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Abstract—Two pulsed dye lasers pumped by imer lnser are timu! ly di d into the analylical zone of
n inductively coupled argon plasma. When the 1wo beams are luned 1o the sppropriate ionic Iransitions, highly
excited ionic levels can be efficicnlly populated in saturated conditions, the setulting fuorescence being then
specirally isclated with » by and d. A th ical oulling of this Lechnique, variously called
double-resorance fi or | n , it given. The experi [ resulis obtained with the
alkatine-eart1 metals Ca. Sr, Bu and Mg show that the technique does provide 1l ilivity, ltcedom from
scallering problems and unprecedented spoctral sefectivity. The laser characteristics, the time overlap between the
pulses and the sp | char istics ol the itions used are di d. Finally, ionic Auorescence in the plasma is
the most suitabl Iyticad application of such doubl rechnigue since its use in lame stomic Auorescence
#efTers from the srong depletion of the excited levels due vo collisionaily sssisted ionization.

1. InTRODUCTION

THE UTERaTURE concerning laser excited fluorescence spectroscopy in Rames and plasmas
describes rhe characteristics of the atomic or ionic fluorescence transitions oblained after
sclective laser excitation of one excited level which is then followed by direct radiative
deactivatien from that level or from collisionally populated nearby levels [1]. The excitation
of the selexted level is achieved with a single laser tuned at the particular transition frequency.
This techmique can therefore be referred to as “single-resonance atomic {jonic) Ruorescence
spectroscapy™

Higher excitation levels can be effectively populated when a second laser, coincident in time
and space with the first one, is tuned to a transition starting from the level reached by the first
laser r frcm coliisionally populated nearby levels. In this case, the resulting Ruorescence can
be named “double-tesongnce atomic (ionic) Auorescence™ or “two-step atomic (ionic)
Aucrescence™. To our knowledge, double-resonance Auorescence has not yet been exploited
anaiytically in lames and plasmas, but has been discussed by MizioLex and WiLus [2]in the
determina ion of lead by clectrothermal atomisation and recently by Govossin [3, 4] in the
imaging of hydrogen in a laminar hydrogen-air diffusion flame. On the other hand, double-
resonance (two-step excitation) schemes have been used for lifetime determinations [5] and
especially a laser enhanced ionization spectroscopy [6-10] and in high resolution molecular

spectroscopy [11].

This paper is dedicated 1o Professor V. A, Fassel
*On leave from: Department of Chemisiry, University of Florida, Guainesville, FL. U.S.A,
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2. TueoreTIcAL CONSIDERATIONS

In order to iflustrate the analys; i ‘
order f ytical potential of the double-resonance Ruore
::;n;:;:. itis lg::l:meld :'oz the sake of simplicity, that the atom {ion)can be treated as ::1:::
™ with levels 1, 2 and 3 arranged in increasin otder of i
tuned to transition | — 2 and the second t iti 3 Resonanee oomenes laser s
0 transition 2 — 3. Resonance fluorescence is th
:;si::?:nf::r::;\; ::?wn tolevel 2. The levels are also coupled by collisions, but ooIIiI:ion::
_ In comparison to downwards deexcitation (quenchi
mteract with all(hcabsorbinga!oms the lasers area ctrally oo Loeorder to
h \ d to be spectrall h la
the absorption profile of the atoms (ions) tame < B I acdtion. 3 Sy
n p in the flame or plasma, iti i
temporal excitation function is assumed and sclf-absorptio: issrlyasc;'t‘ wdition,u stepike

By defining as R,, the rate coefficients (s igti
) for the radiat isi
between levels i and J, we then have the following term: e s welas collsional covping

Ryy= Byapiid,y)

Ris = Byyp,(dyy)
Riy=0
Rai = A3y + B3y 04 (4 3) + ks,
Rz = Ays 4 Byyp,ldys) +k,yy
Ry = ks,

here, B, (I ' em*nms ") s the Einstein coefficient for stimulated absorption .(l' <j)or

emission (i > j), Ay; is the Einstein coefficient for Spontancous emission, k,, is the quenching

rate coefficient and p,{4,) is th i
(Jem = nm* 1} of the la;er.j ® spatially homogencous spectral encrgy density

_ By solving the rate equations for the
ie. for {dny/dt) = 0, we have

[R1]

population of tevet 3 [1). under stationary conditions,

(ny)™ - B120,(2:3)B;5p, (dyy)n,
B 1,18 i+ +g )
120,(444) ;;m(h;l(*T—i Ay +kyy 4 ky,)

‘ 1
[f":l +kyy +Bumuu}(l +:75)J+ Byipa(dg | Ay, + k3, +kuE) ®
1 . ' H

where the superscript DR st ivi i

bc:_n made oll?elh.e !:laliunsh?: c::e::r:: l:::‘;‘:::{;‘:’:n:: |d:" ‘;:1 : ‘:'3B¢‘Pf¢”i°"- e bas

e :rt:r:sﬁ?o::' (52: l_l’ n; ::; lzo see that, in !he Iirr_:ilingmse where bolI; l;urs :fe‘ ;;ble to saturate

greater than o ea e - 3 respectively, ie. when By, p.(4,,) 2nd By p1(d3;) are much
% the maximum population of level 3 is reached and is given by

(’l,)pl -p (—»L_
e Sitgtgy ) o

This i i

o cls:;i'ti;:mrccd be::ause of the assumptions made, i.c. level 3 is coupled only with levels

Theretame i aerejor 1o losses such as enhanced chemistry or ionization out of level 3 occur.

of therors II sta istical weug_hls of the three Jevels are the same. level 3 will share one third
otzl atom {ion} population. For the single-resonance case {superscript SR}, i.e. when

Doubie " 413

fluorescence at 1, is measured with excitation by a single laser tuned at 4;; and p, (1;,) = 0,
similarly, in saturalion, n; is given by

2, = (——-—” ) 4

ke i Py “
The mazximal fluorescence radiance obtained for the single-resonance and the double.
resonance excitations is given by the cxpressions

(B ) = (nyYows hvae Ay (&) - (5
and
(Be)oks = (n3)Rdh¥sa A3, (&) 6}

where | is the fluorescence depth of observation towards the detector.
The ratio of the fluorescence radiances is then

(B )ma - (E)(A_u)(_!_!_)( £+ R ) m

(Belmea  \An/\s2/ \82/\&i+2:45 )
The main outcome of Equ (7) is that no loss of sensitivity is expected for the double-
resonance fluorescence compared to the single-resonance case if both transitions are
saturaied, the level has a large statistical weight and a line with a high transition probability
for spontaneous emission is chosen. Indeed, many highly excited levels have large A values. In
addition, as pointed out by MrzioLex and WiwLis [2], the second laser can probe an energy
region where the number of states is higher and therefore many more fluorescence transitions
can be sclected either from the directly pumped level or from nearby levels, The single
resonance fluorescence technique is already spectrally very selective. The addition of a second
excitation step combined with the increased choice of fluorescence wavelengths results in
unprecedented spectral selectivity.

The double-resenance Ruorescence techniqe is subject Lo scattering problems in much the
same way as the single-resonance technique if either laser is within the bandpass of the
monochromator. In fact, scattering will be overcome in either technique if fluorescence is
measurcd at a wavelength different from 1,, ot A, , i.e. non-resonance fluorescence. Double-
resonance fluorescence offers a unique and simple way of correcting for scattering when
measuring rescnance fluorescence {4,3). In fact, since the signal measured at 4,, would
essentially be zero when the first laser, tuned at 4,;, is not present because of the negligible
thermal population of level 2, any residual signal observed in these conditions will be due only
to scattering. The truc fluorescence signal is then difference between the signals measured at
Ayy with and without p, (1, ;) :

In the single-resonance Aluorescence technique with conventional excitation sources, the
limiting noise is generally due to background emission from the atomizer [1, 12]. This also
halds in the case of laser excitation provided that source induced noise can be minimized. The
effect of laser intensity variations Is teduced by operating under saturation conditions.
Scatiering noise can be eliminated by measuring non-resonance Auorescence, in which case
the limiting noise is again background emission noise. The double-resonance fuorescence
signal, however, can in principle be located in a spectral region where the atomizer emission
noise is reduced. This was for example the case of lead [2] where fluorescence could be
monitored at & wavelength substantially shorter than either one of the lasers used for
excitation.

Finally, the above considerations have been made for an optically thin system e in the
absence of self-absorption and self-reversal. Self-absorption is absent with either technique in
saturation conditions. However, it is clear that when the double-resonance fluorescence
transitions terminate in a level which lies from about 2 to 4 ¢V above the ground state {post-

[12] H. G. €. Human, N. OMENETTO, P. CavaLll and G. Rossi, Spectrachin. Acta Y9, 1MS (1984).
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filter) sclf-reversal should not play any significani role. As a result, the linear dynamic range of
the technique will be improved.

3. EXPERIMENTAL

The experimental sel-up used in this work is schematically shown in Fig. 1. The output from an
eacimer laser (Lambda Physik, Model EMG-102, Gattingen, Germany) operated with XeCl at 308 nm
and 10 Bz is split so 1o pump simultaneously two dye lasers (Jobin-Yven, Longjumeau, France) The
tunable outpuls from the dye lasers are then directed with mirrors into & flame or the ind.ctively
coupled plasma, As shown in Fig. 1, a prism is used as a retroreflector for beam §. The prism zan be
moved slong & ~ 1.5 m optical rail. In this way, the pulse from dye laser | can be optically delayed in
order 1o make it temporally coincident with thal of dye laser 2. To check such coincidence a beam
splitter directs both beams 1o a fast photodiode {Electro-optical Products Division ITT, Fort Wayne,
Ind.,U.SA., Type F-4000, 8-5 tesponsc, typical rise time 0.5 ns} placed near the plasma or the Rame. The
signals are fed into a boxcar integrator system (Stanford Research Corp., Palo Alte, Califorma, US.A)
¢quipped with a sampling unit (SR 255, 100 ps gate width) whose outpul is digitized and then processed
by a computer (HP Model 9816 S, Hewlett Packard, San Diego, California, U.5.A.). Whzn the
retroreflector is at the extreme positions of the rail, dye laser ! leads or fags Lhe other by 3.4 and 4.6 ns,
respectivety. The corresponding variation of the fluorescence signat did not cxceed 607, of the
manimun.

The air-acetylene flame was supported on a Mcker type burner head fitted on a conventional premix
chamber with pneumatic nebulization. The inductively coupled pl was a standard c-al unit
(Plasma-Therm, Kresson, N.J. U.5.A, Model 2500) operating a1 27 MHz with a cross-flow nesulizer
(Labiest, Ratingen, Germany) fed by a peristaltic pump. The fuorescence from the ICP was collected
with a 1.29-m grating monochromaltor (Spex Model 1269 Metuchen, N.J, U.S.A)) and from the flame
with a high luminosity monochromator (Model H- 10, Jobin Yvon, Longjumeau, France). In both cases,
a phot ltiptier (H tsu Corporation, Japan, Model R 9285) wired for fast response was used
and the signals fed into the boxcar integrator.

The characteristics of the components have been given in detail in a previous paper [12].

4. ResuLts

4.1, General

There are several ways to tune the laser cutput in resonance with the atomic fonic)
transitions. In our case, the monochromator was set at the desired fluorescence wavelengthis)
and the laser scanned across the fine(s) until a signal was obtained or the single-rescnance

HV EXCIMER

SUPPLY LASER
re MIRROR L 85

lDYE LASER DYE LASER
2 1

/as p

TRIGGER

1.29m
MONOCHROMATOR

MIARDA VARIABLE 3
OPTICAL 5
DELAY
BOXCAR \\—,v/ I
L| AVERAGER
Fiz I 5h ics of the expery Al set-up wsed. BS: beam splittes: PD: photodiode; PMT:

photomultiphiee wbe; HLM, hagh luminasity tonochromator,
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fluorescence resulting from the primary excitation step was monitored while scanning the
second laser, THis procedure is clearly illustrated.in Fig. 2. Here, 4y is fixed and the resulting
Ag is monitared By scanning the second laser, & decrease in the fRluorescence signat will be
obscrved wacnever a wansition exists at 4, which is resonant with a higher excitation level.
The optical delay line is then varied until the maximum decrease in the single-resonance
fluorescence is abserved. The spatial overlapping of the two beams in the atomizer is carefully
optimized by the micoometric adjustments on the mirrors.

4.2, Double-resanance fluorescence of the afkaline-carth metals

The clements investigated are Ca, St, Ba and Mg. Among these, only Mg was studied both
in the flame {atemic fljorescence) and in the ICP (ionic flucrescence). For the others, only
ionic Ruorescense in t1e plasma was investigated as reported below. :

42.1 Cawium. The simplified energy scheme pertinent to the caleium jon transitions
investigated is dlustrated in Fig. 3. The shape of the excitation pulses and their timing
refationship are illustaated in Fig. 4. The duration of the pulse (FWHM) is 4 ns for the
370.603 nmlinc and 4.3 ns for the 396.847 line. Also, the pulses appear to have identical rise
times. From thestatistical weight of the levels and the values of the transition probabilitics
published by WesE ef al. [13], one can conclude that double resonance fluorescence does not
offer a sensitivits advatage over the single-resonance case {sce Eqn (7). In fact, the resuits
collected in Tabe | confirm this prediction for the wavelength pair 396.847 and 370.603 nm.
Clearly, these rezults should be considered qualitative since the model assumes steady state
condii_iong and « temporally constant, spatially homogencous spectral encrgy density. A
quantitative compariscn requires detailed treatment of the temporal and spatial spectrum
characteristics.

Even wilh laser encrgies of few hundreds microjoules, a non linear behavior of the

Fl‘: 2 Il.a'wrer tracing of the decreass (~ 35} in 1he single resonance fluorcscence signal Ug)
indicated in the figure a3 the second laser (4,) is scanned in forward (4+4) and backwards (4~}
directians,

{13] W.L Wies, MW. SuiTHand B. M. M1LES, Aromic Transition FProbabitities, Vol 11
NSRDS.NBS 2., Weshion. DC. (1960, itities, Vol 11, Sodium shrough Calcium.
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W s2187 —1g,

370.603
373.690

W —p,,
25192 — 9,

_v
-
]

3136.847
393.387

0—-'3,,-,

Fig. ). Simplified partiat energy level diagram for the calcium jon tramsitions investigated in this
work. The energy of eack leve! {in om '} is also indicated,

Call

396.847

370.603

. ' i———-lo lll--—-;

Fig. 4 Experimental taser pulse shapes and their timing relationship for the excitarh of aakei
Ruorescence.

fuorescence signal versus laser energies at cither 2, or A, could be observed because of the
high quantum cfficiency of the ICP, Simitar results were obtained with the other pair of

3.690 nm. Figure 5 shows an excitation spectrum obtained by
.i.e. 370.603 nm, and scanning the lower transition {4,;) while
the ﬂ_uorcsccncc wavelength was monitored a 373.690 nn (sec Fig. 3). The resonance
Iransition at 396,847 nm gives a stronger signal compared 10 that at 393,167 since it reaches
the P, ; level which is directly coupled with the second excitalion step (370.601 nm). This

Figurc illustrates the versalility and selectivity of the technique and also the signal-to-noise
ratio obtained ai the (0 ng/mi level :

keeping one laser fixed at dyy

Doublc-resonance Auoreseence 1447
Table | Single and double Ruorescence signals Tor | pg/mi of
calcium®
Fluorescence
Eacitation Laser? Flworescence signal
wavelength enetgy wavelength {arbitrary DR/SR ratio?
{nm) Ll pulse} tam) unils) calculaled Tound )
196847 158 196847 28
370603 ND?
373690 N.D.
170603 136 170,603 N.D.
371690 ND.
196047 170603 L} o4t 028
+
310,603 373,690 1% L1 0.3

*ICP conditions: A50 W, 25 mm sebove eoil. The signals afe not corrected for the
p of the h /d .
" Measured at the ICP,
!ND = not detectable,
"Double Jsingle- ratio. Cakulated values obtained (rom Eqn (7).
The transition probability values were taken from Wiess er al, [

Fig. 5. Double-r n itation sp of ealeium ion, Fly e h
malor set 8t 173690 nm. One laser wavelength is fixed at 370.60) nm whike the other luact i seanned.

422 Serontium dnd barium. Figures 6 and 7 show the energy levels for the strontium and
barium ions with the laser excitation Iransitions used and the Aluorescence lines measured.
The trend is similar to that observed for the cakium ion. In the case of strontium (Fig. 6),
collisional population of the “S” level, situated approx. 0.7 eV above the level reached with
the second laser, resulted in the emission of a weak fluorescence signal at 346.446 nm. This
signat was however 2% of that obtained at 430545 hm and ~ 4% of that at 416.180 nm.

=)
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|
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421.552

e-— 35,

Fig. 6. Simplified partial encegy level diagram for the sicontium ion transitions investigated in this

Fig.

work. The encrgy of each level (in em ') is also indicaed.

Ba 0l

)
(
B
é

Aa8d — ¥F,,
40259 —2F,,

48158 —~—— 20,
45049 —-p,.

ir
) )

P,
¥

2355 — 15,

415,800
413.066
489997
J8%.178
233.527

-..,_-{"—\_/-“--._/_"-._—T-._/"‘

230.424

g 2) et
7 1 $675 — 10, .

£BT4 — Dy
\ a2

455.403

n.—..._.?slu

7, Simplified partiai cnerpy level diagram for the barium ion Iransitions investigated in this work.
The encrgy of cach level fin cm™ '} is alsn indicaied.
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In the case of barium (Fig. 7) the double-resonance signals at 413.066 and 389,178 nm were
I.3 tines and 0.5 times the singlc-resonance signal at 455.403 nm. The signal at 489.997 nm
was 033 times that at 455.403 nm. Ultraviolet A from the collisionally assisted F
ievels was 1-2%; of the signal at 411.066.

4.2.3. Magnesium. With this element, both atomic fluorescence in the fame and ionic
fluorescence in the plasma were studied. One important advantage of double-resonance
excita ion is that it allows one to reach energy levels normally unaccessible to thermal
excita jon im the lame. This opens the way to the evaluation of excited state dynamics, which is
important in combustion diagnostics, On the other hand, from an analytical point of view,
atomic Auotescence might be less attractive because of the potential ionization losses from
the exited level. This important consideration can now be pointed out with reference to
Fig. 8 In this figure, two double-resonance cxcitation schemes are shown. In scheme A, the
level rached by radiative pumping lies 1.893 ¢V below the ionization potential of the atom
while i scheme B the final excited level is 0.665 ¢V below the ionization level. Assuming that
thermal iomization proceeds vis a single level collision, it can be calculated that the
proba sility of loosing atoms from the pumped level to the jonization continuum is more than
1wo osders of magnitude Jarger in case B when compared with scheme A (6] Consequemly,
the double-resonance fluorescence signal can be much larger with scheme A. This prediction
was clearly borne out eiperimentally by comparing the luorescence monitored at ~ 383 nm
with thal monitored at ~ 278 nm. The former Buorescence signal was about one order of
magni_ude larger, despite the fact that the spontancous transition probabilities for the lines of
schem: B are similar to those pertinent 10 the lines of scheme A [13).

On _he basis of these theoretical considerations and of the experimental results cbtained
for magnesium, double-resonance atomic fluorescence in flames will very often suffer from
ionizasion Jasses, which will be more severe the nearer the final excitation level is to the
ionization continuum, In the double-resonance ionic fluorescence in the ICP, however, the
second jonization potential of the ion is usually much larger than the energy of the excited
level reached by the simultancous radiative pumping and the fluorescence technique can
therefcre be fully exploited. This is shown in the energy level diagram of the magnesium ion
reported in Fig. 9. Here, the excitation process reaches a leve) which lies 6.2 e¥ below the
ionizaion potentiat of the ion.

4.24 Detection limits in agueous solutions in the ICP. Table 2 collects the detection limits
obitained for the four elements, together with the transitions used and the laser cnergics
measused al the piasma location. In all cases the fAuorescence signal was monitored at a
waveleagth different from the second pumping transition. (in the conventional Auorescence
terminalogy Auorescence at a wavelength different from that absorbed is generally called non
resonaxe fluorescence. Here, instead of the rather confusing name “double-resonance non-
resona we Auorescence™, the terminology “two-step non-resonance fluorescence™ scems more
approgxiate]l Therefore, scattering problems due 1o the second laser are overcome.

The deteclion limits are similar 1o those obtained with the single-resonance technique [1].
since thx limiting noise was essentially the same in both cases and was due 1o the ICPemission
background,

It is worth noting that this experimental system was designed primarily for diagnostics
studies in the ICP by laser induced Auorescence [14]. Here, the spatial resolution required
was ackicved by making both laser beams parallel with folding mirrors and then focussing
both bams into the plasma with & single lens. Therclore, for analytical purposes, this system,
which uses 5 mirrors and 4 apertures can be greatly simplified with the result that higher luser
powers (closzr approach to saturation) and lower detection limits can be obtained.

4.2.5. Spectral selectivity. The spectral sclectivity of the double-resonance Auorescence is
demonstrated using the well known Cd/As interference. As shown in Fig. 10, arsenic atoms in
the the-mally populated level (1.35 eV above the ground stale} absorb the radiation at
288.812 nm which differs by 5.01 nm from the wavelength of the resonance line of cadmium.
Because of the relatively large spectral bandwidth of our laser (~ 0.02 nm)and the significant

"[14] N. @ueneTrO, Lecture given a1 the Winter Cani on Plagma Spectrochemintry, Leysin, Switaerland

{Jaruary 1935} 10 be submitted for publication,

!
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Table 2. Detection limits thafml) for squeous solutions of Ca, Sv, Ba and
Mg obtained by double.r ionic e
Exciation Laser Fluorestence  Detection®
transitions energy transition Limit
Elcment tnm) {nd/pulse} (nm) {S/N = 2)
G Ay = 396.847 158 8% 0,007
4; = 370603 136
A, = 40177 L]
Sr 1, = 430,54 %0 416.180 1
1, = 455.403 Mo
Ba A, = 416600 0 89.478 |
A, = 279551 izl
1 ]
Mg 1y = 279406 12 279.079 005

*ICP conditions; 850 W, 25 mm sbove load coil, Fluoresoence mono-
chromator slit width adjusted to isolate the transition indicated in the Table.
Lascr repetition frequency: 10 Hz For alf clemnents, 10 pulses were averaged
by the boxcar intcgrator.

*Frequency doubling, with ~ 10% conversion efficienicy, was used,

population of the arscnic absorbing level in the ICP, both atomic species are excited and
fluorescence then results at the same wavelength. Since cadmium has only this resonance
fluorescence line, its determination at trace levels in the presence of significant amounts of
arsenic is plagued by spectral interference. For our experimental conditions, 1000 pg/ml of
arsenic in the solution gave a signal equivalent to 0.66 ug/ml of cadmium, Figure 10 iflustrates
how double-resonance excitation can be used to com pletely overcome this inteclerence. Here,

380.679
470.302
277.689

182.91%
383.231
381.078

35051
21911 I
L% 21870 * %,
21850 e
bt "
n ~
g £
L s,
) {6) °
Fig. 8. Simplificd partial encrgy level for the magnesium atom. {A) and (B} represent Iwo different
cxcilation schemes § ded 10 d te the different ionization losses oéxurring (sce lext for
discussion).
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032, 31

} 842
!5
o a .
&

35767 - S

279.504
293.854
292.875

2,
v2
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2
»
2
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Fig. 9. Simpiiﬁedpmiaimylﬂe!d'ngumronh gresium ion transitions i bgated in thiy

work. The energy of each level fin em ™'} is nlso indicated.

'$q

Fig. i0, Simplified eneryy bevd schemes perlinent 1o the description of the spectral interftence
AsfCd In ihe cacmium scheme the two laser etcitat) lengihs and the L | Puorescence

wavelcagth are indicaled. The energy of each level lim em ™"} is also indicated.
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the cadmium fluorescence is measured at 361.05t nm after radiative excita.tion by two lasers
to the ' D, level and collisional excitation 1o the luorescing 2D, level. In this way, 1000 ug/m)
of arsenic had no detectable efect on the Aucrescence signal of 1 gg/ml of Cd.

5. Concrustons

The main purpose of the research described in this paper was to cnn'-nine some features of
the technique of double-resonance or two-step fluorescence in an m.ducn\.ael_y coupled plasma.
Afthough the number of ciements investigated was rather limited, it is felt that some
considerations can be summarized as follows: ) ) . .

(i} The deuble-resonance fluorescence technique can indeed result in a ml.:lc ana!_yt!cal
technique. the more so if both absorption Iransitions arc saturated, a level of high sllnnstml
weight is reached and the transition probability of the resulting fluorescence line is !ugh.lnd
the iomizaticn limit is well-removed lrom ihe highest laser-populated state {.see {iv)).

