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A B S T R A C T   

Atomic absorption spectroscopy was used to measure the absolute vanadium and titanium masses present as 
neutral atoms in the plume formed by laser ablation of a titanium alloy sample. At delays between two and 
twenty microseconds, the absolute masses and temperatures were measured with time-resolved Boltzmann plots 
under pure helium and an 80:20 He/O2 mixture. The Boltzmann plots, which include the ground term (in 
contrast to emission-based measurements), produced high-quality estimates of the plasma composition. Under 
helium, the metal vapors persisted beyond the longest ~20 μs delays measured. The V:Ti stoichiometry was 
approximately as expected from the nominal sample composition at all times under He. However, under He:O2, 
the atomic vapor disappeared entirely in under 10 μs and the stoichiometry became more enriched in vanadium 
at increasing delays. This enrichment is interpreted in terms of the difference in first oxide bond energies of the 
two metals. There was evidence of loss of metal even under helium within the investigated 20 μs window.   

1. Introduction 

Laser ablation is used for material processing, including supercon
ductor and nanoparticle syntheses, as well as materials analysis (e.g. 
laser-induced breakdown spectroscopy, LIBS, and laser-ablation induc
tively coupled plasma mass spectrometry, LA-ICPMS). [1–5] Because the 
laser-induced plasma (LIP) is most often studied by thermal emission 
spectroscopy, data typically represent the earlier, hotter, and therefore 
more thermally emissive times in the plasma’s evolution- the first few 
microseconds (see References [6, 7] for extensive discussion of plasma 
diagnostics techniques relevant to the LIP). Otherwise, static informa
tion about the ablation process is available by sampling particles formed 
by various processes (spallation, splashing, condensation, aggregation, 
etc.) or by examining the crater left by the ablation. Crater measure
ments give little insight into the dynamic processes (e.g. condensation, 
evaporation, chemical reactions) occurring in the plasma after the initial 
material removal, unfortunately, and particle sampling and analysis are 
both complex. 

Recently, several groups have returned to absorption spectroscopy to 
characterize the fast-evolving LIP dynamically at these later times where 
linewidths are narrowed and the atomic state distribution function 
(ASDF) has collapsed to lower-lying levels. [8] Because absorption and 

emission measurements in the plasma may probe different populations 
and therefore, regions of the inhomogeneous plasma, they provide 
distinct and complementary views of the LIP phenomenon. [9] In 
addition to providing insight into the relative atomic state distribution 
function inclusive of the ground state, absorption spectroscopy allows 
measurement of absolute quantities of atomized material in the plasma 
to the extent that oscillator strengths are known. [10] 

The plasma atmosphere is known to have substantial impact on LIP 
formation and evolution because of differences in cover gas ionization 
energy, density, thermal conductivity and chemical reactivity. [11–14] 
From an applications standpoint, the impact of cover gas on spectral 
profiles is important to implementing laser-ablation atomic absorption 
spectroscopy as a technique for measuring isotope ratios. [15] Addi
tionally, the effect of ambient oxygen on plasma evolution is interesting 
in light of its implications for the LIBS or LA-analytical plasma’s 
chemical representation of the sample or even for the plasma’s potential 
as a practical simulant for nuclear explosions. [16–22] This chemistry 
may be somewhat unavoidable as some studies have found that even 
trace levels of oxygen in otherwise inert atmospheres are sufficient for 
measurable oxide formation in the LIP. [23] Irrespective of the atmo
sphere, such molecule formation in plasma is typically studied with 
emission spectroscopy. Unfortunately, as De Giacomo and Hermann 
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point out, molecular thermal emission measurements are only feasible 
as a diagnostic with the subset of diatomic species that simultaneously 
possess moderate bond strengths and low electronic excitation energies 
such that bonds can form in a plasma that is still hot enough to populate 
the excited molecular states necessary for observation of thermal rovi
bronic emission spectra. [24] 

In the present study, we use atomic absorption spectroscopy to 
measure the titanium and vanadium stoichiometry of a LIP formed 
under inert and reactive atmospheres. While there have been studies of 
plasma stoichiometry by laser-ablation atomic-absorption spectroscopy 
in the past [25], to our knowledge, ours is the first one to measure the 
entire plasma’s composition rather than a single line of sight. Given the 
expected inhomogeneity of the plasma, such whole-plasma absorption 
measurements should allow important insight into the chemical and 
physical processes occurring as the plasma cools and the neutral atomic 
mass disappears. Ideally, these measurements can complement theo
retical studies. [20,22] 

