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VI SIGNAL-TO-NOISE RATIOS AND DETECTION LIMITS IN
LASER SPECTROMETRY

A. General Comments

In this section, expressions (not derived but referenced) will be given for the signal-to-
noise ratios for various types of laser spectrometry under limiting conditions which can
be applied in certain cases. The detection limit in spectroscopy is defined as that
concentration, Cum resulting in & S/ N of 3.*" Similar considerations, together with an
evaluation of the minimum detectable concentration of atoms and molecules by several
laser spectromettic methods, can be found in the papers by Falk™® and Morgan.’
Alkemade™ has also discussed the various single atom detection techniques based on
laser excitation,

B. Signal-to-Noise Expressions —~ Gas Phase

The expressions in this section will be taken from Winefordner et al.,"* Tolles and
Turner,™ and Omenetto and Winefordner® for wo-level atoms or molecules. [n
addition, cxpressions for the signal-to-noise ratios will be given only for the major
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FIGURE 10. RIS detection schemes. Toniration is achieved with: (%) two photons al the same
frequency »y; (b} one lrequency doubled photon &t 2r, and one photon at »; (c) two photons at
frequency vy or vy and ohe photen at frequency », ot v;2(d) one frequency doubled photon &t 2, and
wo photons at »y or one photon sty and one photon at ¥i.(c}one photon at frequency v, of »; from
a state reached by a two-photon sltowed transition af »4. (Redtawn from Hurst, G. S., Nayfch, M.
H..and Young, f. P, Appi. Phys. Lerr, 30, 129 1917

limiting noise present in the mecasurements. Therefore, the detection limits in real
analytical situations will be expected to be pooret than the calculated ones, Moreover,
no real significance should be given to the extremely low limits calculated since the
limiting noise due to the fluctuations of atoms in the probe volume™™" has not
been considered here.
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Na theoretical relationships are given for optogalvanic and optoacoustic methods,
since the authors do not know of suitable 3/N expressions for flames. The symbaols
(and units) used in the above expressions are defined below:

Jo(h)dh = inicgrated absorption cross section for line or band, cm’nm

-

mge = mass, charge of eleciron, K
¢ = speed of light, cm s
we!
—_— =002 cm’ He
me
he = peak (centeal) wavelengih of absorplion (fuminescence}, ¢m or nm
1
% = cenversion faelor from Hz te nm, X 10" nm Hz™!
[ 9] = absorplion oscillaior gth, di ionless
n, = fodal concentration of absorbers (enalyte) in the ground sate, cm™
t = absorption path length in absorption speciromelry, cm
Bea(a,) = specinal radiance of contiruum source at Ao, J 57 cm™ nm™ sr!
K. * optical-deiector factor for absorption spectrometry, cm? ar s 77!
- ﬂ..lWh)..T.ml-(—L- Lemiars )
hs,
Nt = eacitation solid angle, ¢r
(wh)es = (slit width) X (5lit width} of excitation specirometer; cm?
ne = photodetecior ¢fficiency (counts per photon in cathode), dimensionless
T, = overnll fransmission of excitation optical system dimensionless
i = obscrvation {inicgration, measurement, counting) time,
tw, = energy of absorbed (Muorescent; scatiered) photon, §
D, = measurement duty factor fok signal (fractional “on* tite), dimensionlesy
Ak, = specirometer bandpass, nm
a, = peak absorption coclficient, cm!
(Zmz—)(:re’) (A,’) fn )
=\ |- {—=}-—-—:cm
vre I\met \c/ 3k,
Akp = Doppler (Gaussian) half widih of peak. nm
8, = convolution overlap intcgral accounting for peak shifts and widis of line {cxcitation source
and absorption line) or band {evaluated from Voigt integral}, dimensionless
By = integral radiance of Iinc source 3t A,, 137 em™ s
[ = fluorescence path length, cem
1 4 = Muerescence quantum (power) elficiency, dimensionless
K = opiical-detcctar faciot for fluarescence exciation and emission. em’srls J7!
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= (L Drglwhha Tanat, hr;) em'sr's 37

nr = flvorescence solid angie of collection, s

(wh)e = (skit width) X (slit widih) of emission monoch observing Ml L em?

Ts = overall transmission including excitation and emissi optics inNuori ic system, di ionk
R, = detector dark count rate, s

K = optical detector factor for background, cm’sr 3 J*'

Dy * measurement duty factor fer background, dimensionkess

L = Nux of line source used for Raman (spontancous) scatier, J o™

[ = Raman interaction region, cm

Ka = optical-detector factor for Raman scatter

=N T.pdt, (—'—) watt
hey

o " differemist Raman crost section, cm? 3!

An = Einyicin coefficient of spontaneous emission, 3

K = optical-detector factor for saturated fluorescence, cm® ars I

@, = beam expansion factor for laser source in Nuorescence when neat saturation conditions can be
maintained afier expansion, dimensionbess

EL = line source irradiance, J ¢ cm™

o = two-photon absorption cross section, cm' 3

n = fraction of sloms or molecules excited with narrow line source, i.e., ralio of homogeneous 10
inhomogeneous hall widihs (Loreniztan 1o DBoppler), dimcnsionless

K * optical defector Iactor for two-photon Muorescence, om’ 51 ¢

W * 2mvy = anigular anti-Stokes Ramasn scatier frequency, Hz

E, = irradiance of CARS pump beam, 157" o™

'y = Mux of CARS Stokes beam, 74

x = modified susceptibility for ressnant conditions, cm® sr J-

X = ausceptibility = x oy, fe, cm’ 3

Ka = T.q.t.(L), [P
he,

Several comments should be made about the sbove expressions:

. It is assumed that the continuum source cases involve n flat source spectral
distribution over the line or band in all cases,

2. ltis assumed that the line source cases involve @ source line considerably narrower
than :he absorption line or band.

3. Itis assumed that the optical detector system responds in a constant manner at 8l
measarement wavelengths.

4. It is assumed that the absorbance is low in all cases,

5. I is assumed that only one noise source js present for each case.

6. Itis aisumed that the source does not cause any reactions, temperature change, and
coherency effects upon passing through the sample.

1. For the cases of molecular fluorescence, it is assumed that the fluorescence over
all wavelengths is measured.

8. For t1e case of & condensed phase medium, the above expressions still hold
except different noises may become apparent, €.g., source transmission flicker

noise in absorption spectrometry and impurity fluorescence shot and flicker
noises in fluorescence spectrometry.

C. Estimation of Minimum Detectable Concentrstion of Analytes by Absorption,
Fluorescence, and Reman Scatter Methods™! 1546341331310

Using the above expressions for S/N for cach of the various methods, 0, Jun values,
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Table 9
CALCULATED LIMITS OF DETECTION® IN SPECIES/CcM’
FOR ANALYTE SPECIES MEASURED RY SEVERAL METHODS

Limit of Detection (em™),
wavelengih of (ransition

308 ntn, 400 am, -

Semple temperature Sample tempersture

Method-source-hey K 150 K MK 1500 K
Absorption-continuum (ACS) Ix 10" I1x 10 6% |10 6% 10
Absorption-lime (AL S} 2x 10 LBy $x 10 2x '
Fluarescence-continuum {FCD) 1% 10° 1 % po* 2% 19! 21x 10
Fluorescence-continuum (FCB) 6 10 [ 114 %10 2 x 16
Fluorescence-lime (FLIDY Tx 10t 2 % 1x 10 5x g
Fluotescence-line (FL.R) 4x 10t Ix10 1x 0 5%
Raman {SRD) 1% 10" I 10" 2x 10" 2% 1"
Fluerescence-continuum (FCD-S) 3x Ix° Ix10° Ix 0
Fluseescence-continuum (FCB-5) 1% 1o 2x 10 Ix 1 1%
Fluarescence-line (FLD-5) 3 x 1ot Ix 3 [o' Ix 1
Fluorescence-line (F|.B.5) 1x 10! %1y 3% 10 1x !
Fluorescence-line {F2P-D) 7% 10" 7% 1o 2% 10" 2% 10’

Coherent AS Reman (CARS-D} Sx” 5x o Sx 0™ 3x
Note: See text Tor cxpressions used and evaluation of parsmeters. The analyte is any
hypothetical specics with charsestristics listed in Leal, Values given are “order of mag-
nitude™ estimates.
® Limit of delection is that concemration of species, ng, resulting ina S/N = 3.
i.e.. the limit of detection in specics per cm', can be estimated, these values appear

in Table 9. The choice of parameters used 10 estimate the No }im values are discussed
below

Absorption values — (f;; = |, A, = 300 nm or 600 nm}

¢ fo(A)ydh = 8.1 X 107'° com?nm at 300 nry
= 32X 107 em’nm at 600 nm

§.1x 107"
¢ g,= e em’nm™ at 600 nm
n
32x 107"
® —————cm’nm™ at 600 nm

Axn

® heo=6.6%107"") at 300 nm

=33x 107" aL 600 nm

. T

* Ahp=T16%X 1072, \(‘— (assume analyte has M = 50 amu)
1.5% 207" nm at 300 am and T = 2500 K
54 % 107 nm at 300 nm and T = 300 K
3.0% 107 nm at 600 nm and T = 2500 K
LIX 107 nm at 600 nm and T = 300 K
*® &= 1.0 (for a narrow line source/absorber system)

® Bek (Aq = 300 om or 600 am) = 10™') s emlsr ™t (for a xcnon arc lamp)
{also D, = 0.5)

=0

L
]
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B1 (A, = 300 nm or 600 nm)= 10T s em™sr™ (for 1 good electrodeless discharge)
(also D; = 0 5)

A\, =1 nm !for spectrometer)
£, =10 cm

Ka = Da(wh)n Tonet, (-i;:—)cm’sr )

=002srX005cmXemX 05X 05X [0sX

Ve
=25% 10" (—'—) emisrg J™!
hw,
te=10s

Fluorescence values — (f,; = 1, A, = 300 nm or 600 nm) — No Saturation

Jo\)dh, oa, hv,, 8,. Bes, AA,, AAb, and BL are assumed to be the same a3
for absorption measurements
Y = 0.02 for C;H,/air flame (T = 2500 K)
= 0.02 for gas cell (T = 300 K, ! atm)
T =1cm
Baa (Ao =300 nm) = 107*J s em™ sr” nm ™' (C; 0,/ ir flame)
Bax (A = 600 nm} = 1077 5" em™ se” ' (C; M,/ ait Name)
Bpx (Ao = 300 nm or 600 nm) = 0 (T = 300 K)
Da =1 for all conventional Nuorescence measurementy
Rp = 10" 5™ (for & good photomultiplier detector)

Kr = ol {wh)m T.mn,(;:—’—) =1erX 1srX 0.0 emX | emX 0.8 X 0.8 X
L]

I
10s X h—”'— .

=28 x% |9 (——’—) cmlsr’y
hye
to=10%s

Fluorescence values ~ (A; = 10" 5*!, A, = 300 nm or 600 nm) — Saturation

hve, Bar (ko = 300 nm or 600 nm), Rp, te, AA,, and K; are assumed 1o be the
same as for fluorescence — no saturation cases. The “continuum™ (pseudo) and
narrow linc lasers assumed for this case have spectral radiances and irradiances,
respectively, exceeding the saturation spectral radiances and irradiances for the
atoms or molecules absorbing at Ay = 300 nm and at Ay = 600 nm, Also, D; =
10, Da = 10 (for pulsed Ny-pumped dye laser and gated detector); @, = 10}
(100-fold expansion in the above laser beam while still maintaining near saturation
conditionsy, » = 107 (assuming the ratio of laser line width to Doppler width
is ~107). (The choice of Ay = 10° 5 is for convenience; it should be stressed
that an fi; = | and A, = 300 nm or 600 nm Lransposes to an Az > 10% ™' in both
cases.)

Raman (spontenesus} values

don

- 30 2 -1 =
a0 1°° em’st™ {at A, 6ﬂpnm}

A2
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= 10" cm?sr™" (at A, = 300 nm; near resonance enhancement)
* fp=tcom

]
* Kn=MN.m T,qgl,,(—h;—)=0.02 srx
o

05X05X 108X h

¥a

=5x 107" (%) srs !
Py

Two-photon fluorescence values

s o= 10" cm’/photon/cm’ s
* 1= 10" (same as for fluorescence — saturalion)
® Ey (A, =300 nm)= 10" J 5™ em™ (pulsed flashtamp dye laser doubled)
* E: (A, =600 nm) = 10° I 57 cm™ {pulsed Rashlamp dye laser)
* D, =10"
o Ke=25%x107" (h—l--) (same as for Muorescence)
Vo
* Rp=10"s"
* 1, =1l0s

CARS values — (Assume Nd-YAG doubled, A, = 532 nm, A, = 607 nm, A, = 473 nm.)

* w.=2mp,=40% 10" Hz

* Ep=5x10")s"em™ fach, = 532 nm}

* 4,=10"Fs"' atA, = 607 nm)

* D,=10"

¢ Rop=10"s"

* =005

. :u—n' =107 em’sr™ (for vibrational Q of Np)

¢ x = 3% 10 emse I
* p=1lcm

D. Discussion of Calculsted Limits of Detection

It is apparent from Lhe results of Table 9 that such values are rarely achieved or even
approached in experimental absorption, fluorescence, and Raman spectrometry. The
reasons for this are intimalely refated to several assumptions and choices of parameters
for estimating the limits of detection. For example, we assumed initially that only shot
noise was important, and furthermore, for each case, only one limiting type of shot noise
was significant. In reality, more than one source of shot noise may be important, but even
more important, various flicker noises may appear. In addition, the instrumental factors
like Xa, Kr, Kg, and the source intensitics were estimated for ideal experimental
canditions, and even though better values are achievable in practice, the chosen values
may be too liberal. Finaily, the transition probabilities (f;; and Ay¢) were chosen for g
very intense atomic or molecular transition.

Some simple, obvious, but worthwhile conclusions fram the limits of detection in
Tabic 9 and the signal-to-noise ratio expressions are given below:

1. For absorption, RAuorescence (no saturation), fluorescence (saturation), and

viICLE
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Nuorescence (two photon), the detection limit will increase (become poorer) by
10 times if: (a) the transition probability, 1, or Ay, decreases by 10 times; and
{b} the Muorescence path length is decreased by 10 times,

2. For absorption, fuorescence (no saturation} — background noise limited and
fluorescence (saluration) — background noise limited, the detection limit will
increase (become poorer) by 10 times if: {a) the background spectral radiance (for
fluorescence, the background is from the cell; for absorption, Lhe background is
from the source itself} increases by 100 times; (b) the spectre) bandwidih (for
continuum background only} of the spectrometer increases by 100 times; (c) the
instrumental factor Ka or Kr decreases by 100 times; and (d) the signal duty
factor decreases by 10 times; (assuming the background duty factor remains the
same); if the signal and background duty factors are interrelated as with a boxcar
detector, then they must decrease by 100 times,

3. For fluorescence {saturation), the limits of detection do nor vary with source
intensity unless the source intensity change (decreasc) results in a need to reduce
the beam expansion factor 1o maintain near saturation conditions; if the source
power can be maintained for a longer pulse width, then Dy (and Dg) can be
increased, resulting in a corresponding decrease in the detection for the detector
noise limit and in a square root decrease in the detection for the background
noise limit; thus higher power, longer pulse width lasers (which also cost more) are
nice for analysis since the beam expansion factor can be increased as well as theduty
factors,

4. For spontancaus Raman scatier and detector noise limitation, the detection limit
will increase (become poorer) by 10 times if: {a) the source flux is reduced by [0
times; (b} the interaction length is reduced by 10 times; (c) the differential
cross section is reduced by |0 times; (d) cither the instrumental factor or duty
lactor are reduced by t0 times; (e} the dark count rate is increased by (00 times;
and (f) the observation time is reduced by 100 times.

5. For CARS and detector noise limitation, the detection limit will be increased by
[0 times if: (a} the intcraction region is £/ 10 times smatler; (b) the susceptibiity is

10 times smaller; (c) the probe laser irradiance is +/ [0 times smaller; (d) the
Stokes laser flux is {0 times smaller; (¢} the differential cross section is /10 times
smaller; (f} the dark count rate and/ or observation time are 10? timnes larger and/ or
smaller, respectively; and (g) the instrumental factor, K3 is 10 times smaller,

6. For. molecular fluorescence (two-photon cxcitation), the detector noise limit s
reduced by 10 times if: (a) the source intensity is decreased by \/Tﬁtimes; (b} the
absorption cross section is reduced by 10 times; (c) the duty factor, D., is reduced
by 10 times; (d} the instrumental factor, K¢, is reduced by 10 times; and (e} the
dark count rate is increased by 100 times or the observation time is reduced by {00
times.

In Table 9, calculated detection limits in terms of speties per em’ are listed. In the
previous section, some of the reasons were given why the calculated and experimental
values might differ in terms of (molecules or atoms} per em’, However, no mention was
given of the inefficient conversion of sample species to measured species. In condensed
phase molecular spectrometry, the conversion from analyte concentration, C, in moles
per liter, 10 no in molecules pet cm’, is simply given by

= 1078, C-N, 16}

where N is Avogadro's number (6 X 10) and Ba is the frection of analyte species

\E
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present in the correct form for the spectroscopic transition, e.g., B will depend upon pH,
temperature, complexing species, ctc. Tn sraric gas phase atomic or molecular
spectrometry where the sample is vaporized by a thermal process {assuming solid or
liquid material exists in the ceh),

_ Brps

Mt T

un

where p, is the saturation vapor pressure, tort, k is the Boltzmann constant (toer
K'em'), and T is the ternperature {in K} of the cell. In dynamic gas phase atomic or
molecular spectrometry where the sample solution is converted to submicroscopic
species via an aerosol intermediate, as in flame spectrometry,

_ Bnlor 8.)e8. FCN,- 107
Qe

[4L))

where 8, is the vaporization fraction, B (or B.)is the fraction ol analyte species present
in the measured gaseous system as molecules or as atoms, ¢ is the fraction of solution
sprayed into a chamber which is transferred as aerosol into the hot gases, Fis the sample
solution transport rate (cm’s™}), C is the analyte concentration (mol€ '), N, is
Avogadro's number, Q is the Now rate of Eases at room temperature (incm’s™'), and e is
1he gas expansion factar due to heating of the gases from room temperatute to some hot
gas temperatures. For a furnace system’'? where the sample is instantancously vaporized
into a cell volume, V., cm’,

B-tor 8,}8.wN.

