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INTRODUCTION

Lead (Pb) poisoning from environmental and occu-
pational exposure remains one of the most common and
preventable diseases. There are numerous serious and
detrimental health effects from inhalation or ingestion
of lead, including poisoning or even death in extreme
circumstances.r Of particular concern are central ner-
vous system impacts, particularly sub-clinical and clin-
ical developmental effects in young children who are
more likely to have contact with soils and dusts con-
taining lead.?3 Sensitive rapid analytic techniques are
needed for exposure assessment and remediation veri-
fication. Conventional wet-chemistry techniques re-
quire laborious and time-consuming processes, such as
preparation, dissolution, chelation, and ion exchange.*
Various in situ, real-time methods to measure heavy
metals in soil have been developed; chemical analysis
of a soil sample with spectroscopic methods is often
achieved with much less sample preparation and time,
but there are often difficulties with calibration, matrix
effects, and sensitivity.>¢

Here we apply excimer laser fragmentation fluores-
cence spectroscopy (ELFFS) to pure lead nitrate salts
and soils doped with lead nitrate. We and other groups
have used ELFFS to monitor various gaseous hydro-
carbons, ammonia, combustion generated metal spe-
cies, and soot particles from diesel and other combus-
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tion exhausts.”*! The main difference between this
method and other direct solid ablation analysis tech-
niques, such as laser-induced breakdown spectroscopy
(LIBS) or laser ablation, is that the surface is photo-
lyzed at laser fluences below the threshold where plas-
ma formation occurs. The method benefits from an in-
creased signal-to-noise (S/N) ratio compared with
LIBS since the lack of a plasma eliminates the strong
continuum emission that interferes with the analyte sig-
nals. The emission from the sample surface is recorded
during the laser pulse without gating, and the emission
peak is normally proportional to the concentration of
the emitting species.’?

EXPERIMENTAL

A schematic of the experimental apparatus is shown in
Fig. 1. Photons of 193 nm and with a pulse duration of
20 ns are emitted from an ArF excimer laser (Lambda
Physik LPX 210i). The laser beam is focused with a 3.8
cm diameter, 25 cm focal length UV grade fused silica
lens, and a 5 cm diameter mirror redirects the beam onto
the solid surface of the sample. Laser fluences range from
0.4 to 4 Jcm?2. The fluence is varied by changing the
voltage of the laser and/or by introducing screens in the
beam path. Fluorescence is collected with a 3.8 cm bi-
convex lens (f# of 1.0) onto the entrance dlit of a0.3 m
CGA/McPherson scanning monochromator. The slit
width of the monochromator is 0.4 mm, corresponding
to a 1.1 nm bandpass. The light from the monochromator
is detected by a Pacific 508 photomultiplier tube, and the
signal is digitized by a LeCroy LT 342 digital oscillo-
scope and transferred to a PC through a GPIB cable for
further analysis.

Two different sample plates are used: the first plate is
aflat anodized aluminum plate; the second has two wells
machined 2 mm into the surface to hold the solid sam-
ples. The wells allow us to reproducibly fill the sample
to the same level and contain the solids when ablating at
high laser fluences. The sample plate is on a mounting
system in the laser interrogation region that includes a
magnetic connection and vertical trandational stage to
insure repeatability of a desired position and the optimal
height of the test plate, respectively. The sample plate
can aso be horizontally translated with a motor or man-
ualy to introduce a fresh sample into the laser interro-
gation region. The aluminum plate was found to have a
low scattering background, with no atomic or ionic Al
peaks evident at the energy levels used here. Lead nitrate
(Pb(NOs),), (Aldrich, 99+%) is used pure and in a mix-
ture with soil. Pure lead nitrate is dissolved in water and
applied to one of the sample wells. The solution is dried
with a heat lamp or gun. Soil was obtained from a resi-
dential garden in Berkeley, California. It was ground us-
ing a mortar and pestle and sifted using a coarse screen
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Fic. 1. Schematic of the experimental apparatus.

(1.5 X 1.5 mm?). A measured amount of a known con-
centration lead nitrate solution is added to the soil to
obtain a slurry. The slurry is applied to the other sample
well, and then dried.

RESULTS AND DISCUSSION

The emission spectrum from Pb(NO;), and the back-
ground signal are shown in Fig. 2. The peak value of the
emission during a time window of approximately 100 ns
around the laser pulse is recorded for each single shot.
The spectrum presented was collected at a laser fluence
of 0.4 Jcm?2. The monochromator was scanned at a rate
corresponding to 5 shots/nm, and a rolling average of 5
shots was used to smooth the data. The background signal
is obtained directly from the anodized surface and con-
tains both optical and electrical noise. In the background
spectrum the only peak observed is the second order of
the laser scattering at 386 nm. The lead emission spec-
trum also shows five distinctive emission lines of lead
atoms at 357.2, 364.0, 368.3, 373.9, and 405.8 nm. The
405.8 nm peak, a commonly used emission line for Pb
analysis owing to its strong emission, involves electronic
transitions from 7s'3P to 6p2°P. Note that at this fluence
there is little broadband emission associated with plasma
formation.

