
atom, respectively.

Such findings are in good accord with those of previous
OES studies of UV/IR PLA of a number of elemental targets
in vacuum.24,25,27,28 Taken altogether, these results indicate
that the fraction of the Ba plume which is present in elec-
tronically excited states is predominantly monatomic in com-
position, and show up remarkable levels of ionization and
excitation of such plume constituents.

Two additional observations can provide clues to the for-
mation routes of the emitting species. The first one is that all
of the more intense emission lines of Ba� and Ba+�

expected21 in the range of 400–800 nm were observed, indi-
cating a lack of specificity in the production of the excited
states. A similar behavior was previously reported in the case
of 193 nm PLA of graphite.25 The second one is the obser-
vation of emissions at time scales �several micro seconds�
larger than the corresponding radiative lifetimes �e.g., 8.37
ns �Ref. 29� for the 6s6p 1P1 excited state of Ba�. This is in
accord with previous findings for PLA of graphite, Cu, Al,

and Si at 193 nm,24,25 and Ti at 248 nm,30 and support the
view that most of the Ba, Ba+, and Ba2+ emitting levels
present at larger d are populated post pulse by collisional
and/or radiative cascade from a manifold of long-lived Ryd-
berg states, which are initially formed via collisionally as-
sisted electron-ion recombination �EIR�. Such arguments
were previously used to rationalize the similarity between
the TOF distributions of Ba and Ba+ emitting states arising
from 1064 nm PLA of barium at �=5.3 J /cm2.18 They can
also account for the apparent nonspecific excited state pro-
duction process in the present time integrated wavelength-
dispersed OES measurements: Collisional and/or radiative
cascade will populate a wide range of comparatively low-
lying emitting levels. This is likely to result in a highly non-
Boltzmann, nonspecific excited state population distribution
from which a rich plume emission spectrum, like that shown
in Fig. 1, could plausibly arise.

The above interpretation implies that the observation of
any Baz+� emissions is an indicator of the existence of
Ba�z+1�+ ions in the plume prior to EIR; thus, the mechanism
by which such multiply charged ions might be initially
formed merits further assessment. Before addressing to this
issue, we first consider OES- and LIF-TOF measurements of
the velocity distributions of several Ba, Ba+, and Ba2+ spe-
cies as a function of the ablation laser fluence. Overall, the
data can be informative not only on the primary ablation
mechanism but also on possible ionization processes occur-
ring in the early stages of the ablation plume.

B. Velocity distributions of neutral and ionic
monatomic species

Figure 2 shows the OES-TOF distributions of the rel-
evant emitting states of Ba, Ba+, and Ba2+, which were mea-
sured at �=5.3 J /cm2 for Ba2+ and at �=7.6 and
10.8 J /cm2 for the three species. All of the atomic/ionic spe-
cies TOF spectra show an initial fast spike at which
t�1 �s can be attributed to emissions associated to the in-
tense white plasma observed near the Ba target and thus
taken as indication of the zero time of the experiments. All of
these distributions are clearly bimodal. In the case of
Ba�3P1� at 10.8 J /cm2, the slow component is shifted to
earlier arrival times in comparison with the TOF profile at
5.3 J /cm2, where Ba�3P1� showed two clearly resolved
components;18 this makes the slow component to appear im-
mersed in the decay part of the fast, larger components �Fig.
2�. This is more evident in the TOF spectra of Ba�1P1�, and
to a lesser extent in those of the ionic species as � is in-
creased from 7.6 to 10.8 J /cm2.

Figure 3 shows the number density LIF-TOF distribu-
tions N�	t� of the relevant dark states of Ba atoms measured
at �=7.6 and 10.8 J /cm2. Comparison with the previously
reported data at 5.3 J /cm2 �Ref. 18� shows that the shape
and peak of the TOF distributions for all of the dark states
probed are hardly altered by a twofold increase in � in the
range of 5.3–10.8 J /cm2.

It should be mentioned that the different observation vol-
umes used in the present OES and LIF experiments do not
seriously affect the velocity distributions that are derived
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FIG. 1. Time integrated spectrum of the Ba plume emission recorded at a
viewing distance of 3.3 cm from the focal spot along the Ba surface normal
and at �=7.6 J /cm2. The spectrum has been corrected by spectral response
of the detection system �Ref. 7�. Baz+� emission lines are indicated by the
combs above the spectrum �arranged by z, as labeled on the right�, while the
stars above the combs indicate a number of lines that are not discernable
within the spectral resolution. “↓” indicates lines appearing in second order,
i.e., those at 411.03 and 623.34 nm associated with, respectively, the Ba+�

�9d 2D→6p 2Po� multiplet at �205.3 nm and the 5s25p54f�9 /2�4

→5s25p55d�7 /2�8 transition of Ba2+� at 311.92 nm.
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from the TOF profiles of all of the dark and emitting species
probed here because collimation of the ablation plume sig-
nificantly reduces the slow radial components in both
cases.18