2. Experimental 

A commercial sample of titanium 10–2-3 (nominal alloy composition 
85% titanium, 10% vanadium, 2% iron and 3% aluminum by mass) was 
ablated under 300 mbar of either UHP He or a commercially available 
80/20 (by volume) mixture of He and O2. The chamber was pumped 
down and flushed with the appropriate gas four times, then held with a 
static atmosphere for the duration of a measurement at a given plasma 
mapping (~2000 laser shots). The chamber was opened and the win
dows and ablation-laser-focusing lens (located inside the chamber) 
cleaned after each ~2000-shot campaign. Ablation was with a Big Sky 
Ultra (Nd:YAG) operated at 1064 nm and focused through a f = 10 cm 
best form lens placed at 9.5 cm. The ablation laser energy was reduced to 
19 mJ with a half waveplate and a polarizing beamsplitter. The beam 
was also expanded slightly to protect chamber windows and to increase 
the effective numerical aperture of the focusing optic. 

The plasma was probed with a “pseudocontinuum” pulse generated 
by an optical parametric oscillator (OPO, Ekspla 342A, Vilnius). The 
delay of the probe pulse relative to the ablation event was controlled 
with a DG 645 delay generator (Stanford Instruments). The OPO energy 
was attenuated with an achromatic half waveplate (Thorlabs) and a 
polarizing beamsplitter before spatial filtering. The spatially filtered 
beam was expanded and focused into the plasma at a high F/# to 
generate a beam waist of ~250 μm and a Rayleigh length much longer 
than the plasma dimensions. The probe pulse was separated into probe 
and reference arms by a plate beamsplitter before the sample chamber, 
allowing a dual-beam-in-space measurement paradigm. The probe beam 
was collected with an achromatic lens after the plasma and focused into 
a large-mode-area single-mode photonic crystal fiber. The reference 
beam was similarly directed into its own fiber. The fibers’ outputs were 
collimated with achromats and the beams were recombined with a 
second beamsplitter, leaving a slight relative angular divergence. The 
nearly parallel beams were focused into the spectrometer with a com
mon lens in such a manner as to produce two separate spots at the 
spectrograph’s entrance slit, with spatially separated spectra produced 
at the detector. 

The probe and reference beams were dispersed with a custom echelle 
spectrometer (ELIAS I, LTB Lasertechnik Berlin) modified by the 
manufacturer to allow simultaneous measurement of probe and refer
ence arms on a single ICCD (usb iStar, Andor, Belfast). It was not feasible 
to measure the order-dependent resolving power at each wavelength, 
but R ~ 5 × 105 is a reasonable estimate when the grating was operated 
in single pass. The spectrograph is capable of double-pass measure
ments, but the resulting decrease in throughput combined with an in
crease in scatter (i.e. stray light) recommends against double-pass 
absorption measurements when possible. Although resolving power was 
not measured, the dispersion at each wavelength position was deter
mined by inserting a 6.29 mm fused silica etalon in the probe beam path 

and observing its modulation of the pseudocontinuum probe spectrum. 
During acquisition, the probe energy was kept below the level producing 
noticeable bleaching of the transition. 

Absorption spectra were calculated for each probe/reference pair as 
log10 using custom Labview routines that include an empirical align
ment of the probe and reference spectra. In the event of high absorbance 
(log10(Io/I) > 1.3), the measurements were made dual-beam-in-time (i. 
e. sequentially with the reference beam blocked) to prevent loss of 
linearity due to crosstalk between probe and reference spectra in a given 
ICCD frame. For dual-beam-in-space measurements, 45 simultaneous 
spectral pairs (one probe, one reference) were collected at each plasma 
location. Of the 45, fifteen probed a plasma and 30 served as “blank” 
measurements with the triggering of the Q-switch of the ablation laser 
inhibited at the delay generator. The acquisition of sample and blank 
measurements was alternated using a homemade digital logic circuit 
that permitted Q-switching only when appropriate. Each 45-spectrum 
sequence was preceded by 5 sample-prep shots (i.e. “cleaning shots”). 
The sample was rotated to present a fresh surface after each 5 + 15 
ablation sequence. 

