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4 Lasers as Atomizers

2}'- Laser Induced Breakdown Spectroscopy

ANALYTICAL SPECTROSCOPY USING LASER ATOMIZERS
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Postfach 778, D-4600 Dortmund 1, Federal Republic of Germany

1. Introduction

In this article, laser as a source of thermal energy sSupp-
lementing customary spectrochemical excitation sources will be
treated. It is therefore necessary to first explain the proper-
ties of typical excitation sources. In optical spectrochemical
analysis, chemical elements contained in a sample are determ-
ined with the help of their optical line spectra. This can only
be done, if a representative part of a solid or liguid sample
is first converted into atomic vapour. Free atoms can then eith-
er be datermined with the help of their absorption spectra or,
if suitakly excited, with the help of their emission spectra.
It is, of course, also possible to detect the elements with the
help of ionized atoms either by atomic emission spectroscopy or

by mass spectrometry.

The customary radiation sources can be divided into two
groups, e.g. electrical radiation sources and non-electrical
radiation sources. The former group comprises electrical arcs,
sparks and discharges under reduced pressure or in vacuum.
Evaporazion of sample material and excitation are both effected
by the same source. Electrically conducting samples can be
analysed directly, whereas electrically non-conducting samples
have to be suitably prepared e.g. by grinding them down and mix-
ing with conéucting material. It is well known that the evapor-

ation and excitation in electrical radiation sources can be
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strongly influenced by the chemical and physical properties
of the sample. Great care has therefore toc be exercised to

aveid systematic analytical errors.

The second group of radiation sources can best be called
'plasmas’. They comprise chemically produced plasmas, e.g.
flames and electrically produced plasmas, e.g. microwave in-
duced plasmas, induction coupled plasmas, etc. Commonly, the
sample has to be converted intoc an aercsol which then is intro-
duced into the plasme and excited. Solid materials are usual-
ly first dissolved, kut direct production of an aerosol from

such substances is also possible.

For lecal analysis, several methods have been described in
literature. With electrical radiation sources, spatial resolut-
ion can be improved by using a peinted counter electrode, pre-
ferably in connection with a confinement of the surface area
which can be attacked by the discharge. With non-conducting
surfaces, a local analysis can only be performed indirectly by
first mechanically removing the respective part of the sample
and subscpently analysing it by a standard method.

Soon after the first realization of a Ruby laser in 1960 by
Maiman1 in 1962, a 'Laser Microprobe' designed for local analysis
was described and introduced into analytical routine by PBrech ang
Cross?. Understandably, due to lack of fast and power ful methods
for local spectrochemical analysis, the first methods of applic-
ation of laser centered around this special analytical technique.
Since then,the scope of application has widened considerably and
now comprises surface, micro- and macro-analysis as well., The

particular properties of laser as excitation source in optical
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and mass spectroscopy rest upon the fact that powerful radiation
is emitted with a very small angle of divergence. It can therefore,
be concentrated -nto a very small spot at the focus of the lens.
The irradiance of material in this spot may be sufficiently high
for vaporizing mzterial for spectral analysis. This applies to
all kinds of materials irrespective of their electrical proper-
ties. The vapour may have such a high temperature,depending on
the mode of operation of the laser system,that the characteristic
radiation of the pertaining atoms is excited or the atoms are
ionized. Tt is alsg possible to further excite the laser-produced
vapour plume by several means. Both methods have their relative
nerits. The principle of operation of a laser source for optical
Spectroscopy can best be understocd with the help of Fig. 14 which
is a semi-schematic Tepresentation of a commercial instrument.It
consists basically cf the laser including the Q-switch,a micro-
scope for aligninc the sample and focusing the laser radiation
on the surface and an electrode system for auxiliary cross spark
excitation. The instrument as shown, is primarily thought for op-
tical emission spectroscopy in local analysis, but with some
alterations, its aprlicability could be extended., A general sur-
vey of the analytical facilities obtainable with the help of
laser atomizers ig given in Fig. 2, A large number of research
pPapers dealing with principles and applications of laser atomizers
have been published. They are reviewed in articles by Scott ang
Strasheim:1 (150 references), Laqua‘. (113 references), Petukh and
Ya.Tﬂ(OVSkiis (219 references). The book by Moenke and 1'«10F_'11.l<e—Blr:lnkenbl.u:c;;6
should also be consulted. An assessment of quantitative analytical
possibilities ig given by van Deijck, Balke andg Maessen7. Cther more
recent publicat:ions are the followinga_so. Laser-induced formation

€1
of ions for mass spectrametry has first been described by Honig ang Woelston
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in 1963, Since then, numerous reports on this subject have
been published. The most recent, thorough review is that by
Concemius  and CapellenE2 {462, references}. In addition, the
new work by Jansen and Witmersaﬁq should be menticned demon-
strating the present state of the art. The history of high re-
solution laser microprobe mass spectrometry has been dealt with by
Denoyer, Van Grieken, Adams and Natusch55 who then describe in
detail, a commercial instrument for this purpose, based on the
work by Hillenkamp, Kauff mann, Nitsche and Unsbldas.
2. Lasers as used for Atomization

Seme lasers suitable for atomization of solid samples and
their operation ranges are listed in Table 1. Optically pumped
as well as electrically excited configurations are used. Liquid
lasers, although listed, have hardly been employed. By far the
widest application have found the sclid-state lasers, but it
can be expected that excimer lasers, especially rare gas halc-
gen Jlasers may have a future. For particulars concerning the
latter, the reader is advised to consult for instance, the re-
port by Hutchinsonsy.

With solid-state lasers, a wide range of cutput energy and
power will ke available depending on the size of the laser recd
and on the pumping system. Rod lengths from 15 to 150 mm are
typical with diameters ranging from 5 to 15 mm. The output ener-
gy may be between a few tenths of a joule and about 5 joule, but
applications with considerably higher energy have been reported.
Typical properties of ruby as active medium are the followinc:
radiation in the visible region (0.6943 ym), good heat conduct-
ivity, comparatively high threshold energy, small angles of ci-

vergence with high quality rods. Glass rods doped with Nd have

Vollooy
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lower theshelds, radiate in the near infrared (1.06 pm) which
may ke advantageous for the analysis of dielectric materials,
and are thermally more sensitive than ruby rods. Laser with
rods fabricated from yttrium aluminium garnet (YAG) doped with
neodymium permit very low lasing thresholds and therefore, are
very suitable for higher repetition rates., Their peak power
capability however, is more restricted than that of the other

two.

In the free running operation mode, optically pumped lasers,
once threshold is passed, radiate in a random sequence of single
pulses called spikes which may have powers of a few kW. An
enission of this kind is indicated in Fig. 2. For operation of
the laser system in a Q-switched mode, several types of Q-swit-
ches may find application. The simplest type of a QO-switch is
a bleachable filter which may either be solid or liquid. With
such switches, one to several spikes per pumping cycle can be
produced possessing powers of up to several MW. It should be
mentioned, however, that this Q-switch cannot be externally
triggered, a property which may be desirable for certain applic-
ations. Kerr cells or Pockels cells, very common with other
high power laser operation, are also used in analytical pract-
ice. Rotating slotted disks, mirrors or prisms as Q-switches
permi= the operation with analytical properties lying between
those of the free running and the fast Q-switched laser,

Several types of acousto-optical Q-switches have been described,
one of which produces a series of eguidistant spikes for a
considerable fraction of the puﬁping time, having powers of
several 100 kWw. This mode of operation is useful for some

spectrochemical applications.



Very short, high power pulses can be obtained by mode lock-
ing, i.e. by forcing all modes in a laser oscillator to oscill-
ate in phase, and with similar amplitudes in place of the random
emission of spikes due to multimode oscillation. It has been
claimed that mode-locked operation can be used with advantage
with laser atomizers]2
3. Interactions of Laser with Solids

Radiation from a laser scurce is emitted with a very small
angle of divergence (see Table 1}. 1Its radiant intensity, that
is, its radiant power per solid angle, can be very high, exceed-
ing that of all other known sources. Focusing the laser radiat-
ion onto the target with the help of a lens or mirror can be
very effective in producing small focal spots with corresponding
high irradiance sufficient to vapcrize any kind of material.
By this interacticon a crater is formed. 1Its dimensions depend
on the arca of the focal spot, on the mode of operation of the
laser system, on the total energy delivered to the sample with-
in the focal spot and on properties of the sample., The diameter
of the crater does not coincide with the diameter of the focal
area. In Fig. 3 the influence of some of the factors is demon-

strated,

The mass of metal eroded by a free running laser is direct-
ly proporticnal to the fraction of absorbed energy and inverse-
ly proportional to the energy required te melt unit mass of
the materiafv. Regarding the crater shape it can be said that
the depth of the crater increases more rapidly with increasing

energy than the diameter. at constant energy, the shape of the

crater depends strongly on the mode of operation. An unswitched
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laser emitting a large number of spikes of low power and low
energy produces a rather deep crater in relation to its dia-
meter due to the subseguent action of a large number of spikes
following at very short intervals in which the material does
not solidify. Usaally, a wall of molten material is forming
around the crater. Little overheating action takes place and
the temperature o the vapour cloud is usually rather low with
the consequence o very little emission of radiation. A con-
siderable part of the material is not atomized either, but is
gjected in the form of small liguid or recondensed particles.
The fraction of vapour is of the order of 0.1%17. As this mode
of operation is cepable of producing the smallest craters
(there is a threstold below which no evaporation takes place),
it is most widely used in local analysis, but because of the
poor radiation efficiency, additional excitation of the vapour

cloud is compulsory.