R “

where ., or 8, are as above, 8, is the fraction of species introduced which appear finalty
in the gas phase, i.¢., accounts for losses due to carbide formation, particies condensing
out in the ends of the furnace, etc., w is the weight, in g, of the sample introduced, M, is
the molecular (atomic) weight of the pure malerial, and N, is Avogadro's number. It is
assumed in the latter case that the alomiration titnes, t,, are much iess than the residence
time. t,, of species in the cell where t.=L%/8D, where Lis the length of the furnace, and D
is the analyte diffusion coefficient a1 the furnace temperature,

In any event, it should be pointed out that the 8 factors account for losses of the
analyte. Incondensed phase work, the 8 value will often be unity indicating no losses. Far
static gas phase work, there will also be few Bas phase losses in many cases. However, in
such studies, there is the obvious “loss™ in going from a smal! amount of analyte in the
solid or liquid phase toa larger volume in the gas phase. In Mames, plasmas, etc., there are
not only the losses due to the above named S-factars but also those d ue to conversion of a
volume of liquid sample 1o a gas. For example, | mmol of analyteisconverted 10 22.4 me
of gas (assuming an ideal gas) at 273.1 X (~ 10 times or 224 meof gas at 2500 K) and is
further diluted by a rapidiy Nowing stream of hot gas which supplies the flame. For
furnaces, the latter dilution is insignificant since the system is static, but the “loss’ due to
conversion of the analyte fram the solid or liquid phase to the gas phase is important;
finally, complex losses of a nalyte in furnaces can oceur through ¢ither vaporization losses
prior to the measurement, as AsCh, or in sity losses of analyte by forming carbides, such
as ZrC,.

It may he instructive to give the conversion factor from moles per liter to atoms perem’
of flame gases for a typical atomic lame Spectrometric measurement, Assurne an analysis
is ta be performed on an element Z which is present at concentration, moles per€,in

\S

D

Vi . A4
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solution and is introduced into a flame at » liquid Mow rate of 0.2 cm*/s. Assume the
nebulizer efficiency e is 0.02, the efficiency of conversion of droplets to submicroscopic
species, 8. = 0.5, and a total gas flow rate, Q of 200 em’/s with a flame temperature of
~2500 K (es ~ 10). This system could fepresent & typical CyH,/air lame with nebylizer
burner such &s is used i atomic absorption flarie spectrometry. Then

-'!C'--ox 0% g, (20

Therefore, if clement Z(M. = 100 amu) has & concentration of 107* M(IO";‘;I mior{.}
ppb), then n, = 6 X 10° atomic species per em’, which is typical of detection limits in
atomic fluorescence flame spectrometry, if the atomization efficiency (8.) is unity.

No attempt will be made here to correlate experimental detection limits with
theoretical ones, not only because of Inck of space, bul more importantly, lack of
adequate physical parameters to evaluate the S/N mtio expressions for specific
experimental systems.

E. Annlytieai Figures of Merit (Experimental)

In Table 10 and t!, approximate limits of detection {LOD), linear dynamic ranges
(LDR), precisions (% RSD — % relative standard deviations), and minimum sample
sizes for the various laser methods are listed, Also severa) other methods are listed for
comparison purposes.

F. Experimental Limits of Detection

In Tables 2 to 5, experimental limits of detection for atoms (Tables 2 and 3) and for
molecules {Tables 4 and 5) are given. The molecular detection limits are further divided
according 10 gas phase (Tahle 5) and condensed phase {Table 4), and in the condensed
phase according to the technique fNuorimetry (Table 4} and phosphorimetry (Table 6).
The gas phase atomic-spectrometsic detection limits are given not only for laser excited
atemic fluorescence, but also for conventional line-source excited atomic Muorescence,
conventional continuum-source excited atomic fMluorescence, conventional line-source
atomic absorption flame spectrometry, and for atomic ermission spectrometry with an
inductively coupled plasma. No tables for absolute detection limits will be given for
molecules because estimates can be made from the data jn the tables by multiplying the
‘concentrational detection limit by the cell volume or interaction volume: in other words,
the systems used 1o detect small amounts of molecules are identical to those used 1o detect
small concentrations of molecules. However, in the case of elemental analysis, furnace
methods are used in atomic absorption and atomic fluorescence rather than fames,
plasmas, etc., which are used for concentralion measurements, Therefore, in Table 3,
examples of clemental detection limits for atomic MNuorescence, atomic gbsorption
furnace, and atomic emission with the inductively coupled plasma methods are given,

It is apparent that laser methods are extremely sensitive methods capable of excellent
precision, long linear dynamic ranges, and microsampling (also see Tables 1, 11).
Certajnly Arthur Robinson's* catchy title in Science, Analytical Chemistry: Using
Lasers to Detect Less and Less”, is valid and the detection of even less is to be expected.
The considerable advances since Steinfeld's excellent review' are alko important.
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Table 10

DETECTION LIMITS (LOD), LINEAR DYNAMIC RANGES (LDR), AND
PRECISION (%RSD) OF MOLECULES (pg) BY SEVERAL LASER

Mrthod

Laser Muorimelry

Xenon Nuorimelry

Laser phosphorimetry

Laser Muorescence microscopy
(laggng of molecule)

Later Raman (spontaneous)

Laser Raman (resonance)

Laser Raman (CARS)

Laser Raman (inverse)

Laser-thermal lensing

Laser Raman microprobe

SPECTROMETRIC METHODS

Practicnl
LOD (pg)

1
1
'
L

=10
~I0'
-0
~10*
-0

* Best estimate based on deteetor noise limit.
* Guitbault. G. G.. Practical Fluorescence, Theory. Methods, and Techniques, Marcel Dekker, New York,

1973,

%®RASD

-2

i-2

(]
1

1-—35

-5

3—10

-5

-5
?

LDR

~1g'
~10
-}’

~p
-lg!
-0
~10'
w10

Estiraated
LOD' {pg}

16701

(g
-y
w-i0*
-0
-0
=10

0
227, 128
220
243
108,109
264

* Knufman, G. I, Mester, J. F., and Wasserman, . E., J. Hisiochem. Cytachem., )4, 260(1966).

Tabie 11

DETECTION LIMITS (LOD), LINEAR DYNAMIC RANGES (LDR), AND
PRECISION (%RSD) OF ELEMENTS (pg) BY SEVERAL LASER

Method

Luwer exc AFS
Conventionsl EDL AFS'
Conventional x¢non AFS'
Laser Exc optogalvanic®
Laser emission micraprobe’

Laset mass specirometer’

Laser atomiration AA
lon microprobe

Neutron activation

SPECTROMETRIC METHODS

Sample size®

0.4—1

a.1—1

01—

0.1

10 {10—200
umy

0" —ie"?
{1 umf

Io—ll
(=5 umyf
10" 1

* Minimum sample size for analysis, cm'. ) o .
* The estimates are made on the basis of the author’s estimates gssuming detector limited noise.
* Omenctto, N. and Winefordner, J. D., Prog. Anal. Au Specirom., 2, 1{1979).

® Teetyl, W. ). Orenberg, 1. B., Marick K. W., Saffir, A, J . and Glick, D., Anal. Chem., 44, 1980(1972).

' Dumeter of crater produced,

' Kovalov, 1. D.. Makismov, G. A . Suchkov, A. |, and Larin, ). ¥.,J. Mass. Spect. fon Physics, 27, 101(1978),

Fracticsl
LOD (pm)

10-)
10'

1
to'-1
107"t

0% —J0"

10107
107" 10

10'—1o"

%RSD

12
1-2
-2
1—5
5—15

=-5— 10

—3—15

~-25—50

~3—10

LDR

10—t
1e'—10*
10’ —10*
10°—10°
1P —10"

~)0' 10 —10"
~ioti0' — 10

10’ —10*

w00t

Esimared
LOD* (pg)
W10
1

1w

10!
10710
[T g
1—20

10 —10"
0 -1

' Vulfson, E. K., Karyakin, A. V., and Shidlovskii, A. 1., J. Anal. Chem. U.S.5.R., 28, 12531973).

PRI,
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1. INTRODUCTION AND SCOPE
1.1. Selectivity and Detectability

Free atoms, ions, molccules, or madicals {all of which will usually be referred
10 3s grorms for simplicity) of a given chemical species can interact with an
optical radiation fick) at cenain wavelengths that are characteristic for that spe-
cies (Chapter 1). By selecting udiation at a charctenistic wavelength, we can
thus tag these atoms and distinguish them from other species. The signal pro-
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duced by the interaction is then a measure for the number of atoms of the selected
species. This is the very basis of quantitative analytical speciroscopy. Tunable
optical lasers (Chapter 1) are beaeficial for improving the selectivity of analysis
(because of their small spectral bandwidth) as well as the detectability (because
of their high radiant power). Especially in diagnostic applications their direc-
tionality is an extra bonus for cbtaining high spatial resolution, whereas high
temporal resolution can be achieved with pulsed lasers of extremely short du-
ration. In this chapter we shall be mainly interested in the capabitity of lasers
to push the detectability toward the ultimate limit set by the discrete nature of
matter. The improvement of the spectral selectivity as such will not be consid-
ered, unless detectability is intimately connected with selectivity, as in the de-
tection of rare isotopes in a mixture,

The detectability is characterized by the analytical limit of detection (LOD),
which is defined as that concentration, €ms OF quantity of substance, gq,,, in the
sample, which produces a mean signal equal to & times the noot-mean-square
{rms) random error {1). A LOD expressed in concentration units (e.g.. mol/L,
ug/mL) is called a concentrational limit of detection, whereas in the other case
we shall speak of the absolute limit of derection (e-g.. in pg). The statistical
confidence factor k is usually 3. We distinguish hem between two categories of
random errors. On the one hand, there are errors anising from extrinsic sources
of fluctuations, such as Ructuations in the background (produced by concomi-
tants in the sample, by the atomizer, or by scattering of laser radiation), Auc-
tuations in the laser power or in the efficiency of atomization, and detector or
amplifier noise. On the other hand, there is an intrinsic error in the signal itself,
arising from the discrete nature of matter: First, the fumber of analyte atoms
found in the sample or atomizer wiil Auctuate around & mean (or expectation)
value in a manner described by Poisson statistics. Second. the detection process
(e.g.. the absorption of a discrete photon and the subsequent eelease of a pho-
toelectron) is a chance process. The resulting error, which becomes relatively
more important for smaller numbers of atoms and detected photons, determines
the intrinsic limir of detection. This is the ultimate LOD obtainable with a given
setup if all extrinsic fluctuations are suppressed. We are. technically, stiil far
from the ideat of complete aromization (= conversion of analyte in the sample
to free atoms) and complete probing (= counting of free atoms). Therefore, we
shall define the intrinsic LOD as related to the statistical fluctuation in the
nurber of free atoms being probed and not in the number of analyte atoms in
the sample.

1.2. Single-Atom Detection (SAD)

Even under favorable measuring conditions, **conventional" atomic spectrom-
eters {with or without lasers) yield LODs that are set by extrinsic errors. The

@.21
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best absolute LOD, as reported in Table 2.14 and in Omenctto and Winefordner
(2) for taser-excited atomic fluorescence (AFS) and atomic absorption spectrom-
cters (AAS) with electrothennal womizers, are about 0.1 and { pg, respeciively.
1f we assume complete atomization, these quantities comespond to a total number
of about 10"~ 16" free atoms (of median relative atomic mass) in the atomizer,
Even if we assume a probe volume, ¥, as small as | mm® and an (effective)
atomizer volume, V,, as large as 10* mm?, the number of free atoms being
probed {counted) at the LOD Igvel is still 10° or higher. According 1o theoretical
estimates this number is even expected to be at least 107 when conventional
AAS is applied with a tube atomizer of 1 mm diameter (3).

The best experimental concentrational LODs found in AES with Aames or
inductively coupled ptasmas (ICP), using conventional as well as laser sources,
are typically 0.1 ng/mL in aquecus solutions (Table 2,13 and (2. 4)]. Assuming
¥, to be as small as 1 mm” in the Aame, this LOD value would stifl correspond
1o at least 10° free atoms being probed. The best experimental concentrational
LODs found in laser-enhanced ionization spectroscopy (LEIS) using Alames
combined with a premixed ot twtal consumption bumer are typically 0.01 ng/
mi (Tables 3.1 and 2.13). Assuming ¥, ~ 107 mm’, the number of free atoms
being probed at the LOD level is then estimated to exceed 10*.

These rough estimates demonstrate clearly that the number of analyte atoms,
N,. probed in conventional laser-based spectroreters at the LOD fevel is still
so high that its relative statistical Auctuation (IN'.V,) is irrelevant. The situation
is typically different if we apply special laser-based specirometers that are ca-
pable of probing smalf numbers of free atoms. This requires the signal produced
by an individual atom or small group of atoms to become detectable above
background and detector naise, In the former case we shall speak of single-arom
detecrion (SAD) occasionally also called one-atom detection, OAD (5)]. Al-
though such techniques have been developed mostly for atoms in the strict sense
of the word, we shall use the term SAD more genenally to relate to free ions,
molecules, or radicals as well. Similar generalizations will be made as to the
meaning of terms like aromizer and atomic spectroscopy. When we want to refer
specifically to free molecules, the term single-molecule detection (SMD) will be
used,

An 5AD technique meeis, ideally, the following demands:

L. Each (not just a') free analyte atom present in or crossing the probe
valume V,, during probing time T is detected and registered as one, and
only one count with 100% statistical confidence.

2. The detection is selective as to the atomic species sought. Other species
in the sample (concomitants) are not detected and do not interfére with
the probability of detecting a given free analyte atom, Interferences caused
by other specics that can be compensated in the caiibration procedure are

yil
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allowed, such as ionization interference and interference with the atomi-
zation of the analyte.

3. No false signals {counts) are produced by the background originating from
the atomizer (e.g., Mame background. thermal radiztion from fornace
walls, scattering of laser radiation) or by the detector and amplifier (e.g.,
dark current, spurious electric pulses).

4. The LOD and precision of the analysis are solely determined by the Pois-
son statistics of the free analyte atoms present in or crossing ¥, duting 7.

This concept of SAD thus relates to the free atoms appearing in the probing
region, where they can interact with the laser beam and be observed by the
detector. With a given atomizer, the realization of SAD wil! depend upon the
regicn selected. We should distinguish this restrictive SAD concept from the
general SAD concept relating to the detection of 2 single analyte atom present
in the sample {usvally in 2 bound state). The latter is the ultimate goal (and
absolute limit!} in chemical analysis es far as detectability is concemed. This
goal is sl 50 unrealistic that we will confine ourselves to SAD in the restricted
scnse,

Scphisticated, laser-based techniques have been developed during the last
decade 1o detect smaller and smaller numbers of atems in the gas phase. Species
investigated were most often metallic atoms or ions such as the alkalis, Pb, Yb,
Ba. Ba®, and Mg* (with Na as “‘topper™"; sce also Section 3) and occasionally
nroble-gas atoms (6-8). However, the ideal experimental conditions undes which
SAD conditions have been (approximately) attained were mostly aimed at special
applications. with “'pure** samples. in physics and chemistry. These conditions
are quite different from those encountered in analytical spectroscopy dealing
with real-world samples.

Applications in fundamental as well as applied physics and chemistry are
connected, for example, with the search for rre or shon-lived species (pro-
duced, e.g., by nuclear reactions) or for rare evenis induced by solar neutrinos
captured in radiochemical detectors (5, 9-14). SAD techniques have also been
proposed (15) for demonstrating the possible existence of Na-quark atoms (hav-
ing a fractionally charged quark attached to the nucleus) amidst 10" normal Na
atoms per cubic centimeter. Another example is the measurement of saturated
Yapor pressures at low temperatures (15). Other applications concem the ulira
high-resolution spectroscopy of rare isotopes (16, 17) and the kinetic or statis-
tical behavior of individual atoms in a gas (5. 18, 19). SAD techniques were
also applied in the diagnostics, with high spatial and temporal resolution, of
Plasmas or reaction systems containing ultratrace concenteations of atoms of
given species or in specific excited states (12). SAD was further applied in the
experimental verification of the antibunching siatistics of the photons that are

o
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I. INTRODUCTION AND SCOPE 111

spontanecusly emitted by a single atom excited by a strong radiation ficld (20~
23). in Section 3 a few of these applications will be described in more detail.

1.3. Scope of Chapter

For the analytical spectroscopist wha wants (o detect smaller and smalier num-
bers of atoms, the development of these SAD technigues is both a challenge
and an opportunity. We shall therefore review in this chapier the main streams
of UV-visible laser-based spectroscopies that are most promising to detect small
numbers of atoms in the gas phase. Techniques that are (primarily} aimed at
ultra high-resolution spectroscopy, isotope separation. or remote sensing will
not be considered. The use of high-powersd lasers to vaporize, atomize and,
possibly, excite or ionize analytical samples will not be discussed either (Chapier
19).