Peaks were fit to a Voigt model using Origin 9.2 (Originlab, North
ampton, MA) when SNR was adequate. In order to avoid overfitting, a 
simple Doppler model was used for low-SNR data. Because the combi
nation of hyperfine and isotope shifts for the titanium lines was less than 
the measured linewidths, these were well-fit by the Voigt model. The 
substantial hyperfine structure of the vanadium (nuclear spin = 7/2) 
lines meant that there was some slight error in neglecting hyperfine 
structure when fitting the spectrum. In order to minimize this error, 
vanadium transitions with (relatively) less hyperfine splitting were 
selected. 

The mass in a given lower level (ml) was calculated from the sum of 
peak areas measured in building the plasma line-of-sight map according 
to: [10]. 

ln(10) • M • Δx • Δy •
∫

abs(λ)dλ
NA • λ2 • ʄlu • 8.8 × 10−15

= massl (1)  

where M is the molar mass, Δx and Δy are the measurement spacings in 
the imaging grid, NA is Avogadro’s constant, λ is the transition wave
length, and ⨍ lu is the transition oscillator strength. The constant in the 
denominator is evaluated in units of meters. Strictly speaking, absorp
tion is proportional to the difference in the degeneracy-normalized upper 
and lower level occupancies. Eq. (1) neglects any substantial population 
of the upper level of a transition, a reasonable assumption for the 
transitions used here since probe photon energies exceed 16,000 cm−1. 
Transition data were taken from the NIST atomic spectral database and 
are summarized in Table 1. 

Table 1- 
details of transitions used. See Reference [26].  

Element Lower term 
symbol 

g Elower 

(cm−1) 
f (unitless) Wavelength 

(nm) 

Ti 3F3 7 170 
7.91 ×
10−4 521.970 

Ti 3F4 9 386 
2.01 ×
10−4 546.050 

Ti 3F4 9 386 
4.57 ×
10−4 525.210 

Ti 5F3 7 6661 
2.33 ×
10−3 504.061 

Ti 3F4 9 11,776 
1.30 ×
10−2 549.015 

V 4F3/2 4 0 
7.90 ×
10−3 483.242 

V 6D7/2 8 2311 
2.45 ×
10−2 443.783 

V 4D7/2 8 8715 
1.07 ×
10−1 609.021  
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The degeneracy-normalized absolute masses in a series of levels (each 
summed over the whole plasma) were used to generate linearized 
Boltzmann plots, with temperatures extracted in the usual way. Because 
absorption measurements can give absolute masses, the total atomized 
mass of each element (neglecting ions) in the plasma was calculated 
from the Boltzmann plots as: 

masst = Q(T) • eb (2)  

where Q(T) is the temperature-dependent electronic partition function 
and is taken from the NIST website or calculated from data therein and b 
is the y-intercept of the Boltzmann plot. 

3. Results and discussion 

The line-of-sight maps of ground term absorption are given in Fig. 1. 
Note that each map is individually scaled to emphasize morphology 
rather than the relative quantity in a given plasma at a given time. Under 
both gases, the earliest data point (2 μs) shows a hollow morphology 
with a particular “cap” of material distal to the sample surface. The 
extent and nature of the material in the central void is unclear and will 
be the topic of a future study designed to give access to ionized states in 
addition to the neutrals measured here. The void could be expected to 
result from turbulent mixing as gas rushes in from the base of the 
plasma, for example as modeled by Gornushkin et al. [22] The present 
data do not show any evidence of the expected mushroom cloud “stem,” 
perhaps because this feature has already dissipated through mixing by 
the first time measured. It is interesting to note that these plasmas do not 
show the high concentration of absorbing atoms close to the sample 
surface observed with our previous measurements. [10] Those previous 
data were collected at a higher pressure of helium and with a larger laser 
spot size and higher ablation pulse energy, presumably resulting in 
different fluid dynamics. 

In the present data, the plasmas under pure He reach their maximum 
spatial extent by 3.5 μs and are morphologically stable out to 11 us, with 
the main change being a slow narrowing after 3.5 μs. The plasmas under 
HeO (as defined by the spatial extent of the ground-state Ti atoms) are 
smaller at all of the times measured here and shrink rapidly. At early 
times this is possibly the result of increased confinement by the higher 
molar mass He/O2 mixture or could simply result from the ablation of 
less mass. At late times, this is presumably the result of oxidation at the 
cooler temperatures present at the periphery (see discussion of Fig. 4 
below) and as seen in the equilibrium calculations of Hermann and 
Dutouquet, albeit under a different atmosphere. [20] 

State-resolved masses extracted from the images (n.b.- summed over 
the entirety of each image and thus, no longer spatially resolved) were 
used to construct Boltzmann plots. Fig. 2 gives representative titanium 
and vanadium plots under helium. The plots were notably linear, with 
adjusted R2 values >0.99 when at least three points were available. The 
temperature error bars in Fig. 3 are propagated from the standard error 
in the slope rather than from replicate Boltzmann plots and do not take 
into account uncertainties in the reported oscillator strengths. 