(i) Compared with the conventional single-resonance illuorescenoe technique, _tl_1e new
technique offers higher spectral selectivity and a larger choice of ﬂ}lorescence _lransalmns._ If
the conditiens cutlined in item (i) are met, then it may afso provide better signal-to-noise
ratios and therefore better detection limits. )

(iii) In contrast with the conventional single-resonance ﬂuorescel_'lce. the Bew technique
olfers a unique way of correcting any scattering signal. if present, by simply blocking the first
excitation transition. Scattering noise, of course, will still be present. To ovcrcom'e the wlaller.
2 1wo-step non resonance Ruorescence line can be measured in the same way as in the single-
resonance technigue.

{iv) Double-resonance atomic fluorescence in a Aame atomizer i.s not e_:pected to be a
generally applicable sensitive analytical tool due to the unaveoidable .lomuuon losses which
proceeds very rapidly by cellisions lrom the excited level. This loss will be more pr_onc.)um.:cd
the nearer the final level is to the ionization continuwum. Indeced, two-step ionization
speciroscopy in flames is capable of extremely high detection sensitivities [6—]0. 15). .

¥} in view of the consideralions outlined in item (iv), a much better analytical approach is
to use doubke-resonance ionic fluorescence in an inductively coupled plasma, due to the large

value of the ionization potential of the ion (sometimes just referred to as the second
ionization potential). .

(vi} For ciagnosiic purposes, the new technique offers the possibility of menitoring h!sh
Iying states, which are not accessible in conventional emission spectroscopy a_nd offers high
spatial resolustion due to [act that the signal is generated only at the intersection of the two

laser beams ) o
{vii) The lechnigue is obviously complex since two lasers are needed and care is requlre.d in
order to achieve temporal as well as spatial coincidence of the two beams in the atomizer.
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particular the Education Training Service for the grant of visiting scientist fellowships.

[15] L. P. Hant, B. W. SMitit and N. OMENETTO, Spectrorhim. Acta B, in press.
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Laser induced fluorescence and ionization spectroscopy:
Theoretical and analytical considerations for pulsed sources*
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Laserinduzierte Fl nz- und lonisationsspektroskopie:
Theoretische und sealytische Betrachtungen
iiber gepulste nglleu

Zusammenfasseng. Es werden serschiedene theoretische Be-
trachtungen iiber die Einfach- und Doppelresonanzver-
fuhren der Fluorezcenz- und lonisationsspektroskopie in
Flammen und Plasmen (iiber Ein- bzw. Stufenproze8) mit
Anregung durch gepulste du-chstimmbare Farbstofflaser
votgestelit. Fir Laserimpulse *on mehreren Nanosekunden
Dauer kann die Einstufenanregung (Laseranregung mit
nachlolgender Stodionisations vom analytischen Stand-
punkt durchaus niszlich sein, auch wenn die lonisierungs-
ausbeuten aufgrunc der kurzen Bestrahlungszeit gening sind,
Der Wirkungsgrad der lonisierang katin betriichtlich erhiht
werden, wenn zwei Laser, die aul miteinander gekoppelte
atomure Ubergiings abgestimmt wurden, in der Alomisie-
rungszelle riumlich und zeitich zusammentreffen; hier-
durch wird das Ve-Tahren Sulerst emplindlich, bis in den
pg/ml-Bereich.

Die EinbuBer, die die Alomfuorescenz aufgrund solcher
lonisationsprozesse erleidet, snd dabei um 30 graler, je
niher der angeregte Endzustand zum lonisationskontinuum
liegt. Wie weiterhin gezeigt wird, ist s fiir eine hohe Emp-
findlichkeit zweckniiBiger, Drppelresonanz-lonenfluores-
cenz in einem indub liv gekoppellen Plasma anzuregen. Die
experimentellen Ergebnisse wuzden mit einem Excimerlaser
{XeCl) erhulten, der gleichzeitiz zwei Farbstofflaser pumpie.
Fiuorescenz- und {anisutionsverfakren werden auch im Hin-
blick auf mégliche 1terferenze 1 verglichen, di¢ bei der Ana-
lyse realer Proben zi erwarten sind.

Summary. Several theoreticu! considerations are presented
for the single resonance (single step) and double resonance
(double step) techmiques of fuorescence and ionization
spectroscopy in flanes and pasmas with lunable pulsed
dye laser excitation For short (several nanoseconds) laser
pulses, single step excilation with one laser beam followed
by collisional ionization can be useful from an analytical
point of view even t1ough ionization yiclds are low because
of the short irradiatson time. When two Lusers, tuned to two
connected atomic tmnsitions, sre spatially and temporally
caincident in the aton cell, the jenization efficiency is greatly

* This paper is an exlension of the lecture given by one of the
authors (N.O) st e XXV, Celloguium Spectroscopicum In-
ternationale

** On leave from: Depactment of Chemistry, University of Florida,
Guinesville. Floridi 32611, US#
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enhanced making the technique extremely sensitive, down
to pg/ml levels. Atomic fluorescence suffers from losses due
to such enhanced ionization process, the losses being more
severe the closer the final excited level is 1o the ionization
continuum. It is then shown that double resonance ionic
fluorescence in an inductively coupled plasma is more
suitable if high sensitivity needs to be achieved. The ex-
perimental results were obtained with an excimer laser
(XeCl} which simultaneously pumped two dye lasers. The
fluorescence and ionization techniques are also compared in
terms of the potential interferences expected in the analysis
of real sampleg.

1. Introduction

When a pulsed, tunable dye laser traversing a flame or a
plasma, is tuned to an appropriate atomic transition;
efficient excilation occurs in a time scale which can be
essentially given by the reciprocal of the product of the
Einstein coefTicient of stimulated absorption and the spectrat
encrgy density of the laser field. considered to be a
quasicontinuum since its spectral width exceeds the width
of the atomic absorption profile [1, 22]. The fate of the excited
atoms can be described by several pathways, namely:

i} radiative deexcilation (Nuorescence);

i1} downwards collisional deexcitation {quenching);

iii) upwards collisional excitation including ionization;
and

iv) chemical reactions.

Because of the high spectral energy density of the laser
beam, the population of the excited state is greatly enhanced
with respect to the thermal propulation existing prior lo
irradiation by the laser; indeed, if the laser spectral energy
density is sufficiently high, the transition will be satured, i.e.
the populations of the two levels will be locked together in
the ratio of their respective degeneracies 1. 2]

The relative importance of the above deexcitation pro-
cesses depends upon many parameters including the prob-
ahility of spontancous emission [rom the level considered,
the type of collision partners in the flame or Musma which
greally affects the quenching process and the energy
difference between the excited level and the jonization
continuum (the activation energy) which has a very high
influence on the probability of collisienal ioniztion [32).

When two laser beams tuned at two different wbsorption
transilions are made spatially and temporally coincident
in the flame or plasmi., high lying atomic levels can be

Feesemins £ Anal Chom (194) 124 6K) - i?
A" Springer-Verlag 1980
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ATicicnily populated. Fluorescence resulling from  the
tirectly pumped Yevel or from coblisional'y coupled levels
som then result and can be witlized for anzlyticat purposcs.
The activalion cncrgy, however, decreases considerably,
lhiereby enhancing the probability of atom losses due to
oblisionally assisted fonization. The resulting ionization
signal can, therefore, be monitored wilh a corresponding
nerease in Lhe detection sensitivity.

A larpe hody of literature cxists describing the basic
principles and the experimental apparatus of the Muorcs-
zenee and the ionization techiniques; the reader is referred
to Lhe articles by Omenctto and Winefordner [22) reviewing
Aomic fluorescenes spectroscopy, by Travis et al. [32] for
laser enhanced ionization in flames and to the monography
by Camus [6] dealing with a more peneral approach to
ionization spectroscopy.

In the scientific literature dealing with 1he subject of
ionizalion speclroscopy in flames. many papers have
appeared in the past few years, from the NBS group as well
as from other research teams, describing in detatl several
theoretical and experimental aspects of the technique {2, 4,
8.9, 12,13, 1518, 32, 40, 41]. A major effort was directed
towirds the understanding of the {complex) electrical Mieid

distribution and the mechanism of clectronfion coliection, .

towards the study of the electron pulse shape, towards the
assessment of the so-called electrical interferences and
towitrds the evaluation of various electrode shapes and
positions in the Bame. The mechanism of cleclronfion
formation following single-step and two-step laser excita-
tion has also been described, although to a minor extent
compared with the above mentioned studies.

The ionizalion counterpart of fuorescence lollowing
lwo-step excilation has been shown Lo Se very sensitive
and sclective, bul the two-step excited atomic fluorescence
lechmique has not yet received much altention in the analytj-
cul literature, apart from a sludy on lead atomized in a
graphite furnace {21] and an experimental mapping of the
hydrogen spatial distribution in a laminar air-hydrogen
difTusion Tame {11].

In our laboratory the fluorescence and the ionization
techniques have been used for diagnostic and analytical
purposes. Single-siep excitation and two-step excitation pro-
vided by two pulsed tunable dye lasers were utilized. In the
application of the iontzation technique, advantage was taken
of the excellent work carried out by the research team of the
Mational Bureau of Standards [26 — 39) where the extremely
high analytical potential of the technique was first sensed
and subsequently demonstrated experimentally.

The aim of this paper is twofold. Firstly, it gives an
exiensive bul rather simple theoretical evaluation of the
primary excilation mechanisms leading to the ionization of
the metal atoms in flames, showing the competition between
the fluorescence and the ionization processes. Only pulsed
faser excitation is considered and single-step excitation is
comparcd with two-step excitation in terms of the expected
ionization yields. Secondly, several experitiental results are
discussed for the ionization and fluorescence in an air acety-
lene flame and in an inductively coupled argon plasma and
the lwo techniques are compared lor patential interferences.

Some ol the conclusions derived here arr indeed identical
to those alrcady stressed by Travis et al. |32] when similar
assumptions hold. It is felt that the sysizmalic approach
followed here, which considers one and (wo lasers lor the
excitation and both linearily and saturalion lor the interac-
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tion process hetween the radiation fickd and the atoms, will
be on the onc hind usclul for the non-initiated readers and
on the other hund will help elucidating the different roles
played by the various parameters in a unified manner,

1. ‘Theotctical considerations

As shown in Fig. 1, six levels are indicated. Among these,
one is the ionization continuum and two, labelled as 2’ and
3, are not direclly coupled with the laser field, and can he
considered as losses for the overall upwards radiative plus
collisional ionization process. The lime-dependent popula-
tion of cach level is found by solving a system of five
difTerential equations, which can be done numerically with
a computer. However, it is possible 1o reduce the number of
levels to three, as explained below, and thereby obtain
relatively simple relationship for the population of the levels
and, more importantly, an expression showing the role
played by the predominant parameters in the Mluorescence
and ionization processes. The rate equations approach is
considered 10 be valid here since it is assumed that the
relazation fales in atmospheric pressure alomizers are very
fast and. in addition, the excitation lield is far from being
monochromatic, which further relaxes the need to consider
coherence cffects {1, 22f. Nevertheless, the outcome should
not be trusted for extremely short irradiztion times, ie.
much less than a nanosacond.

The collisional and radiative rate coefTicients (s~ '} be-
tween lower (1) and upper (u) levels are indrcated as ky,,
Bugath). Bugi(h) ku, Au. B, B and A, are the Ein-
slein coeMcients of stimulated absorption, emission, and
spontanenus emission, respectively, and p () is the spectral
encrgy density of the lascr. The laser is assumed 10 be a
speciral continuum wilh regard 1o the atomic absorplion
profile and its temporal behaviour is idealized as having a
rectangular shape, of duration 41,. Also, the irradiance of
the beam is taken to be spatially homogeneous and the
atomic population density is low so that radiation trapping
does not need to be considered. Finally, because of the short
laser pulses considered here, neither enhanced chemical reac-
tions nor recombination between the ions and the electrors
are considered, there processes occurting in a time scale
much longer than 5-10ns. Recombination was not
considered by Axnet ¢t al, 2] in their steady-state derivation.
Also, multiphoton ionization processes are not considered
10 play a major role and are disregarded, as well as thermat
ionization {rom the ground state.

2.1 Single step excitation — collisional ionization

tn this case, only one laser beam, tuned at X, ., is present
and collisions must then transfer the atoms from the excited
level 2 ta the ionization continuum. The three levels
considered here are, therefore, level t, level 2 and the
continuum, with number densities em ™) n,, », and n,, with
Ry + 1y 4y = nq, Lhe total atomic population.

The rate equalions are;

dn,

“T; = Runy (12)

) ) .

%:Rum—"ﬁku“' R1) 1b)
34

118
-

Vortriige

By105Mz)
Baranfhyal

F1g. 1. Simplified picture of the Jarious excilation-ionization pro-
vesses described in the text. The levely are coupled by radiation and
collisions, as indicated. E, represents the ionization continuum.
Refer 1o the text for the explanal on of Lhe symbols used

where

Riz = Bupa(dig) + ki3 (2a)
Ry = ky b
Rav = Az + kg + Byygdd ). (2c)

Expressing , in Eq. (1b) as a function of ny and using
stgndard methods for the solution of differential equations,
with [ being the differential aperator, we get

(D + Ry + Ry + Ryny = Ryang — Ry {3a)
D, .
et (3b}

mlD* + DRy + Ry + Ry} + RyRy) = Ry3Ryme. (3c)
The quadratic equation ir D can be solved giving the

roots
X%/ x -4y
D= 3 {42)
where
X=Riy+ Ry + Ry, (4b)
Y= R,R,,. {4c)
The general solution for nds) is then given by
i) = Cie™™" 4 Coe™* + C, (5a)
where C,, C; and Cg are integration constanis and
X - x4y
oy = B — (5b)
X+ /Xy
T (5¢)

An expression can, therefcre, be wrilten for ny(1), by
using Eqs. (3b) and (5a), as follows

’ -4,
i) = *R—"(ﬂzcnf "+ gy Cre ), (6)

s

With the boundury conditions that n{r) = ny{t) = 0 for
f =0, wehave that C, + C; = ~C, and therefore, alter
some simple algebra,

Xy
Cim G (78)
a3
Cy= -F‘. P . (%)
and
Co = ny. (Te)

Equalion (7c) is the trivial solution of the differential
equation or the steady-state value reached when ¢ grows 1o
infinity [and D = 0 in Eq, (3c)]. The final expressions for
the time behaviour of a; and n; are

) -m—(l + + ﬂ’c et . E,a e"") {8)
21—y 31—y
and
- T2%y ~aM _ o -er
(1) = ny - (e™" — gy, )]

The lmiting cases for these equations can be checked
with the assumptions mude at the beginning, ie. for t = 0,
both m(1) and ny(1) = O, while for 1 = m () = 0 and
i) = ny.

The number of ions created during the laser pulse will

pe given by the integral of the collisional tate Ry times my(1),
ie.

an
m= § Rymy(i)di. (10

Il 8 unity efficiency of charge collection is assumed then
the signal will reproduce the number of ions formed. This
:umbcrcan then be found by integrating Eq. (9) and is given

¥
nr
ay—0y

This equation can now be discussed for both linear and
non-linear interaction between the atoms and the radiation.
Firstly, @y and o, can be written, after expansion of the
square reot in Egs. {5), as

Y Y
B=X-p a=o 12)

"=

sl — e 7424) — ay(1 — gmerdn)). an

where, according to Eqgs. (2) and (4), X and ¥ are given by
the expressions

X= Biaoddia) + kg + kot ByeAia) + Ay + kg (13)
Y= [Bieidiy) + kygtkyy.

2.1.1 Linear inlei_-aclion

In this case, the spontaneous radiative rate coefficient, 4 11
and the quenching rate coefMicient, ky,, are considered 1o be
much greater than the radiative pumping rate B,,0.(1,1),
which is in tum considered to be much greater than k.
}’-l'or example, for a pulsed laser, attenuated with neutral den-
sity filters to avoid optical saturation, and an air acetylene
I'I.ame at atmospheric pressure (T ~ 2500 K}, order of mag-
nitude estimates of these coefficients would be Byizoidyz)~
10°410% kyy ~ 10°, Ay, ~ 10710% ki3 ~ 10° < 0.
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Then ay and x; can be simplified as
ty= Ay + kay ¥ ky
B LT
Ar+ kg +ky

(14)

Iy~ = X3,

When these values ure substituted in Eq. (11) we obtain
ifier some algebraic manipulation

Byl Ay 2 )y )
= T—expl - ———2"—— 4 . 5
! ”.[ l'\P( Ay + kg + kg 5 03

This equation clearly shows that the iorization yield, i.c.
he ralio between number of jons formed and the total
tomic population, is governed by the values of the
ollisional ionization rate cocfTicient. &, and the duration
of the laser exciltion pulse, 41, The valwe of ky; depends
ipan how close level 2 is 1o the ionization continuum.
Towever, even if &y, is much preater thun (4;, + &;,),
he product 8 30,(7,2)41 will sull be exceedingly small,
8. ~0.01 for a 10 nanasecond laser pulse

It can. therefore, be concluded that s ngle-step, lincar
wxeitation with nanosecond laser pulses in flame is not ex-
weted to produce any significant ionization yield. As shown
sere. i the level reached by the laser is close (o the ionization
votenlial of the atom (which requires uv lasers) and the
lurution of the luser pulse is long, e.g. m crosecond, then
he ionizalion yield increases considerably. When a cw kuser
s considered, dr in the expression shoulc be replaced by
he residence lime of the atoms in the excitation beam.
{owcver, recombination of ions and clecirons needs to be
onsidered and the rate equalions given here do not hold.

1.1.2 Optical saturation

The treatment here lollows closely that given in the previous
wragraph, with the assumption that now 8,.p,(4,,) »
Az + k7 4 ky). We then have

= BiaeiA) + Baie4412)
_ Bugda)kg
Byapidica) + Bygu(dys)

30y X 3.

o=

(16)

Substituting these values into Eq. (11) and remembering
hat B¢y = 8,2, we ohtamn

,.=n,{1 --cxp[—(g ’i‘g )&-,‘m.]}. )
] 2

Similar considerutions as those given lor LEq. (15) apply
ere. The tonizition yield will depend on the product k41,
¢. again on the value of &y, and on the duralion of the
iteraction between the atoms and the radiation. Indecd, as
cported by Travis et al. [31), a useful rube of thumb for
ulse length requirements, put forth by C. A, van Dijk,
i that umity ionization yield may be approached with an
ptically salurating luser pulse whose duration significantly
xeeeds the reciprocal of the effective lonizstion rate of the
wser populated excited state. The ¢ffective rate is described
ere by the coefficient &, which is believed 1o be much
swer than the radiative and quenching rates when level 2 is
ome eV below Lhe ionization conlinvum.
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From these considerations it can be concluded that single
step. saturated excitation with nanosecond laser pulves in a
flume is not expecied to give o sigmificant fonization vield,
unless excited levels are reached very near to the ionization
potential. However, for longer laser pulses (up o (he timit
wlhere ion-clectron recombination needs to be considered)
the fomizasion can indeed be significant,

These conclusions are important when the technique of
taser suturated fluorescence is used for Nlame and plasma
diagnostics to evaluale the total number density of the atoms
or ions in a sclected excitation volume, since ionization
occurring during the laser pulse is usually neglected.

2.1.3 Opuical saturation — Radiation and collisional losses
from the excited level

Although the theoretical treatment of paragraphs 2.1.1 and
2.1.2 shows the role played by the essential parameters of
the single-step. colkisionally assisted jonization process, in
miny cases the excited level 2 is coupled with an intermediate
energy level such as that indicaled as 2 in Fig. 1. Level 2/
cun be, for example, a metastable level, as in the case of Tl
and Pb. If recycling ol atoms between level 2’ and levels 1
and 2 is not fast, level 2° is a trap. Therefore, losses from 2
cannol be neglected as there will be a direct competition
between these losses and Lhe jonization rate described by the
ellective rate coefficient ky,. If the interaction between the
laser and the atoms is linear, we should deal with a (our level
system, i.e. with levels 1, 2, 2’ and the ionization continuum.
However, we can proceed as done by Hurst et al. {20} by
considering that, if' the laser is able to saturale the optical
transition 1 - 2, the populations of the two levels will be
maintained in the ratio of their respective degeneracies
during the laser pulse and this “locked™ population will
decay away due 1o both losses to leve] 2” and {o the ionization
continuum. We can, therelore, treat the system again as a
3-level sysiem.
With these premises, we have

mln + naley = a0 {18a)

ny() = £ i) = ( £ )n.:m (18b)
I'fs &t &
M+ + o =nr (18c)
where f15(1} is the total population of levels 1 and 2, locked
together for the entire duration of the laser pulse.
The rate equations for the system then are

dn,
bl 4
i M

(192a)
dny, ]
A =lku + Ay + kg g, (19b)
Making use of Eq. (18), we obtain
dimyy .
I —tha+ Ay + -‘n')(’h i )"u- (20)

Solution of Eq, {(20), with the boundary conditions that
miaf) = my, alt = 0, ie. before the laser irradiation, gives

malth = m C!P[-(ku + A2 + *’zz-( Ba )J] (21)
Lt g '
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Assumiz g. as before, uniry collection efficiency of the
ions formec, the number of isns during the laser pulse will
be given by

an F
"= {k;,n ()t = {k”(g;?g )n.,(r)df (22a)

z
whose solubon is

n:—'rk" {1--&;{—( £1 )
Tkt A3+ kax Bt

(kll + A + k:r)dfl] - (22b)

The important new oulcorme of this relationship, in addi-
lion to those already discussed in Eq. (17}, is that, even
il the laser &s able to satvrat= the transition, the effective
ionization rate has to be muck faster than the loss rate from
levet 2. Thi: shows that, for several atomic species in the
flame, singl siep excitation with nanosccond faser pulses
will resull i1 even lower ionieation yiclds than those pre-
dicled by Eq. (17).

2.2 Tiwo-step excitation with seturation of first step —
collisional icnization

By referring 1o Fig. 1, the atoms are now excited stepwise
by two laser tuned at d,; and 13, respectively. Since the
two excilatian transitions-share a common level, temporal
coincidence should be ensurec and is assumed here, as well
as spatial ceincidence in the flame. The duration of both
laser pulses is the same, and 11e elfective rate of collisional
ionization isky,. In order to recuoce the number of differential
equalions, ransilion 1 —2 s saluraied and, therefore,
at any time during the excitatisn pulse, ny and n; are related
1o cach othex and to #y;, 45 shown in Eq. (18).
The rateequations are
dn,

t
—— = kym

dr

dn
T: = myByagi(day) — ny

“1Bazealday) + Az + Kyz + k) 23
Mg+ Ny + 0= ny,

By procerding as in Section 2.1.1, X and ¥ will now be
given by the following express ons

()

' (m)ﬂumau* +Asz+ ki + ky (240)
| ARt 41
and
Y= ( Lt )81:['1“::}*3!- (24b)
&+

By using Eq. {12) lor &; und a, and Eq. (11), the number
of ions prod aced during the laser pulses can be derived in a
struightforwserd manner. Twe cuses are then again dis-
tinguished:
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2.2.1 Linear interaction in the second siep

This occurs when the downward relative and quenching rate
eocflicients, A;; and k3, are much greater than Byyp,td;,).
In this case

Bys0.{d;0)ky ( 8 ) ]}
=n{l —ex an jp.(25
" T{ p[ Aathkntky\g+g) )

This equation has to be compared with Eq. (15). The
important difTerence is that, even when Ay; + kyy ~ Ay,
+ k31 and By30.(4,1) = B;30.(41,), Ky can be several orders
of magnitude greater than ky due to the exponentiat
dependence of the ionization probability on the energy
difference between the excited level and the jonization
continuum. Therefore, two step, linear excitation with
nanosecond laser pulses in a fame can result in a higher
degree of ionization because the level reached by the second
step is closer to the continuum,

En the limiting case where ky is greater than (Ay; + ky3),

ny = "1{1 - C"F{“( £ )Bnmﬂumfl }} {25a)
L { #

similar lo the limiting case of kz » (43, + k3)) in Eq. (15).

2.2.2 Optical saturation of the second step

This is obviously a much more interesting situation since in
this case the induced radiative rates dominate over the term
(Ayz + kiz). I Byypa(d2s) is also much greater than &y, the
number of ions is given by

oo ] o

As before, this equation should be compared with
Eq. (17). The comparison shows that the ionization yield,
in the two cases, for equal laser pulses, is strictly governed
by the ratio ky,/k,,, as expected, 1t can be concluded that
two-step soturated excitation with nanosecond laser puises in
a flame is likely to result in significant ion production, the
mare so if level 3 is close to the ionization contintum.

As before, when &y, is greater than By,0.(4,3), Eq. (25a)
results, but now B;,0,(11,) is several orders of magnitude
larger giving a significantly higher ionization yield.