For compleleness’ sake we note that there exist also nonoptical techniques
that can be applied, with special armangements, to detect, localize, and/or iden-
1ify individual atoms or ions in the solid or gas phase. Examples are the scanning
transmission electron microscope, the field ion microscope ('‘imaging atom
probe™’) and the accelerator mass spectrometer (which combines a nuclear ac-
celerator with a mass spectrometer). )

A pood question is, how small is **a small number'’ in the title of this chapter.
Mo sharp borderline can be drawn. Broadly speaking, we shall focus on those
technigues that do allow us o count aloms (not just photons or electrons!) or
the results of which are best discussed in terms of atom numbers, However, we
shall generously include, for comparison, more conventional laser-based tech-
niques that have successfully been applied in spectrochemistry to yield very low
LODs. We shall also bring out some of the best LODs that have been obtained
for molecular species with laser-based techniques. This will be done to underline
how much farther we still are away from SMD (13, 24-28) than from SAD.

in the following we shall ofien borrow, by analogy, terms from analytical
atomic spectroscopy. when we describe techniques that were not aimed at chem-
ical analysis proper. The meaning of such terms (such as analyte, analysis,
atomizer, sample, limit of detection) when applied. for example. to diagnostic
techniques. may be evident from the context.

Several laser-bused techniques and laser-induced processes are dealt with in
other chapters too. We shall occasionally refer to them for a more detailed
discussion. LODs are alse discussed or tabulated in these other chapters. Qur
interest. however, is focused on the lower end of the LOD range. In several
respocts this chapter is thus a cross section through other chapters: repetition
could not always be uvoided.

With regand to the fast development and great vanety of laser-based detection
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techniques in widespread areas of physics and chemistry, this review can by no
means be exhaustive or profound. We shall rather concentrate on simple basic
concepts, with ouly a few, oversimplificd formulas, and on genernd detection
schemes (Sections 2 and 3.1). These will be illustrated in Sections 3.2-4 by
concrete examnples and by experimental data in tabular form.

For further information and more extensive references to the fiterature, the
reader may consult a blend of review papers or bouk chapters: (2, 27, 29)
(mainly Auorescence techniques), (5, 14, 30-33) {mainly ionization techniques),
and (3, 13, 26, 34-39) (geneml).

Terms, definitions, and symbols of the main quantities used are collected in
Table 4.1,

2. F2OM SAMPLE TO SIGNAL: CENERAL CONSIDERATIONS

2.1. Schematic Layout of Laser-Based Spectrometer

The “‘atoms™ of the species to be detected are produced from a sample (Fig.
4.1). The liquid, solid, or gaseous sample may contain these atoms in any
chemical state or state of ionization. Their conversion to free atoms in the gas
phase (atomization) takes place in the atomizer. The atomizer includes the **atom
teservoir’” containing the free atoms available for probing.

We distinguish between continuous-flow atomizers and closed atomizers. Ex-
amples of the former class in analytical atomic spectroscopy are the flame and
the inductively coupled plasma (ICP3, in combination with a preumatic nebu-
lizer for converting a liquid sample into an aerosol (Fig. 4.2a). Volatilization
of the acrosol panticles and subsequent dissociation of the analyte compounds
occur in the carrier gas heated by combustion or the electric discharge. The
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Fig. 4.1. Schemaric tayout of laser-based speciromerer.
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Table 4,1. Symbols, Terms, and Definitions

Symbol Term and Definition®

c, (cp) (Minimum detectable} sample concentration

k Statistical confidence factor

N, Number of free atoms in atomizer

a, . Number density (= mumber per unit volume} of free atoms in
atomizer

N, Number of events at detector during T

N, Number of {ree stoms in ¥,

N, Number of anaiyte entities in consumed sample {one Free atom
derives from one entity}

R Number of repeated probings

T Probing time (= duration of a single probing by taser)

' Time (gencral) .

f, Alomization time (= duration of atomization needed for a
single probing with a contiruous-flow atomizer}

[N Total time of for R repeated probings

v, Atomizer volume (= volume of closed atomizer or fictitious
volume of continuous-flow atomizer; see Section 2.4)

v, Probe volume [m (effective} volume iradiated by Ieser and
‘‘observed™ by detector]

€ Atomization efficiency (= N,/N)

¢ Detection efficiency (w probability that a given free atom
appearing in V¥, produces an cvent during T)

[N Ovenll efficiency (= N/N)

4 Probing efficiency (¢, - N, w number of free atoms present in
or passing through ¥, during T} .

& Flux (= mumber per second) of detected photons or ions

{electrons) produced by N, atoms, divided by Ny

r Transit or residence time

i Mean (or expectation) value of x

(xhy Value of x at limit of detection

x Standard deviation of x [w V'(Ax)’]
General Abbreviations

LIBDS Laser-induced beam defleciion spectroscopy

LIFs Laser-induced Auorescence spectroscopy

LIS Laser-induced ionization spectroscopy

LOD Limit of detection

SAD Single-atom detection

SMD Single-maolecule detection

“By genenlization, arom is the selected chemical species of any kind (stom, jon, molecule, or
tadical) that inieracts with the laser radiation. As s vesult of this interaction, an evemt may be
produced at the detector. Asomizer is any device that produces these '8’ in the gas phase (s0-
called free aoms) from the sample,

*In {39) symbol ¢ was used for e,. This definition of 44 should not be confused with the ¢fMciency
of detecting a (fluorescence) photon.

13
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open-ended graphite tube and the carbon-rod and carbon-filament stomizers (with
pulsed atomization of minute samples), operating with a carrier gas flow, belong
to this class. too, A quite different type of continuous-fow atomizer, especially
svited for SAD, is the atomic beam (Fig. 4.2b). Here atoms produced, for
example, in a fumnace containing a metallic sample, effuse through a small hole
into a vacuum chamber. Cotlimation of the atomic beam is achieved by means
of a diaphragm placed downstream from the effusive Aow.

An cxample of a closed atomizer is a cuvettc filled with a gaseous sample
or a cell containing a solid or liquid sample (Fig. 4.2¢). The sample may be
atomized by thermal or Langmuir evaporation, by atormn sputtering in a glow
discharge, or by bombardment with a fast-ion beam (in vacuo). In order to
simplify our [ater discussions we shail assume that probing takes place after the
sample has been atomized and the atoms have spread more or less uniformly
over the atomizer volume. The cuvette or cell is equipped with windows for
admitting the laser beam (and for observation in LIFS). The cell may or may
not contain a buffer gas, Another example, especially suited for SAD., is the
more recently developed ion or (neutral) arom trap (Fig. 4.2d). Here & few
ionized or neutral atoms are trapped in a small confinement in vacuo and stored.
This may be realized by means of a f quadrupole field, an electromagnetic Aeld
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Fig. 4.2. Examples of 2 ) flow izer (a and b} amd u closed momizer (¢ and d).
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2. FROM SAMPLE TO SIGNAL. GENERAL CONSIDERATIONS [13]

with appropriate gradients, and/or optical trapping by laser radiation pressure
(40-49).

An cxample of a Ba* trap will be described in Section 3.2, The *‘translational
temperature”* of the trapped atoms or ions can be reduced 1o befow 10 K by
laser cooling. This cooling is brought about by repetitive exchange of linear
momentum between the atom and the photons absorbed from a monochromatic
laser beam, The atom suffers a net loss of linear momentum after each excitation-
emission cycle, if the laser frequency is tuned slightly below the atomic reso-
nance frequency. The resulting reduction of the Doppler broadening of the
atomic line and the absence of collision broadening make these traps an attractive
atom reservoir for ultra high-resolution spectroscopy and for achieving high
spectral selectivity in analysis. A well-collimated atomic beam, if directed per-
pendicular to the laser beam, offers similar advantages. In this respect, atomic
beams and traps are far superior to atom reservoirs filled with a buffer gas at
atmospheric pressure at or above room temperature.

It is not always possible to draw a sharp bordedine between closed and
continuous-flow atomizers. An open-ended tube fumace may be an intermediate
case, depending on the chance the atoms have to flow out after being atomized.

The next stage in any laser-based spectrometer is the probing of the atoms
by one or more laser beam(s) crossing the atomizer and their final regisrration
(Fig. 4.1). The advanages and disadvantages of using continuous-wave (cw)
or pulsed lasers depend strongly on the detection scheme chosen, the species to
be detecied, and the need for suppressing interferences from concomitants or
background {Section 3).

2.2. Laser Probing of Atoms

The presence of a free atom of a given species is probed by the absorption
of one or more photons from the laser beam(s), resulting in the production of a
photophysical or photochemical effect.

The photophysical effect may be aptical, electrical, or mechanical (Fig. 4.3).
Here we present a few examples for intmduction only. (A more detailed clas-
sification and description, especially with regard 1o SAD, wiil be given in Sec-
tion 3.1.) The spontaneous emission of a secondary photen by the atom after
laser excitation {Auorescence) is an obvious example of an optical effect (Fig.
4.3a), Any detection technique based on this effect is calied here laser-induced
Puorescence spectroscopy (LIFS). (Note that in Chapter 2 it is called laser-
excited fluorescence.} The frequency of the Auorescence photons may be the
same as that of the laser photons (#) or different (v*). We distinguish accordingly
between resonance and nonresonance fluorescence (for a finer distinction, sce
Eig. 2.1).

The Auorescence photons are emitted in ali directions (but not necessarily
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T 43 ol ' [{:}] mechanical (C) laser probing. A is the free

isotropically if a polarized laser beam is used). So the photodet

positioned at an arbitrary direction of observation, prefcmle with::tf:rgnem:ol?;
angle of acceptance. Since often a monochromator is not needed (a spectral filter
ray suffice to select ane of the few flucrescence lines or to reject laser scattering
if ¥ # »'), the angle of acceplance can be made quite large by suitable optical
-Tan.gcmems (Section 3.2). A weak resonance Ruorescence signal can be dis-
u'}mlnated_ from laser scattering by application of a photon coincidence technigue
wnﬂ! the aid of a second photodetector (Fig. 4.3a, Section 3.2). If optical sat-
uration {Chapter 1) is attained, a given atom may produce. on the average, at
least one photoclectron in ¢ach detector during its (short) passage through ‘lhc
laser beam. If the coincidence interval is maiched to the passage time, Auors-
cence p_hotons. occurring in bunches, will have a greater probability ol.' C:Il.lsl;l
a coincidence signal than the randomly received scatiered phorons. ’

In the case of Fig. 4.3b, absorption of one or more photons from one or
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2. FROM SAMPLE TO SIGNAL: GENERAL CONSIDERATIONS 117

mare laser beams results in the production (directly or indirectly: Section 3.1)
of an ion and a free electron. These can be directed by an electric or magnetic
field to a charge or particle detectar. This type of atom detection technique will
here be generally called taser-induced ionizarion spectroscopy (LHS),

In the case of Fig. 4.3c, an atom moving in a direction perpendicular to the
laser beam acquires transversal linear momentum by absorbing a laser photon,
The net recoil effect resulting from multiple absorption-spontaneous emission
cycles in the atom deflects its trajectory from the atomic beamn axis, in the
direction of travel of the laser beam. A particle detector placed off-axis and
downstream of the atomic beam counts the atoms that are selectively deflected
by the lascr. This example of laser-induced beam deflection spectroscopy
(LIBDS) is thus typically based on a mechanical effect produced by atom-laser
interaction; LIBDS has not yet been exploited for SAD, but it may have good
potentialities in special applications (13, 34). It has until now been mainly
considered as a selective separation technique. We have included LIBDS in this
review to stress that SAD might be realized by other than optical or electrical
techniques, o,

Neutral atoms of low ignization energy can be detected by surface ionization
when they impinge on a hot metal wire. The positive jons leaving the surface
arc accelerated and directed to an ion multiplier tube, where they produce pulses
of secondary electrons.

Photochemical effects have so far but seldom been considered for use in SAD
of SMD. in contrast to their exploitation in isotope separation. The feasibility
of detecting single alkali-halide molecules by laser-induced photodissociation
and LIIS detection of the alkali product has been suggested (5, 50).

As a resull of its interaction with laser radiation, the atom undergoes a *‘pro-
cess,” that is, a change or series of changes in its state or motion. A general

. characterization of a laser-induced process is presented in Table 4.2. A process
can be characterized as 1o (I) the final state of the atom, (I1) the type of cyclic
process, and (IIT) the multiplicity of recycling. In LIFS, case la may apply, for
example, when one of the Na-D doublet components is excited by the laser.
After excitation the atom retums, directly or indirectly, to the initial (ground)
state, thus completing a cycle. An imtragromic cycle (case Ia) can take place
via different routes: by Spofitancous or stimulated emission, and by inelastic
collisions leading 10 **quenching™ of the excited state or **population mixing"*
of the doublet states (51) (Table 2.1). A regenerative cycle (case [Ib) takes
place when, for example, in a Aame the laser-excited Na atom becomes first
ionized or bound in 2 molecule before it retums to the initial state by recom-
bination with a free ¢lectron or by dissoctation. If the probing time (Table 4.1}
is long enough, the atom may undergo more than one excitation-deexcitation
cycle (case [11a). We may distinguish between the multipiicitics of recycling via
different routes,

Case Ib applies, for example. when Na atoms in a beam are excited by a

Vi .
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Table 4.1, MCMMdII&rMW

1. As to final state of the atom:
a. Cyclic process b. Consumptive process
Atom retums directly or indirectly Atom does not return to initial state
to initial state in the probe volume and/or is removed from probe volume
within probing time
L. As 1o nype of cyclic process:

A. Imiraatomic cycle b. Regenerative cycle
Atom retums 1o initial state in the Atom returns to initial state and
probe volume without changing probe volume after a imnsitory change
its chemical state or state of .in chemical state or state of ionization
ionization or in position

0. As o muitipliciy of recycling:

8. Multiple recycling b. Single cycling
Atom undergoes more than one Atom undergoes no more than one
interaction cycle during probing interaction cycle during probing time
time

-wemmmmmmhmmummmummm
dering & singic probing. ““Initial s’ & here defined as the statz in which the stom can interact
with Jaset radistion,

nammow-band laser tuned to a pasticular hyperfine structure (hfs) transition and
directed perpendicular to the atomic beam to avoid Doppler broadening. Optical
sclection rules permitting, the excited Na atom may tetum to a hyperfine (hf)
component of the gound state different from the initial one. As long as it stays
there, it cannot be excited again (unless the spectral wing of the associated hf
line overlaps with the spectral laser profile). By this *'consumptive™ process the
atom is taken out of circulation. Case Ib is also found when the excited stom
becomes trapped by making a spontaneous transition to a metastable level. The
stom is then “‘consumed,’* unless it is released from the trap by an inclastic

" collision or by a second excitation step to & higher lying nonmetastable level,

using an additional laser. A more general discussion of stom trapping to inac-
cessible levels is presented in (13, 34, 36, 32). In LIS, atom consumption
naturally occurs, as the ionized atom is removed from the laser interaction
region, being captured by an electrode. In principle, it is feasible to release the
atom again from the electrode, so that it can retum in time to the Lsser interaction
region (case [Ib) (M), '
When a flame is used as atomizer, this “regeneration’ could be realized by
immersing the cathode in the flame, near to the laser beam. Regenentive re-
cycling could also be achieved in LIS when the ionized analyte stom A*
transfers its charge, by collision, to & different particle M whose ionization
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energy is lower than that of A. These patticles are supposed o have been
admixed at a sufficiently large concentration to ensure efficient charge transfer.
The M™ ions ard/or free electrons are detected, whereas A is again available
for laser ionization. IF this recycling process is repeated many times during the
probing time {case 1ila}, one obtains a considerable amplification of the electric
signal produced by one atom A. This i3 the basis of the resonance ionization
spectroscopy with amplification (RISA) proposed in (12); it would be attractive
for SAD.

Consumptive interaction processes (case [b) may have the advantage of pre-
venting a given atom from being counted twice. [n the analytical application of
laser-enhanced ionization in flames they may have the additional advantage that
the resulting depletion of free atoms, such as Li, brings about a shift in the
partial equilibrium between atomic Li and LiOH (51, 53), This shift replenishes
tpaniy) the Li atoms consumed in the laser jonization process, This holds at
least if the probing lime is long enough compared to the equilibration time of
the Li = LiOH recaction. This repicnishment might be retarded, however, by
the enhanced tendency of laser-excited alkali atoms 1o form monchydroxides
(54-56). {Laser excitation of alkali atoms is an intermediate step in LEIS.)

2.3. Counting of Atoms in the Probe Yolume; Detection Efficiency

An atom interacting with the laser beam(s) may produce an evens in the detector
that carries one-bit information about its appearance in the probe volume. In
LIFS the event may be the emission of just a single photoelectron or a burst of
photoelectrons in one photodetector, or it may be the coincidence between such
emissions in two photodetectors (Fig. 4.3a}. In LIIS the event may be the capture
of an ion (or primary electron) by the collector plate or the ior (electron) muf-
tiplier.

After intemal and/or external amplification the event is registered as a count
or current pulse, The total number of events, N,, occurming in a single probing
with probing time T can be found by accumulating the counts, or by integrating
the current pulses. If T is long, one can also record the count rate or detecior
output current as a function of time, smoothed by the recorder time constant,
Integration over T then yiclds a measure for N,. The statistical eror can be
improved if one repeats the probing R times (Section 2.6). The total time taken
for R repeated probings is here called the (total) time of measurement .

