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168 ATOMIC FLUORESCENCE SPECTROSCOPY
4.1 INTRODUCTION

Atomic Auorescence emitied by several atomic specics has been largely
studied by physicists in the carly twentieth century (1). However, its
analytical birth, foreseen by Alkemade in 1962 (2), dates back to 1‘;64
whe.n Wincfordner and Vickers (3) described their first experimems‘
carried out with a conventional atomic absorption atomizer—a flame
tlrurmng at atmospheric pressure. Since the fluorescence radiance is

of the atoms, it soon became apparent that atomic fluorescence, Jike ail
types o.f luminescence, was a source intensity-starved method.,lndeed
except in a few favorable cases, the excitation provided by the availahle,
atomic absorption line sources, such as hollow-cathode discharge lamps
h.as proved to be completely inadequate for obtaining good signals and'
signal-to-noise ratios,

Therefore, the major field of technologic research in atomic fluores-
cence speclrosclopy has been the investigation of a great variety of light
sources possessing, among other desirable features such as stability, long
!ITC, I(_)w cost, and high versatility, the most critical of ali, namcli. high
intenstty. Several types of sources gave satisfactory results (4). These
mcl.u'dc high-intensity hollow-cathode lamps provided with a boostit;g
auxnllary discharge, demountable hollow-cathode lamps, and spectral
vapor_d'ischargc lamps. A common feature of these sources is their lack of
vcr§au]|ty, since a rather limited number of elements can be successfull
excited. Con_tinuum sources such as high-pressure xenon arcs shouk);
overcome this problem, despite their lack of intensity in the ultraviolet
region. 1 hc_ most promising source has been the microwave-excited clec-
tmdclcsts discharge famp because of s greater spectral output over the
absorption bandwidth compared to the other sources, A great deal of
research has been devoted to optimize the output performances of such
lamps and to eliminate Operating inconveniences as well as a somewhat
poor reliability. Both disadvantages seem to be overcome by careful
lhcrmoslating of the lamp (5). ¢

In addit_inn to the problem of source intensity, it is generally recognized
that atom.nzer noise is of primary importance for flames and electrother-
_mal atomizers in the spectral region above 300 nm. Of ail noises present
in a fluorescence setup, assuming negligible scattering, the total photo-
'dclcctor shot noise is probably the dominating noise in the system_ If this
ls'lhc case, best results would be achieved by pulsing the excitati()n-sourcc;
w:l_h a low duty cycle (therefore achicving high peak intensitics) and
gaung the detector so that the noisc is measured only during the short
“on™ time of the detector, .
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When all these considerations are put together, onc can casily under-
stand wty the pulscd, tunable dye laser (6-8) seemed to be the problem-
solving Lol for atomic Nuorescence analysis. In fact, the dye laser has the
following unique features: (i} it is continuously tunable over the visible
region and, with frequency doubling, down to 250 nm; (ii) it provides
extremely high peak powers, of several tens of kilowatts; (iii) it has a
great degree of coherence. both spatial ¢s well as temporal, thereby
leading to very high power densities {small spot size) and narrow
linewidtks (monochromaticity); and (iv) it is pulsed with a very low duty
cycle so that the maximum benefit of signal-to-noise ratio should be
obtained for background noise-limited systems by gated operation. As a
consequence of laser excitation, the expected results are therefore better
detectior sensitivitics (because of the source intensity) and better infor-
mation power and selectivity (because of the source resolution and
bandwidih).

This chapter deals essentially with the theory and analytical results
obtained when puised dye lasers are used in combination with conven-
tional flames and electrothermal atomizers in atomic fluorescence spec-
troscopy. Other fluorescence results obtained by excitation via a cw laser
are reported elsewhere in this book (Chapter8). The features of the
laser-excited fluorescence technique are discussed in terms of excitation
and deexcitation processes (Sects. 4.2 and 4.3), saturation eflects for two-
and three-level systems (Sect. 4.4), the influence of source irradiance
upon the shape of the calibration curves (Sect. 4.5), and the possibility of
tocal sensing of physical parameters such as temperature, quantum effi-
ciency, and concentrations {Sect. 4.6). The gencral instrumental setups
used by different workers are discussed in Sect. 4.7, and the analytical
results, mostly given in terms of detection limits referred to agueous
solutions, are reported in Sect. 4.8. The reader is also relerred to two
review articles (7,8) concerned with the general applicability of tunable
dye lasers to analytical spectroscopy, thereby including the fluorescence
technique,

4.2 TYPES OF FLUORESCENCE TRANSITIONS

During the rapid development of atomic fluorescence, several authors
have described the fluorescence process under study by different names so
that some confusion and ambiguity has resulted as far as terminology is
concerned. With the advent of tunable dye lasers, this possibility of
confusion increased since many new fluorescence transitions were ob-
served. B>cause of this, an effort was made by the authors of this chapter
(9) to propose a consistent nomenclature with an attempt to utilize,
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whenever possible, the terminology previously reported by the different
authors in the ficld.

Basically, there are five types of atomic fluorescence transitions, which
are reported, together with possible variations, in Fig. 4.1. Resonance
ﬂuorescence‘ results when the same lower and upper levels are involved
in the excitation~deexcitation processes. Because of the usually high value
of the fundamental constants characterizing the resonance fluorescence
transitions, their radiance is significantly greater than for other transi-
tions; and as a result most analytical measurements have involved these
lines. Direct-line fluorescence results when the same upper level is in-
volved in the radiational excitation and deexcitation processes. If different
upper levels are involved in the radiational excitation and deexcitation
processes, then stepwise-line fluorescence results. Sensitized fluorescence
results when one species, called the donor, is excited and transfers
excitation energy to an atom of the same or another species, called the
acceptor, either of which deexcites radiationally. Finally, multiphoton
fluorescence? results when two or more photons excite ‘an atomic species
which then radiationally deexcites. It should be pointed out that these two
last processes are likely to be unimportant for analytical studies in flames
and other common atomizers.

If the excitation energy is greater than the fluorescence energy, this
type of fluorescence is termed Stokes; if the fluorescence encrgy is greater
than the excitation energy, the process is called anti-Stokes. Il the
radiational excitation and fluorescence processes involve only excited
states, the fluorescence process is said to be excited. 1f the excitation

' Strictly speaking, resonance fluorescence implics that the lower level of the transition is
the ground state. Although this process is the most common in atomic fluorescence, the
definition given above is more general than this and includes transitions not involving the
ground state as the lower state in the transition.

2 Excitation can be via two photans of same frequency with virtual fevel involved or via
two photons of diflerent [requency involving real levels.

Stokes stepwise-tine Aluorescence; (1) anti-Stokes stepwise-line fluorescence; (f) excited-siate
anti-Stokes stepwise-line fluorescence; (k) thermalty assisted Stokes or anti-Stokes stepwise-
line fluorescence (depending upon whether the absorbed radiation has shorter or longer
wavelengths than the fluorescent radiation); (I} excited-state thermally assisted Stokes or
anti-Stokes stepwise-line fluorescence (depending upon whether the absorbed radiation has
shorter ot longer wavelengths) than the fluorescence radiation); (m) senstized fluorescence
(D = donor; D* = excited donor; A =acceptor; A* =excited acceptor; hvy = exciting radia-
tion; hvg = fluorescence radiation); (n) two-photon excitation fivorescence (multiphoton
processes involving more than two photons are even less prabable than the two-photon
process). From N. Omenetto and J. D. Winefordner, Appl. Spectrosc. 26, 535 (1972).
Reproduced by permission.



172 ATOMIC FLUORESCENCE SPECTROSCOPY

tion. the process is called thermally acsisted. e

The identification of the excitation and deexcitation processes involved
in a fluorescence transition is important for several reasons. First of all, it
helps clucidating the relative contributions of the differcnt exciting lines
as well as those of thermal collisions in populating the fluorescent level,
therehy permitting the correct nomenclature to be used for the process.
For example, there are several cases (Ga, In, etc.) in which the “reso-
nance fluorcscence™ signal observed is due to a mixture of “resonance
fluorescence™ and “anti-Stokes dircet-line fluorescence™ {(a) and (e) in
Fig. 4.1) unless one of the transitions is filtered from the source. Sec-
ondly, the evaluation of the quantum efliciency requires a clear knowl-
edge of the overall process. Finally, one can take advantage of the
difference existing between the excitation and fluorescence wavelengths
to climinate scattered light, which is known 10 interfere to variable
extents (depending upon the atomizer and instrumental setup} in all
resonance fluorescence measurements.? To accomplish this task with
conventional sources is rarely easy, occasionally feasible, and most of the
time impossible because of the stringent requirements on filters to isolate
the line(s) of interest and the consequent decrease of the source intensity
lo unacceptably low levels. Moreover, the intensity of the different
potentially exciting lines emitied by the source is governed and fixed by
the discharge parameters. From this point of view it is clear that the laser
represeats an ideal source because of its tunability, with similar output
intensitics, over any of the lines of interest and because no filters are
required to isolate the transitions. Also, the excited level popuiation is
greatly enhanced, thereby [avoring efficient mixing between adjacent
fevels resulting in strong fluorescence emission.

Several Auorescence processes, depicted in Fig. 4.1, have been ob-
served with laser excitation of some transition elements in 2 nitrous
oxidc-acetylene flame (10}, As examples, the partial Grotrian diagrams
for the elements vanadium and scandium are given in Figs. 4.2 and 4.3;
the corresponding (partial) fluorescence spectra are reported in Figs. 4.4
and 4.5. Table 4.1 cxplains the different cxcitation and deexcitation
processes for scandium according to the nomenclature described. Figure
4.6 shows the very minute signals obtained in an air-hydrogen flame and
attributed to a two-photon excitation process for the elements zinc and
cadmium (11).

‘To our best knowledge, no other cxample of multiphoton excitation in
fAames at atmaspheric pressure has been reported so far. Steinfeld (8)

1 . A . . .
“When a contingum excittion source with no disperser is used. scatter occurs at all
flusrescence wavelenpths, that is, at resonance and nonresonance lines,

process invalves a collisional excitation following the radiational excita-
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gram forscandium. From N. Omenetto, N.N. Hatch, L.
Spectrochim. Acta, 288, 65(1973). Reproduced by

indicates that the energy levels involved
atomic luorescence observed for both Cd (
arc difficult to understand because the s
cannot be connected by both two-
(parity forbidden), However, due to
(~10 ppm) for Zn and Cd (11, no f
area, and the results still remain a m

in the so-called two-photon
228.8 nm) and Zn (213.9nm)
ame upper and lower levels
photon and one-photon transitions'
the poor detection limits obtained'
urther work was performed in this,
yslery.

4.3 KINETIC CONSIDERATIONS

In all resonance fluorescence m

casurcments the signal has been stated
to be lincarly dependent upon the

value of the quantum efliciency Y5, of |
the transition involving a lower state 1 and an upper state 2. By .

dcfinttion, Y,, is generally given by the ratio between the number of
quanta per unit time emitted as fluorescence and the number of quanta
per unit time absorbed by the atoms in the lower level of the transition.
This ratio results in the so-called Siern- Volmer relationship and represents
the ratio of the transition probability per wnit time for spontaneous
emission to the total provability of deexcitation per unit time (12,13). .
Clearly, in the atomizer, there are several processes other than the |
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radiative ones, sach as inelastic collisions and chcmif:al reacuonlsf, conewr:
ring to the formation and/or destruction gf an excited state.. fa mewt

tgm M in a gas of molecules Z is considered, the following 1
ato

. process can be writien

M +Z=M,+2 M

inci i opic
proceeding in toth directions because of lhed pnnc_lpleqsifm;r:‘:ﬁﬁic'r[:w
ibili i stem is in thermodynamic e .
reversibility (assuming the sys ynam
overall rate or velocity of the forward process is indicated as

V2= k'IZ[Ml][Z] ’ (2a)

: nit
where [M,] and [Z] are the numbers of atoms arf]d lﬁll'ﬂolccui::s“3 p;rr‘):ess
i i ds for the rate of the revers
me. A sim lar relation hol . ' :
::):::nching) The coefficient ki, is the b|molcculdr' rate constant _{z;ltll';y
rc!aclion. Usually, the concentration [Z] is included in the rate cons
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defining 4 unimolecular ry
ciini A rate constant k,, =k’ Z] (pseudo-first-
kinctics). The overall rate of the reverse przocess:zs[hgwglp i?] E?] ﬁ(f;)l i(:der

Uy = k;I[M2][Z] (2b)
The definition of quantum efficiency s given by
Y= 4l
A+ A, @

whe e .
€1e Ay is the Einstein transition probability, in ¢!

emission. In terms of lifetimes, , Tor Spontancous

Yy = T, )

Where 7= (A, 44, 1]
= —pq 2t ! fepresents the me ifeti .
To [=(A,)) '] gives the radiative lifetime. n lfetine of level 2 and
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TABLE 4.1 ‘
Observed Fluorescence Transitions for Atomic Scandium®

Laser excitatior, Floorescence wavelenpth, Type of ivorescence
nm nm transitions
402.04 resonance fluorcscence and
anti-Stokes stepwise-line
fuorescence
402.04 402.37 excited resonance Auores-

cence and thermally as-
sisted Stokes stepwise-
402.37 line Auorescence
390.75 thermally assisted anti-
Stokes stepwise-line
fluorescence (2 transitions)
391.18 thermally assisted anti-
Stokes stepwise-line fluores-
cence and excited thermally
assisted anti-Stokes stepwise-
line Nuorescence

390.75 resonance fluorescence and
anti-Stokes stepwisc-line
Auorescence
390.75 391.18 thermally assisted Stokes

stepwise-line fluorescence
and excited resonance

391.18 fluorescence
402.04 Stokes stepwise-line fluoras-
cence (2 transitions)
402.37 Stokes stepwise-line fluores-

cence and cxcited Slokes
stepwise-line fluorescence

® From N. Omenette, N. N. Hatch, L. M. Fraser, and 1. D. Winefordner, Specirochim. Acta,
28B, 65 (1973). Reproduced by permission.

If we take a system characterized only by a ground level 1 and an excited level
2, then by definition
(ny— ":v")Az: .
o (i)
Bf!pv""l
where n; are the actual populations of the levels, n) are the thermal population of
the levels, A,, is the Spontancous transition probability, B,, is the Einstein
cocllicient for induced absorption, and A, is the spectral radiation density of a
conlinuum-exciting source, Neglecting stimulated emission, the balance cquations

{sec also Sect. 4.4) are

Yu=

ﬂ|(B|zPu.,+klz)=”2(Az|+k:|) (i)
nik,,= ny(As +kay) ) (iii)
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5.,:i¢ly. inclordner, Anal. Chem., 44, 1444 (1972). Copyright by the American Chemical

Subtracting (i) from i) and remembering that (n, —nY') = —{n, ~n¥), then alter
rearranging : ’
Buﬂvu":'_‘(“:""‘zh)(An"'ku“'ku) ‘ {iv)

and making use of (i},

Yoo = Ay {(Ap + ko [T+ kpl(ky + AL (v)

IE can bF c.usily secn froni Eq. (iii) that the ratio between the square brackets in
Eq. (v) is in most cases negligible compared 1o unity because of the Boltzmann
factor. This derivation demonstrates that the formuia given by Eq. (3) can be
safely applied in most cases. Sce also reference 14,

l‘n an atomizer where thermodynamic equilibrium prevails, the rate at
which each particular process proceeds exactly equals the rate of the
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reverse process because of the principle of detailed balance. Therefore,
(vl)c = (UZ)C’ a“d

(ki) ko) = IM,1/AIM, ], = (ga/ g, exp(— E/KT) (5)

where the Boltzmann distribution has been introduced. When various
types of molccules exist, such as in a flame at atmospheric pressure, the
overall rate constant k is a summation of the specific rate constants
corresponding to the various kind of particles. The general expression for
the rate constant k is given by the following relation:

ka =Y, noyi, (6)

i
where n; is the density of quenching particles of kind j, in cm™?; g; is the
effective cross section (at a given temperature T), in cm?; and i; is the
mean relative velocity, in cms™', of atoms and quenching particles.

Remembering that
n=P/kT and ﬁf=(8le1m,-)"2 {7)

where P, is the partial pressure of particles of kind j and g, is the reduced
mass of the atom and the particle of kind j, and introducing typical values
for n, (~10"®cm™), g; (~107" cm?), and i (~10° cms™"), an order-of-
magnitude estimate for the quenching rate constant in a flame of k;, ~
10*s7! is obtained.

As will clearly emerge later, the quantum efficiency plays an essential
role in the theoretical approach to saturation of an alomic transition in
the presence of the strong radiation field provided by the laser.

4.4 BASIC FLUORESCENCE SIGNAL EXPRESSIONS

The dependence of the fiuorescence signal upon the type and intensity
of the excitation source, the guantum efliciency, and the concentration of
absorbing atoms has been treated very extensively in the literature (4,13),
and it can be generally stated that, with some unavoidable simplifying
assumptions, the theoretical background of the technique has been firmly
established and in most cases demonstrated experimentally.

The use of lasers as excitation sourcc has the important consequence
that the conventional photon transport equation (Beer’s law) is strictly
valid in the limit of zero incident light flux and is therefore an accurate
approximation only for low-intensity sources. The high radiation density
of a laser focused into an atomic vapor is able to completely redistribute
the populations of the levels involved in the absorption process to the
point where no more absorption occurs, that is, where the absorption
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coclficient decrcases to zero as stiniulated emission balances atsoftption.
This effect has been commonly referred to as saturation of the optical
transition {16-21). The Ruorescence signal will then no lorfger be propor-
tional to the source irradiance and will reach a limiting valuc depending
upon the propertics of the atontic system.

We present here a general derivation of the Auorescence radiance
expression based upon simple kinetic considerations. For the sake of

simplicity, the atomic system is characterized as an cnsemble of atoms

having only two encrgy levels 1 and 2 without multiplet splitt ng, with
cqual statistical weights g, = g,, separated by the energy diflercnce E =
hwy=2 eV, and with populations (number of atoms per unit vo ume) n,
and n,, with 1.+ 1, = ny, where ny is the total density of atoms.
Scveral important assumptions are made: (i) atoms are present as a
trace component in a gas of molecules at thermodynamic temperature T
(2000-5000 K), that is, no scll-absorption effects are considereds (ii) the
pulsed laser radiation does not affect the encrgy distribution ol the gas
molecules, the velocity distribution of the atoms, or the temperature T of
the system; (iii) any coherence eflects between absorbed and emitled
photons are neglected; (iv) polarization cffects are neglected; (v) the
atomic system is homogencous with regard to concentration and t=mpera-
ture; and finally (vi} the radiation density of the source is constant.

4.4.1 Temporal Behavior of Fluorescence

Excited by a Pulsed
Continuum Source ‘

The temporal dependence of the concentration of the excited state can
be represented by the following equation:
dnofdi=Bp, (n,—n)+ kyyn, - (A 4+ ky)) (8)

where p,_stands for the uniform spectral volume encrgy density at v =y,

(erg Hz" ' em™?) of the laser, assumed to act as a spectral continuum, that -
is, with a frequency bandwidth much larger than the absorption band- .

width: B (crg™ em®s™' Hz) represents the Einstein coeflicient for absorp-
tion and stimulated emission (in this case, B,,= B,, = B because of our
assumplion of equal statistical weights); and all other terms have been
previously defined (Sect. 4.3). Remembering that r=(A; +ky, ! and
ncglecting k,, in comparison with k,, because of the negligible
Boltzmann factor for the transition and temperature values considered,
Eq. (B) can be rearranged as follows:

dny/di + 1: (2Bp,,r+ 1) = B, ny )
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From the t\heory of radiation (1), the loilowing refationship occurs:
L= (c/hy,}{1/(n, - nz)}j k(v) dv
or
B = clhv) [ (s) dv (10)

where k(v) is the frequency-dependent absorption coclﬁcier}t of the
atomic vapor and o(v) is the Irequency-dep_cndcnt absorption cross -
section. Therelore, by substitution of Eq. (10) into Eg. (9),

dng n, {21 “ ] ]_EEU‘ d
—+—={—F dr|+1}= olv) dv|n;
dt * T {hvﬁ, wf ] ) hy,
where use has been made of the relation p,,=E,/c, where ¢ is !'he
velocity of light and E,, (ergs™' ecm™Hz™") represents the spectral ir-

radiance of the source. Equation (11) can be simplified by defining (16)
the saturation parameter E; as

(11)

E; fhyy= I/[ZT[IU‘(I’) dv]] (12)
Making use of Eq. (12), Eq. (11) becomes
' dny  ny 51.):5’:*_ U d] (13)
& + . (1+E:.,, hv.,nr olv) dv

With the assumptions made at the beginning of this se-ctiqn, the propor-
tional dependence of the fluorescence signal upon n, is given by

!
B = uzhvnz;r (1,07 (14)

where By is the absolute fluorescence radiance (ergs™' cm™2 sr")'and {
(cm) denotes the depth of the homogeneous fluorescing volume in the
direction of observation. By introducing this relation into Eq. (13),

4B Br(, 1 £ -,
T

15)
dt E;, (

where C=(l/4m)(n,/7,)[f v(v) dv]. Equation (15} describes the temporal
behavior of the fluorescence radiance during the excitation when the
atomic vapor is irradiated with a pulsed spectral continuum source. We
may apply Eq. (15) to describe several analytically useful limiting cases.
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4.4.1.1 Low Irradiance
In this case, E, « E , and therefore Eq. (15) reads

dB,. B,

—L = CF

dt 7 - (16)
I we consider an idealized flat-topped pulse of light, of constant ir-
radiance alter time zero, that is, p, (1) = p,, at t=0 and p, (i) = 0 for 1<,
and with the boundary condition that By equals zero at time zero, we
have

B.=CE, 1(1-¢™") (17)

From this equation one can see that the approaching of a steady-state
condition is governed by the ratio (47). If steady-state conditions are
attained, which is the usual case of atomic fluorescence excited with
conventional sources and conventional modulation techniques, then
dBy/dt =0, and the fuorescence radiance expression becomes

B:=CE, = (l/47r)(1’!1',,,)”0'(u) dv]E,“nT (18a)

or
By = ({4) YZIE,,“[Ik(V) dv]

Equation (18b) shows the well-known linear dependence of the fluores-
cence radiance upon the source spectral irradiance and the quantum
ciliciFllcy of the transition. The linear dependence upon the total atomic
density holds here because of the assumption of dilute atomic vapor,

4.4.1.2 High Irradiance

thn. E./JE., is no longer negligible with respect to unity, then,
proceeding as in the low-intensity case, the solution of Eq. (15) gives

By = CB B+ B[ 1-enp{ =L (B2 E ] (190
T ;’o
or
B, = CE, tI1—cxp(—11,)] {i9b)

whcre_ the response time of the system, 4, has been introduced. This
quantity is by definition given by

=7 ELNE, +E')) (20)

(18b)
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One can easily see now that the attainment of steady-state conditions is
governed by the ratio /1, and thercfore also by the spectral irradiance of
the source. If the spectral irradiance is much less than the saturation
irradiance, then ¢ is simply the cliective lifetime. However, il E, » ],
then steady-state conditions might be warranted ¢ven if the width of the
excitalion pulse is narrow. For steady-stale conditions, we have

Be= CE, 1[E: I(E,, + E} )]

= (§4m)E, [E:NE, + E':n)](rlf,p)an o{v) dv] (21a)

or
B =(If4m) Y2, ”k(u) dv]E%[E;J(E,b+ E;)] (21b)
or
Be = (If4w) Y,.”k*(u) du]E,,n (21¢)
where
k*(v) = k(I E.NE,+ E.)] (21d)

It is easy to see that when E, « E}, that is, for conventional excitation
sources, Eq. (21) reduces to Eqg. (18). However, for laser excitation, E,,
can approach Ej, andfor be much greater than E . If E, » E}, Eq. (21)
becomes

{B))mox = (ll4w)(f/n,,)EL.n-;[ J u(v) dv] . (22)

and remembering Eq. (12) and that (7,,)"' = Ay,
(Bl-')max = (”41'.)'“)0’421("1'/2) (23)

This equation gives the maximal fluorescence radiance obtainable for a
given ny. An absolute measurement of (By)aa. Yields the product nzA;,,
all other parameters being known. (in principle, densities of species
important in diagnosis of plasmas can be measured.) The advantage of
determining this product through Eq. (23) is that neither the source
parameters nor the temperature of the atomic system or the value of the
guantum efliciency of the transition need be known (20).

The physical significance of the saturation parameters E3  clearly
results from Eq. (21). When E, = E; , B,: becomes equal to {By:),.../2. In
other words, E;, represents the source spectral irradiance for which the
maximum altainable value of the fluorcscence radiance is decreased by a
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factor of 2. The experimental measurement of £], should offer a;possibil-
ity of measuring the quantum efliciency of the transitionlises Sect. 14.6.2).

4.4.2 Temporal Behavior of Fluorescence Excited by al Pulsedll;Monn-

chromatic Source I

When the laser output bandwidth is narrowed by seme mcans to a
vitlue markedly smaller than the spectral absorption limewidth, then the
first term in the right-hand side of Eq. (8), accaunting for the radliatively
induced processes, has to be replaced by the term [f Bp(pig(v —ing) dv]x
(1, = n;). The factor g(v—v,) represents the absorption fineshape jiunction.
The Tunction g(v~p,) dv can be defined as the probabiliiy that a given
transition will result in the absorption (emission) of & photor: whose
encrpy lies between kv and h(v+dv). The curve glv-y,) versds v is
normalized so that the total area under it is always unity. It is wel lknown
(1, 22) that the shape of this curve depends upon the Piwysical processes
responsible for it. Sce also Chapter 3. '

If the absorbing atoms contribute equally to the absorption at any
frequency within the absorption profile, then the function g(e— ) is
described by a Lorentzian profile and the broadening rocess s called
homogeneous. If, on the other hand, a particular frequency interva. in the
f]i)sorptinn profile curve can be associated with alparticulay set of ghsorb-
g atoms, then the function g(y — vo) is described by alGiaussian jprofile
and the broadening process responsible for it is called thontogeneous.
Typically, homogencous broadening is due to collisions \whila ‘in-
homogencous broadening is due to the Doppler effent. 'When both
broadening processes are present in the atomic system,: the  linashape
function will be given by their convolution. With the assumption thay both
mechanisms act independently, the result is a convolutioniintegral, kiown
as the Voigt function. The profile of the absorption: coefficient is
therefore entirely determined by the Voigt function (1, 2.

Clearly, when the radiation density of the laser is such) thyi the
saturation regime will be approached, it is very impotant to know
whether the laser can strongly interact with the cntire atomic popuiction.
From the above definitions it follows that this wil] happenwhly if the taser
bandwidth is greater than the inhomogeneous absorption|line profike. On
the contrary, if the laser bandwidth is much smaller than thei inthomagene-
ously broadened absorption profile, then the atomic popuil ation nxay be
thought as grouped in a number of Doppler intervals shifted in frequency
relative to the laser frequency. In this case, the population ‘numbers ",
and n, in the derivation given for the continuum case now become i, (v)
and n,(v) and refer only 1o a particular Doppler interval "3, 19),
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Let the inhomagencously broadened Doppler absorption profile be descrihcd asa
superposition of many narrow subprofiles, each having a homogencous width Su,

" 'Hue to collisicns and spontancous processes. The homaogeneous width charac-

terizes the bandwidth of interaction of the atoms and the monochromatic Ias.;cr.
The laser beam, at frequency v, traversing the atomic system ir_l tflc x dirccunn
can only be absorbed by atoms having a velocity component wu!nn the interval
v, £(8v/2), where v, = (v—w,)c/p, and v, = Sv,clv,. I xalura.lmn occurs, -thc
velocity-selective absorption process results in a “hole burning™ in the population
distribution of ground state atoms. The width of the hole will be gi\'.'en by thc
homogeneous width. By using two beams traversing the atomic system in opposite
directions and tuning the lascr across the absorption frequency of the atoms, t.he
Doppler effect is nearly climinated (23); this process is known as saturation

spectroscopy.

For analytiral purposcs, we may formally evaluate the difference !)e-
tween continmum and line excitation by remembering that the definition
of the absorption coefficient, for g, = g,, is given by

k(v)= B(hvy/c)(n) ~ np)g(v — vy) (24)
The lineshape function, with the help of Eq. (10), therefore becomes

sv=r=ko) /[ [k o] (25a)
or, at the peak frequency v =1,
glug)= k(”ﬂ)/ [ k(v) d”] (25b)

where the integration cxtends over all frequencies for which the absorp-

tion coeflicient differs noticeably from zero.
For pure Lorentzian and Gaussian shapes it is known that

[g(vo)l = 2/mév;, =0.637/6v, (26a)
and
[g(vo)ls = (2/8vp)(VIn 2/¥m) = 0.939/8u, (26b)

where 8vy_and vy, are the Lorentzian and Doppler half-widths, respec-
tively. Therelore, the excitation rate evaluated at the peak [requency

¥ = vy becomes
pBg(v..)EpB[k(vU) / ”k(u) d]}

where p={p(v) dv represents now the integrated spectral density of the
source, where the integration extends over the whole spectral width of the

(27a)
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exciting line, By introducing now the guantity
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Bupe= [I’\(") dl’] /k(Vu) (27b)
as the cilfective width of the absorption line (12,15), we have
6”{'": 1-5715”{_ (28“)
in the case ol a purely broadened Lorentzian line and
Sv.q= 1.06481y, (28b)

in the case of a purcly broadened Doppler line. In the case of combined
Doppler and Lorentzian absorption profiles, dv.; will range somewhere
belween these two limiting values.

In the case of a line excitation, we may therefore replace g, . the
spectral energy density of the continuum source, by (p/8v.q). This leads to
the conclusion that a continuum source, whose irradiance within the
limiting spectral bandpass (i.e., p, 8y, where §p, is the bandpass of the
quasi-continuum laser or any spectrometric device used between the
source and the flame, depending upon which bandpass is the smaller)
equals the integral irradiance of a line soutce (i.e., p={p, dv~p! 8v.q
where p/ is the peak line source spectral density) will be less effective in
exciting the atomic fluorescence by a factor equal to 8r ./ §v,. While this is
well krown for conventional low-irradiance sources, it does not hold for a
laser if saturation is already achieved with a continuum laser source.
However, it is clear that, for a given atomic system, the laser power
needed to attain a certain degree of saturation decreases by a factor
dv,.q/dv, when the laser bandwidth is very narrow.

If we can disregard frequency fluctuations of the monochromatic out-
put, a narrow band laser is to be preferred over a broad band one in the

casc of scattering problems, which are definitely more severe with con-
tinvum excitation. .

