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The potential  importance of energy-level saturation to analytical atomic

fluorescence spectrometry has prompted a two-part fundamental investigation

into the saturation process. The first part, reported here , develops a mode l

for saturation which is applicable to both resonance and non-resonance fluores-

cence of atoms in flames or other gaseous media. Provision is nude for con-

sidering both collisional excitation and quenching of atoms, and the exciting

source can be chosen to be of any desired duration. To illustrate the utility

of the mode l , values are predicted for the source spectral power density

necessary to saturate several analytically important atomic transitions. Ap-

pl ication of the model requires only a knowledge of the kinetic parameters of

the energy levels being probed, including Einstein coefficients and quenching 
* -

rates. Assumptions implicit in the model are discussed and its sphere of

valid application considered. Experimental verification of the model will be

reported in part II.

____ ~~~~~~~~~~~~~~~~~~~~~~~~~~



A number of invest igators  have explored the application of tunable lasers

as excitation sources in atomic fluorescence spectrometry (AFS) (1-10) . In

general , these studies have revealed that laser-excited AFS can provide higher

sensitivity , reduced interference from spectra l background and radiation

scattering, longer linear working curves , greater freedom from quenching

effects and source fluctuations, and enhanced multielement capability over

AFS excited by conventional sources. Several of these advan ;ages derive

directl y from the ability of high-power tunable lasers to saturate an atomic

transition (6, 11-13).

Energy leve l saturation occurs in an atomic system when radiationally

induced excitation becomes much more rapid than all deactivation processes .

tinder such conditions , the state from which the cxcitation transitions ori-

ginate becomes somewhat depopulated while the excited state population in-

creases. Because the excitation rate producing this depopulation depends

upon the photon flux incident on the absorbers , the upper state population

can approach that of the lower state, provided that the source irradiance is

sufficiently high . When this happens , the atomic system approaches satura-

tion and is said to be bleached.

If an atomic system is bleached or saturated , its absorption is non-

linear and , in fact, approache s zero , since the atoms cannot absorb more

energy than is necessary to produce equivalent upper ar4d lower energy leve l

populations. Furthermore, as long as the incident source radiation has a

sufficient power density, saturation will be maintained despite the existence

of or changes in radiat~onless depopulation of the excited state. Consequent-

ly, the detected spontaneous fluorescence from a saturated atomic system wil l

be constant , since spontaneous radiationa l. deactivation rates depend only on

the excited state population . Thus, atomic fluorescence measured under con- 

___________________ - — 
~~~~~~~~~



2

d it i o n s  of h igh  source irradiance is immune to source power variations , as long as the

power is su f f i c ien t  to maintain saturation . Also , because the saturated ex-

cited state population is governed entirely by radiationally induced processes,

quenching of individual excited atoms by environmental (flame) species does

not significantly affect the average number of excited atoms, and the detected

fluorescence is similarly unaffected. Working curves of sample concentration

vs. fluorescence exhibit extended linearity under conditions of energy-level

saturation, due to the absence of inner-filter effects (5-7 , 10). These ef-

fects become unimportant because of the transparency of a ~‘bleached” atomic

system to radiation at the exciting wavelength.

Because of the obvious importance of energy-level saturation to laser-

excited AFS, it would be usefu l to know the minimum incident radiant power

density which would be necessary to achieve saturation of the energy levels

in an atomic system. Such knowledge would enable one to take full advantage

of the practical characteristics produced by the saturation effect and would

allow a prediction of the feasibility of producing saturation by specially

designed conventional (i.e. non-laser) sources.

Previous research work in saturation of atomic energy levels achieved

at high spectral irradiance has predicted little , if any, effect of the

quenching characteristics of the atom environment on the saturation power

density (5, 6, 10-13). Also, all the theoretical models proposed to explain

the saturation effect have assumed that steady-state conditions prevail in

the radiationally induced excitation process, an assumption which is only

valid if the duration of the excitation pulse is much longer than the flu-

orescence lifetime of the transition being studied. Because typical values

of atomic fluorescence lifetimes are 1-20 ns, such steady state conditions

do not prevail in atomic systems excited by a short-pulsed, nitrogen-pumped

- - ~~~~~~~~~~~~ _ _ _
~:~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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tunable dye laser (typical pulse width : 5-10 ns), although they are approached

shea longer duration sources are used. One such source is the flash-lamp-

pumped tunable dye laser (typical pulse lengths 1-10 ~is).

In the present study, experimental and predicted values of saturation

power density were determined and their dependence on atom-environment and

on the spectral and spatial characteristics of the irradiance source was as-

certaiaed. The study was comprised of and will be reported in two parts.

In the part covered here , a theoretical model will be developed for saturation

of atomic levels by a radiation pulse of variable duration . The model includes

provision for radiationless (collisional) deactivation of excited species and

is applicable to complex radiational decay schemes as well as to simp ler res-

onance fluorescence behavior . To illustrate the utility of the model, values

of the radiant spectral power density necessary to saturate specific atomic

transitions will be calculated and presented , and the dependence of saturation

spectral power den~.ity on excitation pulse width will be illustrated .

In the second part of the study, to be published later, experimental

values of saturation spectral power density will be reported for a number of

it cmic transitions , using a nitrogen-pumped dye laser as the excitation

source (pulse widt h = 6.5 ns). Conditions necessary for obtaining accurate

values of saturation spectral power density will be described and the influ-

ence of experimental parameters such as atom environment , atom concentration ,

and type of transition will be illustrated. Finally, experimental values of

saturation spectral power density so obtained will be compared with those

predicted by the model developed herein ; the resulting agreement, considerably

improved over that obtainable using earlier theoretical models , enables useful

conclusions to be drawn concerning the feasibility and practicality of employ-

ing saturated atomic fluorescence spectrometry for routine analysis.

L __ __ _ _
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In this section , a theoretical model is proposed to explain the depen-

dence of the non-steady-state saturation of atomic energy levels on the rela-

tive width of the excitation pulse and on the fluorescence lifetime of the

observed atomic transit ion . Also considered theoreticallyare the influence

of quenching species in the atom’s environment on the saturation power den-

sity and the importance of non-resonance transitions to the saturation process.

Relationship Between Upper-State Population and Fluorescence Yield.

In general , for a spontaneous atomic fluorescence transition from an

upper energy level 2 of energy E2 to a lower energy level 1 of energy Ei, the

magnitude of the detected fluorescence radiance (BF) at a given time (t) is

given by

BF Ct) C A21 n2(t) (E2 — E1) (1)

where C is a proportionality constant that contains geometrical parameters

such as angle of collection of the fluorescent radiation, the length of the

absorbing atomic medium , etc.; A21 is the Einstein coefficient for the spon-

taneous transition 2 -* 1; n2(t) is the atom population in the excited energy

level 2 at time t; E2 - E1 = hv2l is the energy difference between the

levels involved in the transition 2 -‘ 1, where h is the Planck constant and

021 the spectral frequency of the 2 -
~ 1 transition.

From equation 1, the detected fluorescent radiation obtainable from any

number of excited atoms is dependent only on the optical design of the radia-

tion-collect ing system being used, on fundamental constants which are charac-

teristic of the particular transition being viewed and on the number of atoms

that exist in the excited state from which the observed fluorescent transit ion

~ 

V
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ori ginates. Of these parameters , only  the excited state population is of

si~ aificunce , the others usually being fixed for any given experimental

arrangement .

Because the detected fluorescence is directly proportional to the time-

dependent excited-state population [n2(t)}, it become s possible to study the

practical significance of energy-level saturation in atomic fluorescence

spec troinetry merel y by examining the effects of saturation on the population

of specific upper energy levels involved in the desired fluorescence process.

lor this reason , all subsequent treatment of saturation processes in this

C~ J~~ter i~i ll be uriented toward determining particular excited state popula-

tions , ~ith the understanding that such populations can be directly related

to fluore scence yields .

Since resonance and direct-line fluorescence (14) are the most frequently

u s V d  AL trinsi tion s in chemical analysis , we will separately consider a two-

level and a three-leve l atomic model , each yielding one of these two ~inds of

fluorescence tran~ itions . These models will then he used to explain the time

behavior of tI~e population of the excited energy level involved in fluorescence

as a function of the length of the radiation pulse causing excitation .

~WQ T~~~~~~~~IP~Le1

A di~i~ ram of the two energy-level (resonance) atomic mode l and the math-

ematical function to describe the time behavior of the exciting radiation

Pulse are 5hO V ~~fl in Fig. I. Fig. 1A illustrates a resonance transition with

upper (2) and lower (1) atomic levels of energies E2 and E 1 respectively,

with the relevant activation and deactivation paths of the transition indicated

by arrows . In this case, the atomic system is assumed to be irradiated by a

beam of photons having a spectra l power density p(t) which is constant over

_ _ _ _ _ _ _ _  ~~~~~~~ - .~~ ~~~~~~~~~~~~~~ •~~~~•~ VV • V . V - V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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the wavelength (frequency) region of interest and which has a time variation

described by a square pulse of definable length (Fig. 1B).

In this model , a group of atoms in the lower energy level 1, when exposed

to the beam of radiation , moves to the upper energy leve l 2 by absorption of

a quantum each of the incident energy, and at a rate proportional to B12p (t).

B 1~ is the Einstein coefficient for the stimulated absorption transition 1 2 •

Once in the excited level , the atom can undergo deactivation to the lower energy

leve l either by spontaneous emission , by col l ision wi th other species or through

emission induced by the incident radiation . The rate constants of these deac-

tivation processes are (respectively):

A~ l(sec~~); the Einstein coefficient for spontaneous emission , which

indicates the probability that an excited atom will spontaneously emit,

in a random direction , a quantum of energy equal to that of the ab-

sorbed radiation (E2 - E1);

Z2 1 (sec t); the rate of collisional deactivation, or the probabil ity

that an excited atom will pass to the lower energy level 1 by collision

with other species without emission of radiation ;

B21~ (t) (sec~~); the probability that the excited atom, exposed to the

excitation beam of power density , p(t), wil l  return to the lower energy

level 1 by emission of a quantum in the same direction as the in ident

radiation . B 21 is the Einstein coefficient for the radiationally in- V

duced downward trans ition 2 -
~~ 1.

This latter kind of deactivation process is not detected in conventional

AFS, even though it is radiational , because of its directional character.

B 12 and B21 are related to A2 1 and each other by

2hv~1 ~ 
2ch (2)

21 ~~~~

- V V —~~ V 
V~~ V~ 
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and

B21 ~2 
B12 g1 (3)

where Ii is the P lan ck  constant (6.624 x 
~~~~ J sec), c the speed of li ght