With a pulsed laser, the probing time T is determined by the pulse duration
or the width of the time gate in case a time-gating circuit is applied, whichever
is the shorter. Mulliple probings are obtained by firing laser shols at reperition
frequency f,... By means of a boxcar inegrator and a smoothing circuit, the
count rate ¢r output current can then be recorded as a function of time and
averaged or integrated over f,. With a cw laser (whether or not intensity mod-
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ulated) 7" is determined by the duration of one unirtterrupted observation fun.
When time gating is applicd with a cw laser, T is the width of the time gate,
With repetitively puised lasers the statistics of measuring depend on the dury
cycle (T - fo), which is usually very smal) compared to unity. In this n:speél
pulsed lasers are disadvantageous in comparison with ew lasers operated in either
the dc or the ac mode, at a given r,, and with the same (peak) power (3). There
are, of course, benefits in other respects when working with pulsed lasers (higher
peak power, permitting multiphoton excitation or ionization, frequency dou-
bling, and enlargement of the probe volume while maintaining optical saturation
(2, 57} (Chapeers 2 and 3).

The probe volume V, is determined by the geometry of the (intersecting)
laser beam(s) and by the part of the irradiated region that is *'szen’ by the
detector. When the radiant energy density in the laser beam or the efficiency of
detecting a fluorescence photon or charge carrier varies with position inside ¥,
we should rather speak of the effective probe volume. The latter depends o:1
whether & one- or multiphoton process is involved and on whether saturation is
attained or not. For a given laser beam geometry, the saturation volume may
be a function of laser power P, when a focused beam is used or when the beam
irmadiance drops gradually with off-axis distance (3, 36). In these cases the
saturation curve {fuorescence intensity versus Py) will not show a proper '*pla-
teau’’ in the limit of high P, (51, 58).

Before establishing the relationship between N, and the number, N, of atoms
in ¥,, we have 10 distinguish between two extreme probing conditions: the
{quasi-)stationary end the nonstationary case (Fig. 4.4a and b, respectively).
Usually ¥, is a small pant of the atomizer volume ¥, and atoms move in and
ut of ¥, frecly and independently. Let 7 be the (mean) residence or transit
¥me of an atom in V,. Following (39) we distinguish between (i) the flow-
controlled case and (ii) the diffusion-controlied case. In case (i), which can
xcur only with continuous-Aow atomizers, r depends on the flow velocity, v,
and on the linear dimension of ¥, in the flow direction. In case (i), 7 is Geter-
nined by the random motion of the atoms and the (smatlest} linear dimension

“af ¥,. If this dimension is less than the mean free path, the thermal velocity

distnbution of the atoms is decisive: in the opposite case, their diffusionat motion
zhould be considered. In a closed atomizer with a uniform ztom distribution,
wnly case (i) can apply. In & continuous-flow stomizer with a carrier gas,
wansport of atoms Lakes place by diffusion as well as convection. Case (i) or
«ase {ii} can then apply, depending on whether the one or the other yields the
chorter r value, for given dimensions of V.

) The (quasi-)stationary case (a) is found if 7 is much larger than the probing
ume T, the nonstationary case (b) occurs if r << T. In the former case. the
sumber, N,, of atoms in ¥, does, vintually, not vary in a time interval of length
=, whereas N, vanes stochastically in the lawer case. (Of couse, when atoms
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a. S5TATIONARY CASE b. NONSTATIONARY CASE
'_"—“—‘—’\-————-.
v R
= 1
.Vp. .
stationary fandom motion  fiow
t> T 1wt
Signal t T
-— . —— -
12 :
Y A
o =1 0 —et
T - —
N, = l:dND N, o E Np(rltl

Fig. 4 4. Stationary (2) and nonstationary (b) laser probing. Dots in upper Agures denote free atoms.
Haiched areas in the bottom figures comstiture an “‘event” produced by an individual atom ot the
detecror. Loft upper figure under b represents the diffusion-controtled case (ii) and right upper figure
the flow-controtled case (i).

are jonized and captured by a detector as in LIIS, N, will decrease, by depletion,
duting probing; but this is not at stake here.) Both with a closed and a contin-
vous-flow atomizer, case {a) can g0 over to case (b) if T is increased, and
conversely.

At the botiom of Fig. 4.4 it is schematically shown how in LIFS the number
of events occurring in probing time T could be determined. We suppose that
cach atorn, as long as it stays in ¥y and is irmadiated by the laser, produces a
train of photoelectrons due to multiple recycling. In Fig. 4.4a the signat (pho-
tocurrent) is plotted as a function of time r, assuning continuous irradiation.
The signal varies by a unit step each time an atom leaves or enters ¥, the mean
interval between two consecutive steps is just ¥, When time gating is applied
with T << 7, the signal produced by one atom, integrated over T, counts as
one event (hatched area in Fig. 4.4a), Altematively, one could count the pho-
teelectrons released during 7. Then the mean number of photoetectrons counted
per atom constitutes one event.

At the bottom of Fig. 4.4b the photocurrent is again plotted as a function of
t. but now in the nonstationary case. Every time an atom crosses V,, & pulse of
mean duration 7 is observed. The mean charge contained in one such pulse
constitutes again one event (see haiched area). The number of events occusming
in T (>> r}is then found by dividing the photocurrent, integrated over T, by
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the pulse charge. Altematively, one could count the time-resolved pulses during
T, exch individual pulse corresponding 1o one event.—The variable magnitude
of the events is, ov such, irrelevant, as lo:'g a8 we can clearly distinguish them
from background and electronic noise. When two events may be recorded simul-
taneously, as in Fig. 4.4a, we only require that their spread is sufficiently small
to discern them from the recording of one or three events, etc.

The distinction between the stationary and nonstationary probing case par-
allels that made in (59) between the usage of LIF as a density and s a flux
detector, respectively,

The relationship between N, and N, depends on whether the (a) stationary
or (b) nonstationary case applies. In the former case we have straightforwandly:

Ny=¢ N, (4.1a)

where ¢, is the detection efficiency (0 € &5 < 1; see Table 4.1). In LIFS ¢,
depends on the rate of photoexcitation, the solid angle of observation, the quan-
tum efficiency of the photocathode, and so on. The probability that an event
remains uncbserved because it is obscured by background or electronic noise is
not included in ¢4, (*'Detection™ thus refers here to the physical process in the
photodetector, not to the actual registration of this process.) Similarly, in LIS
¢ depends, for example, on the collection efficiency of the charge camier(s} and
the efficiency of the particle multiplier.

I: N, << 1, it should be intetpreted as the probability that one event occurs
during 7, Similarly, if ¥, << 1, it represents the probability of finding one
atom in V;, at an arbitrary moment, The probability of finding two atoms in v,
is then (N,)%, and so on. For a statistically stationary stochastic system the
overbar on N, or N, relates to the average over an ensemble of similar systems
at aay moment as well as to the time average for one system.

In the nonstationary case (b) we have instead of Eq. (4.13):

N, =t W,

~ b=y

(4.1b)

This equation holds because the number of atoms that _pass through ¥, within
T is, on the average, equal to N, « (T7r). Even when N, << 1, its value can
be assessed in a single probing if (T/7) is known and sufficiently large to make
N, > L.

) In the diffusion-controiled case, an atom that has just left ¥, and lingers near
its boundary has an enhanced chance to reenter V, and to cause s second event,
The time sequence of the pulses in Fig. 4.4b is then not fully random (*'bunch-
ing™ effect) and Eq. (4.1b) ceases to be strictly valid.
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2.4. Overall Efficiency of Counting Atoms in a Sample

Fig. 4.1 illustrates, in the form of a llowcha(t. t'l:al usually but 2 small 1[::(::
of the N, atoms present in the sample “sum\‘rc to become de!emed.a“ ore s
a waste of atoms at the alomization and probing stages, whq:as .nmh om

under probing will produce an event. (We leave out of consideration be:m n.r
in addition, only a fraction of the events may be actually obs:erved faus‘ewc f
background and electronic noises.) We define the overaﬁ‘elﬂicunql ¢, ofa aser
spectrometer (o count atoms in the sample as lhc probability that a given af

in the sample produces an event in a single probing or

€@ -N—' . “.2)

i ial efficiencies, namely the atom-
We can decom ¢, into a product of partial ¢ : )
a'z:n'on eﬁ’iciem;o:: tl.:: probing efficiency ¢, and the detecrion efficiency &4 (for
defnitions, see Table 4.1):

& WE (4.3]
In onder to derive an expression for e, we shall first consider the relation
N, and N,. . )

bﬂ;::nnumbcr de:;sity. n,, of free atoms in a closed atomizer with volume ¥V,
containing N, free atoms is determined by

Nyo=n, ¥V 4.4)

With the assumed uniform atom distribution (Section 2.1), we immediately get
for the mean number, ﬁ,. of atoms in the probe volume VX

v,
Ny =my Vy= Ny “.5

In the case of stationary probing (Fig. 4.4a), we obtain from Eq. (4.5) and the
definition of &,

= & = - (4.63)
LA

{n the nonstationary case (Fig. 4.4b), we h..ve instead
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ENL]
- |-

-

{4.6b)

Z=
1
l‘ I‘H‘

as NP - (T/t) is the mean number of atoms that have passed through ¥, within
probing time T [cf. Eq. (4.1b) and annex discussion). We note that Eq. (4.6b)
ceases 10 hold when Tir = V,/V,. For, st Tir = V,/¥,, a given atom that is
initially found anywhere inside ¥,, will um up sometime during T in ¥, with
a probability close to unity. Then ¢, will be close to unity, too.

Expressions (4.6a) and (4.6b) are also applicable for a continuous-flow at-
omizer if we define here N, as the total number of free atoms preduced duting
atomization time f, (Table 4.1). Accordingly, we introduce formally a  ficritiows)
atomizer volume V, that obeys Eqs. (4.4) and (4.5) where n, relates to the probe
region. In other words, ¥, is the volume that would be occupied by all N, free
wtoms produced during 1,, if we could keep their density uniform and equal to
its value in V..

Using Eqs. (4. [a) and (4.63) in the stationary case and Egs. (4.1b) and (4.6b)
in the nonstationary case, we casily check the validity of expeession (4.3) in
either case. The idealizations made implicitly in the derivation of these equations
should be kept in mind. Nevertheless, in these simplified equations the basic
role of the parameters involved stands out more clearly,

In the stationary case, where Eq. (4.62) applies, and with a closed atomizer,
¢, would approach unity if we make F, as large as ¥,. For a continuous-flow
atomizer, this limit is hard 1o realize, especiaily so when working with a flame
or ICP. Here n, will be small and thus the (fictitious) volume V, large, at given
N, {Eq. (4.4), in comparison with open electrothermal atomizers. This holds
because of the larget carrier gas flow and thermal expansion in the former case
(2). With a given continuous-flow atomizer and a given G, 1, is fixed. V, may
then be reduced by shortening r,, resulting in & smaller N, value, so that fewer
sample atoms zre wasted before and aficr probing takes place. Ideally, r, should

.match T. A carbon rod or filament atomizer with putsed atomization of minute

samples is attractive in this respect,

{n the nonstationary case, where Eq. (4.6b) applies, an unfavorable LAUA
rafio can be compensated by a large (/1) ratio. Under low-controlled measuring
conditions, the cross-sectional area (0, ) of the flowing gas stream should match
the area (0;) of ¥,, so that each atom passes through ¥,. When, for example,
atoms arc vaporized from a sampls deposited on a (hot) filament, this may be
obtained by gas-dynamic focusing using a sheathing gas jet (57, 60). In a par-
ticular case the gas jet could be constricted 1o a diameter of about 0.1 mm.

Suppose the gas stream is cylindrical, with a uniform flow velocity v. Then
the (fictitious) analyzer volume ¥, equals O, - v b, whercas V, = [T
7 if r is flow controlted (Section 2.3). Applying Eq. (4.6b), under nonstationary
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measuring conditions, we find ¢, = (0,/0,) - (T/,). Here v; and 1 drop out.
At given (0,/0,1 and T, ¢, can then be improved only by reducing 1,.

When we try to maximize ¢, by changing the instrumental parameters or
measuring conditions, we should be aware that ¢, and ¢, may be changed, Loo.
A change of T, r, or ¥, {which may alsa depend on laser power; Section 2.3}
could influence ¢4 because, for example, the number of fluorescence photons
emilted per atom in a single probing may depend on these parameters, Also, a
change in ¥, might affect ¢, if the latter depends on the flow velocity or the
dimensions of the atomizer. Furthermore, some of these parameters cannat be
changed independently of each other. For example, a change of the Yinear di-
mensien of the probe volume in the flow direction also affects the transit time
r. An increase of 1, in turn, could ensue a changeover from nonstationary to
stationary measuring conditions (if T is held constant).

In practice the best way to maximize ¢, or ¢; will depend strongly on the
panicular application and detection technique at hand. So we had to content
oursclves with a few general guidelines only,

With regard to the distinction made in Section 1.2 between the restricted and
the general concept of SAD, we conclude that 2 necessary (but not sufficient!)
condition for the former is ¢; = 1, whereas the latter concept implies ¢, = ¢,
gy ' gy = |, Usually we have ¢, * ¢, << 1, 50 that a large number of analyte
atoms in the sample is wasted for each atom counted in the probe volume.

2.5. Calibration Procedure and Conversion Factors

‘The calibration procedure in {chemical or diagnostic) anatysis depends primarily
on the kind of quantity sought and on the stale of sample 10 be analyzed. We
may, for example. want to measure the concentration or absolute quantity of
analyte in a solution, the saturated vapor pressure of an atomic or molecular
species, isotope ratios in a solid sample, the absotute rate at which @ are event
takes place, or the absolute number of daughter atoms produced by radicactive
decay. Calibraticn would, in general, be straightforward if we would be able to
count the events produced by individual atoms, knowing e, (Sections 2.4 and
4.2). Usualiy, ¢, is hard to measure or to calculate from instrumental parameters,
atomic properties, and lzser beam characteristics, especially so if atomization
of solid or liquid samples is involved. However, ¢, drops out when we are only
imerested in isotope ratios of the same element. In diagrostic applications where
ont is only interested in the number density, n,, of atoms in the gas phase, the
atomization efficiency plays no role. If the detection efficiency ¢4 is known, one
derives N, from measured N, through Eq. (4.1a) under stationary probing con-
ditions. Then a, follows from N, through Eq. (4.5), if we know also ¥, (the
latter might be hard to assess, however; see Section 2.3). In LIFS, ¢, can be
determined by means of an additional scattering experiment if, for exampie, a
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noble gas is present and its pressure and Rayleigh scattering cross section are
known (19, 61, 62). In LIIS one can occasionally climinate one of the factors
that determine ¢, (such as the ion collection efficiency) by plotting the signal
strength versus some suitably chosen instrumental parameser (collector voltage),
One works then at the plaieau where "“saturation,”” if any, is reached.

in most spectrochemical applications, calibration is obtained in an indirect
wiy by means of a series of reference samples. These samples contain a known
amount or concentration of analyte in a chemical environment that closely re-

sembles that of the unknown samples, Interferences by concornitants or matrix

effects are thus accounted for. In this way one bypasses the various (unkiiown)
partial efficiencies contained in «,. '

A quite different type of indirect calibration can be applied, for ecxample,
when we want to measure absolute vapor pressures at very low temperaiures.
Calibration can here be obtained by repeating the measurements, under the same
experimental conditions, at higher temperatures at which the absolute vapor
pressure is already known. This procedure was applied in LIFS, under {near-)
SAD conditions, to pure atomic Na and Pb vapors (15, 63-65) (Section 3.2).
Interestingly, in one of these experiments with Na this procedure was combined
with a direct, absolute cafibration using the known vapor cell dimensions and
atomic absorption coeflicient (15). The latter procedure utilized in an ingeneous
way the effect on the Auorescence signal caused by preabsorption of the laser
beam before entering the probe volume. This procedure could therefore be
followed only at sufficiently high vapor pressures.

The conversion factor ¢ relates the concentration ¢, (or quantity ¢,) of analyte
in the sample to the number density a, (or number N,) of free atoms in the
atomizer:

Ve :~ (or = N,/g) @7

Expressions for ¥ have been given, for example, in (2, 35, 51, 64). These
expressions involve ¢,, which can thus be derived from ¥ if we do know the
other instrumental factors involved. These factors include the flow rate {mol/s)
lnd‘lherml] expansion of the carrier gas or the velocity and cross section of the
carrier gas stream in a continuous-flow atomizer. They can often be readity
measured, whereas ¢ can be determined by an absolute measurement of n, at
given ¢, (51).

