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Laser-induced breakdown spectroscopy (LIBS) involves optical techniques
similar to flame, arc, spark, or inductively coupled plasma atomic emission
spectrometry; all of these techniques are or have been used for the detection
of metals. These techniques involve excitation of a plasma by high-
temperature flame, high-voltage arcs, or high-electrical and magnetic fields.
Some of these require that the metal be in a solution. In the case of soils, the
material to be analyzed must be treated with an acid digestion in order to
extract the metals for analysis. Once a sample solution is prepared, it is nebu-
lized into a fine mist and sprayed into the excitation field where the solution is
vaporized into a plasma (Fritz and Schenk 1987). The electrons of the atoms
present in the plasma are excited into higher energy levels and some ions are
generated. As the hot plasma cools, some electrons move from excited states
to ground states by emitting photons of light. A sample of these photons are
coliected and analyzed by a spectrometer. The disadvantages of these excita-
tion techniques are twofoid. First, the sampie often has to be in a solution.
Second, the system is large and buiky.
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measured emission spectra of heavy metal contaminants display unique emis-
sion spectra and can be differentiated spectrally from nontoxic in situ
materials. This characteristic makes LIBS a powerful screening tool for the
real-time detection and analysis of soils contaminated with heavy metals.

Shortly after the discovery of the laser, it was noted that the breakdown of
air could be caused by a focused laser beam (Weyl 1989). Subsequent investi-
gations have focused on examining the spectroscopic properties of the laser
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scopic excitation tool; this technique is now called LIBS

initial electron in the focal volume and that the electron acquires energy
exceeding the ionization energy of the material in the focus. The second way
that breakdown can be started is by multiphoton ionization (MPI) where multi-
ple photons interact with a single electron causing it to be ejected. Note that
due to the inverse relationship between photon energy and wavelength, MPI is
more improbable at longer laser wavelengths due to the increasing number of
photons that would be required to free each electron.

For radiation at a wavelength of 1.064 um, it is believed that the break-
down is predominated by cascade breakdown rather than MPI. The initial
electron can be present due to previously ionized species or can be generated
by MPI. The most likely scenario for the LIBS tests reported here is that the
initial electron was produced by MPI, and the resulting breakdown was pre-
dominantly caused by cascade breakdown with a small contribution from MPI.

The strength of the spectral lines observed is due to the electron density
present in the plasma, where the rate of change of electron density can be
3
(el

ed as follows:
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a e

I = intensity, W/cm?

m = number of photons of a specified wavelength needed to
ionize one atom

n = number of atoms per unit of volume

v, = attachment rate coefficient

Chapter 1 Introduction
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Il

v, = recombination rate coefficient
D = electron diffusion coefficient

The left term is the time rate of change of the number of electrons. The
first additive term on the right represents electron generation due to impact
ionization. The second additive term represents the MPI rate. The exponent
on the intensity is the number of photons of a specified wavelength needed to
ionize one electron of the material illuminated. For example, four 1.064-um
photons are needed to ionize one electron from lead. Multiphoton ionization
rate coefficients are calculated based on several theoretical approximations or
are determined by measurement at low gas densities. The third and fourth
terms are negative and represent electron attachment and recombination. The
fifth term represents the electron diffusion.

Introduction



2 LIBS Experimental Setup

In 1992, the U.S. Army Engineer Waterways Experiment Station (WES)
initiated an internally funded research program to determine the effectiveness
of LIBS in detecting heavy metal contaminants in soil and groundwater and to
evaluate its applicability as a Site Characterization and Analysis Penetrometer
System (SCAPS) sensor. Throughout fiscal year 1993 (FY93), a number of
experiments were conducted at WES and at the University of Nebraska in
Lincoln (UNL) using Nd:YAG (1.064 um) and KrF excimer (248 nm) laser-
based systems to collect LIBS data on heavy metals in aqueous solutions and
in three soil matrices (sand, silt, and clay).

WES provided soils and heavy metals solutions to UNL to perform a lim-
ited number of corroborating experiments for WES. Using those common
samples, LIBS experiments were performed on contaminated liquid samples
followed by pure metals, and by soil samples contaminated with heavy metals.
The results of those experiments were the guidelines for the detection-limit
experiments made in FY94.

Sample Preparation

Aqueous solutions of 10,000 ppm of cadmium, cobalt, chromium, copper,
iron, manganese, nickel, molybdenum, lead, thallium, zinc, and mercury were
prepared in WES’s analytical laboratory for LIBS experiments (see Table 1).
Those solutions were used in the preparation of contaminated liquid and soil
samples.

Preparation of liquid samples for experiments
Liquid samples were prepared at different contamination levels for each
metal. Contaminant concentrations ranging from 22 ppb to 1,500 ppm were

achieved for each of the metals by the dilution of the acid 10,000-ppm metal
solutions with deionized water.