In considering subsequent Boltzmann-plot analyses of the plasma 

maps, it must be remembered that the relative populations are measured 
here in absorption of the ground term or of relatively low-lying meta
stable levels (see Table 1) whose transitions to the ground state are 
parity-forbidden. Furthermore, the present measurements are summed 
across the entire plasma. This is in contrast to the thermal emission 
measurements from relatively higher-lying energy levels with vague 
representation across plasma morphology and mass typically found in 
the literature. These different diagnostic techniques can result in 
differing perspectives on the plasma. For example, LaHaye et alia’s 
neutral excitation temperatures (measured in emission) were higher 
than neutral Doppler temperatures (measured in absorption) but were in 
agreement with first-ion kinetic Doppler temperatures measured in 

Fig. 1. Titanium ground-term absorption (525.2099 nm absorption line) maps 
at delays (μs) indicated below images. Note that images are individually color- 
scaled to emphasize morphology in comparisons. Note also that the spatial axes 
are not isometric. 

Fig. 2. Representative Boltzmann plots under helium cover gas at delay of 5 μs. 
The masses used for the y-axis are summed over the entire plasma image and do 
not represent any single region of the plasma. 

Fig. 3. Electronic excitation temperatures of titanium and vanadium neutrals 
under different cover gases. Temperatures calculated from absorption summed 
across entire plasma image. Error bars reflect the error propagated from the 
standard error in the slope (when available). See text for interpretation of TiO 
(rovibrational) temperatures. 
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absorption. [9] Presumably, this is because each measurement repre
sents a distinct region of the plasma. 

Fig. 3 indicates that at delays of 5 μs and beyond, the vanadium and 
titanium excitation temperatures were grossly identical. A plateau at 
~2300 K is apparent in the measurements with a pure He atmosphere. 
This is notably less than the pressure-adjusted boiling point of either 
metal but might be rationalized by the degree of mixing with the 
background gas (i.e. because of reduced partial pressure). There was 
insufficient signal-to-background ratio under He/O2 to generate the 
necessary absorption maps at long delays, but the atomic temperatures 
under the oxidizing atmosphere are significantly higher than those 
under pure He at all times measured beyond 3.5 μs. Whether this is 
because of differences in thermal conductivity and/or mixing or the 
result of heating by the exothermic metal‑oxygen bond formation is 
unclear. We do note that Harilal et al. found that increasing oxygen 
partial pressures in an argon/oxygen mixture led to faster decreases in 
uranium excitation temperatures measured with emission spectroscopy 
at a total pressure of 100 Torr. [19] In their case, however, the oxygen 
has the opposite relative effect on thermal conductivity. 

The excitation temperatures above approximate the plasma as ther
modynamically homogeneous. In order to investigate the gradients, 
lateral scans of the titanium absorption were performed at a single 
height (1.4 mm) and delay (5 μs) under pure He (see Fig. 1 for location in 
the plasma at this delay). The 546.050 nm titanium line was scanned 
seven times with the spectrograph operated in slightly increased 
dispersion (grating double passing with adjacent pixel binning). To 
compensate for the decreased SNR, the number of shots/line-of-sight 
was doubled for the double-pass measurements (i.e. 30 vs. 15 abla
tions). Peaks were fit to a Voigt model with OriginPro 9.1, with Doppler 
temperatures calculated from the Gaussian components. Fitting 
neglected the isotope splitting and hyperfine structure. In order to verify 
that this omission had negligible impact on the calculated Doppler data, 
a synthetic spectrum was constructed including Gaussian peaks corre
sponding to each of the even isotopes at their appropriate shifts. Because 
shifts and splittings of the odd isotopes are not available to our knowl
edge, these were neglected but should have less effect than the larger 
46Ti and 50Ti shifts (both ~0.025 cm−1 relative to 48Ti per Reference 
[27]) considered here. Fits of the synthetic peak sums were only ~3% 
higher than fits of a single (unsplit) Gaussian peak, indicating that 
neglection of the isotope shifts (and likely the less-shifted but hyperfine 
structured odd isotopes) did not result in significant error. However, the 
modest SNR in the experimental data did lead to substantial variation in 
fits, so each line-of-sight measurement was repeated a total of seven 
times. Excitation temperatures were also measured via line-of-sight 
scans with each of the lower state energies. Fig. 4 gives the two tem
peratures and line-of-sight integrated ground-term peak area at each 
lateral position. Note that these are presented as raw line-of-sight data; 
an inverse Abel transformation was not performed since the Doppler 
measurements would require a wavelength-by-wavelength Abel inver
sion, which would require an extremely high SNR. 