Most general features characterizing the propagation ve-
locities of the various Baz+ species along the plume axis can
be unveiled by comparing their peak velocities, computed as
the ratio of the relevant flight distance to the corresponding
peak TOFs. These are shown as a function of � in Fig. 4,
which includes the corresponding peak velocities at �
=5.3 J /cm2 that are derived from data reported previously.18

The peak TOFs of the dark species were taken from their
TOF profiles previously converted from number density to
flux distributions N��	t� employing a correction factor of
l /	t to account for the fact that atoms with lower velocities
are preferentially detected by LIF. Despite the limited num-
ber of data points, it is readily apparent that the derived peak
velocities are rather insensitive to the incident laser fluence.
However, they consistently show a positive correlation with
charge state and electronic excitation for neutral Ba, within
the fluence range used in this work. Similar trends were
found for the �-dependence of the various Baz+ mean veloci-
ties, calculated from the whole velocity distributions that de-
rive from the corresponding TOF profiles. Indeed, the vari-

ous Baz+� propagation velocities show an scaling with the
charge of the ionic Ba�z+1�+ precursors: For example, the peak
velocities derived from Ba+� emissions are roughly twice
those from Ba� emitters �taken respectively as signifiers of
Ba2+ and Ba+ ions�. Such observations, particularly the
charge-state dependence of propagation velocities are in
good accord with previous PLA studies of, for example, Cu,
Al, Si, graphite,24 Nd,20 and Sn �Ref. 31� targets. The present
findings are also in line with those of Ref. 24 in that the
monatomic dark neutral species present in the ablation plume
have lower propagation velocities than higher-lying emitting
state neutral atoms, although the use of the LIF technique
allowed here to discriminate between ground and metastable
state dark neutral Ba atoms.

The insensitivity of the various Baz+ peak/mean veloci-
ties to � is in agreement with the observation in an earlier
PLA study on gold at 1064 nm by TOF quadrupole mass
spectrometry32 �QMS� that the mean velocities of Au+ and
Au2+ ions remained constant over a substantial range of �.
Production of faster moving Auz+ ions in higher charge states
�z�10� was observed at the highest fluences. Also, two re-
cent PLA investigations on tin at 1064 nm by OES �Ref. 31�
and on nickel at 532 nm by TOF-QMS �Ref. 33� consistently
reveal that increasing � results in a decrease in the propaga-
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FIG. 2. OES-TOF distributions measured at �=5.3 ���, 7.6 ���, and 10.8 ��� J /cm2 for �a� the neutral Ba atoms in the 3P1 state; �b� the neutral Ba atoms
in the 1P1 state; �c� the singly charged Ba+ ions in the 2P3/2 state; and �d� the doubly charged Ba2+ ions in the 5s25p54f�3 /2�2 state. Also shown are total fits
�—� of the data to a superposition of two shifted MB functions: �---� fast component; �¯� slow component.
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tion velocities associated to the Sn+� and Ni2+ ions, respec-
tively. In addition, no change was observed for the Ni3+ ions.
Such behaviors were explained assuming that increasing �
leads to the production of higher charged ions to the expense
of the translational energy of the remaining, low charged

species. A similar plume dynamics is arguably operative in
the 1064 nm PLA of barium: Corroboration of such proposal
would require an observation of Baz+�z�2� ions in the
plume, which in turn would reinforce the above suggestion
on the existence of Ba�z+1�+ ions prior to EIR. Unfortunately,
this was not feasible in the present experiments since all of
the documented34 transitions for such ionic species, involv-
ing only Ba3+ and Ba4+, lie in the wavelength region lower
than 100 nm, which is out of the sensitive spectral range of
the detection system used.

For a more complete analysis, the various Baz+ TOF dis-
tributions were fitted to different model functions assumed
for the corresponding velocity distributions. Thus, the data
for the emitting states required the addition of two terms of
the flux-weighted shifted Maxwell–Boltzmann �MB� func-
tion,

I��� � �3 exp�− m�� − �0�2/2kT� , �1�

where � denotes the velocity, �0 is the flow velocity parallel
to the surface normal, m is the Ba atomic mass, T is the
translational temperature, and k is the Boltzmann constant.
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FIG. 3. Number density LIF-TOF distributions measured at �=7.6 ��� and 10.8 ��� J /cm2 for Ba atoms populating the �a� 1S0, �b� 3D1, �c� 3D2, �d� 3D3, and
�e� 1D2 states. Also shown are total fits �—� of the data at 10.8 J /cm2 to a superposition of two shifted MB functions: �---� fast component; �¯� slow
component.
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FIG. 4. Measured ablation laser fluence dependences of the peak velocities
for the neutral Ba atoms in the 1S0 ���, 3D1 ���, 3D2 ���, 3D3 ���, 1D2

���, 3P1 ���, and 1P1 ��� states; the singly charged Ba+ ions in the 2P3/2
��� state; and the doubly charged Ba2+ ions in the 5s25p54f�3 /2�2 ��� state.
Data at �=5.3 J /cm2 were taken from previous work �Ref. 18�.
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Tables I and II show the parameters obtained from the best
fits, together with a weighted average temperature �T� for the
whole velocity distribution of each emitting species. In con-
trast, all of the N�	t� LIF-TOF profiles could be fitted to a
superposition of two terms of the number density MB func-
tion,