The time-resolved emission from Pb(NO,), at 405.8
nm and the background signal at 415 nm are presented
in Fig. 3. The signals are shifted in time to a common
scale, as the different laser conditions affect the time at
which lasing actually occurs. The decay times for these
signals are shown in Table I.
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Fic. 2. Emission spectra of background from the anodized Al surface
and lead from Pb(NOj), at the laser fluence of 0.4 Jcm?2.
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Fic. 3. Timeresolved emission from Pb(NO;), (405.8 nm) and back-
ground (415 nm) at various fluence conditions. (a) Emission during the
first microsecond. (b) Lead emission at longer time scales. Note that
plasma formation threshold appears at approximately 2 Jcm?2.

There are several points to consider in these results.
During the first microsecond (Fig. 3a) at the lowest flu-
ence, 0.53 Jcm?, the background signal is relatively low
(0.05 V) and lasts about as long as the laser pulse. Similar
signals are observed at other wavelengths not associated
with known transitions, and when we use different wave-
lengths for the background signal the results are not sig-
nificantly different. The background is mainly due to 193
nm laser light leaking through the monochromator (its
rejection ratio is approximately 4000:1). The signal from
lead at these conditions peaks near 0.3 V and lasts longer.
At higher fluences, the peak of the lead emission does
not increase, but the emission tail grows. The background
signal increases dramatically, reaching the same peak val-
ue as the lead emission at the highest fluence (3.29 J
cm?). We, as well as others, have previously observed
that the peak signal is not a strong function of laser flu-
ence, presumably since the process has a step that can be
saturated.*13

TABLE |. Characteristic exponential decay time of the signalspro-
duced by photofragmentation fluor escence (* denotesthe decay time
of the first peak).

Fluence 0.53 Jem? 2.05 Jem? 3.29 Jem?
Lead 41 ns 126 ns 284 ns*
Background 12 ns 16 ns 74 ns
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Fic. 4. Emission spectrum of Pb in soil for the laser energy of 30 mJ.
Note that five lead emission peaks can be clearly recognized. The Pb
concentration is estimated to be several thousand ppm.

Even more dramatic changes are observed at longer
times (Fig. 3b). At fluences below 2 Jcm? the signal
isasingle peak with a near exponential decay. At high-
er fluences, a second peak emerges at longer times,
peaking in the 3-5 ps range. At the lower fluences,
atoms or molecules are released from the matrix
through direct photochemical bond breaking rather than
through photothermal processes, since the 193 nm pho-
tons are energetic enough to break most of the molec-
ular bonds. As the fluence increases, more species are
liberated and electronically excited and a higher frac-
tion of speciesisionized. Above the threshold, the ex-
tent of fragmentation and ionization increases, and the
liberated and ionized species absorb the incoming light,
forming a plasma. Plasma formation has been widely
studied using laser ablation or laser breakdown tech-
niques.+-16

Once a plasma plume is formed by accumulation of
photon energy at high fluence, incoming light is absorbed
and emission is trapped within a plasma so that the plume
grows, reaching an elevated temperature (5000~ 15000
K) and triggering broadband emission from air, electrons,
atomic or ionic species, and ablated fragments. After the
plume of the fully grown plasma cools, the analyte emis-
sion forms another peak as shown in Fig. 3b, which is
characteristic of Pb emission in LIBS. The lifetime of the
signal in this case extends to 10 ps. Note that the mag-
nitude of the background peak linearly increases with the
fluence and reaches the same as that from Pb(NOs), while
lead signal intensities are almost unchanged. Therefore,
it can be expected that if the background is subtracted
from the lead emission, the net signal will decrease with
increasing fluence. By using lower fluences and avoiding
plasma formation, we significantly achieve better signal-
to-noise ratios. The temperature increase in the gas phase
and changes in collisional quenching are not significant
compared to cases with a plasma. Finally, photon energy
transfer to the target material is more efficient and there
is no need for signal gating and time-resolved data anal-
ysis.