4.4.3 Numerical Evaluation of Nonlinear Fluorescence Behavior

It is now useful to give a quantitative estimation of the experimental
conditions necessary to approach saturation in atomic fluorescence spec-
trometry (20). When Eg. (8) is solved for the ratio of the atomic

populations, ny/n,, with the assumption of steady-state conditions, the
following expression is obtained:

kyp+ B,p.,
ki exp(E/kT)+(D+p,)B,;

a8 _
42

(29)
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where the stalistical weights of the levels have now been considercd and
use has been made of the detailed balance relationship between the
collisional rate constants and of the relations

A21= BZI(S'N’IV{;IC:‘)E leD (3“)

and
Byga= Bl (30u)

From the Stern-Volmer equation for the fluorescence quantum efficiency
Y2]'r
ko = Ay(l- Yul Yz A (31)
Combining the above equations, the following value for k,, is obtained:
kiz= B, D[{1- Yy Yzl exp(—E/kT) (32)

which, after substitution into Eq. (29), gives the following general expres-

sion:
Nnagy _ DI(1- Y} Yailexp(-ElkT) + p,

n.gz- (DY) +p.,

(33)

The general validity of Eq. (33} can be realized as follows: (.i) thn‘p,,,= 0,ie.,in
the absence of external radiation, the ratio of the populations Qewatcs from the
Bolizmann equilibrium ratio by the factor 1— Y,,; this factor l:s‘wgll know:n lp
account for radiative disequilibrium. (i} The Bolizmann -equilibrium ratio Is
obtained when p,, is given by D[exp(E/kT)— 177, i.c., when p,, represents the
Planck radiation density at the temperature T. (ili) When p,, grows very large, i,
is no more linearly related to the source density p,,; and when Pen approz_achcs
infinity, n,/n, approaches unity; with the assumplion of cqual statistical weights,
n, approaches half of the total population density.

Let us now approximate the laser to a spectral continuum source
traversing the atomic vapor as homogeneous 'bcam -O:f cross section
§ (in cm?} and characterized by a radiant flux @ (in ergs ) and a schtral
width 8w, (in Hz) much larger than the absorption spectral linewidth.
Therefore,

E b

=
Pm="¢ 5, 8¢

(34)

where ¢ (cms™") is the speed of light. Using this equation, expressing D
numerically and converting frequencies into wavelengths {in nm), Eq.
{33) now rcads
nygy _ (1= Ya,) exp(—E/kT)+ z
n g2 - 1+z

(35)
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where z=6.6x 10 2 Y2 PAN/BAS or 2=6.6% 10°2*Y,,AJE,., where the
units are crgs ' Jor b, am for A, nm for 8A, on? for S, and
ergs em Tam™! for E, | If the laser bandwidth is narrow, E, must be
replaced by 1/8A,,, where E is the linc integral irradiance {in Wem™?) of
the laser and A, will be an intermediate value between those give1 by
Eqs. (28a) and (2R8b).

The parameter z clearly defines the nonlinear optical behavior of the
Mluorescence signal. If z is much less than unity, the linear case applies,
while if z is much greater than unity, saturation is approached (if z>10,
saturation is reached for all practical purposes). It is imporlant to stress
here that the saturation behavior is governed by the product & - Y,, and
therefore depends upon the medium in which atoms are present, If strong
quenching occurs, Y,, will be very low and more source power will be
needed to saturate the optical transition, On the other hand. the outcome
of Eq. (23), that is, the removal of the Y2 dependence when saturation is
reached and the maximal fluorescence radiance is attained, ckearly results

also from Eq. (35) when z is very large because of ¢ being above a
certain threshold valye.

As an example of calculation ‘in practical situations, the following
parameters were measured (20) for a tupable dye laser: $=7.0+0.7 kw,
84, =3.5£0.3A, $=0.420.1 mm2 Thus, for the thallium transition at
377.6nm in an air-acclylene flame (Y=10.03), z=7.64, that is, satura-
tion was approached within 12%.

As already stated, the saturation spectral irradiance E:_ is defined as
the spectral irradiance for which the fluorescence radiance is withir a
factor of 2 of the maximum possible fluorescence. This parameter is

related to the atomic system via Eq. (12). From the classical theory of
radiation,

Ia(u) du=(1rezlmc)f,2 (36)

and
(1) = (8n*vie!mcYf,, (37)

where e and m are the charge and mass of the electron respectively, and
Ji2 is the absorption oscillator strength. Therefore,

El,=@nhviic®) (/1) = (Amhvg/c?)(Y,,) ! (38)
or, converting again frequencies to wavelengths (in nm),
E,=76x 1073(A,)73( Ya)™! (39)

If linc excitation is uscd, 8A, has to be taken into accounl,'as shown
before,

4.4 BASIC FLUORESCENCE SIGNAL EXPRESSIONS 189

It is finally instructive to evaluate the radifllivc trlansition ratc_s as
compared to the collisional (quenching) rates cslnmatqd in Scc}. 4.3. Fora
continuum source, the radiational rate constant ‘WI" be given _by the
product Bp,,. Expressing p,, in terms of E,, sec Eq. (34), and using the

- relationship betwcen B and 7, Eq. (30), as well as that between T, and

fi2, Eq. (37), the lollowing expression is obtained:

Bp,,=4.4% 10°A°E, [, (40)

Again, 8A.q has to be considered lor a line source.

Now if we take the experimental laser parameters used for th.e calcula-
tion of z (20), we estimate that, for wavelengths in the visible near-
ultraviolet and for strong lines (f=1), the excitation rate constant is of

~the order of 10''s™!, that is, at least three orders of magnitude larger

than the quenching rate constant in a flame at atmospheric pressure.

4.4.4 Extension to Multilevel Atomic Systems

The theory developed in the previous sections was aimu?d at emphasiz-
ing as simply as possible the fundamental outcome of the influence of the
laser radiation upon a two-level atomic sylrsterr‘l. Cl'early, a more general
approach is needed in most experimental situations in atomic ﬂu_orescence
spectroscopy, because very few, if any, systems can l;e apprommate(! as
two-level systems. The presence of one or more additional levels modifies
the equations given, with the important consequence that the value of 'the
laser radiation density necessary to achieve a certain degree of saturation
and the limiting value of the excited atom fraction in respect to lh'e lc_)tal
atomic population are changed. We assume here that the laser excitation
still couples two levels, which we indicate as level p (ground slfne) and
level s (one of the possible excited states); but we a!so consider the
prescnce of a Ievel manifold of energy greater than 5, demgna.ted as q, and
of a level manifold, designated as r, whose energy is mtermedla_tc l?etween
levels p and s. By considering all possible processes of excitation and
deexcitation of level s, we may write for the rate of cha'nge of the
population n,, in the absence of laser excitation, the following general

equation:

dn/di= [n,k,,, + Z M{kay + Agy) + Z n,k,,] +

- = ] r<s

_nt[(ksp+A5p)+ Z(ksr +A.lr)+ z ksq] {41)

s=r t<q

The first term on the right-hand side gives the total (collisional plus
spontaneous radiative) rate of populalion of level 5, while the second term
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takes into account all possible channels of depopulation for level 5. When
the laser-induced radiation rates are considered, we have to add an exua
term given by

ATOMIC FLUORESCENCE SPECTROSCOPY

B.p, . (n,—n,)

in the case of spectral continuum excitation, or

B,n“p(u) glv—wy) dV](n,, —-n,)

for narrowband excitation, Correspondingly, we can write a similar equa-
tion for the temporal dependence of the population of the ground state p
as well as the intermediate state s.
in order to present the results in a reasonably simple way, we restrict
oursclves to the case of a three-level system (see Fig. 4.7). Here, levels 1
and 3 are coupled by the laser excitation while level 2 is an intermedials
level. For the sake of gencrality, level 2 can be radiatively coupled with
level 1 only, with level 3 only, or with both. Again, we consider the laser
radiation as a spectral continuum at frequency wy,.
According to Eq. (41),
dns/dt = Ryzn + Ryzny — ny(Rap + R;,) (42
and
dna/dt= Ryt + Rypny = ny(Rys + Ry,) (43

where, in the case of radiative coupling of level 2 with both levels 3 and
1, the following expressions hold:

Ri;=k3+Bsp,,
Ry3=ky,

Ry =kj+ Ay, (44,
Ry =ks;+ Ay +Byp,,
Riy=k,,
Ry=ky+ A,
As mentioned before, level 2 can be coupled radiatively with level 1 only
- [ '*'r‘ I AL
—2-n,.4,
Ry (Ry, Fig. 4.7. Oversimplified <ketch of a three level
system, where levels can be coupled both radia-
t-n,. g, tionally and collisionally.
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(A;;=0) or with level 3 only (A;;=0), and the R values change
accordingly. Solving for n,, n,, and n,, assuming photostationary condi-
tions,
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m = Ry Ryp+ Ry ((Ry + Ryy)
ny= R3; R+ Ry(Ri3+ Ryy)
Ry = Ry Ry + R5(R;, + Ryy)

(43)

Since we are interested in the behavior of the system under the
influence of a powerful laser beam, we can further simplify the equations
by safely assumning that the collisional excitation rates to level 3 from
levels 1 and 2 (ic., k3 and k,,) are negligible with respect to the
radiatively induced rates. With these simplifications, the usc of Egs. (45)
and (44) gives the following ratio for the population densities:

n_ Biapuo (46)
. Bypuot(kyntAsytky+Asy)
If we define the quantum efliciency Y, as
Ay
Yy = (47
Ay H kg + Agy+ ka)
then, with the help of Eq. (30),
n38, _ P Y1 (48)

"183_ D+pvnY3l

At the limit of infinite radiation density, the laser is therefore again able
to completely redistribute the populations of levels 1 and 3. However,
because of the lower value of Y,, as compared with that of a two-level
system, the power needed to achieve a certain degree of saturation is
increased. This is in accordance with the definition of saturation ir-
radiance given by Eq. (39). Therefore, in this particular case, neglecting
an intermediate level would lead to underestimate the laser power
necessary to approach saturation. .

Another consequence can be derived if we consider the fraction of
excited atoms in level 3 with regard to the fotal atomic density (18). From
Egs. (45) and (44), we have :

Ha ns
Ry Mo+t n,
= Bisp, ks + Ay
- Biapkyy + Ag )+ ks + Ay + Byyp, )hip + (kyp + Agy)x
X(By3pu, + ki) +{ka + Az Mkyy+ Ayp r ky + Ay + By p,,)

(49)
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Equation (49), after rearranging, becomes

k .
B —2 ‘
”_jz ( |]pl\l,/(l+A2|+k2|)

ny (49q)
Baip., +(Az tky + Ay kyy) +
Atk / -k
+ Byap., (l+ 32 .12) ( 212 )]
lJp A2l+k21 / 1 A:!I+k21
and again, using Egs. (47) and (30),
(s/gpa s [ (1422)
LY ky + A, (50)
nr D+p, Yy [1+(gs/g)M]
where
ME{I +(A12+ ksz)l’(Au‘"' kzl)]/[l + klzl(kzl +I Az!)] (Soa)

In the !i{nit of extremely high radiation density, one can sele that the ratio
nafny witl now reach the limiting value g./(g, + gJ), thatiis, 0.5 ilig; = g3,

on?y if both ratios contained in Eq. (50a) are negligible with respect to
unity.

The crror made in considering a threc-level system as:a two-levet system can be
also c..ﬂlimalcd as follows. Let ny+ ny+ny=ny, so that n,= me— ny{1+ nyfn,).
Thus, it can be scen that neglecting level 2 leads to an error which dchcrids up(-m
the ratio n./it,. This ratio can be cxpressed by means of Egs: (#5) and {44) as

N2 _ kialkyy + Ay + Ky + As) + k3 Byp, + Buap, (ka4 Aay) .
H, Bl.\l’.\,(kn"’Au) X

In the limit of p,, approaching infinity, Eq. (i) becomes
k."! it A.u

_ Kk kad
kay+ Ayt kyy # Ay,

A =’(L’1f8.!)k|2+(k3: +A;;)
ny ka+ Ay

=(gi/g) (ii)

where use has been made of the relation By =(g)/g)Bys. It is vasy to sce that

kl2

m=(1" Y2.(8:/8)) exp(~ E,/kT) (iii)
and therefore the error made by neglecting level 2 s given by
",
;‘ =(1- Y2 )g./g) exp(—Eo/kT)+{(kyy + Axa)l(kyy + 4ly)) (iv)

4.5
4.5 SHAPE OF CURVES OF GROWTH
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The analytical practice of atomic fluorescence spectroscopy, and in
gencral of all spectroscopic techniques, relics entirely upon the construc-
tion of the experimental curve of growth, which represents the plot of the
analytical signal, or the log of the signal, versus the etement concentra-
tion, or the log of the concentration. Extensive literature exists on the
shape of such curves in atomic fluorcscence (4,13,24}. Generally, the lack

“of information on soine expcrimenta’ parameters does not allow the

prediction of the exact shape of the curve. However, its general behavior
is clearly understood; and therefore to perform the measurements in
optimal conditions, the analyst should be aware of the shape that the
cutve of growth is expected to take.

Ideally, at low atomic concentrations {low optical densities) the inte-
grated radiance of the fluorescence signal is lincarly related to the atomic
concentration, and this holds for continuum as well as for line sources of
excitation. At high atomic concentrations (high optical densities), the
relationship between the integrated fiuorescence radiance and the atomic
concentration becomes complex, the essential feature of the curve being a
zero slope in the case of a continuum source and a negative slope in the
case of a line source. An additional complication, which is typical of the
fluorescence technique, derives from the geometry of illumination® and
observation. A prefilter effect may be present because of the weakening
of the excitation beam in a region that is not observed by the detector.
Likewise, a postfilter effect occurs if there is an unexposed region
between the iluminated volume and the detector, this effect being also
called self-reversal (see Fig. 4.8). The worst case is of course given by the
presence of both cflects, which therefore alter the shapes of the curves of
growth.

To describe the influence of the laser radiation upon the form of the
analytical fluorescence curve on a qualitative basis, it is not necessary to
complicate the trcatment by taking into account pre- and postfilter
effects, Therefore, only the phenomenon of self-absorption will be consi-
dered, with the idealized illumination geometry depicted in Fig. 4.9,
where the absorption path L is restricted to a vanishingly small interval
while the fluorescence emission path | toward the detector can be
arbitrarily long. The assumpltion of homogeneity of atomic concentration

*In the present case, only right-angle illumination-ohservation is considered. However,
front-surface illumination-observation (13) prevents such eflects as prefilter and postfilter
losses. Because the treatmemt given in relerence 13 is gencrally satisfactory for laser
excitalion and because nothing is added to the present discussion to consider other
geometries, only the conventional right-angle case is considered here.
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Fig. 4.8. Prefilter and postlilter effects in
4 atomic fluorescence,

and source radiation throughout the observed region are retained, how-
ever,

Rcfcrring. to Fig. 4.9, the contribution of section dx to the fluorescence
spectral radiance is given by

dBr-(er) = (A21"zhl’/41f)},’(v— Vo) exp[—k(u)x] dx (51)

lntegr.ation of this equation over x yields for the spectral radiance of the
outgoing fluorcscence radiation at frequency »

Bi(v)=(Azin,hefa g (v - vol{lI —expl—k(u)I]}/k(v) (52)

Substitution for k(v) in the denominator of the right-hand side of Eq
(52) the expression given by Eq. (24) gives .

Br(v)=(Cram) A, /B)nyf(n, - n) K1 - exp[—k(v)1)} (53)
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Fig. 4.9, Idcalized geomelry of illumination and observation of fluorescence radiance.

Integrating cver frequency », the fluorescence radiance of the whole atom
line is given by

Be = B, do = (CHmNAL/BYml(m - mlA, (54)
where A, is called the total absorption faclor and is defined as

A'EI. {1=exp[—k{p}]} dv {55)

Equation (5¢) describes the influence of self-absorption on the radiance
of the outgoing fluorescence radiation. When the laser radiation density is
very high, the populations of the two levels coupled by the laser equalize,
that is, n; = m,. In this case, the absorption coefficient k(v) will approach
zero; compare Eq. (24). A series expansion of the factor A, then gives, at
the limit of k(¥)I— 0,

A, =Ijk(v) dv (56)
and Eq. (54} becomes
By = (CHA ) Ass B)n(n, - na)]l [k(u) dv (57)

or, with the help of Eq. (10),
Be = (lldw)nhvA,, = (dm)hvA,, (n,f2) (58)

where the second expression holds for a two-level system with equal
stalistical weights.
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In conclusion, if the system holds at saturation for any value of the total
atom concentration ny, the vapor becomes transparent to the resonance
line radintion, and therefore the same expressions given in the case of
nepligible self-absorpiion result.

These theoretical predictions have been qualitatively borne out experi-
mentally using tunable dyc lasers (25, 26). Figures 4.10 and 4.11 show the
cllect of decreasing the laser irradiance on the atomic fluorescence curves
for thallium, indium, and strontium aspirated in an air-acctylene flame.
Note from the insert in Fig. 4,10 that the laser beam was focused at the
edge of the flame so as to minimize self-reversal eflects, which if present
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Fip. 4.10. Ellect of source irradiance on the shape of resonance Nluorescence curves for
thaltium (illumination gcometry shown by insert). The Buorescence signals for each curve
are relative to the signal from 1000 ppm of T1 for that specific irradiance: (1) [ocusing lens,
no filiers; (2} focusing lens, 50% transmittance filter between source and sample; (3)
focusing lens, 10% transmittance filter between source and sample; (4) focusing lens, 0.1%
transmittance filter between source and sample; (5) no lens, no filters: (6) no lens, 50%
transmittance filtcr between source and sample; (7} no lens, 10% transmittance filter
between source and sample; (R) no lens, 0.1% transmittance filter between source and
sample. FFrom N. Omenetto, L. P. Hart, P. Benetti, and J. D. Wincfordner, Spectrochim.
Acta, 28B, 30 (1973). Reproduced by permission.
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Fig. 4.11. Resonance Nuorescence calibration curves for indium and strontium. The
fluorescence signals for the different curves are not reported on the same scale: {®) indium,
focusing lens; (O) indium, no lens; (X) strontium, focusing lens; (A) strontium, no lens.
From N. Omenctto, L. P. Hart, . Benetti, and J. D. Winefordner, Specirochim. Acta, 28B,
301 (1973). Reproduced by permission.

would have hindered the observation of the phenomenon. The same
effect is shown in Fig. 4.12, which demonstrates the occurrence of
saturation for magnesium atoms in an air-acetylene flame. As one can
see, because of self-absorption the fluorescence due to 10 ppm is higher
than that given by 100ppm if the irradiance level is kept below
0.1kWcm™2. At higher irradiances the opposite holds, demonstrating
that the influence of self-absorption decreases.
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(29-31). Raman spectroscopy has been successfully used as a means
of investigating gaseous flame combustion products (32). Fluorescence
from the (0,0) band of the A%A-X?I{ elcctronic transition of CH in an
oxyacetylene flame at atmospheric pressure was reported (33). Low
concentrations of other radicals such as OH, CN, and SH have been alsa
detected by resonance fluorcscence excited with tunable dye lasers (34—
36), and it is casy to foresee attractive analytical applications of molccular
fluorescence in flames at atmospheric pressure (39).

The application of laser-excited fluorescence as a powerful tool for
flame diagnostics is somewhat beyond the scope of the present chapter.
16* 163 162 16! ] However, it is interesting to speculate about the possibility of measuring
‘ A - . ) the flame temperature and the quantum cfficiency of atoms in flames by
simply referring to the theory outlined in the previous paragraphs. Also,
the measurement of spatial densities will be briefly discussed.

(mv]

FLUCRESCENCE SIGNAL

IRRADIANCE (kW /ecm?)

Fig. 4,12, Elflect of laser irradiance on shape of saturation curve of magnesium at thre
different concentration levels. From J. Kuhl and H. Spitschan, Opi. Commun., 7, 256 (1973}

Reproduced by permission.

4.6.1 Flame Temperature

4.6 LOCALIZED DIAGNOSTICS It has been demonstrated (37, 38) that the ratio of the anti-Stokes to

_— L . the Stokes direct-line fluorescence signals obtained when a thallium
Physical characterization of a plasma requires the knowledge of severdg ) .00 is aspirated into a flame irradiated by a continuum source of

fundamental parameters such as the plasma temperature, electron, i0neycitation allows the calculation of the flame temperature. This method
and radical concentration, and so on. Most of the diagnostic ‘“h“'q“e’rcquires the calibration of the electro-optical setup as well as knowledge
available use stainless steel or silica probes placed somewhere in thef the source spectral irradiances at the wavelengths of interest. If we use
combustion mixture and coupled with conventional systems of analysis, |acer whose power at both excitation wavelengths is sufficicnt to
such as gas chromatography, infrared spectroscopy, and mass SpeCgyyrate the transitions, then the populations of both levels coupled by
trometry. The insertion of a probe into the plasma allows for detailedipe jager will remain locked to the ratio of their respective degeneracies,
spatial resolution of its state since sampling of a small volume can be, 4 knowledge of the source power is needed. Furthermore, if the
realized. This is mandatory whenever strong inhomogencities in composi-jcer is pulsed and we can measure the peak of the time-resolved fluores-
tion and temperature exist due to the very nature of the combustion ., .. waveform, that is, at the point where dB./dt =0, then the ratio of

process. _ _ ... the signals cmitted as resonance and anti-Stokes fluorescence yields
Emission and absorption methods can be used to provide average h"‘directly the flame temperature.

of sight” measurements from which the measured quantity can be derived Refersing to Fig. 4.13, let the (homogeneous) laser beam, whose
by somewhat claborate procedures, such as the Abel inversion methodp,nqwidih is much larger than the absorption linewidth, be tuned to the
(27). In principle, the fluorescence technique has to be considered a localy, ndition 1 — 3 (377.6 nm), the fAlucrescence being measured at the same

szlm‘plipg technique because only the region at the intersection of thewavelcngth (resonance fluorcscence). Under saturation conditions,
excitation beam and the optical path of the detector is sampled. If the

source and the observation region are narrow, the sampled volume can be fagi/miga =1 (59a)
very small, say, less than 1 mm?®. Early in 1962, Auorescence excited by a3?
powerlul thin clectron beam (up to 30 keV) was used as a tool for local ny+ny=(mn), (59b)

density ‘measurements in a rarefied gas flow. The selected fluorescence
volume was approximately egnal to T mm? (28).

The advent of jasers tunable over most of the near-ultraviolet and vis-
ible range has opened new possibilities in the field of plasma diagnostics . ny = [ga/(gs + ) (n o), (60)

where (m,),, is the population of the ground level prior to the laser
irradiation. Equation (59a) then becomes
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Fig. 4.1}, Oversimplilied sketch indicating the thallium transitions used for flame tempera:
ture mecasurements,

Now let the laser be tuned to the transition 2 — 3 (535.0 nm) while the
fluorescence is still measured at 377.6 nm (anti-Stokes direct-line fluores.
cence). Again, for saturation conditions, the laser will equalize the
weighted populations of levels 2 and 3, therefore giving

nagalnyga =1 (6la)

and

ny= fesl(g+ g)l(ny),

where n} is now the population of level 3 induced by excitation at »,, and
(n3)y, is again the population of level 2 prior to the laser irradiation. If the

systent is in thermodynamic equilibrium before the irradiation, the ratie
of Eys. (60) and (61b) gives

nafny = (g, + gy)/ig, + 83)(g+/82) exp(E,/kT) (62)

The lelt-hand side of Eq. (62) is simply the ratio of the resonance
fluorescence signals to the anti-Stokes direct-line fluorescence signals.
Because the same frequency is involved, no calibration of the electro-
optical detection system is required. A similar scheme, involving the
fluorescence of barium ion, was proposed by Mcasutes as a means of
cvaluating the clectron tempcrature of a low-temperature plasma
(=5000 K) early in 1968 (29).

It is worth stressing again here that this method can be applied only if
saturation occurs and if the fluorescence wavcforin can be resolved by the
detection system. When the entire fluorescence waveform is integrated, as
for example in @ measurement with a boxcar whose rate aperture is similar
to or larger than the fluorescence pulse, the usual complications arise
bhecause of the collisional terms which have to be taken into account in
deriving a final relationship. Preliminary attempts to obtain relative temp-
crature profiles in nonshielded air-acetylene and nitrous oxide-acetylene
flames at atmospheric pressure have been reported, demonstrating the

(61b)

4.6 201

expected “existence of significant thermal gradicnts toward the outer,
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‘cooler zones of the flame (39).

If the threc-level system of thalliem is treated as in Scet. 4.4.4 and the collisional
{de-)activation of level 2 with level 1 s considered, we come to the Tollowing

approximate relationship:
)/

where, Tor the sake of simplicity, the statistical weights have been taken as equal,
that is, g, = g,= g.. Equation (i} still shows the temperature dependence of the
fluorescence ratio ny/n} via the ratio

kz”’ku:exp(EzlkT) ('i}

However, in this case it would not be possible to obtain an absolute value for T
because the collisional rate constants k,,, kqy, and ky; arc not known,

ky+A
"31'”,\=(k2|/ktz)[(1+ “k =
T

+k12+A]2)] (',

k2|

4.6.2 Quantum Efficiency

It has been shown in Scct. 4.4.3, sec Eq. (35), that the saturation
parameter z contains the product of the laser spectral irradiance times the
quantum efficiency of the transition. From Eq. (35), il z is much greater
than the first term in the numerator, it is easy to show that

nefny = (g /g (1 z) + (8, + g2)/ g1] (63)
It follows that the plot of (B;)"!, proportional to (ny)"', as a functionlof
&', proportional to z”', should yield a straight line whose slope varies
with Y~'. Moreover, thc ordinate axis of this plot can be simply scaled in
absolute values of -n,/n, because, for z approaching infinity, ny/n, ap-
proaches the ratio (g, + g,)/¢;.

Again, for a three-level system, expressing n, as a function of ny=n,+ny+n,
and proceeding as in Sect. 4.4.4, we have to modify Eq. (63) as follows:

ﬂ‘;i‘i‘;ﬂ]

(gt"'gl)
+ K

' ("‘h’”:)=(ﬁ|fg3)(”2)+[T‘

3

As a consequence, it is not possible to scale the ordinate valucs of .tl!is plot in

absolute quantitics because of our lack of knowledge of the collisional rate
constants involving level 2 with the other two levels.

- Yzl)%elp("EszT)*‘
31

A similar possibility derives from Eq. (39), which shows that the
quantum efliciency is inversely proportional to the saturation spectral
irradiance of the source. Il we make a plot of the fluorescence radiance
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versus laser power up to saturation, it is only necessary to interpolate to dye lasers, since cw resulls are reported clsewhere in this book
the power needed 1o reduce the maximal fluorescence radiance to one (Chapter 8). Tunable dyc lasers may be pumped by a flashlamp or by
hall. The quantum clticiency can therefore be caleulated from Eq. (39), another laser. Typical values obtainable in terms of power, duty cycle,
provided the spectral bandwidih of the laser and its cross section in the and spectral bandwidth are shown in Table 4.2, where the approximate

atomic system are known. ranges of tunability achieved with the most important classes of dyes arc
also reported. From this table one¢ can see that the pulse characteristics
4.6.3  Concentrations are usually determined by the pumping source. With nitrogen, ruby, and

. R o " . neodymium lasers, the pulse length is short, few tens of nanoscconds and
As shown before, see Eq. (23), it is possible to measure concentrations even less than 10 ns for nitrogen, while flash lamp excitation gives more

- -3 . . , . . . !
(s;?ccr::czcmd )hwuhm _thclﬂf;lme gascs pru‘\;fded ll_mt satural:jop ha; bleen energy per pulse due to the increased length of the pulse itself. However,
reached and the maximal fluorescence radiance is measured In 25soWc with nitrogen laser excitation, the repetition rate can be much higher.

u_nils. The same can be done with trans'iem fluorescent signals, as specu-‘ The laser used by Winefordner et al. (10, 11, 20) consisted of a commer-
fated by Daily (40}, who called the technique pulsed resonance spectroscopy cial dye laser unit (AVCO Everett Research Laboratory, Massachusetts)

(PRS). This technique has been utilized by Haas (41) for low-pressure with a grating in the cavity replacing one laser mirror, pumped by a

!al)ﬁxlr?l()r{;d [:Lasma dlagnostlcst: thl:len' tl:-e ‘HUf::eS‘CEHCE wavef:.r 5 nitrogen laser. The paramcters characterizing the laser output were as
|§ lu )herw; 't ?mcas.uremcnl Ul cl cc‘.:y |mn,dw1 gve lt‘c quenc 'f‘gl follows: Nitrogen laser {337.1nm): 120kW peak power, pulse width
rate constant (assuming a two-level system and a simple exponent's £-10 ns, repetition rate 1-100 Hz, beam size 3.2x51 mm, time jitter

dccu)f) while the n‘masurcmem of the time-integrated signal will give the 1-2 ns. Dye laser: tunability range 357-650 nm, with ten interchangeable
atemic concentration.