N��� � �2 exp�− m�2/2kT� . �2�

Values of T derived from the best fits, and of �T� calculated
for the whole velocity distributions of each dark species are
listed in Table I. As in the previous PLA studies of barium,18

the low number of data points in the low-velocity region
prevented an accurate fit for the 1D2 state; from the resem-
blance between the general forms of the 1D2 and 3DJ TOF
distributions, though the 1D2 velocity distributions could also
be expected to be well described by a MB function with a set

of parameters similar to those of the remaining metastables.
Comparison of the weighted average temperature for the

Ba�1S0� and Ba�3DJ� whole velocity distributions on one
hand shows that the latter �and arguably those for 1D2 also�
are much broader, a feature18 that was already observed at
�=5.3 J /cm2. Also in common with previous observations,
the metastable slow velocity components are found here to
be centered at velocities near those for the fast, major com-
ponents of the ground state �as evidenced by the correspond-
ing T values�. On the other hand, at the prevailing fluences
both components for Ba2+�5s25p54f�3 /2�2� are broader and
centered at higher velocities than those of Ba+�2P3/2�, and
similar considerations hold when comparing the latter with
the emitting neutral Ba velocity distributions �cf. Tables I
and II�. The different MB functions required to fit the emit-
ting and dark-state TOF distributions prevent a straightfor-
ward comparison between the T and �T� absolute values that
derive from both cases. Nevertheless, such an approximation
is certainly significant when mainly intended to quantify the
evolution with � of the total width of the velocity distribu-
tions along the observation axis for these different plume
species. Thus, Fig. 5 illustrates the � dependence of the �T�
values for the various velocity distributions; data18 deter-
mined previously at 5.3 J /cm2 are also included in the plot.
Three different trends in the variation of the Baz+ whole ve-
locity distributions with incident laser fluence are observed:
�1� for all of the Ba dark states no discernible �-dependence
is observed; �2� values of �T� for both Ba emitting states and
for Ba+�2P3/2� display two time to four time increases when
� is increased from 5.3 to 10.8 J /cm2; and �3� the �T� values
for Ba2+�5s25p54f�3 /2�2� slightly decrease with increasing
�. This highlights some differences between the various pa-
rameters characterizing the propagation velocities of all
plume constituents that have been extracted from their TOF
profiles. Most notably, the �-dependence of the �T� values
for all of the emitting species suggests a far more marked

TABLE I. Parameters that characterize both the two components and the whole of the velocity distributions of each Ba atomic and Ba+ ionic species.

Component

Fluence
�J /cm2�

7.6 10.8
�0

�km/s�
T

�103 K�
Relative contribution

�%�
�T�

�103 K�
�0

�km/s�
T

�103 K�
Relative contribution

�%�
�T�

�103 K�

Ba�1S0� Slow ¯ 1.5�0.3 24 6.4�0.5 ¯ 1.3�0.6 34 7.7�0.6
Fast ¯ 7.9�0.4 76 ¯ 11�2 66
Ba�3D1� Slow ¯ 18.6�0.2 32 71�4 ¯ 30�6 54 71�3
Fast ¯ 95�4 68 ¯ 120�7 46
Ba�3D2� Slow ¯ 16.2�0.8 38 58�2 ¯ 16.2�0.3 36 64�2
Fast ¯ 85�2 62 ¯ 90�6 64
Ba�3D3� Slow ¯ 8.3�0.4 52 25�3 ¯ 8.3�0.4 52 25�3
Fast ¯ 44�4 48 ¯ 44�4 48
Ba�3P1� Slow 1.7�0.1 2.1�0.4 2 48�9 1.6�0.9 5.5�0.2 2 89�3
Fast 4.8�0.1 48.7�0.3 98 3.3�0.8 90.9�0.2 98
Ba�1P1� Slow 1.1�0.1 9.4�0.1 23 24�4 3.3�0.1 22.3�0.1 22 51�4
Fast 5.6�0.3 27.8�0.1 77 4.8�0.7 59.5�0.1 78
Ba+�2P3/2� Slow 4�2 31�1 14 231�6 3�1 32�6 13 310�60
Fast 12�2 263�1 86 8�1 349�7 87

TABLE II. Parameters that characterize both the two components and the
whole of the velocity distributions of the Ba2+ ionic species in the
5s25p54f�3 /2�2 state.

Fluence
�J /cm2� Parameter

Component

Slow Fast

5.3 �0 �km/s� 5�2 13�1
T �103 K� 97�1 473�9

Relative contribution �%� 19 81
�T� �104 K� 40�1

7.6 �0 �km/s� 7�2 14�1
T �103 K� 42�6 417�9

Relative contribution �%� 14 86
�T� �104 K� 36�6

10.8 �0 �km/s� 4�1 10�2
T �103 K� 97�3 403�1

Relative contribution �%� 23 77
�T� �104 K� 33�1
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variation in the translational energy content than indicated by
the corresponding peak/mean velocities. It seems that for the
present PLA system and conditions the translational tempera-
tures are more sensitive to the propagation properties of all
of the plume constituents than either their peak or mean ve-
locities.