2.2.3 Optical saturation of bolh steps — radiation and
collisional losses from the level excited by the second step

In this case, we proceed as in paragraph 1.3, i.c. in order (o
simplify the treatment, both transitions are assumed 10 be
saturated so that the populations of levels 1, 2 and 3 are
locked together. Collisional losses from level 3 need to be
considered when level 3 is not close to the ionization
continuum, [t is easy to anticipate that the number of jons
formed will depend upon the ratio of the rate coefficients
for icnization and the total loss cocflicients (rom level 3 to
level ¥, as indicated in Fig. 1.
To derive the final equation, it is firstly recalied that

Mizy =M + M+ 0y (27a)
1)
nyw| — 82 271)
! (81 +8: +8’a)’lt“
dnyay

= kgt Agy + K -.(——*’ )u . @
@ (kar + A3y + kay) atnin? )
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With the same procedure as done before, we obtain

h mky £
"= — I —expf —[—2F
kst Ay + kyy LT PR

: (h- + Ay + *‘sr)Jﬁ]}. 28)

Similar conclusions can be derived from this eguitlion,
as was done after Eq. {22b). Tn addition. because of the as.
sumptions made here and in paragraph 2.1.3, it can be seen
from Eqs. (125) und (28) that, even when the Cxpression
within brackets in the right hand side of both equations is
much Jarger than unity, the fraction of the iotal atornic
population which will be ionized approuches a value which
cun be negligibly small or significant depending upon the
rate of accumulation of atoms in the two traps, which are
levet 27 (or 3') and the ionization continuum,

2.3 Twer-siep ionization

Two-step ionization is distinguished from {wo-siep ox-
citation-colfisional ionization since the sccond laser SICpcan
cither directly ionize the atom or reach a level whose energy
defect with the ionization potential is so low that coltisional
innization procecds instantaneously. In this case, the SysiCHt
can again be reduced to a 3 level system and the effects of
saturation of either both transilions on the time dependent
populutions examined.

2.3.1 Two-step ionization without radiative
and collisienal losses from fevel 2

In this case losses (o fevel 2° are not considered and ioniza-
tion proceeds directly via the pumping processes 1 — 2 and
2~ 3. With the assemptions given, (dn.jdt} = (duidrn).

The procedure followed is that of section 2.1.1, and
Egs. (4b) and (4¢) are now given by the expressions

X = Bipiddia) + Byadiy) + Baagaldas)

+ Ay +hy, (29a)
and
Y = Biaedhia)Basenldss). (29b)

Four cases can be sorted out:

2.3.1.1 Linear interaction for both steps. Since By is much Jess
than (4 + k), ay and a3 are given by

= A+ ky, " (0a)
= El_lg.ljf-_tllazlel(iij}

e Ay +kyy (30b)
ay—ay = &y {30¢)

and. from Eq. (11)

8 (211082304 y4)
" - {l - cx{__%—iﬁ_]df} a1

23.0.2 Lincor intcraction for step 1. aptical saturation far
step 2 In this case, we obtiin

2y = Bppiliy,) (32a)
o = By (32b)
TR PR 1Y (32¢)
(L]

and from Eq. (11) .
"= ",{[ - cxp[— B.,m(lu)d!.]}. (a3

2.3.1.3 Oprical saturation for step 1, linear interaction Sfor
step 2. In this case, we obtain

ay = (l + irl)Bn;ﬂ?a(“‘-u) (34u)
22
oy = (—23%)3:102(113) (34h)
it g .
ay—a, = oy (3Mc)

and from Eq. (1) .
m= H‘I{I - EXP[-(R' ng )81.\01(1)3]4’{,} (35}

2.3.1.4 Oprical saturation for both steps. In this case, we have

a
“J=B|2[’a”|1](x+ﬂﬂg+a) (362)
. . (36b)
¥y = | ——— By ypildyy)
gta
= Boih g +a— 2 (36¢)
Ty—ay 1204442 e+a

where Biap44,;) has been chosen as a reference for_ the
salurating radiation rate coefficient and g and g are given

by

g= (1 + ﬁ) (37a)
&

Ba3guldsy) ) (37h)
Bua04(412)

IT we identify for simplicity the numerical factors of
Egs. (36a) and (36b) as & and G', respectively, Eq. (11}
gives

Hy
e B 04(4,3)
L] B GG {Bia0ald,;

CG{) —'“G'Utlnﬂuun)
— G B0y — ,-cmmuuuu)l_ o8

By inspecting the equations derived in thc~ przvious
paragraphs (2.3.1.1-2.3.1.4), the following considerations
can be outlined; »

i} Compared 1o the single-step excitation collisional
innization cases treated in seclion 2, k3; has been replaced
here by Baaealdy,). Therefore, Eqs. {15} and {17} are directly
comparable with Egs. (31) and (35). 1t can be seen ihat the
ionization yicld of the two techniques are governed by the
Tt (B 30,04 )k ), as expected.

if) When the two steps are optically satured, the only
parameter governing the ionization yield is th product
Bpdt. If this product is much greater than unity, aif the
toms in the interaction volue will tndergn ionization,
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2.1.2 Two-step fosization including radiative
and collisionul lowses from leve] 2

This case &5 exaetly cquivalent o thal discussed under
paragraph 2.1.3 o section 2, the only difference being that
now &y, has 10 he replaced by Baypi(d;5,). By proceeding ay
before, the finat cxpression for the number of jons formed
is [see Eq. (221)]:

_— 1 8130.(4;5)
" Basediag+ A+ ki

39

. {I‘ ~e" (1—11’: = W8 s0iizs) Ay & oy a, }

Equation (9) cnce again stresses the importance of the
produer Bodn. Indeed, saturation of both (ransitions will
dominate the losses towards level 2° but a low ionization
yield will still resuh if Bodt is less than unity.

24 Signal enhancerment due to the second step

In & two-step excitztion scheme, the “ionization enhance-
ment” (IE) is defined as the ralio between the jonization
signal measured with S1eps 1 + 2 and that of siep | only. it
is el easy to pred-ct theoretically what the enhancement
factor will be. However, it is casy 1o compare the theoretical
cquations derived tc show which are, under the assumptions
given, the parumcters governing that facior,

2.4.1 Single-step exc tation (collisional ionization)
VeTsus two-step excisation (collisional ionization)

24.L1 Final lasor ztops lincar. Here, the sadiative siep
ropuliting the collisionally jonized level does not result in
optical saturation of the transition. If the exponentials of
Eqs. (15) and (25) are then expanded in series, and we
assume that the pulse duration of the two lasers is the same,
we obtain

3:3?:(;-33)‘!3:](14:1 + kyy +*z:)( 22 )
o= - . (40
[Eumfl-niku Ass+ ks +ky J\ g, +8 “0)

24.1.2 All laser steps satvrating. From Eqs. (17) and {26) a
similar comparison in oplically saturated conditions gives

cEEGE) -
ku/\g1 J\g. + 22 + 5,

It can be seen that it is not Justified a prioti to consider
the enhancement as simply given by the probability of
ionization of the level weached in the optical excitation step,
i.e. solely by the “eMetive™ ionization rate. This wif) only
be the case when both transitions are szturaled. When
collisional and radiative losses are in compelition with the

ionization process [Eqs. (22b) and (2R)), and alt optical sieps
are saturated, Eq. {41)is ggain obtained,

2.4.2 Single-step excita jon (collisional ionization)
VErsus two-step ionizat on

With two-step jonization, a unity ionization yield may be
achieved und, therefore, the enhancemen is expected to be
maximem. Several cass follow from the theoretical ex-
pressions derived before.
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2.4.1.2 Both laxer steps finear. In this cuse, Eqs. {15) and (31)
apply. giving :

IE = Baald ey} ) “2)

Vi

24.2.2 Step | linear, step 2 saturating. Compatison here
should be made of Egs. (15) and (33) wilh the following
resull

TE= i’LL"’_‘_ (43)

24,23 Step | saturating, step 2 fincar. Equations (17) and
{35) combined result in expression

1E = 3230_1(’-:1] (@4)

All

which is identical to Eq. {42).

2.4.2.4 Borh steps saturating. This is the case of maximum
enhancement. In fact. when the product Bpdy, is greater
than unity, rationing Eqs. (18) and (17) gives

2t !
lE= ( 22 )(’"udh.)‘ “3)

2.5 Saturation ahsorption rate considerations

The ionization signal measured after one step of iwo step
excitalion should grow linearly with the spectral irradiance
of the laser and then saturate, ic. it becomes independent
tpon the laser power, It is interesting 1o note that inioniza-
tion experiments with nanosecond laser pulses, if the rate of
recombination, k;,, between the electrons and the ions 1o
regencrate neutral atoms js negligible, the ionization
continuum is a trap. This has consequences on the vatue of
the saturation parameter for the transition involving the first
excitation step. In addition, when (he second excitation step
it present, the value of the saturation parameter can modify
considerably, as seen from the following  qualitative
considerations.

It is known that the radiative absarption rate between
levels 1 and 2 can be expressed as [1, 22]

5] A
Rp=24,, % f
T Py Efvy2) {464)

where 4 is the Planck constent, ¢ the velocity of light and
E,(vi;) is the spectral irradiance of the laser and js related
ta @.{¥12) by the expression

E(vi2) = cpfr,y) (46b)

where the energy density is given in terms of frequency rather
than wavelength,

The saturalion spectral irradiance for a 3-leve) sysiem,
where the levels 1, 2 and fare considered and where radiative
excitation couples levels 1 and 2, is given by the following
relationship [1, 22)

£ Ay
Efvip={FLY _An
12} (22)(&: Yn)

4
: 14 2Ly b “
£ ky
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or. by nuiking use of the relation between 8;, and Az and
of the delinition of the quantum eMiciency, ¥y, as

Fyg = D8 (47b}

Equation (47) becomes

Bl N Ay + ky + kg,
B = (M (£t

1

By substituting Eq. {47¢) into Eq. (46a). the saruration
absorptivn rare will be piven by

Az +hy +ky
By ka

47c)

Ri; = (48)

Equation (48) refers to single step excitation. When the
second excitition step is used and we assume thay eilther
coilisional ionization frem the level reached is fast or the
sccond laser transition directly ionizes the atom, it is casy to
see {hat the same procedure leads to the expression

Az + bk + Brodvy)
(R gy = ZHZ (49)
1 + st + a0 V2,
£: ky

Rationing Eqs.-(49) and (48) then gives
(R 2)1mep - kaldas + kyy + Brguva)l
(Rizhwe  BagvidAn + k1) + &)

I the second step is saturated, then Big.(vs) will be
much greater than (43, + k3,), and Eq. (50) will reduce to
(R 1)1 ey - kz
(R  An+hn+ky

When ky is (much) less than (43, + &3,), these equa-
tions show that the saturalion rate of the first optical excita-
tion step decreases when the second step is also present. This
result is similar to that obtained for atomic Muorescence in
I-level sysicms where the third level is a long-lived,
metastable level (e.g. thallium and lead) [22],

(50}

(31

2.6 Fluorescence versus ionization

In the previous discussions, the empasis has been on the
degree of ionizution obtuined under various excitation
conditions. For thase cases in which the limit is a high degree
of ionization, the Nuorescence is decreased significantly by
the jonization process, which fact has not been repetitively
reiterated through the discussion.

By referring to the theoretical expressions derived, it is
now 4 simple matter to comparc the -emporal evolution of
the fluorescence and ionization signals. Gne only needs to
remember that the floorescence radiance, in conditions of
aegliphle selfubsorplion, is given by

Belr) = nyl1) - hvy A, (114%) (52)

where B (Js™' - cm ™% - sr” ") is the fluorescence radiance,
frvy, is the encrgy of the emitted photon, £ is the Nuorescence
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Fig. 2. Temporal behaviour of the mormalized populations of
the ions und of the Nuorescing atams in the single-step excita-
lion. collisional ionization scheme. See text for discussion. A: ky,
=10% 57t Bk m 10787 Cokyy = 1077 D ky = 10737}

depth (towards the detector) and 4a accounts for the
isotropicity of the fluorescence process. The fluorescence
temporal behaviour is, therefore, given by Eg. () in the
case of single-siep excitation-collisional ionization and by
a similar expression lor ny(f) when two-step excitation is
considered (see paragraph 2.3}

It is, therefore, casy to reatize that, under the assumplion
of saturation conditions, the relative magnitude of
(and &y,) with respect 10 Ay; + Ays- (and Ay + A33) will
gavern the (luorescence and fonizition signals. Some lypical
situations are shown in Fig. 2 where the normalized
populations of level 2 and the number of ions are plotted as
a function of time by using the gencral Egs. (8) and (9).
The spontaneous Lransition probabilities, and the quenching
coefficients, are kept constant at 10 s~ * while the laser
pumping rates are assumied 10 be 10% 5", The four curves
shown in Fig. 2 refer to values of ky, ranging from 105!
to 10°5”*. As pointed out before, these results have Io
be taken mainly for illustrative purposes rather than on
4 rigotous quantitative basis. Indecd, the rate equations
approach is not expected to be accurate at the very beginning
of the interaction {where coherence effects might play and
thus need 1o be considered), and recombination between the
ions and the electrons has to be taken into account for
interaction limes longer than, say, 100 as or a microsecond.
The curves do, however, represent the expected behaviour
of the fluorescence and ionization signals in the case of
single-step and two-slep excitation characterized by short
(several nanoseconds) laser pulses showing that even for
such short inleraction limes, the fraction of atoms lost as
ions can indeed be significant il the effective collisional
ionizalion rate is comparable to the other radialive and
collisional (quenching) rales. As a result, in double-reso-
nance fluorescence experiments in flames where the level
reached by the second laser is close to the ionization poten-
tial. the analytical sensilivity of the technique is adversely
alfected [24]. On the other hand, for strong, single resonance
transitions in the vistble and near-ultraviolet, if the level
reached is not close Lo Lhe jonizalion potential, the peak of
the time-resolved, saturated fluorescence signal will accu-
rately reflect the total number of atoms and the ionization
loss will be neplipible,

3. Experimental

The experimental set-up, similar to that used pr.cviously 1241,
is shown in Fig. 3; details of the components are given in
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Fig. 3. Experimental set-up used in the fluorescence and ionization
expwriments. H.¥. High voltage; BS Beam splitter; PAT Photo-
multiplicr tube

Table 1. Instrumendal componcnts and operating parameters

Table 1. As shown in the figure, the excimer laser beam is
split in order 10 simultancously pump two dye lasers, In the
ionization experiments, the Iwo beams counterpropagale
colinearly along the Mame axis, while for the NMuorescence
measurements, the mirrors are adjusted so to provide
maximum spatial overlap of the iwo beams in the flume or
plasma. In order 1o make the two luser pulses temporally
coincident, one laser pulse is delayed wilh respect to the
other by sliding a retroreflector along an optical rail. The
time behiviour was checked with a beam splitier which
directed the beams to a fast photodiode placed at the fume
(plasma) position. As seen from the traces of Fig. 4, when
the retroreflector is at the extreme positions of the rail, one
laser leads or lags the other by 3.4 ns and 4.6 ns, tespectively.
When the retroreflector is carefully adjusted, the two pulses
can be made to overlap. A typical example is represented in
Fig. 5 where the two pulses shown were used for Lhe excita-
tion of the double-resonance ionic Mluorescence of strontium
in the inductively coupled plasma [24).

Excimer laser

Maode! EMG-102 (Lambda Physik, Géttingen, FRG). The laser is o

of ~12 ns. The repetition rate can be varied up io 100 Hz.
Dye lasers

peraled with XeCl, has & pulse cnergy of ~ 130 mf and a pulse width

The dye lasers are manafactured by Jobin ¥ von {Instruments S.A., Division Jobin-Yvon, Longjumcau, France). One laser consists of the
eight cclt osciltator-amplificr system described by Bos [5} and the other is the standard one-cell configuration. Six frequency doubling crystals
(3 KDFP and KPB) allow the wavelength range from 217 10 360 am 10 be covered. The fundumental output of the dye laser has & pulse
encrgy ranging from | mJ to 7 m), depending on the dye, and a pulse widih of ~4—5 ns

Flomes

For the ionizalion experiments, the ir-acetylene Mlame is supportcd on a three-slot burner head. For the Muorescence experimenis, the air-
acetylene llame is supporied on & circular burner (Mcker-type} and is shiclded by u flow of argon

Inductively coupled plasma (ICP)

The plasma is # standard commercial model (Plasma Therm, Kresson, NJ, USA, Model 2500) operaling at 27 MHz with a cross flow
nebulizer (Labitest, Ratingen, FRGH fed by a peristaltic pump. Typical operating parameters: power 08— 1 kW plasma coolant gas Row
121 - min"'; auxiliary gas 0.2—0.8 | min"': carrier £as 0.8—1.21- min~". The height of ahscrvation is Mixed at 25 mm shave the coil

Munockromarors and assaciated oprics
For flame work, the chromator is the high )

ily model H-10 (Jobin Yvon, Longjumeau, France) und for ICP work the 1.29 m

grating monochromator {modet 1269, Spex. Metuchen, NI, USA). No optics are used between the Name and the monochromatar for the
Nuarescence experiments while the ICP is imaged by a lens-mirrors arrangement into the entrance siit of the SPEX monochromator. A
quarlz prism (Jobin Yvon. Longjumeau, France) is used as a retroreflecior o optically delay one faser beam with respect to Lhe other

Iottization sysiem

Molybdenum electrode, water cooled, immersor_! in the air-acelylene Mlame [37). The high voltage is applied between (he electrode and the

burner body. The signal is p d by 2 bination of a

Colombes, France).
Deiectors and data processing

and a voltage amplilier. The system is manufaciured by SOPRA (Baois

Hnmama!su type R928S photomultiplict, wired for fast response (Hamamaisu Corporation, Japan). Box-car integrator (Stanford Research
Corporation, Palo Allo, CA, USA) equipped with a samplingunit (SR 255) whose output is digitized and processed by & computer (HP
Maodel 9816 5, Hewleu Packard, San Dicgo. CA, USA). Fast photodiode : Type F-4000, §-§ response, typical rise lime 0.5 ns { Efectrooptical

Dyes

The dyes are manufaciured by Excilon (Dayion, Ohio, USA) ard are dissolved in spectroscopically purc. solvents (Merck, Darmstadt,

FRG).

Energy meters

Model ED-500 Joulemeter (Lambda Physik, Géttingen, FRG). Volume absorbing disc calorimeter {Model 38-0001, Scientech, Boulder,

CO. UsA). '

i
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Fig, 5. Experimental waveforms obtained for the (wo Ia_scr pulses
wsed in the double resonance ionic fluorescene of stronlium nebu.
hized in the inductively coupled plasma. Excitation wavelengths
(nm) are atso indicated

4. Results and discussion
4.1 Fluorescence

The analytical resulls obtained in our Ia.boralt_:ry by single-
step and two-step laser excitlation in an inductively coupled
argon plasma and in an air-acetylene Name have been al-
ready described in the literature in u detailed mgnn,:r[i‘?. 24],
It has been shown that the use of iwe-siep excilalion rc.f.ultl
ina much greater spectral sclectivity and pmvidcs 2 unijue
way of correcting for scattering problems in resonance
Muorescence experiments, The loss of atoms expecied in
the Mame because of collisionally assisted ionization (sce
parugraph 2.2) was demonsirated experimentally fot the
magnesium atom. It was, therclore, concluded that the na-
Iytical utility of the double-resonance Muorescence technique
could best be exploiled in the case of ionic MMuarescence
excited in an inductively coupled plisma since in (hat case
the encrpy difference between the level reached hy Lwo-step
cxcitation and the second ionization sotential of the ions is
usuitlly very large fi.e. ky, in the theoretical considerations
of paragraph 2.2 should be very small). The cxcelient results
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i f the
Fig. 6. Partial double resonance Muorescence specirum ol
m:gncsium atom nchulized in (he inductively coupled plasma. The
cxcilation scheme is shown 1o the ef of the figure. The wavelengits
are indicated in nanometers. Mg concentration: 1 pg/ml

obtained lor the double-resonance ionic fluorescence of
alkaline earth elements in the plasma is dcn_:umemcd in
Tuable 2 which collects the detection limits obta1ped [24].

The double-resonance fluorescence technique allows
direct access to highly excited levels (27eV above the
ground state) whose thermal population is negligible at the
flame temperature. These levels are colirslpnally coupled
with nearby levels from which fluorescence is ob;elwcd and
several parameters of interest {(lemperature, collision cross
sections, lifctime) can then be evaluated.

A partial double-resonance nunresur_:ce spectrum ol'}he
magnesium atom is shown in Fig. 6. [n this case, laser excita-
tion populates a level located 6,98 eV abovq the ground state
and 0.66 eV helow the ionizalion potential of Lhe atom.
The five lines shown are due to non-resonance fuorescence
transitions {of the anti Stokes type, since the I'Iuoljesocnoe
emission terminates into a manifold of levels lying ap-
proximately 22,000 cm ™! above the ground state} and their
relative intensities can be compared using published values
of radiative transition probabilitics |42] to check for the lack
of thermal equilibrium. .

The relevance of these measurements in the I'rdd' of
combustion diagnostics is evident. For example, the excita-
tion temperalure in an inductively coupled argon plasma is
known Lo increase with the excitation energy of the levels
involved and a common temperature describes the popu_la-
ton of u manifold of levels with similar encrgy separation
from the ground state [10]. [n this way, atomic energy Ievel_s
close to the ionization continuum are in “thermal equi-
librium™ with ground state ions, leading to the concept of
a two-temperature local thermal equilibrium, where high
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encrgydevels couple to the ground siate through one temper-
ature but equilibrate with nearby levels through another
(lower) temperature [10f. The possibility of evatuating the
plasma temperalure by means of laser excited Muorescence
has been amply described in the literature [43). Two-step
excitulion is, therefore, rxpecied 1o become another impor-
tunt tool in the study of the excitation dynamics in Nlames
and plasmas,

4.2 lonization

Pure aqueous solutions of several elements were nebulized
in order 1o evaluate the analytical sensitivity of the two-step
excitation, collisional ionization lechnique. The laser beams
were simply made to overlap as much as possible along the
Mame axis. parallel to the electrode. No beam expanders nor
spatial fillering were used. As in our previous study {25], the
limiting noise of the tezhnique was found to be radio-
frequency noise induced by the firing of the excimer laser.
The distance between the eiectrade and the burner was fixed
at 2.6 crw; thus, its influsnce on the analytical signal was
notinvestigated, The lase- beam was located approximaiely
5 mm below the elecirode. In the case of & matrix solution
containing an easily ionizable element, it is well known that
such distance needs to be sonsiderably reduced to avoid the
so-cailed electrical interfesences 7.

From the experimental dala obtained, which are re-
ported below for cach element investigated, some con-
siderations are worth being stressed : ;

i) As expected from the theoretical considerations
outlined in the previcus section and as also reported ex-
perimentally by olhers [z, 8, 9, 38), two-siep excitation
ahvays results in (much. larger ionization signals and
improved detection limits compared 10 single-slep excita-
tion; this holds when the two-step transitions reach a higher
lying energy level than the single-step and the laser spectral
encrgy densities are comparable.

ii) As can be seen from section 2.4, the enhancement
factors will vary significantly from element to tiement,
depending on parameters suci; as collisional cross sections
and transition probabilities. For the same element, the en-
hancement factor varies wi-h Jaser power and energy of the
level reached in the second step. The enhancement factors
observed varied lrom 32 in the case of strontium to 375 for
lead.

iii) A combination of the ionization vield {m/ny) and
the enhancement factor enables the determination of the
collisional rate coefTicients, &5, and Ky, for a specific excita-
tion scheme and experimental conditions. This was investi-
gated by simultaneous absocption, Muorescence and ioniza-
lion measurements for the 'ithium atom under accurately
controlled experimental conditions (i.e, flame ReOmEtry,
homogeneous laser excitation volume, calibrated detection
system). The complete experiment is reported in detail
elsewhere [27]. The ionization yield with single-step excita-
tion was found 1o be 0.26%, increasing to $8% with two-
step excitation. k;; and ks, were then calculated and found
tobe 0.8-10%and 3.5 10" s~ 1, respectively [27).

iv) Molecular species can also be detected and thejr
ionization spectrum easily observed when the fuser is tuned
to a molecular absorption band,

v) Even if only in a qualitative way, the dependence of

the jonization signal upon the laser power hus been studied
for strontium.
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Table 2. Dcicction limits (S/N = 2 for severnl clements in nqueous
solutions by Iwo-sicp laser cnhunced ionization end Iwo-sicp non
resonance Muorescence . :

Element  Excitation Atomizer Techmique®  Detection
wavekngihe timit
(nm) (ng/ml)

Agl Ay =~ 328068 Flame LEI 0.03*
1y = 421004

Lil 4 = 670784 Flame LEI 0.0002
Ay = 450286

Nal d; = 582995  Flame LE! 0.002*
I = 568.266

Pb] Ay = 283306  Flame  LE| 0.2*
dy = 600.193

Srl Ay = 460733 Flame LE] 0.2
A3 = 554336

St A, = 40777t cp LIF !
Ay = 430545

Call* 1 = 29847 CP LIF 007
Az = 370603

Ba t1* Ay = 455403 ICP LIF 1
Az = 416.600

Mgll* 4, =279553 cp LIF 0.05
Ay = 279,806

* LETLaser Enhanced lonization; LIF Laser Induced Fluorescence
‘ ination was tise limiting factor, producing high blank
values. In the case of lead, this coukd probably be caused by
prolonged aspiration of a 1% lead solution for the analysis of
traces of thallium in lead samples [25}

From Reference [24]

,.m-T__..,
1944 = loi
Tty »,

sy — »y
2
]
3 ]
8
10480 »,
—_— W,

Fig. 7. Partial energy level scheme For atomic fead. Laser excitation
Iransitions are indicated in nanomelers, Fluorescence {wary ling)
and quenching are also indicated

The detection limits obtained for the elements studied
are collected in Table 2. Addi tional information is itemized
by element.