The other extreme is the action of one single giant pulse
as obtaianble for instance, with the help of a Kerr or Pockels
cell. With this rode of operation, very high power and power
densities on the surface can be obtained. The result of the
interaction with the surface is a very shallow crater with
little or no molten residue. The diameter may by rather large.
Because of the ragpid overheating of sample material, the in-
itial temparature of the vapour cloud expanding rapidly at in-
izial velocities of a km per second or more, is high. From the
appearance of the crater, it can be concluded that most of the
removed material is atomized with only a very low fraction of
molten or solid particles. The vapour cloud may radiate strong-
ly. At the beginning, the radiation consists cf a strong back-

ground due to the 1igh pressure and rather broad



spectral lines. At a later stage, the background is reduced
and the spectral lines become narrow; later still, band spectra
are alsoc detectable. The atomic radiation can directly be used

for spectrochemical analysis at not too low concentrations.

With the help of bleachable filters it is possible to obtain
several giant pulses at rather large intervals (distributed over
most of the pumping time). The crater, due to the repeated
attack of lasecr radiation on the sample surface, is deeper but
otherwise of similar appearance because each giant pulse hits a
rather cool surface. The spectra are very similar to those de-

scribed above.

With (Q-switch operation employing acocusto-optical switches
as described above, the dimensions of the crater and its shape
are in between those cbtainable with the free running laser ard
those obtainable by a sequence of giant spikes. Each of the %0
to 100 spikes interacts with a sclid and rather cool surface.

On the other hand, as cempared to the free running laser, the
power of the spikes is sufficiently high and consequently, the
temperaturce of the vapour cloud, to effectively excite the atomic
spectra of the respective elements, but with considerably less

background.

This mode of operation should therefore be used for the
dircct analysis of solids in cases where high spatial resolut-
ion {(very small crater) and high power of detection are not re-
quired. Regarding the ercsion of material from solid surfaces,
some more generalization can be made: With samples of low
mclting points, more material is removed, mostly in the form of

liquid droplets, than predicted by theory. Crater diameters

~
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can be less reliably forecast than crater depths. The reflect-
ion factor of the sample surface may alsc be of influence, but
rainly at comparably low power. Special attention has to be
pa:zd if transparent or little absorbing materials have to be
analysed, especially if they have high boiling temperatures,
e.g.9glasses, In these cases a high irradiance (10° W cm %) is
necessary. Plastic material behaves similar to metals of low
melting and beiling points. Comparably little atomic vapour
is produced and the craters are rather large. Liquid materials
can also be analysed but it is necessary to first convert them
to solids by freezing. The same technique has been applied with

success to biclogical samples, e.g. tissues.

On principle,gases could be handled in the same way although
no such investigations have become known. They also could he
analysed directly with the help of 'laser sparks', i.e., the di-
ract dielectric breakdown in the respective gas caused by high
power focused laser radiation. Analytical application of that

tachnigue apparently has alsc not been undertaken vet.

By strict control of the laser operating parameters, espec-
ially pumping energy and temperature, the reproducibility of
the laser output can be high, whereas the resulting crater di-
rensions vary much more, typically 10% as in comparison to 1%.
I= has been shown that the reproducibility of crater dimensions
can be significantly improved in cases where a face of a single

crystal is attacked.

10
Vul'fson et al. have investigated in detail the vaporiz-
azion of material in a laser-produced plume, especially with

the aim to ensure conformity of composition of the vapour with
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the composition of the sample. For a more thorough treatment
of the subject of interaction of laser radiation with solids,
the reader is referred to the book by Ready E{ Pertinent
3 10‘5'.13’17"00’52

ariginal papers are discussed for instance, in
4. Atomic Absorption Spectroscopy using Laser Atomizers

The laser-produced vapour cloud contains a considerable
proportion of neutral ground state atoms. Therefore, atomic
absorption methods can be used to identify the elements produc—
ing these atems. This has first been employed by Mossotti
et al.70. The analytical signal must be separated from inter-
fering emissicn signals which are usually also generated in the
vapour cloud and should be corrected for nonspecific absorption
in a standard manner. The former can be accomplished by choos-

ing a suitable distance from the sample. This situation is

illustrated in Fig. 4.

Basically, three different approaches for designing atomic
absorption methods can be distinguished, namely those, in which
the atomic absorption is directly observed, those in which the
vapour cioud is in situ subjected to additiconal heating and
those in which the vapour is transferred to the final atomiz-
ation device, which may be a flame, a plasma or a furnace. Fig. 5§

shows some of the possibilities.

bublished work on atomic abscorption analysis has been re-

4
viewed in . A variety of technigues has been developed. As
primary sources, coatinucus radiation from pulsed flash lamps

as well as line radiation from pulsed hollow cathode lamps were

used. Free running and Q-switched solid state lasers, continu-

TS

—
ously emitting Ar+ and pulsed CO2 TEA lasers served as atom-
ization devices. It is claimed that higher power of detect-
ion can be cktained by confining the vapour in a heated graph~
ite cuvette. 1In two-step procedures, the finpal atomization is
accomplished in a separate step which may substantially inprove
10,16 33 43 k4 45 47
the power of detection. Of more recent work ' ' ot +'rE,
it should be mentioned that Tetukh et al.l6 used a spark cross
discharge similar to that in emission work for the fina}l atom-
izatier, Quen<meier et a]..“'"B an acousto—optical Q-switch for long-
lasting vaporization ang efficient atomization, Sumino et al.q3
combined laser ablation with electrothermal atomization. The
same did Dittrich et al.h: Manabe and Piepmeierheused a dye
laser for plume atomization combined with a pulsed HCL;

y7
Quillfeldt compared AAS and AES and found similar analytical

properties.

Te sum ugp: Atomic absorption methods are basically single
element determination methods and nay therefore be of limited
application possibility in cases where not enough material for
several sequential determinations is available. Their limited
dynamic concentration range may hamper the analysis of random

samples of completely unknown composition.

5. Azomic Flaorescence Spectroscopy using Laser Atomizers
These methods are closely related to AAS methods except
that, due to the emission of radiation, a large concentration
range s available from a single spectral lire. From this
peint of view such methods are suitable for simultaqgous multi-
element determination (provided, simultaneous excitation can be
effected). So far, only one application of AFS to laser-pro-

52 58
duced plume has been reported. Measures and Kwong ' with



their 'Tablaser' atomized sample material with the help of
Q-switched ruby radiation which was then excited at low press-
ure to resonance flucrescence by absorption of radiation from
a nitrogen-laser pumped tuned dye-laser. At a spatial resol-
ution of about 100 um, limits of detection of the order of

1 ug/g or 101 g respectively are claimed with the added ad-

vantage of relative freedom from matrix effects.

6, Atomic Emission Spectroscopy using Laser Atomizers

The spectral character of optical emission spectra produced
directly by laser atomizers differs from that of customary
arc or spark discharges. It strongly depends on the power and
mode of opcration of the laser. Giant pulses produce a strang
background and broad lines with, however, little or no self-
reversal. On the other hand, unswitched operation with slow
switches lead to spectra of lower continuous background and
lines not quite as broad as in the case of resonance lines
with pronounced self-reversal. As the latter are very often
recommended as analytical lines,due care should be exercised
by their use. Generally, the guality of the spectra is not as good
as that of othor spectrochemical light sources. In Fig. & some
combinations for laser-optical emission spectroscopy are

demonstrated.