These results can be rationalized by recognizing that
thermal contributions to the primary ablation process are
likely to dominate the ns 1064 nm PLA of barium at the
moderate laser irradiances ��0.5–1 GW /cm2� of the
present experiments. As pointed out in Sec. I, recent model-
ing of the data of ablated monatomic total Ba mass as a
function of incident laser fluence provides further support for
this suggestion.13 As before,18 explosive boiling appears the
most probable photothermal mechanism at the prevailing la-
ser irradiances: Within this picture, the IR high-power, 10 ns
long ablation laser pulse used here induces a rapid heating of
a highly localized surface layer of the Ba target, bringing it
near to its critical point and ultimately leading to its break-
down into a mixture of vapor and liquid droplets that are
ejected from the target. Free electrons along with cations will
likely be present in the plume through thermionic emission
from the hottest region of the target surface �possibly supple-
mented by a number of gas phase ionization processes; see
below� and those ions will be accelerated out of the focal
volume by the so-called dipolar diffusion mechanism, as a
result of Coulombic fields generated by the fastest moving
electrons that escape from the expanding plume at early
times.35 This can account for the apparent scaling of the vari-
ous Baz+� peak velocities with ionic charge: Coulombic fields
scale with the charge of any given ionic Ba�z+1�+ precursor so
that correlation can be expected to appear in the terminal

propagation velocities of the respective Baz+� species pro-
duced by EIR. This model also makes allowance for the
presence in the plume of neutral Ba atoms, e.g., those popu-
lating low-lying dark states, with lower peak velocities than
the neutral Ba� species. In contrast to the latter that would
result mainly from gas phase EIR, a major fraction of the
former would have been ejected from the target surface as
neutrals and thus not subject to Coulombic acceleration at
all. The significant broadening of the Ba�1S0�, Ba�3DJ�, and
Ba�1D2� whole velocity distributions would thus result from
the large temperature changes accompanying the phase ex-
plosion heating trajectory. In addition, a minor fraction of
3DJ and 1D2 states could arguably originate from radiative
decay of higher-lying excited states, giving rise to the in-
creased broadening of their total velocity distributions in
comparison to those of 1S0.

The presence of large particulates in the ablation plume
can be inferred from the current LIF-TOF experiments,
where it was found at all fluences that occasional bright spots
originating from the probe laser excitation volume were
clearly visible to the bare eye at ablation-probe delays �t
=160–230 �s� large enough so that all dark-state Ba LIF
signals have vanished. The temporal and spatial �owing to
plume collimation� localization of this phenomenon assures
that it is associated with the laser ablation process. Observa-
tion of such spots even at different probe laser wavelengths,
where Ba atomic/ionic LIF transitions are not expected, sug-
gests that they originate in elastic light scattering by delayed
large particulates that are present in the plume. As above, the
propagation velocities of such particulates along the plume
axis could be estimated by the ratio of the relevant flight
distance to the corresponding TOFs to be in the range of
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FIG. 5. Measured ablation laser fluence dependences of the weighted average temperatures for: �a� the neutral Ba atoms in the 1S0 ���, 3D1 ���, 3D2 �	�, 3D3

��� states; �b� the neutral Ba atoms in the 3P1 ��� and 1P1 ��� states; �c� the singly charged Ba+ ions in the 2P3/2 ��� state; and �d� the doubly charged Ba2+

ions in the 5s25p54f�3 /2�2 ��� state. Data at �=5.3 J /cm2 in �a�–�c� were taken from previous work �Ref. 18�.
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140–210 m/s. Similar values have been reported previously
for the propagation velocities of macroparticles ejected from
various target materials and using very different laser
wavelengths.36–38 Consistent with other recent studies,39 it is
suggested here that explosive boiling is the most plausible
formation mechanism for such apparently delayed macropar-
ticles following nanosecond laser irradiation of barium.

Substantial interactions of the nascent plume with the
ablation laser radiation can also be anticipated18 at the
present range of incident laser fluences, which is within the
saturation region of the ablated monatomic Ba mass �see Fig.
5 of Ref. 13�. This saturation behavior is generally ascribed
to the target being screened off from the later part of the laser
pulse as a result of significant absorption by the plume.16,40,41

In particular, the inverse bremsstrahlung �IB� effect will be
very efficient here because of the large absorption coefficient
that characterize free electrons at the IR excitation wave-
lengths used.14 A portion of the absorbed energy will be re-
distributed into the ensemble of plume constituents by colli-
sions or Coulombic forces, thereby leading to an increase in
both translational and electronic energies as well as to further
ionization of the various species formed during the laser
pulse. This, in turn, will result in a rapid transition of the
plume from an ionized gas to a plasma �matching our obser-
vation of a plasma above the Ba target�. Indeed, the high
levels of plume excitation and ionization revealed by the
present OES measurements, as well as the finding of high
translational temperatures for the neutral and ionic Ba spe-
cies are fully consistent with this heating mechanism.