Daily (40) also derived an expression for the concentration, Ay, in term:

of §/N ratio, assuming that this ratio depends exclusively on the uncer TARLE 4.2
tainty in time in the estimation of the decay constant. Under these Typical Values of Dye Laser Performances®
conditions, the detection limit was given by the Iollowing relationship: Power, W  Bandwidth, Pulse  Repetition  Duty
) Pumping modc Peak  Mean  cm ‘s length,ms  rale, s cycle
2@ gt g\ kit AN S y
(""")“'"E(muv)( g2 )( As, )(N)“m (64 [ Nitrogen 104-10° <0.05 10°2-107"  3-10 100-500  <2x106 ¢
[ Ruby-Sh WA-10° <107 10731071 10-30 <u.1 =10
where (S/N),,,, is the limiting detectable S/N ratio, € is the quantum 105107 <10 * 10 2-10 1030 <01 =10""
elliciency of the photocathode of the detector, is the overall optical H0=10% <107* J0°%-107"  10-30 <l.1 =10"
transfer efficiency, (¥ is the solid angle of the coilection optics, and V is [NdJ10-107 <107* 10731071 10-30 <0.1 ad LU
the effective focal volume of the collection optics. Typical values of these {50 ns) =10 <1072 1072-107" 100-200 <0.1 =10"
parameters, for S/N =10, result in the possibility of detecting =10" [ Flash lamp | 200ns)  10°-1070.05-0.5 1073-107" 300-1000  5-20  ~10°7
species cm ™ via electronic (UV-visible fluorescence) resonance spectros- T Argon ]{cw) —  002-1 10751070 — — -
copy and =10'? species em* via vibrational (IR fluorescence) resonance g3oe s o6 o7 o 091,
spectroscopy. Therefore, PRS appears quite useful for concentration . Aum
measurements of atoms and molecules in flames. ~—= scintillator dyes
coumarines
thodamines
4.7 INSTRUMENTATION ————— cresyl violet

cyanines
* Yalues given in the Table do not represent ultimaie performances achicvable. Flash famp
pumping results are given both lor 50 ns and 200 ns lamp tise times. Output characteristics
: . f a cw argon ion laser are included for comparison purposcs.
Analytical s S i itati P ; ap 2 -
ytical studies using laser excitalion have been carricd out with » Arem™Y) X A%em?) X 10°(nm em™ ) = AA(nm)

both pulsed and cw lasers, We emphasize here the use of pulsed tunable  Azem ")x3x10"{cms ')=2av(s™")

4.7.1 Dye Laser Characteristics



-

\

204 ATOMIC FLUORESCENCE SPECTROSCOFY

TABLE 4.3
Laser Spectral Output with Rhodamine 6G, 2.5% 10-*M Solution in Mecthanol,
Pump Loacrpy 8.5, Reftectivity of the Laser Mirrors 99.8 and 50%

» §pectral hall- Peak Spectral peak
width (FWHM),  powcr, power density,
1 aser cavity filter A kW kWA !
No frequzncy-selective clements in 61 11.5 0.29
the cavity
Interference filtes (FWHM =60 A, 7 114 1.63
peak transmission 96%) -
Interference filter + Fabry-Perot <10-? 1.6 >760
clalon
Interferenee fier (FWIM =6 A, 1 6.1 6.1
peak transmission 84%)
[nterferenee filier+ Fabry-Perot <102 59 >54%0

clalon

@ 1yata taken from . Kuhl, G, Marowsky, P. Kunstmann, and W. Schmidt, Z. Naturforsch.,
27A, 611 11972). Reproduced by permission.

dyes, peak power grealer than 10 kW, pulse width 2-8ns, spectral

half-width ranging from 0.1 to 1 nm, thercfore justifying the assumption
made (20 that the source could be assimilated to a spectral continuum. In
most experiments, 10 Hz was uscd as the repetition rate. '

“The faser used by Kuhl et al. (40-42) was a flash lamp-pumped dye :
Jaser (Carl Zciss, Oberkochen, West Germany) providing approximately |
10 kW peak power with 200 ns pulse width for a 5X 10-*M solution of -
rhodamine 6G in methanol. Carc was taken by these authors 1o reduce
the spectral bandwidth of the laser output by inscrling frequency-sclective
clements in the laser cavity. Table 4.3 summarizes their resuits of power
and linewidth measurements. As onc can sec, at the expense of a factor of
2-3 only for the output power, the spectral power density increased
considerably. The emitted intensity per unit frequency interval was raised
by a factor of 21 by the insertion of the interference filter alone and by at
least 2000 when the filter and the Fabry-Perot interfcrometer were both
present in the cavity. Compared to a grating, the interference filter in the
cavity has the advantage of providing a high value of angular dispersion
and negligible adjustment demands (42). With this system, laser band-
widths as small as % 1077 nm were abtained,

It is known that, because of strong absorption of the fluorescence
cmission by molecules in the excited singlet state, it is impossible to find a
highly eflicient laser dyc for wavelengths shorter than 300 nm. Because of
this, all experiments requiring an excitation below 300 nm take advantage
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of the propertics of nonlincar crystals such as ADP (ammonium dihyd-
rogen phosphate) and KDP (potassium dihydrogen phosphate) to genct-

‘ate the sacond harmonic when visible laser radiation impinges on these

crystals. Becausc this is 4 nonlincar process, the second harmonic oulput
power gocs with the square of the power in the fundamental [requency.
When the beam spread of the laser is reduced by mode selection, peak
power conversion efliciencies between 10 and 18% can be achieved even
for laser output powers as low as 15-25 kW (43}. With 10 kW peak
power at 566.6 nm, the usc of a KDP crystal 38 mm long, cut and polished
for A =560 nm, resulted in the generation of the second harmonic at
283.3 nm with a peak power of 400 W (44). (The altcrnative to doubling
the dye laser output is 10 utilize multiphoton excitation, that is, doubling
within tke sample cell itself.)

4.7.2 Atomizers

Atomizers used in analytical atomic fluorescence excitcd by conven-
tional low-intensity sources include flames and electrothermal devices
such as praphite cuvettes, carbon rods, and so on. Onc of the practical
disadvantages of the fluorescence technique often stressed in the perti-
nent literature {(4,13) is that high quantum efficiency flames have to be
used to maximize the fluorescence signals. Therclfore, combustion mix-
turcs containing argon as a diluent, for example, oxygen-argon-hydrogen
flames, have been preferred becausce of the small quenching cross section
of argon. However, compared to air-acetylene and nitrous oxide-
acctylene mixtures, the argon-diluted flames containing hydrogen as fuel
have a relatively low atomization capability that can cause scvere scatter-
ing* problems when analysis of practical samples is attemptcd by mcans
of resonance fluorescence. On the other hand, even in the absence of

S 1t should be stressed that scatiering occurs not only from particles in the flame pates as
well as cust particles but also occuss from Rayleigh scattering of radiation from molecuics
and atoms, and therefore the laticr phenomenon represents a fundamemtal limit of reso-
mance fluorescence measurements. The Rayleigh scattering cross sections increase as A%
where A; is the incident laser wavelength. The Rayleigh scattering {due to atoms and
molccules) contribution in flanres corresponds to ~200-2000 counts s~' for a typical
fAuorescence sctup in which a 150-W EIMAC cw canveational xenon arc lamp is used s the
soutce of excitation. Therefore, assuming a 10-s integration, and assuming shot noise due to
the scatter is limiting, the noisc is ~100 counts, which is typically the limiting noise level in
convent onal AF with conventional light sources, particularly in the UV region. Of course,
in the visible region (3300 nm), flame hackground noisc may even exceed scalter noise in
some spectral regions. In any cvent, the magnitude of scatter noise inherent in any
fluorescont technique is sufficient to justily extensive studies of nonresonance fluorescence
for analysis.
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scattering, conventional lock-in detection does not atlow taking full
advantage of the good atomization efliciency of a high-temperature flame,
such as the nitrous oxide—acetylene flame (~2900°K) for refractory
elements (Al V, Mo, ete.) because the prohibitive flame background in
certain spectral regions results in highly noisy signals.

The use of a pulsed laser and gated detection (see below) should permit
[full exploitation of such atomization capabilities, and this despite the low
value of the quantum efficiency of the fluorescence.

Flames used in laser experiments include air-hydrogen, air-acetylene,
and nitrous oxide—acetylene mixtures, supported by conventional circu-
larly or rectangularly shaped burners. Results have also been reported for
carbon rod atomization (44},

4.7.3 Detection Systems and Signal-to-Noise Considerations

Detection systems for laser-excited fluorescence have consisted of
photomultiplier tubes coupled with either a sampling oscilloscope or a
boxcar integrator. It has been stressed (11,45,46) that photomultipliers
suitable for pulsed operation must possess certain specific requirements
such as short transit time of the electron cloud, small transit time spread,
short rise time, and minimal parasitic capacitance. In addition, the tube
should also be capable of sustaining high-peak anodic currents. For
pulsed work, the dynode chain typical of normal operation is modified by
placing capacitors between the dynodes. The laser output is usually
monitored by a photodiode or a photocell. If the detector is calibrated,
power measurements can be performed with the use of neutral density
filtcrs. Signals are fed into an oscilloscope and into a boxcar integrator.

The boxcar (45-47) is the analogue of a4 sampling oscilloscope with all
the gadgets and flexibility that one might add externally for signal
processing. Both “scan mode™ of operation and “single point™ measure-
ments are possible with commercially available boxcars. Basically, the
instrument performs a sample and hold operation, the sampling time
being determined by an appropriate relerence pulse that bears a definite
relationship to the signal of interest. When pulse measurcments are
perflormed, the timing and width of the sampling window are adjusted so
as to coincide with the occurrence of the fluorescence pulse. More details
of boxcar operation and measurements are discussed in Chapter 7.

This gated operation results in a significant improvement in signal-to-
noise ratio if the system under study is background noise® limited, since
the detector is “on” only during the laser *on” time, (or a short dclay

*The background must not be source induced such as molecular fluorescence.
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Fig. 4.14. Schematic diagram of a typical experimental sctup for laser-excited ﬁuorcs.cc.ncc
studies. J. Kuhl and H. Spitschan, Opt. Commun., 7, 256 (1973). Reproduced by permission.

after), so that background noise (shot and fluctuation), which is also
measured only during this short time interval, will be greatly diminished.
It has been shown (48) that if shot noise (source and background)
dominates over fluctuation noise (source and background), the gain
obtained when the S/N ratio given by pulsing the source and gating the
detector {pofgo) over that obtained with cw sources and cw operation
(cw/cw) is given by the relations

2O (B BN = (Brend BLL)'? (65a)

cw/cw

and

yPIEO_ (ge s g1 (65b)

cw/cw
where B:f. represents the average radiance of the pulsed source, B_;,,c is
the average radiance of the cw source, f is the repetition rate, f, is the
duration of the light pulse, and B, is the peak radiance of the pulsced

source. . o .
Equation (65a) holds if the system 1is background noise limited, while

Eq. (65b) results when the limiting noise is source carrieq, th:at is,
fluorescence or scattering. Clearly, no advantage will be obtained if the
fluorescence measurements are plagued by scattering. Moreover, the
equations derived assume that the fluorescence signal does follow linearly
the source radiance, that is, no limiting value to the fluorescence due to
the occurrence of saturation was considered. _
Figure 4.14 shows a complete experimental setup for laser-induced
flame fluorescence measurements. The flash lamp-pumped dye laser
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output is frequency doubled by a KDP crystal. A photcdiode (PD) serves
for triggering purposes. Beam splitters are used to cither monitor the
laser output power with a photocell (PC) or for speciral tuning of the
generated ultraviolet radiation by observing the emission spectrum of a
hollow-cathode lamp (1C) and that of the laser in the focal plane of a
L5-m Czerny-Turner grating. spectrograph by means of an UV image
converter tube. The fuorescence signals are isolatzd by a mono-
chromator, measured with a fast-response photomultip ier, and fed to a
boxcar integrator,

4.8 ANALYTICAL RESULTS

It is helpful at this point to stress the analytical in plications of the
theory outlined in the previous paragraphs. Characteristic features of
laser-excited fluorescence should include the following:

l.  Extended tunability over most of the UV-visitle range with a
spectral bandwidth variable from 1 nm down to less than 10~ nm. This
implics that the strongest absorption lines of most clements can be
reached with approximately the same peak power (no fiters are needed)
and that scattering can be climinated whenever nonresonance transitions
are intense enough to be analytically uscful. An example is shown in Fig.
4.15 for the atomic Ruorescence of niobium excited in 2 nitrous oxide—
icetylene Name, demonstrating the potential wtility of fiiorescence lines
other than the resonance line where strong scattering would indecd
significantly deteriorate the analytical results or even make the analysis
impossible. ‘

2. Independence of fluorescence signal upon source stability if satura-
tion is achicved, This outcome has been qualitatively sec1 in flames (20)
where the pcak-to-peak noise in the fuorescence signal cbtained enlarg-
ing the beam into the flame (and therefore decreasing the source ir-
radiance) compared with that given when the lascr spot was focused
(saturation more closcly approached) increased more than the value
which one would have predicted by taking into account the relative
magnitude of the signals. However, this was not the casc Jor electrother-
mal atomization (44) of Jead where the relative standard ceviation of the

fluorescence signal, as high as 37%, did not show a significant decrease at .

high irradiances. This latter behavior was partially att-ibuted to the
pronounced inhonwgcncity of the atomic cloud distribut on during the
carbon rod atomization cycle, with the result that clusters of analyte
atoms were vaporized at diffcrent times causing rapid fluc:uations in the
fluorescence signal, which were resolved because of the sbort time con-
stant (<0.1 us) of the detection system. Moreover, considering the laser
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Fig. 4.15. Atomic fuorescence of niobium-wavelength scanning: 200 um slit (0.4 nm
spectral band width). {a) Laser excitation set at 407,97 nm, 1000 ppm Nb: the intensity of
the 407.97 nm linc has been decreased 2.5 times as compared to the intensity of the ather
lines; (b laser excitation set at 407.97 nm, 1000 ppm W; the imensity scatiered at
407.97 nm has been also decreased 2.5 times and is therefore directly comparable to 1he Nh
signal observedl in (a) at the same wavclength, From N. Omenetto, N N. Hateh, 1. AL
Fraser, and J. D. Winefordner, Spectrochim. Acta, 2BB, 65 (1973). Reproduced by permis-

© sion.

bandwidth (<0.002 nm) and the length of the faser cavity, an estimation
of the lead absorption linewidth of 0.0006 nm corresponded to roughly
six mode spacings of a total of about 20 longitudinal modes. Since the

oscillatory strength of these modes varied considerably from shot to shot

and some may even have vanished, this caused the irradiance to vary
considerably over the absorption linewidth.

3. Less stringent dependence on the quantum efficiency of fluorescence.
This has been shown theoretically to hold for a two-leve| system and for a
three-lcvel system if a given definition of quantum efficiency is consi-
dered, compare Eqs. (47)-(48). The importance of such a consequence is
obvious since it means that one can use atomizers with high atomizatjon
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ciliciencies even if strong quenching is present. With reference 1o flames,
it means, for example, that the fluorescence signal is not expected to be
greater in an oxygen-hydrogen flame diluted with argon than the signal
abtained in hydrocarbon flames containing nitrogen as the major con-
stituent. This point, which clearly assumes identical atomization cfficien-
cies for the two combustion mixtures, has not yet been proved experi-
mentally.

4. hinproved linearity of the calibration curves. As shown in Sect. 4.5, if
the source irradiance is such that the atomic system is saturated at any
value of the population density, the absorption coefficient goes to zero
and no self-absorption occurs, thus making the calibration curve obtained
under idealized illumination conditions linear over all concentration
ranges. This holds for a continuum as well as for a line source of
excitation. However, unavoidable tradeoffs in practical situations do not
allow the observation of such extended linearity. For example, when the
laser beam is focused at the center of the atomizer, postfilter (self-
reversal) effects in the observation path toward the detector have to be
certainly included to account for the observed shape of the curve. If the
beam is defocused to illuminate a larger volume of atoms, the irradiance
can decrease to the point where saturation is no more approached, and
therefore the shape of the curve will resemble that obtained with conven-
tional sources of excitation. Linear dynamic ranges of three 1o five orders
of magnitude are common for lascr-excited fluorescence. Figure 4.16
compares relative fluorescence curves of growth obtained when lead
vapor {from a carbon rod atomizer is excited with a hollow-cathode lamp,
an clectrodeless discharge lamp, and a dye laser. The linear range,
defined as the ratio of upper to lower concentration limits, found here
was 1.25x 107, 3.33x:10%, and 1x 10* for dye laser, electrodeless dis-
charge lamp, and holiow-cathode cxcitation, respectively. The lower
concentration limit corresponds to the detection limit while the upper
limit was defined as the lead concentration resulting in a signal whose
deviation from linearity did not exceed 5%.

Table 4.4 summarizes the limits of detection obtained with laser
excitation in flames and compares them with those obtained by other
conventional sources operated in the pulsed mode and with the ones
given by cw sources, Limits uf detection are usually defined on the basis
of a §/N (rms) ratio of 2.

The column giving the laser results in Table 4.4 has more entries than
the other columns; this is duc to the fact that several elements such as the
rare carths and some transition elements were never studied before by
conventional fluorescence because they required both the nitrous oxide—
acetylene flame and high-intensity sources, most of which were not
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permission from N. Omenetto, Anal, Chem,
can Chemical Socicty. Values

48, 75A {1976,
are for analyte in aqueous solutions:
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available. On the other hand, it can be scen that the laser detection limits
are not so spectacular as one would have predicted. The erratic quality of
taese results needs careful interpretation on the basis of parameters such
as laser output variations (sometimes up o 25%) if saturation is not
approached and limiting noisc in the system. Unlike the lMuorescence, the
scatiering signal keeps increasing with the laser irradiance, and therefore
a compromise must be reached between scattering and signal stability, It
is important to stress that most of the laser limits reported in Table 4.4
-were obtained on nonresounance transitions, and this is a definite advan-
tage from the scattering point of view. Another point is that in several
cases (e.g., Mn, Co, Fe, Ni, Os, Ru, Rh, etc.), the most sensitive
absorption lines could not be reached because Irequency doubling was not
available,

Certainly, more experimental work is needed in this respect, and far
better results would be achieved if the range of tunability could be
extended down into the 200-300 nm region. When resonance fluores-
cence is the only possibility, the use of a narrow bandwidth laser output is
to be preferred. In this way, scattering can be compensated by recording
the signal at two wavelengths, one tuned at the center and the other just

outside the absorption profile,

4.9 CONCLUDING REMARKS

As we have repeatedly pointed out in the appropriate paragraphs, the
theory given in this chapter accounts only for the basic features of the
results obtained experimentally. Indeed, no quantitative agreement be-
tween theory and experimental results could be claimed in most cases. [t
is essential to stress that this is so because many complicating cffects have
been purposely neglected in the derivation given. Although a number of
concomitant effects induced by extremely high radiation densities
(>107 Wem™2), such as scif-focusing of the laser beam, multiple photon
absorption, pulse shape distortion, and so on, would probably not alter
the experimental results for flames, the parameters characterizing the
laser output power do certainly require a more realistic evatuation. For
example, it was always assumed that the laser beam was homogencous
and of constant irradiance while traversing the atomic vapor. In practice,
however, the laser has both a spatial and a temporal profile with ex-
tremely large gradients. This causes the saturation effects to occur at
different times and at different radii of the excited atom volume. Satura-
tion of the transition will initially take place along the laser axis, where
the power densily is greatest, and then expand radially as the power
increases. As a consequence, although the temporal variation of the
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fluorescence signal depends only on the local laser power and the local
conditions of the atomic system, the signal detected by the photomultip-
lier will be due to the average effect over the whole observed excited
volume (49). Therefore, different results are to be cxpected when time-
integrated measurcments are compared with signals measured al the peak
of the time-resolved fluerescence waveform. In addition, the theory was
considered for idealized geometries of excitation and obscrvation of the
fluorescence signals. 1t is almost impossible to exclude completely prefil-
ter as well as postfiller eflects in practical measurements when the
concentration of the analyte becomes significant.

Doubtlessly, more experiments are needed to gain full insight into the
physics of the process and to unambiguously compare theoretical predic-
tions with experimental results. Up to now, analytical papers on laser-
excited atomic fluorescence as a means of chemical analysis are still
scanty, both because of the high cost required to set up on a laboratory
scale a dye lascr tunable over the whole spectral range of interest (strong
commercial competition might improve this situation now) and because
the resulis obtained for flames at atmospheric pressure are not signific-
antly superior to those already achieved by conventional atomic absorp-
tion and emission spectroscopy. ‘

Nevertheless, quite spectacular results have been achieved for cw laser
cxcitation (sce Chapter 8), and research on efficient frequency doubling
down to 200 nm is under way.” Therefore, this field will reccive increasing
attention, and new results are expected in the future.,

References

1. A.C. G. Mitche!l and M. W. Zemansky, Resonance Radiation and Excited
Atoms, Cambridge University Press, New York, (1971).

2. C. Th. J. Alkemade, Proc. t0th CSI, Spartan Books, Washington, D.C.
(1963), p. 143,

3. ) D. Winefordner and T. 1, Vickers, Anal. Chent., 36, 161 (1964).

V. Sychra, V. Sveboda, and I. Rubeika, Aftomic Fluorescence Spectrascopy,
Van Nostrand-Reinhold, New York (1975).

5. R. F. Browner, B. M. Patck, T. H. Glenn, M. E. Riclta, and J. D.
Winclordner, Spectrosc. Lett.,, 5, 311 (1972).

6. 1. P. Webb, Anal. Chem., 44, 30A (1972).

1RO Allking, Anal. Chem., 47, 752A (1975).

L L Steinfeld, MET Report, 1975,CRC Crit. Rev. Anal. Chem.. 5,225(19735).
Y. N. Omenctto and ). D, Wincfordner, Appl. Spectrosc., 26, 555 (1972).

*= -

" The use of a KPB (potassium pentaborate) crystal allows tuning below 250 nm.

10.

11.

12

13.

14,

15,
16.
17.
18.
19.
20,

21.
22.
23.

24,
25.

26.
27.
28.

29.
30.

31.
32.

33.

34.

35.

36.

REFERENCES 215

N. Omenetto, N. N. Hatch, L. M. Fraser, and J. D, Winefordner, Spec-
trochum. Acta, 28B, 65 (1973).

L. M. Fraser and J. DD. Winefordner. Anal. Chem., 44, 1444 (1972),

C. Th. 1. Alkemade and P. J. Th. Zeepers, in Spectrochentcul Methads of
Analysis, J. D. Wincfordner, Ed., Wilcy, New York (1971).

}. D. Winefordner, S. G. Schuiman, and T. C. O'Haver, “Luminescence
Spectrometry in Analytical Chemistry,” in Chemical Analysis, Vol 38, 1", |,
Ehving, J. D. Wincfordner, Eds., Wiley, New York (1972).

P. L. Lijnse and R. J. Elsenaar, J. Quant. Spectrosc. Radiat. Transfer, 12,
11:5 (1972).

C. Th. J. Alkemade, Pure Appl. Chem., 23, 73 (1970).

M. Hercher, Appl. Opt., 6, 947 (1967).

L. Huff and L. G. DeShazer, J. Opt. Soc. Amer., 60, 157 (1970).

E. H. Piepmeier, Spectrochim. Acta, 27B, 431 (1972).

E. H. Picpmeier, Spectrochim. Acta, 27B, 445 (1972},

N. Omenetto, P. Benetti, L. P. Hart, J. D. Winefordner, and C. Th. J. Al-
kemade, Spectrochim. Acte, 28B, 289 (1973).

J. Kuhl, S. Neuman, and M. Kriese, Z. Naturforsch., 28A, 273 (1973).

L. de Galan and H. C. Wagenaar, Meth. Phys. Anal., 10 (Sept. 1971),

W. Lange, J. Luther, and A. Stendel, Adv. Atom. Mol. Phys., 10, 173
(1574).

H. P. Hooymayers, Spectrochim. Acta, 23B, 567 {1968).

N. Omenetto, L. P. Hart, P, Benetti, and J. D. Winefordner, Spectrochim.
Acta. 28B, 301 (1973).

J. Kuht and H. Spitschan, Opt. Commun., 7, 256 (1973).

H. R. Griem, Plasma Spectroscopy, McGraw-Hill, New York (1964).

E. Q. Gadamer, UTIAS Report No. 83 Institute of Aerophysics, University of
Toronte (March 1962).

R. M. Measures, J. Appl. Phys., 39, 5232 (1968).

D. E. Jensen and B, E. L. Travers, paper given at IUPAC International
Symposium on Plasma Chemistry, Kiel, Germany (Seplcmbm: 1973).

S. 5. Penner and T. Jerskey, Anh. Rev. Fluid Mech., 5, 9 (1973).

W. M. Arden, T. B. Hirschicld, §. M. Klainer, and W, A, Muelier, Appl.
Specirosc., 28, 554 (1974).

R. H. Barnes, C. E. Moeller, J. F. Kircher, and C. M. Verber, Appl. Opt.,
12. 2531 (1973).

K. H. Becker, D. Haaks, and T. Tatarczyk, Z. Naturforsch., 27A, 1520
(1972).

K. H. Becker, I>. Haaks, and T. Tatarczyk, Z. Naturforsch., 28A, 829
(1974).

C. C. Wang and L. ). Davis, Ir., Appl. Phys. Leut., 25, 34 (1974).



e 4 ATOMIC FLUORESCENCE SPECTROSCOPY

37, N.Omenetto, p. Benetti, and G. Rossi, Spectrochim. Acta, 27B, 453 {1972).

38 N. Omenetto, R F. Browner, 1. D. Winefordner, G. Rossi, and P. Benetti,
Anal. Chem., 44, 1683 {1972). ‘

39 N, Omenetio, Plenary Lecture Given at Sth Internationat Conference on
Atomic Spectroscopy, Melbourne (August [975),

40 W Daily, Appl Opr., 18, 955 (1976).

41 Y. Haas, Lawrence Berkeley Laboratory Report No. 14035, University of

Californin, Bcrkc!cy (1975).

42, 1 Kuhl, G. Marowsky, P. Kunstmann, and W, Schmidt, Z. Naturforsch.,
27A, 6 (1972).

43, 1. Kuhl and H. Spitschan, Opr. Commun, 5, 382 (1972).

44, 5. Newmann and M. Kriese, Spectrochim. Acta, 298, 127 ( 974).

45. F. E. Lytle. Anal, Chem,, 46, 545A (1974),

46. F. E. Lytle, Anal, Chenm., 46, 817A (1974).

47. 1. D.w. Abernethy, Wireless World {December 1970,

48, N. Omcenetto, 1. M. Fraser, and 1, D. Winclordner, in Applied Spectrascopy
Reviews, Vol. 7, E. . Brame, Ed., Marcel Dekker, New York (1973), p.
147, g

49 A B. Raoudripo and R, M. Mecasures, IEEE QE, 9, 972 (1973).

S0, N. Omenetto, Anal. Chem., 48, 75A (1976).

Additional Relerences

Several interesting papers have appeared in the literature since the writing of this
chapter and are reported below. Theoretical writings on laser-induced fluoresc-
enee deal with the spectral distribution of the light emitted under intensc field
excitation (S1-56Y, with the derivation of a fluorescence cxpression under sclfah-
sorption conditions (57). with the applicability of the rate equations approach to
describing the optical interaction (58). with the saturation of the sodium flaores-
cence (59-61), with the feasibility of the technique in the fickl of plasma
diagnostics (61-63), with its analytical sensitivity (64-65) and with the time and
wavelength dependence of the fluorescence signal (66). A compar son hclween
rubsed and continuous wiave fluorescence in terms of analytical resilis has been

given (67}, and the fluorescence behavior of iron and fead has been discussed (68,
(Y},

5L R.E. Grove, F. Y. Wu, and S. Ezekiel, Phys. Rev. A, 18, 227 (1977},
52. E. Courtens and A, Szike. Phys. Rev. A, 15, 1588 (1977).

53 P. Avan and C, Cohen-Tannoudji, J. Phys. B: Atom. Mol. Phys., 10, 155
(1977).

54. B. Renaud, R, M. Whitley, and C. R, Stroud Jr,, 1. Phys. B: Atwm. Mol
Phys., 10, 19 (1977),

56.
57.

58,
59.

62.
63,
64,
65.

66.
67.

68.

69.

. ADDITIONAL REFERENCES 217

I L. Carlsten, A. Szike, and M. G. Raymer, Phys. Rev. A, 18, 1029 (1977,

C. Coken-Tannoudji and S, Reynaud, 4. Phys. B: Ajom. Mol. Phys., 10, 345
(1977)

N. Omenctto, J. D, Wincfordner, and C. Th. ). Alkemade, Spectrochim.
Acta, 308, 335 (1975).

J. W. Daily, Appl. Opt., 16, 2322 (1977).

D. D. Burgess and M. 1. Eckart, J. Phys. B: Atom, Molec. Physics, 9, 1.519
(1976). '

B. L. Sqarp and A. Goldwasser, Spectroch. Acta, 31B, 431 (1976).

B. Smith, J. D, Winefordner, and N, Omenetto, J. Appl. Phys., 48, 2676
(1977).

J. W. Daily, Appl. Opt. 16, 568 (1977).

A. P. Baronavski and j. R, McDonald, Appl. Opu, 16, 1897 (1977).

Y. P. Hchimer and P. J. Hargis Jr., Appl. Phys. Len., 30, 344 (19717

J. A. Gelbwachs, C. F. Klein, and J. E. Wessel, Appl. Phys. Let., 30, 344
(1977).

H. L BawdandE. §, Yeung, Anagl, Chem., 48, 344 (1976).

N. Omenetto, G. D. Boutilier, S. J. Weeks, B. W. Smith, and 1. D.
Winefordner, Angl, Chem., 49, 1076 (1977).

M. A. Balshav, A, V. Zybin, L. A. Zybina, V. G. Koloshnikov, and . A.
Majorov. Spectrochim. Acta, 31B, 493 (1976).

M. A. Bolshov, A. V. Zybin, V. G. Koioshn,ikov, and K. N. Kosheley,
Spectrochim. Acta, 328, 279 (1977).



.76

Spevteockimlen Acta, Yol. 3015, pp. 335 to 31, I'ergamen Press, 1075, Pinted ln Korlkern drefan

An expression for the atomie fluorescence and thermal-_emission
intensity under conditions of near saturation and arbitrary
self-absorption

N. Oxexerro,
i " . N ] a oe
Tnstitnte of Enarganic and General Chemistry, University of Povin, Vialo Taramelli 19, 27 100
Puvia, Italy

J. D. WiNEFORDNER
Departicent of Chermistry, University of Florida, Gainesvillo, Florida 32611

and

C. Tu. J. ALXEMADE )
Fysiseh Luboratoriam der Rijksuniversiteit, Sorbonnolinn 4, Utrocht, Tho Netlorlands, U.S.4.

(Reecived 9 December 1074, Revised 7 Mareh 1975)

Abstract—An expression for the eflvet of self-absorption on the ﬂunmst‘.nncP and 1:hur||‘1|\l emis.-
sion bnteusities ig derived by tnking into seeonnt stinnlated cmission. A simple, lenlizod case
is considered, consisting of o two bovol atanic systemn, in a flung, homngonoous \\lﬂlh n‘spect t
tewperntare wied compositon, aml uniforrely illaminated Ly an extornal quasi-continuwm
raditicn soueco,

InrronucTION

T Brveet of selfabsorption on the outguing radiation intensity in a lllljft!.l'l.nl_'.'
excited atomic vapor present in a flame of uniform temperature a.}ul comasition,
can be deseribed in a most sinple and clegant way by intrmlucm‘g thu_mtngml
absorption, A (in s71). This applica for both the tht-rm:nl-crmsamfl intensity [1.‘5]
and the fluoreseence intensity of a resonanee line [4]. The expression for A4, !.\'hl(‘h
is the integral of the absorplion factor vver the whule line prolile, reads according Lo
Beer's law

4, =f (1 — exp {~k{nl)] d» (1)
lloe

where k(r) (in cm~1) is the absorption coefficient at frequency » n.nd_! {in em) is the

flane thickness along the line of observation. In the usual expression fur k(_v). t]llf!

effeet of stimulated eimission is neglected, which seems justified for speectral hne‘s in

the u.v. visible regions, exciled by eonventional light sources or thermally-exeited

in analytical dlames with temperatures, Ty, up to about 3000 KK,
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The adveut of intense (tunable} laser sources has made it possible to nearly
saturate atom lines in the flame [6-9). Under such conditions, (self-) absorption is
accompanied by stimulated emission, which reduces the net absorption coefficient
fs measured, e.g., in a direction perpendicular to the laser bearm. Btimulated emission
induced by photons that are re-emitted as fluorescence in & direction perpendicular
to the laser beam (see Fiz. 1b) will thus partly offset the reduction of the Aucrescence
intensity due to self-absorption.

For a simple, idealized case, an expression will be derived for the effect of self.
absorption on the fuorescence and thermal-emission intensities, while taking into
account stimulated emission.

Theory

A simple atomic system (see Fig. 1n) will be considered having only two energy
levels (0 refers to the ground state), statistical weights g, and g,, and an energy
separation B = kv, where #, is the central frequency (in Hz) of the optical transition.
In the case of fluorescence excitation by an external light. source, the geometry of
illumination and observation is as depicted in Fig. 1b. In order to avoid mathema-
tical complications due to the gradual weakening of the primary light beam along
its path through the flame or due to self-reversal of the Auorescence line [4, 10], it
will be assumed that the whole fame section observed is uniformly illuminated.
(This max be realized, for a given atom concentration, by keeping L suificiently

snuall and by choosing the width of the primary beam equal to I, which is itself not
restricted; see Fig. Ib),

[6) E. H. PieruEIer, Spectrochim. Acta 278, 431 (1979),

7] E. H. Prevacien, bid, 445 (1972),

[8] N. OnexETTO, P, BeneTTL, L. P, Hagzr,
Spectrochim, Acta 28R, 289 (1973),

[9) J. Konw, 5, Neoyans and M. Krirse, Z. Naturforsch 2BA, 273 (107T.