The line-of-sight-resolved Doppler and excitation temperatures are 
equivalent and show the expected gradient, with higher temperatures 
observed when probing lines of sight through the plasma center. The 
full-plasma-integrated excitation temperature under these conditions is 
3700 K, only slightly lower than the temperature measured near the 
center of the scan. While we have not characterized the random error in 
the scanned excitation temperatures, the extremely smooth trend 
(neglecting the point at the far left) suggests that such random error is 
minor. The data indicate that the electronic and translational degrees of 
freedom are in mutual equilibrium at these late delays such that Doppler 
measurements may be used to approximate the excitation temperature. 
Note that these Doppler data do not include highly excited levels, but 
rather represent the environment dominated by the lower-energy levels 
most relevant to understanding the disposition of cooling plasma mass at 
these long delays. 

Knowledge of the temperature (and therefore the partition function) 

and the absolute population of any one level in the atomic state distri
bution function allows estimation of the total neutral mass of the plasma 
with Eq. (2). The extracted masses of vanadium and titanium are given 
in Fig. 5. The uncertainties (when present) are propagated from the 
respective standard errors in the calculated slope and intercept. Their 
propagation as uncorrelated, which is not strictly correct, may under or 
overestimate the uncertainties. As such, uncertainties are provided as a 
rough estimate. However, by measuring at or near the ground level 
(which is substantially more populated at these later times), the un
certainties in total mass are reduced substantially. This is in contrast 
with the case where only excited states are probed and substantial 
extrapolation back to the ground state is required, as in calibration-free 
LIBS. 

The plots show the expected ingrowth of neutral population at early 
times as electrons and ions recombine. The source of the dip in apparent 
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Fig. 4. Lateral scan of titanium Doppler and excitation temperatures 1.4 mm 
above sample surface. Error bars on Doppler temperatures are one standard 
error (n = 7). Measurements performed under helium at 5 μs. The ground 
term’s absorption peak area is also graphed (solid line) to provide a spatial 
reference to the temperature data. 

Fig. 5. Evolution of total (plasma-integrated) neutral vanadium and titanium 
masses calculated using Boltzmann plots and Eq. (2). Error bars, when present, 
are propagated uncertainties from the standard errors of slope and intercept of 
the Boltzmann plots. 
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titanium population at 10 us under helium is unclear but has been found 
to be reproducible. Under pure helium, both the titanium and vanadium 
data show a modest loss of measured atomic material at long times 
(beyond 8 μs). This could be due to reaction with residual oxygen in the 
chamber and/or formation of metallic diatomics, or deposition onto 
surfaces (i.e. bulk sample or particles and droplets). The boiling point of 
titanium at this pressure is ~3300 K, lower than the measured excitation 
temperature under pure helium beyond 5 μs. Local partial pressures are 
likely to be substantially <300 mbar, permitting further cooling without 
condensation (or invoking supercooling). Nonetheless, the discrepancy 
is sufficient to suggest some error. It is also possible that the electronic 
excitation and kinetic temperatures are not in equilibrium at these late 
times (and that the kinetic temperature is higher), however the data in 
Fig. 4 do not support such a claim. Note that all of the data are spatially 
averaged (either simple line-of-sight or multiple line-of-sight), which 
further complicates conclusions. For example, the higher temperatures 
observed under He:O2 might be the result of the consumption of atoms in 
the cooler spatial regions of the plasma by chemical reactions, leaving 
these plasmas to be represented in our atomic absorption data by the 
hotter (and thus, unreacted) regions of the plasma. 