Consideration of possible mechanisms for the initial for-
mation of multiply charged Ba�z+1�+ ions can now be re-
sumed. On the basis of the evidence presented here and
elsewhere,13,18 it is apparent that direct ejection of ions from
the target surface as a result of a photochemical mechanism12

should be dismissed, which leads to thermionic emission as
the most plausible surface mechanism for the generation of
initial free electrons and positive ions in the ablation plume.
Such species will further act as very efficient initial absorb-
ers of the IR laser pulse via electron-ion �e-i� IB.17,41,42 A
number of gas phase ionization processes may also contrib-
ute, among which nonresonant MPI is often invoked as the
most probable.1,3,4 Nevertheless, closer scrutiny suggests that
it should be disregarded here: Given that the photon energy
of a 1064 nm laser pulse is 1.17 eV, formation of Ba+ and
Ba2+ from Ba atoms in the ground state by MPI would re-
quire the absorption of five and thirteen of such photons,
respectively, which is improbable at the prevailing laser irra-
diances ��1 GW /cm2�. Instead, ionization from highly ex-
cited states can become important in the later part of the
pulse as a result of the generation of such species in the
plasma via EIR.

The observation of two clearly resolved TOF compo-
nents for the emitting Baz+� species is in accord with an
acceleration of the ionic Ba�z+1�+ precursors by a two-
electron-temperature mechanism, as a result of preferential
energy input to the leading part of the expanding plume via
IB. This could generate an escaping tail of energetic elec-
trons in advance of the remaining, cold electron distribution,
which together might act as two sequential Coulombic accel-

erators leading to two-peak structures40 in the Baz+� TOF
distributions. Such effects could also result in a �-dependent
evolution of these TOF distributions from double to single
peaked within a relatively narrow laser fluence range, as ob-
served here and previously shown by Bulgakova et al.40 for
the total ion TOF profiles that derive from the 1064 nm PLA
of graphite.

An assessment of the laser fluence dependence of the
various dark and emitting species velocity distributions
probed here is timely. Under the present conditions the pri-
mary focus should be on the properties unique to a plume of
plasma, particularly the extent to which the energy injected
through IB might alter the propagation characteristics of the
different plume constituents. From previous investigations
on the UV PLA of several metal targets in
vacuum,16,17,24,41,42 it follows that such energy will couple
more directly to motion of the primary IB absorbers, i.e.,
cations, than to that of the remaining electron collision part-
ners in the plume. Such effects in turn will lead to a more
pronounced increase with rising �, in the terminal propaga-
tion velocities of monatomic cations than in those of nascent
neutral atoms. Indeed, the present findings on the
�-dependences of the �T� values for the various Baz+�z�2�
velocity distributions follow qualitatively such trends and,
particularly, those reported by Claeyssens et al.24 in studying
the 193 nm PLA of graphite. They found increasing � from
5 to 20 J /cm2 to lead to an increase in the mean velocities
that characterize the total ion velocity distributions arising
from that target, but to have little discernible effect on the
mean kinetic energy �and thus mean velocity� of total neutral
C atoms. Similar trends are displayed here by the weighted
average temperatures �which are regarded as most appropri-
ate signifiers of the propagation velocities� of many of the
charged and neutral monatomic plume components, as the
behaviors of the Ba+ /Ba2+ ions �monitored via correspond-
ing Ba� /Ba+� emissions� and the ground-state Ba atoms, re-
spectively, make evident. No discernible �-dependences
were actually observed in the measured metastable velocity
distributions but, given that these are considered to be a con-
volution of neutral Ba�3DJ� and Ba�1D2� atoms both ejected
from the target and originated from radiative decay of
higher-lying excited states, the effect of � on them cannot be
readily ascertained. The dark-state population distribution of
Ba atoms reported in Sec. III C will show up other differ-
ences between the ground and metastable state populating
mechanisms.

The decrease in �T� with increasing � for the Ba3+ ions
�as viewed via the emission from Ba2+�5s25p54f�3 /2�2��
merits further discussion. This is unlikely to arise from
depletion of Ba3+ ions that is caused by an increasing abun-
dance of higher charged ions in the plume since a similar
behavior would have been expected for the Ba+ and Ba2+

ions. Instead, it seems more plausible that the Ba3+ ions,
being the fastest moving plume species, may be subjected to
an increasingly reduced collisional coupling with rising � as
they expand more rapidly after the initial ablation pulse,
thereby leading to a decrease in the widths, and thus in the
�T� values of their velocity distributions at higher �. As men-
tioned above, the occurrence of plasma shielding via e-i IB
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should induce an opposite tendency, which may explain the
observed slight decreases of the weighted average tempera-
tures for Ba3+ with rising �. These factors may also be re-
sponsible for the reduced, approximately twofold increase in
�T� for the Ba2+ ions in comparison to the corresponding
approximately three-/fourfold increase for the Ba+ ions �de-
pending on the Ba� emission probed� within the present flu-
ence range �see Fig. 5�, despite the Ba2+ ions are predicted14

to experience as double rate of IB as the Ba+ ions.