Substances with a sufficiently high melting point are
suited for direct analysis with the help of the spectrum as
generated by the laser radiation impact. TFor some kinds of
operation, espccially if high spatial resolution and conse-
guently, low power operation of the laser is necessary, a two-

step process is the method of choice. i.e. the laser-produced

i
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vapour plume is excited in an additional source. In this com
figuration, the primary radiation emerging from the vapour
cloud is weak as compared to the one produced by the addition
al excitatiorn. which now mainly determines the spectral character
of tke radiation. Mode of operaticn of the laser, power and
enercy are acain responsible for the crater dimensions, but
of special inportance are now also the transport of material
int> the excitation zone, the time of residence of the laser-
produced vapcur in this additional source and its thermodynamic

prcoerties,

The oldest and most popular method of additicnal excitation
makes use of a spark discharge. This discharge takes place
betwson 100 pointed elecirodes, uvsually of pure graphite, and
1s Zza from a charged condencer bank via svltable impedances
{resistors amd inductors). The energy stored in the condenser
may be in the order of a joule, the vcltage lower than the di-
clectr:¢ breakdown voltage of the electrode gap. The dis-
cha-ge ls then initiated by charged particles centained in the
vapour cloud entering the gap. The cross discharge should
onlv be effective during the residence time of the laser-pro-
duced vapour in the gap. It has been shown that a free choice
of the onset of the discharge may give better analytical re-
sults than automatic triggering. The cross discharge source
closely resembles a customary spectrochemical medium voltage
spark source. Therefore, the resulting spectra are also very
simzlar with the result that the spectral lines are much
rarrower and the spectral background lower as compared to
those in the primary spectrum of the laser-produced vapour

plune. The intensity ratio of line-to-background is improved
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. . 1 ug/y 2n in al to 22 Ug9/g9 Mn in steel with relative standarg
v oorders of magnitude in favourable cases, and conscquent- 22

deviaticns from 0.01 to 0.13, Bachurina et al. transferred the
1y, the power of detection. The qross intensity of the emerg-

laser-produced aerosel to a CMP (capacitively coupled micro-
ing radiation may zlso be higher by up to two orders of mag-

wave plasma) for the determination of the alkaline and@ earth
nitude. As a disadvantage it may be stated that impurities

alkalinz elements and iron in surface impurities of silicon
56,57
sheets in the nanogram range. Thompson et al. used the

in the auxiliary electrodes cannot be distinguished by their

signals from those in the analytical sample. To overcome this
combinazion of laser and ICP and compared the results with
ambiguity, clectrodeless discharges have been recommended.
standard ICP analysis of the dissolved steel samples, Cenerally,
The vapour can either be produced directly in the excitation
with laser, absoclute detection limits were lower as compared
zone of an induction coupled plasma (ICP) or a microwave in-
] to the nebulization technique, whereas with concentrational
duced plasma (MIP) or it can be transferred into it with the
. limits cf detection it was the other way round,
help of & carrier gas. All thesc methods are treated in detail

i & 5
’

in " Some recent results shall be brieflyv mentioned. 7. lLaser Atomizers in Mass Spectrometry

Dimitrov et al.B investigated Lhe influcnce of gas nixtures on The ions “ormed in the vapour cloud as a result of the

the limit of detection with YPark cross excitaticn. They ob- action of focused laser radiation on a solid surface can be
tained the best results when using pure Argon. In another separated and detected with 4 mass spectrometer, In this way,
paper, Dimitrov and MaximovaS improved the power of detection combination of a laser with a mass spectrometer permits the

by inclining the sample surface in respect to the direction of construc-ion of instruments for bulk as well as local or micro-
the laser radiation, probably causing a decrease of absorptiocn probe analysis. Both, double—focusing and time-of-flight mass
of the laser radiation in the vapour cloud. Nickel et alfa'u, spectrometors have been used, Earlier work has been fully cover-

: . ) ca s . . 52
in an extensive study, optimized conditions for quantitative ed by Conzemius and Capellen in their review article. The

local analysis of graphite with cmphasis on good time matching modern state of the art regarding bulk analysis, microanalysis

2

a
of evaporation and cross excitation. Uchida et al. con- and thin film analysis of moderate spatial resolution (crater

centrated clement traces on filter paper after solvent extract- diameters about 20 um, crater depths ranging from 0.1 to 10 m)

63 &1L

ion and subjected them to laser vaporization with cross excit- is represented by the work of Jansen and Witmer ' They used

5051

. . . . . . ' -
ation in a spark discharge. ILeis ang Lagua used additien- a Q-switched Nd:YAG laser system as an ion source, Fig. 7, and

al cxcitation in an MIP, the sample being directly part of the an AFI MS 762 double-focusing mass spectrometer with photo-

microwave cavity. Limits of detection in the Hg/g range were graphic dstection. This rermits detection of ions in the mass
43
obtaincd. 1shizuka ard Uwamino introduced a laser~produced range between & and 240 AMU with good resolution, irrespective

Jerosol inte a MIP, cbtaining limits of detection ranging from of the considerable energy spread of the laser-produced ions.
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An absolute detoction limit of about 107'%2 g, a relative de-
tection 1imit of 10 ng/g for bulk, and 1 mg/g for micro-
analysis can be obtained. The precision can be described by
2 relative standard deviation of about 0.2, the accuracy by
a factor of 2 without and 0.2 with standards.

A completely different line of development has been purs-
ued by Hillenkamp et al.sb resulting in a laser microprobe
mass analyzer (LAMMA) of which a commerical model, the LAMMA™
500, (lLeybold-Heracus) is available. Fig. 7 shows the prin-
ciples of this instrument, in which a Nd: YAG laser irradiates
the sample which may be a foil or a thin layer on a transpar-
ent substrate. The ions formed enter a time-ocf-flight mass
spectrometer for separation and detection by an open Cu-Be
secondary clectron multiplicr. The system is preferentially
used for the analysis of thin samples, mostly biological
material. Absolute detection limits lie in the range of 1071°
to 1077 ¢. Under faveurable circumstances (very thin films)

a lateral resolution of less than 1 um is obtainable. Not

only atoms, but molecules as well can be detected.

A similar instrument has becn described by Dingle and
71
Griffith which in addition, enables the analysis of bulk
samples by means of reflected ions., A compensation for the

initial spread of ecncroy of the ions is also provided.

8. Laser Spectrochemical Procedures

8.1 Local analysis. & microanalysis performed in situ
may be called local analysis, Typical cxamples are an inclus-
ion in a metal or mineral or the changing composition aleng a

welding seam. In such cases, spatial resoclution and the con-

-7 - Wi d

centration range of the elements to be determined influence
eigrificantly the choice of laser operating parameters,
epectral apparatus and radiation detector. For a one-shot
analysis with no additional excitation, Q=switched lasers
krocucing craters of about 50 um diameter may yield line in-
tencities which are sufficiently strong to be recorded with

a high speed spectrograph (f/5 or better) if only the main
aonstituents of a sample have to be determined. With addit-
ional excitation and free running lasers,usable analytical
sigmals can be obtained from craters with a diameter of about
13 pm. In this case, a medium speed spectrograph may be suffic-
ient. Photoelectric detection is much more sensitive but does
not sasily permit the recording of a substantial part of the
spectrum. An interesting attempt has been made by Talmiet al?
to overcome these difficulties. They used SIT-vidicons and
szcond generation photodicde arrays as detectors and obtained
limits of detection between 2 and 500 pg/g in surface analysis
and depth prefiling. Unfortunately, present day vidicons

and silicon photodiode arrays cannot optimally be matched to
commercial spectral apparatus. In Table 2 the properties of

laser local analysis are summarized.

8.2 Surface Analysis and Depth Profiling. Surface anal-
y3is represents local analysis in which the depth of erosion
is k2pt as small as possible. Either a free running laser of
vary low ocutput energy and additional excitation or a Q-
svit-hed low-energy, high-power giant pulse should be used.
Tre former may yield crater diameters of 10 m with a depth
¢f 3 um, the latter diameters of about 25 pym and a depth of

1 um depending also on the sample material.
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8.3 Microanalysis. Techniques for microanalysis are
similar to those for local analysis, A microsample must be
transformed into a small volume and then atomized for local
analysis. For mimimum matrix effects, the sample should bhe
vaperized completely. The amount of sample can be as low as
1 ug. Limits of detection down to 0 ug/g can be achieved,

depending on the element and the size of the sample.

8.4 Macro- or Bulk Analysis. Because of th. unigue
property of laser atomization, homogeneous, non-conducting
50lid materials in addition to electrically conducting mater-
ials can be directly analysed by means of optical spectroscopy.
There is some reason to recommend laser atomization for electr-
ically conducting materials normally analysed with the help of
spark discharges. 1In electrical discharges, the burning spot
wanders erratically across the surface which may give rise to
systematic errors if that movement is influenced by a struct-
ure of the surface. Attempts have therefore been undertaken
to prevent the wandering of the burning spot by means of
focused laser radjationlgresultinq in improved precisicn and
accuracy.