[10] N. OuexETYo, L. P. Harnr, P. Bevern: and J. D, WINEFORDNER, Spectrochim. Acta 238,
SO (1973).

J. D. WivEFouDNER 8nd C. TH. J. ALEEMADE,



An expression for the atninie Buoresconco amd thornml omission intonsits 137

Furthermore, the simplification will e mwde that the fame is liomozenenus as
to temperature and ecomposition, and that the adom coneentration i< imifurin throngh-
out the illuminated region in the flame. (Tl more zeneral ease of & non-uniform
atom conecttration will be dealt with separately in the Appondix) The sroduet of
atem coneentration and flame depth I is, however, not restricted, so that the extent
ol sell-absorplion of the oulgoing luorescence or thermal radistion mawr be rrbi-
trarily high {assuming nezlizible radintion diffusion).

Genrral erpression

teferriniy to Fig. 1b, the contribution of seetion dx to the speetral radiance,
d#2,(v, 7} (expresserd in ery 871 em=2 sr-1 Hz 1) of the outgoing radiation at frequency
v observed along the x-axis is given by

Ay, 1) = (A g e[4S (r) exp U:’-—k'(v) d::'] dz {2}

where n is the number density of cxcited atomng (in em-2), A,, is th= Tinstein
transition probability for spontancous emission (in 5-1), h is Planck’s con=ant, S (r)
is the normalized speetral distribution function (in Hz=") of photons emritted by a
downward transition 1 -0 ([ji0 S, () eddr = 1), and E*(+} is the net absorption
coeficient of the aloniic vapor at vapor frequeney ». The exponentia facter in
Equation (£) aceounts for the attenuation of the atomie radiation generated a4 place
z, due to the nel offeet of self-absorption and stimulated emission, when trawelling over
o pall Jength x. From Finstein's radiation theory [11, 12],

E*(r) = (B hefe)S,(0)ny — (gafa ), (3}

or
E*(r) = (Hyhvfe)8 (v, (1 — m»’m)(’hfnn” (3L}

where By is the Einstein enefficient for absorption (in erg=! em? 53— §72), which

enuitls the Einstein eocfficient for stimulated emission, By, multiplicd I (g,/20), ¢

is the velueity of light (in em 1), and #, is the number density of graund-state
ateans (i emi=Y), In Feguations (), we have indireetly assnmed that the sormalized
speetral distribution function of photons absorbed (from o Lypothetical ~ontinuum
radistiom ficld), is the same as that for spontaneous emission, S,(r); this mesumplion
implics that colierence offects between absorbed and re-emitted photons are neslected
whivh seems to br justified in flames at 1 atm pressure [13]. We have alsc negleeterd
radiation  dilfusiun effects in assuming that o pheton re-absorbed at placo
0 < 2"« z) om its way out, will have n negligible chance to leave the flame in the
same direction after being re-emitted and re-absorbed in succession a qumber of
times;  this Iatter assumption scems to be justified if the efliciency of resonanco
fluoreseence Y, is not too close to unity.

{111 A C. G Mirenstn and M. W, Zevansky, Resonance Radiation and Ereited » toma, Uni.
vorsity U'ress, Cunbiridge, (1061).

[12] R, Mavneoevuasy and H. entrux, Flame Spectraseapy. Wilsy, New York  1063).

13} 1L I Hoovsaveny ant € Ta, Jo AukeMawe, J. Quant. Spectros, Ruliative “ran, 8, 847
(1956},
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With conventional external light sources andfor under nsual flame conditions in
stomic Muoercscence and flame emission spectrometty, the second term between
bracketa { } in Equatien (3b} is much less than unity, This is tantamount to ns-
suming that stimulated emission is neglighle in comparison with (real) absarption,
and so to a good approximation

E* () s (s} = (Bughrfe)S, (o). (4)

Under (near-) saturation conditions, however, the {exact) equation for k*(r)
(Eruationa (3a, b) instead of Equation (4)} must be applied.

From the general assumptions made, it enn be concluded that ng, n,, 3,(¥) and
thua k*(») [see Equations (3a, b] are independent of position, z. Therefore from
Equations (2), dB,(», x) is given by

dB(y, 2} = (4 gn hivf4m)S, (v} exp {—k*(v)z} dz. (5)
Integration of tho lutter equation over x then yields for the spectral radiance B,(v}
of the outpoing radiation at frequency »

B,(v} = (Aynihef4m)8 %) [1 — exp {—k*(e)}]{R*¥) {8}

Substituting the expression for k*(v) given by Equation (3a) in the denuminator of
the right-hand side of Equation {f), gives

B0 = () (52) (=) 1 — exp (=400 )

Making use of the gencral relationship Letween Ay and By, [11, 12] and substituting
into Equation (7) gives

By = () (D) (e iy )

et [ \ny — (go/miiny
The radiance, B, (in erg 5~! cm~*er-!) of the wholo atom line is obtained by inte-
grating Equation (8) over frequency and so

= f, porer = (557) (L 2R) 4 o

where the net intcgral absorption A4,* is defined by
AF = '[ [l - exp {&*(»}]]d> {10
lino

Fquations (9) and (10} describe the influence of seil-absorption on the radiance ol
the outgoing radiation, while taking the contribution of stimulaled emission exaetly
info account. These equations replaco the previously derived expression for the
sclf-absorption of fluorescence radiation, This previous expression is again foun
from Equations (9) and (10} by neglecting the term {g,/p)n, with respect to #y it
Equation {9) as well as in the expression for k*(v) given by Equation (3a).

Case of fluorescence

When the atomic vapor is upiformly illmminated by a quasi contimnum smred
will speetral irradianee K, {(in erga-lem~= 1z} at r & g and with a speetra
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Landwidtle much larger than the atemic line-width, then {8]

_"'(ﬂ'l-‘i'l__ _-'l- (Pu)

Mg ~ {goftli)ny - F:. ()

if thermal excitation js neglected; E:, is the “saturation parameter” {expressed
as speetval itradiance) defined [8] by

FOE R LITRIIED (12)

where Y = quantum efficiency of fluorescence. Substitution of Lquations (11} and
(12} in Equation (#) yiclda ‘
B = (YH4mE, 4,*. E)

The faclor A,* is, in general, dependent on E,, too, as A* cuntains 2*{») which again
depends on the degree of saturation through the factor {n, — (o910, oceurring
in Equation {#a). The latter factor is found from Equation {11} to be given by

Mo~ Bafgidny = 01 + LEJE N3, + g)lgal (14)

where n,{=s n, + n,) is the total number denxity of atoms.

With conventional light sources, E,, < El s0 tlnt I*(v) and thus A* can o
approximated by k() nnd 4,, respectively, which are independent of B, Therefore,
according to Equation (13), the fluoreseence intensity is simply proportional to the
Ruurce intensity. The dependence of fluorescence intensity on (nyf} is then deseribed
by the usual curve-of-growth theory through the factor Ay

With very high intensity sources, E JE, — o, it can be scen from Equation
{3a) and (14} that, for a given n,, E*(v) = 0. But k*(v) - 0 implies that sclf-absorp-
tion is removed, that is, 4,* hecomes simply proportional to n, [which is found from
the nsual series expansion [3, 10] of the exponential term in Equation {10)]. This
was to he expeeted; under saturntion conditions, the atomic vapor becomes trans-
parent to the resonanee line radiativn which has great analytical value [10].

Cusc of thermal emission radiation

Equation (9) for the outgoing radiation intensity is valid irrespectively of the
particular process{es) by which the atoms are actually excited. It can thus also be
applied in order to derive an exaet expression for the thermal emission radiation
intensity (ie., withoub external light source); in which cuso, the cffeets of scif-
absorplion as well as stimulated emission are taken into account. For this ease, it
is only neeessiry to replaco the ratio Mfng in Equation (9) by the thermal equilibrium
ratio as given by Doltzmann’s law*

th

M = Dexp (—EpT) (13)
LT Jo

* This law is obeyed oxactly only if the fiumo were pluced inside » cuvity at the samo tom.
perature, In practical flames, it is obeyed in ronsenalds spproxXimation at any wtom eoncentra-
taon, if tho fluoroscenco efficieney is not highor than, say 1077 (3, 13],

;\
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From Equations (8) and (15) and substituting B = hv,, the thermal radianco is given
by

senctien €5 {—hvefkT)
B = (2hofer) (1 —exp l_fw,,fw,]) A*

= (2hwy*fet)[exp {Avyfh Ty} —1]-14,". (16)

Accorling to Plancl’s law, the spectral radiance of o blackbody at temperature 7T,
and frequeney v, is given by

B, YT, = (2hv}fc?) [exp {(hrofkT,) —1]) n
Combining Equations {18} and {17}, B' is given by
B = AB, T, (1%a)

Thus, in the thermal case, the effect of stimulated emission js exactly taken into ac-
count, if Equations (3b) and (15) are used in the ealeulution of k*(v), and Equation
(10} is used in the caleulation of 4,*, while using Planck’s law [Equation (17)] for
the blackbody spectral radiance. The criterion for the applicability of the
approximate Wien's law, instead of Planek’s law, results when exp fhvo/kT] > 1,
and holils generally in analytical lime emission spectroseopy. But the same eriterion
also holds for the replacement of k*(v) by (v}, while neglecting in Equation (3b)
the term (27,000} = exp {—hvo/ET;} with respect to unity. The presence
of the (—1) tern in the denominatlor of the right-hand side of Equation (17) is
intrinsically related to the oceurrence of stimulated emission transitions, If
exp {kvo/ETe} 3> 1, then the (—1) term as well as stimulated emission ean be
neglected, and instewd of Equation (18a) the mere conunon approximative expression
for B* is oblained

B a A8, (T (18b}

where the superseript index I refers to Wiens's law,

By series expansion of A,* and 4, to first order of (nol) (ie., for nl —0),
Equations (18a) and {15D) become, in fact identical, This does not hold, however,
to higher orders of approximation. Therefure, it is suggested that wlienever we use
the tern 4, instead of the cxact term A, we should consistently replace Planck's
law by Wien's law, too.

APrENpIX

Derivation of Equation (7) for non-wniform afom distribution

When n, and n, nre assumed to be arbitrary functions of the position coordinate,
z, then also the net absorption cocflicient &*(+) will vary with z [compare Equation
(3b)]. If, however, the otlier initial asswmptions are retained (uniform Mlumination,
flame temperature aned composition}, 8,(v) as well as the ratio ny(@)fnglz) arc imlepen-
dent of place and the same as hefore.
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Instead of Eaguations (5} and (6), the approprinte expressions for & B,(r, #} and
B.(+) are now i
AR (r, 1) = (A7) S vk (a) exp (— Lk'(r, '} e’y de (A-1)
il . .
(0 == (A he[4m)8 fr) [1:1(3?) oxp {— Lk'(r, 27y de'} dx (A-2)
l—“ »

rexpeetively. The latter equation ean be solved by putting: glr) = 7 k*(r, #') do',
g0 that y'(3 dyfdr) = L*{r, r). Equation {A-?) then becomes

i
B0r) = (A4S )k, 21 fLesp (= (a-)
where aecording to Equation (319
RS (v, 2) = cimifzlfmal]} (A-4)

T B8 (001 — (gafr )i ()ng(@))]

which is independent of z, (bocause n,(z)fnyfx) is independent of 2 see above). The
integral:

J'Imcp {—y dx

can he sulved by chouosing ¥ a8 o new integeation variable with o «x = dy. The
inteeral then beeonces

fml exp {—y}dy =1~ exp {—y())} = 1exp {—J:k*(r, ') dx"} (A-5)

Substituting Fquations (A-4} and {A-5), into Equation (A-3), Equation (7) and all
ciuations after Lquation {7} result amain except that exp {—E*(#)} is now replaced
everywhere by: exp {—[§ k*(r, 2'} dz'}.
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EAABRTEAL LRI ALOUMIC AND JONIC FLUORESCENCE
L. INTRODUCTION

Atomic fluorescence spectrometry (AFS) is based upon radiational excitation of
atoms (produced in a suitable atomizer) and measurement of the consequent
radiational deactivation (calied fluorescence). Laser-excited AFS (LEAFS) in-
volves the same processes except that the source of excitation is a laser, and in
most cases of analytical interest, a dye laser. Atomic fluorescence spectrometry
has been of considerable interest to researchers in atomic spectrometry because
of its use for analytical and diagnostical purposes. However, no commercial
AFS instruments are currently available except for the Baird hollow cathode
lamp-excited inductively coupled plasma (HCL-ICP-AFS) system. There are
no commercial analytical LEAFS instruments.

This chapter is concerned strictly with LEAFS. To facilitate the discussion
of principles, instrumentation, analytical figures of merit, and applications of
LEAFS and to conform to rather limited space requirements, the authors will
use primarily figures and tables with minimal textual discussions. The authors
have attempted to give a rather comprchensive survey of the literature available
(up to about January 1, 1984). The references are divided into three main groups:
Reviews (R); Fundamentals (F) of fluorescence; and Instrumentation and Meth-
odologies (I} of LEAFS.

The reader is referred to the previous reviews (see references) on LEAFS.
The considerable intercst in LEAFS s apparent when one considers that it is
within the realm of possibility to detect selectively single atoms in complex real-
world samples. Alkemade (F52) in a classic paper has given an overview of the
principles and achievements of various laser-based methods for single-atom de-
tection (called SAD). He showed the ultimate detection limit is an intrinsic value
dependent on the statistical Auctuations of the atoms within the observation
volume. The intrinsic detection limit is ultimately the limit to quantitative trace
analysis. Various experimentalists have approached, and in fact exceeded, sin-
gle-atom detection within an observation volume that consists of either a beam
UVEN Or a pure vapor vessel, that is, a cell system often not of analytical im-
portance. In more analytically significant cells such as flames, but especially
electrothermal atomizers, detection limits of under 100 atoms/cm’ are obtained
and have been predicied by Omenetio and Winefordner (F33) and by Falk (FS7).

LEAFS is not only a technique with high detection power but also one with
high spectral selectivity. The high spec:ral selectivity is achieved because it is
possible to excile the atomic vapor with a single, narrow-bandwidth line, thus
minimizing problems associated with spectral interferences and stray light that
often plague other atomic methods, for example, plasma awomic emission meth-
ods. LEAFS is certainly a technique worthy of consideration by analytical chem-
ists, and it is hoped that this chapter will provide an impctus to others to work
in this area of rescarch.

In Tables 2.1 and 2.2, a brief review is given of the considerations concerning

Table 2.1, Why Are Dye Lasers of Interest in Atomic Fluorescence
- Spectrometry? .

1. High spectral imadiance

Optical saturation possible (especially in the fundamental region, > 350 nm), and

consequently: ) .

a. Improved limits of detection (assuming noise is not related to source intensity)

b. Increased linear dynamic range (because of reduced self-absorption and prefilter
effects)

¢. Increased precision (because of increased signal levels)

d. Freedom from quenching effects ‘

2. Narmow spectral bandwidth

a. Stray light is minimal
b. Spectral interferences are minimal since it is easy to excite only the wavelength
of the element of interest and also to sclect the fluorescence wavelength,

3. Small beam size, beam collimation, narrow temporal pulses

a. Optimal for small atom reservoirs, e.g., fumnace
b. Optimal for spatial profile of atoms in flames, plasmas, etc.

Table 2.2. Why Are No Commercial Laser-excited Atomic Fluorescence
Spectrometers Available?

1. Complexity of dye lasers
Frequency doubling, frequency narrowing, frequency mixing, Raman shifting,
spatial matching, temporal matching, etc.

2. Expense of dye laser
Equipment costs of ~ $50,000-%120,000

Operational costs of ~ $1,000-$20,000/year depending on amount and kind of
dye used, part replacement such as thyratrons, capacitors, etc.
3. Stability (amplitude) of dye lasers {pulsed)
Pulse to pulse stability can be poor,
4. Wavelength scan difficulties
Difficult to scan wavelength over more than one dye
5. Low UV spectral irradiances, E,
in the ultraviolet region, where doubling techniques (for Raman shifting) must be
used

E, is in general less than that necessary to reach optical saturation
6. Size and special conditions
Dye laser systems are often bulky, nonmobile, and demanding in terms of

utilities (cooling and power requirements)
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Table 2.3, (Continued)

Line
Broadening

Intensity
Expressions

Other?®

nrs

Ysandks 75 and ks

Source?

Reference

lonization by one and

No No

Yes Cont No No

F48

two photons
Extended mode! for

No No

No

Yes

Cont

Yes

F49

saturation in two-
level atom
Experimental

Yes Cont Yes No Yes No

F50

verification
lenization of vapors

Single-1tom detection

Yes Both Yes No Yes No

F51
F52

No No Yes No

Both

No

Key paper
Response time 10

No

No

Yes

No Cont

F53

36

steplike excitation

Expetimental

Yes No

No

Yes

No Cont

F54

verification
Saturation parameter in

No No

Yes Cont Yes No

F55

two- and three-level

atoms
Lifetimes and ¥'s as

Yes Yes No No

Cont

F56, F58

function of height in

ICP
Comparison of methods

Yes No

Yes Both Yes No

F37

= Line or continuum source.

Continuum source, Line = Line source, Both

°Cont =

ples of excitation, deexcitation
cal interest (opinion of authors).

mental means that princi

®Funda

» broadening, etc., are given. Key paper means papers that have

stimulated considerable analysi
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why dye lasers are of interest in AFS and why no LEAFS system are commer-
cially available. These considerations will be discussed at numerous points
throughout this chapter.

Table 2.3, in addition to a few selected books and chapters, lists a number
of papers that have ha, in the author’s opinion, a significant impact in the
analytical development of the technique.

2. PRINCIPLES
2.1. Atomic Fluorescence Transitions

The possible types of AFS transitions with the appropriate designations (F14)
have been described several times in the literature and are shown again in Fig.
2.1 for the sake of completeness. Essentially, all processes shown in Fig, 2.1
have been observed in LEAFS. It should be stressed that the analytical interest
in nonresonance transitions (either direct line fluorescence, DLF, or stepwise
line fluorescence, SLF} exists because of the freedom from scattering problems
{background, background noise). Scatter can be either elasric, for example,
Rayleigh scatter from atoms and molecules or Mie scatter from particles much
larger than the excitation wavelength, or inelastic, for example, atomic and
molecular fluorescence and Raman scatter. It should be emphasized here that
the use of laser excitation for resonance fluorescence, assuming optical saturation
occurs, will degrade analytical figures of merit since the fluorescence signal will
reach a plateau with an increase in source intensity, but the scatter signal and
scatter noise will continue to increase.

2.2, Comparison of Sources of Excitation for AFS

In Table 2.4, a comparison is given of several of the characteristics (figures of
merit) of three major types of dye lasers (excimer laser-pumped dye laser,
nitrogen laser-pumped dye laser, synchronously pumped, mode-locked dye
laser), a conventional light (line) source, and an Eimac xenon arc lamp (300
W). Footnotes are given 1o describe the characteristics in the right side of the
table. It is apparent that dye lasers have much higher spectral irradiances (peak
values) than conventional sources, by factors of 10°-10'%, which will allow
optical saturation in the visible (fundamental region of the dye laser) region and
in some cases in the UV (doubled fundamental of the dye laser). In addition,
their use will result in far fewer spectral interferences than a conventional con-
tinuum source (Eimac xenon arc lamp) or a conventional line source {electrode-
less lamp or hollow cathode discharge lamp). On the other hand, dye lasers are
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F|.g. 2.1. Types :.:f atomic Auorescence transitions (the spacing between atomic levels is not indic-
nu‘ve of any specific atom). {a) RE resonance fluorescence (either process); (b) ERF, excited-stale
resonance fuorcscence; (c) SDLF, Stokes direct line fluorescence; (d) ESDLF, excited-state Stokes

direct line Muorescence; {e) ASDLF, anti-Stokes direct line flvorescence; (f) EASDLF, excited- -

slatf: anti-Stokes direct fine Muorescence; () SSLF, Stokes stepwise fine fluorescence; th) ESSLE
c.lnlcd-slalc Stokes stepwise line Muornscence; (i) ASSLF, anti-Stokes stepwise line ﬂuoresccnt;c:
() EASSLF or ESSLF, excited-state anti-Stokes or Stokes stcpwise line fluorescence: k) TASSLI-:
or TAASSLF, thermally assisted Stokes or anti-Stokes stepwise line Auorescence ('dependin on
whfih.cr the absorbed radiation has shorer or longer wavelengths, respectively, than the ﬂuorcf:cnt
mf]l;lllf)ﬂ); (1} ETASSLF or ETASSSLF, excited-state thermally assisted Stokes or anti-Stokes .su: -
wise line Aluorescence (depending on whether the absarbed radiation has shorter or lonpger wavz-
lengihs, respectively, than the Nuorescence radiation); (m) TPF, iwo-photon exciration flitorescence

fmultiphoton processes involving more th; i i
51 an Iwo identical photons are even less
twi-pholon processes). P provable than the
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more expensive to purchase and operate, more difficult to use, and of poorer
stability than conwentinal sources. '

2.3. Atomic Fluorescence Radiance

! 2 ~ ¥

Expressions for the atomic fluorescence radiance, Br, in J s~ om™ sr™',
in the limiting cases of low source intensity (said to be the linear case) and of
high source intensity (called optical saturation} are given in Table 2.5, with
definitions of symbols. The reader is referred to numerous atticles (F4, F9,
F15, F27, F30, F33) where the above expressions have been derived and
discussed.

Several conclusions or comments can be made based upon the radiance
expressions in Tasle 2.5:

f. In all cases, B is proportional to the analyte concentration.

2. Inlinear AFS (low-intensity source cases), By is proportional to the source
spectral irradiance, E,(vg) and to the quantum efficiency, ¥, of the fluo-
fescence process.

3. In nonlinear AFS (high-intensity source cases), By is independent of source
spectral imradiance, E, (vp).

4. For two-level atoms and for nonlinear AFS, B is also independent of ¥
and, a simple expression results.

5. For a three-level Na-like atom and for nonlinear AFS, B will be inde-
pendent of the collisional rate coefficients provided that the mixing be-
tween levels 2 and 3 is very effective, that is, kyy OF kyy S>> (45, + &)
for 1 — 3 excitation and k;; (or ky3) >> (A, + kyy) for | — 2 excitation.

6. For a three-level Tl-like atom and for nonlinear AFS, B, will depend also
on the gas t=mperature, T, although the dependency is smatl for the 1 —
3 excitation process since exp(—E,2/kT) << 1, but is significant for the
2 — 3 excitation since exp(E,/kT) >> 1.

7. It is possiblz to determine absolute concentrations of atoms (atoms/cm’)
via saturated fluorescence (F21-23, F29-31, F37-39, F40, F44, F46) as
long as the atoms within the observation volume are optically saturated,
and By is measured in absclute units (nse of a calibrated spectrometer-
detector). However, in the case of a three-level atom, the collisional rate
coefficients should be known or their effect should be negligible. In ad-
dition, such measurements require critical attention to the spatial, spectral,
and temporal characteristics of the laser beam and the excited-state pro-

cesses, inclading compound formation, ionization, and so on (see Table
2.3, especially references F4, F29, F32, F35, F36, F38, F19, F44),
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Table 2.4. Comparison of Excitation Sources

Peak Spectral Irradiance Optical
(Wem™am™h Saturati
S Pulse Width oo
ource Fundamental Doubled (ns) Vis, UV
Excimer dye laser 10°-10'" -10°
10°-10 -~
N; dye laser 10*-10" 10%-10® g-fg ;'es. ::
S?'nch pump dye laser 105107 10'-10° 0.005-0.05 "cs:’ .
g:ma::;:!rc 107'-10° 107210 ow No, No
ectrodeless discharge 1073-10"% 1073103 '
- 10 cw No, No

“E = casy, F, = difficult F; = more difficult, F, = i

R . + Py = most difficult, Go = good, Ex = ,
= very low, Gr = great, L = low, Hi = high, Mo, : o Shcelem, VL
low; Lo, = lowest, Lo; = low (higher than Lo,).

b .
Spectral interferences coftespond to those expected when the source is used to execute

Aame or an ICP oms in 8

2.4. Saturation Steady-State Spectral Irradiance, E*

The satu_ration steady state-spectral irradiance E*
ts.pecl:ltral irmadiance, E,, where Br = 50% of the maximum possible value (op-
ically saturated) plateau value, Expressions for E$ are given in Table 2.6. The

saturation spectra] i i s -, - T
Hoo 'y by pectral imadiance, £ (J s~' em™2 nm lyis related 1o E* (J s~ em~?

is the value of the source

Ei0vg) = B . 107 o (3% 10°

where A, is the wavelength of excitation (j i
: : 10n {in centimeters).
ration spectral irradiance values (E; o o ptven ey o S

M) for a two-level atom are given for excitati
w . . Xcitation
avelengths from 200 to 800 nm in 100-nm intervals. It is apparent that optical

N . .
at;n:lnon occurs mqre readily as the quantum efficiency increases (toward unity)
an T;, ¢ wavelength increases (£ » is proportional to AP YTY
i itl:slr:gc;:?:::[pf ll}e satu;ation parameter as well as the pitfalls associated
1on from the expe.imental saturation curves h i
_ ' ave receiv
much attention (see especially references F4, F19, F36, F49 and F35) eived

2.5. Signal-to-Noise Ratio in AFS

The signal-to-noise (S/N) ratios in AF

S h N .
netto and Winefordner (R14 and R17) 0wt b sobed in detil o Ome-

and so will be treated only briefly here.

= moderate but still high, Mo, = moderate bui
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In Atomic Fluorescence Spectrometry”

Wavelength
Range Ease of Use Cost
Spectral

Vis, UY Vis, UY Stability Intecferences®  Initial Operation
Yes, 5215 nm Fi, F; Go VL Mo, Mo,
Yes, 5215 nm F|, F, Go VL Mo, Mo,
Yes, 285-315 nm Fi, Fy Go VL Hi Hi
Yes, Yes E,E Ex Gr Lo, Lo;
Yes, Yes E, E Ex L Lo, Lo,

The noise in LEAFS is determined by the following sources: background (flame,
ICP, furnace) shot and flicker noise; source scatter (resonance case only) shot
and flicker noise; background radical luorescence shot and flicker noise; analyte
fluorescence (and emission) shot and flicker noises; and interferent fluorescence
(and emission) shot and flicker noises. In Table 2.8, some of the flame gas
radicals and molecular analyte species that have been found to fluoresce in flames
are given, As an example, Fig. 2.2 shows a typical molecular fluorescence
spectrum of manganese in an air-acetylene flame. If the analyte excitation-
emission combination is chosen properly, then interferent fluorescence and mo-
lecular fluorescence of flame radicals can generally be avoided. If the analyte
concentration is low (as near the limit of detection), then the analyte-related
noises are minimal. If nonresonance fluorescence is measured, then the scatter
noises {except in cases where stray light could cause problems) are negligible.
If the source is modulated or pulsed and a phase-sensitive or boxcar detection
system used, the background flicker noises can be minimized. Therefore, the
ultimate limiting noise at the powers of detection experimentally measured in
LEAFS (and in AFS, in general) is cell background emission shot noise. In
Table 2.9, detection limits and other analytical figures of merit of LEAFS and
several other atomic methods are given. The detection limits were estimated as
discussed in the footnotes and based upon general calculations by Omenetto and
Winefordner (F33) and by Falk (F57).

Source pulsing and gated detection will often lead to improved detection
limits (and S/N ratios at concentrations above the detection limits) compared to
continuous-wave (cw) operation of the source and detector. Based on work
described in references (R1) and (F25), the expressions and gain factors reported

=



T mrmbt Fluorescence Steady-Stadte Radiance Expression (F30)

General Expression

4
BF = Z;l_' h”m'“ul'nu

Two-Level Atom
Low-excitation irradiance

¢
By = G Ya1E (vp) j k(v)dv
High-excitation irradiance

8y

8 + g

4
By = 3 hvyAyny

excitation is set at A, and fluorescence is measured at .
Na atom type

Low-excitation imadiance (resonance fluorescence)

& E,fl’”)
81 EX(vy)

4
BF{'.'} = ;;"'th"n"r
High-excitation irmadiance (resonance fluerescence)

f -1
BF] = r‘ Au’llf"rlr (] + g—l + —'———kﬁ_____
Ll & Au + k2| + .kz]

High-excitation irradiance (Stokes stepwise line fluorescence)

Bk E (vyy)

[4
B, = i Aphvyny
i~ r 8y + kyy + ky) EMwy)

High-excitation imadiance (stepwise line fluorescence)

dx

f -1
BF{:} = —Auhpzln‘ [l + ﬂz—'-t%L_LEQ + (l + &)]

2

‘ ripts for B,
refer 10 the Auorescence ang absorption transitions, €.8., Br,_, means that laser
=1

Table 2.5 (Continued)

Three-Level Atom

T! atom rype
Low-excitation trradiance {resonance fluorescence)

8K E, (1)
SQEY D + (82781 e'E"’”']

Br{ Ayhvynr

A ax
High-excitation irradiance (resonance Auorescence)

-1
u B .8 gy, An t "‘2)
= — Ayh I+ = 4257007 4 3 12
BF?Z? 4x A l’“M( s B ¢ Iz
Low-excitation irradiance (Stokes direct line fluorescence)

gJE-("jl)
BiES(ry) [1 + (g/g)) e~ 51T

[
BF{-_-] = Ayphvyny

High-excitation irmadiance (Stokes direct line fluorescence)

-1
! 8 &2 —EikT A!! + lt]2)
Br, ., =—A4A L+ 20 4 50 pnfeltT 201 7 70
R 4 n’"'n"r( & & ‘ ka)
[Notg: for the opposite cases, where excitation is at 2 — 3, replace all 2's by 1's and
all 1's by 2's and replace E,; by —Eyy.}
Key to Symbols

t = emission (fluorescence path length), m
hy. = encrgy of emission photon, J
n, = upper (radiative) level population density, m™>
nr = total population density of alf clectronic states of same atom, m™3
£n 8. = statistical weights of lower and upper levels, respectively
k(») = atomic absorption coefficient at frequency », m
E,(v,) = source spectral irmadiance at v 157 m Hz!
E¥(v.) = modified saturation spectral irradiance at »,,, J s=! m~2? Hz""!
Ay _ 8xhr),
B Bm'ynrl B ('2 Yul'
B. = Einstein coefficient of induced emission, s™' (/m® Hz)~!
k = pseudo-first-order radiationless nte coefficient between levels shown, s™'
A == Einstzin coefficient of spontancous emission between levels shown, s~?
E;y = encrgy separation between levels | and 2,1
& = Boltzmann constant, J K~' atom™!
T = temperature of gas, K \:\
¢ = velocity of light in vacuum, m s™!
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Table 2.5 ( Continued)

Assumptions Necessary 1o Obtain Expressions

L. All expressions are for low optical densities of analyte (no self-absorption)

2. Prefilter and posifilter (self-reversal) effcets are absent. .

3. Rate equations approach is valid (no cohcrent eflcets).

4. Analyte atom concentration and cell tempe
Name} dimensions.

5. Source of excitation is a co
(8N, > 6A,).

rature are constant over the cel] (e.g.,

ntinuum with respect to the absorption line widih

‘ Quantum Efficiencies, Y
Two-level atom

A
Yy = 2t
ky + Ay
Three-level atom Na-like
Y, = Ay

Ay + ky + kyy) (l - kyakas
A + ke + kyp) (A2 + Ky + kyy)

YZI = Au
(A2 + kyy + kyy) (1 -

Kyzkyy
U + kyy + k3 (4, + kyy + ky)

Three-level atom Tl-like

A
¥y = y N Yy = An .
n Ay +oky + ok, An + Ay + &y, + k3

Table 2.6. Saturation Steady-State Speciral Irradiance E} ()

Two-level atom

c
N P Y Y S .
" (le) (A'l + 1,'2) Koy + And = (’l "_'_&TJ) "

Three-level Na-like atom

] . -1
Ea=m B8 +—~—~5’———)

Ky ok ok + A,
Three-level Tl-tike atom

E),, =F: 81 (l + 8 An k)
£ ky,

B3
“See Table 2.5 for definition of all terms and units.
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Table 2.7. Saturation Steady-State Spectral
Irradiance Values for a Two-level Atom (g, = g,)*

F ) U s em™Yy

Ao (nm) am~')
200 2.5 x 10%Yy,
300 3.0 x ]04’}’1'
400 7.0 x 10°Y,,
500 2.5 x 10%1,,
600 | 1.0 x 10771,
700 4.5 x 10711y,
800 2.0 x 10%Y,,

“Yy = fluorescence quantum cficiency.