We note that ¥ differs by a factor (8, - §,) from the **conversion factor” X
as defined in (51). A, accounts for incomplete volatilization of the serosol par-
ticles, whereas 8, accounts for losses of free analyte atoms due to molecule
formation or ionization in the gas phase (1). Typical values of ¢ (or X) for a
Aame with pncumatic nebulizer are in the 10"-10"" (atoms/cm*)/(ug/mL) range
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if B, * B, = 1. (The usage of parts per million, etc., as a unit for concentration
is discouraged, as it could relate to relative numbers as well as relative masses,
in the gas phase or in the sample.) Remarkably, a similar ¢ value (3 x 10'%)
was found when 2 Pb solution was evaporated in a graphitecup continuous-
fow atomizer used for analysis by LIFS (64). One would here expect a com-
paratively much higher value (Section 2.4). This discrepancy might be explained
by the low ¢, (= 1%) and rather high velocity of the carier gas (=10 cmv/s)
reported in the same paper,

Although ¢ is usually not known accurately enough to calibrate chemical
analyses, it may be an interesting quantity for the following reasons:

1. The atomization efficiency can be assessed from ¥ (see preceding discus-
sion), .

2. ¥ enables us to convert LODs reported in the analytical literature to atomic
densities in the atomizer, and conversely. This conversion is especially
uscful when we want to compare analytical LODs with the intrinsic values
(Section 2.6),

3. Through ¢ we can intercompare different types of atomizers as to their
analytical performance for various analytes,

2.6, Statistical Expressions

The intrinsic LOD as defined in Section 1.1 relates to the inherent error in the
signal, caused by statistical fluctuations in the number of atoms probed and in
the detection process. The minimum detectable signal was defined as & Times
its intrinsic yms error. When small numbers of atoms are 10 be counted, it is
appropriate to consider the number of events, N,, counted in a single probing
interval T, as the signal. The minimum detcctable signal is thersfore

Nm =k - B, .8

where A'_f: - J(AN,)! is the rms intrinsic error in N,. The relation between
K’, and N, is given by Eq. (4.12) or (4.1b) in the stationary or_nonstationary
case, respectively. Through this refation we can express (Np)m in (N, ), whereas
we derive {n,) ,, from (N, ),, by using Eq. (4.5). The minimum deteciable sample
concentraton ¢, follows, in tum, from (n,),, through the conversion factor ¢
[Eq. (4.7)). Alternatively, we can directly relate (N, ), to the minimum detect-
able number of analyte atoms in the sample, (N,),,. by using ¢, [Eq. (4.2)}.

In the following we prescnt siatistical expressions for the mean signal, the
precision [a relative standard deviation {1}], the derection efficiency, and the
limit of detection relating to the number {density) of atoms in the probe volume,
for single as well as repeated probings. We disregard again extrinsic errors.

V=)

L4
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Nurnerous expressions for the precision or 1L.OD involving extrinsic errors

- have been presented in the spectrochemical filerature [see, e.g.. (2, 3, 35, 66~

68)]. Only rarely was the contribution of the fluctuation in N, included (3), and
then only for the stationary probing case. A detailed study of the effect of panicle
fuctuations on the scattered light intensity has been made in (69). The possibility
of venfying statistical-mechanical expressions for atom number fluctuations by
SAD techniques was discussed in (5). N

Let us first consider the stationary case where Nom gy - N, [Eq. (4.1a)]. If

. ta= 1l wehave N, = N, and B, = VA, if ¥, and thus N, obey Poisson

statistics. However, if ¢4 < 1, N, will fluctuate even if N, is fixed, as the
occurrence of an event is now a chance process, described by a Bernoulli (or
binomial) distribution. (We assume that events produced by different atoms are
statistically uncorrelated.) The relative spread of Ny, at fixed N,, will be the
smaller, the closer ¢, approaches unity. [f N, obeys Poisson statistics and N..
at fired N,, obeys Bernoulli suatistics, we obtain exactly for any e,

N.= VN, (=g B,) “.9

In other words, N, obeys Poisson statistics, too. This outcome is the same as
that obtained in the theory of parition shot noise in electronic devices (70).

One should be carcful in deriving expressions for the Auctuaions in the
photocurrent when the number of emitting atoms fluctuates. Qne must not, in
genera, add the variance (w squared standard deviation) induced by the atom
number fAuctuations to that associated with the photocurrent shot noise. This is
seen most clearly in the simple case when each atom produces just one photo-
clectron (¢, = 1), Adding up these variances would then make the standand
deviation in the photocurrent ¥2 times 100 hkight

The assumption that the production of an event {in casu: the emission of a
photoelectron) by one atom is statistically uncorrelated with the events produced

* by other atoms implies the condition of incoherent radiation detection. This

means that the intensities, nor the amplitudes, of the radiation fields produced
by each atom at the photocathode are additive. Then also the probabilities of
photoelectron emission—which are proportional to the cormesponding radiation
intensities—are additive (69). This condition is surely fulfilled in the experi-
mental situastions considered here. The fluorescence radiation emitted by the
atom is not coherent with the exciting laser field nor with the radiations emitted
by other atoms (34),

Equation (4.9) holds also in the nonstationary case, if the transient appear-
ance of an atom in ¥, during T (>>7) is purely mandom, We have only 1o
replace in the second part of this equation ¢, - N, by the expression given in
Eq. (4.1b).

w

A
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We now derive a statistical expression for €. being the probability of an
event occurring in a singlc probing when one atom is present in, or passes
through V,. Let ¢ be the constant probability per second that a photoelectron is
generated (in LIFS} ot an ion (or primary electron) is detected {in L1IS) as long
a5 there is one atom in V. If the atom will generate at most one photo-
electron duting its whole stay in V,, each photoelectron gencrated counts as one
event, We then have in the stationary case (r >> T)

=T (fd-Tes ) (4.100)
and in the nonstationary case (r << 1)
gy=dr (fd-rech 4.10b)
[The probability, (4 « T)? of (¢ - 7). that two photoelectrons are gencrated
per atom is then much less than & - Tor ¢ + r and thus negligible, indeed.]
When in LIFS ¢ - T ot ¢ - ris arbitrarily large and multipte recycling

oceurs, we have to consider the Poisson disiribution for the number, m, of
photoelectrons g d per atom during T or r;

plim = __l_; exp[-m] - W 4.11)
m.

Here we have to substitute ¢ + Tor ¢ - + for M. Since the generation of any
number {m = 1} of photoelectrons by a given atom is, by definition, one event,
we arrive at the following general expression for ey in LIFS:

6 = _’2:."' plm) 4.12)

(The special case when a pulse-height discriminator is applied wili be considered
in Section 3.2.)

When in LIISor LIFS & - Tor ¢ « r are athitrarily large and no recycling
takes place. we generally find for «,

=1 -exp[~¢-T} (stationary case) (4.13a)

=l —exp[-d-7) {nonstationary case) 4.13b)

Here the probing is a consumptive process. 50 that each atom produces no more
than one ion (or primary electron) or one photon. One easily checks that expres-

#,. R probings
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sions (4, 10a) and (4., Jb) follow from expressions (4.12) or (4, | 3a) and (4. 13b),
respectively, in the limit ¢, ~ 0,
The Poisson distribution law applies also to the total number of events, N,

produced by 2ll atoms present in or passing through ¥, during probing time T:
N, L. N NM
piN,) = i S R @.14)

The mean vaiue, N,, is again given by Eq. {4.12) or (4.1b). The vatidity of Eq.
(4.14) was verified in a particular LIS experiment under nonstationary probing
conditions with an Yb and a Na beam (63). In this experiment e, was close to
onity, whereas ¥, and N, ranged from 0.003 to 0.03 and from 0.35 10 3,
fespectively. The probing time T was 20 s,

Table 4.3 collects statistical expressions for the mean signal, precision and

Table 4.3. Statistical Expressions*

Quantity Stationary Case (2) {r >> T) Nonsiationary Case (b) (r << 1)
Mean signal N,o= e K, @15 N, = oy & (771) (4.16)
1%, = ¢TH, wang
Precision
L probing NN, = INR sy
R probings ‘ NyR, = \WRE, "14.180)
Imrinsic LODF
1 probing R = k8, = & VIR,
N, . or: (A, = &? {4,192y
& probings (Vo = YR (4.198)
N, R probings (M) = ke R (4.20) (M = (e, M TY (8.21)

{(N), = ke IR I’
(1) = ke, VR (4.23) () = (ke ¥, R T) 14,24
lta)e = kMo TV,R (4,25
“N, is number of events per probing. rofe:plmiqn of other symboks, ses Toble 4.1, For Matistical exprossisns
for ¢, see text,
" Equations within square brackets u_fer to the limiting case when the probability of one atom in ¥, prxduving

tration).
[Reproduced, with sl

v ight modifications, from (39) by permission of the Society for Applied Specimxcopy,

=\
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intrinsic LOD in the case of stationary (u) and nonstationary (b) probing. A
Poisson distribution is assumed for ¥, and ¥, and extrinsic ermors are disre-
garded. as betore. Some expressions have already been dealt with: the others
foliow straighiforwardly from them, i we assume that repeated probings are
statistically uncorretated. This assumption need not necessarily hold in case (a),
if fop > Urund ¢y = 1. 1f ¢y << L. the relative spread in N, largely exceeds
that in My, so that consecutive probings are statistically uncorrelated, irrespeclive
of fup + 7. A few remarks are 1o be made:

L. At the limiting condition underlying Eq. (4.17) (see footnote b of Table
4.3}, the mean signal appears 1o be the same in case (a) as in case (b), although
the genera! expressions (4.15) and (4. 16) differ from each other by a facter (77
7) {>1). This factor is, however, canceled in Eq. {4.17) because ¢, for case (a)
exceeds that for cuse (b) by the same factor [Egs. (4.10a) and (4.106)]. This
cancellation also oceurs in Eqs. (4.22) and (4.25), which hold for the same
condition that underlies Eq. (4.17). _

2. Equation (4.18a) for the precision holds formally also when N, << 1,
We cun still determine such low N, values at any precision by repeating the
probings a sufficiently large number of times {Eq. (4.18b})]. The mean total
number of evenis observed in R probings, N, - R. should exceed unity for
obtaining a statistically significant messurement.

3. Expressions for the intrinsic LOD selating to r, follow from those relating
to N, by dividing the latter ones by the probe volume V,. We recall that e, 7.
or ¢ may depend on the cxtent and shape of ¥,. So an enlargement of ¥, need
not necessarily lead 1o an improvement of (, )., Much depends on the particular
experimental conditions at hand. The expressions for (n, ),, are of direct interest
in diagnostic studies. They arc of indirect interest in chemical analysis because
€ follows from (n, )./¢ (Section 2.5).

4. Remarkably, R appears in the denominator of expressions {4.19b)-(4.25)
to the first power. This contrasts with the conventional, extrinsic LOD, which
varies in direct proportion to 1/VR if the background and detector noise spectrum
is **white’* (51, Th). The dependence of the intrinsic LOD on probing time T
Is less evident, as ¢, occurring in Eqgs. (4.20), (4.21), (4.23), and (4.24} may
vary with T, 100. Only in the particular situation where Eqgs. (4.22) and (4.25)
apply can we generally state that the intrinsic LOD improves in direct proportion
to T. This is again in obvious contrast with the conventional LOD, which
improves in direct proportion to Jra. 5t, 7).

5. Expressions that hold under SAD conditions are obtained by taking ¢, =
1. Expressions {4.17), {4.22), and (4.25) are then no longer applicable,

6. One should not extrapolate the usual expressions for the analytical (ex-
trinsicy LOD to such low c, or g, values that the mean number of atoms probed
becomes of the order of unity or less. -
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3. SPECIFIC DETECTION TECHNIQUES AND
EXPERIMENTAL RESULTS

3.1. Classification of Detection Techniques

The broad classification of laser beam detection techniques in Section 2.2 will
here be refied, and some examples of experimental realizations and results
obtained will be described in the following sectiuns. We shall focus our attention
on techniques that enable us, with special arrangements, to detect small numbers
of atoms {and molecules) or even single atoms. Figure 4.5 summarizes the basic
schemes of those techniques that have proved to be most successful in this
respect.—With regard to the existing. wildly flowering, and confusing termi-
nology, we have tried to use a more consistent set of descriptive terms,

Optical Detection Techniques. This category encompasses techniques based
on any optical effect—such as Auorescence, abserption, stimulated emission (3,

S.A.D. TECHNIQUES

Il. OPTICAL| I ELECTRICAL

la Ib lla Iib lic
EONAICE HOMARRSOMNANCE | OFTO-AALYANC Laonehiel LS IOREATION
SATYRATED FL ]
WPRCTRONCOPY _1_1
2 v,
1= + 1+ _.r_
¥ £
W N . W |n
&
o o a

Fig. 4.5, Classification of main types of laser-based single-stom detection (SAD) techniques. Sim-
plified energy level schemes sre given with the relevant siomic transitions. A double, wupward
pointing, wavy arrow denotes & saturated sransition induced by a laser wined {o an atomic resonance.
Single wavy arrows denote nonsaturated transitions by phowon absorption or spontancous photon
emission. Straight lines dencte cotlisional transitions. Energy levels are dencied by O (for the ground
wate), 1, 2, ..., a the continuum state is denoted by ¢. Opiical frequencies are indicated by ».
Under {1 the di ion of the p 1al energy function Uix) of the valence electron, caused by an
external Jc electric field i the x direction, is schematically shown, Here horizontal bars represent
discrete energy levels, whercas the sloping line rep the 3 siate. A sp
transition from a high-lying bound state n (o the continuum stale © may occur by quanenn mechanical
tunncling through a potential barrier. [Reproduced from (39) by permission of the Socicty for
Applied Spectroscopy, USA.)

s



3. SPECIFIC DETECTION TECHNIQUES AND EXPERIMENTAL RESULTS |33

72). polatization®, Raman scattering (incoherent or coherent) (Thapter .IO) 7,
birefringence (74), anomalous dispersion (75), and anomalous refraction—that
can be induced or detected by laser radiation [for a survey see (27.‘ 35, 76)].
We restrict ourselves to Auorescence and absorption techniques, which are the
ising ones as regards detectability.
mo:e:hmn::uesgl'msed on fafcr—induced fluorescence spectroscopy (LIFS) can be
subdivided into resonance (RF) and nonresonance fluorescence (NF) tech_mqu.es
{Section 2.2 and Chapter 2). Their basic operation scltcmcs are §hown in F.lg.
4.5, 1a and [b. The main advantage of using a laser is that optical satur.an.on
(Chapter 1} can be achieved. [The term saturated optical Honresonance e_fm.:.n:ln
spectroscopy (SONRES) has therefore come into use.] The main practical ab;
vantage of using NF, instcad of RF, is that laser background scatiering can |
simply rejected. If an optical transition is allowed from the laserﬂ.(cnted.leve
1in Fig. 4.5, Ib, to a lower lying excitation level 4, NF can be applied without
iring inclastic collisions in a buffer gas. )
mq::::eglhe emission of a fluorescence photon is preceded by the abso‘-pnon _of
a laser photon, the Auorescence excitation spectrum (= ﬂuoms_ccm:e intensity
versus laser detuning) is essentially an absorption spectrum. This holds_ at feast
if saturation broadening (51) (Chapter 1) is avoided and if th_c probability that
an excited atom reemits a photon is independent of the detuning (7). '
The use of lasers in conventional atomic (AAS) ot mofecular absorprion
spectroscopy (MAS) may not bring about & substantial gain in LOD as long as
the latter is determined by Ructuations in the laser power (3). Then, only the
directionality of the laser beam can be an advantage il:l opuining a long absorp-
tion pathlength /,,, by muttiple folding of the beam inside the cell. I_+Io_wever.
the minimum detectable absorption factor cy, (= &y, - l',.,,_; k = napierian a_b-
sorptivity, proportional to number density) can be greal_ly |mpm_ved by fpccml
laser-based variants of AAS or MAS. These varants include: intracavity .ab-
sorption spectroscopy (/CAS), low frequency and rf laser wavelength modulation
spectroscopy, laser Zeeman or Stark modulation spectroscopy (where the ab-
sorption Jine frequency is modulated) and saturated abs‘orpuon spectroscopy
{where the saturation induced by a pump laser is monitored by AS w'nh a
relatively weak probe laser). We will discuss here only two of these variants,
which have the prospect of obtaining low LODs [for a survey see (26, 27, 35,
76)].

6)l]n ICAS, where the absorption cell is placed inside the laser cavity (Chaptfr
12) (26, 27), laser photons pass 2 large number of times through the atomic
vapor before they are coupled out. In this way /,;, may be enhanced by a factor
of 100-1000 (3). Due to the nenlinear interaction between laser field and atoms,

*A LOD of 0.03 ng/mL. has recersly been anained for sodium in an sir-acetylene Rame by taser-
induced pnlanzation spectrscopy [W. O. Tong and E. 5. Yeung, Anal. Chem., 87, T0 (1989
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a small (k - 4,,) value may already drastically change the laser output if the
laser operates close above threshold. With multimode {broadband) lasers an extra
enhancement of absorption sensitivity occurs, that is proportional to the number
of oscillating modes (78). (Mode competition may affect the spectral laser char-
actetistics 100.} With long pathlengths, &,, values ranging from 10~* 1o 10-°
em~! have been attained with standing-wave lasers (35, 79). A vaiue of 10~
¢m ™' has been attained with a fing traveling-wave laser (79) for an unidentified
species in sir contained in a cuverte of nearly 150 ¢m length. For the Na-D
doublet lincs a value k = 107" cm ™' comesponds ta m, = 4 % 10° cm = if the
Na 2(0ms are present in a gas at 1 atm pressure and 2000 K and a narrow-band
line source is used (51). This illustrates the feasibility of detecting small numbers
of atoms by ICAAS in an absorption cell of small intemal cross section (= |
mm?) at reduced gas temperature and pressure. For molecular species the pros-
pects are much less good (27, 35). This is because their ground-state population
is distributed over a manifold of rovibrational levels, and the oscillator strength
of a rotation line is much smaller than that of the Na- lines. For similar reasons
the detectabitity of LIFS for molecules is much worse than for atoms.