(3 10 10 cm/sec), A 21  is the wavelength of the 2 -÷ 1 transition and ga. , g~

ire the Jegeneracies (statistical weights) of energy levels 1 and 2 respectively.

Thus , c on s i d e r i ng only the act ivat ion and deactivation processes ment ioned

above , and neglecting temperature and pressure broadening of the atomic spectr~d

lines , the rate of populat ion of the excited energy level 2 of this model is

~ i \ C f l  h

dn (t)
= B~~ p ( t )  n1(t )  — (B

21 0(t) + A21 
z
21
) n2(t) (4)

w h e r e  n 1 t )  and n2(t) are the time-dependent numbe~~of atoms in energy levels

1 and 2, respectively.

As suming that the total number of atoms (N) is distributed among those

two le ve ls , -

N = n1(t )  + n
2 (t )  (5)

By substitution of n1 (t) from Eq. (5) into Eq. (4), the rate of population of the

exc i ted leve l can be found in terms of n 2 ( t ) :

dn2 (t )  
NB12P(t) — n2(t )  [a2 + b2 0( t) ) (6)

• where a~~ A~~ + Z21 (7)

and b = B  + B  (8)
2 12 21

It is noteworthy that the constant a2 is the reciprocal of the fluorescence life-

t ime  (-t - ’ )  of the observed transition .

In this analysis , the time behavior of the laser pulse [p ( t ) ]  is assumed

to be a boxcar function of width t0 and height Pa (cf. Fig. lB), mathematically

described by -

0 ~ t � t 0
P(t) = (9)

0 t > t 0

V -
~
. _j_

~t ~~~~
- -

~~ 

~~~~~
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Remembering the shape of this exc i t a t ion  pulse , let us f i r s t  consider the case

in which a stead y-state population of the excited level is achieved during the

excitation pulse; this situation prevails when the excitation pulse length

(t , ) is large compared to the fluorescence l i fe t ime of the transition (T’) .

Case I: Steady State Irradiation

Under steady-state irradiation conditions , the change in population of the

excited state is negli gible so that
dn2(t) 

~ 0

I t  the exciting radiation then has a constant power density of p
~ 
(i.e.,

to -“) , the steady-state population of energy leve l 2 [Np], obtained by

solving Eq. (6) is given by

N88 
= 

~~~12

or 
N:8 = ~~ 12 ( ~~~~ 

~~

—

~~) 

(10)

where a
- -z

~s b (11)

Eq. (10) implies that under steady-state conditions , the population of

the excited leve l increases in nonlinear proportion with the peak power den-

sity of the excitation pulse (P0), toward a saturation level , [(N2)sat], which

can be found from Eq. (10). In Eq. (10), as P 0 gets larger and larger, p5

becomes less and less significant. Ultimately, the denominator in the paren-

thetical expression of Eq. (10) becomes approximately equal to p~ and Eq. (10)

simp lifies to

NB
( N )  — .._i.a (12)

2 gat b2

_________
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Vfllus under stead y-state conditions , the saturation population of an

•ttOiR i~ -~~;tein depends only on the fundamental parameters B12 and b2 B 12 + B2 1

[F 1. (5)J . From Eq. (3), the va lues of B 12 and B~~ are seen to be related

by their st it istica l wei ghts. Using this information and Eq. (12), the maxi-

mum fraction of excited atoms

_______ — 1

N 
— (i + g1/g2) (13)

is onl y dependent on the degeneracies of the reve l’s involved.

In practical work , it has been found usefu l to define a saturation power

densit y (7) which occurs when Po = 
~~~~~

. In this situation , Eq. (10) becomes

(N~
5
)3 

= 

NB
12

or

~ SS.~ 
~
- ( N )k N 2 / S 2 ’ 2 s a t

In other words, when the incident power density ~o reaches the value ~~ 
t h e

excited-state population will be 50 percent of that achievable under complete

s a t u r a t i o n.

Case II. Non-Steady State (Transient) Irradiation

When the duration (to) of the radiation pulse producing excitation is

comparable to or shorter than the fluorescence lifetime of the upper state

of the transition being observed , the steady-state assumption made in the pre-.

vious section does not hold , and the change in population of the excited level

[dn 2(t)/dtj-cannot be neglected. In this non-~ eady-state situation , the popu-

l -~t ions of the excited level both during (0 ~ . t ~~. ti) and after (t > to) ter-
‘4

mination of the excitation pulse can be obtained by solving Eq. (6), and are

given by:

V V -V -V V V V ~~~~-V_ V  V~~~~~~~ -V ~~~~~~VV ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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U f or  t -
~~ I

~- -~~ ~~ (14
~~~~~~~

• 1 nd

j j) lot t
NF~ P (15)