In order to better understand the route of loss of material at these 
long times, we complement our atomic absorption measurements with 
TiO A-X Δν = 0 emission spectra. The plasma was imaged with ~1.5×

demagnification onto a round-to-linear fiber optic bundle coupled into a 
Czerny-Turner spectrograph (f = 0.5 m, 1200/mm grating) employing 
ICCD detection (Andor iStar) with a gate width of 2 μs. These optics 
result in a somewhat ambiguous spatial representation of the plasma. 
The emission at identical delays (8 μs) under the two atmospheres is 
given in Fig. 6. There is no discernible TiO emission under helium, 
including measurements integrating from 8 to 16 μs (not shown), sug
gesting that residual oxygen and leaks are insignificant under the pure 
He atmosphere, though the comparison is complicated by the different 
temperature profiles under the two atmospheres- i.e. the lower tem
perature under He may decrease sensitivity of the emission measure
ment. Furthermore, given that these measurements are made with a 
static atmosphere, the extent of infiltrating or residual air concentration 
may not be entirely reproducible. 

In the long term, we are interested in using these absolute mea
surements to understand plasma stoichiometry. In turn, this requires 
understanding of the dynamics and full disposition (neutral atom, ion, 

molecules, etc.) of the ablated mass. Our setup is not appropriate for 
measuring entire molecular bands in absorption, nor can it measure 
transitions with wavelengths below 405 nm at present, preventing 
analogous measurements of ions. These limitations preclude more spe
cific conclusions about the measured maxima in the measured neutral 
mass. Strictly speaking, the maxima in Fig. 5 only indicate equality of 
the rates of loss and creation of neutral gas-phase atoms (averaged 
across all processes and across the entire plume). For example, arbi
trarily assuming that electron-ion recombination is the only source of 
the increase in atomic population before ~8 μs and that sinks of atomic 
population are negligible, we find that both the titanium and the va
nadium in the plasma remain 50% ionized at 2 μs under pure He. Given 
that the observed maximum in the neutral Ti population may underes
timate the true extent of atomized material before 8 μs, we should 
consider this a lower bound on the ionization fraction at 2 μs. 

Considering the clear appearance of molecular peaks in the absorp
tion spectra under He/O2 (data not shown) and the emission spectrum of 
Fig. 6, interpretation of the persistence curves in Fig. 5 requires 
consideration of the formation of TiO, VO and higher metallic oxides, 
possibly even concurrent with the recombination that dominates the 
first few microseconds of plasma evolution. The maximum neutral 
masses under the oxidizing atmosphere are clearly lower by a factor of 
two for both metals and are shifted earlier in the plasma’s development 
(i.e. 3.5 under He/O2 vs. ~8 μs under He), despite the higher temper
atures observed under He/O2. This lower maximum could be because of 
decreased initial material removal and atomization, perhaps because of 
the rapid formation of an oxide surface layer on the sample between 
laser shots. Alternatively, the decreased peak value could be due to rapid 
loss of atomized material to oxidation post-ablation (i.e. concurrent with 
recombination), despite having removed a mass similar to that removed 
under the noble-gas atmosphere. Without access to information on the 
ion population at early delays when the relative importance of oxidation 
is presumably less and when the plasma is highly ionized, it is not 
possible to rule out either possibility. 

Although it is theoretically possible to use our setup to measure 
molecular spectra in absorption, our limited simultaneous observation 
range makes such an experiment unreasonable, unlike the dual-comb 
technique used by Jones’ lab. [23] As a result, we are left to study 
oxide formation either by emission (when possible), or indirectly, by 
measuring the disappearance of the atomic population. Fig. 7 shows the 

Fig. 6. Vicinity of TiO A-X Δν = 0 band measured in emission under He and 
He/O2 atmospheres with 2 μs gate centered at 9 μs. The arrow indicates the 
feature used for Fig. 7. Rovibrational temperatures extracted from the molec
ular emission spectra are included in Fig. 3. 