Chapter 2 LIBS Experimental Setup
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| siver AgNO, 10% HNO, (
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Soil samnles were nrenared for three soil tvnes (Arizona Yuma sand Mis-
D prepared for three soil types (Arizona Yuma sand, Mis
sissippi silt, and Mississippi clay) and at three moisture content levels: satu-
rated, approximately 50-percent saturated, and dry using the 10,000-ppm acid
? r o r I’ 7 (=4 ’ rr
solutions of lead, chromium, cadmi mercury, and zinc. These five metals

SUIULIVILY UL 1bdu, L 4111411,

represent the highest priority contaminants in the investigations done in this
report.

=

For each soil type, two samples, each having a volume of at least 1.5 times
that of a petri dish sample holder (100-mm diam by 10-mm height), were
placed in individual 250-ml beakers and weighed (approximated 150 g of
soil). Deionized water was added to the pure sample until it was saturated. A
volume of 10,000-ppm contaminant solution was then added to the other soil
sample to equate moisture contents (the concentrations of the sample were in
the range of 1,000 to 4,000 ppm). Both samples were weighed, and the mois-
ture content and contaminant concentrations were calculated. The samples
were then immediately stirred and placed in a covered petri dish for LIBS
testing. After testing, the samples were returned to their respective beakers,
and it was assumed that the moisture content was essentially unchanged during
the testing (approximately 10 min). The beakers were weighed and piaced in
an oven. Approximately 2 hr of drying time at 100 °C was required to pre-
pare medium moisture samples. The sampies were taken from the oven and

aliowed to cool. The sampies were then weighed to determine the moisture

Chapter 2 LIBS Experimental Setup
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100- and 500-ppm contamination levels of lead, chromium, cadmium, mer-
curv, and zinc. The sambnles were nrenared bv direct addition of 10,.000-nn
FEITy & - SRY SERALS WREAS PRNY ~J Attt el < oan
acid solutions until the level of contamination to be tested was reached.
Deionized water was added until the sample became oversaturated and then

mixed to secure uniform concentration. Then the samples were dried in an
oven at 100 °C for at least 24 hr. The calculation for these samples were
made by mass concentration with a dry mass basis.

One problem in using acid solutions for preparation of the soil samples was
that chemical reactions sometimes occurred when the solution was placed in
contact with the soil. These reactions would change the soil matrix chemistry
and affect the spectra collected. The contaminated samples displayed a smal-
ler number of peaks than the uncontaminated soil’s background. It was found
that this technique of sample preparation was not adequate for the preparation
of mercury samples. This prompted the investigation into a more suitable
sample-preparation technique.

Preparation of soil samples for detection-limit experiments (FY94)

In FY93, the sampie preparation was done in the three soils mentioned

before. From those experiments, it was found easiest to detect contaminants
in the Yuma sand, more difficuit in siit, and most difficuit in clay. Grain size

and the density of the soil appear to have an effect on the plasma generation.
The soils used in FY93 had a few parts-per-million natural content of lead,
chromium, and zinc. This natural contz ti ter ome degree in
the determination of detection limits of LIBS because there a component
of this metal’s spectrum in the background

An investigation of different sands, silts, and clays was conducted for the
selection of one soil for a detection-limit concentration study. It was found
that sea sand from a supply company by the name of Fisher contained the
least number of contaminants and lowest concentration of each. Fisher sea
sand was then selected for use in sample preparation for determining detection

5
7

Research on sample preparation done in FY94 focused on how the con-
taminants were transported inside and through the soil. The principal trans-
port is done by the pluvial precipitation, the groundwater flow, and leaching.
Since the primary transport mechanism was by water, water-soluble salts of
the heavy metals of interest were investigated and acid solutions were avoided.

Chapter 2 LIBS Experimental Setup



The use of water-soluble salts also avoided the chemical reaction problem in
soils that was alluded to earlier. The salts used were Pb(NQ,),, CdNO,-5H,0,
ZnCl,, K,Cr,0,, and HgCl, (see Table 2).
]
[| Table 2
[| Heavy Metal Salts Used in LIBS Sample Preparation
I
Background
Heavy Metal Salt Salvent Soil Concentration, ppm
Pb(NO,), deionized water Yuma sand 7.71 Pb
Pb(NO,), deionized water Fisher sea sand 1.53 Pb
K,Cr,C, deionized water Fisher sea sand 1.80Cr
CdNO;-5H,0 deionized water Fisher sea sand <0.02 Cd
HgCl, acetone Fisher sea sand 0.302 Hg
l! ZnCl, deionized water Fisher sea sand 1.30 Zn
The new sample preparation consisted of the following procedure for all
the metals except for mercury
a. Weigh a small amount of the salt of the heavy metal of interest in a
250-ml beaker.

c. Weigh separately the corresponding amount of sand required to reach
the concentration desired.
d. Add the soil to the solution and mix.

e. Add more water until all the soil is wet and a layer of water covers the
soil and continue mixing.

f-Place the sample in an oven at 100 °C at least 24 hr.