•V !.
~~~~~~

_ !V_V_ (C
~~ j~~~~

A p lot of the above expressions reveals the time behavior of the excited

state popu lation eXI)ected when exciting radiation pulses of any length are

emI)1o>ed . For convenience , Eqs . (14) and (15) will be plotted as the fraction
- - n , ( t )

of exc~tcd atoms _-
~~

--—
, rather than directly as upper-level populations. As

an example , Fi g. 2 shows the changing fractional upper-leve l population ex-

pected u nder conditions prevailing during excitation by a nitrogen-pumped

tunable dye laser . To construct this plot , an excitation pulse of 5 ns dura-

tien was assumed; this value is typical of pulse lengths in nitrogen-pumped

V tunable dye lasers. For the a~ , b2po and B12 parameters, values typical of

many atomic fluorescence transitions were used , specifically:

a =~ 1O~ Sc: -

b~~ V a

(
~
j -  ~ ~~~ (3) and (8) )

In Fi g. 2 , the fraction of excited atoms rises as long as the exciting

radiation is applied; the rise time of the population increase is calculated

to be 0.5 ns , which corresponds to the quantity (a2 + b2po~~
1, as one wou ld

expect from Eq. (14). After termination of the excitation pulse , the popula-

tion of the excited leve l decays with a time constant of 1 ns, which corresponds

to the effective fluorescence lifetime of the atomic transition in a flame

environment [t ’ = a~~ , cf. Eq. (15)]. In this special case, the half-width

of the curve describing the fraction of excited atoms is equal to 5 ns, the

V - 
- ,y- -~~

,- - - -~~~~~



-V- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_~_ V_ V V ~ -V ~~~~~~~~~~~~~ •V_ V VVV_ I ~~~~~

11

same as the length of the exci ta t ion  pulse .

As men t ioned ear l ie r , the variation in excited-state populat ion illu-

strated in F i g .  2 can be experimentally followed by monitoring the spontaneous

fluor escence emitted during depopulation of the excited state. Because the

magnitude of spontaneous fluorescence is directly proportional to the excited-

st a t e  population [cf. Eq. (1)},a plot of measured fluorescence vs. time should

gene rate a curve such as Fig, 2 directly. However, because of limitations

in i n s t rumen ta t ion , it is often more convenient to measure the average fluo-

r e scence  which is produced over a specified time interval. In the specific

but frequently encountered example of gated detector (boxcar integrator) being

employed , the recorded signal will be the time average of the fluorescence

radiation , detected over the sampling gatewidth of the gated detector . For

convenience , let us assume a sampling gatewidth equal to the laser pulse dura-

tion (t0). The average population of the excited energy level (N2) during

the excitation pulse (which determines the magnitude of the detected fluores-

cence si g n a l )  can then be calculated :

N
2 

n
2(t) 

= 
~~ j ’~° n~(t)dt (16)

By substitution of Eq. (14) into Eq. (16) and integration , one obtains

N2 
= NB12 Ca2 

~0 
) 
[1 - (17)

where

(1 - e
_ 2 +l

~~
0)t0)

D = (a2+b2p0)t0 
(18)

As in the case of steady-state population of the excited state, a value for

the radiant power density can be defined (0~ SS) which is necessary to produce

an upper state population just half of that required for saturation . Thus,
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by solving Eq. (17) for ~ p~ SS and doing a series expansion of the expo-

nential term in  the expression for D, one obtains the following expression

for ~~~

NSS ,
PS ~b2t0j (19)

which imp lies t ’it under non-stead y-state population of the excited leve l ,

the saturation spectral power density depends only on the Einstein coeffi-

cients for induced transitions (Bi2, 821) and on the duration of the excita-

t ion  pulse but is independent of the rate of quenching collisions. A com-

parison of E qs . (10) and (17) reveals that under non-steady-state conditions ,

the rate-controlled average population of the excited level (N2) differs from

the steady-state population (N~s) by an amount given by the D term (cf. Eq.

18).

According to Eq. (18), the departure (D) of N2 from Nr is determined ,

at any given value of P0, by the relative magnitudes of the excitation pulse

length (t0) and the excitation time constant given by (a2 + b2p0)~~ . For

values of t0 much larger than (a + bp0)~~ , D becomes negligible , and N2 be-

comes equa l to N~
S, an altogether expected result, in contrast, at values

of to comparable to or smaller than (a2 + b2po)~~ , the population of the ex-

cited level (N2) rises with increasing Po toward the saturation level at a

rate determined primarily by the term D and , therefore, by the t0, a and b

l);lrametcrS.

The rate-controlled populat ion process described above is illustrated

in Fig. 3, for excitation pulses of several different lengths. In Fig. 3,

the fraction of excited atoms (NJN) has been calculated from Eq. (17) and

is p lotted as a function of the excitat ion power density Po (watts/cm2 Hz),

fur cxc i t i t I on pulses of I us , 10 ns and 1 ps duratioi~. These particular

— - V 
V V V / . ~~~~_S . V ~~~~~V~~~~ _ .._ _ . -  - - V — “ ~~~~ ~ - - S S 4
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plots correspond to the behavior predicted for the So -* P1 transition of Ba

(553.5 nm) . For this transition , a fluorescence lifetime (i)  of 8.5 ns has

been measured (15) in the absence of foreign quenching gases (i.e., when

0). For the plots in Fig. 3, the a~ and b2 parameters were calculated

by a s s u m i n g  that the rate of collisional deactivation would, in a flame en-

vironment , be approximately ten times faster than the rate of deactivation by

— spontaneous emission (i.e., Z21 ~ 10 A21 )  and by using the relationship be-

tween thc A21a nd BL1 coefficients given in Eqs. (2) and (3).

From Fi g. 3, the population of the excited level rises toward the satur-

ation level faster when a I i-isec pulse is used (curve A) than when a 1 nsec

excitation pulse is employed (curve C). These results are entirely expected ;

V when the excitation pulse (t0) is much longer (1 psec) than the fluorescence

lifetime of the transition and therefore also much longer than (a2 + b2po)~~ ,

steady-state-population of the excited level should prevail. In contrast , a 
V

1 ns duration excitation pulse requires non-steady-state (kinetically controlled)

population of the excited level, because the length of the pulse is smaller

than the fluorescence lifetime of the transition and comparable to (a2 + b2p0)~~

for low values of Po . When a 10 ns excitation pulse is assumed (curve B),

the duration of the pulse is comparable to the fluorescence lifetime , but

longer than (a2 ÷ b2p0)~~ . Therefore, the fraction of excited atoms varies

with exciting power density just as in curve A , but with a lower magnitude;

th is behavior arises because the 0 factor (cf. Eq. (18)) is not negli gible

in this case .

A comparison of curves A and C in Fig. 3 reveals that  the extent of

departure of each curve from the behavior expected for steady-state popula-

tion decreases as the spectral power density Pa increases. In fact, at very

high values of P0, the fraction of excited atoms should become the same in all

cases.

~~~~~~~~~~~~ ~~~~~~~~~~ ~~
- -~~~~~~~~~__~~~~~~~~~~~~ --~~~~~~ -~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~
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In order to calculate the saturation power density corresponding to

each of the curves in Fig. 3, we must know the maximum fraction of ex~ited

atoms which would exist during comp lete saturation of the atomic system. In

the case of the So P1 transition of Ba under consideration , a maximum frac-

t i o n  of excited atoms equal to 0.75 was calculated from Eq. (13), with g~ = 1

and g - = -3 . From Fig, 3, the saturation power density (i.e., the spectral

power density necessary to produce a fraction of excited atoms equal to 0.375)

varies w i t h  the duration of the excitat ion pulse.

Table I shows calculated value s of saturation power densities for the

excitation pulses considered in Fig. 3. From Table I, a 1 ns exciting pulse

must be over twice the power density of a 1 I.is pulse to produce an upper

leve l population equal to 50 percent of that prevailing at total saturation .