Table 2.8, Molecular Fluorescence Observed in Flames with Laser Excitation

Fluorescence

Species Excitation (nm) (nm) Transition Reference
C, 473.7, 516.5, 563.4 500-670 A~ X°n a
CH 387.2, 431.2 390-450 B’L « X1 a

187.2, 431.2 420-500 A'A < X a

CN 388.3, 421.6 300-700 BT « x'n a

OH 306.4 280-350 AL - X1 a

BaCl 506-532 506-532 CHI « X't b

BaO 480-540 480-560 A't « X't b

BaOH 480-540 470-550 b

700-850

CaOH 540-560 540-660 BX « Xt ¢
590-650 540-660 AMI ~ XL

SrOH 620-630 600-700 B'X « Xt €
AMI « XL

CrO 570-605 605-680 AT~ X°L c

MnO 585-59] 585-591 ¢

YO Ay, ~ X'E 594-628 AT - X’ d

2. 1)and @ (0, O

“K. Fujiwara, N. Omenetto, J. D. Bradshaw, 3. N. Bower, S. Nikdel, and J. D. Winefordner, Spectrochim,

Acta, 34B, 317 (1979), and references therein cited.

*H. Haragucks, §. 1. Weeks, and J. D. Winefordner, Spectrachim. Acta, 35A, 391 (1979), and references

therein cited.
"M. B. Blackbum, J. M. Mermet, and J. D. Wincfordner, Spectrochim. Acta, J4A, 847 (1978),
therein cited,

and references

“*T. Wijchers, H. A. Dijkerman, P. J. Th. Zeegers, and C. Th, 1. Alkemade, Spectrochim. Acta, 35B, 271

(1980).
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Fig. 2.2, Comparison of motecular emission angd muolecular Ruorescence of MnO in an Ar-0,-H

flame (Table 2.8, ref, ¢). ame emission:
o ¢). MnQ Bame cmission; MnQ flame Nuorescence (laser excitation at 587.9

(l;'(l: [Tab!e 2.10 have _bccn derived. In general, in those cases where the noise is
crmined predominately by the cell background, it s possible to obtain an

Table 2.9. Comparison of Laser-excited Atomic Fluorescence Spectrometry
with Other Atomic Methods

Lop® Spectral? Matrix*
: Method® Cell {(atoms/cm*) LDR¢ Interferences  Interferences Cominents
LEAFS  Flame ~10° ~10°% + ++ Background
: ICcp ~10° ~10%x + + shot noise
: fummace ~10° ~10°X + ++4+
XEAFS  Flame ~10° ~10°x +++ ++ Background
shot noise
HCAFS/ ICP ~10’ ~10°x ++ + Background
: shot noise
LEIS Flame ~10° ~10%% ++ +++ Background
: current shot
i noise
AAS Flame ~10* ~10°x ++ ++ Source Shot
' . noise
; Fumace ~10¢ ~10PX ++ ++++  Source shot
! noise
'AES o ~10 ~10°X  ++++ + Background
| shot noise
:‘LEAFS = Laser-¢xcited atomic fluorescence spectrometry with flame or ICP as cell

XEAFS = Xenon-excited atomic fluorescence spectrometry with Bame cell

|HCI\FS = Puised hollow cathode lamp AFS with ICP cell

tLEIS = Laser-enhanced icnization spectroscopy in flame cell

AAS = Alomic absorptior spectrometry with flame or furnace cell; source could be hollow cathode lamp or
acnon arc with high-resolution spectrometer (echelle)

AES = Atomic emission spectrometry with ICP source/cell.

{ *LOD = Limit of detection in atomsfem’, Values calculated by Omenctio and Winefordner (F33) and by Falk
(F57). Values are averages of those obtained for typical experimental conditions.

‘LDR = Linear dynamic range, i.c., range of linearity of calibration curve = CJC, where C, = upper
concentration which is witkic 5% of lincarity and €| = limit of detection. The LDR values represent exper-
imental values.

“Spectral interferences = seectivity of method to spectral interferences, + + 4+ + = many spectral interferences
and + = few spectral interferences.

"Matrix interferences = selectivity of method to matrix interferences. 4+ 4 4+ = mzny matrix interferences
and + = few matrix interfe-ences. In case of furnace AAS, some of the newer methods (platform vaporization,
| probe vaporization, and capacitative discharge represent ways to minimize such intereferences).

/The LOD was estimated by assuming the same conditions as in (F33) for the electrodeiess discharge lamp
excitation cxcept that the dwty cycle was taken as 75 and the average hollow cathode irradiance was assumed

to be the same as in the dc operated lamp used for the calculations in (F33).
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Assumptions’
pulse of width r_,
for backgrouid, £,

pectrometry
flicker nnise factor
power so that £,

-_— —

scarter would increase f;

peak {aSSuming a rectangular

1 (Refm)
1 (Refn)
1 (Refn)
ce; £

.pu/ s.cwﬁp

Gain Factor®
= background flicker noise.
M E,

E,

p can be pulsed at sufficient

; ched or else source
SIS the mavimim valus 1o be substituicd i die abive &quations.

ground irradian
roughput,

pu + .ﬁpEb

Py + ﬁth
of pulsed source

average back

S/NY

i Ey
untng for optical th

(iii) sareration is not rea

s.cwfshEb
cowl EsEg

E,

KE, Wty fi B,

KIEs.cw', Es.:w + Eb

K\E, o /VE,
KIEs.pul Es
E, . /EE

K,

E,
pulsed source with a duty cycle of fr

T assymetry;

pulsed source.

ime); ga = gated detector,

hot noise

+ Source-flicker = source flicker noise: bkgnd-flicker

v = average excitation irradiance

ree; E,
peak pulsed source irradiance

oiie; K = propoitiviallly factors acco
ew/cw case for each type of noise.

Noise Type®
); pu

Source/bkgnd-shot
Source/bkgnd-shot
Source/bkgnd-shot
Bkgnd-flicker
Bkgnd-flicker
Source-flicker
Source-flicker

paak —

i
.pu PCCESSATY to achieve saturation repre:

» shift in the spectral line o

plions conceming pulsing. (i) the

related
reversal

Type®
cw
ga
ga
cw
Ba
cw
ga

Detector
source and background s

average excitation irmadiance of cw sou

T i '
able 2.10. Benefit of Using Pulsed Sources and Various Detection in Atomic Fluorescence §

ys with respect to the

cw
There are other inherent assum

Type®
pu
pu
cw
pu
Cw
pu

Source
continuous wave detector (on all of the 1

source/bkgnd-shot

JE‘. ow =

flicker noi<e factor for source

“Gain factor is alwa

s

i
m
Im

cw = conlinuous wave source {on all of the time,

seconds, and a repetition rate of S Hz)
the fluorescence. Also, the value of E,

the pulsing does not cause self-

Case
o
Cw

b
c

3. INSTRUMENTAL AND METHODOLOGICAL CONSIDERATIONS 49

No gain (enhancement) of S/N ratio occurs for those cases where the noise is
associated with the analyte Auorescence and/or with the source intensity (e.g.,
analyte fluorescence, scatter, interferent fluorescence, flame radical Auores-

cence).

2.6. Fluorescence Growth Curves

Although no expressions were given in the fluorescence radiance section for
high optical densities of the analyte, it is well known (F4, F9, F33) that, because
of self-absorption, a plot of log By versus log ny {(where np is the total atomic
population density, Table 2.5) will have a slope of zero at high optical densi-
ties if the excitation source is a spectral continuum with regards to the absorption
profile, which is the case of the dye laser considered here (and of most dye
lasers). It is clear that the linearity of the analytical luorescence growth curve
will be extended when using a laser compared t9 a conventional source because
the detection limit, when the noise is not source related, will be reduced, and
because, if optical saturation can be achieved, self-absomption is minimized.
Therefore, it is not unreasonable for an analytical growth curve to extend over
6-8 orders of magnitude for LEAFS as compared to 4-7 orders of magnitude
for the same excitation wavelength and the same element in the case of con-
ventional (linear) source AFS.

Of course, experimental analytical growth curves are plots of S, that is, the
fluorescence signal due to By versus C, which is the analyte concentration in-
troduced as a nebulized aerosol into the atomization cell (lame or an ICP). The
log Sf versus log C curves generally do not extend over as many decades
{perhaps 5-7) as the log By versus log ny curves because: (i) detector saturation
may occur at large By values and (ii) the analyte concentration in the cell, ny,
may not be linear with the sample concentration C in the solution. In the case
of lame and ICP atomization, this is due to a decrease in nebulization efficiency,
solution transport rte, and solute vaporization efficiency with increased con-
centration of sample solution. For electrothermal atomizers, it is due to a de-
creased atomization time and decreased vaporization and atomization efficien-

cies.

3. INSTRUMENTAL AND METHODOLOGICAL CONSIDERATIONS
3.1. Instrumentation

A LEAFS instrument is basically an AFS system with a dye laser source. There
are two major types of LEAFS instruments; a pulsed dye laser, cell, emission
monochromator-photomultiptier tube with boxcar averager (sce Figs. 2.3a and
2.3b) and a modulated cw dye laser {usually Ar laser-pumped dye laser), cell,
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§ g ' I &> Fig. 2.3b. Schematic diagram of pulsed laser LEAFS instrument. Laser is a flashlamp dye laser.
£ 32
Y 20 | ' g %
| =Y emission monochremator-photomultiplier tube with phase-sensitive detection
d . . 5 .
' | 2s (see Fig. 2.4), No attempt will be made here to describe the operation of pulsed
- rss or modulation systems, or of detection systems; the reader is referred to other
£
a S I 13 references. ‘
v 2 a4
52 ' 5| '3
=] .
! ot | w33 3.2. Analytical Figures of Merit LEAFS
w5 £
) @ P
| ! Table 2.11 collects several experimental apers on LEAFS. In addition to the
- pe p
| c > ! instrumental compcnents used in each reference, the types of analytically sig-
o™ - [
L E £ I nificant results, suchk as the number of elements measured, the presence of limits
—————— _———l of detection, linear dynamic ranges (calibration curves), and the application to

real samples are alsp given,
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Comments
considerations

Shon torch

in blood

Direct determinarion
Scattering correction
Scattering correction

Generzl

excimer laser-pumped dye laser.

No
Yes
Neo
No
No
No

LDR  Applic.

No
No
No
No
No
No

Analytical Results

LOD
Yes
Yes
No
Yes
No
No

Elements
V.Y, Zr
Pb
Na
Many
Na
Na
argon ion laser-pumped dye laser; Exc-DL

Pb, Si, Sn, Ti, TI,

Table 2.11. (Continued)
Al, B, Ba, Ga, Mo,

Modulation-
Detection

Lock-in
Lock-in

Boxcar
Boxcar
Boxcar
Boxcar
Lock-in
Boxcar

Cell

ICP

Flame, fumace
ICP, flame

Graphite cuvette

Flame
Flame
Flame
Flame

ICp
pumped dye laser; FDL = ﬂash[amp—pumped laser; ADL

Laser
System®
Exc-DL
Exc-DL
Exc-DL
Exc-DL

ADL

NDL

ADL

ADL

155
156
158
159
160
161
162

“NDL = Nitrogen laser-

References

3. INSTRUMENTAL AND METHODOLOGICAL CONSIDERATIONS 57

3.2.1, Limits of Detection with LEAFS

Table 2.12 collects the best detection limits, in concentration units (ng/mL) so
far achieved by LEAFS in either flame or plasma atomizers, together with the
linear dynamic ranges obtained and the best combination for the excitation and
fluorescence lines. In Table 2.13, these limits are compared with limits of
detection by several other atomic methods: Atomic fiuorescence flame spec-
trometry with conventional line sources (AFS-line); atomic fluorescence flame
spectrometry with conventional continuum source (AFS-continuum); atomic ab-
sorption flame spectrometry (AAS); atomic emission spectrometry with induc-
tively coupled plasma (ICPAES); and laser-enhanced ionization spectrometry in
flames (LEIS). In Table 2.14, the best limits of detection in absolute limits (in
picograms) for LEAFS with a graphite filament electrothermal atomizer are
compared with EAAAS (AAS with an electrothermal atomizer), which has been
the ‘‘star’’ of analytical methods for absolute elemental detection Iimits.
Although current concentration and absolute detection limits by LEAFS have
not yet reached those predicted (F33, F57), they are nevertheless highly com-
petitive with the best values achieved by other atomic (elemental) methods. The
concentration limits of detection in LEAFS approach the values calculated,
assuming background (e.g., flame) emission shot noise. If the background can
be reduced (as in electrothermal atomizers), then it should be possible to lower
the detection limits by ~ 10°x, assuming the ultimate limiting noise level, that
is, detector shot noise, can be reached. Experimentally, with carbon rod at-
omizers, ~ 10° atoms of lead per cubic centimeter have indeed been detected

(148, 156).

3.2.2. Analytical Calibration Curves

In Table 2.12, the linear dynamic ranges of LEAFS (flame) are listed along
with-the limits of detection. The linear dynamic ranges in LEAFS (ICP) are
similar. As an example, Fig. 2.5 shows two typical analytical calibration curves

for Sn and Ni.

3.2.3. Precision

The precision (percent relative standard deviation) in LEAFS is generally slightly
poorer than that achieved by AAS, ICPAES, and conventional source AFS,
mainly because of the pulse-to-pulse stability of pulsed dye lasers assuming no
optical saturation. The precision is limited to ~3-5% for a 1-s integration time.

In Fig. 2.6, a typical precision curve for Fe is given (138).



Table 2,12, Concentration Detection Limits (Aqueous Solution) Obtained b
Laser-excited Atomic Fluorescence Spectrometry Y
Laser-Excited AFS<
Efement Aol Ag® Type of AF* LOD(ng/mL) LDR
Ag 328.1/328.1 RF 4
Al 394.4/396, | S-DLF 0.4 2
Au 267.6/242 .8 TA-AS-SLF 4‘ S_S
B 249.6/249.7 S-DLF 4 :
B.a 455.4/614.2(i) S$-DLF 0.7 ~
Bi 306.8/306.8 RF 3. SH—Z
Ca 422.7/422 1 RF 0.01 5.
Cd 228.8/228.8 RF 8. s
Ce 371.6/294.1(3) TA-AS-SLF 500 >
Co 357.5/347 .4 AS-DLF 19 5_
Cr 359.3/359 3 RF | i
Cu 324.71324 7 RF | So
Dy 364.5/356.3(i) TA-AS-SLF 300 >
Er 400.8/400.8 RF 500 _
Eu 459.4/462 .7 S-DLF 20 _
Fe 296.7/373.5 S-DLF 30 6_0
Ga 403.3/417.2 S-DLF 0.9 5‘
Gd 336.2/376.8(i) E-S-SLF 800. !
Ho 405.4/410.4 S-DLF 100 _
In 410.4/451,1 S-DLF 0.2 6-_
lr. 266.5/406.9 S-DLF 9 . 3
Li 670.8/670.8 RF 0.5 .3
Lu 465.8/513.5 S-DLF 3 000. -
Mg 285.2/285.2 RF " 02 6.
Mn 219.51279.5 RF ¢ 04 .
Mo 313.2/317.0 S-SLF 5' T
Na 589.0/589.0 RF 0.1 3
Nb 405.9/408.0 E-S-SLF | 400‘ >
Nf:l 463.4/489.7 S-SLF 2'000 _
Ni 311.2/342.0 5-DLF/S-5LF ' 2 6—0
Os 442.0/426.1 TA-AS-SLF 150,000 :
Pb 383.31405.8 S-DLE ' 0.02 _
Pd 324373404 E-S-SLF 1 - .
Pr 422.5/430.6¢i) S-DLF 1,000 o0
Pt 264.7/270.2 S-DLF ' 0.7 C
Rh 369.2/350.2 TA-AS-SLF IOU. o0
Ru 287.5/366.3 S-DLF 2 ¥
Se 391.2/402 4 E-S-SLF 10 -
Si 288.1/251 .6 E-AS-SLF 1 -
Sm 367.4/373.9(5} S-SLF 100 _

58

3. INSTRUMENTAL AND METHODOLOGICAL CONSIDERATIONS 59

Table 2.12. (Continued)

Lascr-Excited AFS™

Element Al A" Type of AF* LOD(ng/mL) LDR
Sn 300.9/317.5 S-DLF 3 —
Sr 460.7/460.7 RF 0.3 5.0
Tb 370.3/350.9 ? 500 -
Ti 307.8/316.2(i) E-S-DLF 1 —_
307.8/316.8(i) E-TA/S-SLF 1 : -
TI 276.7/352.9 S-DLF 0.8 -
u 409.0/385.9 AS-DLF 20 —
v 268.8/290.8(i) S5-DLF 3 —
Y 508.7/371.0() E-AS-DLF 0.6 -
Yb 398.8/346.4 TA-AS-SLF 10 —
Zr 310.6/256.8(i) E-AS-DLF 3 -
310.6/257.1(i) E-AS-SLF 3 -

“N.Aq = excitation and fluorescence wavelengths, in nm. (i} means iohic fluorescence,
*RF = resonance fluorescence; DLF = direct line fluorescence; SLF = siepwise line fluorescence;
S- = Stokes; AS- = anti-Stokes: TA = thermally assisted; E = excited states; LOD = limit of

detection; LDR = linezr dynamic ranges, number of decades.
‘S, I. Weeks, H. Hamguchi, and J. D. Winefordner, Anal. Chem., 50, 360 (1978).
“N. Omenetio, N. N. Hatch, L. M. Fraser, and J. D. Winefordner, Anal, Chem., 45, 195 (1973);
N. Omenetto, N. N. Haich, L. M. Fraser, and ). D. Winefordner, Spectrochim. Acta, 28B, 66
(1973}, These values were obtained with one of the first lasser experimental Auorescence setups and

can be considered, for some elements, of historical interest,
“N. Omenetio, H. G. C, Human, P. Cavalli, and G. Ressi, Spectrochim, Acta, 39B, 115 (1984},

’S. Kachin, B. W, Smith, and J. D, Winefordner, Appl. Spectrose., 39, 587 (1985).

3.2.4. Spectral Selectivity

The spectral selectivity of LEAFS (also see Table 2.9 for a comparison with
other atomic methods) is the highest of all atomic methods, perhaps all methods
for analysis of elements. The high spectral selectivity rests with the extreme
excitation selectivity based on single-line laser excitation and upon emission
selectivity (selection of the fluorescence wavelength to observe the AFS signal).
In Fig. 2.7, the excitation spectrum of Na is given (Fig. 2.7a), which indicates
that a dye laser with a bandwidth {(FWHM) of ~0.03 nm allows selection of
either of the Na-D lines for excitation. In this case, as shown in Fig. 2.7b, the
emission monochromator’s bandpass was quite large, here 1.6 nm, to allow
measurement of the fluorescence from both Na-D lines, since mixing collisions
in the flame populate both Na-D states. Of course, the monochromator bandpass
could be reduced to resolve the two lines, thus adding to the selectivity of the

method.
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Table 2.14. Absolute Limits of Detection (Aqueous .
Solution) by Laser-excited Atomic Fluorescence
Spectrometry in Graphite Atomizer and by
Electrothermal Atomizer Atomic Absorption
Spectrometry (EAAAS)

LOD (pg)
b
Element Laser AFS” EAAS
Ag 0.1 04
Co 0.06 3
Cu 0.15 2
Eu 300 2,000
Fe a1 5
Ir g ) 2,00(:
Mn X
Na 0.6% 50
Pb 0.0015 2
Pt 120 200
Sn 5% 0.6
Tl 0.1* 4

“All valees from M. A. Bolshov, A, V. Zybin, and L. [. S'mm:nkn.'lal;
Spectrochim. Acta, 36B, 1143 (1981) except for th?se wu-h + wh:;

are from P, Wittman, University of Florida, Ph.D. dissertation, 198] .
and for those with *, which were taken from H, G: C: Human gt ?l.,
Spectrochim. Acta, J9B, (1984). It is worth mcnlmrfmg that‘s:mllar
results were also obtained by ). Tilch et al., Proceedings of **Analy-
likteffen 1982, Neubrandenburg, PDR, November, 1982,

*Data from commercial literature (Perkin-Elmer, HGA-2100).

A good example of the much greater spectral selectivity of LEAFS (I:EnAt:;
ICP) compared to ICPAES is given in Fig. 2.8. In .the top system, the L .
spectrum of Y(II) in an iron matrix (100 pg/mL Y in 5000 ug/mL Fe) is FlYe:
in the range =370-372 nm, and in the bottom_ spectrum, the ICPAES emissio
spectrum is given. It is quite obvious that in the ﬂuoresc.ence spectrum no
problems arise with spectral interferences from Fe, whereas in the lowerIeTls-
sion spectrum, Fe emission at 371.030 rm overiaps the 370.925 nm .Y(l ) |_mf
(154), and one has therefore to search for another (perhaps less sensitive) emis

sion line,
3.3. RF-ICP versus Flame Cells for Fluorescence

The flame has been used as an atom reservoir in most of the previous studies
involving laser excitation. However, several publications (153, 154, 156, 157)

6% I
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Fig. 2.7. Excitation and fluorescence profile of Na-D lines {at 589.0 nm and 589.6 nm) in an air-
acetylene flame (126). The monochromator slit width was 0.8 mm in both cases. (2) Profile observed
by scanning th: dye laser (excitation spectrum); (b) profile observed by scanning the emission

monochromatos (emission spectrum).
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Fig. 2.8. Comperison of emission and fluorescence spectra of yttum in an iron matrix. Conditions:
100 pg/mL Y in 5000 ug/mL Fe; RF power = | kW; 15 mm observation height above lead coil
using conventional short torch; emission slit widith = 0.02 mm (0.04 nm bandpass} and fluorescence

slit width = } mm (2 nm bandpass) (154).
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4. EPILOGUE
o Vo Tuned Dye
Regicn Laser
—_—
Ablation
% Plume
Ablation

Target ) e Loser

Photo -

detector

Fig. 2.9. Trace (element) analyzer based on taser ablation and selectivity excited radiation (redrawn

from 134),

from the previous discussion. No attempt will be made to give a detailed eval-
uation of the use of LEAFS for average (multiple pulses) and single-pulse tem-
Perature, absolute concentration, rise velocity, and quantum efficiency mea-
surements. The -eader is referred to several excellent discussions of these
parameters in the fundamental references (F4, F5, F9, F20, F21, F26, F28,
F32, F33, F37, F40-42, F44-46, F50, F54, and other references in various
Jjournals, but especiaily Appl. Optics). The laser characteristics of vital impor-
tance for such stidies include: high peak spectral irradiance (optical saturation
possible); short pulse width (single pulse measurement possible); collimation

and small beam size (spatial resolution possible).

4. EPILOGUE

early workers on LEAFES is still present.

However, the researchers of LEAFS have become more realistic in recent years
on where LEAFS will find analytical usefulness (refer to Tables 2.1 and 2.2).
In Table 2.16, a summary of the present status of LEAFS for analytical use is

given.

The great excitement evident in the

VST



Laser-excited

s in Different Materials by

2.15. Determinatijon of Various Element

Table

Atomic Fluorescence Spectrometry

Reference

Certified Value

LEAFS Analysis

Element

Sample

138
139

75 1 1 nglg
44 + 1 ngig
147 + 8 up/g

78 ng/g
50 + 2 ng/g

Fe
Ni

)

waters (SRM-1643

Trace elernent jn

138
139
138
139
138

65 + 5 uglg
8+ 0.3 pgrg
42 + 0.1 nglg
624039

0

£/g
2/g
%

66 + 3 pglg
0.7+ 02,

4.1 £ 0.1,

6.2 + 0.2

Fe
Sn
Sn
Ni
Fe

(SRM-396)

(SRM-394)
Fly ash

Unalloyed copper
Unalloyed copper

68

139

98 £ 3 ugrg

99 + 3 ugrp
8-40 1g/100 mL

(SRM-1633)

Blood

158

107% 104

149

Fc, CO. Cu

Soil extracts
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Table 2.186. Where Will Laser-excited Atomlic Fluorescence Spectrometry Find
Analytical Usefulness?

v —r——— = -

. Specialized analyses where improved sensitivity, detection power, and spectral

selectivity needed.
Optimiza ion studies where combustion (plasma) diagnostics needed (temperature

2.
profiles, species profiles, deexcitation rate constants).

3. Spatial profile studies where sample is ablated by a separate means and plume is
then excied.

4. Remote-sensing analysis, where the sample (solid, liquid, gas) can be directly
addressec with a laser beam,

5. Semiguartitative absolute analysis, where calibration standards are not available.
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Laser excited analytical atomic and ionic flucrescence in Mames,
furnaces and inductively coupled plasmas—]I. Geheral considerations*

N. Omenerto and H. G. C. Humant
Joint Rescarch Centre, Chemistry Divisron, 21020 Ispra {Yarese), Naly

(Received 1 January 1983)

Abstract ~Several important parameters for the analytical use of laser excited fluorescence spectrometry in flames,
graphite furnaces and inductively coupled plasmas are discussed in some detail. These parameters include the laser
characteristics such as peak power. pulse duration, spectral bandwidth and repetition rate, the choice of the
excitation line, the optical arrangemeni and the detection system, this las one centred on the widespread use of 1he
boxcar averager. It is shown that, if the ultimate sensitivity is the goal to be achizved, then the choice must be the
electrothermal atomization, However, even for flames and induclively coupled pl. fent results are possibl

provided thai: (i) the laser system allows complete speciral coverage in the ultraviolet: (i) saluration of the
Auorescence sigral can be approached over 4 large sample volume; and (iii) the gated detection parameters gnd the
laser repetition frequency ase optimized with respect to each other 10 as to reach the Fiaximum signal-te-noise ratio.

1. IntTroODUCTION

Laser induced fluorescenc has gained a firm reputation as one of the most attractive tools for
studying the complicated dynamics of combustion processes [1-3]. In fact, fike all
“scatlering” methods, ¢.g. Raman techniques, it is intrinsically characterized by high spatial
resolution, thus providing local data without the necessity of sometimes inaccurate Abel
mnversion procedures. In addition, with pulsed laser excitation, temporal resofution is also
possible.

From an analytical point of view, the technique of laser induced fluorescence has been
applied to atomizers such as atmaspheric pressure flames [4-17], graphite furnaces [18-23].
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inductively coupled plasmas [24-26] and other types of atom cells [27-31). In flame and
plasma work, some carly results as welt as some of the recent ones are of rather discontinuous
quality, the detection limits being in several cases inferior to those given with the same or
similar experimental facii ties by either atomic emission or atomicabsorption. Asa result, one -
is led o reach the disappeinting conclusion that, in practice, the technique of lascr induced
fluorescence does not represent the significant improvement over the other analytical
techniques as it was theoretically predicted and repeatedly emphasized in the literature. On
the other hand, the results published by Bosuov et al. [22] and by Tircu et al. [23] for
electrothermal atomizatioh and pulsed laser excitation represent the best detection limits
obtained so far for the elements investigated. Furthermore, recent experiments carried out in
the authors’ laboratory [32], while confirming the detection limits published for graphite
atomizers, have shown that the combination of pulsed laser excitation and the inductively
coupled plasma as atomizer/ionizer allows very low detection limits to be reached for all the
refractory elements investigated. In addition, the sensitivity in the separated air-acetylene
flame is more than adequate for solving scveral analytical problems, such as the direct
determinalion of lead in whole blood, which up to now is almost entirely carried out by
graphite furnace atomic absorption [33].

The experimental details of our laser set-up as well as an extensive characterization of the
fluorescence process for several elements atomized/ionized ina commercial argon inductively
coupled plasma will be deseribed in the second part of this work. This first paper is intended
to eviluate in some details and in an unified manner all the theotetical and experimental
parameters of imporiance in a laser Auorescence set-up. The discussion is centered on a
pulsed laser system, but most of it applies equally well to continuous wave laser excitation,
Due to the extensive literature on the subject, some parameters have already been discussed
clsewhere. However, the treatment is spread in several publications and, more important, the
role played by different parameters has been, in the authors’ opinion, cither overemphasized
or ovetlooked.

Four main topics will be treated, namely: {i) the laset as well as the atom characteristics
{power, pulse duration and bandwidth for the laser and absorption oscillator strength and
wavelength of the transition for the atom), (ii) the optica! arrangement; (jii) the atomization
system and finally {iv) the detection system.

The laser is assumed to interact with all absorbing atoms. This is justified if the spectral
bandwidth of the laser is much lacger than the atomic absorption profile (continuum source
casej or, in the case of monochromatic excitation, if the velocity changing collisions in the
atomizer are so frequent that the otiginal monokinetic sets of atoms are forced to absorb
everywhere within the absorption profile. This is tantamount to saying that inhomogeneous
broadening (due 10 the Doppler effect) does not need 10 be considered. In addition, coherence
effects [2, 3, 34] are neglected and the atomic vapour is optically thin so that filtering (self-
absorption, pre- and posthilier) effects can safely be disregarded.

2. Tue Privary Exciramion Step

2.1. Atainment of saturation
Itis wetl known that the fluorescence signal does not'respond linearly to very high values of
the excilation source irradiance, rezching a plateau as 2 consequence of the saturation of the
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tramsition [2. 3, 35, 36]. Under these conditions, the flvorescence radiance will be maximal
and indcpendent of the laser irradiance. Saturation will be approached when the radiative
transition rate, which is given by the product of the Einstein coefficient of induced absorption
and the spectral energy density of the laser source, will become comparable 10 the collisional
quenching rate of the exciled level.