Example of calculations performed to compute contaminant concentrations:

207.19 g/gmol
331.21 g/gmol

Pb atomic weight
Pb(NO,), molecular weight
Amount of Pb(NO,), used
Amount of sand used



ppm = Pb mass * 10°
total mass

= Pb(NO,), used*(Pb atomic weight/Pb(NQO,), molecular weight)*10%
Amount of Pb(NO,), used + Amount of sand used

ppm = 4.32 mg * (207.19 g/gmol / 331.21 g/gmol) * 10°
4.32 mg + 131,530 mg
ppm = 20 of Pb

All the calculations were made on a dry mass basis because it was assumed
that all the water would leave the sample after being heated.

Preparation of soil samples contaminated with mercury for detection-
limit experiments '

This sample preparation consisted of using HgCl, and acetone as a solvent.
The advantage of using acetone as a solvent is that it vaporized relatively
quickly at ambient temperature. In addition, HgCl, is very soluble in acetone.
The sample preparation procedure was as follows:

a. Weigh a small amount of HgCl, in a 250-m! beaker.

b. Add acetone and dissolve it.

c. Weigh separately the corresponding amount of sand required to reach a
specific concentration.

d. Add the soil to the solution and mix.

e. Add more acetone until the soil is saturated and a layer of acetone
covers the soil and continue mixing.

f. Let the acetone evaporate in a fume hood.
Example of calculations performed to compute contaminant concentrations:

200.59 g/gmol
271.50 g/gmol

Hg atomic weight
HgCl, molecular weight

]

4.91 mg
151,211 mg

Amount of HgCl, used
Amount of sand used

Chapter 2 LIBS Experimental Setup



ppm = Hg mass * i0°

ppm = 24 o

=
o
1]

The calculations were made on a dry mass basis because it was assumed
that the solvent would leave the sample upon evaporation. All the samples
were sent to the analytical laboratory at WES for certification of concentra-
tion. Certification techniques used were inductively coupled plasma atomic
emission spectrometry and heated graphite furnace atomic absorption spec-
trometry. The result of the certification of samples from the contaminated
soils with metals was very close to the calculated concentration except for the
mercury samples, where it was possible that some of the mercury left the
sample in the vaporization process (see Table 3).

|
rapie S
H LIBS Mercury Sampies (Prepared with Fisher sea sand and HgCi,)
" Concentration Prepared in - Concentration Certified by
" Name of Sample LIBS Lab, ppm I the Analytical Lab, ppm |
I FHGO 0 0.302
FHG24 24 17.2
FHG110 110 38.6

The WES LIBS instrumentation and setup is compatibie with the setup at
NL. UNL has been under contract with WES to provide start-up support as

At len o emoen 1l marey Ansan
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Q
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=

28
5

73

.064 um. ing a 300-mJ, 7-ns pulse at a 20-Hz repeti-
tion rate. The output beam is approximately 6 mm in diameter. The

Chapter 2 LiBS Experimentai Setup
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Nd:YAG laser was selected due to its relative high pulse energy, short pulse
duration, ease of maintenance, safety (does not require or generate toxic

gases), small size, and cost-effectiveness. A 5-mW red HeNe laser was
coaligned and used to aid in aligning the Nd:YAG beam. The HeNe laser
was placed next to the Nd:YAG and reflects off a mirror before being
coaligned on a high-energy beam sampler. The beam splitter performs the
dual function of coaligning the two beams and sampling the Nd:YAG beam
for pulse energy measurements. Most (96 percent) of the Nd:YAG beam
transits the beam splitter and passes through a bi-concave lens of 25.4 mm in
diameter and focal length of -50 mm, and is expanded and passes through a
plano-convex lens 50 mm in diameter and focal length of +127 mm, where
the beam is collimated at a diameter of approximated 15 mm. See Figure 1
for the experimental LIBS equipment layout used for all liquid sample tests.