We note that k,, varies = (i,,,)"", when « is fixed for a given detection
technique. Since o comelates with the number of atoms per centimeter squared
Ge.n - hp)andN, =n, . Vp=n, Ly, * O, [Eq. (4.5), O, = laser beam
cross section], the minimum detectable aumber of atoms N,),, is ~ O, but
independent of f,. The minimum detectable mumber densiry (n,),,, however,

. is independent of O, but ~ (1,07,

In contrast with conventional wavelength modulation techniques, rf laser-
wavelength modulation speciroscopy (usually called frequency modulation spec-
troscopy) operates at modulation frequencies £, in the megahertz-gigahertz
ranges {80). The wavelength of a single-mode laser is here modulated by an
extemal electro-optical phase modulator. The intensity remains constant but the
laser spectrusn now contains sidebands mutually separated by f, hertz. When
the laser beam is sent through an (extemal) absorption cell, while one sideband
is tuned at, or near to the absotption line center, the amplitude and relative
phasc of this sideband will be altered. This results in an amplitude modulation
of the transmitied laser beam, which can be heterodyne detected. One thus
obtains a signal that is a measure of the absorption factor. Apart from being a
null method, this technique has the advantage that electronic detection takes
place outside of the frequency band of the excess laser power fluctuations.
Preliminary experiments with an I; vapor cell (80) and a Na-sesded Aame 1))
did not yield impressive a,, values. as these wers determined by absorption
background noisc. But this noise is not charzcteristic of the detection capability
of this technique es such.

Since measuring stimulated Raman gain is equivalent to measuring negative
absorption, rf modulation spectroscopy can be applied here, too. This was dem-
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onstrated by an experiment with a deuterium gas cell, where the detectability
appeared 10 be shot-noise limited (82).

Electrical Detection Techniques (LEIS). They can be subdivided into opto-
gaivanic {lla), photoionization (IIb) and field ionization (tlc) techniques (Fig.
4.5). This distinction is based on the different ways in which ionization from
the laser-excited level is accomplished. In all cases species selectivity is ob-
tained. as before, by tuning the laser frequency into resonance with one or more
successive transitions between discrete atomic levels. (For this reason the term
resonance ionization spectroscopy, RIS, has come into use for technique 11%;
this lerm could, however, also refer to other techniques.)

Foliowing (53), we define the oprogafvanic effect as a perturbation of the
state of ionization in a plasma in response 1o the absorption of optical radiation,
which changes the relative leve! populations of atomic or molecular constituents
of the plasma. lonization from the laser-excited state is brought about by inclastic
collisions with electrons or other pasticies in the plasma. This may occur in one
step or in several steps involving higher-lying excitation levels. Since the col-
lisional ionization and intermediate excitation steps are endoergic (requiring
activation energy), a sufficiently high gas or electron temperature is needed.
Inelastic collisions may then also produce background ionization in the absence
of laser excitation. (In work with flames the term laser-enhanced ionization
spectroscopy, LEIS, has therefore tome into use—although background ioni-
zation is not essential.) For a more detailed description we refer to Chaprer 3
and (32, 33, 53, 83). Two variants based on onc- and two-photon excitation,
respectively, are shown in Fig. 4.5, 1la.

Since endoergic collisions are involved in the ionization step, the laser-ex-
cited leve! should preferably lie close to the ionization continuum, Levels with
excitation energies £,,. exceeding the laser photon energy can be populated by
choosing a nonresonance absorption line. It is ofien more efficient to excite
{even saturate) a high-lying level from the ground state by a multistep process
vsing muitiple laser beams tuned at consecutive atomic transitions. In a mulri-
photon (MP) process several photons of the same frequency are absorbed simul-
taneously. Apart from the energy maiching condition (£, = 2 % photon en-
ergy), the probability of a two-photon process is considerably enhanced when
there happens to exist a suitable intermediate level with £, = photon energy.

MP processes (including photodissociation and photoionization} are therefore,
in general, more probable in molecules than in atoms. Two-photon excitation
is to be distinguished from one-photon excitation by a frequency-doubled laser
beam because of the different optical selection rules involved.

With the photoionization technique, the atoms afier being excited by absorp-
tion of one or more laser photons. with the same or different frequencies, are
transferred 1o the ionization continvum by nonresonant absorption of another

—
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laser photon (Fig. 4.5, ITb), This transfer may, occasionally, also proceed via
an unstable autoivnizing state excited by resonant photon absorption from a
level below the ionization continuum. With this technique collisions are not
neoded, and the presence of a buffer gas is not essential. In Aames processes
11z and ITb may both occur. Far a more detailed treatment we refer to (5, 30
31, 34) (sce also Chapters 3 and 18). The potentialities of these techniques fo;
SAD have, in particular, been considered in (S, M),

With the field ionization technique the atoms are first raised by a multistep
ora MP process to a Rydberg levet lying close under the ionization continuum
(Fg. 4:5. IIc). Atoms in Rydberg levels have a long lifetime in the sbsence of
qu:-nci'!mg collisions, By applying a pulsed electric de field shorty after the
excitation pulse, the ““Rydberg atom'* ¢an spontaneously ionize before it has a
chm?cc'lo decay to a lower-lying level, No additional encrgy is needed here in
the ionization step. This autoionization process is brought about by the reduction
of l.hc p!:lential energy, U, experienced by the excited valence electron when
moving in a direction opposite to the ¢lectric field vector (Fig. 4.5, IKc}. In this
dirzction the bottom of the continuum state is bent below the Rydberg level
energy. Even when there exists a potential barrier for the transition to the con-
tml\!m state (as depicted in Fig. 4.5, llc), a spontaneous transition is stiil
passible by quantum mechanical tunneling. The reason that the electric field is
swiched on afer the excitation pulse is that otherwise the accompanying Stark
effect Ufol..lld blur the Rydberg levels, which are closety packed near the joni-
zat-on limit, This blurring effect would spoit the selectivity of the (last) excitation
step to the Rydberg level. This technique works best with atomic beamns in

vacuo. For a further discussion, with special emphasis on SAD reader i
referred to (13, 31, 34, 84). phas »the T

Mechanical Detection Techniques. This categary encompasses the faser-in-
duced beam deflecrion technigue, of which one variant based on radiation pres-
surz was, exemplarily, described in Section 2.2. Beam deflection can also be
bro.ght about in an extemal electric or magnetic field when, as 2 result of laser
exc tation, the atomic polarizability or ic moment is ch d (13, 34)
Opu_)ac'oum'c spectroscopy (OAS) (also called photoacoustic :peclm‘scop;«)
fall: wnl{nm the same category, as it exploits a mechanical effect, in casu an
inceease In gas pressure. This increase resuits from the heating effect of selective
(tasfr) a_:bsorplion in a closed cell containing the gaseous sample. The resulting
(p_clodlc or pulselike) pressure increase is detected by means of a sensitive
m@phmc (Chapter 5) (27, 35). In contrast with the previously discussed
lcclmqyes. OAS requires conversion of excitation energy into heat through
que}chmg cgllisions. OAS is usually applied to detect molecules or to study
thei- absorption spectra in the gaseous or condensad phase. It is a complement
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1o reflection and transmission spectroscopy. Detection limits k,, as low as 107"
cm ™" have occasionally been reached with lasers in NO pollution analysis. When
comparing this achicvement with those attainable by optical MAS, it should be
realized that in OAS the absorption pathlength is usuaily restricted to typically
10 cm. However, intracavity arrangements can be applied in OAS too. Analyt-
ical detection limits expressed in reiarive panicle densities are impressive
(1:10""). But when they are expressed in absolute numbers of molecules probed,
this technique appears to be much less sensitive than the others. The typicatly
low absorption cross section of molecular spectral lines is mainly to be blamed
for that (as we saw earlier in this section).

3.2. Experimental Results by Fluorescerice and Absorption Techniques

Some laser-based Aucrescence and absorption experiments will be described that

illustrate the foregoing, rather schematic, considerations,

Table 4.4 coilects data that relate to the experimental conditions and the
LODs abtained in experiments using resonance fluorescence (14}, nonreso-
nance fiuorescence {5-10), and intracavity absorption (11) spectroscopy. For
comparison, a nonresonance fluorescence experiment (19) dealing with rhoda-
mine 6G molecules in the liquid phase has also been included. The numerical
data listed will enable us to judge how close the experimental LODs relating to
numbers, (N‘, Jm» OF number densities, (n, ), of atoms in the gas phase approach
the intrinsic values or even the SAD limit. Values of V, are inserted to conven
{Np ) intO {1, )}y, OF conversely. The ratio +/T is of interest in helping 1o select
the appropriate formulas in Table 4.3 that hiold in the stationary or nonstationary
Case.

The figures entered are often cortect as to onder of magnitude only because
of insufficient or ambiguous specifications in the literature, In some instances
they had to be deduced indirectly from other data reported or to be estimated
from analogous situations. (The specifications in experiment 19 are exemplary
in their completeness and detail.) It should be admired that the pritary aim of
some experiments was not to achieve low detection limits per se. Also, in some
analytical applications one was rather interested in LODs pertaining to the sam-
ple before atomization. In some of these cases a conversion factor ¥ had to be
assumed in order to estimate (n,),,.

The geals of application and consequently the atomizer designs used vary
largely. Experiments 6-10 and 19 were aimed at lowering the analytical detec-
tion timit. [t is therefore interesting to compare the result obtained in experiment
9, where a celt with pure, saturated Pb vapor was used to investigate the opti-
mum measuring conditions, with that obtained in experiment 10. In the latter,
& real sample (here: a liquid Pb solution) was evaporated in a graphite cup
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Table 4.4,

Experiment  Reference  Atomizer® Technique Species  Laser’ Saturation

1 52 Be RF Ns [ Yey
2 (16, 17 Be RF Mgy ¢ Yes
3 6N Ce{Ne)' RF/ ®Na ¢ No
4 48] Ce(He) RF! Na c Yes
L4 {85, 36) Fi NF/ Na P Yes
6 87 ETA NF/ Na c No
7 (88-90) Ce(An NF/ Na ¢ Yes
L (88, 950 Ft NF/ N P Yes
9 (65) Ce NF v ] Yes
10 (64) ETA NF Pb P Yes
1 “1) Ce(Ne) ICA Na c Yes
12 (74] Fl (5] Cs [ [Yes)
13 93) F1 oG Li p (No)
14 (L1, 54) CefAn)’ Pl Cs P Yes
15 @8 Ce(Ar)’ Pl Naphthalene  p (Yes)
16 (84, 95,96) Be F Na P Yes
17 (9.84,9  Be 21 Pyp P Yes
18 {98, 99) Fi 0A Na ] Yes
Sample
cell
19 24, 15) L¥C NF Rhodamine ¢ No
6G
*For explanation of symbols see Table 4.1, N ' h are highly in. Numb

within brackets were indirectly derived from dats in the oviginal paper(s) or arsumed. Many of these

numbers are refisble as to order of magnitude only.

*Be = stomic beam (usually combined with oven}: Ce(G) = closed cell (possibly with buffer gas

G; usually in aven); ETA = clectrothermal stornizer (a5 wsed in AASY, Fl = flame with nebulizer:

LFC = liquid Now cytometer.

‘RF = ” s NF = ] ICA = intracav :

0G = oplogalvanic; Pl = photoiont F1 = Beld ionization; OA = i, orEon

“c = continuous wave; p = pulsed.

*Relating or converted to ststistical confidence factor & = 3

Taken from (100).

* Derived from specified dark count rae and dark count number,

:Almedllmshoklm. = 6 and 2 for photoelectrons. in one burst in case 2 and 1, respectively.
s stoma were produced by reaction of s proton beam with Ne stomns.

Fluorescence of Na-D doubley was observed, while only one of its fines was excited by the laser

in casen 3 and 4; in cases 3-8 fuorescence was observed at the other doublet tine only.
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Experimental Results*
¥, r T & Nt )’ R
(em’) ® () fcm™)
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S$x 107 1 x 10 (100 1107 (5 x 107 @.n |
2x 0 Ix 10t 4x 107 01 0.1 $x 100 100
Bxi107Y 3x 107 2xi0! 2x107 10 no'p
10-% 2x 1077 1 xi07t 2x1070  poY ot t

) 1 1]} ? (iah s 100
10-? 1 (15) ? [ 10 i
1077 (10 5% 5077 (5 x 1071 130] 5 x 10 (=M
i 04 5% 10°° [0 30 I Sx 10
o1 >107% 5% 107 [107Y) 150 1.5 x 10" 150
7Tx 1077 (079 60° - @x10) @Gx10h 1
(o3 B3x107Y §x 10 ? [4x 107} {4 x10°)F 10
0.5 no 1% 107¢ ? 5 x 10} 11l x 107 20
sx 107 107t X107 5 100 1
1-? ? Lx 0 {10 (10" '
5x 107 Ax107% 1 x10" 05 15 Ix 10t 1

5 x 107t (107% 1 x 107" 0.3 0.15 Ix Y 120
2 [1o-4 1x 107 — 2x 10" 10) »
1x 107" 4x107t 1 7Tx 107 Px 10" 10

*Minimum value required to obtain the reportcd (V,),, value under sssumed SAD conditions.

See {39) for a discussion of assumed values within brackets.

“ Assuming a quantum efficiency of 10% of photodetecior.

*Sume data were taken from {65).

"The actual r may exceed the reported value of 107" 3 because motion of atoms is limited by
diffusion in buffer gas.

? Duration of one speciral scan across the laser profile (p 1 ication by X
*Derived rom wporied LOD in sample solution, assuming conversion factor ¢ = 10'' cm™Y(ug/
mL} (see zlso {101) for case §3].

“A minor component was admixed to the gas for operation as a gas-proportional counler.

"¢y relating only to a molecule in the specific levells) from which laser excilation wkes place, i
close to 1; &, << | if it relates to & molecule in any level,

'Registration ocours by ding the two-pirotan laser excilation spectrum from the » = § level in
the ground state. The number of laser shots required for one regisiration was nod reporied

“Only the value f., = 10 Hz was mponed.
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atomizer and a concentrational LOD of 0.05 pp/mL and an absolute LOD of
10~"* g were achieved. In both experiments single-step excitation by one fre-

_quency-dombled laser beam was applied.

A similar absolute detection limit for Pb was obtained in a graphite rod
atomizer by using NF with two-step excitation by two lasers (102). Remarkably,
(), was several orders of magnitude larger in the lanter experiment than in
experiment 10. This clearly demoenstrates that nx only (n,),, is decisive for
obtaining good analytical LODs but also the atomizer design.

Experiment 5 was designed as a diagnostic tool for measuring temporaily
and spatially resolved trace concentrations in gas flows of engineering interest.
Experiment | was especially set up to detect single atoms, whereas experiment
2 demonstrated the possibility of high-resolution spectroscopy in situations where
only a small number of atoms (here: Ba isotopes) is available. Experiment 3
was gimed at detecting *Na isotopes produced by a proton beam reacting with
*Nc atoms, and at studying the kinctic behavior of Na atoms in neon gas. The
extension of the saturated Na vapor-pressure curve toward lower temperatures
was the goal of experiment 6. Finally, experiment 11 was meant as a study of
the effect of ICAAS on the spectral features of a narrow-band laser.

Resonance fluorescence (RF) spectroscopy has to face the problem of reduc-
ing laser background scarering. When, for example, onc Na-D level is excited
in an atomic beam experiment in vacuo, the other component does not fiuoresce.
When the kaser is tuned at the first resonance line of Ba (6'P, +— 6'Sy), the NF
line (6'P, — S'D,}, emitted from the laser-excited level, is but weak and lies
in the infrared region, One has in these cases no other choice than applying RF.
There are, however, various means to suppress jaser background scattering (and
any other background as well) (86). Under saturation conditions one can apply
10 this end the photon-burst technique (13, 16, 17, 19, 36, 52, 103). If the mean
number of photoelectrons, ¢ * 7, generated by one atom crossing the laser beam
exceeds unity (Section 2.6), the atom has a good chance 1o generate 2 burst of
at least two photoclectrons during its crossing. By applying a pulse-height dis-
criminator and/or a coincidence setup (Fig. 4.3), one can discriminate the tem-
porally burched fluorescence photons from the mndomly scattered laser photons
and dark-current electrons. The gate width should match r, and the chance of
more than one atom being present in the probe volume should be negligible.
The detection efficiency «, is then given by Eqs. (4.11) and (4.12) if we replace
therein the lower limit of summation by the threshold value my, (> 1). For a
given mean number, 7, of photoelectrons per burst, &4 will of course become
smaller, the higher the threshold. But this decrease will be overcompensated by
a stll stronger reduction in the randomly released background rlectrons.