4.2.1 Lead

The transitions investipated for lead are shown in Fig. 7,
The best detection limit (0.2 ng/ml) was obtained with the
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Fig. 8. Puntial energy level scheme for atomic silver, Laser cxcitation
tranisitions are indiculed in nanometers

Fig. 3. Memory effects are blank ionization signals for low concen-
trations of silver nebulized in the air-acctylene Name, The spikes
and 1he water signals shown disappear when the taser is detuned

two exciting transitions sharing a common level, i.e.
283.306 nm and 600.193 nm. The measured laser energy was
0 pd for the uv line and 650 pJ for the second excitation
step. In these conditions, an enhancement fuctor of 375 was
measured. Another scheme, also shown in Fig. 7, involves
al first the indirect enhancement of the population of the
2P, level due to radiative and collisional deactivation from
the *P, level reached with the first laser step, followed by
excitation Lo the *Fy level achieved with the second laser
tuncd at 280.199 nm. This scheme has been used (o evaluate
the lifetime of the *P; metastuble level {23).

4.2.2 Silver

Two schemes were used [or silver and are shown in Fig. 8.
The best combination was given by the lines 328.068 nm and
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Fig. 10. Partial energy level scheme for alomic strontium. Laser
excitation transitions are indicated in nanomclers
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Fig. 11. Molecular ionization spectrum due to SrOH {3 mg/l) ir the
air-acetylene Mlame. The laser spectral scan (am) is indicated

421,094 nm, resulting in a detection limit of 0.05 ng/mL A
cutious combination of contamination and memory eff:cts
wis sometimes noted al low silver concentrations and is
shown in Fig. 9. {1 can be seen from this ligure that the water
used in the eXperiment contained about 2 ng/ml of sil ser.
Indeed. no signal and no spikes due to memory effects cauld
be observed when the second laser was detuned [rom the
421.094 nm line. Such cffect was not investigated any ‘ure
Lher.

4.2.3 Sirentium

The energy scheme pertinent 10 Lhe strontium atom is shcwn
in Fig. 10. The greatest enhancement fuctor of 46 was mea-
sured with the lines ul 460.733 nm and 554.336 nm. Simlar
results were also schicved by tuning the second laser to
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Fig. 12, Powe: dependence of the ionization signal for the sirontium
atom in the aivacetgene Name. [] second laser: 100 wl/pulse, energy
of first laser varied with neutral density filters; @ first laser: 210 pJ/
pulse, energy of secend laser varied with neutral density filiers

4849 0, 4

Z

553.264

19973 bid
19958 3: !p::

® R

Fig. 13. Partiabeneray level scheme for alomic sodium. Laser excila-
lion transition: are judicated in nanomelers

515.607 nm. "With these combinations, a detection limit of
0.2 ng/ml wuz calaulated. A detection limit of 2 ng/ml re-
sulted from t1e pzir of lines 460.733 nm and 335.125 nm,
which da not sharm a common level. The laser energy mea.
sured for the trensitions 460,713 nm, 554336 nm and
335.125 nm was 1 200 p}, 650 puJ and 70 wt, respectively. As
shown in Fig. 11, a partial jonization spectrum of the mole-
cule 5rOH co.ld easily be seen by scanning the laser in the
region 595.61% nm. This spectrum was not studied in detail
nor were othe wawelength regions explored.

The depersdence of the icnization signal upon the laser
power was investigated in the case of strontium with the
laser excitations set ut 460.733 nm and 554.336 nm. For
Lhis experimeat, the laser energy was 210 ) and 100 pJ,
respectively. The results are shown in Fig. 12. Here, the
curve labelled 4, reers 1o the signals abtained as a function
of the energy of thr laser tuned to A, in the presence of the

325

AHM

D

14004 LT ™

. - i

Fig. 14. Partial energy level scheme for atomic lithium. Laser excita-
lion transitions are indicated in nanomelers

teler Lavet {1803

Fig. 15, Recorder tracings of the Iwo-step ionizalion signals
obtained by ncbuling water and a solution comtaining 30 pg/mi of
lithium. The noise in the baseline is shown {1t x expanded) to the
left of the figure

second step at A;. Similarly, the curve labelled 4y refers to
the signals obtained by decreasing the energy of the laser
tuned t0 4, in ihe presence of the first step a1 &,. In order to
verify the theoretical behaviour predicted in section 2.5, the
ionization signal needs 10 be measured at Ay with and without
A3 present. The results shown in Fig. 12 are not fully ex-
plained by the equations derived in scction 2.3 as the joniza-
tion signal, while varying the energy of 1,. becomes
asymplotic at energy levels ~2 orders of magnitude less
than the converse case, while the two cases are expected
to be about the same, Work is conlinuing to more fully
characterise such power dependence.

4.2.4 Sodium and lithium

The two-step excitation schemes for these clements are
illustrated in Figs, 13 and 14. In the case of sodium,
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‘Table . Potential problems caused by the aspiralion on g matria solulion ( ~ 1%wt) und their effect of LIF and LET techniques

Problem Playsical explat on and caose LMect vn the analytical spnal Solutivn®
LIF LEI LIF LE} LIF LEl
Enhanced radiative Thetmal excitation of Severe increase Negligible increasc Impr_nv_c spectral
hawk pround Alomic and molccular specics in noise i noise drscrimimition

cmssion
Nt sauree indueed

Enhanced Wavelenpth Wavelengih Tncrease in the noise level Scan fascr thru absorption profil- if
hackground signat  independent* independent* Spurious signal A4 > A, I the conirary halds,

Scutlering lonization measure al a nearby wavelengih
fram (possibly
um aporized multiphoton Use non Uw_ {wa-sicp
particles at ionization) hy Tcsonance oxcitation
excitalion matrix constituents Nuorescence

Source induced Aromic und Atlomic and Potential speciral interference Change cxcilalion wivelength
mwlecidar molecular
Muorcscence ionization Change U.u; Iwo-step

Auorescence excilation
wavclength

Compound formation
Decreased atomization clficiency

Chenical
inlerferences

Significant vanation fusually a
reduction) of sensitivity

Use standard addilion methods

Use releasing Use releasing
agents agents only if (keir
ionizalion

potential is higs

Mechinical (physical) Decreased aspiration cfficiency
interferences Clogping problems

Reduction of sensitivily

Use standardizing solutions

Sult deposition on

Memory cffects Frequend clcunng

waler-cnaled of electrode
tlecirode
Tonization Shilling of Scvere distortion  Increase in Scvere loss of Use af ionization Keep Lhe laser
intcrierences ionizalion of the clectrical — sensitivity sensitivily buffers beam as close
cquilibrium fictd distribution (a limit, complete possiblc to the
in the lame in the Name loss of signal) l’:‘alhudc in the
ame

* In some cases, the effect can onky be reduced

* The wavelength independence relfers only (0 a narrow interval in the vicinity of the ahsorption line

contamination was severe since a signal was often obluined
hy simply igniting the Tame, with no water nebulized into
it. in these conditions, the detection limit of 0.002 ng/ml
reporied in Table 2 has to be considered only indicative,
the true value being at least as good as that achieved with
lithium.

A typical experimental tracing of the ionization signal
and of its base line naise is shown in Fig. 15 for lithium at
very low concentration levels in the solution. The water
signal abscrved was due to lithium as demonstrated by its
disappesrance when the second faser was detuned from the
460286 nm line (sec Fig. 14). In this case, a detection limit
of 0.2 pg/ml was calculated,

5, Comclusions

From the theoretical considerations outlined in section 2
and the experimenti) resulis shtuined with the air-acclylene
Name as atomizer and the inductively coupled plssma as
#lomizerfionizer, it can be concluded that 1he ionizittion
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and fluorescence technigues are two extremely versatile aad
sensitive methods of atomic analysis of low traces of sevezal
elements in sobution. In the case of the ionization technigae
with short (nanoseconds) excitation pulses, a significantly
high fraction of the atoms available will be ionized duri 1g
the lascr pulse when a two-step excitation scheme is ussd
with saturation of both transitions. Because of this loss of
atoms, the atomic NMuorescence technigue resufting from (1e
same excilation scheme in a flame will suffer losses rom t1e
competing ionization process. The fluorescence technique,
on the other hand, will result in greater speciral selectiviey
compared to the ionization technique, since, afier Lhe excitz-
tion process, the signal can still be spectratly isolated by
micans of a monnchromator.

[t appears that the goal ol achieving in the Name atomizsr
and with pneumatic nebulization the same, il not bettar,
detection limits as those 1ypical of the atomic ahsorpticn
lechnique with elecirothermal atomization, is closely um-
proached. Therelore. the future of both the ionization and
Nuorescence techniques seems to be bright, As stuled by

3%

Vortrige

Travis e al. [32], advances in unable luser technotogy.
specialized sample (restment and new atom rescrvoiss can
greally extend the applicabilily of such technigucs.

Qur theoretical trewtment of the various cxcil:tion pro-
cesses leading to jonization is clearly simplificd. The ximnd-
fanicons mcasurement of hath fluoreseence and ionization
signuls, now in progress in our luboratory, will certainly help
lo unimbiguously define the excitation process investigated,

Finully. from the practical point of view of the analyst
involved in the quantitative detecton of traces of various
metils in a matrix solution by a Mlame spectroscopic tech-
nique, an uttemnpt was made to outline for both Nuorescence
und ionization methods the potential interferences which

. might occur, together with the possible ways 10 overcome

such problems. These comsiderations are collected in Table 3,
in a self explenutory manner. By inspecting this table, one
can see that the major dilferences between the two lech-
niques ure found in the difTerent role played by the ftame
emission background (which is almost irrelevant in the
ienization method) and in the effect of the ionization in-
terferences which acts for the two methods in a completely
opposite way.
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Analytical Laser Enhanced lonization Studies of Thallium in the

Air—Acetylene Flame

Nicolo’ Omeneito,* Thierry Berthoud,! Pacle Cavalll, and Gugllelmo Rosal
Joint Research Centre, Chemisiry Division, fapra (Varese), Italy

Analylical siudies are presanted for the determination of
thallum at ultrairace levels In the alr—acelylens lame by
of laser enh d P Y. Two ex-
cimer-pumped lunsbie dye issers were veed. Several iran-
sltlons were & gated and pared in terrms. of detect
Smits. An enhancement lactor of 38 was obisined by exciting
at 261.832 nm and using » second pholos at 377.572 m or
at 2T8.787 nm 1o mdivectly incresss the population of the
matastable 1P, level. At s repeiition frequency of 50 Hz and
wlith opiimized fRering, the deiection lnit was found 1o be 8
pg/mL, therefore showing that the flame rivals the detection
power achlavable only by the use of efecirothermal atoml-
zation. The lechniqus has baen applied to ihe direct deler-
mination of sub-microgram-per-gram conceniration levale of
thallum n thrae sl lead L

Thermally assiated iobization from excited states occurs in
flames at at ic pressure wh a laser tuned at
sppropriats optical atomic transitions is capable of exciting
a significant fraction of atoms into these states. The detection
of the resulting current forma the basis of a very sensitive
technique for trace analysia varioualy called “laser enhanced
ionization™ (LEl), “optogalvanic apectrometry”, or simply
“laser atomic ionization” (1-5). This new method of chemical
analysis, in addition to sharing some common advantages of
the othet flame spectrometric methods, possesses & few unique
features such as the complete freedom from any scattering
and stray light problems,

The thorough investigation of the analytical potential of
this technique, pioneered and carried oat at the National
Buresu of Standards (), had led to the attainment of very
low detection limits, from nanograms per milliliter to pico-
grams per milliliter, the key point being that, for several
elements, flame atomization could then rival electrothermal
atomization.

The major emphasis in the studies carried out so far in the
literature has been directed toward the understanding of the
hasic principies of the technique, namely, the characterization
of the electric field distribution in the flame, the optimization
of the electrode(s) g try, and the evaluation of the so-
called electrical interferences which are important whenever
an easily ionized concomitant present in the sample solution
modifies the feld distribution.

A significant improvement in both sensitivity and spectral
nelectivity waa achieved by using the two-color or two-wave-
length excitation provided by two lasers t.uned at two optical
transition shating a common intermediate level (6).

The aitn of this paper is 2-fold. First, the LEI technique
is characterized for the determination of thallium in the
air-acetylene flame by using both one- and two-color excitation
provided by two excimer-pumped pulsed dye lasemn. Secondly,
the technique is applied to the direct de-ermination of this
element at the sub-microgram-per-gram bevel in commercial
tead samples.

'DCAEA/SEA/SEACC, Funtenay-sux-ltosen, France.

THEOGRETICAL CONSIDERATIONS

The dilferent ters involved in the excitation of atoms
1o 4 specilic level and the subsequent formation and collection
of charges have been amply described and discussed in the
past {7) us well as more recent (8} literature. The following
considerations are therefore not new and are only meant ta
provide & basis for the underatanding of the experimental tests
made on the different thallium transitions described later. B=
referring to Figure 1, we consider two different excitation
transitiona between lower levels, designated as 1 and | (1" =
1, I’ being not necessarily the ground state of the atom}, anc
two upper lavels designated as u’ and u {W’ < u). Aithough
ionization does not simply proceed by a single collision
tranaferting atoma from level u to the continuum state i, we
asaume that there is a fast collisional redistribution among
excitation levels lying between u and i and therefore the cross
section and rate coefficients given below should be interpretec
a1 effective quantities relating to such o multitude of level.
(9.

The probability, P;*, that & given collision will produce
ionization from the excited level u is given by

Py* = exp[-(E; - E,)/kT] it

where E, and E, are the ionization and excitati gien (e
or ¢m™'), respectively; & is the Boltzmann constant (8.62 >
107 eV K- or 0.695 cm™ K™'), and T in the temperature o™
the gir-acetylene flame (~2500 K). It is worth stressing (I.
2) that the probability of ionization increases by about 2 orders
of magnitude for each electronvolt of excitation.

‘The rate coefficient, &, (8°1), for the production of iona from
level u by collision with a specific Name constituent j is gives
by the relationship

ky = 0onP* @

whete i {cm v"?) in the mean relative velocity of the atom anc.
the colliding species, o) (cm?) is the cross section for the
process, and n, {em™) js the numbet density of the colliding
species j.

When the excited tevels u’ and u are considered and if i-
is assumed that o; does not change, then the tatio of the
ionization rate coefficients will be given by

k
o = expl(E, - E/AT) @
'l

Assuming that the rate of depletion of level u by ionizing
collisions is small corpared to v, where r, is the optical
lifetime of ievel u, which includes both radiative and collisional
deexcitation, the LEI signal from the upper level u will ba
obtained by integrating over time the rate of ion productior.
Such rate is given by the product nk,, where n, is the
steady-state atom population density of level u. Such popws
lation, in the limit of the two-level approximation, by assuming
a broad band laser excitation and equal statistical weights of
the lower and upper levels, i.e., g = g, is in turn given by (€,
10

+

n, = (ni nu) En‘"lu) (_u
2 Eln) + EMuy)
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Figure 1. mmmunﬂwmmw
In the thecretical considerations ghven In the lext. See text for the
axplanation of the symbols.

where n, + n, = ny is the total population of the two levels
and can be approximatad to ny®, ie., to the th | lati

I’u‘.I/J_f
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of level prior to laser irradiatior, E,(vi,} is the laser spectral
irradiance at , (J 8! cm? HzY), and E.* is the saturation
parameter of the transition, i.e., it is the value of the laner
spectral itradiance producing halfl of the maximum (saturated)
fluorescence signal,

Aasuming strict linearity in the interaction, l.e., E, (i) <<
E*n,) and making use of the definition of E,(n,)} (9, 10), eq
4 reduces to

n, « i, (n)Aur, (4n)

where A, is the spontaneous transition probability {s-') and
in retated to /., the absorptiom cecillator strength of the
transition, by the known classical relationship (cgs units) (9)

fu = 150274, (4b)

where sgain the statistical weights of the lower and upper
lovels are considered 1o be equat. On other hand, when K, (n}
is (much) greater than E*(»,), »q 4 reduces to

m+n,  af

2 "7 (o)
Ghbviously, the thermal population of different lower levels
will acale to each other according to the Boltzmann distri-
bution so that {see Figure 1)

ﬂ - 2]
e B exp[-(E, - E;}/kT} (5}

If ose then finally considers two sxcitation transitions starting
from two different lower levels and reaching two different
upper levels, whoee lifetimes are assumed to be the same, the
ratio of the ionization signals expected will be given by a
straightforward combination of aq 1-5, i.e., for linear inter-
action, by the relationship

(LEDn,,

(LEDAy
Mt '
Frhur E(nJ) [?_! ST & 2T (g)
fl'u'kul’ E,('“»r) &
The firat factor in the right hand side of #q B is the
“absorption strength factor™ and is an intenajve propetty of

the ator considered, The second factor is & “source pumping
factor”™ and depends upon the laser irradiance achievable at
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Figure 2. Layout of the experimental setu used.

the transition investigated. The third factor is & “thermal
population factor™ which ta for the population differ-
ence of the absorbing level, and the final factor is the
“ionization probability factor™. It would therefore be a aimple
matier Lo use eq 6 in order to predict the beat transition to
be chosen for single-color laser-enhanced ionization. At
saturation, only the tast two factors on the right hand side
of eq 6 are retained. It is worth remembering, however, that
it is casier to saturate a transition characterized by a high value
of the absorption cacillator strength.

I the use of two-color ionization, the two tranmitions usually
shaze a common level, Le., the second laser photon starts ita
Ppumping action from the level reached with the first photon
(6). iIn Figure 1, this would mean that u’ = L. In such a casa
the two beams need to be temporally coincident at the
wtomizer aince the lifetime of the excited levals i usually very
whort in flames ot atmospheric presaure, as indeed observed
in ionization experiments with sodium (I1). The two-wave-
length enh. tin the i tion signal as compared to
that given by single-wavelength ionization can however be
achieved even if u' I, provided that the two lavels are
collisionally and/or radiatively coupled, Therefore, if level
v’ is populsted with ane laser tuned at Ay, and then atoms
cean rapidly be tranaferred to level |, a second laser tuned at
by, will interact, within the Lifetime of level }, with an increased
atomic population and an enhancement will still be predicted
to occur. Indeed, the experimental decay of the enhanced
ionization signal observed when the laser photon at Ay, is
delayed by various amounts with respect to that at Ay, can
be fully used to eval the lifetime of level I (12).

EXPERIMENTAL SECTION

The experimental setup is achematically shown in Figure 2.
An excimer laser operated on XeCl st 308 nm (Model EG 162,
Lambda Physik, Gottingen, Federal Republic of Germany) way
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Table I. Evalustion ¢f the Noise Components In the
Ezperimental Setup Used

peak-to-
electrode peak
excimer  dye laser  dye lnper high noise,
laner 1 voltage  Mame mV
off off off ofl on a
off of off on on 15
on ofl off off on 15
on off off on on 6
on on on on on 6
*Not detectable.

Table I1. Effect of Laser Beam Dismeter and of Double
Pamsing throughout the Flame

experimental conditi [ vignal® au
’ without beam expander, single pass 1.50
heam expander (%5), single pass .84
beam expander {x5), double pass 9.30

* Thallium concentration, 10 ng/mL.

used to pump simultaneously two dye lasers (Jobin Yvon,
Longjumeau, France) whase outpul besms were directed colli-
neatly throughout the flame. The excitation pulses {~5 na) were
pravided by the fundamental output of & BBQ dys solution
(377.572 nm) and by frequency doubling tae outputs of the
Rhodamine 530 Chloride and Coumnrine S40A dye solutions
(291.832 nm and 276.787 nm, respectively). The dyes were sup-
plied by Exciton (Dayton, OH} and dissolved in Apectroscopically
pure methancl of in an ethanol/toluene mixture (Merck,
Darmatadt, Federal Republic of Germany). The laser output
power was monitored hy a volume ahsorbing calorimeter (Medel
38-0101, Scientech, Boulder, CO). In the experiments using
single-wavelength excitation, a beam expander and & mirror behind
the flame (not shown in Figure 2) were alao used with the puUrpose
of increasing the jonization signal and consequently the power
of detection. The LEI apparatus was that described by Berthoud
et al. (71) and manufactured by SOPRA (Bois Colombes, France),
cotwisting of a water-cooled molybdenum electrode (13) immersed
in an air-acetylene flame supported on a three-slot burmner head.
The high voltage (-1600 V} was applied between the electrode
and the burner body. Both current and voltage amplifiers were
used 10 extract the signal which wan then directly fed into a digita)
storage oscilloncope (Model 468, Tektronix, Beaverton, NJ) and fot
into a boxcar integrator (Model 162-165, Prinzeton Applied Re-
search, Princeton, N, the averaged output being linally displayed
on & strip chart recorder,

Standard solutions were prepared by suitable dilution of
thallium stock actution (1000 ug/mL in 1 M HNO,) with high-
purity deionized water, '

RESULTS AND DISCUSSION

It was felt uneful at first to identify the limiting noise of
our experimental setup, since ideally this naise should be the
shot component of the lame background current. To this
purpose, a set of expetiments were carried out in a sequence
auitable to isolate one noise component from the other. The
peak to peak valuea read on the oacilloscope were then dis-
played on the strip chart recorder. The results of these ex-
periments are collected in Tahle 1. As ane can see, our
limiting noise was due to radio frequency pickup from the
excimer lascr once the high voltage in the fame was switched
on. This noise did not increase when both Inger heams were
tuned at the appropriate thallium lines and waler was Bapi-
rated into the Name.

The variation in the ionization signal obtained by expanding
the laser heam diameter and reflecting it back into the flame
is summarized in Table IL.  As seen hers, whenever the
electrical field distribution across the Name is not modified
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Figure 3, Partial errgy level dagram for the thellum atom, Wave-
lengths are indicated it nanometers. Energles of the levels are ind-
cated in inverse centimeters and electromolts.

Table 111. Comparison of LE! Signals Obtaloed for Several
Siugle-Wavel, b Excitation Sch o

excitation
WaVE-

length, nm popula-
(energy, E-E, tion LEI

wul} E,. sV (1) P factor  signal su

278.7187 £417 1630 BEX 10 1 100
{30)

291.832 8.213 0.894 16x 107 2.3 x 10* 403
{120}

I717.572 3.280 2827 22xt0* 1 120 -
11000)

202.152 5208 0892 18 % 10" 2.3 x 10 10.8
(1209

*T1 concentration, 5 ng/mL; assumed flame ul:npenlure. 2500

by the introduction of the sample solution,  significant im-
provement is obtained. However, it should be borne in mind
that the “electrical interferences™ caused by an easily ionizable
mattix {1} would in fact nullify this advantage.