Liquid sample setup

The collimated beam then is incident on the entrance lens/window of the
sampie cell (see Figure 1). The sampie celi is a polyvinyi chioride block
machined to provide a central fluid reservoir and an entrance and exit window
port. The breakdown occurs within the bulk liquid approximately 1.5 cm into
the liquid. The light is then collected by a lens and imaged on the entrance

0
b
=
s
Q
-]
-1
=3
(]
]
=
la, »
o
Q
-
5
(4]
[7¢]
A
3
3
—
o
A
B
(=%

»
b
>
3
»

Q2 O
{
»

® w;m O

[72] INl
ot
:
(
{
»

2
where it is turned so that a fresh sampl ) a
tion. The diameter of the sample holder is 100 mm. The diameter of the
focused beam on the sample is approximately 1 mm, and it delivers approxi-
mately 100 mJ of energy per pulse. This produces power density on the order
of 5 to 10 GW/cm?®. The light emitted by the plasma is collected through a
1-m optic cable, consisting of a bundle of 25 optical fibers, and is transmitted
to lens and to slit at the entrance of the spectrometer.

S

Instrumentation

The spectrometer consists of an Instruments S.A. model HR 640, which
has a focal length of 0.64 m and is equipped with a grating (early mea-
surements = 600 grooves/mm,; later measurements = 2,400 grooves/mm)
controlled by computer, and a Princeton Instruments micro channel plate
intensified 1024-element red-biue optimized silicon photodiode array. The
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Turning mirror

Incoherent UV grade
fused sllica fiber bundle
to entrance slit of spectron\eter

Piano-convex
antireflection
lens

.~'Fiber acceptance cone

Petri dish filled level with sample -~ \/// .
1

Sample turn table

Figure 2. LIBS setup—soil sample

detector is controlled by a Princeton Instruments PG 200 programmable pulse
generator. The detector is coupled to an Instruments SA Prism electronics
interface data acqulsmon unit that is interfaced to a 486DX2 66 MHz com-

suter that Tuns to moomiioition enfiunne
puter that runs the Prism data acquisition software.
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Adjusiments and alignment of the optical paths were made to improve the
opucal tnrougnput These adjustments heilped improve the pilasma generation
well as the de tec‘lon or tne emnssxon spectra The ﬁ'ber optic 'bundie used

) Py

1CCL

down area at -—ppr"‘im-‘t‘i'y 2.5 cm and at an angie of approxxmately 20 deg to
the surface normal. On the entrance of the spectrometer, the fiber was
realigned and the lenses adjusted to maximize the signal in the spectrometer;
the slit opening was adjusted to an approximated 10 um. The lenses on the
aser transmit path were realigned to an optimum position for minimum energy
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The factors that have major impact on LIBS data are the moisture content
of the soil samn]e. the data c lle tion parameters, and the laser energy. A soil
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sumed in vaporxzatlon of the water present in the sonl samnle Asa conse-
quence, the result is fewer photons being emitted though the recombination
process along with lower signal to noise ratios and a significant reduction in
the amount of information about the contaminants present in the soil samples.

The plasma intensity is proportional to the amount of laser energy incident
on a sample. If too much energy is applied, the resulting flash from the
plasma will saturate the detector, obscuring smaller peaks. A low-energy laser
pulse can fail to fully ionize the sample, thereby failing to excite the peaks of
interest if the sample contains a low concentration of the contaminant. Break-
down can be created on a dry soil by using only 30 mJ of laser energy (see
Figures 7 and 8). For best results, it is thus necessary to determine a laser
energy that is a trade-off between these two extremes. The current experimen-
tal setup uses puises of laser energy of about 100 mJ.

Detector and Data Processing Issues

The signal strength basically depends on three important factors: the inten-
sity of plasma, the length of gate delay, and the gate width of the detector.
The gate delay is the amount of time delay after the laser is fired before data

Chapter 3 Experimental Considerations



8ooooQ

70000

60000 |-

50000 |-

40000

30000

Intensity (Cts/Sec)

e

20000

125 ml

icoo00

i E 405.783 nm lead line

g i . I

o L
3¢8.118 3p9.970 401.824 403.678 406.531 407.3856 409.239 411.093

Wavelength {(nm)
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ter to select. It has been experimentally observed that the optimum gate delay
is a function of plasma intensity as well as the lifetime of the excited state of
the contaminant. If data collection begins too soon with respect to the princi-

pal emission, then the spectra obtained will contain signals from the broad
band emission of the plasma in addition to the spectra of interest. This will be
apparent from a general elevation in the background intensity recorded by the
detector as show in Figure 9. If data collection begins too late with respect to
the principal emission, it is possible to lose important information of interest
(see Figure 10).
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Optimization of the gate delay parameters was done by collecting measure-

ay palal VIV 11ls

ments from a lead plasma using a gate delay that ranged from 75 to 1,200 ns
in steps of 25 ns and a gate width of 10 ns with 100 mJ of laser energy and
a slit opening of 10 pm. The sample in the series of measurements was a
disk of pure solid lead (see Figures 11-13). The lead line used was at
405.783 nm, and the peak intensity of this line was plotted against the time
delay (see Figure 14).
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heavv metals in water and soil samples using LIBS and some detection limits
calculations. As indicated above, LIBS experimental techniques and parame-
ters are evolvmg issues. Because these parameters have mai ri __p;c,:_ I

two parts each being charactenzed by its own set of data collectlon
parameters.