Fig. 7. TiO emission bandhead height and Ti neutral mass (from Fig. 5) as 
function of delay. The spectral feature selected for the emission measurement is 
indicated with the arrow in Fig. 6. Error bars on the Ti mass data are propa
gated from the standard errors in the Boltzmann plot. 
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evolution of the vapor-phase neutral titanium mass (measured in ab
sorption) under He/O2 plotted with the emission signal from the ~705- 
nm TiO emission feature indicated in Fig. 6. Fits of the molecular spectra 
using the software available in Reference [28] yielded the rovibrational 
temperatures included in Fig. 3. These molecular temperatures are 
notably lower than the neutral atomic excitation temperatures under the 
same cover gas- in fact, they are more similar to the excitation tem
peratures under pure helium. This observation supports our suggestion 
that the higher temperatures measured under He:O2 result from the 
selective loss of the coolest spatial portions of the plasma to chemical 
reaction, with the plasma subsequently represented (in the atomic 
absorption-derived temperatures) by the hottest regions of the plasma. 
The TiO emission persists ~9 μs beyond the neutral atomic mass in the 
plasma. Given that, under the oxidizing atmosphere, there is no further 
atomized mass available to form TiO beyond 9.5 μs, the losses in TiO 
emission signal after this point (i.e. the TiO emission maximum) are 
presumably due to a combination of a) the observed decrease in tem
perature (see rovibrational data in Fig. 3) to populate the excited mo
lecular electronic state, b) loss of TiO to formation of higher oxides and 
deposition as particles and c) diffusion out of the area of observation. 

The mass persistence curves in Fig. 5 allow some insights into the 
stoichiometry of the neutral populations, which may or may not be 
applicable to the total atomized (i.e. neutral + ion) populations. Fig. 8 
plots the ratio of the neutral atomic populations for the two metals as a 
function of delay. Under helium the ratio is constant and matches the 
nominal alloy composition. At early times (when ionization is expected 
to be high), this is partly due to the minimal difference in ionization 
energies of the two metals (Ti = 6.828 eV, V = 6.746 eV) [29], with the 
difference partially offset by the ratios of partition functions. [26] Under 
He/O2, the ratio is grossly consistent with the nominal sample stoichi
ometry at 2 μs but becomes increasingly enriched in atomic vanadium as 
delay increases. 

With the assumption of LTE, the ratio of any given element’s (A) 
atom number density to its first oxide (AO) as a function of temperature 
follows: 

nAnO

nAO
=

(2πμkT)
3/2

h3 •
QAQO

QAO
• e

(

−
D0
kT

)

(3)  

where n is the number density of the indicated species, μ is the reduced 

mass of the A + O collision pair, T is the temperature, h is Planck’s 
constant, k is Boltzmann’s constant, Q is the partition function of the 
indicated species, and Do is the metal oxide’s dissociation energy 
(D0(TiO) = 6.87 eV, D0(VO) = 6.545 eV). [30,31] Because there are 
more reactant particles than product particles, the mass densities would 
required for calculations for a single metal-oxide system with the present 
measured masses. However, applying Eq. (3) to each of the two metal- 
oxide systems and ratioing the equations gives: 
(

nV
nVO

)

(
nTi

nTiO

) =
(μV−O)

3/2

(μTi−O)
3/2 •

QV QTiO

QTiQVO
• e

(
D0,TiO−D0,VO

kT

)

(4) 

Applying the bond energies from References [30,31] and partition 
functions from References [32,33], we plot the expected ratio of atom: 
oxide ratios (i.e. Eq. (4)) as a function of temperature in Fig. 9. Assuming 
thermodynamic equilibrium and neglecting chemistry beyond the for
mation of the first oxide, we thus expect the plasma to become (rela
tively) enriched in V atoms as it cools under He/O2. This interpretation 
ignores the contribution of the ion-atom equilibria to the elements’ 
neutral extent at the higher temperatures, though this contribution 
should be slight given that the difference in titanium and vanadium’s 
first ionization energies is <0.1 eV and that the degree of ionization is 
likely modest by 3.5 μs. In contrast, if we assume that the declines in 
neutral atomized mass (Fig. 5) at long delays are due to formation of VO 
and TiO (despite the absence of detectable molecular emission spectra), 
this is clearly significant beyond 3.5 μs and possibly before, particularly 
if we assume that the difference in maximum atomized mass between 
the He and He/O2 atmospheres is due solely to oxidation after ablation 
of otherwise equivalent masses of metal. Once again, measurements of 
ionized mass at early times would allow a more complete understanding 
of the importance of gas-phase oxidation (and other chemistry) on the 
observed maxima in the atom masses. 