The thalfium transitions investigated ars shown in Figure
3 where the pertinent partial stomic energy level scheme for
the element is given. Tha results achieved with several
one-wavelength excitations are collected in Table 1L  As
shown, the best resulis were obtained with the excitation set
at 276.787 nim, despite the fact that the laser energy at that
wavelength was the lowest with tespect 1o alt the wavelength
tested. As stated before, the compariaon presented here han
not be regarded as a quantitative verification of the theory
but simply as a quick indicative approach to the chaice of the
moat suitable excitation transition to be used in order to obtain
the largest ionization mignal. As an example, for the two
tramaitions involving the ground stats, i.e, 377.572 and 276787
nm, the absorption oscillator strengths are known to be 0.3
and 0.7, respectively (9). It can therefore be predicted from
eq 6 that in the linear approzimation, the jonization signal
alter excitation at 276.787 nm would be approximately 17
times larger than that obtained after exciting at 377.572 nm,
while this factor would increane to ~ 250 in the case of com-
plete saturation. From the experimental dats reported in
Table L, it seems evident that saturation was not achieved
at the lower excitation wavelength. Moreover, the theoretien!
considerations strictly assume the same homogeneous exci-
tation volume in the flame which can certainly not be the case
when comparing different dyes, especially in their fundamental
and frequency doubled outputs. The steady-state conditinns

3 ng/ml

v
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in the Preparation of the solutions, Asan illunlut::::? lt:::
d?tectmn limit achievable with single-wavelength excitation
Flg}l.re [ ll‘nm an example of the jonization signal obtaineci
by Increasing tha time conatant of the detection system to
Approximately 10 8. A statistical evaluation of the noise in
the blank results in a 3¢ detaction limit of approximately 0.02
ng/m!... Howsver, this time constant is not practical for
;l::'l'{tlcd work due to the Jarge semple consumption in the
Anrepoﬂedby'l'\:rl:!tll(b').thetwo-m xei|
scheme u moat atiractive not only because of MMG mul:‘::
in the signal level and in the spectral selectivity but also

€CaY processes (see Figure 3). In this way, an enhan. ment
factor of 38 was experimentally observed, This enhan::m::l
W83 not accompanied, however, by a similar increase in the
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signal to noise ratic. In addition, it was noticed that by
scanning one laser in the immediate vicinity of the absarption
transition, an off-resonance background could atill be mea-
sured, the signal being proportional to the concentration of
thallium (see Figure 6A). This result is likely due to the
single-wavelength ionization process occurying since one laser
remains tuned at 291,832 nm. In this case, no background
correction would be necessary. A typical signal-to-noise ratio
obtained for 1 ng/mL of thallium with this excitation scheme
ia shown in Figure 6B. Here the repetition frequency of the
laser was increased to 50 Hz so that the overall time constant
of the measurement was maintained within approximately 1
s. By a careful optimization of the laser parameters snd of
the amplifier-detection system, at detection limit of 8 pg/mL
could be calculated. This limit not only improves the Yimit
of 90 pg/mL previoualy obtained by flame laser enhanced
jonization (3) but is considerably better than the value of 100
pe/ml quoted for electrothermal atomization by introd
100 uL of solution into the furnace (I4).

The experimental results achieved for aquecus thallivm
polytions allow us to conclude that, for singie- as well as for
two-wavelength excitation, the sensitivity achieved in the
air-acetylene flame does indeed rival that typical of elec-
trothermal atomization techniques.

Determination of Thallium in Commercial Lead Sam-
ples. The applicability of the above-mentioned leatures was
checked in the direct determination of thallium at the sub-
microgram-per-grams level in three com:mercial metal lead
ssmples, BCR candidate reference materials, to be certified
for a number of trace elements, and specially pepated in the
form of chips for the analytical round robin, More detailed
information on these samples, their preparation and the
certification procedure can be obtained from the Community
Reference Bureau, Commission of the Eurcpean Communities,
DG X1, 200, rue de la Loi, Bruxelles, Belgium. Because of
its high ionization potential, lead is not expected to create any
serious electrical interference when & 1% solution is aapirated
in the lame. The sample {1 g} waa dissolved in high-purity
nitric acid, diluted to 100 mL, and then aspirated in the Name.
Because of the difficulty of obtaining lead samples free of
thallium and because of Lthe high solid content of the solutions
aspirated into the flame, the standard addition method was
chusen in order to obtain sccurate resulta. These are collected
in Table IV.

The analysis was performed by a two-wavelength excitalion
scheme using as a first step the transition ot 377.572 nm, since
this wavelength was available without the necessity of fre-

quency doubling the dye laser output and therefore could be
sasily scanned by rotating the grating with a atepping motor.
The second laser photon was tuned at 281.832 nm. The
distance between the burner head and the cathode was set
at 20 mm.

When a boxcar averager is used to process the ionization
pulse, it is worth atressing here that the relative widtha of the
gate and of the ionization pulse must be accurately known and
controlled during the measurements. Indeed, it is known that
the pulse shape modifies when the aguecus analyte solutions
are replaced by the matrix salutions, the effect being dramatic
for easily ionizable matrices (3, 11, 15). Evenin the case of
our lead matriz, some effect is present and the pulse shape
becomes narrower when the aqueous thallium solution i re-
placed by the lead matrix sojution. If the width of the gata
is smaller than that of the ionization pulse (which is ap-
proximately 200 ns}, then different signals (and consequently
different slopes of the calibration grapha) will be abtained for
different positions of the gate under the signal pulse. Tha
in clearly borne out experimentally in Figure 7 where a graph
cbtained for aquecus thallium solutions is compared with that
obtained in the presence of the lead matrix. In both cases,
the gate (50 na) position was optimized to obtain the maximum
signal. It is therefore clear that, in order to abtain accurate
results, the gate position should be kept constant in time
during the measurements. The alternative would be to use
a gate width large enough 8o to average the entire ionizaticn
pulse,

CONCLUSIONS

Several conclusions can be derived from the study presented
here and are summatized below:

(i} The laser-enhanced ionization technique is extremely
sensitive for the determination of thallium in the air-acetvlens:
flame, the detection limit obtained being better than that given
by electrothermal atomization techniques.

{ii) The two-wavelength excitation scheme can be effectively
used even when the two transitions do not share & commen
level.

(iii) Because of the existence of a wavelength-independent
ionization background, which can vary with the composition
of the matrix, s background correction procedure is manda-
tory. This can be performed by scanning the laser excitatior
throughout the atumic absorption profile.

{i¥) The modification of the jonization pulse due to the
presence of Lhe matrix in the flame requires rigorous contro
of the measuring gate width and position under the pulse i
order to obtain accurate results.

(v) The direct determination of thallium in high jonizatior
potential mattices is indeed feasible with remarkable gooc
accuracy in an air-acetylene Mame at concentration levels o~
0.02 ug/g.

Registry No. T, 7440-28-0; Ph, 7439-82.1.
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Laser induced stepwise and two-photon jonization studies of strontiom in
the air acetylene flame
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Abutract—Ulsing sirontium atoms presentasa g i inan eir. lene flame naan ple, 0 rich laser
enhanced ionization spectrum was obisined. One plsed tunable dye user was tuncd to s trpsition originating from
the ground suate {460.73 sm) and another sanned over different spectral regions. The lines obtained were
apectroscopically characterived as to the type of sbsorption process, which included non.
¥ single wavelengih, lwo-wavelength, and two-photon resonant

With & matimum irradiance of 100 MWem™3, two-photon transiti Iting in collisionally sssisted
ionization included the Ssns and Sénd Rydberg serics (up to 375 and 15d) together with a strong auto-joniting
transition at 41,10 nm. The complexity of the observed ionization spectrum when the irradiance is high indicates
that speciral interferences need to be carcfully considered in analyticst applications,

L. Inrropuction

Laser enhanced ionization ( LEI} spectroscopy in atmospheric pressure flames bas been (he
subject of many investigations [1. 21. A major emphasis has been on the analytical potential
of the technique, as characterized by detection Limits in aqueous solutions; for a significant
nurber of elements these equal or are better than those achicved by optical techniques with
electrothermal atomization, Stepwise excitation, followed by collisional ionization hss
extended the analytical application of the tech ique to el ts of high ionization potential,
and also improved its spectral selectivity [3.4]. The wavelength of one Laser beam is resonant

with the first, and tuned to a resonant transition from the level populated by the first beam,
<an cfficicntly promote atoms to electronic levels close to the ionization potential. These
levelsare then subject to rapid collisional ionization in the fame with a spectacular increase in
the sensitivity compared 1o single wavelength ionization.

When the laser spectral itradiance is sufficiently high, multi-photon jonization can also
occur. In that case, an excited, bound state is reached by the simultancous absorption of two
lor more) laser photons via an intermediate virtual level(s). The difference between the two-
step double resonance or two wavelength sbsorption and the two photon absorption process
isshownin Fig 1. The second stepin the two step processcan originate from the same level as
reached by the first step, or from nearby levels collisionalty populated. The two-photon
Pprocess has different angular selection rules [3). n the case of the strontivm atom the initial
state has J = 0,and the linearly polarized laser ysed here can populate final states with J m 0
ot J =2 with two-photon absorption [6]; the two-step process proceeds through one or
more intermediate levels, for which AJ = 11 for the optical transition,

In the analytical application of stepwise ionization in flames the enhancement of the
_—_—
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Fig. |. Energy schemes for the two-step and two-photon absorplion processes, Collisionalty aasisted
ionizalion is indicated.

analytical signal and the consequent improvement of the detection limits atiainable hai been
considered {3, 4, 7, 8]; only in the case of sodium was the ionization spectrum charact=rized
[9]. During our study of stepwise ionization of several clements in the air-acetylene flame
[10]. many transitions were observed which were not smong those fisted in standard
references [ 11]. Some of the lines observed could be attributed to a two-photon rather thama
slepwise excitation process. It was therefore felt important to better characterize the
ionization spectrum and to identifly the important ionization processes in the flame whan
using two wavelength excitation. The ionization spectrum of St was studied since the stepwise
and multiphoton processes [12-19], as well as the stepwise Auorescence [20, 2], have be=n
well characterized for Sr vapour at 300°C in 1 terr of noble gas. :

For purposes of clarity, the ionization process can be named according to the different
types of the primary absorption processes. Three types of processes have been distinguish=d
in analytical LE) spectroscopy {1, 7-9, 22):

(i) Double resonance or two-step (iwo-wavelength) ionization, resulting from the absorp-
tion of phatons at two different wavelengihs, provided by two different lasers;

(ii) Two-photon ionization, resulting from the simultaneous absorption of two identical
photons, provided by a single laser, of encrgy equal to {1/2) E,_, where E,,. is the excy ation

energy of the level. Excitation proceeds via a virtual level located at (119 E,;
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(i) Single-step (single-wavelength) ionization, resulting from the absorption of a photon
from the ground state (o & resonant bound level.

All the above processes ir volve collisional transier of the atoms from an excited electronic
level to the ionization limit. Collisions may also further contribute to the ionization signal
cither directly by the thermal population of 3 higher energy level from which a resonant
photon is absorbed (1, 7] o by a collisionally induced absorption, in which a-non-resonant
photon is absorbed in the cellisionally broadencd wings of a transition and a second photon
absorbed from that shifted broadened level [9, 22, 23], In the air-scetylenc flame, we
observed lines in the ionizasion spectrum attributed to these absotplion processes, as well as
lines involving processes (i-iii) above.

2. ApPARATUS AND TECHNIQUE

2.1. Apparatus

The laser enhanced ionization was observed using a cylindrical, water cooled, molybdenum electrode
immersed in an air-acetylene fame supported on a three-slot burner head fitted on & conventiona)
premix chamber with p tic nebulization [7]. The optical system with two dye lasers pumped by
one XcClexcimer laser, and the signal processing, with the boxcar amplifier connected 10 the cutput of
the transimpedence putse amplifier [?], were similar to that used for the study of double-resonance
fuarescence inan ICP [24]. Signalks reported correspond to the output of that fixed gain putse amplifier.
Laser enetgy was measured w th & volume absorbing calorimeter.

2.2 Techriques
For all measurements, the clectrode was st — 1300V with respect 10 the burner head. A 5-mm
aperture was used on cither side of the flame for alignment purposes. For the two wavelength
an aq solution of 100-500 ng mi ™' was aspirated into the lame and the single
pholon ienization signal used 1 tune onc dye laser to the 460.73-nm line. This line was selected on the
basis of ils high transition prokability relative to other resonant transitions from the ground state and
suitability of use with a second visible wavelengih to reach an energy level close to the ionization limit,
The other dye laser was then scanned over the wavelength of i using the nppropriate dye. The
optical delay line [24] was adju.ted o that the pulses from the two beams, nearly co-linear and counter-
ing, were coincident & lly at ihe Bame.

For the single wavelength measurements the laser used was focussed into the flame, using a 30-cm
focal length lens, and reflected beck using & convex mirror, to increase the irradiance. In this case, &
Sugmi”' solution was used because of the weaker signals.

Detection limits were obtained by dilution of the above solutions and calculated on the basis of twice
the standard deviation of the blank signal.

Lines were identified using prominent tabulated lines as wavelength references [11], interpolating
from the recorded specttum 10 obusin the wavelengih of the desired line, and comparing the
corresponding energy with those one and two photan transitions observed at 10 toer and below, and
reported by Esuenick [6] and by Ewarnt and Punoie [12]. Good sgreement was found between the
wavelengths observed and thowe reported in the MIT Tables [25] as well those cakulated from the
available encrgy levels for the wansitions identified [26], generally less than 0.3 Kaysers. The
wavelengths given in the figures are cither those obscrved in the d.c. src {11] or caleuiated from the
energy bevels, for air.

3. ResuiTs anD Discussion

3.1. Two-wavelength absorp,ion specira

The results of scanning the socond dye laser over several regions of interest are givenin Figs
2-40. In these figures, most fredominant lines are identified together with the corresponding
excitation process shown in the partial energy level diagrams also given. As expected, the
strongest laser enhanced ion zation signals correspond 1o transitions directly coupled o that

[23] N. OmenETTO, L. P. HART and B W. SarTh, 1o be published.

[24] N. OMENETTOD, B. W. SMTH. L. P. HaRT, P, CavaLL and G. Ross1, Spectrochim. Acta B 498, 1411 (1985)
[25] G. R. Harnisow, MIT Wavelrngth Tables, Wilcy, New York (1960).

[%5] C. E Mooax, Aiomic Energy Levels, Volume 11, NSRDS-NBS 35, Washington, D.C, {1971}
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Fig. 3. lonization Speeteum with one taser at 460,733 nm and the other laser scanned over the transitions identified in Fig, 4. Sensitivity: 0.25 V/Tull scale.
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Fig. 8. lonization spectrum with one laser a1 460.733 nm and the other laser scanned over 1he
tramsitions identied in Fig. 6. Only some of the more intense lines have been labeled. Sensitivity:
0.2 ¥/Tull scale
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Fig 9. lonization ypocirum with one laset tuned al 460.733 nm and the other laser scanned from 41040
430 am. Only some of more intense lines have been labeled. Sensitivity: 0.2 V/full scale,

level pumped by the other laser at 460,733, However, in the air-acetylens Aame, cven during
the 5-ns duration of the second laser pulse, nearly coincident temporally with the first, thereis
sufficient collisionaicoupling of the Sp singlet level with nearby levels to observe second-step
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Fig 10. Partial energy level diagram of the Iwo-step absorption processes leading, via collisional
excitalion, 1o ionization. The rclative intensities of the ionization signals obser sed for the transitions
indicated here are reported in Table I.

ionization signals from the 44 and the 5p triplet levels {see Figs 3, 5, 7. 8). Under these
concentration and irradiances, no signals were observed when there was no 460.733 excitation
step. Also, as expected and as indicated in Fig. 7, a background signat due to single-step
ionization at 460.733 nm was always present.

As theshorter, higher energy, wavelengths are used for the second step, and the higher lying
states, of which there are a larger number and which are closer 10 the ionization limit, are
reached, many lines appear in the ionization spectrum, as shown in Figs 6-9. The signal at
422.673 um in Fig. 9 was due to a calcium impurity in our solution and it was the only signal
left when the same spectral scan was repeated without the 460.733-ntn excitation step.

The relative intensities of the jonization signals obtained with the two-step excitation
transitions schematized in Fig. 10 are reported in Table 1, together with the measured laser
energies. On the basis of the encrgy diagram reported in Fig. 10, and assuming lincarity in the
interaction process, the fine at 44633 nm was expected to give the largest signal since it is
directly eaupled with the level reached by the first excitation stepand it iscloser than the other
transitions shown to the ionization potential. However, the signal from this line was 1/2 of
that for the 468.86-nm line with the same laser pump irradiance. These results then provide a
qualitative indication of the relative absorption strength of the transitions identified in
Fig. 10.

1.2. Two-photon absorption spectra

When only one laser is used, focussed and retroreflected, the maximum jrradiance at the
beam waist (~ 0.5 mm) is estimated to vary, depending upon the dye used, from 20 to
100 MW 2m=2, in which range two-photon transitions are casily observed. The line in the
ionization spectrum resulting {rom the two-photon absorption a1 459.513 nm, corresponding
to the 55 o 10s transition, is close to that from absorption at 460.733 nm, corresponding to
the 55 10 5p transition. Figure 11 clearly shows the differences between the two signals; the
two-photon line is considerably narrower due to the square-law dependence on energy over
the absorption width. A plot of the ionization signal vs laser encrgy, which was varied with
neutral density filters, indeed shows the square-law dependence (Fig. 12).

Inaddition to the J = Otransitions, for transitions from the 53 level 10 the 6s levelupio 1 1s,
shown in Fig. 13, additional lincs in the wavelength range from 530 to 550 nm and from 410
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Tflle ¥ Relative intensity of Iwo-step two-wavelength joniz-

ian signals for 100 ngmi~ ! of sirontium obtained with 4, fixed

at 460,731 nm {500 wd/pulse; transition saturaied), and A, scan-
ned {440-490 nm}

Wavelength — Trangition Laser energy  fonization
& (nm) and kevels (wlipulse) tignal (mv)

438} 315p-537s 240 %
)Pl_lsl
ad5 33 Ss5p-3slte 3% n
1P|-‘s°
L LY Ssdd-549p 300 176
'D,-'P,
;.14 S35p-5p? 00 &7
IP'_ i D’
458 9 Jssp-Ssi0y 1000 120
,'PI - .s.
46783 Sdd-Sy5f 14 202
'D,-1F,
451 86 Ss5p-3a0d LAl 219
I"_ID'
4833 Ssdd-$s8p 530 129
D,-'p,
L %] ] 355p-559s s 82
P15,
4 .19 3s3p-5p? %0 12
1p,-p,

Fig. 11. Single-siep v Iva-photon excitati The ionization s shown -
: > 2 P signaly i
ANNIng & single Iser focussed i the Middle of the Rame. Sem:::ly 0.2 V;:fl o:-:nd i

10 450 nm were obscrvec and are shown in Fj
two-photon transitions ~el¢ nging to the R
‘sholwn, the two.photon sp=ctrum can be
lomnl.ion limit. The mo-t striking spectral feature of Fig. 16 is the i
;Ocurrmg dbove_lhf im_-ni:ati-:n limit of the atom a indiilled in th:r;;:r:“:: ::;r:gdn;n‘
! l::len:cu [_6] lth.ns linc isduc 1o a strong autoionizing resonance corresponding toa J = ;
.boc. utmomz?ng.res?mnf:u. occur when both electrons are excited and the state reached is
ve the first ionization limit of the atom. This line is broad (~ 0.8 nm FWHM) when

gs 14-16. Some of the possible J = Qand J = 2
ydberg ns and ad series [6. 12] are tabeled. As

Vi 43
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F g 12 Double-logarithmic plot of the iwo-photon ionization signal vs laser encrgy at 459.513 nm,
fcr a St concentration of 500 ngmi™*, Error bars (one standard deviation) are also indicated. The
slope of the kine is 1.92 and 1he correlation coefficient is 0.998.
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Fig. 13. Two-photon absorption ransitions for the 55-ns series, with m = 6-11. These transilions obey
the angular selection rule AJ = .

compazed to the other bound-state resonances, indicating a very short lifetime of the level
associaded with it

3.3, Additiona! single-wavelengih observations

During the identification process of the two-photon absorption transitions reported.in the
previous paragraph, several lines were obscrved which could not fit a two-photon scheme
involving the ground state and a virtual level at (1/2)E_,.. Instead, the wavelengths calcutated
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Fig. 14 Ionization specirum resulting from the 1wo-photon absorption process A single laser,
focussed in the middle of the flame, was scanned from 332 10 550 nm. The excited levels reached are
indicated. Sensitivity: 0.25 Vfull scale.

[T T by TG

T _

Fig. 1 5. lonization spoctrum resulting from scanning & single laser, focussed in the middle of the lame,

from 456 nm {ieft) 1o 442 nm [right). The Rydberg levels as and nd (with # = §2, ..., 15 for the s

sericsand m e 14, . . ., 14 for the d-scriet) reached by iwo-phot ilation are indicated. Sensitivily:
0.25 V/lull scale,

corresponded to resonance energies between excited states close to the ionization potential,
and two lower cnergy levels, ie, the 'P, and the 'D; levels, lying 21 695cm ™" and
20150 cm™ ! above the ground state, respectively, These lines, 1ogether with the energy levels

V45
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Fig. 6. lonization specirum resulting from scaning & single laser, focussed in the middle of the fame,

(rom 442 ntm {lef) 10 437 nem {right). The Rydberg levels ns, witha = 16, . , ., 3%,and 15d reached by

wo-photon excitation are indicated, as well as the ionization limit of the atom and the Targe
autoionizing resonance 31 431.10 nm. Sensitivity: 0.25 ¥V full scale,

involved, ere collected in Table 2. Since these lines were observed at high photon irradiances,
it is belicwed that their origin cannot be fully explained by single-step absorption froem a
thermally populated level followed by collisional ionization. Rather, a two-step process
involving as a first step a collisionally assisted, non-resonant absorption process, leading Ic a
population of the 'P| or 'D, levels is operative,

These processes, together with the experimental spectra obtained, are considered in detzil
in another paper [23].

34, Analytical considerations

The spectra shown in Figs 14-16 were obtained using 3n order of magnilude preater
concentration, due to weakness of the signals; they are small compared to the two-wavelerg h
signals. However, they may be of importance analytically, when a high energy density is
desired to maximize the signal from the analyte, and when a matrix element has a two-photen
absorption within the linewidth of the laser. The complexity of the tesulting spectrum wou d
be particu arly significant when the level reached by the matrix element is close to the
ionization limit. Therefore, in addition 10 wavelength independent jonization interferences,
which can vary with the matrix, but which can be corrected for by scanning the laser
excitation aver the absorption profile [1. 3, 7], other spectral interferences will resubt form
multiphoton excitation of concomitant species in the Aames [4, 27).

The detection limit caleulated with the two-photon transition at 459.513 nm foc a sigaa-
to-noise ratio of 2 was 10ngml~". This limit compares favorably with the single-step
460.733 nm detection limit of 4 ngml - * reported for flash-lamp pumped dye laser excilation
andaS/N = 3[1] The two-step non-resonant transitions collected in Table 2are expected
give results similar to the two-photon transitions since the magnitudes of the signals at the
same conceniration were comparable. Two-step two-wavelength excitation (460,733 and
5$34.336 nm, see Figs 4 and 5) pave the best detection limit of 0.2 ngml~ !,

[27] F. M. Cumran, C. A, van Dk and §. R, Crouch, Ancl. Spectrose. 37, 385 (1983).
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Table 2, Two step non resonant
transitions observed with 5 ug ml~*
of strontium while scanning a singhe
dye taser focussed in the Mame

{440-450 nm)
Wavelength Transitions
{nm} and levels
444 547 Sxip-58f
*P-'Fy
444,335 5a5p-53112
P18,
447406 325p-5511a
’Pl"sl
458.293 $e5p-53108
'P-18e
457.781 :5p-8:84
'p,-'D,
468860 S35p-S38d
1p-t Dy
473,548 Ssd4d-538p
ID]-’P[
470,392 3135p--5s9s
l’l__ls'

The anpalytical potential of he two-step excitation and the importance of several
parameters, ¢ g. the duration, and-power density of the laser excitation pulse, in the case of the
strontium as well as several other atoms are discussed in detail in another paper [10}.

4. CoNcLusioNs

Our study has shown that the technique of two-step laser enhanced ionization is an
extremely efficient tool for the characterization of many transitions which are not reported in
standard wavelength tables and are notmally not observed in flames by conventional
absorption, emission and fluoreseence methods. In the case of strontium atoms present as
trace constituents in an air-acetylene flame, many transitions were identified from the
ionization signals observed after populating, with two lasers, levels close to the ionization
continuum. In addition, it has been shown that, when the laser irradiance is high, optical
flame spectroscopy can easily expand into the realm of multiphoton processes. Two-photon
absorption increases the diagnostizcapabilities of the technique allowing transitions 1o occur
between states of the same parity.

From the analytical point of view, the 1wo-step process with short laser pulses (~ § ns)
gives very low detection limits which are more than an order of magnitude better than thoss
published so far, However, when the energy density in the Bame is very high, the ionization
spectra observed are very complex, because of the occurrence of multiphoton excitation in
addition to single-step and two-step excitation, In this case, the technique should be
considered as being subject to additional matrix interferences, i.c. ionization of concomittant
species through either resonant o- non-resonant processes,

Acknowiedgements—L. P. Hart and B. W. Smrri would like to thank the Joint Research Centre suthorities and in
Particular the Education Traming Service of Ispra for the grap of visiting scienist fellowships.
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Measurement of the Laser-Induced lonization Yield for Lithium

in an Air-Acetylene Flame

B. W, Smith,! L. P, Hart.? and Nicolé Omenetto®

Joint Research Centre, Chemistry Division, fspra {Varese), Italy

Single-step excitation and two-sisp axclistion, lollowsd by
colisional lonizalion, have besn used to measure the lonlzs-
tion yleld of Nthiom atoms pi d In a sep ".dr:-
acelylena flame. The jfon ks pH “‘bylwo,h-,
iunable dye ki ers, pumped simult ly by an
taser and tluned 1o two connecied transitions of the stom. The
fonization sl ls Laken simuit ly with he
signa), wl':;‘nh od wih & h ior and a pho-
lomuitiplies placed at 90° wiih respect 1o the lassr beams.
The lonization yleld for & singie-step sxchation at 670.784 nm
was found fo be 0.286%, Wncreasing (o 53% for iwo-step ex-
cHation {870.784 + 460.288 nm). By use of thess values i"l'
th thcal Ir i of the b process,
;mm one can oblain order of magnitude setimates
of the effeciive colisional jonization rate cosfiiclents of the
process(as) assumed.