One can make # > | by increasing & or r. The lauer can be increased by
expanding the laser beam cross section, but this should not be done at the cost
of saturation. ¢ can be increased by improving the photon collection efficisncy
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or by seiecting a photodetector with a larger quantum efficiency ». Since we do
not need 8 monochromator in RF detection, the solid angle of observation {2,
can be made large,

The feasibility of the photon-burst technique may be simply shown for an
(eflectively) two-level atom with equal statistical weights. Under saturation con-
ditions each atom will spend half of its life in the excited level {Chaprer 1).
Given a single atom, the probability per second, &, of detecting a photon is
then given by ¢ = } A - ((/4x) - 1y, where A is the Einstein transition
probability. Using the relation /@ = ¢ - rinthe nonstationary case and adopting
realistic values A = 3 x 107 s™', Qyfdx = 0.5 and y = 0.1, one finds 7 =
0.7 x 10% 7. For r > 1.5 us, W will thus exceed unity. (The possible, stight
anisotropy of the spontaneous photon emission has here been disregarded. )

Figure 4.6 illustrates how in atomic beam experiment 2 a solid angle of 0.6
¥ 4 5t was realized. The result is an 7 value of 1.3 photoelectrons per "*'Ba
atom, when its first resonance level was saturated, According 10 Eq. (4.51) the
fractional probability of finding 2 and § pholoclectrons in one burst is then 0.2
and 0.01, tespectively. Figure 4.7 shows for different selected m values or
muttiplicities the hfs excitation spectrom of Ba with natural isotopic composi-
tion, abtained by detuning the laser frequency over a mange of 200-400 MHz
from the tine center of the main "**Ba isotope. 1t is seen that the line-to-back-

ove SPATIAL ! A
L - HRE Y T P R A
LASER FILTER [ A
o e
e ¢ MITS
wOow :
ovin
Fig. 4.6. Experi setup for detection of fh of Ba stoms evaporsted in g0

aven and collimated 1o form an stomic beam in vacuo, The interection of this besm and the taser
beam is found in the focus of an ellipsoidal mirrot, giving a farge solid angle of detection. Laser
backg ing is suppressed by means of various disphragms. PMT = ph plier tube.
[Reproduced from (18) by penmission of the American Physical Society.)
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Fig. 4.7, Dewil of the hfs exciation spectrum of Ba

nip? with natural isotope composition, messured with the
wetup shown in Fig. 4.6 by application of the photon-
burst technique. for various selecied multiplicities of x

10 photoelect burst. The top Agure was obtained

" W without m‘:w jon. The frequency difference

scale refers 1o the line center of the ' *Ba isotope. (Re-

WO T0 W0 30 400 e from (16) by permission of the American
FREQGUENCY / MNE Physical Society.]

ground ratio improves considerably when the multiplicity is enhanced. With m

. = 6 the residual background was due to the dark current of the photomultiplier

ich exhibits some temporal bunching, too). 1t is also seen that lhe lin?s
x.&:h:.‘:;m with increasing multiplicity. This beneficial I.ine narrowing in
high-resolution spectroscopy (13) arises because i is smaller in lhe l.me wings
than in the line center. As a consequence, €y drops more s_hu:ply with increasing
multiplicity at line wing excitation than at line centergsxclunonh;ﬁlso._ the peak
height of the '**Ba line grows relative to that of the ““Ba and ""'Ba lines. The
first peak becomes even dominant at m,, = &, although the comesponding
abundance ratics are 0.1, 6.5, and 11%. The line strengths fol:et:eul_r?;i and 137
i comparatively small and saturation wag not resc .
‘mx:);:on-buﬂt lcchnyique was also applicd in Na beam experiment L, where
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7 was 2 and m,, was chosen equal 10 2, yielding ¢y = 0.4, The background
was dominated by stray light. Pulse-height discrimination was here combined
with coincidence measurements with two photodetectors. In experiment 4 the
photon-burst technique was realized by measuring the single~clipped autocor-
relation function displaying the number of counts in 100 successive time sam-
ples. Whenever an atom crossed the laser beam, a bump was seen with a height
of about 15 photoelectron counts and a width equal to . Since the background
(due to stray light and Rayleigh scattering) was relatively low, ¢4 was, virtually,
uniry.

The application of the photon-burst technique may be hampered by the oc-
currence of a consumptive process in the probing (Section 2.2; Table 4.2, case
Ib). In beam experiments | and 2, where a narrow-band laser was used and
collisions did not occur, the Na atom and some of the isotopic Ba species may
become trapped in hfs levels of the ground state that are inaccessible to laser
excitation. Ba atoms may, morcover, become trapped in the metastable s'D,
level. If the atoms reside long enough in the saturating laser beam, they will all
end up in the trap level. The value of 7 as a function of r then reaches & plateau
(16).

Trapping in the F = | hyperfine (hf) level of the Na ground state can, in
principle, be avaided by using a narrow-band laser tuned at the transition from
the F = 2 tevel of the ground state 10 the F = 3 level of the *P;,; state. (Optical
selection rules forbid spontancous transitions from the latter level to the F = |
ground level.) However, saturation broadening may lead to excitation of the
neatby F = 2 level in the upper state, too. From the latier level spontancous
transitions to the trap level F = | are allowed. This detrimental effect of satu-
ration broadening was eliminated in experiment 1 by using a circular polarized
laser beamn. Of course, by using a broadband laser that excites atoms from both
hf ground-state fevels one could also avoid trapping. But the excitation rate
would then also be reduced, at a given laser power.

The loss of atoms due to trepping in a metastable level depends on the
branching ratio of the spontaneous transitions to this level and to the ground
state. In Ba experiment 2 this branching ratio was small enough to avoid no-
ticeable wrapping during r = 1 ps.

Nonresonance fluorescence (NF) speciroscopy was applied in experiments
5-8 with sodium, where efficient population mixing of the D-doublet Jeveis was
brought about by collisions in the buffer or carrier gas. This technique was also
applied in experiments 9 and 10 with lcad, which emits a strong NF line at
405.8 nm from the saturated 7s *P? level. The lower level (6p7 *Py) of the NF
transition is, however, metastable and a noticeable fraction of the Pb atoms may
evenally become trapped during the probing time T (= pulse duration) of 5
ns, which was here much less than r (siationary case), According to (104) the
optimum pulse duration would have been 7 ns under saturation conditions. In
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this case an increase in T would thus have had little effect on the LOD, but an
increase in f, could still have been beneficial. This holds at least as long as
fuep does 10t exceed 77! or the reciprocal of the metastable lifetime. Since in
the experiments £, was 50 Hz, a considerable gain in LOD, at given 1, is still
feasible, In experiment 9 the extrinsic LOD was determined by fuorescence
from the quartz windows at the wavelength of the NF line used,

{CAAS experiments in chemical analysis have not been entered in the table
because their LOD petformance was rather disappointing (105). For Na solu-
tions nebulized into a slot-bumer flame, placed inside the laser cavity, the LOD
wis no more than one order below the best LODs obtained in conventional AAS
(306). Laser instability was mainly responsible for this meager achievement,
but this might be considerably remedied.

The listed limits of detection (Ny), may be compared with the intrinsic values
calculated from Egs. (4.20) and (4.21) in the stationary and nonstationary case,
respectively, or from Eq. (4.22) (Table 4.3). This cannot be done, however,
for experiments 6 and 7, where ¢4 is unknown, and for experiment 11, where
£, is not well definabie.

With the proviso that the listed data are correct within one order of magnitude,
we find that the LODs in experiments 1, 2, 3, 9, and 10 exceed their intrinsic
values by no more than onc order of magnirude. The LOD found in experiment
4 is intrinsic and determined by atom number fluctuations becausc ¢, = 1. In
experiments 5 and B (), comes close to the intrinsic value calculated from
Eq. {4.22), but the experimental values were derived indirectly and are thus
rather uncertain. Anyway, since here ¢y << L, the intrinsic LOD is determined
mainly by shot noise in fluorescence detection, not by atom number fluctuations.

Flame experiments 5 and 8 yielded (n,), values that differed by more than
4 orders of magnitude, aithough both come close to their intrinsic values at
similar T and e,. This large difference is connected with the difference in product
¥, - R occucring in Eq. (4.25). This product was very small in experiment 5,
which was aimed at flame diagnostics with high spatial (small V) and temporal
(R = 1) resolution. [Note that in Eq. (4.25) r has dropped out.] The other
experiment was aimed at obtaining good analytical LODs (approximately 1 pg/
mlL for Na).—The detrimental effect of laser-enhanced NaOH formation on the
LOD might not have been negligible in these experiments, done with a laser
pulse duration of about 1 s (Section 2.2). Laser background scattering was
reported to play no role in both NF experiments, as expected. —Expetiment §
was erroneously listed in (39} as RF.

Single-atom detection exists only if ¢g = 1 and the intrinsic LOD is attained.
Only experiment 4 meets these conditions, whereas experiment § approaches
SAD capability within one order of magnitude.

SAD has also been realized by applying RF in combination with & saturating
cw laser beam and an jon trap, which allows observation of single ions over a
protracted period of time (47, 48). Figure 4.8 iilustrates the application of a of
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Fig. 4.8. Experi | setup for detection of [ of Bs* ion3 trapped ina ff
quadrupole field. The Ba® jons were produced by evaporation from o metallic Ba sampie deposhed
on 3 hot Pt filamem. [Reproduced. with slight modifications, from (47) by permission of Springer
Verlag, Betlin.]

quadrupole trap for Ba® ions that were evaporated, after surface ionization,
from a Ba sample deposited on a hot platinum filament (47). Figure 4.9 displays
the photon count rate, Z, as a function of 7. The clearly distinguishable steplike
structures in the latter figure comrespond to consecutive escapes of single ions
from the trap (compare Fig. 4.4a). The mean residence time, =, of an ion in
the trap appears to be about 2 min. The probe volume, ¥, is about 5% of the
trap volume, V,. But each ion osciilates rapidly inside V,, thereby crossing
frequently V,. The count rate Z measured was actually an average over many
repeated crossings. Therefore, we can effectively equalize ¥, and ¥,, which
makes e, = | [Eq. {4.62)]. Since the time T (=~ | s) taken for 2 single probing
in Fig. 4.9 is obviously less than 7, we should apply Eq. (4.20), holding in the
stationary case, to calculate the intrinsic LOD. Because ¢, is obviously |, we
get(N,),, = 3R if repented probings are separated in time by at least £ seconds.
{Equation {4.20) holds only for statistically uncorrclated probings.) Another
condition is that the mean number of atoms, M,, should not decay (as in Fig.
4.9) because of uncompensated escape losses during t,,. Upon closer inspection
of the scatter in the individual points in Fig. 4.9, we conclude that the rms error
due to background counts is small relative to the mean step height. So extrinsic
measurement ermors were negligible indeed.—Since ¥, was not specified in (47)
we could not calculate (n,),,. An absolute LOD in the sample of 10° Ba atoms
has been attained, which was restricted by the ionization and trapping efficien-
cies. This result implies an overall efficiency &, = 1073, (Personal communi-
cation by Dr. W. Ruster, 1985.)
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In contrast with the photon-burst technique combined with pulse-height dis-
erimination, the described ion trap technique docs not require that at most one
atom is present at a time in the probe volume.

There exists also in Ba* & metastable doublet level (5d? D) between the
laser-excited (6p7 *Py;) level and the ground state (682 ’5). In the reported
experiment, accumulation of Ba* ions in the metastable level was prevented by
adding a low-pressure buffer gas (H;) to quench this level.

In experiment 19 with a thodamine 6G solution the intrinsic LOD 2s calcu-
lated from Eq. {4.21) is about 4 orders of magnitude lower than the experimental
value. Raman scattering in the solvent was mainly responsible for that. The
detection efficiency e, is remarkably high (=0.1). The probing efficiency e, may
also be high, as every molecule was forced to pass through V. This was schieved
by hydrodynamic focusing, that is, by constricting the capillary diameter to the
waist of the laser beam. Nevertheless, SMD has by far not been reached here,

1.3, Experimental Results by lonization and Optoscoustic Techniques

Table 4.4 lists the experimental conditions and results obtained for a few op-
togalvanic (OG), photoionization (PI), and field ionization (FI) experiments with
lasers. Data are zlso listed for a single optoacoustic (OA) experiment with Na
in a-flame.

The goal of OG and PI experiments 12, 13, and 15 was the impravement of
analytical LODs. P] experiment 14 demonstrated the utility of & gas-proportional
counter a3 an electron detector for realizing SAD of mre gaseous specigs. By

. applying a pulsed laser the statistical and kinetic behavior of & small ensemble

of atoms was studied here, too. FI experiments 16 and 17 demonsirated the
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3. SPECIFIC DETECTION TECHNIQUES AND EXPERIMENTAL RESULTS 147

potentialitics of this technique in SAD and in high-resolution spectroscopy of
rare of shont-lived species.

The best analytical LOD in optogalvanic spectrascopy up to now has been
obtained in experiment |3 with Li excited to its first resonance level by a
flashlamp-pumped dye laser in an acetylene-air Bame. The reported analytical
LOD of | pg/mL holds for K = 3 and was convertad 1o (",)m by using the
reponied conversion factor . This result is more remarkable as Li has a pro-
nounced tendency to form LiOH in flames (Section 2.2). It is relevant to note
here the use of a relatively long laser pulse (see ibidem). LODs of the same
order of magnitude were realized for Co, Cs (experiment 12), In, TI, and Mg
{Fig. 3.7 (53, 107). In the case of Co, having a relatively high ionization
energy, two-step laser excitation was applied. Cs atoms were directly excited
to their second resonance level, Most LODs were set by shot noise in the current
induced by flame background ionization. The use of hydrocarbon flames having
a high natural jonization level (51) is thus unfortunate in this respect.

The problem of atom trapping in inaccessibie levels does not arise in flames
at 1 atm pressure because of the generally high rates of inelastic collisions {51,

A classic example of the photoionization technique is experiment 14. The
experimental sewp used in the detection of single Cs atoms by two-photon
ionization via the 7P state is shown in Fig. 4.10. Cs vapor is produced by
cvaporation from a pure Cs sample contained in the side arm of a gas-propor-
tional counter with quartz windows, filled with Ar a1 a typical pressute of 100
torr and a small admixture (10%) of mcthane. The secondary clectrons were
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Fig. 4.10. Experimental setup used in the detection of single Cs atoms by the photwionization
technique with the help of a gas-proportional eleciron counter. [Reproduced from (34) by permission
of Springer Verlag. Berlin.)
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collected on a central wire at a high positive voltage. Background ionization
was suppressed by time gating. The authors reported that nearly every atom
appearing in the laser beam produced an observed event, in this case a busst of
secondary electrons. The intcrmediote 7P state wus saturated so that the deple-
tion of this state by photoionization was instantaneously supplemented by atoms
from the ground state, whose population was in quasiequilibrium with the 7P
population. The photoionization rate was large enough o ettain **saturation™ in
the production of ion—electron pairs, too. Trapping of Cs atoms in a lower,
metastable state, populated by radiative decay from the 7P state, tumed out not
10 be a limiting factor, as the photoionization rate from this metastable state was
also large enough, ‘

A similar serup was used in experiment 15 for the detection of naphthalene
molecules in the vapor phase. The (n,),, value listed corresponds to the detection
of about | molecule per 10'? buffer gas atoms. Similarly good results have been
obtained by this technique for aniline (108).

The Pl technique with various excitation schemes can, in principle, be applied
ta most clements of the periodic table, including, for cxample, ®Kr (5, 109),
Resonantly enhanced multiphoton ionization (MPY}) is also coming more and
more into use in chemical analysis and gas diagnostics for the detection of simple
as well as complex molecules or radicals. This technique is then often combined
with other methods such as gas chromatography and mass spectrometry (109),
On the other hand, MPI of molecular constituents of the buffer 223 or concom-
itants in the sample could contribute to background jonization in intense laser
fields (5). PI preceded by laser-induced photodissociation might be used 1o
detect, for example, Csl at SMD level (Section 2.2).

Selectivity is a greater problem with molecules, which have more closely
spaced absorption lines, than with awms. However, the selectivity (and detect-
ability) for molecules can be improved by using sup ic jet expansion, which
effectively “*cools’’ the imtemal degrees of freedom (Chapter 7) and reduces
Doppler broadening (just as in the case of atomic beams; Section 2.2),

The usage of a gas-proportional counter could be a problem when real sam-
ples are 10 be introduced or atomized in the propostional counter. In experiment
15 with a sample of pure naphthalene vapor this problem did not arise. The
usage of ion or electron particle multipliers poses another problem, as they
require vacuum conditions. It is also possible to collect the primary ions or
electrons, without internal amplification, on two parallel-plane electrodes or on
81 clectric probe. Interestingly, using a graphite fumace atomizer provided with
2 tungsten rod electrode, an absolute analytical LOD of 10~' g has been b-
‘ained for Na by a multistep PI technique (110) {Chapter 3).

The application of the field ionization rechnigue is exemy lified by experiments
16 and 17. In experiment 16, a Na beam was produced from an oven containing
the metallic element. Na atoms were mised to their [3D Rydberg level via the
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3P level in a two-step photoexcitation process with two pulsed dye lasers. Sat-
uration of the Rydberg level was attained so that about { of all available atoms
were brought into this level, according to the mtio of the statistical weight factors
involved. In experiment 17, Yb isotopes wete produced by irradiating & hot
lantalurn target by an intense beam of energetic protons. The ionized Yb isotopes
were spatially separated by a mass seperator and impianted. after acceleration,
into diffcrent regions of a tantalum foil. Heating of this foil and proper colli-
mation of the released atoms by means of a narrow cylindrical tube produced
the atomic beam required for high-resolution spectroscopy. Because of the high
ionization energy, a three-step excitation process was required o saturate the
high-lying 17°P; level, in which & of the selected isotopic species was found,
The experimental setup used to detect the resonantly excited Yb atoms by
field ionization is schematically shown in Fig. 4.11. The atomic beam, which
is crossed at right angles by the triple [aser beams, passes in between two
parallel-plane electrodes to which a high-voltage pulse with 2 rectangular shape
is applied about 20-30 ns after termination of the laser pulses. **Saturation'” of
the ion current was obtained with an electric field strength of about 12 kV/cm.
The Yb* ions passing through a slit in the cathode were registered by means
of a sccondary-emission multiplier with an efficiency close to unity. A reference

Yb isotope
stomic beam

Aeference
beam

v High-voltege
pulse

Fig. 4.11. Amungenent of contial dye taser besms. particle beams, and electrodes used In the
detection of single Yb stoms by the Reld ionization technique. [Reproduced from (%) by permission
of Springer Verag, Berin.}
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bearn effusing from an aven containing metaltic Yb with natural abundance ratios
was used for tuning the laser frequencies 1o the atomic transitions.

In experiments 16 and 17 €q was limited only by the fractional quasiequi-
librium poputation of the saturated Rydberg level and was, therefore, on the
order of unity (Table 4.4). Since collisions were absent, the lifetime of this
level was sufficiently long to ensuse that its population did not markedly change
during the delay time of the high-voltage pulse.