The data in Fig. 5 show a modest loss of atomized metal at late delays 
even with the pure helium atmosphere. However, the Ti/V ratio is 
approximately constant under the noble atmosphere, even at longer 
delays. Assuming that there are no sources of additional mass at long 
delays, there must be a mechanism for material loss at long times that is 
independent of the analyte (i.e. not selective), in contrast to the element- 
dependent oxidation behavior. This suggests against substantial reaction 
with residual oxygen in the chamber to form TiO at the conditions and 
times used here. The bond dissociation energies (Do) for Ti2 and V2 are 

Fig. 8. Stoichiometric ratio of absolute neutral masses in plasma. Masses are 
taken from Fig. 5- i.e. extracted from whole-plasma Boltzmann plots generated 
from absorption measurements. Error bars (when shown) are propagated from 
the uncertainties in the respective masses. 
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Fig. 9. Thermodynamically predicted ratio of atom/oxide ratios per right side 
of Eq. (4). References for thermodynamic quantities are given in the text. 
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fairly distinct (1.4 and 2.8 eV) [34] and would lead to enrichment in 
titanium as the plasma cools (ignoring potential differences in molecular 
partition functions) if there were substantial formation of these di
atomics. Spain and Morse report the TiV heteronuclear diatomic as 
having an intermediate dissociation energy of 2.1 eV. [35] Any sub
stantial TiV formation would also lead to relative enrichment in Ti given 
its abundance relative to V. The absence of titanium enrichment under 
He at late delays suggests that either such metal diatomic formation is 
not the main mechanism of loss or it is compensated by another mech
anism effecting an opposite enrichment. However, given that the loss is 
slight within the delays measured, a substantially selective mechanism 
would be required to create observable fractionation under the He at
mosphere. Vanadium and titanium do have nearly equal molar masses, 
so diffusion out of the field of view (and below the measurement noise 
threshold) could account for the slight decrease since it would not lead 
to fractionation. We should also note that (for the sake of simplicity), 
this discussion neglects the potential contributions of iron and 
aluminum, the minor alloy constituents. 

4. Conclusions 

Atomic absorption spectroscopy has been used to follow the evolu
tion of neutral titanium and vanadium absolute masses in a laser- 
induced plasma. Because the technique can directly probe the ground- 
term states dominant in the atomic state distribution function in 
cooled plasmas, the uncertainties in the measured mass ratios should be 
lower than those taken from atomic emission Boltzmann plots (i.e. CF- 
LIBS) requiring extrapolation to the ground state. Of course, there is 
unavoidable potential for determinate error resulting from the tabulated 
oscillator strengths, which may be systematic in some situations, e.g. as 
discussed in Weeks et al.’s recent work on gadolinium oscillator 
strengths [36]. 

Even with potential systematic error in the oscillator strengths, the 
temporal trends in our data and the comparison between the two at
mospheres provide clear evidence of post-ablation fractionation in the 
neutral atomic population by 3.5 μs, potentially due to differential 
oxidation equilibria (only the first oxidation was considered here). Ac
counting for this chemistry when using laser ablation as an analytical 
technique requires attention to the chemical environment of the plasma 
as controlled by the sample and standard stoichiometry (e.g. the pres
ence of oxides in the sample) and the cover gas makeup (e.g. air vs. noble 
gas). Although not explored here, the potential impact of the sample 
oxygen content on the plasma’s dynamic chemistry recalls the impor
tance of matrix-matching, a difficult issue if LA-based analytical 
methods are to avoid sample preparation. It should be noted that our 
comparison of He to a convenient He/O2 mixture (rather than air) likely 
exacerbates the apparent impact of post-ablation bond-formation equi
libria because of helium’s high thermal conductivity and the consequent 
rapid cooling. 

Because our lab intends to use LA-AAS to measure total ablated 
masses in laser ablation plasmas, we need to understand the dynamics of 
the various reservoirs of ablated material. Surveying the all of the po
tential reservoirs for ablated material (atoms, ions, molecules, etc.) for 
material is experimentally unreasonable. In an attempt to simplify the 
measurement, we will focus on the combined neutral atomic and 
(atomic) ion populations of yttrium in a future publication. Specifically, 
we hope to use such combined measurements to better understand the 
loss of neutral mass observed at late times in the current work. 

In the present experiments, we avoided the lowest-concentration 
sample components (Fe and Al) because measuring their less- 
populated excited states requires the use of strong transitions that are 
likely to saturate with our pulsed probe laser. Given the agreement be
tween the measured titanium and vanadium temperatures measured 
here it may be appropriate to extrapolate these to the minor elements 
(particularly at times beyond 5 μs where the agreement between Ti and 
V temperatures was best). Because of the relative insensitivity of our 

method of measuring total mass to uncertainties in the temperature (i.e. 
through the partition function), we will combine masses found in minor 
element ground-term levels with major-element-derived temperatures 
to quantitate the minor elements with minimal error. 
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