This result is a consequence of the kinetically controlled nature of the

saturation process which must be dominant when short exciting pulses are used.

Considerations on Predicted S~turatioD Power Densitie% J f~~~~~~~~~~~~~~~~~~~~~ ’V~~~~~~~~~~~~~ / V \.A/V~ ‘A~~~~~J\~ ~f t ~/V~

From Eq. (17), the dependence of the excited-state population on the

excitation power density is determined by the magnitude of the a2 and b2 
V

lumped parameters for a given excitation pulse duration . Therefore, the

saturation power density wh ich is predicted by the described model is deter-

mined by both fundamental atomic parameters and environmental factors, such

as the fluorescence lifetime of the transition and the rate of collisional

deactivation produced hy the atom environment (cf. Eqs. (7) and ( 8 ) ) .  tin -

fortunately, accurate values for collisional deact ivation rates in a flame

environment are not often available; furthermore , the fluorescence life-

time s listed for most atomic transitions contain significant uncertainties.

To better appreciate the utility of this theoretical approach , let us then

I
V V - - V ~~~~~~~~~~~~~~~~
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consider t h e effect of the accuracy of these parameters on the predicted

sa t u r a t i o n  curves and on the calculated saturation powe r densit ies.  In the

following considerations , the same t r a n s i t i o n  of Ba which was described

earlier in this section will be employed . 
V

First , let us assess the importance of uncertainties in the rates of

collisional relaxat ion (Z21). In a flame or other atomizer environment , the

fluorescence lifetime of any given atomic transition will be shortened by

collision s between excited atoms and other flame species . Such behavior

was verifie d experimentally in this laboratory by measurement of fluorescence

lifetimes of atomic transitions in the flame environment and comparing those

values to lifetimes of isolated atoms.

The effect of the rate of collisional deactivation upon theoretical

saturation curves is shown in Figs. 4 and S for excitation pulse lengths of

1 -s and 6.5 ns respectively. In constructing Fig. 5, we have assumed a

6.5 ns pulse length because it corresponds to the excitation pulse of a

nitrogen-laser-pumped tunable dye laser which was employed in the experimental

measurements of saturation power densities to be described in a later commu-

nicat ion . In both Figs. 4 and 5, curve A corresponds to the saturation curve

where the atom environment is free of foreign quenching species (Z21 ~ 0),

while curves B and C correspond to atom environments where the rate of col-

lisional deactivation is assumed to be S and 10 times faster than the rate

of spontaneous emission (Z21 = 5A21, lOA2l), respectively.

When a I ps excitation pulse is used to excite an atomic medium rela-

tive ly free of quenching species (Fig. 4A), saturation of the excited level

is achieved at relatively low values of incident spectra l power density.

However, in the presence of quenching species (Figs. 4B and 4C) , the fraction

of excited atoms rises toward the saturation level at a rate which is in-

~ 

~~~~~~ V V V ~~~~~~~~~~~~~~~~~~~~~~~~
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versely proportional to the rate of collisional deactivation .

If a (‘.5 ns excitation pulse is employed (cf. Fig. 5), the saturation

curve is affected much in the same way by collisional de-excitation as when

the longer (1 as) pulse is used . However, because the excited state popu-

1a~~on is determined mainl y by radiationally induced transitions when the

~~~ us jut ise is app l ied , saturation is achieved only at higher spectral

~
iowe r densities than for the 1 as pulse , where a steady-state population

of the excite d level prevails. A comparison of curves A, B, and C in either

Fi gs. 4 or S reveals that the atomic system approaches saturation as the

spectra l power density increases regardless of the occurrence of quenching

colll ~ iw~~. In fact , at spectral power densities much higher than the sat-

uratiort power density (P s), the fraction of excited atoms becomes essentially

independent of th e rate of collisional deactivation. This behavior is ex-

pected because at h i gh power densities , radiationally induced transitions

(b~~ .~) become don inant in the population and depopulation of the excited

energy level.

The calculated saturation spectral power densities corresponding to

the different cur ves in Figs. 4 and 5 are given in Table II. In this table ,

is the fractiona l (expressed as a percentage) difference between the sat-

uration power densities which were calculated for the 6.5 its and 1 asec ex-

citation pulse lengths (columns 2 and 3 of Table II). From a practical

standpoint , r expresses the relative error which would exist in the calcu-

lated value of s a tt i r a L i o n  power density if steady-state conditions had been

assumed , but a ~.5 us excitation pulse were employed .

Severa l interesting and important observations can be made from Table

Ii. When 1 as excitation pulse is assumed , there is a one order of mag-

n I tude ~1 1 t ’  r i ’n c - p, V tw ~ .CII the values of 
~s 

calculated for an atomic medium
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relativel y f ree of quenching species (Z2 1/A2 l ~ 0) and that pertaining to

a medium where the rate of collisions is one order of magnitude greater

than the rate of spontaneous emission (Z2 l /A2 l = 10). In comparison , the

dependence of a 5 on quenching is smaller when a 6.5 its excitation pulse is

assumed , although the values of P 5 are higher than those required for the

1 as pulse. Also , Table II indicates that the error produced by assuming

a steady-state population of the excited level , in the case of a 6.5 ns

pulse , decreases as the quenching factor (Z2 l /A2l) increases. This behavior

arises because, as collisional deactivation (Z21) increases , the effective

fluorescence decay rate of the atomic transition (a2) becomes comparable to

Or smaller than the duration of the excitation pulse. Consequently, the

6 .5 ns pulse begins to appear more and more like a continuous (in time)

radiation level, so that steady-state irradiance conditions are approached.

Another parameter which might cause significant error in the calculated

values of saturation power density is the fluorescence lifetime of the tran-

sition being considered. The uncertainties in published lifetimes are sub-

stantial , and the val ue final ly used in the calculation directly determines

the rate of depopulation of the excited energy level , thereby strongly af-

fecting the incident power density required to produce saturation. A plot of

saturation curves obtained from Eq. (17), assuming val ues of 4, 8 and 16 ns

for the fluorescence lifetime of the Ba transition considered and a 6.5 ns

pulse duration are shown in curves A, B and C of Fig. 6. As expected , the

fraction of excited atoms is greatly dependent upon the assumed value of the

fluorescence lifetime . Predicted values of saturation power density corres-

ponding to the curves in Fig. 6 are shown in Table III. In this table , the

value s of p~ increase as t becomes larger than the duration of the excitation

pulse. Th i s  table also shows the error (c) in the predicted saturation

power density which would be caused by as suming values of the fluorescence

L. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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I llc t j rnC that ire 50 percent smaller or higher than the “real” fluorescence

i t c t  ime (8 as)  of the studied transition .

t he  t
V
orc~ , o i n g  considerat ions reveal that  an accurate knowledge of the

t l 1I l- c V ~~j V f l i ce  l i f e t i m e  of the t ransit ion and of the rate of collisions is

ic e c s ar v  in  order to predict  accurate saturation power densities of an

it ilitie system irradiated with a pulse of a given duration . Using the two-

cicrgy-Ieve l model described earlier , predicted values of the saturation

po~.er dens ity for several elements are shown in Table IV. In the table is

~i 1~ o listed the wavelength of the particular transition for each element

being considered , and the values of the fluorescence lifetime available in

the literature . In calculating these saturation power densities , we have

:i ~~suiued the rate of collisions to be ten times that of spontaneous emission

~ IPA- 1) and an excitation pulse of 6.5 ns duration.