The techique of laser-enhanced ionization or op.tngalvnnic
spectroscopy is now well eatablished in atmospheric pressure
flammes as a very sensitive analytical tool and a most veraatile
diagnoatic method (7-6). Several types of Infuru have been
used to provide the primary excitation step, ie, flash lamp
pumped dye lasers, nitragen, Nd-YAG, or excnme{-pumped
dye lagers, and continuous wave Jasers. The du_ralmn of the
internction between the atoms and the radiation field was
therefore widely different, being in the microsecond range for
ftash lamp pumped losers, in Lhe nanosecond range for the

'Permanent sddress: Department of Chemiatry, University of
i Gainesville, FL_ 32611, .
ﬂl;rll:lr:;enalm:jdrean: Oregon State University, Department of
Chemistry, Curvallis, OR 93531,

gas discharge pulsed lasers, and in the millisecond range l_'or
the continuous wave (CW} lasers. In the last case, Lhe in-
teraction time is the dwell Lime of the aloms in the lamer heam,
which is in turn dictated by the rise velacity of the flame gases.
The ability to achieve a significant ionization clearly depends,
among cther parameters, upon the length of the In_ser pqlu.
As it has been shown from simple theoretical considerations
{1-3), the ionization yield, i.e., the ratio between the number
of ions created during the laser pulse and the total number
of neutral {ground state) atoms present in the lager volume,
will approach unity when an optically saturating laser pulse
has & durstion that significantly exceeds the reclpro_ca] of the
effective ionization rate of the laser populated excn!.ad state
{see below). The fact that the excitation produced in ~5 na
by & single laser beam Lo 4 level lying wme_ele_ctmnv?lu. beIPw
the jonization potential would result in a significant lonEu:\lmn
yield can then be questioned, since in this case the collisional
ionization rate from that level is believed to much lower than
the radiative and guenching rates. A second laser can
therefore be used to populate in a stepwise manner {6-9)
excitation levels much close to the jonization potential of the
atom. In this way, the jonization yield should increase ap-
preciably. Although such considerations are cle.nrly stressed
in several papers, there appears to be no e:perlmgntal. mea-
surement, of the absolute value of the ionization yield in the
case of single-step or two-step excitation with pulsed or CW
lasers. A neutral depletion of 50% and 75% for sodium atorma
and for laser pulses longer than 100 us was re_purlad in the
air-hydrogen and air-acetylene flame, respectively {f_ﬂ. 1.
However, laser-induced chemistry {12} was also cu_mldered
to be partially responsible for the observed deplel.l(‘m.
The aim of this work is o describe the experimental
evaluativn of the absolute iunization yield of the Iithium.nm.ms
in the air-nectylene Mame. Single-step and two-step excitation
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Figure 1. partial energy levat diagram of the Rthium stom

Simpified
portinent to the sxperiment described in this work, Laser transiions
wre | in glea (loft) in cm',

is provided by two laser beams tuned at appropriate bound
transitions of the atoms. The duration of the laser pulses i
4.4 ns. The temporal wave forms of the laser have been
experimentally measured and are reportad elsewhere (13). The
total number of lithium atoms in the laser volume has been
measured by an absclute absorption method (14) and the
ionization dstection system is calibrated in terms of output
voltage per electron produced.

The resulis obtained have been used in connection with &
simplified excitation-ionization model to derive order of
magnitude estimates of the effective ionization rate coeffi-
cients. Due to the simplified nature of the model, especially
regarding the temporal shape of the laser puises, d ta

v

(| g’
—=]- xpI = k. A o
T § (f[ ‘7) A ‘I] @

In this aquation, g, and g, are the statistical weighta of the
ground stats (hete indicated aa level 1) and of the excited
doubist (here indicated as lavel 2), ky, (5™} is the coefTicient
describing the effective collisional ionization rate {14), and
4t {s) is the duration of the (rectangular) laser pulse, Aa
stated before, af, must be (much) greater then the ratio [F}
+ £2)/{g:ka) in order to attain unity ionization yield,

In the two-step excitation scheme, the second laser is tunesd
to 460.286 nm (ses Figure 1) and populates the 4d doublet,
which lies 0.85 eV below the ionization limit. If this last level
is indicated as level 3 and if both tranaitions are now optically
saturated, the ionization yield is giver: by-(13)

ﬂ-l—exp---—h——----]g,«_\,g (3)
nr Bt tg ) a0

where now g, is the statistical weight of the 4p doublet and
ky becomes the effective ionization rate coefficient.

From these simple considerations it can be deduced that,
provided that the ionization yield can be measured experi-
mentally under sstuzated conditions, order of magnitude
estimates can be inferred from eq 2 and 3 for both by and ky,

As seen in #q 1, the number of absorbing atoms in the laser
volume needs to be maasured. This number can safely be
identified with ny (se¢ eq 2 and 3) since thia last number in
the air-acetylene flame at 2500 K repreaenty, within less than
0.1%, the lithium ground-state population. In order to ac-
curately evaluate ny, it was decided to adopt the well-known
absorption method (14-17), In our case, the laser can be

be rectangular, quantitative sccuracy cannot be claimed not
was this in the scope of the present investigation. It is be-
lieved, however, that the absclute measurement of the ioni-
zation yield for short laser pulses represents an essential step
in any further modeling of the ionization mechanism in flames,

THEORETICAL CONSIDERATIONS

‘The ionization yield, IY, is defined here as the number of
ione (electrona) produced during the laser excitation time
divided by the total number of atoms present in the laser
volume. When two lasers are used, it is assumed that their
pulse duration is strictly the same and that the spatially
uniform excitation volumes in the flame overlap perfectly.

If the nignal obtained by integrating the electron current
pulse is representative of the total charge created by the laser
(15}, the yield is given by

n, (voltage pulse}/e(At,)"'¢

nr nbard

IY =

(1)

In this equation, n, is the number of electtons produced in
the jonization process, ny is the total number of atoma in the
laser volume, ¢ is the charge of the electron (coulomb), At,
is width of the electron pulae {seconds), [ is the calibration
factor of the detection system (V A"}, n, is the number density
of the atoms in the flame (cm™), b is the laser interaction
Jength in the flame (cm), and £, is the radius of the laser(s)
beam(s) in the flame (cm).

The enetgy tevel diagram for lithium pertinent to our ex-
periment is shown in Figure 1. In the single-step excitation
acheme, one laser in tuned to the resonance transition at
670.784 nm, involving the excited 2p douhlet, and subsequent
collisional ionization occurs in the Name. With this simple
scheme, the fraction of the total number of atoms jonized
during an optically saturating laser pulse, i.e., the ionization
yield, will be given by (1-3, I

idered to be a quasi-continuum excitation source, since

ita spectral bandwidth exceeds approximately 10 times the
absorption profile of the lithium atoms in the flame.

Finally, to check that the transitions used werse optical

saturated, atomic fluroescence was simultaneousty recorded

with a conventional h photomultiplier setup.

EXPERIMENTAL SECTION

A block diag of the experimental e L is shown in
Figure 2. An excimer laser (Model EMG-102, Lambda Physik,
Gottingen, FRG) operated with XeCl pumped two dye lasers
{Jobin Yvon, Longjumeau, France) that were located on either
side of & ially availabla flame ionization system (SOPRA,
Bois Colombes, France), which was modified for this experiment.
A hole wan drilled at the rear of the burner housing to allow the
observation of fuorescence and the long path burner head nor-
mally used for flame ionization was replaced by a homemads
capillary-type burner fitted with an argon sheath. This burner,
which has been used in our laboratory in several emission and
fluorescence experiments {18), was mounted on a standard mixing
hamber wi ic nebulization. Gas flows were accurately

with p ic
measured with calibrated rotameters. As shown in Figures 1 and
2, the first laser provided the excitation of lithium atoms from
the ground state (A, 670.784 nm) and was adjusted to be tem-
porally coincident with laser 2, tuned at 460.286 nm. With this
scheme, the final level was 0.85 eV below the ionization limit. Both
laser beams were expanded and then reduced in size with aper-
atures to provide spatisily homogeneous besma of about 0.3 cm
diameter. Figure 3 shows the geometry of the beams in the Name
and their positions with respect to the burner suriace and the
high-voltage electrode.

The energy of the lasers was messured with s volume absorbing
calorimeter (Model 38-0101, Scientech, Boulder, CO). The tem-
poral coincidence of the two beams was ascertained by examining
their respective’ tempoial positions with a fast photodiode
(Electrooptical Products Division ITT, Fort Wayne, IN, Type
F-4000, 8-5 response). The high-volisge electrode {molybdenum
#round m water-cooled glasa tube} was hinsed at -1800 V and the
electrons produced vis Iaser excitation were collected at the hurner,
converted Lo a veltage, and processed by a boxear integratar
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. . of Growth Lithium, 810,79
‘ " pulse &t the boxear and 1o know the gain of the current to diusenar
voltage preamplifier at Lhe freguency of the measurement, param-
e 5;~m5¢(¢5__§w%_1 This gain was calibrated by injecting current pulses of Lhe sters value Source
[ X‘”* Pl same shape and duration of those produced by the laser AN 0.0596 £ 0.005 nm mensured s
J bl ionization in the flame at the burner head and measuring the M 06401 . rel 25-23 H 1
o2 Lasen " time integrated input to the current to voltage preamplifier. ko/n (3136 = 0.094) X 10 M em® ref 24
B N o csTon £ The response to a current pulse was 2913 x 105V A~ (£3%). Adg  0.0030 4 0.0002 nm calculated (7 = 2450 K)
| The dc gain was also measured by injoctin'g signals frem “the/a) = (4 In DG meT) /Ay, Hers, ¢ 1a the olee-
. precision de current source directly at the input at the am- tronic charge, m in the electron manp, ¢ in the velocity of light in
| W plifier. The de response was 5.4 X 10° V A-). The output of Yacuum, and /,,, it the absorptian oncillator strength. J
) 'E_. the current to valtage preamplifier was integrated with & 20-p8 -lw P Py !
boxcar gate width, The response of the boxcar and digital It was necessary_ to avoid ssturation efiects and to ensure 109 NUMBER DENSITY . b [emn
" readout were also calibrated against known voltage sources. linearity in the plotodindg r=sponse, to lttemu!l.e the Ils.er - 4. Caicuared . of for the of rechation
i In the ahsence of the excitner firing, the limiting noise was with a stack of neutral demrtyﬁ!len of tatal (nominal) density absarbed by Incroasing vaes Mwm 11,8), lor the diferent
that of the boxcar and had a standard deviation of 10 4V 5.3. With these filters, the residunl energy of the lsser wag Yalues of the demping pacameter, #. Indicatad b the st upper
(referred to the boxcar input, 20 Hz repetition rate, 30 laser approximately 300 pJ per puise. The current pulse from the Curva, & = 0.5; intermadiate curve, & = 0.6; lower Curve, g = (7.
e ghots}, which corresponded 1o about 500 electrons at the photodiode was converted to avoltage and measured with the -
burner. When the excimer laser was firing, the radio frequency boxcar averager and a 10-s integrator. Five 10-s integrations
Figue 2. Experimerital setup: B, baam spMtter; PMT. Phatomutiphor nolse increased the hackground noise to a standard deviation W!;e '-ll:;ﬂ‘ 7‘ !L“._‘: :f e'xhlll lernating aspirations of water g
-ba: P, phatociode: M. high voltage: BE. baem exparader: M, miror; 14 mV, which corresponded to 6 X 10% electrons at the and & 19 xg/mlL ‘ithium sclueion,
L. Lens: A. agerture; F, flame: B, burner; C-VA, curtent-to-voltage g[:me:.n T'h‘i: :::;i ;‘:”:ﬁzch larger than that reported when From the theory of abaorptien of radiation with continuum . °_.,._.,L-.--.
amphfier: SO, storage osciloscops. See text for description, the overall system wan optimized fot analytical measurements and line sources (14-17) the p-oduct of the absorbing atoma z 1 /-
(9. and the abscrpticn path, i.e., {nb) in eq 1, can be directly
Fiame An aqueous solution of 1 ug/mL of lithium was anpirated evulu.a;ed_fro;n ﬂ"ti:“";' of growth :I?t.:_medouble
Boundary into the flame. The resulting current pulse, integrated aver lﬂg,'"t mic plot of the fraction of radiation a | @ V8,
he 2.0 box e, wes measured with laser excitation st this product. A curve of growth was calculated for lithium w1
the 2.0-us boxear gate, - itional for thia particular experiment The calibration was carried @
at 670.784 nm only and subsequently with the additiona Lo y . h of Hui et o)
= 1.0 o} excitation at 460.286 nm. The apatial coincidence of the beams out by rumerical integtation using the approac “'Il‘eI: .
was sacertained by visual alighment at the burner head and (20). ;r!:rl:llei:hh:mu;c::;a p;::;:’:“”:‘];e mu::: ,
subsequently by maximizing the ionization signal by s small parameters eithe: "ty m k) Y] ' [ or
quently & half width = taken: from the literature or calculated
adjustment of one beam The energy of the lasers was 62 uJ Cn i e or w;r' » enl rcl".‘ed; :h. re o rdcu i LASER EMEMGY (o0
Ll"" 5“'",’ per pulse for the 670.784-nm beam and 51 wJ per pulse for “"’";’ 5:]"“': fn';r:] ;"‘:g ;- U:R a:“!! ol damping Figue 5. son obtained by sspiating 1 o/t of B
4= 0.3 co | s parame! . 7. Beca measured source Saturation curve Mhium
Be! et 286-um beam, correspanding to peak excitation powers width, 0.0526 nen, ie rather wids compared to the absorption oeyerama:. The aTow Inkcates e laser snergy perthent 1 te
close to fem?. width of the atoma in the flame (~0.01 nm), the curve of per )

The number of ground-state atoms present in the beam growth in the low density regicn in not sensitive to changes ; i .

volume was determined by carrying out '?ve"j measurements, in the damping patameter {1447} The experimental value :::::: ::et:: im‘:.gon?imr;e:';:‘ﬁg;:&?; "::_
bamduith, the ey ot ofthe leser dismeter and specien Brcanained for 8 10 ug/mL salution is sightly outside the  Greerir o depletion in the population of the 2p doublet.
BURNER bandwu_ith._the l.ot.al fraction _of radiation lbuorbgd. and tha tinear region of the curve of goowth and therefore a 0% Table 1 summarives oll (s measured pacametere sas tir

e option intecaction length in the flame. The dinmeters of variation in the damping parameter introduces a small (£1%) values of the ionization yield caiculated for single-step and

the laser beamu in the flame (after the be.nm eslpanden '.nd etror in the value of the produst (n,b} caleulated. The ab- two-step excitation. With the pertinent values in eq 2 and

the apsrtuires) were measured by translating with a stepping sorplion coefficient in Table I has been calculated from the 3, ky and Ay, are calculated an 0.78 X 10 6 und 3 58 x 108

motor & photodiode with 0.1 mm * 0.5 mm, aperture across absorption oscillator strength gizen in the literature (24) and .fl. Tespectively. As repestedly pointed out, no quantitative

the center of |‘.he b.eam and reof‘rd.lhg’the ruult.l_ng Inteosity ia believed to be accarate to within +3%. The Doppler width Accuracy can be claimed for these values, due to the simpli-

Figurs 3. Goometrical arangement of the exciing lesar basma, high .fr"iﬁl.'b;':... ot the h:::f:: the ph;r?mphic p:;:r Im’fﬁ hes been caleulated for a tempe rature of 2450 K and varies ying mssumptions of the theory (15). However, our values
voltage elecirode and burner for the experimert describer, beam had a nearly rectangular intensity profile with +20%, by no more than 2% over s rangz of £100 K. This particular Seem 1o be consistent with those calculated by Smyth et al.

. : . p flarne and butner have been well characterized during several (26) for their global rat tants (a') and for principsl
. oducible fluctations in the maximum intensity. The . ol &to ate constants (s7!) and for princ pal
(Stanford Research Corp., Palo Alto, CA). ‘The de flame jonization ~ "°PF Y yean in our [ahoratary (18, 25). & plot of the curves of growth vantum number r = 4,
background was blocked by an ac coupling capacitor. Some diameter was taken as that of a perfectly rectangular profile calculated for three vahies of the damping parameters is shown 9

haracteristics of the signal ing el ics have bee having the same area an the measured profile. The tadius P ) CONCLUSION
discussed by Berthod ol Froc The resonanme Meeer®  detenine o this way, 0.120 + 0.013 crm, agreed with that in Figure 4

" h The value of a = 0.9t corresponds to a uct {nb} » its d in this reo exl lated t
s eannrs collected st 90° with renpect o the sxcitation axia with  eatimated from the imege o photagraphic paper within 7%. (6342000 x 101 em 3 prr ok “fu::, nmm:é o ”3‘:,';:,‘,'" .;‘,::";‘,':":’m i Doper "’n':'m rapolated .
2 lens and a high luminosity manochromator (Model H-10, Jobin The spectral width of the laner was measured in three cm}, the number of stoms it the beam volume for the anpi- and excitation conditions. If the level excited by a single laser
Yvon, m";:'“' Fr"':")' m;*"d)rf““th":'f;mm'm different ways: {i} the beam was directed into & 1.29-m focal ration of a 19 ug/mL solution is therefore 33X 10 Ttin pulse lies several electronvolts below the ionization potential
m ator | amatsu Carp., Japan} is il lerigth grating monochromator (Model 1269, Spex, Metuchen, " safe to mmume that & 1.0 ug/mL selution will introduce exactly and the pulse duration does not exceed 2 few nanoseconds,
- NJ) equipped with 10-um slits whose instrumental function 10 times fewer atoma into the flmne, and as a result, 2 value the ionization yield will not be significant. Two interesting
RESULTS AND DISCUSSION waa 0,006 nm; (ii) a I]uor_ueeme excitation profile was recorded of 3.31 % 10° atoma was taken for the caleulation of the yield. chaervations can then be derived:

As stated before, the calculation of the fonization yield with the high luminosity fluorescence monochramator by As said before, simultaneous Buorescence and ionization () A resonance flurescence mesurement obtained under
requires the determination of twa parumeters: the numher slowly scanning thg.laur throughout the .psorptlon qmﬁre tneasurements were performed. Firstly, it was checked that optically saturated conditions can indeed be related to the
of electrons produced per lnser pulse and the rumber of of the atorms; and (iii) the Jaser output was directly monitored the resonance transition st 670,84 mm was optically aatu. total number density of the atoma in the two levels connected
Fround-state atoms present in the region of excitation. Thess in aborption during » spectral scan with a photodiode with rated. This was done in the usuml way, i.e., by aitenuating by the Taser excitation. In other words, during the short
will be discussed separately. and without hﬂiil_"l" atoms jn the flame. _'n“ procedures with calibrated (ilters the laser #utput and monitoring the excitation, no significant losses sre expected for the atoms

The electrons collected at the burmer head produce » current followed agreed with each other satisfactorily and » value cf resulting fluarescence signal. A typical saturation curve ob- interacting with the laser field, This has important conse-
pulse of approximately 200 na width (1, I9). In our experiment 0.0526 % 0.005 nm was found. tained is shown in Figure 5. A s mulianeous monitoring of quences in Mame and plasma diagnoatics,
the pulne ia stretched by the current to voltage converter and The measurement under (iii) was indeed performed to the ionization and fuurescence signals is reported in Figure (i§) The enalytical semwitivity and detection limit that can
arrives at the input to the boxcar integTator & u voltage pulse evaluate the fraction of the incident laser radiation absorbed 8. Here, it ix clearly shown that the ionization enhancement be obtained by the ionization technique under these excitating
of 800 nom fwhm and full base width of 1.8 ks, In order to in the flame. The photodiode (Type PIN 10 DP/58, United obtained when the second laser sbep is spectraily tuned into conditinna are still very zood, despite the low tonization yield.
determine the number of electrons produced st the burner Detector Technology, Santa Monics, CA) fitted with a diffuser

head, it is necensary to memsute the tolal integrated voltage was positioned to detect the laser afler it traversed the Mame,




lorurabion (L, + Ay

FLUORESCENGE AND IONIZATION SIGNAL ~—n

-

Waler

o

auizu

WAVELENGTH, nm  rave

Figure 8. Simulanecus ing of the f e and
signals for both single-step and two-step sxcitation. The waveiength
of the second laser, which is spacirally scannaed, is Indicated in ab-
scissa. Lithium concentration was 0.2 ug/mL. Laser enargy was 1
m)/puise jor both lasers. The explanation of the labeling in the figurs
is as follows: water, the background lavel due Lo the asplration of
water in the flame; LI, lhe aspiration of the ithium solution Into the
flame. This results in the ionization signal dus only to X, and in the
resonance fi signal, also sxclied at A,. 1 lon (A, +
A,) indicales the anharcement in tha lonization signal. and the corre.
g Np In the ce signal, when X, is tuned to resonancs
with the second step {460.266 nm). The two-step lonization signal (A,
+ Azl resulied in the saturation of the detectior system, and therslfore
the enhancemani cannct ba calculatad from this figure.

Table Il. Parameters Measured sand fopization Yield for
Single-Step and Two-Siep Laser Excitalion

parameters value error
AN, (am} 0.0526 nm  20.005
o« 0.215 *0.0032
1, lem} 0.128 +0.013
nb (em %} (10 ug/mL) 6.34 % 108 20063
EIVAL 291 % 10*  x0.087 % 10°
at) (8} 44 X107 305 % 10?
Aty (a) 8x 107 +0.2 x 197
electrons (3} (1 pg/ml) 861 x 10* 2 x 10¥
electrong (A + Ay} (1 wg/mb) 183 x 10*  £2 » 107
LY. () 0.0026 +0.0006
LY, (A, + Ay) 0.58 *0.12

This can be easily seen for the lithium case investigated from
the follosing considerations. The number of atoms in the laser
valume lor & solution of 1 ug/mL was 3.31 X 10° With a
0.26% ionization yield, 8.61 % 10° electrons are formed (see
Table II}. If the collection efficiency is unity, this number
corresponds Lo a total charge of 1.4 X 102 C. For a 800-ns
pulse, this will give a current of 175 X 107® A, or a voltage
pulse of 510 mV, by taking into account the calibration of our
detection system. If the root-mean-square noise of 1.2 mV
is now used (9), 1 ug/mL will result in a signal-to-noise ratio
of 425 of in & detection limit, for $/N = 2, of 4.7 ng/ml.. This
calculation stresses once again the extremely high sensitivity
of the laser-enhanced ionization technique.

When two lasers are used, energy levels clase to the ioni-
zation limit can he efficiently populated and the ionization
yield increases considerably. This acheme in therefore the
choice for Lthe best analytical sensitivity. Kt ia recalled that
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the two-step excitation desctibed here for lithium gave o
detection limit of 0.2 pg/mL {13).

The errors reported in Table 1 have been calculated from
several repeated ts of the g ters involved,
As far as Lhe accuracy of the values of the ionization yield is
concerned, one should take into account the dependence of
the cutrent pulse on the position of the laser beam relative
to the electrode. In our case, this position was fixed at 0.6
cm (see Figure 3). When the laser beam in aligned near the
cathode, the magnitude of the signal should not vary by more
than 20% (15). However, this correction factor should be kept
in mind gince the values of the ionization rate coefficients
should be modified accordingly. A study of the dependence
of the integrated pulse signal on the laser position in the flame
is therefore warranted.