By using the classical relationships between the Einstein cocfficients and the definition of
spectral irradiance, we obtain for the radiative excitation rale, Ry, (s '), from the lower level, 1,
Lo the upper level, 1, of a transition, the following expression

Re=2 a4y (2 Y £ 0 i
™ T\ Bkt S
where
. g1 = statistical weights of upper and lower levels;
A, = Eanstein coefficiem of spontanecus emission (s~ 1),

(9. fuul1.5410,). where f, is the absorption oscillalor strength of the
transition [ — u;
#u = wavelength of the absorbing transition at the line centre [cm);

h = Planck constani (Js);

¢ = velocity of light {cms™');
E,(44) = spectral irradiance of the laser source {Js™*em~fem” 4
(Q/A1,5,34,), where @ (1) is the cnergy of the laser plse of duration Ae{s),
5, is the ltaser cross-section a1 the alomizer (cm?) and 84, is the laser spectral
bandwidth (cm),

BQT = @ = laser power or laser Aux (W).
i

By substituting the values for the fundamentat constants, the rate expression becomes

_ 10f 9 s @
R, =67%10 (m)A.,A,S‘M. {ta)
[t is then clear that the absorption rate increases with the fifth power of the wavelength and
proportionally to the Einsicin coefficient of spontancous emission. As a conscquence, as il
was repeatedly pointed owl [2], saturation will be more difficult 10 achieve for weak
transitiens and/or lor ultraviolet transitions.

Table | collects the values of the radiative absorption rates per unit laser spectral irradiance
for several elements Logether with the values of the abserption oscillator strength and the
spontancous emission probabilities of some strong transilions. As one can see, these values
span from 1.4 x 107 * for rubidium at 780.023nm10 5.5 x 10~ * for nickelat 232,003 nm. This
means that a laser spectral irradiance of approzimately 10'® W cm ™ ? cm ™ ? will be sufficient
to approach saturation for the rubidium alomic transition while this value should be
increased by more than three orders of magnitude for the ultraviolet nickel resonance line.

Onc should then seek for the maximum altainable spectral irradiance and therefore laser
power has to be maximized rather than the pulse energy. This in turn means thal the duration
of laser pulse plays a very important role. Shott laser pulses might be more dilficult to handie
for efficient signal detection (sce later) but help in approaching saturation conditions. [n
addition, whenever an atomic system has a metastable level that can accumulate atoms, then
the number of photons emitied by the atom during the interaction time with the laser beam
decreases drastically, thus making longer excitation times ineffective [22]. The same
consideration hoids for the well-demonstrated side effects such as ion formation [37] and
enhanced chemical reactions [38). In order 1o extract useful signal from all the atoms, the
excilation pulse must be shorter than the reaclion Lime of these processes. For diagnostic

[35] E H. PireMerca. Specirockim. Acta 278, 431 (1972)

[36] E H. Pitrmewn, Specirovkim. Acia 278, 445 (1972),

[37] 1 € Tnavis. G €. Tuak and R. B. Guern, Anal Chem, 54, LO0OA (19K2).

[38] € H-MuirLen. K. SCHOHELD and M. STEINRERG. J. Chem, Phys. T2, 6620 (1980),
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Table | Radiative absorpticn rates per wnil laser speciral irradiance for several sirang atomic and icnic
transiions®

Transition Wavclength Ay R./EL,)
Elemem -u) {nm} S (10"~ 7'W iemlem)

Ag 18, =Py, 128,068 09 14 710 x 10"
Al P18 394,403 028 05) 34y 1074
Au 1850, =P 242,795 06 17 192w 104
Ba 5o~ 'P, $53.548 16 012 1.24x10°?
Ba* =P 455403 115 141 370x10°°
Be 1Sy~ "P, 234 861 1.2 48 694 x10°*
Bi *Sya =P 306,172 04 142 129x10°%
Ca 15y P, 422673 1.65 205 S6x 1074
Ca* 1512 = 1Py 393 367 3 14 L17x 104
Cd 'S, P, 118.802 1.2 51 6.46x 107"
Cr Sy P, 157.869 24 14 T0x10*
Cs I 852110 1.52 035 FATIER )
Cu 50~ P, 124 754 0.86 136 6.6% L0~
Fe 3D, -k, To2a8.327 LE] 144 265 %1074
Ga P =iy, 287424 04 ) 081 213107t
Ga P, = 15, 401298 02 041 Jox 104
Hg 154~ 2P, 253.652 0 12 24821074
In 2P =Dy, 03936 0.6 4] 392107
In P08 410176 025 0s 3RS %1071
K 18,2 Py 766491 1.4 6397 Ldxin-?
X S P 769.898 0.68 0.382 6.9 x 1077
Mg 1Sy~ "P, 285.213 1.65 45] 1.7 x 10
Mn LETER 279482 35 373 5.7x 1074
Mn 531 SByyy 401.076 .35 018 175107
Na 18,3~ 1Py, 188.995 13 0624 594 x 1077
Na S a~1P, 589.592 0.66 0633 10x 1077
Ni ¥, =6, 232003 09 101 55107t
Pb A 283.306 02 055 Zn 0t
Rb 18,00 Py 780,023 133 0.37 143 x 1071
Rb T I 794.760 065 0.34 73x10°?
S¢ D,y = Fan 390749 21 1.96 =107
Sn Py - tDy 224,605 04 L 199x10°*
Sr 'Sy = 1P, 460.733 18 1.88 193x10°%
Sr* Sia—=Py, 407,771 LS 1.5 23x107?
Sr* S~ Py 421552 67 1.3 E2x 1077
Ti =G, 164.268 18 | 55x1071
T P =Dy, 176.787 07 152 KTy [
T Pa—~ I17.572 0.3 0.7 16 104
T Py 35,0 535.046 0.5 058 B.Sx 107
v “Fyp -Gy 318,398 21 23 7.60 x bO-*
Zn 5, 'P, 211856 1.3% 6.5% 592 % 0t
Zr IF, -G, 360119 ? 053 46 x 107

*The values of the osillator strengths have been taken from ALXEMADE ef ol. [3}, and the values of the
spontaneous emission probabilities have been calculated accordingly.

purposes, i.e. when laser induced fluorescence is applied Lo combustors to gather information
such as number densitics or temperature, the knowledge of the temporal evolution of the
excited state population is of essential relevance [2]. ’

For the same laser power, one can of course increase the excitation spectral irradiance by
decreasing the cross-section and/or the bandwidth. The role of the cross-section will be
discussed later. For the bandwidth, it can be decreased by inserting an etalon in the laser
cavity so that, at the expense of some peak power, the spectral irradiance can increase by
orders of magnitude [39]. if saturation is already achieved without the narrowing element in
the cavity, then the fluorescence signal will not increase by reducing the bandwidth. However,
the spectral resolution wiil be much betier and, more important, the scattering signal and its

[39] & Kune, G, Marowsky, P. KUNsTMany and W. Scusinr, Z. Naturforsch, 274, 601 (1972
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associated noise will decrease. Therclore, it is always advisable 1o work at a reduced excitation
bandwidth.

lis worth noting, however, that these considerations cannot be taken for pranted when the
bandwidih becomes smaller than the absorption profile, ie. when the assumption of a
continuum cxcitation source ceases to be valid,

2.2 Choice of the excitation line

In onc of the first papers on the characterization of the Auarescence of some transition
clements in the nitrous oxide acetylene Aame, the luck of aftaming of better detection limits
was attnibuied to the fact that the most useful absarption transitions could not be reached by
the laser [8]. Indeed. when onc considers 1he atomic absorption resonance lines possessing
the highest vatue of the oscillalor strength, one realizes that about 60" of the clements have
their first resonance lines below 350 nm [40].

When comparing two different absorption lines, starting from two lower levels, fand ¥, and
reaching two upper levels, w and i, with dep < Ay, we obtain For the ratio of the radiative
rates the following expression -

R _ (Eﬂ) (ii) (i-‘a) { Eli’ﬂ} )
L e th) \Aup )-31‘ Ejdy)

or. by using the refationship between A, and Srer

R (E) (@) e ]
lRl'-' B (ﬂ-)(fii‘l EJ tiul} ' ‘Za)

Howcver, it is not the rate itself but the number ol absorbing transitions, Ry, that necds 10
be considered when comparing different absorption lines. This number is piven by R, . ie.
by the product of the rate as given thove and the number density {em™ Y of the lower lovel.
Thus, Eqn (2a)holds il the lower levels of the transition are the same {t=1). When! # I (with
I' < ). the ratio of the number of absorption transitions becomes

R I A E (4a) Ll AEq
R ™ (I) (T’) {E,u.ﬁ} {.r;T- P ("Tf)} 2

where AL, is the energy difference between levels fand I,k the Bolzmann constant and T the
temperature.

Several considerations can be made by inspecting Eqns {2) and (3).

(1) Il one takes into accoumt cxcitation transitions above and below 360 nm {which can be
sct as the lowest wavelength limit that can be reached directly with dye lasers without 1he need
of frequency doubling), the faser spectral irradiance ratio in the right hand side of Eqn (2a)
cant vary belween 10and 100. This assumes 2 10", efficiency for frequency doubling crystals
between 260 and 300 nm and | “a efficiency between 217 and 260 nm, Because the sccond
lactor in parenthesis can reach 4 value of ~ 30+for A, ~ 200 nm and 24~ 600 nm), then Eqn
(2a) shows that a transition in the visible characterized by an absorption osciltator strength
that is thousands times lower than those for w.v. Iransitions can still result in the same
radiative absorplion rate. If the lower level of the transition is the same, this considceration
will also apply to the number of absorbing transitions. For example, in the case of the two
resonance lines of manganese at 279.482 and 402.076 nm, sharing the same lower level (*5,,;)
and characterized by a tenfold difference in the fvalues in favour of the u.y. line [3]. one
calculates that, because of the wavelength ratio and of the greater laser spectral irradiance a1
400 nm (~ 4 x ). the ratio of the number of absorbing transitions 1salmost unity {0.82). In this
case, however, since the upper levels for the transitions arc different, quenching cifects might
#lso be different,

(il When the lower levels are different, the radiative rate can he much higher for the
transiion at the longer wavelength but the Bolizmann facier in the population density makes
the number of transitions more favourable for the ultraviolet excitation line. For example, in
the case of thallium, if one compares the radiative rate at 535.046 nm Py — 25,50,

[40) W. ). Price. Specrrachemical Analysis by Atomne Absorpion Spectromerry. Heyden. London {1979).

0ibo
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obtained with 2 laser power of 400 kW, with that N 2LI6TBT nm (P, ,, = 2D, ,), with a laser
flux of 25 kW, it can be seen that the rate for the u v. transition is ~ 40 times lower, despile its
larper value of the oscillalor strength, In a system at 2500 K, however, the TPy level is
scarcely populated since jts ciergy difference with the ground state (*P,,1)isalmost 1¢V. Asa
resull, the number of absorbing transitions, as given by Eqn (3), is 2.45 limes higher for the
276.787 nmline, In general, rhe low population of the absorbing level plays more than the low
S-value, :

One should stress here that the above discussion refers to the signal alone and not 1o the
signal-to-noise ratio, which is ultimately the most important quantity 1o be considered, Al
longer wavelengths, the back ground emission from F - mes, furnaces and inductively coupled

400 nm [41). It is therefore mandaloty to give careful consideration to all the parameters
entering Eqns {1)-(3) in order to find the best possible combination.

3. Tue Exctration anp Derection Ornics

Several ways of improving excitation and collection efficicncies by means of propetly
positioned mirrors have been deseribed in the literature and are discussed in Refs [2Jand[3].
In addition, light traps and baffies or suitable restricting apertures have a major role in
preventing laser light reflected and scatiered from the environment from entering the
monochromator and reaching the detector,

In reviewing the analytical applications of laser absorption and emission spectroscopy,
Harrts and Ly1ie have stated that “no consensus exists as 1o whether the faser beam shouid

We define the following quantities, whose significance will become clear from their mutual
relationships given below:

d) = laser diameter (cm)
L, = laser length {cm}
44, = spectral bandwidth of the fluorescence spectrometer {cm}
R, = reciprocal linear dispersion of the spectrometer {nm cm ™ t)
h, = spectrometer slit height (cm)
W, = spectrometer shit widih (em)
M = magnification of the collection system
F = Fonumber of the spectrometer
Ry = total number density of atoms in the atomizer {cm*?)
V. = sample volume (cm)
A, = longitudinal cross-sectional area of laser beam traversing the atomizer
(=d L) (em?)
A, = spectrometer slit arca cm?)
Q; = fluorescence collection solid angle (sr}
0, = spectrometer solid angie (sr)
.Lcl now the optical system used 1o collegt the radiation be such that the length of the laser
image in the atomizer Hlls the spectrometer slit with a solid angle $2¢. This can be achieved for
ex‘ample by rotating the monochromator, if possible, or by rotating the laser image with two
mirrors o with a Dove prism, The above-defined quantities are then related by the following

[41] D. H. Tracy and . A. MYERS, Speetrochim. Acra 178 1055 (1982).

[42] T. D Harmis and F. E LyTLE, Analytical applications of laser absorption and emission speciroicopy, in
Ultraschsitive Laser Spectroseopy, Ed. D, §. KLIGER, Chap. 7, Academic Press, New York (ra83).

[42] M. L. Weignr, Environmental Protection Agency, Report N® EPA.R2.73.219 11973,
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expressions
Ay = A0,
ALk n @
s ()5
L 151 ¥ Rd 4F?
Al = R W, 5)
L&, 6
Rydy 4y
‘hl Rddl (1,
L=~ AL,
The sample volume is then given by
V- rdily,  ndih R, @)
4 a4,
and the 10tal pumber of atoms in the sample volume by
d b, R,
~=,.,V==,.,"_‘;A71. ®

[F the laser image in the atomizer is not rotated to fill the slit height, then the expression for M
and £, modifies as follows

M'=—éi‘—=ﬁ-. (10
Ry 4

d Al {an

L= ol

iRd

and the total number of atoms in the sample volume becomes
, nd} Al, 2)
N ="TV‘="1ii-:TRd .

ve relationships, we can derive the following conclusions: o
Fr?i;nAt: csl:‘::d before, one gan increase the spcc_lral irrafiiance of th; cxcﬂaug:a sou::::hbi
decreasing the laser diameter at the atomizer, ie. by tightly focussing the m
ing lens.

m;]f:::.vnc% ;:l is clear that if, in order 10 achieve saturalion_. one has 1o decrease tl;czgcil::
diameter by, say, a factor of 5 so as to increass the speciral |rrag|1ance bya _faci:;r ol 1" '
telal number of atoms in the sample volume will decrease _l25 times, n:ducmgd r:m:c;c:‘ il)-:
the signal level, If the laser power is high, then the best sotution will be_lo cxpzmr I:_ue beam in
the atomizer unti! the solid angic requirements set by_ the above equalions are uhu rc , il
still maintaining saturated conditions within the entire samplf: volume\. When 1 ‘e|] oct: i lg
of the laser is mandatory Lo reach high irradiances, then muliipass optics [17] will certainly
hd{?j‘) If the laser beam through the atomizer and the spectrometer slit are perpendicular to

each other, it can be shown by ralioing Eqns (%) and {12} that there will be a loss in the total

number of fluorescing atoms given by the ratio (h,/w,)%. Such loss for typical values of A,
= l0mm and w_ = | mm alrezdy reaches two ordcr!_s of magnitude. \ roother
It 1s worth stressing here again that these considerations ho];l only when there are .
source induced signals and noises, such as for example scatlering or molecular ﬁuf)rcr:.ccnccl._
Two more remarks seem 10 be in order, Firstly, the source mirror usual[y plgcc‘d ir rm;]lc::vi
the luser 10 double the excilation solid angle is unaecessary if saturation is appf?ac 'ii
Secondly, ¢ mirror placed behind the atomizer in the direction 0( the monochromtd (I)l: :::is
always be uselul when properly matched 1o the spccl{omcif:r sqhd angle. Ho.wcv(;;. |:,as
case, thy measured atomizer background emission and its noise will also increase and one
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10 11y out experimentally whether its use can improve the signal-to-noise ratic for that
particular atomizer and spectral transition, It can be anlicipated that such a mirror will be
useful for elecirothermal atomization of elements of low volatility, where efficient screening
of the graphite emission can casily be realized. ’

4. Tue Aromizer

A discussion of the figures of merit of the various atomizers that have been tested and are
currently used in atomic spectrometry is certainly out of order here. So, only a few
considezations will be given.

Tt can be generally stated that the atomizer is the weakest part of the atomic absorption,
fluorescznce and emission techniques, possibly with some exception for the inductively
coupled plasma in emission work. In this respect, the use of lasers as primary sources of
excitation cannot change the situation. On the contrary, il a change exists, it goes in the wrong
direction, For example, in laser excited atomic fluorescence with fames, the scattering
problems are worsened and one should be aware of the possible interference from molecular
fluorescence of flame native species. In addition, in most measurements using boxcar
detection {see later) quenching cffects are not avoided even under saturation con-
ditions [44, 45].

Since flame atomization does not permit the realization of all the advantages of laser
cxcitation, BoLsuov ef al, [22] were ied to the conclusion that “laser excitation with flame
alomization is unreasonable™, However, our experience with the separated air-acetylene
Rame [33], as well as some of the results published in the literature [ 12, 17), seemn to mitigate
such a statement and to show that one can still benefit from the simplicity and rapidity of
flame analysis.

It is our opinion that one should not abandon the flame work with laser fluorescence
provided that

(i} the peak power of the dye laser output, tunable from the low ultraviolet to the visible,
should be capable of approaching saturation of the primary absorption wavelength of the
tlement investigated (see Table 1) after being expanded to approximately 10 mm diameter in
the lame; and

{ii) the measuring system should be provided with a variable gate to be properly optimized
with regard to the laser pubse duration and the photomultiplier pulse {see later).

Tt is clear, however, that the flame is rather limited in the number of elements that can be
determined. Then, if the laser meets the same requirements put forward for fame work, it is

our fecling that the inductively coupled argon plasma is the right alternative to the flame for
the following reasons:

(i} it is an ion as well as an atom reservoir;

(i} it has a high quantum efficiency for several ¢lements;
@) it is useful for refragtory elements;

Gv} onecan efficiently use transitions starting from excited atomic and jonic levels, since they

are significantly populated at the piasma temperature; and

¥) the Aubrescence optical arcangement can be the same as that used for emission work.
The utility and versatility of the argon inductively coupled plasma for laser fludrescence has
im fact been demonstrated recently in our laboratory [ 26, 3]

Ifone wants to reach the ultimate sensitivity in analytical laser fluorescence work, however,

& al. [22] and by Titcy et al, [23], apart from the fact that scattering can be reduced to a
I inimum and solid sampling might bea reality, one takes advantage of the much less sample
d lution in comparison with Bames and plasmas. Here, care must be given Lo the opetation of
tke boxcar and to the repetition frequency of the laser, because of the 1ransient nature of the
siznal.

If scaltering is eliminated {either because of the use of nen-resonance transitions or

{#] C A van D, N OMENETTO and J. D WINEFORDNER, Appl. Specirpse. 35, 389 (1981),
[45} N Omenerto, © A van Dux and J. D. WiNtroRDMER, Specirochim. Acta 378, 703 (1982),
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becanse of the optimal operation of the atomizer) and the background cmission from the
incandescent graphite can be properly screened, laser excited saluraled fluorescence with
suitably areanged optics and detection, will be the most sensitive of all spectroscopic
techrigues. Indeed, it will rival laser ionization methods [37.46] tn approaching single atom
detection. ‘

Of course, one should not overlook the pitfalls of electrothermal atomization in analytical
work with real samples. For examp e, even if the detection fimit For lead is at least 3 orders of
magnitude better for graphite furnace atomization than for flame atomization, the direct
determination of lead in blood by reference to agucous solutions is not possible with the
graphite furnace because of matria interference.

Furthermore, the atomization of refractory elements will require a carefut design of the cell
and the excitation/emission geometry.

Despite these limitations, furnace atomization should always be preferred to flame and/or
plasma atomization when sensitivi'y is the goal to be achicved. !

5. THE DETECTION SYsTEM

The requirements of the detection system are clearly different according to the desired
information. For saturation studies aimed al evaluating the atom (ion} number density and
the temperature of the lame (plasma). fast electronics are needed in order to obtain a faithful
repreduction of the Auorescence waveform. On the other hand, for ana lytical work, the entire
pulseis usually of interest and consequently the requirements ol high temporal performances
of the detection can be relazed.

The most widely uscd data processing system is a photomultiplicr tube wired for fast
response and a box-car integrator where a variable gate can be operated by a suitable
reference signal so as to collect information only during the laser firing, therelore avoiding
1he processing of the background signal (which is not related to the laser} for most of the time.
Indeed, with pulse widths in the nar osecond range, the duty factor (given by the product of
the pulse duration and the repetition rate} can be as small as 1077,

The boxcar is usuatly operated in <he “weighted average™ moxle, i.e. the sighal reaches 637,
of its final output level {for a given number of pulses averaged) in one “observed time
constant™. This parameler is given by the time constant of the gate divided by the product of
the gate width and the repetition frequency [47]. The sicady state signat fevel is usually
reached after about 5 observed tim= constan|s.

The signal-to-noise ratio improvement obtained by averaging scveral pulses over that of a
single pulse is approximately given by the square root of the number of pulses averaged
[47,48]. It is essential to recall here tvat the number of pulses averaged by the boxcar is given
by the ratio between the time constant of the gate and the gate duration, and that this holds
irrespective of the lascr repetition rate [4R8]. Therelore, if one sceks 1o improve the signal-to-
noise ratio, more pulses need to be averaged and this can only be achieved by increasing the
time constant of the gate and/or by decreasing the gate width. The effect of increasing the
repetition frequency of Lhe laser is that of reducing the measuring time necessaty to reach

steady state of the signal level.

¥or a given duration of the Auorescence pulse, Lhe gate widih should be adjusied so as to
obtain the maximum signal. When working in the exponential averaging mode, in no case
should one sct a gate width larger than the fluorescence pulse since a loss in the signal level
will forcedly result. On the other hard, the use of 2 gate width smaller than the fluorescence
pulse will tesult in a marpinal signal loss, and will provide the advantage of increasing the
number of pulses averaged for the same time constant of the gate.

For the mode! 162- 165 boxcar integrator (P.A.R.-EG & G) il the laser is operated at 10Hz
and a 50-ns pate width is combined with 10 #5 time constant, the number ol pulses averaged

[48] G. I Bexesv and ¥ 5 Letoknov, Aprl. Phys B, 161 (1983)

47] PoneTToN AprLitp Reseamcn Cortonation, Prnceton, N. I, USA. Boxcar Averager, Model (65
Insiruction Manual

!lR] S Cova and A LoNGunr, An miroduction 16 signals, hoise and measarements, in Anolyical Laver
Specirascopr, Fd N OMENETTO, Chap 7. Wilev, New York 11979)
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necessary to reach 63% of the steady state signal level in one observed time constant js
approximately 13 [47). ‘Then the "apparent time constant”, which is given by the preduct of
the number of pulses averaged and the gate width, is 0.65 us and the resulting “observed time
constant™ is 1.3 s. Steady state will thus be achieved after 6.5 s which corresponds to 65 pulses
averaged a_nd toatotal measuring time of 13 5, By increasing the repetition rate to 10G Hz, the
obs.cn'cd time constant decreases by a factor of 10, reducing the measurement tim= nccdc.d to
achieve steady state correspondingly. One should therefore compromise between the '

astime jittering in the opening of the gate at a fixed tim after a triggeri
relaxed. Also, the total measuring lif'nc decreases, s geringhas occurred,canbe

Finally, it is worth specuiating on the fact thag jn analytical laser excited fluorescence in
flames and plasmas one has usually to deal with signals characterized by a remarkable
arnour?t of :-:oi;e, despite the faclllhal saturation is approached, i.c. laser Buctuations should
not affect the fluorescence signal, and that (he i
oscilloscope, is of the order f:f 051V, peak ofthe signal pue 5 messured on the

§uch noise may be explained as follows,

(i) With high gain photomultipliers (107 or higher), the single photoeiectron response
observed on a fast oscilloscope (terminated on 5011 is a pulse having a width of some
nanoseconds and tens of millivolt ag peak height. For cxample, in the case of an EM! end-on
tube (6256 S}, operated at — {200 V, we have observed a single photon pulse of ~. 25 mVand
~30ns FWHM. It is therefore clear that large signal levels (0.5-1 v peak) are in fact
Eencrated b'y a rather fow number of photoelectrons (20-40) and wiil have a very bigh shot
noise associated with it. For example, a 250-mV fluorescence pulse, i.e. 10 photoelectrons
with 3_2 % shot noise associated, fed into a boxcar integrator operating in the rxponential
averaging mode and whose time constant and gate width have been arranged so 2510 average
atolal numl:fcr of 100 pulses, e, reducing the relative shot noise contribution to 3.2 %, would
be characierized by approximately 6% peak 10 peak fluctuations (~ 5 times the rooo.\‘ mean
sql.!a_rc value} due t6 shot noise, When this is the case, there will be no much usefulness in
;:lt:l::‘gi;::oﬂrutc;lreczzc:rie‘md the laser signals as cenventionally done to eliminate the

(:_l) When thle duration of the laser pulseis comparable with the lifetime of the excited level,
the integrared signal, even under saturation conditions, will still depend on the decay constant-
?nd t}nercfore on the composition of the pertuber bath with the conscquience that fluctuations
I this composition will be reflected in signal fluctuations [44,45).

(iii) The spcclfal bandwidth of the dye laser at the magnesium line (285.213 nm) was found
tobe 0.012 hm without an etajon in the cavity {32]. The wavelength diiference of longitudinal
laser Tcsonalor.modes. for a cavity length ofapproximatc!y 20 cmisabout 3 x 10~4 pm Ifthe
alomic absorption line width is ~0.003 nm, this will correspond roughly to 10 mode sp;lcings
out'oi:a lo{al of 40 The strength of each mode will vary from shot to shot and thus produce
variations in the faser irradiance aver the absorption profile. This matter needs careful
consideration and is certainly worth of further experimental investigation,

6. ConciLusions

JFroma I?road coverage of the analytical resuls published so far in 1he literature, we have
attc_mptcd in this paper to evaluate what is fclt to be the most important parameters (o be

towards either an excimer-pumped dye laser or, even better, towards a Neodymium YAG-
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pumped-dye laser. These systzms offer continuous tunability down 1o the far ultra-violet,
since the peak power of the dye in the fundamental wavelength is large enough to cificienily
gencrate frequency up-canversion down to 217 nm in non lincar ceystals such as KDP or
ADP and cven below 200 nm by the technique of Raman shifting,

The high laser power can e efficiently used to saturate a large sample volume in the
alomizer, this being the key fo: sensitivity in background aoise limited systems, The spectrat
bandwidth of the laser can casily be narrowed down 1o approximately the absorption width
of 1he atems. Such an excitation bandwidth, together with its tunability over that large range
of wavelengths. gives to the laser excited Auarescence technique its characer of unique
spectral selectivily.

Low pressure sputtering chambers as welt as glow discharges are certainly good candidates
as atomization cells in laser excited fluorescence and research efforts aimed at providing
analytical results on solid samples are warranted and justified.

Atmospheric pressure flames and inductively coupled plasmas can be successlully used as
atomizers and are both capatle of providing detection limits that for many elements are
sufficient to allow their direct determination in the sample selution withoutl any prior
chemical ireaiment. In this respect, because of its greater versalility, the inductively coupled
plasma has to be preferred.

However, electrothcrmal alomization provides unprecedented sensitivities for all the
elements so far investigated, showing that this must be the only method of choice in all those
cases where the available sample size is limited and the elements to be determined are below
the limit of determination of :he other spectrometric methods,

Avknowledgements—H. G. C. Humanwould like to thask the Joing Research Cenier avthorities and sn particular the
Education Training Service of Ispra bor the grant of a visiting scientist fellowship,
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ANALYTICAL ANR DIAGNOSTIC APPLICATIONS OF LASER

INCUCED FLUORESCENCE IN FLAMES AND PLASMAS

B. Omenetto

Joint Research Center
Chemistry Division
Ispra (Varese), Italy

1. INTRODUCTION

The use of tunable lasers has had a significant, 1f not unique,
impact in atomic and molecular fluorescence spectroscopy because of
the analytical potential of this source and of the possibility of
now-intrusive optical probing of severzl phyeical parameters of
fundamental interest in laboratory flames and industrial devices for
a better understanding of their combustion kinetics.

The lecture is divided in two parts. Firstly, the analytical
features of laser excited atomie fluprescence in atmospheric pressure
flazes and/or other atom reservoirs will be discussed with particular
ewmprasis on analytical figures of merit such &s limits of detection,
frezdom from interferences and range of agplicability. Secondly,
sevzral methods based on the measurement of selected fluorescence
trassitions in the saturation regime will be shown to be potentially
useful for obtaining spatially and temporally resolved information on
parimeters such as the flame temperature, the total aumber densities
of 3pecies and the quantum efficiency of the transition.

2, ANALYTICAL CONSIDERATIONS[1-6]

The most attractive characteristic of the dye lasers in view of
thelr application to analytical atomic flurcescence spectroscopy were
¢erzainly the tunability with respect to wavelength and the pover
avaklgble within the spectral absorption bandwidth., This source was
therefore considered to be ideal (although costly) replacement of the
conventional excitation sources used in fluorescence work, which were
operated in both pulsed (xenon lamps, hollew cathode lamps) and
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continuous wave conditions {electrodeless discharge lamps, Eimac
Xenon ares). 1In addition, the attainment of optical saturation of
the fluorescence signal resulted in a number of peculfar thecretical
features that are now critically discussed in the following consider-
ations.

2.1. Independence of the Fluorescence Signal vwpon Source Fluctuations
and Atomizer Quantum Efffciency

This outcowme can be theoretically seen from the general re-
lationship{7] between the ratio of the atomic populations (see Figure
la) derived with the assumption of steady state condit{ions and when
the excitation intensity grows very high, 1.e, '

3,8
n.E, . 6.6 x 10 Alzyzlsilz oW
ome 3,5 |
182
1 +6.6 x 10 AIZYZHEAIZ
— 2 ",
1 L
e 1 n

b}

Fig. 1. Simpflfied energy scheme for a 2-lavel (la) and a I-level

(1b) atomic system, Rl s Nz , A0d Ny are the population
densities {cm 3) of the levels vhose statistical weights are
Bi» 22 and g3. The radiative rate coefficients (see J) are
indicated as Rj3 for the lager excitation and as Azj, Ay
and As2 for the fluorescence, The collisional rate coef-
fictents, both quenching and mixing, {sec !) are indicated
as ka2, Ky, k3, kiz and kyj. Pr *np +n; orny =y 4 ny
+ ny represents the total number density (em ?),
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In this Equatian, the following quantities are defined:

*e

Eyyy © e spectral irradiance of the laser, considered as a
3 ) comtinuum source with respect to the atomic absorp-
tion profile. Hers $, (W) 13 the laser power,
83y (cm) is the laser spectral bandwidth and
St (cm?) 1s the laser cross section;

A
21
T = [Azl ¥ kzl] = quantum efficiency of the tramsition;

Az1s k3) = Einstein coefficlent of spontaneous ewission and
collisional quenching coefficient, pec !, respectively.