The effect of the assumed fluorescence lifetime on the saturation power

density of the excited level becomes particularly strong in the case of ci

~.hich iris a relative ly long fluorescence lifetime (35 ns). Table IV a1so~

shows that a hi gher spectral power density is required to saturate atomic

levels in  the ultraviolet region (e.g., Mg) compared to atomic levels in the

visi b le spectral region (e.g., Ca , In , Sr , etc.). This behavior is consis-

tent with the dependence of the Einstein A coefficient for spontaneous emis-

sion on the cube of the frequency of the transition being studied.

~ t~ a Ir~ad~~~~~ ~~~~~~~~~~~~

It is both worthwhile and instructive to consider the limits of the

equations describing steady-state and non-steady-state population of an ex-

cited leve l [Eqs. (10) and (17)] under conditions of extremely low or high

- - pectra l irradiance. These special cases will be examined separately.

V V V~~~~~~~ V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~
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Limits Occurring During Steady-State Excitation

For spectral power densities (P 0 )  much less than the saturation power

density (P 0  as), the population of the excited level becomes, from Eq. (10):

N88 NB12 (20)
2

hi q. (20) predicts that under steady-state illumination at low spectral power

densities , the population of an excited level will be linearly proportional

to the effective fluorescence lifetime of the transition (r’ = a~
1 ) and will

also increase in linear proportion with the power density (P0) of the excita-

tion source. This is just the behavior observed in conventional-source atomic

fluorescence . N

At excitat ion source densities much higher than the saturation power

density (p5) the population of the excited level will become independent of

the spectral radiance of the source and of the fluorescence lifetime of the

transition as given by Eqs. (12) and (13). This behavior has been observed

by other workers (6).

Limits Occurring During Non-Steady-State Excitation

At low spectral irradiances, the probability of induced transitions

(b~p0) becomes negligible compared to the probabilities of collisional deac-

tivation and spontaneous emission (namely, b2p0 << a2). Therefore, at low

incident spectral power densities , non-steady state population of an excited

level , given by Eq. (17), becomes

N2 ~ ~~~~ 
- 

;:~~

2 to

~ ~~ (21)

From Eq. (21) we see that N2 (and thus any detected spontaneous fluores-

cence) increases in linear proportion with Po, but its magnitude depends on

V
~~

V V -
~~~~~~~
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the re l i ti ce i e ’ i i ~t ) of the excitation pulse to and the effective fluores—

c i -:e l i f e t i m e  of the t r a n s i t i o n  -r ’ ( T ’ a~
1). In the case of a source of

1
i ii. spectra l radianc e arid pulse duration much longer than -r ’ (conventional

e x c i t ~~t i o u  So u r ce )  • thur p o p u l a t i o n of the exci ted level (E q. (21) )  becomes

(‘(too l t o  the ; t c i J i -  st a t e  popula t ion  at low spectral irradiances given by

Lq . 1 2 ( i)  , as one soc Id expect

At hi~j~ spectrs l irradiances , the probability of radiationally induced

transitions (h~ o) become s larger than the probabilities of spontaneous and

collisional deactivation ( a 2 ) .  Under these conditions , Eq. (17) reduces to

the following relation

B f (1 — e~~2Po
to) ~N s~ N — ~ - - 1  — (22)b b2 2P0 0

indic ting that the population of the excited level becomes independent of

the effective fluorescence lifetime T~ and varies in nonlinear proportion

H s~~th  both the rate of radiat ionally induced transitions and the duration of

t h e excitation pulse .

i ro,i i IH j. (22), for an excitation pulse of longer duration than (b2p0) 1

or for a pulse of amplitude (P s)  greater than (b 2 t 0y 1 , the population of

the excited state becomes:

N
N N = 

~~f+ g1/g2) (23)

which is the sane as the maximum population of the excited level under steady-

state saturation conditions [Eqs. (12) and (13)]. Eq. (23) implies that at

high power d e n s i t i e s  (p o >> p 5 ) or under steady-state conditions (t 0

(b2p0)~~ ), the atomic medium becomes transparent to the exciting radiation

and the population of the excited leve l is only dependent on the degeneracies

of the energy levels involved in the transition and on the atomic population

free to absorb the incident  radiation .

V ~~~~~~~~~~ -— -~ -~~ ~~~~~~~~~~~~~~~~~ 
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three -Level Model

Because of the high available peak power of tunable dye lasers, non-

resonance transitions , particularl y direct-line fluorescence and step-wise

f luorescence , have become potentially useful for trace analysis. Therefore,

i t  i s  importa n t to consider the behavior and practical applications of such

t r a n s i t i o n s  under conditions of near saturat ion of the relevent atomic en-

ergy l e v e l s .  For this purpose , we will consider the three-energy-level model

i l l u s t r a t e d  in Fig .  7A . As with the two-state  model , it wi l l  be assumed

that  a number (N) of three-state atoms is illuminated by an excitation pulse

resembling a boxcar function of duration t 0 and peak spectral power density

~~~~~~ 
Such a pulse is portrayed in Fig. 7B. As before, the exciting radiation

will be assumed to he constant in magnitude over the atomic absorption band-

w idth .

The act ivat ion and deactivation pathways in the three-level atom, shown

by arrows in F ig .  7A , correspond to the following.

Population of Level 2. Excitation of an atom from energy level 1 to

energy level 2 can occur by absorption of a quantum of incident radiation.

The rate of this  process is given by B 12 p ( t ) ,  where B 12 is the Einstein co-

ef f i c ien t  for the radiationally induced transition 1 -
~ 2 , as defined earlier.

Also , an atom in energy level 3 can be excited to level 2 by collision with

f lame species or through other thermal processes. The rate of this excita-

t ion event is given by Z 32 and becomes important only in cases where the

energy separation between energy levels 2 and 3 is comparable to or smal ler

than the therma l energy of the flame ( i .e . ,  E 2 - E3 k~ kT) .

An atom originally in level 1 can also be therma l ly or coll isionally

excited to leve l 2. However , the energy difference between these states

will be larger than that between levels 2 and 3, so that such collisional
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exci ta ’ i o n  is less probable. In the present case, non-radiational excita-

tw~ f rom level 1 to level 3 will be neglected .

E)epopu1ation of Level~~~. Once in excited level 2, the atom can relax

through the fol lowing paths:

i) by r a d i a t ic n a l d e a ct i v a t i o n  to level 1, involving spontaneous emission

(in a random directi on ) of a quantum of energy equa l to that in the i n — : i —

dent radi ut ion . This process is called resonance fluorescence and its

rate or probability is g iven by the Eins te in coefficient for spontaneous

ci i i  i s s  ion A 2 ~~
.

ii) radiationa l deactivation to level 3, by spontaneous emission (again in

a randoiii direction) , of a quantum of energy, (E2 - E3), different from

that of the incident radiation . The rate of this process , termed non-

resonance direct-line fluorescenc e, is given by the Eins te in  coeff ic ient

for spontaneous emission A23.

ii i ) r iThiti onl ess deactivation to either level 1 or leve l 3 through collision s

wit h forei gn species in the flame . The rates of these collisionally in-

duced transitions are given by Z21 and Z23, respectively.

iv) radiatioui ally induced deactivation to level 1 with emission of a quantum

of the same energy and in the same direction as the incident radiation .

The rate of this process is given by B21 p (t), where B21 is the Einstein

coefficient for the induced transition 2 -
~ 1.