Finally, it would be interesting to study the dependence
of the icnization yield upon the duration of the laser pulse,
For single-step excitation, larger vields {and lower detection
limits) should be achieved. It is therefore hoped that similar
measurements, along the lines deseribed in this work, will be
performed with other types of lasers and for several other
elements.
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Lifetime Measurements of Metastable Levels of
Thallium and Lead in the Air-Acetylene

Flame by Laser-Enhanced
Ionization Spectrometry

N. OMENETTO,* T. BERTHOUD,} P. CAVALLY, and G. ROSSI

Joint Research Cnter, Chemistry Division, lipra (Varese), ftaly

. Laser-enhanced lonization spectrometry with two-step excliation has

been used to evaluate the collisionsd lifetime of the metastable P levels
of thafllum and lead in an sir-scetviens fiame berning at atmospheric
pressare and supported by & three-=lot burner head fitted on 2 conven-
tonal mebulizing chamber. A wate--cooled molybdenwm elecirode Im-
mersed in the Fame was maintained af high negative potential with
respect to the barner body. The ionization current resulting sfter the
two-step excltation was amplified s measured with & digital storage
oscilloscope and n boxcar averager The two excimer lasers were rig-
gered externally with two trigger pulses, one belng delayed In time with
respect to the other one. In this way the second Iaser photom, tuned st
4 transition starting from the metatable level wnder study, coald be
correspondingly delayed from the firnt photos tuned at a trangition start-
Ing from the ground state.The lifetimes measered were found to be 8]
ua and 360 ns far T and Ph, respectively,

Index Headings: Flame spectroscopy; Spectroscopic technlques.
INTRODUCTION

Laser-enhanced ionization (LEI) or optogalvanic ef-
fect in flames at atmospheric pressure is gaining an in-
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creasing popularity as a very sensitive technique for trace
analysia.’* Several photoezcitation schemes involving one
and two laser photons have been used and identified in
the literature as “resonance,” “nonresonance,” and
“stepwise” ionization modes of LEI spectrometry. With
a two-step excitation scheme, hoth sensitivity and spec-
tral selectivity are enhanced.’ Here, the lower level of
the transition reached with the second photon is usually
the same as the upper level of the transition reached
with the first photon. Moreover, both excitation beams
are mads spatially and temporally coincident in the
flame. )

Clearly, by delaying in time the second photon with
respect to the first one, one can, in principle, chtain the
lifetimne of the common level. The same reasoning holds
even if the excited level reached by the first photon and
the starting level of the second transition are not the
sams, provided that they ave strongly collisionally and/
or radiatively coupled. This can be the case with ele-
ments, such as lead and thallium, with metastable levels
lying above the ground state, i.e., levels not radiatively
coupled with the ground state. The importance of these
levels has been amply recognized in saturation studies

APPLIED SPECTROSCOPY
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6. 1. Schemastic diagram of the experimenta; sel-up. The wave-
ngths indicated for the two laser beams (291.8 nm and 276.8 nm}
fer to the thallium atom. H.V. = High Voltage Supply; PD = Pho-
diode,

volving laset-induced Buorescence for flame and plas-
a diagnostics. In fact, the metastable level can act as
trap, modifying considerably the value of the param-
er known as steady-state saturation spectral irradi-
ice.** It is therefore important to evaluate the lifetime
such levels,

The aim of this paper is to describe a measuting pro-
dure based on the observation of the decay of the ion-
ition signal when the two laser photons, tuned at ap-
opriate transitions in the flame, are suitably delayed
th respect to each other. From the lifetime obtained,
value for the coilisional mixing cross-section between
e P levels, at a given flame conditian, can also be
Tived.

KPERIMENTAL

The experimental set-up used for the two-step ion-
ition studies js schematically depicted in Fig. 1.

The trigger pulses for the operation of the two excimer
iers were derived from two pulse generators {Model
1-137A, EH Research Lab., Oakland, CA, USA, and
ndel 100A, Data Pulse, Culver, CA, USA}. Both exci-
r lasers {Lambda Physik, Géttingen, Germany, Mod-
EMG-102 and EMG-50E} were operated on XeCl (308
1} at a repetition rate of 15 Hz, The two dye lasers are
nufactured by Jobin-Yvon {Instruments S.A. Divj-
n Jobin Yvon, Longjumeau, France). One laser con-
ts of the eight-cell oscillator-amplifier system de-
ibed by Bos," which allows a quick change of dye and
: assaciated spectral range, while the second laser has
: normal one-cell oscillator-amplifier configuration,
th lasers are equipped with holographic gratings (3000

KRNI T AT I7INTINIIR Y o

7e. 707

: -1

ENERGY LEVEL SCHEME for TI

Fie. 2. Simplified energy level disgram for thallium. The two wavy
lines correspond to Inser excitation. The rate coefficients between levels
are indicated as well as the two radiative transitions st 352.913 nm
and 351924 nm. Thermal ionization from levels 3,4, snd 5 in also
indicated.

groove/mm) and frequency doubling erystals to cover
the wavelength range from 217 nm to 360 nm.

Two fractions of the dye laser beams wers sampled
with two beam splitters and then recombined by a prism
onto a fast photodiode (Type F-4000, S-5 response,
Electrooptical Producta Division, ITT, Fort Wayne, IN,
USA) whose output was read directly on a 500-MHz
oscilloscope {Model 7904, Tektronix Inc., Beaverton, CO,
USA), In this way the optical delay between the two
excitation pulses could be accurately monitored. The jit-
ter in the laser firings under external triggering was found
to be slightly less than 10 na, Although this jitter had
no pronrounced effects on our measurements, because of
the long lifetime of the metastable levels investigated,
it would clearly negate the posgibility of measuring the
fast decays characteristic of the excited states reached
in conventional two-photon fonization experiments.*

The optogaivanic system was made by SOPRA (So-
cieté de Production et de Recherches Appliquées, Bois
Colombes, France). A water-cooled molybdenum elec-
trode as described by Turk' wan immersed in the air-
acetylene flame supported by a three-slot Peckin Elmer
burner. The electrode was maintained at high negative
potential (- 1600 V} with respect to the burner body.
The ionization current induced by the laser, efter am-
plification by a combination of current and voltage am-
plifiers, was read on a digital storage oscilloscope (Model
468, Tektronix, Beaverton, CO, USA) and its output was
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ENERGY LEVEL SCHEME for Pb

Fio.3. Simplified eneryy level diagram for lead. The two wavy lines

spond to laser excitation. Radiative transit; At 405.783 nm and
collisional rate coefficients are ind; 1, ionization trom levels
3 and 4 is aiso indicated.

then fed into a boxear everager (EGEG, P.AR., Prince-
ton, NJ, USA, Models 185 and 162) and displayed on a
strip chart recorder.

For both thaltium and lead, a solution of 100 ng/mL,
slightly acidified with nitric acid, was aspirated into the
flame, whose exact composition was not known. The dyes,
Rhodamine 590 chioride and Coumarine 540A, wers
supplied by Exciton (Dayton, OH, USA) and wers dia.
;!olvsd in methano] at the concentration suggested by

08

RESULTS AND DISCUSSION

The pertinent simplified energy level diagrams for
thallium and lead are shown in Figs. 2 and 3. As one can
see, for thallium, the metastahle Pyalevel lies 7793 em
above the ground state and is expected to be somewhat

since the energy difference with the ground atate ex.
ceedn 1 eV, Single-photon ionization occurs after pump-
ing at 280,199 nm.

The following discussion refers to the thallium atom
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but it could equally well refer to the case of lead, due to
}he similarity of the two energy schemes. The "Pyy level
1s populated from the excited states (3 and 4 in Fig. 2)
by cnlhaional and radiative deexcitation, Levels 3 and 4
are considersd to be strongly coupled at the flame tem-
perature because of their exceedingly srall energy dif-
ference. If one therefore enhances the population of level
? by optical pumping of the 276.787-nm transition, and
if the lifetime of this level is short {nanosecond acale)
due_ to downwards coltlisional quenching and radiative
emisgion, then the (thermal) population of the metasta-
bie level will correspondingly be increased. The only de-
cay considered for the metastable level is by collisions
with flame molecules which bring the atoms back to the
gl‘-ound state (mixing collisions). It can therefore be pre-
dlctt(.i 'that during the irradiation pulse of the resonance
transition at 276.787 nm a significant fraction of the
excited atoma will decay to the 'P,, level, whers they
can be further excited by the second laser photon tuned
at 291.832 nm and subsequently ionized by collisions, A
two-step enhancement in the ionization aignal is there.
fore expected to occur. If the second photon is now tem-
porally delayed with respect to the resonant one, the
decay of the jonization signal would reflect the decay of
the population of the Py lovel.
The time history of the overall process is pictorially
shown in Flg. 4 Here the two laser photons are identi-
fied as the indirectly Populating pulse (the resomant
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Fic. 6. Time decay plota of the two-step ionization aignals (for
thallium and lead as & function of the time delay of ore photon with
respect to the other. The experi | error (one standard deviation}
in approzimately 10%.

L]

photon) and the interrogating pulse. Assuming that the
mixing collisions of atoms between the P levels is the
dominant deexcitation process, the reciprocal of the de-
cay time of the decreasing ionization signal represents
the collisional rate coefficient, ky,, of the process

THEP3) + Z ~ TIEP,,) + Z (1)

where Z represents a flame collision partner. It is khown
that k,, is related to the effective cross-section of the
deactivation process by the relationship

k= X nop, (2)
’

where n, (cm?) is the density of particles of kind Jo o
(cm?) is the effective cross-section, 7, (cm #71) is the mean
relative velocity of atoms and colliding particles, and the
summation extends over the various types of colliding
pertners in the flame at atmospheric pressure.

The predicted two-step enhancement was easily ob-
served for both thallium and lead. The corresponding
semilogarithmic plots of the decays of the ionization Big~
nal vs. time are shown in Fig. 5. From the slope of the

—

1 ob
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graphs, a lifetime of 81 ns and 360 ns is calculated for
Tl and Pb, respectively.

To the authors’ knowledge, no previous messue=ments
of these lifetimes in flares have been reported in the
literature. However, for thellium, an extremely lsw val-
ue {<10™* A?) of the cross-section for collisional mixing
has been measured in a celi at 600 K by Bell:zio and
Davidovits! for nitrogen, which is the main conatituent
of cur flame. According to our results, by inserzing in
Eg. 2 the values n; = 104 cm-2, ¥y= 10f cmoat ared &, =
1.64 x 107 37, one can calculate that a(N,) wauld be
approximately 1 A%. However, as found by the sane au-
thors, the cross-section for O, at 600 K is of the order
of 30 A% 1t is therefore clear that, ae suggested by Al-
kemade,'?if the lame used in our experiment has a no-
ticeable concentration of free oxygen molecules, which
are very efficient in this mixing process, the large differ-
ence in the values of the cross-sections can be easily
explained. In our case, &4 5% volume concentrstion of
oxygen would indeed give approximately 30 A* for the
mixing cross-section. In addition, the water contri Jution
should also be taken into account.’?

From the above considerations, it is clear that the
measurements should be carried out in a flame of znown
and variable composition and temperature. In ths way
one could perhaps derive specific cross-sections fo- some
major flame constituents, Work is now in progress n this
direction on the elementa T1, In and Ga.
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Optical Detection of Laser-Induced Ionization:
A Study of the Time Decay of Strontium Ions in

the Air-Acetylene Flame

G. C. TURK* ard N. OMENETTO%

Joint Research Centes, Chemistry Division, lapra (Varese), Italy

Stromtium atoms in the wir-acetylene Amne are directly phofoionized in
two steps provided by one dye laser tuned at the resonznce ground-state
Wansition (460.733 om) and by the excimer pump beam at 308 nm,
Partialiy split from the amplifier section of the dye laser. The lons
produced are then monitored by a third laser beam, colinear and coun-
tetpropagating In the Rame, tuned fo m bonic Auorescence transition
and delayed in time with respect to the lonizing beams. In this way 5
fast decay, which is ot affected by vasiatlons in the electron number
Gensity In the flame and therefore atr bured to loa chemistry, and o
slow decay, due o recombination, coula tleatly be observed. The fast
decay is affected by variations In the Alame stoichiometry and the slow
decay by the number density of electrons in the Rame, as shown by the
ddition of varying concentrations of an easily ionized element like cae-
siam. The advantages of this optical prebing of the laser-induced iomi-
zotion in Aames are discussed.

Index Headings: Flame speciroscopy. Fuorescence; Pulsed dye lasers:
Speciroscopic techniques; Time-resolves spectroscopy: Laser-enhanced
lonization; Optogatvanic spectroscepy.
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INTRODUCTION

Laser-enhanced ionization (LEI) spectroscopy utilizea
direct electrical detection of element-specific ionization
induced as a result of resonant laser photoexcitation.
This detection is accomplished by using electrodes to
pass an electrical current through the laser-irradiated
region of the flame and measuring the increased current
caused by the enhanced jonization.! We report here on
experiments in which we have combined the ion-pro-
duction aspects of LEI with ion detection by laser-in-
duced ionic fluorescence. This optical detection of LE]
offers & number of advantages for the study of the fun-
damental processes which control jonization in flames.?
The specific example presented here involves the laser-
induced ionization of strontium by means of an excimer
pumped dye laser tuned at the 460.733-nm Sr line. En-
hancement of the Sr ionization signal was observed to
occur when the dye laser beam was combined with a
fraction of the pumping excimer laser beam at 308 nm,
We detected the resulting Sr* jons by using laser-in-
duced ionic fluorescence with a second excimer pumped
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dye laser at 421522 nm to excite the Sr* ions and ob-
serving the fluorescence at 407.771 nm, By vatiation of
time delay between the ionizing laser and the fluores-
cence probe laser, the decay of the laser-produced Sr*
ions was studied. The magnitude of the ion fluorescence
when the probe beam is temporally and spatially coin-
cident with the ionizing bearn yields information regard-
ing the ionization yield.? The ionization enhancement
induced by the excimer laser beam ig presumably the
result of photoionization of the excited Sr atoms which
takes place in a manner described for combined dye las-
er-N, laser beams,™* Autoicnizing Jevels may also play a
role.** We used this apptoach in order to achieve a great-
er ionization yield. This differs from the normal LEI
mechanism of laser-photoexcitation followed by colli-
sional ionization.’ In order to avoid any confusion with
terminology, we will use the term laser-induced ioniza-
tion as a means of stating that the ionization occurs as
2 result of interaction with the lasers, without implying
a specific mechanism of ionization,

Although direct electrical detection of laser-induced
ionization ia certainly more sensitive, as shown by the
very low detection limits achieved by LEI spectrome-
try,! the mechanism of signal detection is quite
complex” " and therefore not always suitable for fun-
damental studies or flame diagnostics. When pulsed las-
ers are used, as is normally the case, the detected signal
is generated by the current induced in the detection cir-
cuit by the motion of the jons and electrons under the
influence of the electric feld applied between the elec-
trodes in the flame. The magnitude and temporal profile
of this signal are very much dependent on the magni-
tude of the electrie field, which is not uniform in a flame,
and which is easily perturbed. The most common per-
turbation of the electric field occurs when easily ionized
elements are aspirated into the flame.!1'7 Algg, the elec-
trical detection method is basically nonspecific. Elec-
trons, owing to their higher mobility, generate the more
sensitive portion of the induced current signal, and ob-
viously any elemental apecificity is lost. When ion pulses
are ohserved some degree of specificity is preserved as a
result of differences in ion mobility with mess, but sen-
sitivity for the slower ions is low, and the mass resolu-
tion is not useful except in extreme cases.'*" [onic fly-
orescence detection is specific to a particular jon and is
not subject to the same types of perturbations as is elec-
trical detection. It is of course leas sensilive and subject
to variations in quantum efficiency. Studies of temporal
and spatial profiles of the laset-produced ions are
straightforward,

The optical detection method is particularly advan.
tageous for the fundamental studies of laser-induced
ionization processes. In such studies it is often difficult
to establish cause and effect relationships because it is
often unclear whether an effect on the jon-electron pro-
duction mechanism is being observed or an effect on the
ion-electron detection mechanjsm,

The present work is similar in some respects to pre-
vious work published by Schenck et at.," where the de-
pletion in the population of sodium atoms in & Aame
caused hy LEI was optically measured hy laser atomic
ahsorption. By the mapping of the depleted atom pop-
ulation in the flame as & function of time, flow and dif-
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Fio. 1. Layout of the experimental setup. PG: pulse generstor; PD-
photodiode; Ma: mirrors; LT light trap; L: lens; HLM: flcorescence
high luminosity monocheomator; PMT: photomultiplier tube; H.V.:
high voltage. Insert &: eacitalion-delection acheme of the strontium
iunic fluorescence. &, = 421,552 nm, A, = 407.771 nm. Jnnert B: two-
step ionization scheme of the straplium atom: A, = 460.733 nm; A, =
A0B.2 nm; E, indicates the ionization contintem. Insert C: detection
scheme of the laser-indyced ionization current. B: Butner; F: flame. E:
water-cnoled electrode.

fusion characteristics could be studied, The present work
is more direct in that the created ions themselves ars
detected. In the atom depletion approach it is impossi-
ble to distinguish between depletion caused by joniza-
tion and that which may result from laser-induced
chermical reactions.” [n the present work we have con-
centrated on study of the decay (recombination, etc.) of
the laser-produced Sr* jons and have not pursued any
spatial mapping studies.

EXPERIMENTAL

A schematic diagram of the experimental setup used
in this work is shown in Fig. 1. An excimer laser (Lamb-
da Physik, Model EMG 102, Gottingen, F.R.G.) oper-
ating at 10 Hz with XeC| excimer (308 nm) was used as
the dye pumping source for the ionizing laser beam,
Typical output energies from the excimer laser during
the course of this investigation were between 25 and 35
m.J per pulse, with a pulse duration of 15 ns. The dye
laser (Instruments S.A., Division Jobin Yvon, Longju-
meau, France) was operated with the dye Coumarin 460
(Exciton, Dayton, OH, U.S.A.) and tuned to the Sr atom

resonance at 460.733 nm (0-21,698 em-'). We modified
this laser by replacing the total reflector, which directs
80% of the pumping radiation into the amplifier dye
cell, with a 53% beamsplitter and allowing the unused
pertion of the pumping beam to exit the dye lager,
The cye laser beam and the unused excimer beam were
both directed into the flame, crossing at a glancing angle
for maximum overlap in the flame, at a position 14 mm
ahove the bumer head. The excimer beam was partially
focused by a <5-em-focal-length lens, positioned o as to
give a beam ciameter of ~5 mm at the fame. The dye
laser beam diameter was ~3 mm, Typical laser energy
was 0.1 md per pulse for the 460.733-nm dye laser beam
end 5.4 mJ per pulse for the excimer beam. lonization
signala for Sr were enhanced by a factor of 80 when the
excimer beam was used together with the dye Jaser beam.
No ionization signal was observed for the excimer beam
alone.

A second XeCl excimer laser {Lambda Physik, Model
EMG-50) was used to pump & dve laser (Instruments
8.A., Division Jobin Yvon) containing the dye Stilbens
420 (Exciton Corp.) to give the Sr- fluorescence probing
beam at 421.522 nm (0-23,715 cm- '), which was directed
into the flame in a path colinear with and counter-prop-
agating to the ionizing beams, Typical output energy of
the dye laser was 1.3 mdJ per pulse at this wavelength,

The flame was a premixed air-ncetylene fAame with
pneumatic netulization of the sample solution and the
use of @ 1.5 e % 1.5 em square burner head with an
argon flame sep-aration sheath. Fuel and oxidant gas flows
were as follows: acetylene; 1-3 L/min; nebulization air:
7 Limix; auxiliary air: 5-6 L/min.

We detectec laser-induced fluorescence of Sr* at
407.971 nm (0-24,517 cm ") at a right angle to the laser
beams using a S-cm-diameter, 12.5-cm-focal-length lens
to imape {1:1) the Aame on the entrance slit of a high-
luminosity mor ochromator {Jobin Yvon, Model H-10).
The monochromator was mounted sideways in order that
the entrance sl:t could be placed in the same plane as
the leser excitazion beama. Signal averaging of the out-
put of the phozomultiplier (Type R928S, Hamaratsu
Corp., Japan) was performed with a gated integrator
(Model SR250, Standford Research Corporation, Pale
Alto, CA, U.3.A), Laser-induced ionization signals were
optogaleanically detected with the use of the system
available from SOPRA (Societé de Production et de Re-
cherches Applicuées, Bois Colombes, France) and de-
sctibed in Refs. 7 and 17. The water-cooled cathode was
aligned 2 cm abcve the burner with a — 1500 V potential.
Except for specific experiments regarding electrie Aeld
effects, no voltage was applied to the cathode when flu-
Orescence reeasurements were being made, We exter-
nally triggered both excimer lasers to achieve syncronj-
2ation and control of time delay hetween pulsing of the
lonization laser and the fluorescence probe laser. We
found it convenient 1o use the gate-scanning capsbilities
of a boxcar averager (Princeton Applied Research, Mod-
el 1627164, Princeton, NJ, U.S.A.) as a delay generator.

® jonizing excimer laser was triggered by a pulse gen-
erator (EH Fesearch Lab., Model EH-137A, Onkland,
(?A., U.S.A) operated at an internally controlled repe-
Lition rate of 10 Hz. This pulse generator also triggered
the “boxcar-delay” controller. The “gate out” pulse from

TR —————

v1:53

—

this device was used to trigzer a second pulse generator
(Data Pulse, Mode! 1004, Culver, CA, US.A.), which in
turn triggered the excimer laser pumping the fluores.
cence probe beam. By scanning the gale delay of the
““boxcar,” we could vary the time delay betwesn the two
lasers and use the time-base output as a measure of the
delay. Note that this “boxcar” served only as a delay
generator, not as a gated integrator. The averaged flu-
orescence signal, together with the time-base output of
the delay generator, was connected to an analog-to-dig-
ital converter (Stanford Research Corp., Model SR245)
interfaced with a computer (HP Model 98165, Hewlett.
Packard, San Diego, CA, US.A)} for data analysis, dis-
play, and storage. Nonlinear least-squares fitting of Sy
decay data was performed with the use of the regression
analysis software of the Hewlett-Packard statistics [;-
brary (Model HP 98820A),

RESULTS AND DISCUSSION

With the ionizing laser off, the fluorescence probe las-
er excites only the Sr* jons which are present in the
flame as a result of unassisted thermal ionization of the
aspirated Sr. When the ionizing laser is turned on, in
spatial and temporal coincidence with the probe iager,
the probe observes an increased density of Sr* jons gnd
the signal increases accordingly. If the natural thermal
ion fraction is known, comparison of the laser-induced
ionization level with the natural ionization level gives
the laser-induced ionization yield. This yield, which has
been previously measured for lithium with the use of gn
ahsolute procedure,™ is of interest in determining, among
other things, the accuracy of proposed LEI mechanism
models, the ultimate levels of sensitivity obtainable by
LEL and the impact of the ionization pathway on other
laser-based spectroscopic methods. We have measured
the natural thermal jonization fraction of Sr at a solu-
tion concentration of 10 ug/mL by observing the in.
crease in the resonance atomic fiyorescence of Sr at
460.733 nm which occurs when the thermal ionization js
suppressed by the addition of 1000 ug/mL of Cs solution.
In the Cs matrix the atomic Sr leve] was found to in-
crease hy 12% while the level of Sr* fluorescence de-
creased below the limit of detection, i

This value varies considerably with flame conditions,
but under exactly the same conditions the magnitude of
the laser-produced Sr* ionic Ruorescence was found to
be 1.8 times that of the natural level, Defining the lzser
ionization yield as the fraction of available Sr atoms
which undergo laser-induced ionization, a value of 25%
is obtained. For comparison, we can also estimate the
laser ionization yield by determining the number of elec-
Lrons detected electrically from the area under the laser-
induced ionization current pulse. Assuming that the
pulse follows the induced current model for & point
charge pair described in Ref. 8, ong can calculate the
rumber of jons created by one laser pulse. To then cal-
culate the jon yield requires a knowledge of the number
of Sr atoms in the laser beam. This can be estimated
from » rough measurement of the volume of the lager-
irradiated portion of the flame and from an estimate of
the Sr atom density derived from the published valyet*»
of the Sr atomization efficiency (8 = 0.06), estimating
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Fig. 2. Observed time decay of the strontiam ionic Auorescence. The 2ero in the time scale (sbscissa) indicat 1 coincidence Jetween
the three laser beams (se¢ Fig. 1). The total delay indicated (1 us) then zefers to the probe laser exciting the ﬂuormenu

the atom density of a completely atemized {8 = 1) species
to be 10" ¢m -2 for a 1-ug/mL solution,'** The jonization
yield obtained via this procedure was 14%, which is in
Vell'y reasonable agreement with the optically detected
value. .

As discussed earlier, by adding & variable delay time
between the firing of the ionizing leser and fluorescence
probe laser, we studied the time Aistory of the laser-
produced ions. Two distinelly different decay modes were
observed. In Fig. 2 the Sr* fluorescence signal for a 10
#£/mL Sr solution is plotted as & fenction of time delay
for a 1-us range surrounding the moment of time coin-
cidence. The figure includes some data collected before
“time zero,” where the probe laser fites before the ion-
izing laser. Dunng this period only the natural thermaily
ionized Sr* is observed. At time coincidence we observe
the laser-induced ienization, and as the delay increases
we observe a fast exponenual decay of Se*. Occurring
with a time constant of 58 ns, this rapid decay consumes
B85% of the laser- produced ions before reaching an equi-
librium. The remaining 15% of the laser-produced ions
decay at a much slower rate, as seen in Fig. 3, where the
delay range has been increased to 200 us. ln this range
the time resolution is Loo coarse to observe the [ast de-
cay. The slow decay occurs with an exponential time
constant of 57 us asymptotically approaching the natu-
ral Sr* level.