Early Experiments

Data collection parameters for early LIBS testing at WES included the use
rrnntra flrvier rendeen ~ senda alac: L Yo QPN an mmdem =2 B ~L = -
of a 600-groove/mm grating, a gate delay of 300 ns, a gate width of 5 us, a
slit opening of 10 um, and laser energy of approximately 75 mJ.
Results of liquid sample experiments

S

optical table each time a dlfferent contammzmt was used or each time the
contaminant concentration was changed. Not only was the technique awkward
and time-consuming, but also it was possible to add another variable to the
interpretations process. The spark light from each test was imaged by a lens
directly on the spectrometer entrance slit, and any movement of the liquid cell
would move the spark image on the slit, potentially resulting in a strong varia-
tion in the received intensity. Thus, the following technique was developed to
test a wide variety of concentrations in a single cell without moving the cell.

The goal of the liquid experiments was to test all samples without having
to remove the sample cell from the optical table for each contaminant. A
usable volume of low-concentration liquid was added to the cell for the first
test. This liquid level was just above the top edge of the laser beam for the
first sample. Small but progressively more concentrated additions were made
to the liquid cell until the final concentration was reached. A program was
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Z = constant (2, 3)
Sp = standard deviation of peak area calculation
M = slope of calibration curve

To determine a detection limit for the manganese solution, the slope of the
calibration curve is determined near the lower concentration test points. The
lower four data points of the calibration curve are shown in Figure 16. The
standard deviation of the peak area was calculated from the individual
36 spectra collected. Using these plots, and employing a factor of Z = 2
times the standard deviation of the peak area calculation, the detection limit
for manganese was calculated to be approximately 70 ppm. A plot of the
spectral signatures (403-nm spectral line) of different concentrations of manga-
nese is shown in Figure 17.
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Figure 16. Lower portion of calibration curve for Mn in water

Tests of lead solutions revealed a strong spectral line at 405.78 nm, with a
detection limit of approximately 300 ppm. Thallium tests produced a very
strong peak at 337 nm, which was detectable at concentrations as low as
6 ppm. Chromium tests yielded a strong peak at 520.9 nm, which was

Chapter 4 LIBS Data Collection
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Figure 17. Spectral plots of Mn in water

detectable at concentrations of 100 to 150 ppm. Iron tests revealed one weak
peak at 404.48 nm detectable only at the higher concentrations (1,500 ppm).
Tests of copper solutions resulted in a broad emission region between 350 and
560 nm, but no definite peaks were detected. The tests performed at UNL
with the excimer laser yielded spectral lines for aqueous samples of cobalt,
iron, iead, manganese, chromium, and cadmium. Neither WES nor UNL
tests were able to detect the other metals shown in Table 1 in solutions even at

very high concentrations (10,000 ppm).
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mercury test, HgCl was used. This compound is 85-percent mercury and safe
and easier to work with than liquid mercury.
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The results indicated that a tremendous number of lines were generated by
the foil experiments. It should be noted that many of the lines seen are actual-
ly lines due to the breakdown of air as well as the metal of interest. Thus,
there are many more lines in the spectral plots than one would expect from '
the metal alone (see Table 4, where the heavy metal spectra lines observed by
using LIBS setup are from higher to lower emission intensity. The order of
intensity could vary from setup to setup because of the different responses of
the detectors used and the efficiency of the grating used).

N
Tahia A I
1aoie 4 “
Spectral Lines Observed in Pure Metal Experiments _||
Lead Chromium Cadmium l Mercury’ Zinc 1'

{ nm nm - nm nm nm Jl
405,783 425.435 214,438 435.835 334.502
368.348 427.480 228.802 404.656 328.233
280.199 283.563 226.502 313.183 280.106
283.306 396.369 361.051 365.015 280.087
363.958 267.716 340.365 296.728 277.098
282.320 284.325 361.288 576.959 277.086

i 373.995 396.975 326.106 579.065
287.332 425.435 231.284 253.652
247.638 284.984 298.063 546.074
357.274 288.077
257.727 361.445
401.964
367.151
416.803
' HgCl was used instead of Hg.

Results of soil sample experiments

Due to the complex LIBS spectra of the soil samples, soils were first char-
acterized without contamination present. After examination of uncontaminated
soils, contaminated soils were analyzed by LIBS and compared. Contaminant
peak detection was facilitated by comparison to the uncontaminated soils.

r4 LIBS Data Collection
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Calibration procedures similar to those used in the development of calibra-
tion curves for the liquid samples were used in the soil sample tests. To
obtain an estimate of the detection limit, two concentrations of each element
were tested, 100 and 500 ppm (Cespedes, Miles, and Lieberman 1993). Tests
were done using all three soil matrices in their dry condition. The 500- and
100-ppm samples for each matrix were tested back to back without any spec-
trometer grating movement between the tests to reduce variations caused by
laser power drift and spectrometer miscalibration. The background standard
deviation was taken to be the standard deviation of the peak characterxstxc of
interest at the lowest concentration of the calibration curve.