Therefore, one can see that the population of the excited level
depends upon the product of the laser irradiance and the quantum
efficiency. If this product grows much higher than unity, then nag;
= n)g2 and if the stztistical welghts are the same, ny = ( {2} when
np 1s the total number of atoms in the {closed) two level system
considered. As a corsequence, the fluorescence signal (proportional
to na) reaches a plateau and becomes independent on the laser irradi-
ance,

In ordet to reach saturation, the laser induced radiative rate,
Ry2, must be greater than the quenching rate, X ;;. Classical con-
siderations[l,5) result in the following relationships

5
73 T
= A —— | E (2)
Rz % 21[ gonc? | M2
and
kyy =1 ny 05 vj . (&)

where n: 1s the densi:y of the gquenching species, o, the cross
section” for the quenching process and ¥, the mean rélatlve velocity
of the collision partmers. Typical valles for flames at atmospheric
pressure are nj = IOl‘cn:’. vi ® 10° co sec’! and o; « 10715 cn?,
which give kyy = 107 gec!, +here£ore. one can caltulate that the
excitatlon rate resulting frem the use of a Xenon arc {.l0% W cn 2
) at Ao = 400 o grd for a strong transition (Ayy - 10° gec™)
is_approximately 10° s~ while that of a pulsed laser having 10 kW
cm 2 over a bandwidth of 0.03 nm is approximately 10° mec™!. How-
ever, it is worth poirting out here that Rz21 varies with wavelength:
for the same laser power and spectral bandwidth, Ryz turns out to be

1=}
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5.4 x 10% sec™! at 300 nm and 7 x 107 gec”! 8t 200 nm. Therefore

much higher laser powers are needed to sat
rat
down In the ultraviciet. Frte optical transitione

On the other hand, some further consider &
should not be overlooked, The foregoing :heo:::?EZIE;:BS:E:::::’oznd
the independence of the fluorescence signal upon the fluctuarién‘ of
the laser source and the quantum efficiency of the atomizer hold-for
the rather unrealistic approximation of a unit step excitation puls
for the laser irradiance {i.e. E. = 0 for t < 0 and E® for t > 8' aea
for a measuring system that Houlé faithfully reproduc: the tenpo;aln
behavior of n; (t). When boxcar integrators are used (which is ;uite

- At

. -
[ nz(t)dt = I nz(t)dt + [ n,(t)de =
-] 0 hti
)
E3n, f (BEC+A) °
= | oo 19 at, + | 1-e"(BEJ*A)AL L
EEJHA l L [ € B gETHA
where

A S Ay eky, andgE[li--g-;-}.

From this expression, one can see tha
t even in the saturati
lmit (i.e. when E} grows to infinit -
4
fluorescence signaf. is given by 7 % (), and therefore the

- | 1 ]
(“Z)EU-"» at, + i (5)

3 taBL LI L0
g,

u:d thus 18 still dependent upon the quantum efficiency of the tran-
:biion via the second term ia parenthesis, It would then be advig—
e te provide the possibility of changing the measuring gate width
ideally along the entire fluorescence waveform provided that th
eignal-to-ncise ratio 1s sti]l acceptable. ) ©

. .
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a)
b}
P s e 1
1 1
N c)

Fig. 2. Schematic representation of the measurement performed by a

boxcar integrator whose gate width, At_, i1s larger than the
flucrescence pulse, propertional to n,%t). excited by a
rectangular laser pulse of duration 8ty. a) high quenching
flame; b} low quenching flamej ¢) gate width. It can be
noticed that, assuming saturation, the time response of the
signal within the laser pulse 1s the same, irrespective of
quenching.

2.2, Improved Linear Dynamic Range of the Analytical Calibration

Curves

It is well known[1] that the fluorescence curves of growth are
characterized at high concentrations by a zerc slope (in case of a
continuum excitatiom socurce) or a negative slope (in case of a line
excitation source). This behavior 1s essentially due to the self-
absorption factor (radfatiom trapping) which decreases the fluor-
escence radiation on its way towards the detection system. It should
be stressed here that the atomizer is assumed to be completely 1l-
luminated by the source while the entire fluorescence volume is seen
by the detector: in this case, geometrical artifacts such as pre-
filter and postfilter effects do not enter into consideration. When
saturation is reached the absorption coefficient, which is propor-
tional to the difference between the atomic populations of the

levels, approaches zero. As a consequence, the medium becomes trans-~

parent and no self-absorption can occur. The improved linearity of

the analytical curves has been shown experimentally{9]. However, one

should realize that if the laser beam is focussed at the center of
the atomizer, the presence of self-reversal, which will affect the
shape of the calibration curves, must be considered,

70
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2.3. Signal-to-Nolse Improvement for Background Nofse Limited Systems

Because of the gated o
peration of the detection %
:::Efzognddistuzlz :eas:red during the opening of thes;:::m;t.:e
ncy dictated by the repetition rate of the 1
case, the low duty cycle charactert a5t pulsed lenes
stic of the most pulsed
used for analytical application R enttionn
s should result in i
improvement in the signal-to-n et oant
-noise ratie as compared to a
:::;;:322: :{c:hdete;tiun system, but only if the average :;E:E::iEEl
® Pulse source equals that of the cw sou
ree, -
over, the theoretical improvement is predicted by assumingetha!:ore

system. On the other hand, the wavelength coverage (fundamental and

frequency doubled) provided
thar sentonoubled) zw 135;r5?y pulsed lasers is sti1} larger than

Extensive consideration
the Literatareli 3 s i 8 related to this topic can be found in

2.4, Analytical Sensitivity and Detection Limits

If the theoretical considerations made previously (Par
a
i;::r::i:; :he waximum fluprescence signal will be mezsired &;:zh
population o: :;:;E;ESAI:i::;lfgr :q;ﬂld5t3=15tical ehenreriche
calculations have been made aime; a: v:vi Ext:nsive e
estimates of the minimum detectable cgncezg o:ier of aminitude
species in conventional analytical atomizer:?z ganf be me
;:::::i::elza::d on signal-to-noise ratie consid;raziunzh:n:atgzl
I oenn, sln1 ziare referred to that concentrations level (usually
roiaqueaus. g[ul on; which would give a signal to root-mean-square
distinguish betw;en 3e:i::;:{cgoizsesizg:ibylaikiza:elz} derectin
nsic mit of det
:?;1g::;e;:::e :eing given by the fact that In the lase caseet;:ozéin
the somopnd :tasinot due to the background or ro the detector but to
il tbstical fluctuation in the number of atoms present
the 15teoiume F;osed by the laser. Indeed, it has been reported in
that ierat a:o .d.lll that such number can be extremely small so
ot Eechnl o detection seems to be within the reach of the flugr-
Soce Bemuuv,.c;[uc].l The reader is wvarned, however, that this spectac-
spectarly does ¥ das been achieved in low Pressure vapor cells and/or
b el d .t:na hquartz contalners where the atoms are surrounded
pressure th osphere. 1In conventional atomizers at atmospheric
Hieosu ;he lozensitivity is expected to be much poorer. In ad-
tho m;ny i a::::e:mTéJa§oms in the probe volume usually mears
is finally what matterg fn: a:;;y::::;dp::p;SZS.tOMizer velones vhick

\

{
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It is worth remembering that the calculated limit of detection
is given, in numder of atoms pur unit volume, and therefore needs to
be related to the concentration (usually in fug/mL or ppm) of the
eclement in the s>lution aspirated into the flame or plasma or intro-
duced into the electrothermal atomizer. The conversion factor cal-
culated for typiral flame conditions is approximately 10! atoms

em */ppm,

Table 1 collects the experimental detection limits obtained so
far from flames and electrothermal atomizers such as open carbon
cups. AsS one easily seesa, even 1if work can still be done to imptove
flame detection limits, the flame should be abandoned in favor of
electrothermal atomizers. This is even more substantiated by the
data collected in Table 2 which are especially important when only
wmicroliter quantities of gample are available. Considering the
actual atomizer volume probed by the laser, one can calculate[12]
that the detection limit for lead corresponds to approximately 250

atoms/ca’®.

As repeatedly pointed out in the literature, Mie scattering is
the major problem in laser excited fluorescence. Such scattering
should not be confused with the (unsavoldable) spurious reflections
(from the optical romponents) of the laser beam into the fluorescence
monochromator that can be minimized by proper and careful positioning
of light baffles, traps and possibly polarizers, but is rather due to
the presence of unvaporized particles created in the atomizer when-
ever the element sought is present in a large excess (1:10,000) of
matrix. The most effective way of reducing the scattering effect is
by the use of non resonance fluorescence transitions (see Fipure 3).
Indeed, the best detection limits reported in Table 1 and 2, es-
pecially with electrothermal atomization, have been obtained by
wmeasuring the fluorescence at a wavelength different from the excit-

ation one.

Other ways have been proposed to correct for scattering{2,13] by
taking advantage of the different frequency content of the saturated
fluorescence and scattering signals. Time resolution is practically
useless in strongly quenching atomizers because of the reduced life-
time of the excited fluorescent level, and polarizers cannot be very
effective for Mie scatter as it would be in the case of Rayleigh
scatter. Io conclusion, 1f only resonance fluorescence transitions
are avallable (In, Cd) the scattering will seriously detract from the
attractiveness of the technique. These considerations indicate the
importance of lmproving the analytical performances of the atomizer
and work should proceed in this direction.

2.5, Other Analytical Consideraticns

Spectral interferences are knovn to play a minor role in atomic
fluorescence. With laser excitation, the availability of many non-
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Table 1. Detection Limited (ng/uml) obtained by Laser Excited

Fluorescence Spectrometryd

Detection Limtts

Elenent Flame® ETA®)
Al

g 4 3 x 10-,
Al g.6

Ba 8 -
Bi 3 -
Ca 0.01 -
Cd B
Co 19 x 1072
G 3 2 f 10
Cs - 2 x 1072 (d)
Cu 1 2x 107
Eu 20 10
Fe 0.06 1079
Ga 0.9 -
In 0.2 -
ir -
o .5 o
:: 0.002 -

0.4 -3

Mo 12 ¢ f 0
Na 0.1 e
Ni 0.5 O.DE @
Pb 0.2 2.5 x 107%
Pt - 4
Sn 3 -
Sr 0.1 -
Ti 2 -
Tl 4 -
v 30 -
a) Values are ssually given in aqueous selutions and are calculated

b)

c)

d)
e)

according to a limiting signal-to-rms noise ratio of 3.

Flames used are separated nitrous oxide-acetylene and separated
air—acetyéen: burning on conventional slot or capillary burners
at atmospheric pressure and with ti -
Liraetonras pnevmatic and ultrasonic nebu

Electrothermal atomizers (graphite cuvettes or carbon rod atom-
izers)[33],

[See Reference 34).

Average number of atoms {n the probe volume.,
closed sodium cell (oven)[35].

The atomizer is a
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Table 2. Absolute Detection Limits (fg) Obtained by Laser Excited
Fluorescence and Electrothermal Atomization
Detection Limit
Element a) b)
Ag 100, -
Bi - 800,
Co 60, 200.
Cu 150, 800.
Eu 3 x 10% -
Fe 100. 1000.
In - 100,
Ir 6 x 107 -
Hn 200, -
Na 600, -
Hi - 1000,
Pb 1.5 5.
Pd - 1000,
Pt 1.2 x 108 -
Tl - 2.4

a) [See Reference 36].
b) [See Reference 37),

resonance transitions (see Figure 3) should still decrease the pos-
elbility of spectral interferences as it was clearly demonstrated in
the case of gallium and manganese{9]. However, native Elame species
(OH, CH, CN, C;) or meolecular species formed in the combustion pro=~
cess can glve rise to a fluorescence background{l4). Therefore, it
18 always advisable to ecan the fluorescence spectrum in the viciniry
of the analytical line,

Another point of concern for improving the analytical sensitiv-
ity 1a the spot size of the laser in the atomizer. The optinue spot
size 1g of course dictated by the requirement that the collimator
should be filled with light. However, one should be avare that much
will be gained by enlarging the laser size into the flame, provided
that the irradiance is still sufficient to saturate the transition.

Finally, the peak power of the laser should not be overrated in
comparison with its spectral quality, Therefore, the use of etalons
within the oscillator cavity will result in improved spectral ir-
radiance over the absorption profile with the welcome advantage of
better sensitivity and decreased scattering.
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Fig. 3. Several types of fluorescence transitions observed with

laser excitation(5]). vy = excitation frequency; vg = f_uor
escence frequency. a) resonance fluorescence; b} Stokes
direct line fluorescence; ¢) Antistokes direct line fluer-

escence; d) Stepwise fluorescence; «) thermally assistec
fluorescence.

3. DIAGNOSTIC APPLICATIONS

While the widespread acceptance of the use of lasers in ana _yt}
cal atomic fluorescence spectrometry in flames and plasmas can s.i1]
be questioned because of the high cost of the overall apparatus and
the lack of attaining (yet} the ultimate detection limits predic :ed
by theoretical considerations, it 1s out of dosbtr that the techn_que
of laser induced fluorescence {LIF) has gained a high popularity in
combustion diagnostics with regard to the evaluation of the tempera-
ture and total number density of several species produced during the
combustion process. This is well documented in a recent book ed:-tec
by Crosley[15].

Like the Raman technique, LIF hay the advantage of allowing
local sampling of the parameter sought. Thir has the advantage cver
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the conventional absorption and emission methods that no special
techniques such as the Abel fnversion are tequired to convert line of
sight information to radfally resolved data. It fs worth stressing,
however, that spa-ial resolution can be obtained even with the ab-
sorption and the sptogalvanic techniques in flames by crossing two
laser beans, one acting as a weak probe and the other one as the
perturbing beam[13]). One shiuld also be aware :hat any inhomogeneity
present in the prabe volume would be averaged by the detecting sys-
tem, thereby redu:ing the spattal resolution, Such inhomogeneitien
could be present sath in the source (e.g. in the spatial profile of
the laser beam} axd in the system investigated (e.g. pronounced
gradients in temp=rature and in the atomic or molecular densities in
flames and plasma:).

The present discussion is applicable to combustion system at
atmospherie presswre such as all analytically useful hydrogen- and
acetylene-fuelled flames and to various types of plasmas such as the
inductively coupled argon plasma or the microwave plasma, Among the
paraveters of interest to analytical chewists as well as to combus-
tion engineers, we restrict cur discussion to three of them, namely
the temperature, -he number density and the guantum efficiency. The
readetr is referres to some selected pertinent literature for the
derivation of the relationships presented and for the details of the
experimental set-wp used.

The atomic svetem considered has 3 energy levels (see Figure 1b)
indicated as 1, 2 and 3 in order of increasing energy (1 is the
ground state},

Several assucptions are made in treating the interaction between
the laser and the atoms (molecules). First, the vapor is assumed to
be optically thin se that no self-absorption is present which would
modify the equaticns given, Secondly, the laser irradiance is as-
sumed to be homogemous over the entire volume probed by the detection
systew and the laser spectral bandwidth 1s considered to be much
larger than the atsorption profile. Finally, coherence effects are
disregarded as well as laser enhanced chemistry and/or ionization,
both of which have been demonstrated to cccur in flames at atmos—
pheric pressure(22,24), '

3.1, Evalvation of Temperature

The underlying principle of most of the flucrescence methods is
based upon the fack that level 2 is metastable and therefore not
radiatively conneczed with the ground state, 1.e. A3y = 0 in Figure
Ib. 1ts thermal population is sensed by taking the ratic of two
fluorescence transitions (resonance and antistokes) and sssuming
thermodynamic equilibrium in the 8YBten.
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If the interaction between the laser and the atomic system fs
linear, we derive the following relatioaship

5040 E
Ty = o ;2 o (6)
log 2—21 + 5 log 121 + log Ef—l
A3 13 Faz

where Ej3 in the energy (eV) of the metastable level, B# is the
ancistokes flucrescence radiance excited at Azs, and BFy3l1is the

direct line fluorescence radiance excited at A, .. Here, the electro- ~

optical detection system needs to be calibrated and E,'s measured;
however, the knowledge of the transition probabilities is not

Necessary.

When optical saturation of the transitions is achieved and
steady state values are wmeasure, we obtain

E/KT E£/KT,
1+ B2, B f, e £ ] Ajp+kay l
_F3a2 _ LSFLYE] Bq * % * e Ezl ()] )
B; LS T EPY l -E/kT -
31 1+ 8L 4 B2 & £ + LETA.ITY
23 B3 kz1

and one can see that the kaowledge of ky1sky, and ky) 13 needed to
derive the temperature. Since the values of these constants are
difficult to measure in flames at atmospheric pressure, this method
is not attractive.

If che fluorescence waveform is temporally resolved and the
measurements are taken at the peak, we have

B E/kT
T o[ g2t | £
B { g*81 | 82 © - ®

where Byyy is the resonance fluorescence radiance, excited at A;3.
This method 1s certainly most attractive but has not yet been demon-—
Btrated experimentally,

The temperature can also be evaluated from termally assisted
fluorescence measurements, {,e. measurements of the fluorescent
emlssion radiated from levels whose energy 1a higher than that of
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the level reached by the laser[18). These higher levels must be
populated by thermal col.ision processes and should reach their
steady state values within the duration of the excitation pulse. If
the ratio of two flucrescence transitions starting from levels 1 and
j and terﬁinating into the ground state is weasured, we obtain

AEji
S vy X B, 9
tn —B 4 pp <l & pp =
A, . X, B,
igl i Fil

Usually, several fluorescence transitions are measured and the temp-
erature 15 evaluated frow the slope of the line obtained by plotting
the normalized fluorescence signals versus Eij' With this technique,
only one laser ig needed.

The abtove described laser induced fluorescence techniques have

been used to obtain relative as well as shsolute tewperature profiles
in flames with high spatial resclution (< 1 mm®).

3.2, Evaluation of Number Density[1,3,5,15,25-29]

When the optical transition is satgratec_li an_absolute measure-
ment of the fluorescence radiance {Jsec cm er ') permits, for a
two-level system, the direct evaluation of np. In this case, refer-
ring to the nowmenclature of the 3-level system considered before, in
absence of level 2, we obtain

1
I!":«n ) [F A31 hvnT Iz_]%é;] (0

vhere L {s the homogenous depth of the fluorescence volume.

When level Z is taken into consideration, the expression modi-
fies and becomes complicated by the appearance of the (unknown) rate
constanta. If level 2 is radiatively coupled with level }, we obtain

t J 1 ]
B, = |1 | A ny S 1
Fn [“"] iy 2 k3 (i
I + — + K—_:_—_:___
By Ay tkptky,

If level 2 is radiatively coupled with level 3, we obtain

[ 1

ll]
B = — | A, hv > (12)
F
a1 wr ] B M Lo B LB ear | Rt
—+ e +
33 53 11

.78
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It 1s clear that in these cases the direct evaluation of ny from a
saturated fluorescence measurements 1s not possible.
*

The same considerations apply to the so-called "slope methad",
vhich consists in the plot of the reciprocal of the fluorescence
signal versus the reciprocal of the laser power[3,5,7,25,28}. This
plot results in a straight line, whose slope contains the quantum
efficiency and the total number density. A peculiar outcome of the
expression obtained for a 2-level system is that the intercept of the
line allows to scale the ordinate values in absolute units|7].

Again, the expressions become more complicated for 3-level systems,

Several measurements in different flames for both atoms and
railcal species have been reported in the literaturel15,25].

3.3. Evaluation of Quantum Efficiency

A direct evaluation of the gquantum efficiency of 2 transition
from saturated fluorescence measurements is again possible only for a
2-level atonic system, by deriving from an experimental saturatiom
curve, the parameter EZ, which 1s called the "stead state saturation
spectral irradiance”. Indeed, for a 2-level system, E§ 1s given by
the relationship

ES By . 8rhy? !
v | &t 3 ¥ (3

vhere Y i{s the quantum efficiency, as defined previously.

The steady state saturation spectral irradiance for a 3-level
system is still related to the guantum efficiency of the transitions
by again the relations contain unknown rate constants. Y can also be
evaluated, for a 2-level system, by the slope method described above.

Of course, the most direct evaluation of the overall quantum
efficlency of a transition is given by the measurement of the
lifetime of the excited level, provided that the radiative transition
probabilities to lower levels are known so to allow the calculation
of the radiative lifetime Trad+ of the level. Then, if the lifetime
T, is weasured, the quaatum efficiency 1s simply given by the ratio
(tffrad).

Such measurements have been made in flames[30] and recently in
an inductively coupled argon plasma[3l].
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4. CONCLUSIONS

For analytical applications, the laser induced fluotescence
technique has indeed the potential of achleving extremely low limits
of detections ag it was shown experimentally for electrothermal
atomfzers at atmospheric pressure and aqueous solutions. The ulei-
mate Impressive sensitivities predicted by theoretical considerations
have only been achieved in closed vessels and other non-analytical
atomizers. In flames and plasmas the sensitivity 1s yet far from
befng epectacular because of their inherent background neise and
scattering. However, work is still needed in this area to fully
characterize the technique, For electrothermal atomizers, the ef-
forts should probably be only directed towards those elements for
which the analytical cotmunity still demands mote sensitivity of the
technique.

Im the fleld of combustion chemistry, the fluorescence method
appears to be a remarkably attractive diagnostic tool, for both
atomic and molecular species. However, because of the highly reac-
tive medium, one should be aware of the many possible deactivation
channels that are available to the laser excited atomic or moleczular
levels, ionlzation and chemical reactions being twe examples of such
channels. The interpretation of the experimental data will then
require a more thorough investigation of these collateral effects.
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Pulsed Sources for Atomic Fluorescence

Nicold Omenelio

Imtitula of Inorganic and General Chemistry
Liiversity of Pavia

Pava, kaly

This article is asimed at assessing
Lhe characterist.c features of pulsing
the source of exeitation in atomic Muo-
rescence spect rscopy. Although there
are other impurtant parameters, hoth
geametrical (sol d angle of illumina-
tion and eullectinn} and of more Mun-
damental nature {quantum efficiency
of Lhe transition) which affect the Mu-
erescence signal our discussion will he
cenfined to the advantageous features
amd limitations of using pulsed excita-
tin sources.

P ilsing Fealures and
S gnal-to-Noise Considarations

In the flunrescence literature un the
escitation sources, ne paper fails to
e nclude that their major requirement
is a high radiance over the absorption
lime width of the analyte atoms. This
helds true alse im Lhe case of pulsed
scurces. Narrow. broad line and con-
ti wuum sources have heen maore or less
sueeesslully used and compared, buth
cr an experitmemtal and theoretical
besis (1). Recently, several papers
Feve appeared o4 the use of the
pulsed, tunable dve lasers in atomic
Muorescence studies (7).

“The different sources of noise and
their relative importance in atomic
flworescence work have been also dis.
assed (1, 2). Although scanty infor-
mition exists regarding temporat
e ise distribution in light sources and
'z mes, it is gene-ally assumed that
17e most impaortant contribution to
L2 total noise in a fluorescence setup
is given by the Micker noise in the at-
onaizalion system and by the total
ptotodelector shol noise (nssuming a
prolomultiplier is used). A possible
exeption which shanld not be over-
lomked is electronic noise in the ampli-
fier readout chain, when high hand-
wi tth systems arz required. Usually,
th further simpEfication is made that
sh it noise deminates over Muctuation
nzise andd that bickground poise is the
linwiting noise in “he systen.

Intensity

1w Love » Toumn Mg

Duty Crcls =iy -1,

T oasn — - r-

~rjON [ — OFF — ]

Figure 1. Simplified sketch of pulsed operation of source

In view of these considerations, the
optimum [luorescence setup will rath.
er obvivusly imply the combination of
sources possessing a very high spectral
radiance and stable, low background
atomization devices. However, this
condition should not be met at the ex-
pense of the spectral quality of the
emitted radiation and the atomizing
progrerties of the device ured. In other
words, sell-absorption and self.rever-
salin the excitation source due to high
current operatinn have Lo be avoided,
and a low-temperalure, low-hack-
ground flame will be of limited analyt-
ical utility, betng much mare prone to
chemical inteeferences than a high-
temperature, high-hackground flame.

Both drawhacks can in principle be
sobved by a pulsed Muorescence sys-
tem. In fact, vne can achieve the pgoal
of high source radiances withoul dete-
fiaTation af the spectral characteris.

tics of the emitted radiation by puls-
ing the source at very high peak radi-
ances high peak cutrents) for a given
time duration and a given repetition
rate. If this process is performed with
a sufficient rest period between pulses
{i.e., with a low duty cycle), then the
average radiance (average current} of
the source can be successfully main-
tained at a low, acceptable value. In
Figure | is depicted a very simplified
scheme showing the relationship be-
tween peak inlensity and average in-
tensity for an idealized square pulse
and 100% modulation. The value of
the duty eyele can be very different
depending upon the type of source
and pulsing eircuitry: it may range
fram about 0.0 in the case of hollow
cathode lamps to about 10°7 fur dye
lasers.

On the other hand. tw take the
greatest advantage of pulsing the
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sanree and using T
vtz Hinn eflicivencies, it js
sary Lee pubae ur gate the deledtor,
which will he “on” ondy during the
soniree Mo’ lime so thal hackgraund
tssise tshod and Muclaation) will 1
preativdinvinished. This eq
vomnplished in different way
he soen Later,

Assuming that the spectral distribag.
tion of the source is not modified v
prtsimg and that the Muerescence sip-
nal i~ tinearly proportionat to Lhe
seanrer madinner, Omenetto et ol (1)
have ~hown that the gain in signal -lo-
nuise rtio duc (e pulsed operation
{prd v vompired to comtinnons apea-
tient tew) is griven by the following ex-
Pressian:

Fiow = URLA AL
LWL )
Voow =AM [N}

whete B, and B! repiresent the av-
erage source radiances for the conting-
ous and pulsed nperation, respective-
Iv. By o is the prak radiance of the
soueeee, amd ft, is the duty cvele tsce
alan Figare 1. Fnuation 1 holds for
Iackground shot nuise limited SN
tems and Fquation 17 results when
the svstem is somirce-carried shal poise
limited (Muarescence or scatter). One
vt therefore see that pulsing may be
cadvantageons with gated ¢detee-
tioe and the gain obiamed is inversely
pragrortional 1o the square rool of the
duty exele. However, s indiented in
Fquatien 1, penk power and duty
evele stre inversely related te each
uther <o that their maximum values
are limited hy the necessity of main.
taining an aeeeptahle power dissipa-
tion in the source.

1t s worth stressing again that these
ronciderations ondy Aedd if the M-
tescenee intensity does follow the
source intensity. ie., if the spuctral
disteibution of the exciting source is
not plgued by the onset, during (he
pulse, of phenamena such as self-nh-
sorprion or self-reversat, 1f this hap-
1ens, the predicted ndvantage of puls-
ing may be easily ruled out. 10 is there-
fute important (a measure experimen.
tallv the line width in pulsed apera-
tion as eompared to ew operation. Lit-
tle is gained by the nsual procedare of
measaring wavelength imtegratod line
iMensities with a monochramator tn
<ot bt increwse in intensily vs. the
itischarge current, Finally, in resa-
tanee fusrescence work, pulsing the
sotree and gating the detector will e
useless il seatieeing prolilems with e
womization system are sipnificant
{Fquattion ).

Pulsed Sources

Fur the eharacterization uf aptieal
wavelotms, cleettreid sparks et ween

metal electrodes in pressiired gases
have been widely used with pulse
waveforms i the manosecond sampee,
Also, Fast eleetroopdical dhmtters (Kerr
cells, Pockel celle, ete ) ean be used 10
vhiain prles with (e duration or
less fram steady light sources (1) A
bigh-iensity Jow-dnty evele spark
divvharge which might prove quite
wselid for exciting atomic Mmreseenree
has been deseribed (5) 80 far, byt
cal flisrescence studies hase been per.
formed with hollow cathode lamps,
speetral contanua, and tunable dye la-
sers, “To the author's knowled e, no
expreviments have boen reported vn
the nse ol clectradeloss discharse
lamps in the pudsed mode, even
though these sources have been shown
to he the must efficient conventional
excvitation spurces in plomic Auores.
rence,

Ttulsed Hollow Cathode Lamps.
The uselitness of these simirces, al-
ready known in emission spectrosenpy
16), has been reporied in atamic als-

CHARGING
HE SIS TANCE

levet of soverat tens of milliznyeres
(1. A detaited stotv of the charae-
teristic performances of commeria
Tamns operated in an intermitient
mede was published by Cordos amd
Mabmstadt (213, The sequential oper-
winh ol The source allowed rapid mul.
ticlement determination by atomie
Muorescence 1123, fizst deseribed by
Mitehedl and -Fobamnson (23), Cem-
puter-centrolled, pndsed hollow cath-
vele lampe have been recently used in
i multiclement appriach, which oper-
ates by lime division multiplexing
(trn, '

Assiated hefore, the quality of the
lines ernitted s important, and even il
again of 50 10 more than one hun-
etreddfold in the wavelength integrated
intensity of the resonance lines has
been ediserved, the width of the Jines
might he greatly different from that
ohtained in conventinnal cw oper-
tion. This is clearty lerne out experi-
menially by the results of Human 115)
wha determined the signal-{n-nnise

HIH
VOLTAGE
tucGen
CIRCUIY

[}
AWITCH
EMFHOY
Do

STORAGEL LAMP
POWE R CAPRGITOR]

—
SUPPLY

-

Figure 2. Oversimplified diagram of typical fash lamp circuit

sorption by Dawson and Fllis (71 and
subsequently by a number of githors
4. 9). Several commercial sepled.off
lamps have been aperated in the
pulsed mode fur atomic Muoreseence
stuchies. Twpical valnes of peak current
during the pulse riange from 2000 o 916
mA, pulse widths from 15 1o several
hundred microseconds, and repetition
rales from 25 Lo several hundred
hertz. The palsed power supply, simi-
lar to that described by Dawson sand
Ellis (7), hasieally consists of a square
wave pilwe generatar, pulse deluy, and
mitse wielth circuits to supply hath
dhriver pulses of varinhle frequency
el width Tor the control of 1he wer
amplifier feeding the lamp and gating
polses of wariahle delay and width 1o
the detertor, Results have boen re-
frorterd ulso for demonntalide . ype
lamps, although with rather low vishgos
of peak pulse eurrents fless than 200
mAsuperimposed g eonstant 10

ratio for the fluorescence of copper
and calcium, The fluorescence signal
did nat remain proportional to the
souree intensity, and instead of a nine-
txfold increase from [0 L0 00 mA, a
vilue of unly 16 was ohserved for cap-
per. A more speelacalar result has
heen obtained for copper amd silver
lamps operated in a sumewhat similar
menle by e Jong and Piepmeier {16,
In their work on time resolved stedies
of atomic emission line profiles with s
Fahry-Perol interforometer, the cop-
per duablet wos strongly self-reversed
after the first 21 usec of 0 H-msec
pulse, even though the wavelength in.
tegrated intensity increased linearly
with the pulse current. “Ihe silver
lamp showed extreme acll-reversa!
even during the firsl 21 gsec. Under.
standlahly, there is a compromize o he
teached hetween peak current and line
width which depends an the particular
combinttion of enthode material and

filler gax. Even when using a muftipte-
element lump, the resanance line in-
tensities for difleeent elements do not
increase in the some way (11},

A new tvpe of ulsed are.glow hel-
low cathiule lamp would =eem to be
wurthy of further investigation he-
cause of the immaved line shape and
greates inteimity as compared Lo a
conventional lamp (17).