In laser analysis of homogencows samples, precision can be ime
proved by increasing the number of shots per analysis. This
should be done by automatic scanning of the surface in such a
Y that by each laser shot, a hitherto urattacked part of the
surface is sampled. The basic obtainable precision depends on the
mode of operation. 1t can be as good as 0.1 for a single shot
without additional excitation and correspandingly less for a
multishot analysis, 1f high power of detection is regquired and

hence, additional excitation, the basic precision may

Vil 4e
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degrade to about 0.3, These figures apply to laser output
energies of about 1 joule which corresponds to vaporized sample
material of about 10 g per shot. Sampling of much more
material for a single-shot analysis with laser output energies
of up to 100 joule has been reported. A good compromise would
be a multishot analysis with energies of about 5 joule per shot,
In macro-analysis, non-compromise conditions can be selected
for good power of detecticn. In Table 3, some typical examples

are given.

8.5 special Procedures., Artificial gas atmospheres and
pressures other than ambient can be used to further optimize
analytical conditions. &As already mentioned and confirmed by
cther investigators, argon seems to be favourable for high in-
tensity of the spectral lines and reduced background. For the

best line-to~background ratic vacuum was established as optimm.

The laser cloud is inhomogeneous and very transient in time
and space. By time-resolving and gating of the analytical sig-
nal conditions for optimum line-to-background ratio can be
established. Space-resolved spectroscopy can be successfully
applied whenever the analysis is performed without auxiliary
excitation due to the fact that spectral lines and spectral
background have their maximum intensity in different zones of
the laser plume. Finally, a magnetic field may alsc be used
to improve line-to-background ratios and ccnsequently, the
power of detection. The best results in taking account of
many single step improvements have been reported by Treytl
et aljl. Table 5 lists some of their results. It should further

be noted that this group, in favourable cases, was able to
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sccure from biological materials, useful analytical signals
from craters of about 1 ym diameter.

23
In an interesting application, Adrian et al. used a comp-

uterized laser-micro-spectrograph equipped with a SIT-vidicon
for remote analysis at a nuclear reactor. Radiation from the
laser head with additional excitation was conducted to the spact

ral apparatus by means of an optic fibre of 40 mm length.

9. Conclusion

Atomization by mecans of focused laser radiation has supple-
mented the analytical repertoire considerably due to its applic-
ability to all kinds of samples, irrespective of their chemical
and physical conditions. Originally introduced for local and
microannlysis by optical emission spectroscopy, it is now also
used for bulk and surface analysis of a large variety of materi-
als, in combination with other spectroscopic methods like AAS
and mass spectrometry. Whereas up to now, mostly qualitative
and semiquantitative procedures have been described, there are
high precision procedures available waiting for their introdvct-
ion into analytical practice. Reliable calibration in local
analysis remains a problem which needs further attentien. Laser
sources for atomization have been developed to a high degree of
pvarfection and can be operated reliably and at low costs.
Fxcimer lascrs may find special uses resulting from thelir high

power output and high repetition rates.
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Table 1 Some Properties of Lasers suitable for Atomization of Solid Samples

Qutput energy Range cf Angle of Repetitiocn
Wavelength A of free-running power per divergence rate
Type of laser um Excitation laser, J pulse, MW mrad s
Solid state
Ruby 0.6943% } optically 10 0.1-1¢ 3-5 low
Nd—glass 1.06 ¥ } pumped 10 0.01-10 5 low
Nd: YAG 1.06 *} 10 0.01- .1 3-5 ok
Fluid state
Nd: POCL, 1.06 } optically 5 ~10 ~ 10 10
Nd: mmon 1.06 } pumped
Dyes 0.22-0.74 1 1 ~ 0.1 2 100
Gaseous state
C0,-TEA 10.6 } electrically 100 ~ 1 5 100
N, 0.337 } excited 0.01 ~ 0.1 ~10 100
Excimer 0.193-0.351 electrically ~0.2 ~20 2x4 100
Oscillator excited
Excimer 0.193-0. 351 electrically ~0,3 ~15 0.z 40
Oscillator excited
+ Amplifier
*

alsc used at A/2, X/3 and A/4 obtained by frequency multiplicaticn.
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Table 4
Use of Time Resolution for Cbtaining Low Limits of Detection in
Analytical Proccdure for Analysis of Biologic Materials, Employ-—

iny @-switched Single Laser Pulse and Electronic Gating Tech-

a1
roicqa

wavelength, Delay Integration Detection limit,
toloement "I time, time, us g
Li 610.4 4 5 0.2
by 279,86 4 7 0.002
Ca 393.4 5 15 0.01
Fe 302.0 10 G Q.3
u 324.8 15 3 0.002
in 213.9 5 2z 0.05
Hy 253.7 7 3 0.3
b 405.,8 16 5 0.1
fobrom trevel ot oal, o

Laser Micrc Analysator LMA 10, Left, front view, right, side view,1, observation microscope

Figure 1

v 47
e

4,semitransparent

3,microscope stage with sample holder,

2,electrodes for cross discharge,

reseonator mirror, 5,laser cavity, 6,laser rod, 7,flash=-lamp for optical pumping, 8,liguid

dye Q-switch:9,resonatcr prism. VEB Carl Zeiss, Jena.
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Energy density
necessary for

vaporisation

Focal length of the objectiv Sample: Cu; Energy: 0,2 Joule
Focal area:
f | &
F = mm wmdmc
= 8 mm | 65 um
15 mm | 81 um
2. Aperture of the laser beam Sample: Pb
F = £ tan‘y | g
with mode selection 114 um
without mode selection | 342 um
3. Energy of the laser pulse Sample: Co
Energy density
Energy | @
1.40 Joule B0 um
0.48 Joule 64 um
0.24 Joule 48 um
0.13 Joule 25 um

ter, in a solid sample.

Factors affecting diameter g of laser-produred cra-

Sotid State Laser: G -Switches: Detecting System:
Ruby, Nd, YAG Mechanical: Rotating Mirror Phntographic Emulcion
Uas Laser: - Prism Photomultiplier
C05, No. Art Electro-Optical: Kerr-and .
- m_ 2 Pockelscells Photodiodes
=xcimer Acousto-Optical : Silica, I
Gas Cell
Saturable Absorber: Local,Micro or
Filter, Dyes Macro Analysis
| \_%f?f .\QI
| LASER Q-SWITCH =7
|
Applications Spectroscopic Methods : Samples :
Metallurgy Optical Emission Electrically Conducting
Mineralogy (With and Without and Nonconducting Solids,
Geochemistry Additional Excitation] Frozen Liquids

Archaeology
Biology
Criminology

Atomic Absorption and
Fluorescence

(Metals, Minerals, Plastics,

Powders, Ceramics, Glass
etc.

Mass - Spectrometry

Figure 2 : Analytical possibilities in combination with laser

atomizer.
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ABB. 3. (aM{c) Verschiedene Laserkrater in Stahl, aufgenommen mit einem Rasterelektronen-
mikroskop Jeol JSM 35. Kantenlinge (a) 160 pm, (b) 60 um, (c) 30 pm.
Asp. 4. (a)-(c) Schliffbilder verschiedener Laserkrater in Stahl. Kantenlinge {a) 500 um, (b)
100 um, {¢) 20 pm.
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Time-Resolved Laser-Iinduced Breakdown Spectrometry of

Aerosols

Leon J. Radziemskl,” Thomas R. Loree, Davld A. Cremers, and Nelson M. Hoftman

University of California, Los Alamos National Laboratory, Chemistry Divigion, Los Aiamos, New Mexico 87545

The repelltive breakdown spark from a focused laser beam
was used 1o generate analytically useful emission spactra of
aercsols l alr. The apparatus Is simple; a pulsed laser and
pptics, & Bpactromeler, and some method for fime resolution
of the #park Ught. Time resolution is tlal b of tha
sirong continuum emission at early times { <500 ns). High
temperalures [n the spark result In vaporlzation of small
particies, dissoclation of molecules, and excHatlon of atomlc
and lonfc spectra. The plasma acls as W It were In local
tharmodynamic equilbelum, al least alter 1 us. Spectroscoplc
methods have been used {0 measure the fime-resolved lem-
peratures and eleciron densliies. A simple ona-dimensional
hydrodynamic mode! predicts the tempserature and dlameter
of the spark. Baryllium in atmospheric pressure alr has hean
detected al 0.7 ug/m’, which Is 0.8 ng/g of air (RSD = 30%).
Limits of detectlon have also baen eslabllshed for Na, P, As,
and Hg In alr. A callbration curve linear over 4 orders of
magnHude has been dovaloped for Na in alr, En situ exper-
Iments have been performed on two experimenial coal ga.
sificallon systems, and real-time spectral Information has been
obtained In bolh cases.