In order to establish the lowest detection limits, it was necessary to deter-
mine which irradiance measurement parameter best correlated with concentra-
tion while maintaining relatively low standard deviations. Raw peak
intensities were investigated first, but variations in the strength of these peaks
yielded high standard deviations and correspondingly high detection limits.
Raw peak areas produced slightly better results but still had high standard
deviations. The method chosen for the calibration of soil spectra was to ratio
the metal peak area to an arbitrary small soil background peak within the same
spectrum. Utilizing this ratio technique helped minimize the effects of spark
intensity and sample volume variations, thereby lowering the calculated detec-
tion limits.

The strongest metal spectral peaks seen in the liquid sample and pure metal
tests served as a guide for finding these relatively small spectral peaks amidst
a much larger background. Direct superposition of the spectra at two differ-
ent concentrations proved helpful in determining which contaminant peaks
yielded the best detection limit. For example, a direct superposition of spec-
tra is shown in Figure 18, where the 500-ppm lead sample spectrum is super-
imposed over the 100-ppm spectrum. Inspection of this plot shows the lead
line of interest and the corresponding amplitude differences at 405.86 nm.
Note that the amplitude values and shapes of the two spectra are very similar
in the two files except in this region, thus highlighting the peak. Detection
limits were calculated for any visible peaks corresponding to known contami-
nant lines. The weaker lines were analyzed in addition to the strong ones for
completeness, but the best signal (i.e., the strongest line) should define the
actual detection limit.

The results of the dry soil tests are summarized in Table 5. Cadmium tests
in sand provided three peaks that could be used for detection-limit calcula-
tions. A soil reference peak of 212.34 nm was chosen for normalization.

The pure soil sample spectra were examined to verify that this peak was not
caused by the contaminant or the contaminant carrier acid. The detection
limits were 142, 149, and 300 ppm, respectively, for the 226-, 228-, and
214-nm cadmium line. Clearly, the first or second peak is better for quantita-
tive purposes and should represent the measured detection limit. In general,
the detection limits in sand were lower than in the other two soil types. This
effect is believed to be due to the comparatively larger size of the sand parti-
cles. Detection limits were also lower for the dryer samples. This was due to

Chapter 4 LIBS Data Collection
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Figure 18. Superimposed spectra of lead in Yuma sand at approximated 100 and 500 ppm

the fact that water in the sample has a high heat capacity, and a portion
of the laser energy is used in vaporizing the water. The reduced energy
available to ionize the soil results in a weaker spark and correspondingly
weakened spectral signatures.

The detection limit of chromium in sand was approximately 230 ppm
using the 425.5- and 359-nm peaks. Only one peak was detected in the
lead tests (405.83 nm), which resulted in a detection limit of 106 ppm for
the dry sand matrix. Zinc was found in sand at a limit of approximately
219 ppm. Only one line was evident in the clay tests of zinc, and it re-
sulted in a detection limit of 712 ppm. Several zinc lines were evident in
silt, with the most sensitive being at 213.89 nm with a detection limit of
489 ppm.

Previous tests on liquid samples performed by UNL and WES had
failed to excite or identify any mercury lines either with the excimer or
the Nd:YAG. As Table 5 indicates, soil samples with mercury concentra-
tions as high as 2,400 ppm also failed to reveal any peaks. An additional
test was performed on a sample of pure crystalline mercury chloride. In
this case, mercury peaks were detected, with the strongest lines occurring
at 253.65, 296.68, 312.56, 313.15, 364.96, 404.65, 435.84, 576.95, and
579.06 nm. Unfortunately, extremely high concentrations of mercury
(850,000 ppm) were required to generate these lines. The lack of detect-
able lines in both the liquid and soil tests indicates that there were prob-
lems with the LIBS technique for the detection of mercury.
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Table 5
Results of Dry Soil Sample Test )
Heavy I Background I Detection
Heavy Metal Line | Line Used | Limit
L- Metal Soil TestNo. | Used, nm I nm | ppm
W Lead Yuma sand 1 405.783 404.62 106
Clay 1 405.783 404.62 1,022
Silt 1 405.783 404.62 632
Chromium Yuma sand 1 425.43% 422.74 233
2 360.533 334.93 260
3 359.349 334.93 219
4 206.149 212.43 1,692
Ciay i 359.304 344.30 324
2 284.325 285.24 436
. Silt 1 359.349 344.32 458
Cadmium Yuma sand i 226.502 212.34 142
2 228.802 212.34 149
3 214.438 212.34 300
Ciay i 226.502 212.34 633
Silt 1 214.438 212.34 741
Mercury Yuma sand 1 N/A
Clay 1 N/A
Silt 1 N/A
Zinc Yuma sand 1 206.200 221.20 252
2 202.548 221.20 219
Clay 1 202.548 212.45 712
Silt 1 213.856 212.45 503
2 202.548 212.45 4839
- 3 206.200 212.45 2,613 1
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One possibility for the lack of detectable Hg lines in the early experiments
was that the mercury emission occurred before or after the data collection; the
previous measurement parameters of a gate delay of 300 ns and a gate width