Pulsed Continuum Sources. The
stringent demand for maximum
pumping ellirien-y for the develop-
ment of ftash lanrp pumped, tunahle
dye lasers has resalied in a consider-
able technolegical efforl directed to
improve Lhe oper-ting characteristics
of these scurces. Therefore, the innao-
vations likely 1o rapear in the design
and autput perfo-mances of fTash
Inmps might Ye greally beneficial for
alomic Muarescer ce purposes,

A Nash lamp is essentially nn are-
chamber made of zlass or quartz with
each end having r1 electrade sealed ta
it. The basic Mast _ube circuit (Figure
2} eonsists of a hish-valtage DC power
supply, n charging resistance, an ener-
gy slorage capncilor, and a high-volt-
age trigger pulse eireuit. The capacitor
is charged al the sperating voliage,
maintained below the sell-Nash limp
voltage <o that Lhe lamp apperates only
when triggered (1), The (rigger cir-
cuit, consisting uswally of a simple
slep-up teansformor, pulsed from the
discharge of a small capacitor by con.
tncts or a thyratr a switch, produces
the high-vultage trigger pulse which
ivnizes the gas in -he chamher. Severnl
typical electricn] parameters are col-
lected in Table I, “erived from Wine-
fordner el al. 118) Of primary impuor.
tance is the radiative efficiency of the
latnp, which could he delined as the
ratio of the optical energy emitted in
the entire spectri- to the electrical
energy delivered |y the capacitor to
the lamp. Values of approximalely
5% can be achievrd with xenon, and
the radiative effic ency increases hy
incrensing the peak current density,
The specteal distr ution of the radia-
tion emitted depends wpon the cur-
rent denzily and t-e polse duration:
shert pulses and high current densities
shiflt the specteal n iput toward the
ultraviolet region "78, I9). A great va-
riely of lamp geomstries (linear, min-
inture and capillney types, anmitar,
hetieat, pi-shaped] are availahle, but
the best arrangem =nt for Quorescence
would be given hy short ares or essen-
tinlly point sources. Tue to the high
pressute in the arc discharge, an effi-
cient lamp housing is mandatory. One
serts drawback af Nash linps is
their limited lifetime, typically 105
shuls, extending iz to 10 shots us
properly designed virenits. A pudksed
ultravivlet souece developed (o excile
the Aunrescence of 50, has heen re-

ported to have a lifetime in exceas of
10,000 bir £20). Pulse durations nar-
mally range from several nanoseconds
t hundreds of micrisecnnds with
peak powers up in the megawatt
range. Repetition rates are usually
below 1000 Hz, Manufactierers of fash
lamps worthy of investigation in
atomic fMuorescence include Xonop
Corp. {Medford, Mass., especially with
the Nowvatron sesies), K& G (Taston,
Mass.3, and ILC Technology (Sunny-
vale, Calif.).

A low.pressure, capillary-type
xenan arc lamp has he=n recently in-
vesligated in ntomic fl, nrescence work
{27). The lamp was aperated from a
pulsed power supply i ? kV with a
0.1-4F capacitor, giving a flash half
width of approximately 6 ysec. There-
fsre (Tahle [), the flash inpul energy

Table I. Electrical Charactaristics
of Flash Lamps?

Energy input per
tlash, J
Light fash duration, {, = (1/2R,C
sec
Peak input power, W P; = Jiy
Average inputetec- P - Jf =
trical power, W Pty
Average current T=ver
drawn from DC
power supply, mA

®C x vawe of storsqe capacitor, ufF; V
= opeeating voltage, k; Ry = aftective
arc resistance during the 1lash, §1; and
= llash repetlilon tsta, sec™’. The vaiue
©f the charging resistor should he
chosan so that B = 1/5 {7, and lts
Powet rating should by greatar Ihan P,u
The value of f thould nover exceco aboul
9.1 ()" 1o pravent continuows loniza-
tion of the tamp.

4= (172500

was 2.5 ] with an average inpul pnwer
of 250 W (100 Hz repetition rate). No
data on the radiative output energy, as
well a5 on its spectral distribation,
were reported. However, Lhe detectinn
limils nbtained were poorer compared
to an Eimac 150-W cw xenon souree,
This experimental evidence is rather
disappointing, but no detailed investi-
grlions have been mode Lo explain
these unexpected results, although
geometrical considerations on input
fluxes on the flame seemed 1o play a
signilicant rale (243,

Pulsed Tunable Dye Lasers. Kx-
tended tanability, high peak power,
narrew bandwidih, and high beam col-
Iiv n are impartant atirihutes of
Lunable dye lnsers for stamie Myores-
cence work. Since the firsd papers ap.
pearedd on liser exciled atomic Muores-
cenre, considerable propress has been

made in this fiel (7). Pulsed dye la-
sers con he pumped by anather laser
or by a Nash lamp. Interchanging of
dye sulution allows operation in the
near UV-near [R range, oxtending
with frequency doubling down Lo 250
nm. High peak pawer and iow duty
eyele woull seem Lo permit full exploi-
tatiom of the advantages of gated de-
tection, as indicated in Fquation 1.

Apgain, different types of noise
might be predominant in laser excited
fluorescence. Signal-carried scallering
naise is the mast important whenever
it is impossible to take advantage of
nonresonance [lunrescence emission
(22). Peak-to-peak fluctunations of the
laser aulput shoukd have no influence
on the Muorescence signal, provided
that its spectral irradiance is (much)
higher than the saturation irradiance,
which depends upon the lifetime of
the atomic system (ie., on the quan-
tum efficiency of the transition). In
lact, it is well known that a high radia-
tion density is able to redistribute the
population of the levels, causing the
bleaching of the ground state. This
would have remarkahle consequencea
in improving the linearity of the ana-
Iytical curves, provided that the hend.
ing oLrerved at low light levels (i.e..
wilh conventional excitation saurces}
can be attributed solely to self-ahsorp-
tion effects {27}, Even mare attractive
in the posaibility of fully expluiting the
atornization characteristics of high-
temperature, low-quantum efficiency
mixtures, such a5 nitrous oxide-acety.
lene flames because of the less strin-
gent dependence, for a two-level
atomic system, on the quantum effi-
ciency in near saturation conditiong
124).

Bandwidths of the laser output,
usually ranging from a few tenths of a
nanometer to 10-2 nm with only the
use of the dispersive element in the
cnvity, can be interferometrically nar-
rowed down to 10-! nm and even lesa,
thereby allowing high-resolution spec.
trascopy studies, Alzo, the high colli-
mation of the beam leads to very high
irradiances even with moderate power,
owing to the fact that the focal spot
diameter of the laser can be npproxi-
mated by the product of the heam di-
vergence times the focal length of the
lens used to focus it into the atumic
vapor,

Same typical operating characleris-
tic paramelers of flash lamps and laser
pumped dye insers are summarized in
Table 11. This table in vnly intended to
give an overall survey of some typical
values which can be achieved with
pulsed tunahle Insers and does tot
represent ullimate performances.

Measuring Sysiem

Deteetion systems repurted for
pulsed fluoresconee work have been



photiaubtiplicrs coupled with either
samprling oseifloseope or seme farm of
hosear ittegeation schentes. The prab-
lems of measuring fast optical signals

hive been exhaustivel v in
two excellent papezs by Lytle (25);
therefore, we shall limit aar discussion
toa briel ilustration of the witdely
nsed detection scheme involving a
liesgeatr, which is anabigronis to s -
plinge oscilloseape with added Texihiki.
ty ol signal processing, Commercinlty
aviiladle hoxears cien be ased either as
i waveforn reteieval sestem, abso
cafledd “scan made™ of operation, or as
a puibse measurement, system, also
called “singhe point™ mode of opera-
tion 1261 Basically, the boxear is a
sample awd hold vstem, the sampling
titme of which is determined by a ref-
erenee pulse rebated to the signal of in-
terest, I one uses it in waveform re-
trieval applications, then the timing of
the sampling winduw is siowly swept
across the signal of interest, producing
al the entput a fengthened replicn of
the inpuet wavelurm (Figure 3), For
pulse measurement purpuoses, Lhe in-
strument is arranged in such p way
that the timing and width of the sam-
Hing window coinvide with the signal
ke (Figare 41, In this last mode of
uperation, the boxcar bears a close re-
semblance to the plase sensitive am-
plitier (ock-tn detector). However, the
phase sensitive detector is always
gated a1 half-cvele intervals, whereas
the hoxear is grated so that it samples
nnly the signal pulse {and naoise) oe-
vurning during the sampling time.

A dual-channel boxear integrator
has heen used to monitor reparately
any background emission between
pulses {10). Similarly, a dual-channel
svnchromnus integrator, which could
e yuickly patched Logelher from
standard funetional cards and maod-
ules, was described (27). Here, the dif-
ference hetween the iwo integrated
valires of signal plus hackground and
backpround alene gives the net fun-
reseence signal, assuming that the
background emission during the OFF
fime of the source is equal Lo That
nusasured doring the ON time {ie., in
absenee of any source-induced back-
srind sirmu D). The corresponding
digital svnchronous photen ciunting
sestem was used with o pulsed xenon
Lo as excitalion source. In this case,
considernble BF interference was
lnanel from 1he high-viltage pulse to
star the famp; therefore, a delay in
the gate upening feausing a loss of fha-
oreseent sigoad)l was necessary (27).

Analytical Resulis and Conclusions

Laser paeited Nuorescence stlies
have heen carried out with hoth nitro.
pen aser pumped and Aash limps
pumpred dyve lasers and huve heen al-
mest exclusively hmited to obtaining

Tabde W. Spectral Output Characteristics { Typical Values)
af Tunalile Dye Lasers

Paak power, Pulse widih,  Repetition Duty Bandwidilh @
Pumiping made w msec cycle cm™!
N, ~laser, 10-10% 3-10 10-500 <10 107 jo~!
337.1 n )
Ruby-SH, io-10 10-30 <01 <107 107107
347.1 nm
Flash lamp, 10*-10*  100-200 <01 <10 10-2-16""
= 50-nsec nise
tinve
Flash lamp, 19*-10*  300-1000 5-20 ~107%  j07-107

~200-nsec 1ises
lime

DA fem ™ ) X A {em?) X 107 (nm em ') 5 AA (nm). AT fem™p X 3 X 10" (em
sec ') = Av (Hr ).

."U.l',‘,,fjf’;_f{' TR
""\."; [

Flgure 3. Scanning mode of operalion of boxcar. In this way instrurnent might ba

thought of as single-channel signal averager

I

LEA T

Figure 4. Simplitied block diagram ol Ruorescence selup with pulsed source and

boxcar detection. Operation is shown in single-point measurament mode

Table lil. Comgarison Batween Pulsed Sources and Cw Sources Detection
Limits in Atom ¢ Fluorescence Flame Spectrometry
Limits of derection, wg/mi_

In acetylem: 1),

Pulsed sources C‘;;urcn
Continuum,
Eimac
Elamant Laser Line Continyum Lins 150w
Ag A 0.004 0.02 0.0001 0.006
Al 0.805 0.07 - 0.1 .2
- Au . 0.003#
Be . e 0.2 0.01 0.07
Ca 0.005 0.0003 .. 0.02 e
Cd PN 0.004 0.03 0.000001 0.0}
Ce Q.5 (1) .
Ca 0.z Q.007 ol 0.005 0.02
Cr 0.02 0.004 0.05 0.01
Cu .. 0.002 o 0.0005h aan
Dy 9z PR .
Er 0.5 P
Eu 0.42 .-
Fe 0. 0.008 . 0.008 P
Ga 0,62 R 00§ .
Gd 0.8 {1) .. .
Hf 100. [ A o .
Ho 0.1 - . o
In 0.Co2 . e 0.1
Lu 3. Ces ..
Mg 0.C003c 0.00] 6.004 0.00¢ 0.0003
Mn o.cl 0.002 .03 0.006 0.004
Mo 0.3 0.06 - 0.5 0.2
Nb 1. A .
Nd 2. ‘e B - .
Ni 0.05 0.02 B 0.003 PN
Os 150
Pb 0.03 0.07 . 0.01 aae
Pr |y} o .. -
Rh a1 . . 3. P
Ru 0.% . .. ..
Sk 0.05 0.05 .
Sc 0.01 o .- - .-
Se A 1. . 0.04 3.
Sm a1y . .
Sn PR 0.2 0.05 s
Sr 0.04 0.01 0.03 .
Tb 0.5 (1) e
Ll 0.1 e ' 4, 0.9
Tt .02 . N 0.008 .
Tm Q.1
v 0.5 0.2 . ©.07 01
Yb 0.01
Zn e 0.003 0.1 0.00001 0.006
AV alies are Tor amalyte In aguenus sAlutians. {1) means fenic fluoresience. Most
of the detection ity reporled are fawen from rels. 4 aod and have pren oblaned
[amies [ar and mtrous

npoble gas supportec). The reagdor is
plete itormatiun; sen especially B
ahd high-frequency discharge, |
3D pumped aye lascr, taken

tiametess de

oxicte subporicd) and hydrogen Hames |y and/jor
relerced 1o Lhe arlg
owner's review (.lf
Aken From Human (1

From Wanl and
Htection kvt af 0.2 pg has been re

al reterences for more com-
Compined hullew cathode
1. €Frequency doubled, flash
Spilwnan {271 An absolgtle .
ported by Neunann and Kriese (1.7),

. gt

detection limils in agueous solutions.
On the contrary, a variety of applica-
tions of pulsed hollow cathade limps
have heen reported {1, 11, Table 111
collects the detection fimits ohtained
with the different types «f pulsed
suarces and compares them with the
carresponding cw source limits. Usunl-
ly, such figures are defined on a basis
of S/N {rmy) = 2.

From the results presented in Table
11, pulsed source delection lmits do
compete {avorably with the corre-
sponding cw source limits, obtained in
most coses with intense electrodeless
discharge lamps, The erratic qualily of
the laser results needs careful inter-
pretation on the basis of parameters
such as primary excitation wave-
lengcth, saturation of the Muorescence
signal, and limiting noise in the sys-
tem. Signal processing can be further
developed and improved, as well as
frequency doubling which will extend
the tunability down te 200 nm without
degrading the output power ton signif-
icantly. Therelore, additional work is
experimentally needed.

At the present state of the art of
pulsed siurce atomic luarescence
spectrometey, one can generally sav
that the combined develupment of
high radiance conventional pulsed
sources (e.g., thermostated ciectrixle-
less discharge lamps) and novel signal
processing techniques is likely 1o be
expected and needed before pulsing
ean he considered definitely superior
to ew excitation,

The very natuare of the pracess of
pulsing fits ideally in multielement
determination systems on a rapid se-
quential basis, reducing instrumental
complexity and cost {28). In view of
the experimental data available up 1o
now, this is probably the area in which
pulsed fluurescence systems are wor-
thy of investigation. Moreover. the
time resalution capability of the fluo-
rescence waveform allows one Lo fore-
see Lthe attractive possibility of elimi-
nating any nonspecitic scattering sig-
nal in resonance fluarescence vheerva-
tioms, by opening the gate after the
sutiree pulse has subsided.

Finally, it is eow possible ta pro-
duce extremely short excitation pulses
of the order of a few nanoseconds with
specinl contintewm sources nand even
tess than a mimosecond with nitrogen
pumped dye Jasers. Therefore, the
possibility o fifetime determination
via the direct Muerescence devay
method might be feasible. This tech-
nique has heen successtally used with
a puized dye laser for the measure-
ment of the lifetimes of some levels of
nickel and iron mtomic beams (29, 540),
by ubditian, tine resobved spectrosen-
py of the excited stare will be of defi.
nute Bl in stwdving collisional el
atiow processes,
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Pulsed vs. Continuous Wave Atomic Fluorescence Spectrometry

Sir: 1 is well known that the ideal experimental setup for
atemic Muorescence spectroseopy has 1o combine the use of
& high intensily source of excitation and a Jow background,
highly efficient a{omization reservoir. In recent years, several
anthars have attempted (o assemble a fuorescence setup
consisting of a pulsed excitation source and a gnled detection
svstem (1, 2). Understandably, the aim of this research was
twafuld: (i) high source radiances could be achieved within
& narrow lime interval while still maintaining the discharge
eanditions at a practical level of operation, and (ij) background
noise due 10 the atomizer and detector could be greatly di-
minished because of the gated operation of the detector.
Experimental results {1-8) were obtained using hoth con-
tinuum as well as line sources, such as xenan arcs and hollow
cathide lamps.  Maoreover, tunahle dye lasers, nperated with
a low duty evcle, have alw: heen investigated because of their
unique properties of high peak power, wavelength tunability
and narrow spectral handwidth,

Unfuortunately results achieved with conventional sources
opetated in the pulsed mode are comparable to those ohtained
For similar sources opernted in the continuous wave (ew} mode,
and so the predicted ndtantage nf sipnal-to-noise ratio has
never been fully realized Darticularly disappuinting are the
results obtained for pulicd laser excitation where the ex-
serimental detection limits for flame atomizers are far less
atiractive than those predicted.

The aim of this nole is 10 emphasize some of the drawhacks
:nherent in puised Auorescence wark, which have heen av.
erlooked from the beginning both because of the lack of
experimental information on the source characteristics when
operated in a pulsed regime and, in the case of laser excitation,
hecause of the fundamenial reintionship between the rate of
pheten ahsorption from e source (and photon flunreacence
rate) and its specirnl irradinnce. The experimental and
theoretical background upon which the furegoing consider-
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Table 1. Summary of Reasons Why Atomic Fluorescence
Signal1o-Noise Ratic in Pulsed Luminescence
Spectrometry Does Not Necessarily Increase with

Peak Source Power

Source Lype Reason Commenl
Pulsed hollow Self-reversal Experimental
cathode lamps resulls
conclusive
Pulsed Prabably self-rcversal No experimental
clecirodeless resulis yel
discharge
lamps
Pulsed xenon Shift in spectral Experimental
lamp distribulion; inef- results
ficient conversion conclusive

of inpul powsr to
light outpul

Tunable dye Saturation® Experimental
laser approached in resulty
luminescence conclusive

{signal reaches
Mateau)., scalier
increases linearly
wilh source power
for resonance
fluoresechee; mo-
lecular fluores:
cenee increases
lincarly with
sOUree power

% Molreular fluorescence with dye lasers is not as prone
Lo xaluration and thus the signal level should increase
hearly lincarly wilh source Mux even with lzsers,

ations are hased is largety available in the Muorescence lit-
erature. Nevertheless, hy collecting all essential paints in-
ether, we hope (o help the reader and/or the potential user
of the gmilsed Tuorescence technique to gain a more realistic



appreciation of ils benelits and shorteomings.,

THEORETICAL EQUATIONS (1,73)
Assuming that the total noise i a Nuorescence setup is due
T altnnizer souree deteeior shot noise, e gain, 6 in sig-
-l noise wadie due to souece pulsing fpe) and detector
waling as compared o cantinuans wave speration {ewk ol bath
souret and delector cas e expressed as Tollow

Clpofen) = e EEL L, 1 L (1}
inthe case of backzround shot nose Wmeted systems, and
Grpofew) = WE VL W B 1 2t 8 2)

in the case of svuree-related or -induced shot noise lindted
systepis, Hereo (£ stands for the average spectral irra-
thamce (erg s ' era “mn ') of an excitalion source aperated in
thi ew mode and (20 represeids the peak spectral ie-
radianee of 1he pulsed sonece, characterized by a pulse width
f 1) anla repetition rale f(Ha) 17 <ource stability is ponr
causing licker notse which is souree related (seatter) or source
induced (malecalar Nuorescence of Mame gas species) signal,
then there will he no gain with the pulsed source excitation.
For narrow line saurces, E, is replaced by E, the line irea.
diance, ie, £ = [ Edh

For a nun-degenerate two level atomic =vstemn, under
stale conditions, the Muerescence radiance, By, terg s !
st 'His given byt

By W)Y TR LELEME, + B t3)

where L denstes e depth ol the fuorescing region {em), Y
is the gquanium efficiency of the transition, k{A} is the ab-
soeption coefficient tem '}, and E," is a paruneter called
“situratin spectral ieradiance”. For conventional excitation,
o << Ey and therelure, the (uorescence rudiance lwars 1he
szl inear dependence upon the quantum efficiency and the
source speciral irradiance.  However, if E, > E,*, the
Nuorescence radianee attains, at the limit of infinite E,, a
mpximum value, given hy:

(Bghas = M7 P A1 /2) {4}

where A (s ') is the Finstein spontansous transition probability
and sy is the tutal atemic population densily (em *). The
parameler 7 can therelore be identified ax the source spectral
irrbinnee for which the Muorescence radiance reaches one hall
ol the maximum value. This parameter is related to the
atemic parameters of the transition as follows:

om

S\ = T6 X 107 Ayt Yy (5)
where A has units of nm.
DISCUSSION

Case I Conventional Excitation Sources. In the most
favorable rases of nartow line width, good optical collection
effiviency. anel high inherent brightness of 1he discharge, the
spertrat irrwdiance reaching the alomic reservoir from sources
shich s hodlow cathides, electrodeless discharpe lamps. and
Keton ares o atlaim o maximum value of ~ 10 ergs ' om ?
nec ' (8, 000 Therefore Wi tiis case, £, €< E.Y (ser case 1l
lor numerical values of 27, and no saturation of the
Nurescence sigoid is expreted.

When pulsed hotbae cathade lamps are used for excitation,
the vitdue of the duty evele Uraction of source "on-time™)
reported in the litersture varies from 10 % 1o 30" Thus,
acvording to Fepaation 1. the speetead peak irendianee of the
B shonld exveed the average spectral readianer of the ew
suatee v ar deast 238 arders of magnitude o any appreciable
rann in 5/N ratio has 10 be achieved. While this increased
indensity ean e effectively measured by abserving Lhe
warclenpth inteprated watpat of the kg, it has been amply

documented fn the literatare (44 7) that the line profile may
he pligued by severe sell-reversal effects, which therefore co
e Justify the use in Fouation | of source (excitation) -
ritiances based upsa ingrut powers.

For puedsed xenon ares, where self-reversal effects shoud
be absent, two additiona] parmneters lave to be considere &
(0 the spectral dastribution of the light emitted changes dwe
to pulsing and (his can result in a significant increase of ke
hackground seatter as well as medecalar Muorescence of MNase
species (B); and Ll the apical efficiency of the lamp (ie., the
ralio belween the spectral autput and the electrical powar
input) may change with the peak electrical power dissipaied
during the pubse (10). Again, il Equation 1is to be wsed, sour-e
spectral irraliances rather than gt pawers are required.

At this date, no experimental data are available with (ke
use of electrodeless discharge Jamps operated in a pulsed
muode.  However, the same problems reported for holley
rathode lamps should be seriously taken into consideratio .

Case II: Pulsed Laser Excitation, Saturation of tfe
Fiuorescence. The duty cxvcle for a typical commerciall ~
available tunable dye laser ranges from 10 % ta 10 * dependicg
upon the kind of pumnp used (Rashlamp or nitrogen lases).
However, peak powers of several tens of kW are easily a-
tainable, and therefore a remarkable improvement in §/N
tatio should indeed be leasible if the assumplions made n
the derivation of Equation 1 are met. Pulsed lasers may be,
however, plagned with multimoding, which is similar o
sell-reversal. Again, the wye of Equation 1 for laser excitation
tx misleading, unless proper attention is given to the saturaticn
spectral irradiance limiting the maximum atlainab e
fMuorescence signal. According to the definition of saturation
spectral irradiance. it is clear that having K, >> £," will result
i at most doubling the Quorescence signal. Therefore, it s
E\" and not E, that has to be substituted in Equation I o
catculate the pain in the signal-te-noise ratio. From Fyuation
. one can calculate the values of E;* for all resonance lines
of the elements in the UV-visible region and for most
atomizers characterized hy widely different values of quantum
efficiency. 1T ¥ varies from 10 *to 1 and for A's in the range
204k 800 nm. Fquation 5 shows that the two limiting valurs
of E{erg s ' em “ om ') range from approximately 10" to 100*
ergs' em?nm (or 107-10" W em * am ') Clearly, the
greatest gain for laser excitation will be realized when the
atomic system requires a very high saturation irradiance. Far
example, il 8 laser of ) kW peak power, operated at 10 k2
with 5-ns pulse width and 10 ".nm effective spectral handwidth
is focused with a spot size of 10 % cm? on 8 sample, ths
cotresponds to a value of (£, of 5% 10® erg s em ?nm
If this value is inserted in Equation 1, one can see Lhat tte
Fain in 5/ N ratio, compared to 8 cw source of avernge spectral
ittadiance of 10° erg s * cm * nm ', is approximately 10 a.-
suming background shot nimse Eimitation, and if this value a
inserled in Eguation 2, one can see the gain in S/N vale
compared to Lhe same cw source is approximalely 50 assurmirg
source Telated shot noise is dominant. This rain could indead
he realized if all the laser power is needed to saturate the
transition. However, when saturation is achieved with the
ivwest value of £," (10" and this value is used in Fguatiom
1, ore can see that in this case no pain will result, because
esseatially all laser power is wasted. Therefore the full
henefit of pulsed laser ~xcitation witl be achieved for atomizes
with very low quantum efficiency and/or for resonance lines
in the ultraviolet. For molecular fluorescence work, whese
saturation sets in at much higher irradiances compared o
atums, significnnily belter resulls are expected and indead
experimentaily horree oul (11, 12).

Seattering, [t has hwen repeatedly puinted oul that, whie
the flusreseence signad can be salwrated, seattering due o
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unwaporized partcles (Mie scattering) in the Name keeps
increasig with the source intensity.  Fur resonance
fluorescence work, anise related L the scattered source ra-
diation (shal and licker) is expected to be the limiting poise
in the system, and according L Equation 2, a deterivralion
in the ubl:imate 5/N is easily predicted. When nonresonance
fluorescence lines cannot be used, scattering can stitl be
ministized by tim o reselutien, ie., by exciting with a pulse
{much) shorter than the fluorescence emission pulse and
deluying the aperture of the gate electronics. L is worth
nuting here that, ween in the absence of Mie scattering, with
the higk photon rates characteristic of laser excilation,
Ravteigh scatter of rediation from atoms and molecules
represents o fundamentgl fimit for resonance fluorescence
maasurimaents in speclrad regiins where gtomizer nodse is
newlipibly. Finally, shot and flicker noise related to molecular
flisrescence frem Dame species must be taken into account
evenl whan nonfesonance fluorescence transitions are con-
sidered, the mare so sinve such molecular Nuorescence has
heen reparted in I ames for pulsed xenon continuum sources
(8. For the ease of laser excited nonresonance atomic
Nuorescence of ele nents with strong nonresonance Lransition
prubalslities, the c etection limits should be superior to thuse
obtnined by excitation with conventional line sources. Ex-
petimental results have nut shown this nor have satisfactory
explanations beer given to explain the discrepancies.

CONCLUSIONS

The simple consideratims reported here show that pulsed
fluorescence spec.riscopy is experimentally plagued with
certain drawhacks which have certainly limited jts analytical
usefulness. We stress here that our discussion did not take
into aceo ant the detectinn system and the assoviated difficulty
of processing very sherl pulses. However, these problems can
be overcume with aroperly designed electronics. Finally, we

i,
—

are nut clitiming that pulsed Muorescence spectroscopy cannot
he superior Lo conventional cw Musrescence spectroseapy, but
we have rather indicated, on the basis of the experimental
results reported in the literature, the parameters that must
be properly investigated in order to achieve such a gnal.
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It is @ usual practive to quote in the literature the detection lienit as a
figure of merit of a particular technique or method, There is nothing against
this, provided that the procedure adopted is based on a statistical approach
and the DL is clearly defined, DLs are commonly expressed in relative con-
centration units and refer to Pure agueocus solutiony of the elements, For the
sake of illustration, let un take a typical example refe Fring to the technique of
emission spectrometry in which the time fluctuating signal x(t) iy conside red
to be superimposed to a fluctuating background xb(t) {see Figure ta), By defi-

nition, for the signal, we have

Total Signal = x(t) + T(b(L] {la}
Net Signal = %(t) (1b}
Background = S:'b(l) {1c}

The bar above the symbols means that we are conside ring average values.
Similarly, the noise accompanying the signal, defined as the random deviation

ef x{t) from the average, is given by
N(t) = xft} - %{t) : (2)

having thus, by delinition, zere average value, The prak-to-peak noise and the

root-mean-square noise are related to each other by the following relationship

1
~ 1 3
Nome™ & N o (3}

This relationship is justified since the individual excursions fram the mean
value are within 2. 5 standard deviations, with 99% prebability, Since random
variations occur in both positive and negative directions, the peak-to-peak
Ductnations will be comprised between 5 standard deviations,

The signal-to-noisec ratio is therefore given by

Net Signal __5 _ x{t) )
Root-Mcan-Square Noise Nrms V{ x(t} - %(t)> 2

It is now easy to recognize that the denominater of this ratio, i.e. Nrms.

is nothing else than the standard deviation of the measuyrements. Thus, the
expression becomes

S X, L ‘ (s)

" RSD

N o

rms x

where o, s the standard deviation of the measurement and R5D the associated
relative standard deviation.

Il the limiting noisc lo the signal is caused by the fluctuations in the back-
pround, as it iz the case at very low concentralions, then the standard devia-
tian of the signal can be replacerd by the standard deviation of the backy round,
In such case the background bas to be identificd with the bLlink of the analysis.

The signal-to-noise expression then becames

= . (0)

oL

Note that equation (6} should by no means be confused with the signal-to-back-
ground ratio (SBR), in which the mapnitude of the background ig compared with

the signal, What matters in the detection limit is not the magnitude of the back.

ground, but rather its fluctuations. Now, in any analytical procedure,

the mea-

sure, X, i3 related to a given concentration, ¢, of analyte Ly means of a calibra~ '

tion function x = f{c}, If this function is linear, then the sensitivity, 8% is defined

as follows (see Figure 1b):
€, - c’ <o

(7)

If we now deline the detection limit, €y 23 that concentration of the analyte in
solution resulting in a signal-to-noise ratio of K, we can write
crb )
¢, =Keg —

L ox (8)
9 .

or, ina comoletely equivalent manner,

o

e, =K

led
n

" (Ba)

e =K co(RSD)

1
L b{SBR) {8b}

The detection limit can then experimentally be evaluated by measuring @

. b
and x(t i i i

nd x(t) at a given analyte concentration €, and then extrapolating the result to
a given value of K. The value of K is dictated by atatistical considerations. [t is
usually taken as equal to 2 or 3.

The above considerations hold equally well for AAS and AFS,

* b)
,
Samnas k-X .3
C.-¢' ¢
: 35
o L TR '
]
t
i
]
i
o |
1
X'eC'e c, Lone.

Figure I: {a) Schematic representation of an emission (or fluorescence) signal
superimposed to a fluctuating background;
{b) Calibration function ang sensitivity
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