In atemic emission spectrochemistry, the light from an
excited sample 1s spectrally analyzed to yield qualitative and
guantitative information about the elemental constituents.
‘The traditional emission techniques employ arc or spark ex-
citation (1, 2} requiring electredes. Recently atomic flame
flucrescence (3) and the inductively coupled argon plasma
(ICP) (4) have become accepted sources. None of the latter
technigues are particularly useful for direct detection of
aerosols in ambient air or usable outside of the analytical
laboratory. The ICP (5} and the microwave-induced plasma
{#) have been used to analyze vaporized material generated
by & laser spark on a surface, by sweeping the material into
the plastna with argon carrier gag. In this paper we discuss
a feld deployable variation of electrodeless spark spectroscopy,
where the repetitive spark is formed in air or a carrier gas by
8 focused laser beam. This technique, capable of detecting
neresols directly in ambient air, ia called LIBS which stands
for laser-tnduced breakdown spectroscopy. The time inte-
grated and time-resolved versions {sometimes called TRE-
LIBS) have been discussed briefly (7, 8). This paper describes
the technigue in detail, the nature of the plasma, the com-
putation of its properties, and some analytical results which
are compared with those from the conventional argon ICP.
The applications for which LIBS is well suited will be noted.

Soon after the discovery of laser-induced breakdown (LIB)
of gases in 1963 (9], many atudies discussed the mechanisma
of breakdown and energy deposition. One of the principal
experimental tools was time-resolved spectroscopy (10). These
studies concentrated for the most part on sparks in simple
atmospheres such as hydrogen (/0), helium (21, I2), and other
pure gases (13, 14}, The current understanding of laset-in-
duced breakdown of gases is well summarized in a review by
Raizer (15). The classic method for generating a laser spark

in a gas is to focus a 1-10-J laser pulse to a fluence greater
than 10 MW /cm? (15). Breakdown occurs because the electric
field at the focus exceeds the dielectric strength of air, not
because of selective absorption by an atom or molecule.
However, selective ahsorption can reduce the breakdown
threshold (16), which is ctherwise a slowly varying function
of wavelength. At atmospheric pressure, a cascade ionization
develops when a few seed electrons absorh energy from the
laser beamn by inverse brehmsstrahlung (15). The plesma
becomes opague, absorbs more laser energy, and grows toward
the focusing lens during the laser pulse. The result is a lu-
minous plasma with a temperature of 104 to 10° K, and an
electron density of 101 to 10" cm%. By comparison, con-
ventienal arcs have temperatures in the 5000 to 7008 K ange
and electron densities of 10'® cm™ (ref. 1, p 128 ff). High
valiage sparks have temperatures of 10060 t0 60000 K (07).
The ICP generates temperatures of 6000 to 10000 K and
electron densities of 10" to 10% ¢m™ {4). Local thermody-
namic equilibrivm (LTE) is not complete in any of the plasma
sources mentioned above (18).

Spectrochemical applications of laser-induced breakdown
taok Lhe direction of the laser microprobe technigue in which
the laser was the atomizing source (19). Spectra from va-
porized surface material were generated by following the laser
pulse with conventional apark excitation. These specira were
sharper and stronger than those produced by the laser alone
(20). An instrument was constructed and marketed embod-
ying these principles (21, 22). 1t was successful in determining
relative concentrations of impurities in steels and alloys at
the 10 to 1000 ppm level. Typical absolute limits of detection
were 1 to 30 ug (22). The technique has remained prir arily
a research tool for specialized applications.

When called upen to monitor beryllium directly in ai: and
to analyze the effiuent stream of a coal gasifiez, the authors
reinvestigated the repetitive, electrodeless, laser-induced spark.
This paper discusses the results of that investigation.

EXPERIMENTAL SECTION

Photomultiplier Detection. The basic LIBS apparatua with
time resvlution is shown schematically in Figure 1. The com-
ponents of the apparatus and the typical experimental conditions
are listed in Table I A 5- to 20-cm focal length lens focused the
laser bearn, pulsed at 1€ Hz, to fluences which were sufficiznt te
breakdown the carrier gas, typically 10% to 10° W/cm® These
fluence levels correspond to a field strength of 2 X 105 V /cm, well
in excess of that needed to cause a breakdown in air with a
conventional spark. Gas pressures ranged from 100 to 760 torr,
although most experimenta were performed in air at Los Alamos
atmespheric pressure of 580 torr.

Light from the plasma was collected and imaged on the slit
of a scanning spectrometer. For detectors we used a varmty of
photomultiplier tubes with extended uliraviolet or red responsea.
The photomultiplier output was processed by a boxcar averager
for time resolution and signal averaging. The delay betwe:n the
plasma initiation and the time of chservation (tg) was 0.7 ta 20
ug with 100-ns to 1-us windowa. Time resolution was neczssary
te discriminate against the sirong continuum emission al early
times (<500 ns). The spectrometer was scanned slowly so that
the signal peaks were not attenuated hy the time constant of the
electronics.
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ANALYTICAL CHEMISTRY, VOL, 55. NO. 8, JULY 1983 « 1247

Table [. Experitent Apparatus a1d Settings Used for Laser-Induced Breakdown Experiments

A. Laser
leser Quanta-Ray DCR Nd:YAG
pulse width 14 .
energy 100-300 md/pulse tn et
wavelength 1064 nm
rapetition rate 10 Hz

B. Detaction System

1. spectrometer
grating
slit width
slit height
. photomultiplier tubes

K

Spex Industries 0.5-m Czerny-Turner
1200 or 3600 lines/mm
10-250 um

2cm
RCA C31034, 1500-2000 V, Hamamatsu R955,

800-1200 V, thermoelectric cooling

m

. photomultiplier signal processing
a. boxcar avewager
aperture delay
aperture duration
trgger
b. gated integrator

PAR 162 (Princeion Applied Research)

1-10 us

100 ns-1 us

external, from laser Q-switch output + slope, + level
PAR 164 (Priiceton Applied Research)

input 50 ,de

time conatant
averaging mode
=, charl recorder

1,10, or 100 us
exponential
Hewlett-Packard 7132A

speed 1-2 in,/min
span 50 mvV-10V

b, diode array signal processing
8, optical maitichannel analyzer
d:ode array
b. master pu_ser
e. delay generator
d. diode array gate pulser

C. Sampling

Tracor-Northern/DARSS
1024 diodes in 2.54 cm
Hewlett-Packard BOO5B
Nanofast 568-702
PAR/EGG Model 1211

nebulizer RETEC

tak=aup rate 0.17-6.25 mL/min
carrier gas Jlow rate 9-11 L/min

Reat chamber tetr perature <100°C

:olution concentration

40 ng/mL to 1 pg/mL

%

v 4 ~FOCUSING LENS

LASER BEAW
- 80ns

=5 200m SCANNING

vt ¥ [ I [ == MONOCHROMATOR
SPARK / =,
CHRMEER —

Figure 1 Schematlc of the protomutiplier-boxcar arangement for
ottaining LIBS wih time resaiution.

QObservation with the photomult plier and spectrometer gave
the max mum sersitivity over the ramge 200-900 nm. By contrast,
the dioce array detection scheme discussed below provided si-
multaneous mon toring over a wids spectral range, particularly
useful fer survey work not requiring maximum senaitivity.

Dete=tion via the Time-Gatec Diode Array. In another
variatios of the detection technigue, we used a time-gated linear
diode aray couplzd w0 2 multichanne! analyzer (MCA). The array
consisted of 102z diodes in 2.54 crr. Each channel of the MCA
recorded the sigmal seen by one diede during each shot. If not
gated, tae dioder integrated all the incident energy. Often, the
light imoinging an the array went through a microchanne! plate
image ixtensifier, which can have a gain of 25000. With this
combingtion the uray was time-gated simply by switching on the
high vel.age to the irtensifier during the time of interest, typically
200 n3 t3 several mi nds. Tha schematic of Figure 2 shows
such & .ime-gaied intensifizd-arrey detector apparatus. This
system was sens tive to wavelengtis between 350 and 800 nm.