C. Population distribution of low-lying „�1.41 eV…
electronic states of Ba atoms

A two-level rate equation treatment is appropriate to de-
scribe the whole LIF schemes that were used here.43,44 This
simplifies in the limits of low laser spectral energy densities

�
� at the wavelength 
 of the relevant electronic transition,
and short probe laser pulse durations �p that guarantee a fast
probing of the relevant species with respect to their expan-
sion time, such as were used here ��2�10−14 J /Hz1.m3

and 10 ns, respectively�. Given the proportionality between
the observed LIF intensity Iu→l and the number density of the
upper level Nu associated to the excitation transition, this
analysis leads to the following expression for Iu→l as a func-
tion of the time tp after the beginning of the probe laser
pulse, at any given ablation-probe distance l and delay
	t,43,44

Iu→l�l,	t,tp� =
�

4�
VGu→l�Nl

0�l,	t�
gu

gl

�
u→l�
u→l

3

��1 − exp�− Au→ltp��	Au→l exp�− Au→ltp� ,

�3�

where � /4� is the relative detection solid angle, V is the
observation volume, Gu→l is the detection efficiency at the
wavelength of the u→ l line, and Nl

0�l ,	t� is the initial num-
ber density of the corresponding lower level. gi’s are the
statistical weights of both levels, Bu→l and Au→l are the Ein-
stein coefficients for u→ l stimulated and spontaneous emis-
sion, respectively. This analysis ignores the possibility of or-
bital alignment in the atomic sample probed. The term in
braces in Eq. �3� represents the absorption process, while the
ensuing factors represent the subsequent fluorescence path-

way back to the lower level. In this work, Nl
0�l ,	t� corre-

sponds to any of the number density LIF-TOF distributions
of the dark-state Ba atoms that were reported on a relative
scale in Sec. III B.

Integrating Iu→l upon both tp and 	t gives

Iu→l�l� = 

0

� 

0

�

Iu→l�l,	t,tp�dtd	t

=
�

8�
VGu→l

gu

gl

�
u→l�
u→l

3 Nl
0�l� . �4�

Equation �4� has been used to reduce all the integrated fluo-
rescence intensities Iu→l�l� to relative populations of the vari-
ous low-lying electronic states of Ba atoms within the plume
at l=3.3 cm. There is to note that Eqs. �3� and �4� are valid
in the limit of no radiation trapping by the ablation plume,
which has been checked through preliminary measurements
of the emission rate following excitation of the 6s6p 1P1

←6s2 1S0 transition line at 553.55 nm. Indeed this line may
be expected to give the most serious radiation trapping effect
owing to the short radiative lifetime29 of the 1P1 state and
nearly closed transition cycle between the ground and ex-
cited states. From the recordings of the tp-dependence of LIF
signals within the range of 	t’s used, an emission rate which
agrees with the known value of AP→S�1.19�108 s−1� �Ref.
26� within 5% has been deduced. Thus, it can be considered
that in the present conditions of moderate laser irradiances
on the Ba surface, the ablation plume is optically thin at the
given wavelength. For the transition lines used to probe the
Ba metastable states, radiation trapping should be even less
than that of the ground state as a result of correspondingly
lower both oscillator strengths26 and initial number densities
�see below� for the former.

The resulting relative population distributions of low-
lying ��1.41 eV� electronic states of Ba atoms at the three
�s used in this work are listed in Table III. The data at �
=7.6 J /cm2 have been previously reported,7 and they incor-
porate a better estimation of the uncertainties in the popula-
tion distribution determination, which mainly arise from
measurement errors due to shot-to-shot fluctuations and the
error in the estimation of the probe spectral energy density.
No single temperature of a Boltzmann distribution could be
found which fit the observed population distribution at any of

TABLE III. Relative population distributions of low-lying electronic states of Ba atomic species. For each laser
ablation fluence reported, the values given in the left column are relative to the number density of Ba�1S0� at
10.8 J /cm2, while values �in italics� in the right column indicate population distributions in percent at that
particular laser ablation fluence.