of 5 us were questioned. Sampies of HgCi (85-percent Hg) were used in
4 - A 8

Intensity (Cts/Sec)

6000 |- ///
/
I

measurements made with the early LIBS setup using gate delays that ranged
from 100 to 900 ns in increments of 100 ns and a gate width of 10 ns; in
addition, parameter values of a 3,500-um slit opening and a 125-mJ laser
energy were selected. (See Figures 19 and 20 for the spectra that were col-
lected with these parameters.)
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discovered that this step of the process was producing mercury vapor during

heating, resuiting in a much lower contaminant concentration in the sample.

Subsequent experiments used the new sample preparation procedure that
involved the use of acetone, which was discussed in the sample preparation

The data collection parameter for these later measurements also took
advantage of the improved detector grating of 2,400 grooves/mm and included
a gate delay of 350 ns, a gate width of 100 us, a slit opening of 10 um, and
laser energy of approximate 100 mJ.

The results for mercury obtained from the acetone technique were satis-
factory. For an example, see Figure 22, which contains a composite of two
different spectra at very low mercury concentrations and the background
concentration. Note that the number of samples was not sufficient for the
proper detection of analysis of detection limit, but it was expected that LIBS
will detect Hg below 10 ppm without significant problems. Research into
detection limits of mercury will continue when the LIBS prototype sensor is

built.

Additional problems with the detection of mercury were encountered when
the peak of the principal lines of Hg on the spectra were overlapped by peaks
in the background. See Figures 23-28, where the mercury concentration was
approximately 7,800 ppm in Yuma sand. Data found in these figures were
collected at approximately 75 mJ of laser energy. As a resuit of these experi-
mental results, it was decided that extraction of peaks for the identification of

. T __t._ 3 o £ AL mn 12

mercury at low concentrations would be limited to the 435.835-nm line.
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5 New Detection Limits

After all the preliminary research described above had been completed, an
optimum set of experimental parameters were established that includes the use
of the 2,400-grooves/mm grating, a gate delay of 350 ns, a gate width of
100 ps, a slit opening of 10 um, an unchanged sample height to obtain a small
spot size, and a laser energy of approximately 100 mJ.

Having finally settled on a set of optimum experimental parameters, it is
now possible to revisit the question of minimum detection limits for all of the
metals in question in an orderly fashion. The goal is to evaluate how sensitive
LIBS is for use as a screening tool in the field. Experiments were performed
under the optimum laboratory conditions for lead, chromium, cadmium, mer-
cury, and zinc in Fisher sea sand and for lead in Yuma sand to obtain the
respective detection limits.

Peak Selection for Analysis of Data

As indicated earlier in this report, it was found that the best results for the
detection-limits calculation were obtained by making a ratio of peak areas
within the spectrum of interest.

One peak area (a measure of the area beneath a spectral line) is obviously
associated with a contaminant line; the other is associated with a strong line
in the soil. The reference peak and the contaminant peak have to be in the
same spectral sweep (about 13 nm) to provide a picture of both peaks at the
same laser energy level (remember that laser energy levels are not very
stable). A large peak in the background usually represents a large concentra-
tion of a certain element, and the behavior of this peak is very repeatable in
terms of the data collection, showing a constant peak area that only will
depend on laser energy. The wavelengths of the contaminant and background
lines used in the new detection limit calculations are shown in Table 6.

The area of a peak collected in a spectrum is observed to be a function of
contaminant concentration, laser energy used to generate the plasma, gate
delay, gate width, slit opening, the efficiency of the grating, and detector
response. These last five parameters can be fixed in the instrumentation and

Chapter 5 New Detection Limits



Table 6
Summary of Spectral Lines Used for Detection Limits

Heavy Metal Line Background Line
Heavy Metal Sail Used, nm Used, nm
lead Yuma sand 405.785 404.576
lead Fisher sea sand 405.785 404.576
chromium Fisher sea sand 425.435 422.740
cadmium Fisher sea sand 214.438 212.421
mercury Fisher sea sand 435.835 438.429
zinc Fisher sea sand 202.548 212.421

set to a constant value. Due to instability in the laser, the amount of energy
used is a very difficult parameter to measure or to calculate. All that one can
do is assume that the energy reaching the sample is a constant factor of the
laser output energy. Larger contaminant concentrations will produce larger
peak areas if all other conditions are fixed. As an example of how stable (or
unstable) data can be for different measurement conditions, refer to Figure 32,
where a limited portion of the spectra for lead-contaminated Yuma sand is
shown for different contaminated levels.