Gated Ciode Acray

(rating Pulse
o ]

Signol

Master Precision
Pulyer Delay

Time Goid
Pulser
Scan Trigger
LS Bl

Recorder MCA

Spectromatar

Q-Switcl Trigger

Flashtamp Trigger

r .
Nd.YAG Llater
106um Boam

Sompls Call

Figure 2. A schematic of the time-gated dicde array system tor
providing time-resolution with LiBS.

. The Sampling Procedure. Usually sample chambers were
six-armed crosses, with the laser beam directed at right angles
to the flowing sample and the direction of observation perpen-
dicular to both. The focusing lens was mounted either inde-
pendently of the chamnher or immediately inside the chamber
window. The unabsorbed part of the beam was allowed 1o exit
freely from the cell. If it hit a surface close to the plasma, material
ablated into the chamber introduced unwanted spectra and spark
instability.

Beryllium particles (estimated diameter less than 10 um}) were
generated by laser ablation, and beryllium—chloride aerosol was
produced by a nebulizer/heat-chamber system, similar to that
described in ref 23. Other aerosols were generated only by the
nebulizer /heat-chamber method, In laser ablation, the Jaser beam
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Figura 3. Time-eschad specira of nitrogen taken with the diode array
systorm. Nota the dorminance of continuum and fonic ines at early time,
and the strangth ol tha nautral lines at igte tima. The spectra have
aot been narmalized and are only qualitative.

grazed n boryliium block and ablated a small amount of beryllium
partivulate on ench shol. "These small particles were then swept
into the spark chamber where they were excited by the remainder
of the beam. The size was estimated by capturing the particles
on Millipore fillers (pore wize 0.8 um) and lovking at the filters
with opticnl and electron micruscopes. Tn the nebulizer/heat-
chamber system, an aquecus beryllium solution of known con-
erntration was aspirated into a pipe kept at 8 temperature above
100 °C and mixed with a flowing stream of air. This produced
wn nerusol of heryllium chloride. A nozzle at the end of the pipe
ipected the samyple inte the spark velume. The apark was not
visibly affected by air flows of up ta 10 [./min nor could we detect
a variation in excitation conditions with air flow. Bolutien samples
are not in general required for 1.1BS. The beryllium solution was
simply a convenient methed for introducing the particulate and
changing ita concentration in the sample chamber.

The commercially available nebulizer (ree Table [} was one in
which the candensate drained back into the reservoir and was
agnin available fur nehulization. Hence, the net uplake rate was
the net change in fluid mass in the reservoir divided by the plapsed
{ime. Very little sample was lost 1o the walls of the heat pipe.
Iy ene experiment, we recorded the amount of beryllium which
passed through Lhe heat pipe and then rinsed the pipe with
hydrochloric acid. The resultant solution was analyzed for be-
ryllium by atomic absorption. Less than 0.1% of the beryllium
which pussed through the system was found in the sclution.

RESULTS AND DEISCUSSION

Tempora]l Emission Characteristics, The emission
characteristics of the plasma varied with time as illustrated
in Figure 3. Shortly after plasma initiation, the dominant
sudintion was u continuum mixed with ionic lines. Between
1.1 and ! us, both of these contributions decayed, leaving
netral emission lines which were seen out to 20 us of longer.
At intermediate and late times (>3 u8) molecular features also
were present. We generally monitored in the guiescent time
period between 1 and 20 gy when background emission was
reduced and the neutral lines remained intense. Ion lines wete
also used for analysis, but normally they were ohserved at carly
limes, 1y < 0.5 us. The Be [1 doublet at 313.1 nm was a
significant long-lived exception, having been observed to 20
s and longer. The long lifetime was probably due to the high
spark 1emgrrature, low excitation energy of the upper atomic
level, and the large gf value of the doublet which is isoelec-
Lronic with Li 1. We have trented each spark as a separate
entity uninfluenced by the preceding spark. However, the
breakdown threshold was lowered slightly when operating at
the usual repetition rate of 10 Hz.

Spatial Profiic. To understand the shape of the plasma
and of the energy deposition therein, we studied the plasmma
volume s & funclion of incident laser energy. The volume
wits determined by monitoring the continuum emission (314

AFPROSIMATE  PLASMA SIZE vs  ABSORBED LASER ENERGY

Figure 4. Plasma size in cross section at 1y = 4 us and various laser
energias. Dimensions were obtained by cbserving the spatial varialion
in the centinuumn at 314 nm.

nm, tg =4 us) as the plasma was scanned across the slit of
the spectrometer by moving \he imaging lene, The size of the
plasma was taken as the distance between the e (13%) in-
tensity points,. We scarmed both parallel to and perpendicular
1 the long axis of the plasma. An averaged intensity was
recorded because the plasma is conical in shape and we anly
observed through the cone. Combining the measurements
with visual observations we obtained the approximate di-
mensions and shape of the plasma shown in Figure 4.

Energy Deposition, To determine the energy deposited

in the air plasma, we measured the transmission af the laser
beam through the plasma. The energy transmitted varied
from 20% at 70 md incident to 5% at 300 mJ incident. We
could not detect any reflected laser energy. Since energy
absorplion is reportedly much lower in a helium plasma (11,
12), we also measured the latter. Tn helium the absorption
was 19% at 64 mJ incident and 30% at 208 md incident, in
reasonable agreement with reported values.

Temperature and Electron Density. Plasma tempera-
tures are often determined from the tatios of intensities of
ion ta neutral lines and neutral to neutral lines, usuaily of the
sarne element (24- 26). These intensities are combined with
the Saha equation and the electren density or with the
Bolizmann eguation to determine temperatures of the joni-
zation equilibrium (sometimes called ionization temperature}
and excitation temperature, tespectively. Agreement between
jonization and excitation temperature is a necessary but not
a sufficient condition for LTE. Use of the Saha equation
requires knowledge of the electron density, which we measured
from Stark widths of the spectral lines as discussed below.
We used CIICL NT/NIL and Be 11/Be I intensity ratios
for the jonization tempetature nnd Be 1 lines for the excitation
temperature. The term temperature is used in the discussion
below because there is evidence for LTE after § us in the laser
spurk.

If the spurce is not spatially resolved the resultant tem-
perature is a pc;pulatinn-averaged temperature as discussed
by Boumans (ref 25, p 149), a parameter which describes the
source hut is not identical with the temperature of each layer
of the source. Tn one case we spatially unfeided the plasma
emission via Abel inversion and determined temperatures
which were less than 5% higher than population averaged
temperatures. All other temperature measurements were
made without unfolding and are population-averaged tem-
peratures. Considering the uncertainties introduced by un-
folding a small source of enly approximate cylindrical sym-
metry, it was not clear that further effort on unfelding would
improve the termperature or electron density values, Precise
measurements of intensities and line widths will have tc be
made with high spatial reselution to accurately profile the
temperature and electron density.

Under the assumption of LTE, temperatures have been
caleuiated as described above. The results, as a function of
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Figwe 5. The terhperature in an akr rma as a function

ambienst prassure was 580 tort, ﬂ\ap?asxious syrribals refel:ftin:;ocir::
and mathods used in oblaling the temperatures: (#) C 11 251.2/C
[ 2478 nm; (M) N [1 399.5/N [ 415.0 nm; (O} Be 11 313.0/Be 1 2348
nm; (4] 8e 1 Sottzmann plot; (A} Be 11 313.0/B8 1 234.8 frm spatial.ly
resolved by Abal inversion; C, calculated from hydrodynarnic code.