Species
Excitation energy

�eV�

Fluence
�J /cm2�

5.3 7.6 10.8

Ba�1S0� 0 �407�33��10−3 69.1 �565�45��10−3 78.3 1.000�0.081 89.4
Ba�3D1� 1.12 �85�5��10−3 14.5 �60�5��10−3 8.4 �45�3��10−3 4.1
Ba�3D2� 1.14 �47�4��10−3 8.0 �47�4��10−3 6.6 �36�3��10−3 3.3
Ba�3D3� 1.19 �44�3��10−3 7.6 �44�4��10−3 6.0 �29�2��10−3 2.6
Ba�3DJ� 1.15 �177�12��10−3 30.1 �151�12��10−3 21.0 �111�9��10−3 10.0
Ba�1D2� 1.41 �4�2��10−3 0.8 �5�2��10−3 0.7 �7�2��10−3 0.6
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the ablation laser fluences studied here. A similar nonthermal
behavior for the Nd atom metastable state population distri-
bution has been reported in a recent nanosecond 532 nm
PLA investigation of neodymium.20 To explain such findings,
electronic contributions were suggested to dominate the re-
moval of material at the moderate ablation fluences
�1 J /cm2� of these experiments. The present proposal that a
photothermal mechanism, i.e., explosive boiling do domi-
nates the 1064 nm PLA of barium is still favored here:
Within this picture, the plume constituents are not vaporized
simultaneously all with the same temperature but the latter
varies essentially �and largely� during vaporization, which
likely leads to nonthermal population distributions. An addi-
tional factor could result from the above-suggested colli-
sional and/or radiative cascades that would be responsible
for the population of the observed Baz+� species and, particu-
larly, of both Ba�3DJ� and Ba�1D2� metastable states which,
having long lifetimes �60 and 0.25 s, respectively�,45 might
act as reservoir states once the plasma expands into the col-
lisionless regime. Ultimately, the population distributions ob-
served at larger distances from the Ba target surface reflect
some appropriate superposition of these two �or likely more�
sources of nonthermal behavior. The present LIF-TOF mea-
surements only probe such terminal population distributions,
and thus do not allow these contributions to be distinguished.

It could be instructive to consider the extent to which the
present results conflict with estimations of the relative popu-
lations distributions which are based on simple thermody-
namic considerations. For example, the abundance in the na-
scent ablation vapor of Ba�3D1�, which lie 1.12 eV above the
barium ground state would be �0.3% of the Ba�1S0� atoms if
the barium surface temperature Ts within the laser focus is
taken as 1913 K, i.e., the normal boiling point of barium.46

This is lower than the observed Ba�3D1� number densities at
the present fluences �see Table III� by one order of magni-
tude. Within the present context, actually, the thermodynamic
critical temperature Tcr of barium should be a more represen-
tative assumption for Ts; due to the lack of available data, a
Tcr for barium of 5000 K, which is an average value for
common metals,47 can be assumed. While the resulting
Ba�3D1� to Ba�1S0� population ratio of �22% lies within the
order of magnitude of the experimental values, neither the
observed slightly decreasing Ba�3DJ� distributions with in-
creasing J nor the one order of magnitude lower Ba�1D2�
number densities would be reproduced in this case. Alterna-
tively, the metastable populations might be estimated by as-
suming that a local thermal equilibrium at the translational
temperature of the ejected particles is established owing to
near-surface collisions or Coulombic forces that are opera-
tive in the early stages of the expansion, but the different �T�
values for the various metastable velocity distributions found
here prevent application of such approach. Clearly, thus, care
must be exercised in assuming that thermal predictions are
suited to account for the fraction of ground-state neutral spe-
cies in ablation plumes generated under conditions leading to
a plasma formation, as a significant buildup of population in
low-lying metastable states may arise from the various ex-
cited state populating mechanisms which might be operative.
Such considerations appear to be further supported by previ-

ous observations in the 532 nm PLA of Nd that some of the
four lowest-lying ��0.63 eV� 4f46s2 5IJ metastable states of
neutral Nd atoms are more heavily populated than predicted
by a Boltzmann distribution.20 The barium case is perhaps
more significant in that it provides experimental evidence for
the PLA of metals that laser-ablated excited atoms, i.e.,
Ba�3DJ�, with excitation energies higher than 1 eV and with
electronic configurations completely different from that of
the ground state, have number densities within the same or-
der of magnitude than those of ablated ground-state atoms.

Admittedly that the relatively large Ba�3DJ� and Ba�1D2�
number densities observed here may arise, at least in part,
from possible differences between the angular distributions
of the various dark-state Ba atom components. In the present
study, the corresponding population distributions are derived
from measurements of the total number densities of the re-
spective neutral particles propagating along the normal to the
target surface. For any given Ba dark species, the resulting
number density will be highest as the directionality of its
plume component with respect to the target surface normal is
the greatest, i.e., most forward peaking. Unfortunately, the
present experiments are not sensitive to the angular distribu-
tion of the plume components, preventing further exploration
of this proposal.