The slow decay occurs in a time regime where ion-
electron recombination is expected to occur. In order to
investigate this pomt. further, we performed a series of
time delay studies in which various levels of caesium
were added to a 10-ug/mL Sr solution. The increased
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concentration of free electrons in the lame res alting from
thermal ionization of Cs increases the rate of ion-elec-
tron recombination; this is clearly borne out n the time
delay curves presented in Fig. 4. In this figmre the ex-
ponential decay time constant decreases from 143 us to
7.2 us to 2.9 us as the Cs matrix concentration increases
from 100 to 300 to 1000 xg/mL. Note also that, as ex-
pected, the natural Sr ionization has been suppresed in
the presence of Cs and that only laser-produ-ed Sr ions
are observed. If the rate of recombination ir expressed
by the relationship
d[Sr*] - ra.
ar ke ][Sr} {1}

where k, ia the recombination rate coefficient and if
[e ] = {Sr*], then the product of k,[¢"] can be eonsid-
ered a pseudo-first-order rate coefficient.” The inte-
grated form of Eq. 1 ia

[Sr*] = [Sr*Jeexpl— k,fe"]t} @

where [Sr*], is the initial concentration of Sr*. The rate
coeflicient k. {e-] is the inverse of the time eocstants
oblained from the delay curves. Assuming that the as-
pirated Cs is the principal source of electrons in the
flame, then, according te the Saha ionizatiow equilibri-
um," je-] should increase as the square root of (s con-
centration. Therefore k fe-] should increase as the aquare
root of Cs concentration, which as seen in Fig. £ is in-
deed the case.

As far a8 the case of the slow decay in the abwence of
Cs is concerned (Fig. 3), it is unclear whetter tae ob-

lonic Flucrascance (relative units)

lonic Fluorescence {reiative units)

Cs = 1000 ug/mL. The concentration of sirontium in 10 ug/mL.
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Fi;. 4. Effect of varying smounts of caesium on the slow decay of the ot ionic A A: Cy = 100 pg/mL; B: Cs = 300 ug/mL; C:
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0.0 L 1;) 20 30 Fro. 7. Effect of the presence of the argon shesth sround the sir-scetylene flame on the fast deeny of atronti fonic A The laser
0 ure putposely located at the Aame border, where Lthe effectiveness of the sheath in ing t d bustion zone i more
pronounced. For the clarity of presentation, the signals have been hormalized to the seme scale and the natural ionization [eve) bhas been subtracted
\/C_s. \/:g_IML e out, The net laset-produced fon level st time coincidence in 2.6 times ireater with the sheath on, A: argon sheath on; B: argon sheath off.
) ) on af cassi pirated in ¥
Fic. 5. Relation bet the pseudo-first-order rate coefficient (K,-le"]} and the square root of the served decay is due to jon-electron recombination, since We monitored the concentration of OH in the flame
flame. , the phyaical transpott effects of diffusion and Aame g8 by measuring the fluorescence at 306 nm excited by the
flow would also be reasonable to expect in this time range. -nm excimer laser, This was found to be four times
. n the presence of Cs the slow decay is certainly due to  less under the richer of the two conditions presentad
recombination. Another Interesting point of the Cs ma- here. More dramatic fluctuations in O are known to
trix study is that the magnitude of the laser-produced occur at the edge of the fame when operated with and
at fonic Avorescence signal at time zero was not observed  without an argon shield,” with O levels decreasing by.
to be affected by the presence of Cs, except the normal  more thap an order of magnitude with the sheath on,
increase in signal resulting from the increased atom pop-  Figure 7 shows the very dramatic effect of the shield on
& tlation due to suppression of therma ionization. Thinis  the fast decay when the laser was aligned at the edge of
z televant to jonization interferences observed in electri- the flame,
: 6! cally detected LEI pectroscopy, and indicate that thess Although it ja tempting to relate the fest decay ob-
2 interferences stem from the signal detection process, not  served to some specific reactions with flame radicals or
L the ion production process. This is in agreement with  molecules, our flame was not sufficiently characterized
= published studies of the LEI ionization interferencen.tit  jn terms of composition and temperature to warrant such
o The fast decay process (Fig. 2) is more difficult to speculations. However, it seems likely that free OXygen
s *xplain. It is unaffected by the presence of a 1000-4g/  ns well ax hegatively charged Oxygen molecules play a
B 47 mL Cs matrix, which indicates that it ia not an ion-  major role in neutralizing the strontium ions, leaving the
g tlectron recombination, and it is too fast to be related atoms in any excited state or taking them directly into
I L {0 any physical transport, However, changes in the fast  the ground level. The role of free OXygen was clearly
'-: ecay behavior were obwerved when the fuel-to-oxidant pointed out in & study of laser-assisted ionization of so.
€ . Tatio in the flame wag changed. Figure ¢ shows the fast dium.® In addition, water vapor could react with stron.
= al Py Lo ecay characteristics at two different avetylene flow rates tium ions by forming SrQH- through an ionic-rearrange.
e vans . th the use of a constant oxidant flow. A number of ment process,'*
effects are observed, but moag relevant in the increase in Another effect of fuel-rich conditions seen in Fig. 6 is
. the decay time constant from 69 ny to 12] ns when the & decrense in the leve of natural Sr+ (i.e., before time
“ah , \ , loetylene flow was incrensed from 2.0 L/min to 276 zero) and an increase in the ratio of the Inset-produced
0 N . 1 1 - 200 800 700 min, "I'hg implication of this observation is that the to natural ionization lavels, This is primarily a temper-
— 100 ¢ 100 200 aoo 400 fast decay is the result of chemical reaction of Sr+ with  ature affect which tesults in a lower natural ionization
Time Delay (nS) ﬂamfe con_stituents_ which decrease in concentration un- fractipn in thu_ co.oler‘ l‘uel_-rich mixllure. This makes the
v oy o vt o A: acetylane fow: 2L Uimin; B: acetylens flow: 275 . er fuel-rich conditions. 1aser-induced lonization signal relatively greater, but the
Firs. 6. Effect of flame atoichiometry on the fant de :

min.
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ionization yield (as discussed earlier) remains essentially
constant. The increase in the absolute magnitude of the
Jaser-produced Sr* fluorescence signal may be the result
of an improved atomization efliciency or quantum yield,
although the transition was observed to be optically sat-
urated. In the theoretical models of the LEI process
which have been developed with the use of rate equation
analysis,"#* the only ion loss mechanism considered has
been that of recombination, which was then neglected
as being too slow to have any effect on the detected LEI
signal. The possibility of a very fast chemical reaction
loss has never been considered, and further study will
be necessary to evaluate the comsequences of such fast
decay. The results presented here onty pertain to Sr and
it would be difficult to speculate on how general this
process is. Certainly, the ionic fluoreacence probe tech-
nigue described here is readily applicable to the other
alkaline earth elements (Ca and Ba) which have strong
ionic transitions at wavelengths easily accessible by dye
lasers.

The authors hope that the results of this work will
further stimulate the evaluation of the combination of
the fluorescence and ionization echniques in the study
of flame processes. Moreover, the possibility of {following
the fate of several ionic species created at one specific
location in an inductively couplad plasma appears very
attractive for the study of its complex excitation/ion-
ization dynamics.
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ABSTRACT

Several lonization signals observed for strontium atoms in an
air-acetylene flame when a ringle, pulsed dye laser is focus-
sed into it are attributed to near-resonance two-step excita-
tion followed by collisional icnization with flame species. The-
se signals are clearly different from those obtained at exact
single-photon or two-photon resonances. Gther possible excita-

tivn-ionization mechanisms are also discussed,

INTRODUCTION

\S)

When an atomic vapour formed in an atmospheric preasure flame
is illuminated by one or two pulsed dye lasers tuned to selected
atomic transltiona, efficient population of the excited leveln can
be achieved. Since the flame ig a collision-dominated system, the
excited atoms can he thermally ionized and the resulting current
neasured: this forms the basis of the well known laser-enhanced

ionization spectroscopy technique [1].

During the ~ourse of oupr investigation of the characteristics
cf the fonization spectrum of strontium atoms in the alr-acetylene
flame with one and two excimer-pumped dye lasers [2], we have obser-
ved several trarsitions which could not fit a direct two-photon ex-
citation scheme, i.e,, a scheme £nvolving the ground state and g
virtual level at half the excitation energy of the laser photon.

In addition the observed signals also showed a spectral behaviour
which was different from that of other identified transitions.
F_gure 1 ashows the lonlzation slgnals abtained by nebulizing in
the flame a solution containing 5 mg/Lt of strontium and by scan-
ning the dye laser in a narrow spectral region in the vicinity of
the strontium ground state resonance transition at 460.733 nm. The
flve lines observed are the ground state resonance line, two lines
at 459.513 and 45%6.70 nm which are due to two-photon absorption, a
line at 458.293 nm and a small line at 4605.0B5 nm which could not
fit either Acheme, i.e., resonance ground state absorption or two-

photon absorption,

Several other lines In different spectral regions were obser-
ved which could also not fit a direct two-photon scheme. The aim of
th.s paper is to present their experimental observation and to discuss

their possible origin.
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EXPERIMENTAL

The experimental set-up is illustrated in Figure 2. The excimer
laser-pumped dye laser (EMG~102 exclmer laser, Lambda Physik - Fed.
Rep. Germany and Jobin Yvon dye laser, France) was focussed into the
flame and retroreflected with a spherical mirror so that at the beam
waist the laser peak irradiance was about 100 MW cm‘a. The electrode
configuration in the flame and the detection system, which are based
on a water-cooled molybdenum electrode immersed in the flame(formed
by burning acetylene and air on a conventional slot burnﬁr) and a
boxcar amplifier have been described in detail elsewhere f3]. The
laser spectral bandwidth in the wavelength region investigated was

0.02 nm (~30 GHz} and the spectra were obtained by scanning the

holographic grating in the dye oscillator.

Strontium solutions were prepared from high purity standards

and diluted with deionized and doubly-distilled water.

RESULTS AND DISCUSSION

As said before, the strongest signal shown in Figure t and oc-
curring when the dye laser is tuned to 458.293 nm does not fit a di-
rect two-photon absorption transition since no real ievel is repor-
ted for strontium at twice the energy of this line [4]). Instead, the
wavelength calculated corresponds to a resonance energy between the
1P1 excited state {5s5p) and a 1SD Rydberg state (5sl0s)} which lies
only 0.3 eV below the first lonization potential of strontium (in
our flame, kT = 0.215 eV). The wavelength interval (2,4 nm) between
the three strong lines shown in Fig.1 was lnepected in a detailed
manner with the aid of the reported energy level configuration for
the strontium atom [d] and all the poasible excitation schemes which
would result .n the observation of ionization signals in that inter-

val are collected in Figure 3.

b=

As shown in the Figure, the signal at 458.293 nm could be due

to "excited state, single step, resonance absorptioﬁ' from the ther-

mally populated 1Pl l:vel. It could however also be due to excita-
tion of the 21814 cm “virtual" level which is close to the real
lPl level {21698 cmnl). The atom brought to this level would there-
fore be transferred by collisions into the real level from which re-
sonance absorption to the lsc level will occur.
By proceeding towards longer wavelengths, a two-photon absorp-
1

21
tion transition from the ground state (S5 - So) to the 5s10s, So

state Qﬁ J = 0) is porsible and is indeed obmerved in the spectrum,

Tke existence of the 351 level of 43428 cm-1 excitation energy
would imply the observation of a signal of 460.085 mm which could be
explained in the same manner as for the 45B8.293 nm signal, f.e., it
could be due either to excited state absorption from the 1P1 level
or to excitation to the "virtual" level at 21756 cm-1 followed by
collisional transfer to the 1Pl level, However, the subsequent ab-
sorption to the 351 level is parity forbidden and the probability
of such transition would be very low., Indeed, the small signal shown
in Figure 1 corresponds exactly to the calculated wavelength of

460.085 nm.

Thz final possibility of a two-photon absorption to the 381
state wilch would occur at 460,409 nm through the intermediate le-
-1
vel at 21714 cm is negated by theZ\J = 0 selection rule for two-

photon absorption and in fact is not observed.

In conclusion, only the line at 458.293 nm could result from
two dif’erent excitation-ionlzation schemes and we will try now to

evaluate the relative importance of the two processes. It is well

o
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known that the flame is a system very close to thermodynamic equi-
librium ES] and therefore the rate of collisional excitation of le-
vel 1P1 from the ground state can be calculated from the Boltzmann
relatinnship to be approximately five orders of magnitude lower
than the quenching rate, which is-ulOB 5-1. On the other hand, if
the laser radiation field is high, a level can be significantly
breadened as a result of the strong saturation achieved. In this
case, the "virtual” level reached by the off-resonance photon can
be thought of as being located in the far wings of a real level,
significantly broadened by collisions and by radiation, Acrording
to Van Dijk EG] » In linear interaction conditions, the absorption
coefficient of sadium atoms in an hydrogen flame dropa by about
Tive orders of magnitude for a detuning ofas10A® form the the line
centre. However, in saturated conditiens, a seven orders of magni=
tude drop for a 200a¢ range reduces to twn orders of magnitude. Even
with such reduced absorption coefficients, it is easy to calculate
that the rate of radiative excitation for a 100 MW cm-2 laser tuned
to the off-resonance transition exceeds the collisional excitation

1
rate of level P1 by many orders of magnitude.

These consicerations p2int to the conclusion that the ionization
slgnal at 458,293 nm is the result of the population of level 55108
(ISG) in Figure 3 by two steps: (i) absorption of a photon in the far
wings of the broadened 59%——-555p transition, and {i1i) resonant ab-
sorption of a photon tuned to the 585D ———w 53108 transition, Whether
the level reached by the first photon is called "virtual" or "real"
seems to be irrelevant here, However, if we treat our laser as a con-
tinyum source and calculate the Rabi frequency on resonance associa-

ted with the field, we see that our detuning from resonance is larger

@

than two Rabl frequencies and therefore, according to 5hor»t‘fj.

the off-resonance level should be called "virtual",

There is ample evidence in the literature of such near-ress-
nance processes which have been observed in ionization as well as
fluorescence studies Ed-lgj » notably also for the strontium case
[11, 16] - The simultanecus observation of the resonance fluore-
scence signal at 460.733 nm would have been of particular relevan-

ce here to support the near-resonance excitation process,

Figures 4-6 show the ionizatjon spectra in different spectral
regions obtained under the same experimental conditions of Figure 1,
Again, the strongest lines obssrved are believed to be due to simi-
lar near-resonance, two.step excitation processes, When the instru-
mental sensitivity is arranged so to have all s¢ignals on the same
scale (see Figure B) one can ses that the near-rescnance transitions
can be up to ohe order of magnitude stronger than the other signals,
In some cases (Figure 5) the lines observed are listed in Standard
Wavelength Tables [20] as terminating to metastable levels lying be-
low the IP1 level {14504 and 14899 <:m'1 above the ground state). In
this case, one would assume that the process responsible for the ob-
served signals is the resonance excltation of the thermal population

3T the metastable level,

All the transitions observed in a 4 nm spectral interval and he-
lieved to be due to a two-step absorption process in the wings of the
1P1 level are collected in Figure 7. The high-lying excitation levels
have besn named according to Moore [4] . As aeen in the Figure, seven

transitions were identified.
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In conclusicn, two considerations can be pointed out from these
observations :

(i) when a single dye laser is focussed in a flame so that high pho-
ton irraciancesare achieved, the radiative absorption rate in
the far wings of 8 real level can still exceed the collisional
excitation rate by several orders of magnitude and therefore

near-resomance effects can easily be observed;

(il) for analytical applications, the resulting ionization spectrum
is very complex especially when the analyte atoms are present
as trace constituents in s solution containing large amounts of
other concomiltants As a result, the possibility of cbserving

spectral interferences becomes severe, and there appears to be a

“threshold” for the maximum laser irradisnce which is analytical-

ly useful.
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LEGENDE OF FIGURES

lonization spectrum obtained by scanning the dye lager
in the region 455-463 nm. The line shown at 456.79 nm
results from a two-~photon absorption process te the ad
level. The strontium concentration in the solution is

5 mg/Lt,

Experimental set-up used. The water-cooled electrode
is immersed in the flame and negatively biased at -1300V.
The electrons produced are collected at the burner, con-

verted to a voltage and processed by a boxcar integrator,

Prasible excitation - collisional ienlzation pathways
pertinent to the signals shown in Figure 1 (the resonan-
“e ground state transition at 460.733 nm has been left
out). The levels are given to the left and their energy
(em ) to the right [47. wavy 1lnes indicate radiatjive
excitation while straight lines indicate collistonal ex-
citation., The dashed wavy liner indicate a forbidden two-

photon absorption process,

Ionization spectrum obtained by scannlng the dye lager in
the reglon 443-447 nm. one line (445.710 nm} ir the re=
sult of a two-photon absorption transition tg a 12d level
and the other threes lines are sttributed to a near-reso-
nance process, The Concentration of strontiym in the so-

lution {s indicated,
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Figure

Figure

Figure

5

6

7

LEGENDE OF FIGURES (continued)

lonization spectrum obtained by scanning the dye

laser in the region 477-484 nm. The tws signals

on scale are listed in the NBS Wavelength Tables

[20 ]. The 483.208 nm line corresponds to the tran- ™
sition 14504 —»35194 cm | while the 481.188 nm 1i- ' ﬂ

-1
ne corresponds toe the transition 14899 — 35675 cm . (=
o

-—459.513

Since the two lower levels of these transitions sre ' L

= - 458.293

metastable, the signals are believed to be due to : |

3

1.

excited state resonances from the thermally popula-

ted metastable levels., As in the other figures, the

{

g

.U

1
t
1
]

near resonance sipnal at 478.392 nm is at least five L-

times more intense.The concentration of strontium in

H
1
!
v
i
1

the solution is indicated, T TS | T

. 4E8.70-8

lonization spectrum obtajined by scanning the dye laser

in the region 467 nm to 472 nm. Contrary to the case

1

|

1

|

|

!
.460.085%

of Figures 1, 4 and 5, here the sensitivity was adjusted

80 to keep all signals on the same scale, The strongest

signals at 468.860 and 467.781 nm are due to near-re-

fonance absorption. The line indicated at 469.40 nm re-

sults from a direct two-photon absorption process while

the series of lines to the left of the figure are either . : '

due to excited state resonance absorption from metastable

levels or two-photon absorption to high s anrd p levels.

Energy level scheme for the near-resonance transitions
obaerved in this work. The real level 1Pl (the resonant
level) ir indicated with a solid line while the virtual
or far wing excitation energles are indicated ardashed

lines. Energies are not drawn on scale.
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EXCIMER
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7.8

The lonization spectrum of strontium atoms in an air-acetylene
flame und2r pulsed laser excltation has been recently reported {1, 2).
Single-atep as well as two-step excitation were provided by an excl-
mer-pumped dye laser tuned in the blue region of the mpectrum. The
colllalonally assisted ionization in the flame was messured with a
water-coo’ed electrode immersed in the flame and negatively biased
(- 1300V) while the charges produced were collected at the burner,
converted intoc a voltage signal and processed by a boxcar integrator

(3).

We wish to report here a rather striking change in the excita-
tion-ionization behaviour which occurred when the laser beam was fo-
cussed in the middle of the flame and a high irradiance was therefora
achieved (=100 Mw cm’l).Figure 1 shows three lines which are identitiéa
as the reschance transition at 460.733 nm, a two-photen transition at
459.514 nm and a near-resonance transition at 458.293 nm. As discussed
in details in reference 2, the signal at 460.733 nm is belisved to be
due to ressnance excitation of the 1P1 ievel,whlch lies 21698 c:m-'1
above the zround state, followed by collisicnal ionization. The signal
at 4%9.514 nm is due to a two-photon absorption process from the ground
Btate to the 5s10a Rydberg level (150), therefore involving a “wirtual®
state locazed at half the excitation energy of the 5s10s State. Finally,
the signal st 458.293 nm is believed to be due to a two-step excitation
process inwolving the absorption of a photon in the collisionally broa-
dened wings of the 1Pl level, followed by resonant absorption of ano-
ther photor. to the Ssl10s Rydberg level. In the left part of figure 1,
the laser team was expanded to approximately S mm diameter while in
the right rart of the figure, 1t was focussed down to approximately
0.5 mm diareter, The flame length traversed by the laser beam was 1 cm.
The two experiments therefore differ in two respects: (1) the irradian-
ce 18 much higher In the focussed case, and (i1) the number of atoms

in the laser volume 1s much higher {(~100x) in the defocussing case,
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As seen by a direct comparison of the two Epectra shown in Fi-
gure 1, the two-photon line and the near-resonance line decreased
considerably in irtensity, as one would expect from the decreased
atom density in the laser velume. However, the resonance line showed
practically no decrease in intensity. Moreover, its spectral behaviour
changed drastically, the line wings practically disappearing, indica-

ting the possible onset.of & non linear effect.

As a further evidence that an unusual power effect was observed,
the resonance fluorencenca signal, i.e., the fluorescence from the 1P1
level to the ground state, was measured simultaneously with the ioniza~
tion signal and the lager Powe * was varied by inserting neutral density

filters in the bean. In the simultancous fluorescence/{onization expe-

riment, no focussing lens was used, As seen in figure 2, the fluorescen-

ce signal showed clear saturation behaviour, Indicating that the maximum
population of the 1P1 level was attained. The curve obtained, under the
same condition, for the ionizatfon signal, is shown in Figure 3 A.:Here
one can see that the shape of the fonization curve differs from that of
the fluorescence curve, since a full saturation plateau is not reached.
Furthermore, when the focussing lens was used, a peculiar sigmoid shape
resulted fcurve;B}. It therafore appears that, for the fonization case,

more saturation was achieved when comparatively lower laser powers were
ZLE Faturation

used,

We would like to offer a tentative explanation of this effect, with
the aid of figure 4, which shows the energy levels involved in our case,
as taken from standard tabulated values (a). When the laser photon irra-
diance is low, resnnance excitation to the lpl level is followed by col-
lisicnal ionization. However, at high photon lrradiance. the absorption
of a second photon from the 1P1 level into the wings of a collisionally

broadened level, which could pe elther the Sslop (1P1) or the 5s10s (15 )
o

T3 .87

shown in the Tlgure, might take place. Because of the Fmall energy
difference between these levels and the ionization level, the effl
ciency of auct process is much higher than that of a simple colll-
sional ionlzation process from the 5s5p level. AR a result, the loss
of atoms in the focussed volume is compenrated by the increase in
the overall efficiency of the Jonization process,

This effezt is fimilar in some respects to the Process of Rego
nance Ionizationp Spectroscopy (RIS) (S), where lager exeltation of
& discrete atonic level is follawed by absorption of a fecond pho-
ton which further excites the atom into the fonizatien centinuum,
The RIS expérinent thus requires that the discrete atom level being
excited has an energy greater than half that of the ilonization pU-
tential, This is net the case for the example presented here, with
the mecond photun excitatfon falling Just short of the lonization
limit into the iydberg levels, Two examples of possible RIS effectg
using a single laser in flames and plasmas have been reported in
the literature. In one case, Turk and Watters (g) postulated that
in the excitatian of iron in an 1nductive1y coupled argon plasma
the energy of the state reached was such that a RIS mechanism could
be possible, In another case, Axner etal () independently sugge-
sted a similar explanation for the very high sensitivity obtained
for iron and magnesium in an air-acetylene flame.

Two consideration seem te be in order here. Firstly, the mpa-
tinl inhomngeneity of the focussed laser beam might affect the shape
of curve B in figure 3 in the same way as fL uorescence saturation
curves are affected (8). Although we feal that this effect alone
canhtot account for bhe significant difference between curves A and
B in figure 3, it certainly deserves a careful evaluation. Secondly,
it seems difficyult to correctly describe the overall process oGCUr=-
ring in laser enhanced fonization spectrorcopy in flames without the
Blmiltannous use of the fluorescence technique and a careful s tudy

of the power depeadence of both the fluorescence and the ionization

slgnals.
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FIGURE CAPTIONS

Ionization spectrum obtained by nebulizing in the
flame a solution containing 10 /ug/ml of strontium
and scanning the dye laser from 457 nm to 461 nm.

See text for discusslon.

" Saturation curve obtained by measuring the resonance

fluorescence signal at 460.7323 nor. - In this experiment

the laser beam was defocussed in the flame and the

strontium concentration was 100 /ug/ml.

Power dependence of the ijonization signal obtained

with the laser tuned at 460,733 nm, Strontium concen-

tration: 10,ug/m1.

(A) t Laser beam defocussed 83 in the resonance fluo-
rescence case {see figure 2)

(B) : Laser beam focussed in the middle of the flame

with a lens.

Energy level scheme for strentium pertinent to the
experiment described in the text. The levels and the

corresponding energles were taken from Reference 4.
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