Population and Depopulation of Level 3. Atoms in energy level 3 will

relax to energy leve l 1 by spontaneous emission at a rate given by A 31 and

by collisions with flame species at a rate given by Z31. Excitation of

atoms from level I to leve l 3 is produced by collision of atoms in level 1

with flame species and has a rate Z13 ; col l is ional exc itation from lev e l 3

to leve l 2 can a l so  occur and w i l l  have a rate Z 32 . 

~~~~~~~~~~~~~~~~~ 
- ~~~~~~~~~~~ VV V~~~~~~~~~~ V V ~~~~~~~~~~~~~~~~~
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In accordance with these activation and deactivation pathways, the rate

of population of energy levels 2 and 3 can be shown to be:

dn~,(t) (24)n 1 B1.,p(t) - na f B 2 i p ( t )  a .~.3 + a
21] n3Z32

arid

dn3(t)
dt 

= n2a9~ - n~ Z1 - n3(a + z~~) (25)

where

a.-1 = + z21, (26)

a23 A23 + z23, (27)

a
31 

= A31 + z31 (28)

and n 1, n2 and n 3 are the time-dependent atom populations of energy level s 1, 2 and 3,

respectivel y. In this and the following treatment, the simplified notation n~ will be

used rather than n (t). The reader should recall the time-dependent nature of these

parameters , however .

Assuming that the total atom population (N) is entirely distributed

among the three energy levels considered ,

N =~~~~+~~~~+ n  (29)

In the case of direct-line fluorescence , the signal detected is the fluores-

cence radiation produced by the spontaneous transition from level 2 to level

3. Therefore , the pertinent energy level in determining saturation will be

upper level 2. By contrast , during stepwise fluorescence, the signal detec-

ted is the radiation produced by the spontaneous transition from leve l 3 to

level I; consequently, the population of energy level 3 will determine the

approach to saturation . Further discussions of saturation of this  three-

leve l atom need there fore concern only the populations of leve l 2 or level

3, depending on whether direct-line or stepwise fluorescence is being con-

sidered.

---- - - - - -— -

~

--

~

--- - -- -- - - -
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The i~~~ (~ - d - i l itv ~;f observing either direct-line or stepwise fluores—

cerice , or of ;ul ati ru ’ iiv g iv en  energy leve l depicted in Fig. 7, depends

largely on t hii - i - i t - -
~ of popuula t hug ~r depopulating leve l 3. To see why this

i s so , l e t  ~~~ c io -idt r t h e cases of d i rect - l ine  fluorescence and stepwise

f1 iorcs ccsce ~c~~u i ; u t t l y .

ii rect  l ine E~ 100 rc s~_ eiuce

Bec a use dir c t -l iui e fluorescence ordinarily involves the observation

of transition s corresponding to frequencies in the ultraviolet-visible spec-

tral reg ion , the sp ac in g  between energy levels 2 and 3 must be quite large ,

and will generally be much greater than the thermal energy (kT) available

in the flame . Consequently, collisionally induced transitions from level 3

to level 2 will generally be quite slow and can be neglected compared to

competing processes (i.e., Z32 ~~O). This assumption will be valid for

some atomi c systems to be included in the experimental study to be reported

later. For other systems which do not allow this assumption , experimental

correction for thermall y assisted population of leve l 3 could be made merely

by monit oring emission from that level in the absence of exciting radiation

(i.e., when r~ = 0) .  If Z3~ = 0, the rate of population of energy levels 2

and 3 [cf. Eqs. (2 !) and (25)]becomes:

dn2 (t)

dt 
= n1 B12p(t) — n2(B21p(t) + a23 + a2l) (30)

and

dn3(_t)
m
2
a
23 

+ n 1Z13 - n3a31 (31)

To study the saturation of upper energy level 2, one must solve Eq. (30)

as a function of time and incident power density. In turn, because the pop-

ulation of a t o m s  f r ee  to  absorb the exciting radiation (namely n 1) depends 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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partiall y upon the rate of population and depopulation of energy level 3,

some considerations of leve l 3 are necessary to solve Eq. (30) .

Thermal EQuilibrium. First , consider the case where the energy differ-

ence between levels 3 and 1, (E3 - El) is comparable to or smaller than the

thermal energy (kT) available from the flame environment. In this case, an

equilibrium will exist between the population of levels 3 and 1 which can

be described by the relation:

n Z  ~~n a  (32)113 391

Subst itu t ion of Eq. (32) into Eq. (29) yields the population of level 1:

( N - n)2 (33 )( i + z)

where

Z = Z~~/ a31 
(34)

Afte r  subst i tut ion of Eq. (33) into Eq. (30) , the rate of population of

level 2 becomes:

dn.D(t) Np( t )B 12 ( B~~ai~~~
= (1 +z) - n2 1a21 

÷ a23 + p(t) [ a~~~~~
÷ 
(1 +

or 

dn2 t 
C~~~ p(t) - n2 (t )  [a + b3 

(35)

where the lumped parameters are defined as:

aae a21 ÷ a23 (36)

B12 (37)b ~~21~~ (1 + z) d~

NB12
C (38)

lii these expressions, the subscript s 3 and e are used to indicate the three-

level mode l and the assumption of equilibr ium between energy levels 3 and 1.
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A comparison of E qs. (6) and (35) indicates that the same general ex-

pression for the  rate of populat ion of the upper level is obtained for a

t~.’) -energy-l eve 1 atomic system and a thrce-energy-leve l system , if in the

latter model equilibrium is assumed between levels 3 and 1. Also, Eq. (35)

reduces to Eq. (6) for the case z ~ 0. In turn , Z wou ld approach zero if

energy level 3 had a negligible population compared to that of level 1 (cf.

Eq. 34). This behavior would exist , for example, in the case of a very slo w

radiative population of level 3 from level 2, coupled with a much more

rapid radiative depopulation of level 3. In such a situation , the dominant

pathway for energy loss from level 2 would be the transition to leve l 1,

(i.e., A 2 3  < <  A21). In such a case, one need consider only the 2 -* 1 de-

excitation path and can assume a two-energy level system.

Because of the similarity of Eqs (6) and (35), the same analysis which

was performed for the two-level system on the population of the upper energy

level could be applied to the present case of a three level system, with

equilibrium between the two lowest energy levels (3 and 1).

Correspondingly, a saturation power density C
~ 3es

) for direct-line flu-

orescence can be defined by reference to Eq. (11) as

p = (39)
3e0 b

3e

Steady-State Approximation. Another case worthwhile considering in

direct-line fluorescence is that in which the rates of population and depop-

ulation of level 3 are comparable , so that a steady-state population of that

leve l is achieved. If dn3(t)

dt 0,

the population of the lower energy level (n1) can be found from Eq. (31):

n 1 
~~~~ fN - n2(i + a23/a31 )’} 

~~~~~~~~ -~~~~“- - -——-~~~~ --~~~~~~~ - - ~~~~ 
- -

~~~~~~~~~~
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I-
By subst i tut ion of Eq. (40) into Eq. (30) , one obtains the following

expression for the rate of popu lation of leve l 2:

dn2 ( t )  NB12 p(t) r (1+a~3/asi) ~ —

~i7~ (i +- z) 
— n~~a2~~ a2.1+ B2 1 0( t )  + B12~ ( t )  

(i + z)

or

d n ( t )
= 

~~ 
p( t) — 32(t )  [a i. b p( t ) ]  (4 1)

whe re:

a = a  + a
3~ 21 23

(i + a23/a31)b = B + B  (i + z) (4 3)

and

~~~12
C = (44)

As in the earlier case , the population of the excited level follows the same

behavior as in the two-energy-level system, but with different a, b and c

coefficients (cf. Eq. 6).