Calculation of Spectral Areas

If all the instrument parameters in LIBS are fixed, the area of a peak will
be a function of the contaminant concentration and laser energy used to create
the plasma. If the concentration is fixed, the peak area will be only a function
of laser energy; but, as mentioned before, this parameter is difficult to meas-
ure. Making a ratio of spectral areas within the range of wavelengths covered
by each measurement will help to reduce the effects of shot-to-shot laser
energy variations.

The most important thing in analyzing laboratory data for detection-limit
calculations is the way in which the areas are selected. The method must
always be consistent. After trying several approaches for data analysis, it was
found that consistent results were obtained using only the peak area or a por-
tion of the peak area and the following procedure.

A macro was written for the selection of the areas and all the mathematical
manipulations. The user enters the localization of the peaks of interest for the
ratio analysis. Then the macro identifies the center of the peaks and, from the
center to the sides, identifies the first local minimum. These local minima
serve as the reference points where the integration of the area begins and ends
(see Figure 33). The macro makes the analysis for the 36 individual spectra
collected and calculates the average value and the standard deviation of ratio
of areas.
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A summary of the detection limits for each metal in sands using this meth-

odology is shown in Table 7. Following the summary table, spectra are

shown for each set of experiments (Figures 40-45). The contaminant line is

blown up to show the lowest measured response.
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Table 7
Summary of Detection Limits
Lowest Concentration Used Detection Limit
Heavy Metal Sail {u} or Detected {d), ppm ppm
lead Yuma sand 7.71 (u) 9.14
lead Fisher sea sand 2.00 (d) 3.32
chromium Fisher sea sand 1.80 {d) 1.62
cadmium Fisher sea sand 1.14 (d) 1.10
mercury Fisher sea sand 17.2 (u) 3.77
zinc Fisher sea sand 1.30 {d) 0.88
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Figure 44. Spectra of Fisher sea sand and 435.835-nm mercury line at 17.2 ppm
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Figure 45. Spectra of Fisher sea sand and 202.548-nm line at 1.30 and 2.00 ppm
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The LIBS technique and instrumentation currently has the potential to be a
very effective sensor for detection of heavy metals in soil. LIBS has been
demonstrated to be a powerful tool in the detection of the heavy metals. The
technique has detection limits as low as 1.10 ppm for cadmium, 0.99 ppm for
zinc, 1.62 ppm for chromium, 3.32 ppm for lead, and 3.77 ppm for mercury
in sea sand bought from the Fisher Company. These low concentrations of
contaminants were detected at wavelengths of 214.438 nm for cadmium,
202.548 nm for zinc, 425.435 nm for chromium, 405.785 nm for lead, and
435.835 nm for mercury. LIBS has the capability of making elemental analy-
sis of soils in real-time. The implementation of LIBS into a cone-
penetrometer geometry (such as SCAPS) would allow for in situ eilementai

oV s

analysis of the soil matrix and lnorgamc gases and wouid g1ve SCAPS one of

the most powerful sensors for the detection of contaminanis in soils.

Emphasis is now shifting toward fabricating a prototype sensor for the
SCAPS truck. It is expected to obtain from this sensor detection limits of
heavy metals below the 10 ppm for sands, below the 20 ppm for silts, and
below the 35 nom for clav
below the 35 ppm for clays.

As with any intensive research effort, several questions were answered,
and several more were generated More work needs to done in other soils to

11U1 1L Eulitd LAl

investigate their backgrounds and how contaminants will appear in those
matrices. More research of contaminant emission lines in the visible region
needs to be done for the detection of these in the soils. Work needs to be
done in increasing the signal of the contaminant peak from the background
interference, perhaps by changing the time parameters of the data collection.

Future research should also continue to focus on the quantification of
LIBS. For example, can the issue of shot-to-shot laser energy variations be
incorporated into a meaningful model? Some preliminary data have been
collected in this regard and are shown in Figure 46. These data represent the
behavior of lead in Yuma sand at different laser energy levels and concen-
trations. The LIBS sensitivity can possibly be increased from low parts per
billion to hundreds of parts per billion by using higher laser energy levels and

: PO

more daia poinis per data set.
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Figure 46. Preliminary results of quantification of LIBS data (Lead in Yuma sand)
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