The �-dependence of the Ba�3DJ� and Ba�1D2� number
densities, which display, respectively, a slight decrease and
no discernible variation with increasing laser fluence, mark-
edly differs from the �2.5 times increase in the Ba�1S0�
number density that is observed here when � is raised from
5.3 to 10.8 J /cm2. Indeed, the latter is remarkably similar to
the increase by �1.5 in the total ablated monatomic Ba mass
that was reported previously within the same range of � �see
Fig. 5 of Ref. 13�. An increasing population in the ablation
plume is what could be expected from any species that is
mainly produced in the primary ablation process, like it is
suggested here for the Ba�1S0�, as a higher laser fluence in-
cident on the target surface should lead to an increasing total
ablation yield to some extent. Moreover, as pointed out in
Sec. III B, the ultimate characteristics �i.e., propagation ve-
locities and number densities� of the neutral Ba�1S0� compo-
nent should be less influenced for the substantial laser-plume
interactions �mainly by IB� that are predicted to occur within
the prevailing fluence range. The case of the Ba�3DJ� and
Ba�1D2� atoms seems more difficult to rationalize as both
suggested routes for their formation, i.e., ejection from the
target and radiative decay of higher-lying excited states
might, in principle, be expected to increase their population
in the plume with rising �. This follows in the first route
from those arguments used for the Ba�1S0� case, and in the
second one from the observed �-dependence of the Ba� line
intensities in the OES spectra. In the former, however, it is
not apparent that metastable species with excitation energies
�1.12 eV, should increase their population in the plume as
a result of the photothermal mechanism to the same extent
than the ground-state atoms. It is certainly possible that the
Ba�3DJ� and Ba�1D2� number densities to have reached a
plateau at the present laser fluences which, considering the
relatively narrow � range used here, could in turn appear as
an unnoticeable variation or even a slight decrease in their
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populations. On the other hand, the absence of any direct
measurement of the second metastable population route
makes any analysis on it virtually impossible. Further com-
plications may arise from both routes being affected dis-
tinctly by any possible �-dependence of their unresolved an-
gular distributions of the Ba�3DJ� and Ba�1D2� components
regarding those of Ba�1S0�. Thus, the combined measure-
ments of the �-dependences of the metastable velocity dis-
tributions and number densities make clear that the mecha-
nisms leading to population of the Ba�3DJ� and Ba�1D2�
species are much more complex than those of the remaining
excited and ground-state atoms, and that processes other than
those proposed above may be likely involved.

IV. CONCLUSIONS

Characteristics of the plumes arising from 1064 nm ns
PLA of barium in vacuum at three moderate �s in the range
of 5.3–10.8 J /cm2 have been studied using both wavelength
and time resolved OES and TOF-LIF. Both techniques con-
sistently indicate that the ablated material is comprised of
monatomic constituents while not revealing the presence of
any small Ban polyatomic species; in addition, LIF measure-
ments provide a piece of evidence for the presence of de-
layed large particulates which are associated with the pri-
mary ablation process. Neutral atoms and both singly and
doubly charged ions in excited states up to near the corre-
sponding ionization limits are identified in the optical emis-
sion spectra, thus suggesting remarkable levels of ionization
and excitation within the ablation plume. The population dis-
tributions of low-lying ��1.41 eV� dark-state neutral atoms
which are derived from LIF revel that the metastable 3DJ and
1D2 abundances in the plume are higher than predictions
based on assuming a Boltzmann distribution. The 3DJ and
1D2 populations are seen, respectively, to decrease slightly
and nearly no vary with raising fluence, which contrasts with
the increasing trend that is observed in the Ba�1S0� popula-
tion. At all fluences, the TOF distributions of the whole dark
states and of various of the emitting species are bimodal and
well described by MB and shifted MB velocity functions,
respectively, with different �T� values for each state. The
velocity distributions of all excited states are broader, and
centered at higher TOFs �and thus velocities� than those of
Ba�1S0�. The �T� values for the dark states are insensitive to
the fluence, while for all emitting species marked variations
of �T� with fluence are found. These observations have been
rationalized in terms of material ejection from the target be-
ing dominated by a phase explosion mechanism, which is the
main contributor to the majority Ba�1S0� population. Free
electrons along with cations can also be ejected from the
target surface most likely through thermionic emission. At
the prevailing irradiances, both charged species will arguably
interact with the incident laser radiation by IB, leading to an
increase in both translational and electronic energies as well
as to further ionization of the various plume species. Energy
input to the leading part of the expanding plume will likely
be favored in such a heating mechanism, generating a fast
tail of energetic electrons in advance of the remaining, cold
electron distribution—the so-called two-electron-temperature

mechanism. Such a heating mechanism ensures that the en-
ergy injected to the plume will alter the propagation veloci-
ties of the primary IB absorbers, i.e., cations, to a major
extent than those of neutral atoms with increasing fluence.
Electron-ion recombination occurring early in the plume ex-
pansion can lead to the generation of both neutral and ionic
species in a manifold of long-lived Rydberg states, from
which a radiative cascade will likely ensue.

The deduced �-dependences of the Ba�3DJ� and Ba�1D2�
populations and velocity distributions suggest that their
populating mechanisms likely involve processes other than
those two, i.e., vaporization from the target and radiative
decay of higher-lying excited states, proposed on the basis of
simply comparing their velocity distributions with those of
the remaining excited and ground-state atoms.

Although this work has gone some way in elucidating
the primary ablation mechanism, it is apparent that many
questions still remain, particularly on the effect of ablation
laser wavelengths other than 1064 nm on both the plume
characteristics and the total ablated monatomic Ba mass as a
function of the incident laser fluence. The latter would be
especially interesting to contrast with the corresponding
modeling by an extension of the treatment that was devel-
oped in Ref. 13. This will be the subject of a forthcoming
investigation.
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