The same measurement procedure is applied to soil
samples with lead nitrate salt added, where the sample
surface is significantly rougher. The spectrum of lead
added to the soil is shown in Fig. 4. The spectrum of
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Fic. 5. Correlation curve for lead emission and concentration of lead
added to the soil. The presented values are the difference between the
maximum lead emission at 405.8 nm and the background measured at
345 nm for two different laser shots. 345 nm was chosen because there
is no emission expected from known species. The laser energy is 260
mJ.

pure soil does not contain any obvious distinct peaks
except ones from laser scattering (not shown here).
However, the noise level from background soil is often
considerably higher than that from anodized Al plate,
so the laser energy is reduced to optimize S/N, and the
five emission lines of lead are still observed. As with
the pure lead nitrate, the lead signal increases with
laser fluence, but the background increases at a faster
rate.

Direct application of spectroscopic techniques for met-
al detection in soils without any sample preparation has
limits since sail is inherently inhomogeneous in nature.
It is not expected that the target species is contained uni-
formly in soil, so variations could easily occur in differ-
ent locations from a sample. The surface roughness and
material properties of the soil is also not uniform. When
focused on a single point, the laser eventually craters the
soil surface, which affects both the laser—soil interaction
and the detection sensitivity. We minimized the crater
effect by introducing a fresh sample into the probe vol-
ume approximately at the translational rate of 0.11 mm/s.
In addition, Eppler et al.,'” Wisbrun et al.,*® Bulatov et
al.,5 and Capitelli et al.> showed that various types of soil
interact differently with photons during laser-induced
plasma formation, and in turn, the recorded signals have
different characteristics.

Figure 5 shows the relationship between the peak
emission amplitude with the lead concentrationsin soil.
The values shown are the difference in maximum lead
emission and background at 405.8 and 345 nm, re-
spectively. The resulting signal is roughly linear with
concentration, and indicates that the method could be
used to quickly screen samples without significant
preparation. The detection limit for our system, defined
as the point where the peak emission signal is three
times the standard deviation of the background, is ap-
proximately 200 ppm. The detection limit is lower than
the regulatory standards imposed by US EPA for the
presence of lead in soil (400 ppm?). The sensitivity of
the system is dominated by optics and sample condi-
tions, such as alignment, laser fluence, sample prepa-
ration, and the soil matrix. While additional work is



needed to ascertain the robustness of the analytical
method, the lack of spectral interference from plasma-
type emission is certainly promising.

CONCLUSION

Excimer laser fragmentation fluorescence spectros-
copy using a 193 nm ArF excimer laser was used to
detect atomic Pb emission from solid PbNO; and
PbNO; mixed into a soil. The detection method differs
from other solid ablation processes in that lower laser
fluences can be used where there is no plasma gener-
ation and subsequent broadband emission; fluences
above 2 Jcm? resulted in plasma formation. The de-
tection limit for PbNO; in a single soil type is about
200 ppm, achieved with minimal sample preparation
and an analysis time on the order of a minute. The
technique holds promise as a rapid and sensitive meth-
od for processing soil samples for assessing exposures
or the effectiveness of soil remediation.
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INTRODUCTION

Fluorescence lifetime imaging (FLIM) is typicaly
done in a two-dimensional imaging mode without mea-
suring the entire lifetime spectrum. The introduction of
an imaging spectrograph into the detection path of the
lifetime instrument allows the lifetime spectrum to be ob-
served, including the lifetime signature of any excitation
light passing through the emission filter of the micro-
scope. Excitation light leaking into the detection path of
a conventional FLIM system is detrimental to the mea-
surement of the lifetimes, since it causes a variable mix-
ing of a short lifetime component into the data. However,
by intentionally allowing excitation laser light to enter a
spectrally resolved FLIM (sFLIM) detection system, an
internal standardization may be provided by comparing
the modulation depth and phase shift of the laser light to
that of a standard. Such an approach stabilizes the life-
time measurement obtained from a system over time and
can reduce the time between measurements by eliminat-
ing external standardization. Long-term stabilization is
particularly important in drug screening instruments re-
quiring a combination of high-speed and high-stability
measurements. Internal standardization can be imple-
mented in sFLIM using a scattering surface and a holo-
graphic notch filter. Although this light does not travel
the same optical path though the microscope as the fluo-
rescence excitation and emission light, the path length
difference can be calibrated, and following calibration it
may be used to increase the speed and stability of spec-
trally resolved FLIM measurements. When compared di-
rectly to an external standardization procedure improved
accuracy and precision were observed while potentially
improving the throughput of sFLIM instrumentation.

Fluorescence lifetime imaging in either the time*= or
frequency+® domain is becoming a mature method for
investigating proximity relationships in intact cellular
systems.”® A variety of commercia instruments are avail -
able as additions to wide field and confocal microscopes
and approaches have been described for the analysis of
mixtures® and functional imaging.”%* In the time do-
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