Stepwise Fluorescence

In atomic systems which exhibit stepwise fluorescence, the energy sep-

aration between excited energy levels 2 and 3 is often small enough that

collisionally induced transitions from level 3 to level 2 (232) cannot be

neglected . However , the rates of collisional level- l-to- level-3 transitions

become negligible because of the large energy spacing between those levels

(corresponding to ultraviolet-visible frequencies). tinder these conditions,

Z 13 ~ 0 and the rate of population of levels 2 and 3 are (from Eqs. (24) and

(25): 

~~~~~~~~~~~~~~~~~~~~ 
-

~~~~~~~~



— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

28

dn~~ t) 
-

- 01B1.,p (t) - 
~~~~~L B2 ip( t ) + a23 t~ a21] 

+ n3Z32 (45)

and

dn 1( t )
- - 

— = n~a - n ( a31 
+ z,~ ) (46)

cit

Because the populat ion of leve l 3 is determined solely by collisional

and n o n — r a d i a t i o u i a l l y induced transitions , its popula tion will vary as a

direct function of that in level 2. Likewise, stepwise fluore scence detected

as a transition from level 3 to level 1 will follow the same saturation be-

havior as the population of level 2.

To find a simp le relationship expressing the population of level 2, it

is n-~cessary to make some simp lifying assump tions . One such assumption is

that of a steady-state population of level 3. If the rate of collisional

deactivat ion of excited atoms from level 2 to leve l 3 is comparable to the

radiational. and collisional deactivations of level 3 to level 1, and from

level 3 to level 2, one can assume a steady-state population of level 3 (i.e,

dn 3 ( t )/ d t  ~d 0). In this case , the population of level 2 is:

dn~ (t )  
= 

NB12p(t) - n2 (t ) {b  p( t) ÷ a } (47)
dt nr

where

b B21 
+ B12 [1 a~ 1~~~~~~~)J (48)

and

a ~~ a + a 
Z~~a23

2i 23 a -1- z (49)
‘~1 ‘12

As in the two case s treated earl ier  involving direct-line fluorescence , the

population of excited leve l 2 follows the same qualitative dependence on the

incident powe r density as did the upper level in a reson ance transition .

However , in the pre sent case , the saturation power density is determined by

— —~~~ - —-- ------
~~~~—---- ----—.-- —‘-- - - - ,~~~~~

-
~~
-—--

~~~~~~~~~~~~~~~~~~~~~~
-- ---

~~~~
-‘ -
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the rates of deactivation from level 2 to  le v e l  1 and from leve l 3 to level 1 .

In other specific cases which involve stepwise fluorescence processes ,

it is  p055 ihie to make di ffererit a;sumpt ion s wli i ch can be used to simp l i fy’

the t orm of I~q . (i~ ) . hlowcv c r , eca use st epwi  se fl uore ,scence i s not yet

w I iL~ l y used in ana ly t  i c ;~ I a t on ft spect rometry , these cases were not m div-

i du a l l y t r ea ted .

(

_ _  I
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~; ‘t~~s

The mode l fo i  s a t i i r i i  wi -1 i t n i i c  l e v e l s  n r c s e i i t e d  i n  the p r e c e d i n g

se-~- t i o n  is far inure  ge i t - i 1 t i i  r H -:n : - -H rtn r ii app ! i ed t o  saturated AFS

(1—10 , 18, 19). Not univ - l i e S th ‘node! lend itself to  the c o n v e n i e n t  des—

cr i pt ion of Sat t ir at  ion e Ifec t S in  n o n —  r e s o na n c e  fluorescence , i t also  is

a p p l i c a b l e  to a t o mi c  sy s ti:i ~ d~ ~~onc -~ s :it o-at ion  b y t r a n s ien t  po ises .

Wi t t~ this tlieoret I cal r e - i ~~n t  , it hL oi nc~ poss ib l e to  p red ic t  the

e f f e c t  of v ar i o u s  ~- x ~~i- i - j , ~e ’ t a l v i r i , i i l - s  on ~he -~i i t u r a t i o I i  process. As an

examp le , F i g u r e 8 di sp l ay.; the redicted dependence of s a t u r a t i o n  s p e c t ra l

power d e n s i ty  ( i s) tin the durat ion ( t 
~ 

of the e x cit  I ip: r ad ia t  ion p u l se .

The case shown is the Hi trs -~ it ion at SH~. ~ urn , s H n an assume d l i f e t i m e

(i) of 8.5 ns and ii ee l i s i o r i n !  que ic h in~ rate equa l to lii\ ~ i . Consequently,

the true excited stnte lifeti m e T ’ = 1/~A -~1 + )) is approxinately 0.8

ns . One can see from F i i~i I r ’  ~ t h i t  t h e s~It urat ion spec t ra 1 poicer dens i t y

increases markedl y as the e~ c it - I ion pul ~e becom :- s narlowc r t l i a i i  the t rii~

l i f e t i m e , but become s ic n y  constant for excitation pulses much longe r t h a n

the lifet ime .

No a t tempt  has  been made t o  e x h a u s t i v e l y i l l u s t r a t e  the a p p l i c a b i l i ty

of the mode l to n o n — r e s on a n c e  IFS . R a t h e r , t he  two most common ly emp loyed

non-resonance methods (direct-l ine and stepwise fluorescence) were selected

to show how pert inent e x c i t e d - s t at e  p o p u l a t i o n s  could be pred ic t ed  and how

these populat ions relate to c’-:  i t ing source powers necessary to reach satur-

at ion .

The calculation of sour ce  power densities n e c ess a ry  to produce satura-

t ion is perhaps the most si gni fi c;int capability of the ProPosed model. With

such a c a p a b i l i t y ,  i t  shoti  Id he o s s ib l e  to p e d  i ct  the  spectra l power den-

s i t y  wh i ch would gene ra t e  t i t r i t i o n  e f f e c t s  of the  k i n d  foun d to be so ben-

eficial t o  a n a i v t i : i i l  \ I  ~~. As i i -  h ope to show i n  ,i l a t e r  c o m m u n i c a t i o n ,

L ~~~~~~~~~~~~~~~~~~~~~~~~~ --. ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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accurate ,n eusurernerlt u t  th e - -c requi red spectra l power d e n s i t ie s  is e x t r e m e l y

tedious and must be pe r formed w i t h great cart- . Wi th knowledge  of these

requis i te  power l e v el s , i t  s h o uld  be pos sib le  to  assess the f e a s ib i l i t y  of

approaching a tomic  s a tu r a t i o n  w i t h  conventional (non-laser sources .

As with all theoretical models , the one proposed herein must be supported

by experimental evidence . i-~ study to provide t h is ev idence  has a l read y been

completed and w i l l  be reported shortly. In that study , the  proposed mode l

has been found to  agree far  be t t e r  than e a r l i e r  models w i t h  experimental re-

suits and can be used to determine values and trend~ relating to the satura-

tion of atomic energy levels.
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A ~~~j I / i ’ t~~n 2— letH :ttom i c r ude ]

~ or i- I ~- v I a t o r t  I I  ide!

~i ~e ,hi  ~~, c e t ir r r ; ed h i r a r i el  e n S  l ’t . I n n r r p  to 3-eni’r~~v l - ~~’~ ri ol el with the
i s  surupt iu~ u t t ! t’i ’ i i i i I  equ t 1 hr :1: b e t ~ct’i-n lev e ls 3 and I

- . 