In {36) it was claimed that the F1 technique is more universally epplicable
to other elements than the LIFS techniques, as Rydberg levels exist for every
element. Also, the laser power required is much less than in the P technique
because of the relatively low photoionization cross sections, On the other hand,
the simultancous tuning of two of more; laser beams to consecutive atomic
transitions may be a disadvantage. Since the laser pulse duration is shor (less
than 10 ns), the apptication of stationary samration formulas might be ques-
tioned. The applicability of the FI technique is, however, restricted to atomizers
where inelastic collisions are absent and no discharge occurs as a consequence
of the applied electric field,

The detection limits listed in Table 4.4 are extrinsic in OG experiments 12
and 13, as they were determined by noise in the Aame background signal or in
the electronic circuit. In Pl experiment 15 the reported LOD was determined
by (unspecified) background noise and should thus be classified as extrinsic,
too. In Pl and FI experiments 14, 16, and 17 the intrinsic LOD, calculated from
Eq. (4.20) or (4.23), was attained, whereas ¢, was on the order of unity.* In
these cases the ideal of SAD was therefore closely approached, We note that in
the stationary case, the value of r drops out in the calculation of the intrinsic
LOD.

As to LITS techniques in generai we can state that they usually require pulsed
lasers for efficient ionization (Chapter 3) (5, 13, 53). Pulsed lasers are indis-
pensable anyway, here as in LIFS, when a MP process or frequency doubling
or mixing is involved. Since cross sections for photoionization from an excited
level are comparatively small, highest demands are made on the irmadiance of
the jonizing laser beam in PL. On the other hand, the spectral bandwidth of this

photoexcitation and collisional quenching. However, once full optical saturation
has been reached, neither quenching nor the [aser iradiance play a role anymore
(Chapter 1),

When multiple, pulsed laser beams are to be used, their temporal and spatia}

*In 2 recent P1 experiment TA. T. Torsunov and N. 8. Eshkabilov, Sor. Phyr. Tech, Phys.,
29, 93 (1984)] the intrinsic LOD wat a0 sttained fﬂrlﬂlinmﬂmh-miehunl\dﬂn. -
0.3, ¥, = 6 3 107* em’, laser pulse durstion T = 3§ x W ands 20 T,
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overlap in the probe volume as well as their simultaneous tuning need careful
atiention. ‘This holds especially so when focused laser beams (diameter <0.1
mm) and/or shor pulses (51 ns) are applied (Chapter 3). Multistep excitation
by multiple. resonantly tuned laser beams gives the gratification of enhancing
the overali selectivity (13). f

The degree of focusing, which anyway is limited by diffraction and possibly
aiso by the laser mode structure, should not be pushed too far because of sat-
uration broadening. This broadening of the excitation line profile may cause the
spectral sclectivity to deteriorate. As a general rule, one should rather 1ry to
enlarge the saturated probe volume, at & given laser power, unless high spatial
resolution is wanted, as in diagnostic applications.

The LOD, at given measuring time I,,, may be improved by increasing fp
and thus the duty cycle. The existence of an optimum value for f., should be
kept in mind, however (Section 3.2).—These general considerations are equally
valid in LIFS.

The potentiality of Pl and FI techniques to detect small numbers of atoms
(Table 4.4) implies (nearly) unit ionization efficiency in ¥, as well as efficient
collection of the charge carriers. Unit collection efficiency is easy to attain (13).
Such favorable measuring conditions may also be found in OGS if the effective
jonization rate constant times the duration of the saturating Jaser pulse signifi-
cantly exceeds unity and the electrode voltage surpasses its **saturation”’ value
{53) (Chapter 3). However, background ionization in the Hame is likely to
prevent the attainment of intrinsic LODs. This is probably the cost to be paid
for the usage of this versatile atomizer in chemical analysis. The stomizers
applicable in Pl and F1 spectroscopy are less suited for handling real-worid
samples. But here the effect of residual background ionization may be suppressed

by applying a ceincidence technique in the detection of electron—ion pairs (13},

Opioacoustic detection has only incidentally been applied to free atoms {(ex-
periment i8). Efficient conversion of absorbed photon energy into heat by
quenching collisions is expected in the acetylene-air lame used (51). By ap-
plying a pulsed laser, acoustic pulses were generated that were detected by a
microphone placed close to the lame. The reponed LOD value is still large
when compared to the best results obtained by Auorescence and optogalvanic
techniques with flames. But this preliminary LOD value could probably be
improved.

3.4. Combined Detection Techniques

In recent years efforts have been made not so much in inventing new laser-based
detection techniques as in combining existing techniques with each other or with
other methods of analysis such as mass spectrometry and chromatography. This
hybridization can lead to improved sensitivity, selectivity, and background
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suppression in chemical analysis, It can also enlarge the coverage of atomic and
molecular anal?':e species and the kinds of samples amenable to analysis. Many
of these combinations are still in a siage of development or were ventilated
mcmly as possibilities. Although some combinations are good prospects for the
:::Ic;mn fndSMI numbers of atoms and molecules or even for SAD/SMD,
acts and experimental dats ere still lacking. i ‘
combinations [see also (38, 109)). eking. We mestion here only 4 few
‘!‘he combination of the Pl technique with a mass spectro i
obvuous. one, as it bypasses the need of a scparate ionizaﬁf:l:: cI::::::’(C?ha":::
18). This combination was first applied in fundamental and diagnostic studies
In chcmi'cat analysis the technique called resonance ionization mass spectromet '
(RIMS}) is now reaching mavwrity (57, 111-1 t5). The versatility of this techniqtz
dc!)ends on atomizing the analyte from a solid sample under vacuum conditions,
Bricfly, RIMS provides sclectivity as lo mass number A (by mass analysis) as
well as to atom number Z (by resonance jonization), It is therefore especiall
mgﬁ.nl in eliminating isobaric interferences in mass spectrometry when isoto, .
fatios are to be detcrmined. (Notc that this elimination can aise be nci\ieved g;
ncce_lerator—mass spectrometry, if 2 nuclear accelerator happens to be available:
Sccuoz_i 1.3.) RIMS has worked in the intracavity mode too (57). The addilim;
;r n: (sxmgle) mass spectrometer has been considered for rejection of background
In photoionization spectroscopy (6). The prospect: i inatij
SAD have been theoretically consg.cr(u)! in (3‘;’). ? of this combination for
Whereas in the preceding combination PI comes first, it comes last when
!Jsed as an clement-specific detector in LIFS or ICAAS (116, 117). This detecto
is an auxiliary celi (or Rame} that contains free atoms of the same species usr
the an_alyte at sufficiently high concentration. Resonance line radiation from the
mallyucal cell, absorbed in the detector, acts as the first step in a multistep laser-
assisted pl}otoionimtion process (or OG process in the Bame). The jon ]::untr:t
prod_uced is then a measure for the incident radiation intensity. The quantum
eﬂ'icicncy of the detector is improved by making the ionization and ion collection
eﬂiclgﬂcm as large as possible (Section 3.3.), Theoretically this combinational
!ecl(ljmqt:: might have SAD capability (116).
ombinations of laser-induced beam deflection with LIFS o
suggested for improving the overall detection selectivity anﬁrflc;:'lssul::;r:s::“
background (13, 34). The latter goal might be achieved by m;asnrin the d:
ﬂec::d .beam s_ignal and fluorescence signal in coincidence. ’
1 intcresting combination of magnetic-state sclection by beam d i
!rid mass spectrometry has been described for the study of ;ptical It:(::l:cl‘::::
in short-lived Nalnsolopes produced by nuclear spallation of Al by 150 MeV
prmunszt 118). This technique is based on the orientation o *he clectron spin in
the Na(’s, ) gmuru;l state brought about by optical pumping of one of its Zelzman
sublevels mt, = +}. Optical pumping is accomplished by funing a saturating
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laser beam at one of the hfs lines of the D doublet, A magnetic filter focuses
atoms in the pumped sublevel onto a kot rhenium surface and defocuses stoms
in the other sublevel. The jons produced by surface ionization on the hot rhenium
are finally analyzed according to their mass. This technique has been developed
for high-resolution spectroscopy, but could be useful also in uitrasensitive de-
tection of short-lived species.

4. CONCLUSIONS AND RECOMMENDATIONS
4.1, Conclushons

Selective detection of small numbers of atoms in the gas phase has been exper-
imentally proven to be possible for a large variety of elements by applying laser-
based fluorescence, photoionization (PI), and field ionization (FI} techniques,
Results have been obtained in atomic beams, vapor cells, and electromagnetic
ion traps. working under ideal conditions and with sophisticated measufing ar-
rangements. In a few experiments the SAD limit has even been attained. With
fmore conventional analytical atomizers such as the flame and electrothermal
atomizer, free atom numbers as low as 100 have been detected by the use of
honresonance fluorescence (NF) techniques,—Good detectability and high se-
ectivity often appear to go hand in hand. ’

Most of these experiments were not aimed at chemical analysis. Low limits
of detection (LODY relating to free atoms in the atomizer do not imply. per se,
low absolute or concentrational LODs in the analytical sample. The efficiencies
of atomization (¢,) and probing (¢,) play an important role here, too,

Apant from the special case of the alkali halides (Section 2.2), SMD lies
beyond the horizon of present experimental possibilities. The reason why mol-
ccules are much more difficult to detect by laser probing than atoms is theoret-
ically clear. In trace analysis of gas mixtures, however, it is often the relarive
concentration that matters. Relative LODs as low as 1: 10" are attainable for
molecular species by laser-based detection techniques.

Intrinsic LODs have been obtained not only in the SAD experiments proper
but also in some others, However, in most of the fatter experiments e, was small
compared to unity. This implies that shot noise in the detection process and not
atom number Auctuations determined the intrinsic signal Auctvations.

The minimum number, (M), of free atoms detectable in probe volume Y
can be much lower than ju_s( 1 atom (Section 2.3). Of course, statistically
meaningful assessment of {No)m (<< 1) is possible only if during the total mea-
surernent time (r,.) at least some atoms have acturally been observed. Under
stationary probing conditions (Fig. 4.4) this requires that statistically uncorre-
lated probings be repeated 2 sufficiently targe number of times (R). Under non-
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stationary probing conditions a single probing of duretion T may suffice, if
enough atoms pass through ¥, during T'(>> transit time 1) (Section 2.3y

Apait from the widely varying goals pursued in the experiments entered in
Table 4.4, the listed LOD values should not be uszd, as such, for merit rating.
These values were obtained under largely different measuring conditions (R, T,
V,. 1,). Somie normalization of these parameters would be appropriate, while
allowing for the different dependencies of the intrinsic and the extrinsic LODs
on R and T (Section 2.6).

One handicap to a more quantitative evaluation of the experimental results
is the often insufficient specification of the experimental conditions in the lit-
erature. Another handicap is that the theoretical expressions presented hold only
for strongly idealized situations. No sccaunt was taken, for example, of the
nonuniform spatial distribution of the atoms in the atomizer and the nonuniform
spatial, spectral, or temporai distributions of the (pulsed) laser imadiance, Also,
Statistical comelations between repeated probings or between successive stom
crossings through ¥, were disregarded.

4.2. Recommendations for Spectrochemical Analysis

The spectrochemist who wants to use gas-phase detection for smatler and smaller
numbers of analyte atoms or molecules in condensed-phase samples is faced
with the following problems:

(i) Improvement of the detection efficiency ¢, for atoms or molecules in
the gas phase,
(i) Suppression of background noise,
(iii) Improvement of the atomization efficiency ¢,,
(iv) Improvement of the probing efficiency .

In solving problems (i) and (ii) the spectrochemist should take notice of the
special laser-based techniques described, possibly in combination with other
Methods of analysis or separation existing int anatytical chemistry. Some of these
laser-based techniques operate under vacuum conditions, The analytical atomic
spectroscopist should therefore overcome any possible horror vacui in designing
atornizers that produce free analyte atoms from real-world semples in an evac-
udted compartment. The *‘atomizers™ used in the described FI and ion trap
experiments with Yb and Ba* are especiaily instructive.

The PI technique is cenainty a good candidate for chemical analysis at SAD
leveis. But here we are confronted with the extra problem of achieving efficient
and versatile sample atomization withou disturbing, by contamination, the per-
formance of the ion or electron detector present inside of the stomizer confine-
ment,

(A



4. CONCLUSIONS AND RECOMMENDATIONS 155

Atomizers handling reai-world samples are expected 1o produce higher back-
ground levels. Ample attention should therefore be given to the speciaf methods
of improving the signal-to-background ratio that wene occasionally mentioned
in Section 3.

Problem (iii) is. of course, not new in analytical atomic spectroscopy. But
special care should be taken that the atomization does not affect the laser-atom
intcraction, and to the avoidance of analyle contamination. There is a great
variety of mecans to produce free atoms or ions from a (minute) solid sample
deposited or collected on a filament or foil, and from a solid sample surface
under vacuum or low-pressure conditions (Section 3). In ultratrace analysis,
especially when measuring isotope ratios, one may consider the feasibility of
multistage atomization. Here the analyte is presefected by a laser-assisted sepa-
ration technique and/or mass separator and accumulated on a foil—in one or
more cycles—before final atomization for laser probing takes place (36). In this
way concomitant interferences and matrix effects may be suppressed, while
preconcentration of the analyte species is achieved.

Problem (iv) is specific for laser-based techniques. The possible expansion
of the laser beam by optical means is limited by the high imradiance required
for efficient probing and detection, The atornizer design should thus be matched
t0 the optimal shape and extent of the probe volume, which depend also on the
photan or ion collection system used. Under stationary probing conditions and
in a closed atomizer this means, ideally, that ¥, should be made equal to Y,
IEq. (4.6a)], or 1hat the probings should be repeated so often that cach free
atom present in V, appears in ¥V, during at least one of the probings. Under
nonstationary probing conditions, it is not necessary that all free atoms are
confined inside ¥, during probing. It suffices that they all pass through ¥, during
T at a transit time 1 (< T} long enough to ensure their cfficient detection. If in
a closed atomizer V/V, << #/T [Eq. (4.6b)], the optimum number of repeated
probings is R = (K /V,) + (#/T}. With continuous-fAow atomi the atomization
time f, should match the total measurement time /,,, in order to reduce analyte

losses when working with microsamples. When pulsed lasers are to be used,
due consideration should be given to analyte losses resulting from a bad duty
cycle. The laser repetition frequency should then be raised close to its optimum
value (Section 3.2} or pulsed atomization, synchronized with the laser pulses,
may be auempted.

Some of these matching problems are discussed in Chapter 3 in relation to
optogalvanic spectroscopy (OGS) with flames. Flames seem, in general, not 1o
be suited for realizing SAD because of their high background levels, limited
atomization cfficiencies, unfavorable conversion factors, analyte contamination
in the combustion gases and difficuities with handling uitramicrosamples. But
OGS combined with a quadrupole ion mass spectrometer might improve the
LODs in flames that are limited by Aame background ions (39). fon counting
techniques would then be applicable, too.
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Space—charge amplification, siready applied in research on Rydberg atoms
in combination with PI and QG detection (119), might be considered for chem-
ical analysis by LIIS (39). It can casily lead to a 100-fold enhancement of the
electric pulse generated by an individual analyte jon. Bu it requires the presence
of a hot cathode filament, acting as an electron emitter, close to the (narrow)
laser beam. This may put special demands on the atomizer and the filament
material. For example, the use of an oxygen-lean Rame would be mandatory.

In general, the spectrochemist pursuing extremely low LODs, shoutd have
an open mind to tricks and techniques developed in other arcas of physical and
chemical research or chemical analysis. We mention, for example, the advanced
fon trap technology developed for detection in gas chromatography. The tech-
nique of accurnulating analyte species by trapping them in the lower part of a
flame 0n a cooled silica tube may be borrowed from flame AAS {120) to enhance
the sensitivity,

For advancing the detectability.of molecules other than alkali halides toward
SMD levels, resonantly enhanced multiphoton ionization in combination with
supersonic jet expansion and a conventional mass spectrometer is promising
{121} (Section 3.3). Nevertheless, there is still a long way to go before motecular
LODs will be realized that are comparable to the best ones obtained for atoms,
There is ampie opportunity here for surprising innovations. The utilization of
laser-induced selective photochemical effects might be considered for probing
complex molecules. Also, the suggestions made in (25) for improving the LOD
of molecules probed in the liquid phase by LIFS should be taken to heart in the
analysis of gaseous moiecules, t00.

Calibration by reference samples could pose an extra problem when working
at SAD levels, because of analyte contamination. Lincar extrapolation of the
calibration curve toward the lower end of the concentration scale is one possible
solwion. It requires, however, that contamination levels are reproducible and
not 100 high. If SAD conditions are realized in the gas phase, atom counting
combined with knowledge of ¢, and ¢, may provide absolute calibration. The
value of ¢, may be calculated using expressions given in Section 2.4 or more
wefined expressions, depending on the probing conditions at hand. The value of
¢, can be determined by measuring the conversion factor (Section 2.5) using
kigher concentration reference samples. The ¢, value thus measured aliows also
for interferences by concomitants and matrix effects, if these are constant in the
relevant concentration range.

Since effort and effect are, unfortunately, atways balanced, a high price tag
is attached to the application of any of the described ultrasensitive detection
techniques to chemical analysis. Besides, the handling and maintenance of lasers
working at the top-of their performance requires an expert’s skill (and patience!),

The same may apply to the use of atomizers especiallv designed for work at
SAD levels under vacuum conditions. Most of the techniques reviewed here are

e
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therefore not expected to bring about 2 breakthrough in routine analysis.—As
to the cost problem of faser-based analytical techniques, we refer to the entight-
ening paper (38),

“*Small s beautiful” but also difficile, when one tries to detect a small
number of atoms or even a single atom in a whole sample. It will remain a
thrilling challenge in the years ahead to pursue this noble goal,

Y
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