time after spark initiation, are shown in Figure 5.
wefird T=15600 2 1800 K, at 10 us T' = IEOS{E}OSi li'('}é Ii?
and a- 30' #s T = 8100 K. To measure temperatures by these'
mephcds it is important that the plasma be optically thin. We
verified that the plasme was optically thin at the N I triplet,
41‘{.3,414.5, and 415.1 am, which should have the intensity:
ratio of 1:2:3. The observed intensity ratio was within 10%
of tha. predicted by the statistical weights of the upper levels,
Several lines of reasoning indicated that LTE existed at
least efter ty; = 1 ps. First, after ¢4 = 1 ga, the Be T excitation
temperature agrees with the Be I1/Be [ fonization temperature
to b_et.‘.er than 20%. The beryllium was at such tow concen-
trations that the plasma was dominated by the exygen and
nitrog=n excitation. Second, the temperatures calculated on
an _LTE model, a3 discussed below, also fell among the ana-
]y_‘tlcaly derived values, although the computed values were
hlg_hel at early times and fell off more quickly at late times
'I"hll'd our temperature and electron density values at speciﬁ(;
times agree with those calculated by using an equilibrium
thgmudynumic model of a Jow temperature air plasma (27},
as mmftrnted in Figure 6. Fourth, Lochte-Holtgreven pmaenu;
equations for calculating the time to establish electron-hea
part{cb LTE for a transient plasma. The theory is based upovr]:
partice density and collision frequency, which are both high
in the atmospheric pressure LIB plasma. By use of our
mea}}:re;d values at £y = 1 ps, the time to establish such an
equilibrium is calculated to be less than 20 ns, implying that
LTE tad already been established. The timé to establish a
Boltzoann pepulation distribution is calculated to be much
shorter. Finally, a recent work on LIB plasmas in nitrogen
and ozygen (26) at 1.5 atm concluded that singly ionized
oxygem atoms are in local thermodynamic equilibrium with
the gl-ctrons at 15-20 ns into the LIBS discharge. Their
conditons were not significantly different from those in the
p]_asma uqder discussior.. The present results are consistent
with earlier spectroscopic temperature measurements of
Mandelshtam et ab. (29%. Qur conclusion is that the LIBS
plasma behaves as if it were at, or very close to, a conditi
of LTX at times greater than 1 ps. ' e
_Smi_: brogdening is the major contributor to spectral line
v\:ndth or many species in the LIB plasma, especially at earl:
times. Pressure broadening by neutral perturbers in ng
plasmas gen?raﬂy vields a detectable contribution only if the
neuu_'d particle density in greater than the charged particle
densitz by a factor of 10? (ref 26, p 120), which in the LIB
p!asml occurs after 10 wa. Fven though temperatures are
higher at early time and pressure broadening due to neutrals
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ia greater, the electron and ion concentrations i
._As & result, at all but late times the Stark br:;?i::lsi?-;: ‘g‘}::-.
inates. Dopplet width is also insignificant in most cases. At
one extreme, the Doppler width of N I 415 nm at 0.5 us isb 01
nm, wl?nle the Stark width is 0.76 nm, At later times the St,z;xk
width is emaller, but always exceeds the Doppler width for
N1415 nm. At the other extreme, for Be I1 313 nm the Stark
broadening coefﬂcien_ta are small enough that Doppler width
and [pressure broadening by neutrals are the main contributors
to line width. Usually the lines we observe have widtha
corrected for instrumental width, between 0.1 and 0.3 nm’
Eles:tronﬁemities were determined from the Stark \.avidth.e;
of various lines using the theory developed by Griem (24, 30)
a:?d elucidated by Lochte-Holtgreven (26). Observed .line
widths were corrected for the instrumental line width, The
results are shown in Figure 7. The electran density in the
spr:\srk was 8 X 10" em™* from ion lines at early time and 5 x
10% from m;utral lines at Jate time. Much of the scatter in
the curves is due to the limitation in the accuracy of the
theory. Reference 30 quotes that accuracy as 25-30% for
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nentral lines and 50% for ion lines. The electron densities
from the fon lines were reduced by a factor of 3, as suggested
inrel 30, T'he LIB electron densities are high compared to
arcs {1} and IC1* (1),

Modeling. We have used a one-dimensicnal radiation-
coupled-hydrodynamics code (31} to model the temporal
hehavior of the lser-healed air plasma. The code numerically
integrates the partial differential equations that describe the
comservation of mass, momentum, and energy of the air, in
the presence of radiative energy transfer. The latter is treated
in the diffusion approximation with a single frequency-
averaged opacity. The opacity is a tabulated function of the
temperature and density of the air, as i the pressure. We
assume that the low level of contaminants has no effect on
the hydrodynamic respense of the air, or on radiative transfer.
The spark is assumed to have one-dimensianal cylindrical
symmetry. The radiul coordinate is the only spatial varizhle
of interest. In order to bring the temperature into the right
ringe we ompirically varied a parameter analogous to emis-
sivity called a “{lux flimiter”. No attempt was made to find
an a priori value for this parameter. .

Ta simulate the elfect of the laser pulse, internal energy
was introduced inte the innermost computational zone (of
radius (001 em) at w constant rate over 10 ns. The caleulation
used a linear energy deusity of deposition of 40 md/mm. The
prossure was Liken to be the Los Alamos atmospheric pressure.
The energy heats the zone and raises its pressure, causing it
to expand and decrease in density. [adiation and conduction
meatwhile transport some of the energy into exterior zones,
causing them likewise to heat and expand. From this model
we cateulated the temperuture and air density as functions
of radial position and ¢4, The calculated temperature as a
function of time is shown in Figure 5 along with the experi-
mental values. The agreement is good, with the ealculated
valnes decaying slightly faster than the experimental. Figure
8 shows the caleulated and observed dependence of the plasma
dismeler and lemperature upon deposited laser energy, at ty
of d ps. Considering the simplicity of the model, the agreement
15 striting. According to Figure 8, there is only ebout a 20%
inerease in spark temperature as the laser energy is increased
S-fold from 60 to 300 md/pulse. Evidently, over this energy
range, additional taser energy is channeled inlo preducing a
larper plasma rather than changing some of the spark prop-

erties. The same value of the flux limiter was used for all
calculations. With this simple model we will e able to predict
plasma properties as a function of laser energy, ambient
pressure, and other variables.

Beryilium Detection. We have applied LIBS to direct
sampling of beryllium in air, Itis a problem in environmental
monitoring which has been previously approached by emission
spectroscopy (32-34), For purposes of calibration and 1im-
it-of-detection measurements, we chose to genetate beryllium
in air via the nebulizer /heat-chamber apparatus. Net signals
were obtained by scanning the spectrometer wavelength over
the unresolved Be II doublet at 313.1 nm and subtracting the
background from the signal. The signal-to-continucm ratio
was then taken to compensate for drift in laser energy. Noise
was determined by two methods: by measuring the root mean
aquare (RMS) of the noise on the off-line background, and
by calculating the RMS variation of the signals obtained on
18 scans of the Be II deublet. The two methods gave the same
RMS noise. The beryllium concentration in air was calculated
from

¢, X net uptake rate
c, = (1)

carrier gas mass flow rate

where ¢, is the concentration in air ({w/w) analyte atom to
air molecule), ¢, is the solution concentration (ng/mL}, the
net uptzke rate is in mL/min, and the mass flow rate is in
g/min. A linear calibration curve was developed which covered
the range of ¢, from 0.5 to 5 ng/g. Since the calibration curve
did hot pass through the origin, we took the limit of detection
(¢} as that concentration at which the net signal was three
times the noise, a relative standard deviation (RSD) of 30%.
This oecurred at ¢, = 0.6 ng/g. The earresponding solution
coneentration was 40 ng/mL. At all other points on the
calibration curve the RSD was 10%.

flepresentative sulution limits of detection for beryllium
in the ICP are 0.3 ng/ml when Be I1 313.1 nm is used and
0.003 ng/ml. for Be I 234.8 nm (35). To aid the reader in
comparing LIBS and 1CP detection limits, we have converted
the ICP lirits to aerosol concentrations via eq 1. Assuming
a typical uptake rate of 1 mL/min of solution, and an argon
analyte flow rate of 1 L/min, the ICP limit for the 313.1-nm
line becomes 0.2 ng/g ({w,/w) Be atom to At atom), which is
2.5 times lower than the LIBS limit determined in air.

The OSHA limit for average exposure to beryliium is 2
ug/m® the !/,-h maximum permissible exposure is 25 ug/m?®.
Our detection limit of 0.6 ng/g corresponds to 0.7 pg/m®. It
is a useful limit, and one that can be realized in real time, in
contrast with the atomic absorption beryilium detection
method which is slowed by sample preparation time.

Limits of Detection: Other Elements. The same neb-
ulizer/heat-chamher apparatus was used to establish [imits
of detection for other elements directly in air. In each case
standard solutions were diluted, nebulized, and passed through
the heat chamber into the sample chamher. Table 11 lists the
elements, analytical lines, the time delay employed, the limit
of detection determined as for beryllium, and a cotresponding
limit of detection for ICP. The comparisen to ICP is not
straightforward, We did not optimize our experiments for low
solution concentrations since we were interested in detecting
elements directly in air. Units of ng/g (anaiyte atom to air
molecules) were appropriate for LIBS. As in the case of
beryilium, we have converted the 1CP solution detection limits
(35} to ng/g (analyte atom 1o argon atom) via eqg 1, assuming
solution uptake rate of 1 mL/min and an argon flow rate of
1 L./min. The serosol limits of detection for ICP are quoted
in the last column of Table [I. Uniformly, the limits of de-
tection for the ICP using argon are lower than those for LIBS
directly in air.

Table [1. Limits of Detection for Some Elemenis in
L1BS and ICP?

analyt-
ical ine, ty, r(LIBS),® ¢ (ICP)F
species nm us HRIE “EIE

Be 11 313.1 4 0.0006 0.0002
Na i 588.9 4 0.006 0.00006
PI 253.3 2 1.2 0.015
As ] 228.8 2 0.5 0.004
Hel 253.6 2 0.5 0.0006

¢ Reference 35,  The ug/g selers 1o ug of analyie atom
to gram of air molecule. ¢} means limit of detection,
¢ The ug/e ref2rs to g of analy-e atom to gram of argon
atom. To coavert from the solution concentrations given
inref 35, we assumed a takeup rate of 1 mL/min and an
argon flow raze of 1 L/min,
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Figure 8, Calibxation curve for sodism in air. Goncentration units are
{w/w} sodium atem to air molecute

Precision and Linearity. To test the linearity of LIBS,
a calibration curve for sodium ~as generated which covered
nearly 4 orders of magnitude. 1t is shown in Figure 9. The
solution concentrations varied from 5 to 10000 pg/mL cor-
respending to airborne concentrations of 46 ng/g to 339 ug/g
(Na atom to eir mclecule), The RSD on all points was less
than 10%. The region from 165 ng/g to 33 xg/g is fit on a
log-log plet by a straight line with a slope close to one. The
curve began tc level out at the highest concentration, possibly
due 1o seif-absorption, or pertirbation of the plasma by the
high sodium concentration. In :CP, RSD is usuatly less than
2%, and the calibration curve is often linear over 4 orders of
magnitude {4:.

Field Experiments. One of the advantages of LIBS is that
it can be employed in field situations to interrogate samples
directly in sitL and in real time. For in situ operations in the
Los Alamos beryllium shap, the lager, focusing optics, spark
chamber, elecironics, specirometer, vacuum pump, and chart
recorder were mounted on a movable table. Ambient air
samples from the shop were drawn into the chamber by the
vacuum pumg: through a funnel and a long Teflon tube. The
signal was full of spikes as particles traversed the spark
chamber. By observing the frecuency of the apikes, we could
always iell when the safety ait was on or off. The overall
sensitivity of tne apparatus was low, because of the inefficient
transport of tae beryllium to the spark chamber. However,
the principle of the method waa demonstrated. For routine
operation, an in situ calibration procedure needs to be devised.

In another field experiment, -he apparatus, this time with
the dicde array as detector, was taken to the Brigham Young
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University experimental coal gasifier (36). Two optical ports
were placed into the pipe containing the effluent gas stream
at a point beyond a eyclone separator which removed the bulk
of the particles. The spark was generated directly in the pipe
carrying the gasifier effluent. Spectra were recorded, both
in real time with the diode array and.by photographic
methods, and the following species were detected: Na, K, H,
0,04, C, C*, C*, Ca, Ca*, 8i, Mg*, CN, N;, CO, 0, Recently
the apparatus was taken to another experimental coal gasifier
at the Morgantown Energy Technology Centet, Margantown,
WYV. There the spark was generated in a clean effluent stream
carrying Ny, Hy, Oy, and other gases at 10 atm and 100 °C.
Real-time spectra of N, H, 0, S, and Ar were observed.
Variations in H and O concentrations over a period of minutes
were tnonitored.

CONCLUSION

LIBS is a promising technique for obtaining spectrochemical
information from sample locations where it is difficult to place
elecirodes or extract samples. LIBS can also sample species
directly in air or a carrier gas, eliminating sample preparation.
A common disadvantage of direct sampling is the possible
inhomogeneity of the sample, leading to higher RSD, Cali-
bration also promises to be a problem in the real world. The
wide lines will cause a greater number of spectral interferences
in complex samples. However, where these disadvantages can
be overcome, LIBS will allow monitoring of species in envi-
ronments where conventional electrode or plasma sources
cannot be placed, in air or ather carrier gases. In the following
paper we discuss the application of LIBS to detecting fluorine
and chlorine in air (37).
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Detection of Chlorine and Fluorine in Air by Laser-Induced

Breakdown Spectrometry

David A. Cremers and Leon J. Radzlemskl*

University of Cafifornia, Los Alarmnos Nalional Laboratory, Chemistry Divislon, Los Alamos, New Mexico 87545

The use of laser-induced breakdown spectrometry (L18S) to
spactrometrically detect chlorine and Huorine In air directly
Is investigaled, A laser-generated spark I3 used to atomize
chiorine- and fluorine-bearing molecules. The atoms are then
stactronically exclied by the high lemperaiures of the spark.
Emisslon trom the neulral aloms is specirally and lemporalty
resolved to maximize the signal-to-nolse ratlo. Optimizaiion
of the time window and laser powar for minimum detaction
limhts |s discussed. The use of LIBS 1o determine the ratios
of the numbers of different types of atoms on a molecule Is
considerad. Minlmum detectable concentrations of chiorina
and flucrine In air ste § and 38 ppm (w/w), raspeciively.
Minimum deteclable masses of chlorine and fluorine are, ro-
spectively, 80 ng and 2000 ng In alr and 3 ng fot bolh atoms
In He. The preclsion for replicate sample analysts is §% RSD.

Chlorine and Muorine atoms are difficult 1o detect by
ion or absorption techniques because of the high-lying
exvited electronic energy levels. The resonance transitions
of these elements lie in the vacuum-yltzaviolet spectral region,
helow 140 nen for ClLund 100 nm for F. Detection capabilities
in this region are limited hy atmospheric and materials ab-
sorplion, as well as detector sensitivity. The strong 837.6 nm
CIT und 8856 nm F 1 excited-state transitions are more
umenable to deleclion but have upper levels 10.40 and 14.50
eV, respectively, above the pround state. Plasma techniques
characterized by high sample temperatures present good op-
portunities for detection using emission. The inductively
caupled argon plasma (ICI*) has attained detection limits for
Cland ¥ in gas samples ut levels of 50 and 350 ng, respectively
(£, 2). "The microwave-excited atmospheric pressure helium
plasma (MED) has detected as little as 0.016 ng/s of Cl and
(OGBS ngr /s of F from the effluent of a gas chromatograph (3),
In contrast to detection using these continucusly operating
plasmas, the ac spark betwoen two electrodes Tepresenis an-
ather high temperature plasma suitable for excitation of Cl
and F. Commercini instruments incorporating an ac spark
can rontinely monitor halogens in air at levely >1 ppm (4).
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However, these devices are not element spec.fic because they
do not monitor the elemental emission lines directly but in-
stead use some feature of the plasma which is perturbed by
the presence of halogens.

The method of spark spectrometry is well established and
has been used to detect a variety of elements. Recently, a
variation of this technigue has been developed which uses a
fucused laser pulse Lo generate the plasma (5, 61, This method,
termed laser-induced breakdown spectrometry (LIRS}, offers
certain advantages over the older electrode-Lased techniques
uf spark apectrometry. For example, in the LIBS version there
are no electrodes to wear or to introduce spectral interferences
or perfurbations of the plasma. In addition. the LIBS tech-
nique is noninvasive since only aptical access is reguired to
the sample to generate the laser spark. The question remains,
however, whether 1LIBS can deliver these advantages and still
preduce useful detection limits. Because of the somewhat
different properties of the LIBS plasma compared to other
spark sources we present here g discussion of is characteristics
in terms of Cl and F, two elements difficult to detect spec-
troscopically.

EXPERIMENTAL SECTION

Apparatus. The LIBS apparatus for time--esolved spectral
studies of the plasma by photomultiplier detection is described
in detail in the previous paper (7). The experirental equipment
and condilions used here are listed in Table I. Briefly, the air
plasma was produced by focusing a Nd:YAG laser pulse, Ermission
from the plasma was spectrally resolved by a spectrometer and
monitored with & photomultiplier tube (PMT}. Signal processing
and time resolution of the plasma light were provided by a boxcar
averager.

Procedure. Fluerine- and chlorine-containing species were
introduced into the air spark by using one of th-ee methoda: (1)
fas mixtures, (2} liquid evaporation, or (3) pneumatic nebulization.
Species that are gases at room temperature (CCLF,, CCIF,, SFg)
were premixed with air to 1000 ppm (v/¥) in a lerge gas cylinder.
These mixtures were then diluted with a carrisr gas of air in a
manifold connected to the spark chamber by & m of copper tubing.
The length of the tubing was chosen to ensure thorough mixing
of the carrier and sample containing gases. Flow rates of both
gases were monitored to calculste the final coneentrations of Cl
ar F bearing molecules in the spark chamber. Carrier gas flows
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