_

~~~) —  ~;t ~ .

I ~~~ 5,c ~ 
iw :pei parameters p u l ~1 : In in g to d ix’ eei —l ire fluorescence f rom
a Icy .- ! i t u n i c  node l i n  s5r ieh the loi~r r leve l inval ved in
tnt ,’ t ransiti on i s  d s - ~ r n c d  to have a ~te idv— s ta te population.
Set’ . ~s. 1_H-)

1’nr  lumped p a r t - u  ers pertainin g to s tepeise  f luorescence  from a 3—
~e .’el a t o m i c  model in  w h i c h  a :;tead ~’— s t a t e  p O I ) U l a t  lout is assumed
for  r H  uppe r 1c~- - -l in t~~e I ~uor escen ce t r a n s i t i o n . See. Eqs . 4 8 — 4 9 .

= E i n s t e i n  coe t ’~~i c  i en t  ~or s1 oii tarreo us e m i s s i o n  f rom l e v e l  j to leve l i
(sec I )

- ietccted fluorescence r a d i an c e

c = sj-eed of 1 i c l i t  (3 x lO 13 cm/ sec )

U d ep a r t u r e  of r a t e - c o n t r o l l e d  average  p o p u l a t i o n  of exc i t ed  level (under
n o r i - s t e a d v -y t ~~t e  i r r a d i a t i o n )  f ront  t h e  p o p u l a t i o n  produced by steady-
s ta t e  i r n : i l j , i t j o n . See 1 , .  18 .

= h:n~ ~
-
~
‘ of atomic level i

= h - r itc tio n al (as °o) e rror  in  s a t u r a t i on  spec t r a l  power d e n s i t y  caused i iy
e rr , i1 t , ’or ls  a s sump t i o n  of s t e a d y - s t a t e  i r r a d i a t i o n  -

g1 = de g e n e r a cy  ( s t a t i s t  i c a l  we i gh t )  of t h e  ith energy level

hi P l a n c k ’ s c o n s t a n t  = t- .62-1 ~ i0~~~ J-sec

k B o i t z r n a n n  c o n s t a n t

A j j  = wav e l e n g tn i  cor responding  to a t r a n s i t i o n  f rom ene rgy  leve l j to  energy
leve l i

f l j ( t )  = >~umb er  of a toms in energy leve l i at t i m e  t

-N = t o t a l  number of atoms in a l l  l e v e l s  under c o n s i d e ra t i o n

N2 SS = Steady-state population of upper leve l 2 prod uced b y con t inuous ir-
r a d i a t i o n

= n~~(t )  = average  r iurni -rer  of atoms in upper level  j during the excitation
pU I se

popula t ion  of level  j under c o n d i t i o n s  of comple te  s a t u r a t i o n .

vj i  = spec t r a l  f requency  c o r r e s p o n d i n g  to i t r a n s i t i o n  from level  j t o ‘level i

~ 
= s a t u r a t i o n  spoct r a l  h iow er  dci  si  tv corresponding to d irect-line fluro-

rt’scence from a 3 — e n e r g y  i c u e l  mode l a tom t~ t h i  a ssumed therma l equi  1—
lu - t urn b e t s  i - r i  l e v e l s  I r in d  3



= spectra l power densi ty of incident beam (watts/ cm 2 Hz)
= peak spectral power dens i ty  of exc i t i ng  radiation
= ~c = saturat ion spectral power density for 2-level atomic model

= peak spe ct ral power dens i ty  of a transient (-non-steady- state) exc i-
tation pulse which produces an excited level population half that
generated during saturation . Termed the non-steady-state saturation
spectra l power densi ty .

t = time

t = excitation pulse length.

I = absolute temperature (°K)
observed fluorescence l i fe t ime for t ransi t ion of interest = 1/a2

= :1~~/a31 (see Eq. 34)
rate of collisional (radiationless) transition from level i to level

j (se c 1 )
= quenching factor for a 2-level model

~ 
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Table I. Saturation power density as a function of the

du ration of the excitation pulse for the S 4 P
0 1

transition of Ba (553.5 mm)

t (nsec) 
~ 

(watts/cnn2 Hz) x io~ 
‘.

1 1.31

10 0.70

iooo 0.65

. - .

~ -
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Table iii .  Depe ndence of calculated saturation spectra l
power density on the assumed value of the
fluorescence lifetime

Assumed Lifetime of p , ,‘ 
~~S ~tJ/ CtTr HZ) aAtomic Transition C

T (ns) xlOm

.61t
~
. 11

6 .72

~~3016 1.0 S

a~ The paramete r ~ exp resses the per cent error in the predicted
saturation power density which would be caused by assuming a value for
the fluorescence lifetime (

~ 
) that is 50% in error .

U
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Table IV Values of saturation power densi ty predicted by the

two ene rgy- leve l model

P5 (w/csi~ ’~z)

Element Transition X(nm) ‘r(s) (Ref . )  x icP

-

‘ 

Mg 1S0 . 285.2 3.3x1&’° (16) 4 .9
Cd 1S0 4

3P1 326.1 3.5~i0
a (16) 250.

Ca 1S0 4 1~22.7 li..6x10 9 (15)

In 2 P~ -. 2S, ~451 .i 9.0x10 9 (16) 3.5

Sr ‘S0 ~ 
1i~60.7 ls .7x10 9 (17) 1.8

Tl 2P3 ~~~~ 535.0 9.0x10 9 (16) 2.1
2

Li 2S, -4 2P, 670 .8 27.0x10
9 (16) 1.0
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Figure 1. Schemati c ’ dhig ram for excitation and saturation of a two energy
Ic vt ’  I ~ti - m i i i c system.
A) 1- nergy leve l d iagram showing t ransition rates ; B 12 and B2 1

are the Einstein coeff ic ients  for induced transitions (1 -
~ 2

and 2 1) respectively, A21 is the Einstein coefficient for
spontaneous emission (2 1), Z2 1 is the rate for the colli—
~.iona1ly induced transition (2 1) and o ( t)  is the spectral
powe r density of the exciting beam of radiation , a2 = A21 + Z 21

B) Boxcar f unc t i on  assumed to desc ribe the time behavior of the
e x c i t i n g  radiation ; t0 and çiç~ are the width and the peak
spectral power density of the radiation pulse , respectively.

Figure 2. Time behavior of the fraction of excited atoms (solid curve)
dur ing  app lication of a 5 ns duration pulse of exciting radiation.
Per tinent assumed rate constants governing excitation and decay
are given in the text.

~~~~
, = 

fractional population of excited state. Rise and fall times
N calculated at l/e points .

Fi gure 3. Fraction of excited atoms produced by non—stead y state irradia-
tion by a laser of varying spectral powe r density. Degrees of
exc i ta t ion  fo r  various pulse lengths (t 0) are shown .
A) t , = 1 u s
B) t = 10 ns
C) t 0 = 1 ns

Fraction of atoms in excited state when laser power density is
inf in i te  = 0.75 (see text for  explanation).

Fi gure 4. Predicted saturation curves showing the effect of quenching col-
lisions on excited—state population . Excitation pulse is of 1

us dura tion. Curves A , B and C correspond to atom environments
in which the rates of collisions are 0, 5 and 10 times the rate
of spontaneous emission , respectively. N 2/ N is the f raction of
all atoms in the uppe r state ; fo r complete saturation , N2/N
0.75 .

Figure 5. Predicted saturation curves showing the effect of quenching col—$ lisions on excited—state population . Excitation pulse of 6.5 ns
duration . Curves A, B, and C correspon d to atom—environments in
which the rates of collisions are 0, 5 and 10 times the rate of
spontaneous .~aission , respectively . Compare to Figure 4.

Figure 6. Effect of the accuracy of the values of fluorescence lifetime on
the saturation curves.

A) = 4 ns
B) t = 8 ns
C) i = 16 ns
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Figure 7. Schema tic model for excitation and saturation of a three—energy
level atomic system.

A) Energy level diagram shoving the activation and deactivation
pa thways.

B) Boxcar function assumed to describe the time behavior of the
excitin g radiation .

See text f or discussion of rates of various transitions .

Figure 8. The predicted effect of excitation pulse length on saturation

spect ral powe r density fo r the Ba 553.5 nm transition. True

life time of the transition assumed to be 0.8 ns.

I



-—“V 
~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— o~~~

.

4-

N

1.~
‘5— U
a —,,

(.cJ
‘5

—.
U

-4

-.

~i1
- -  — —---V ~ VV ~~~~~~~~~~~~~~~ ~



-~ V. ~~~~~~~

-~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -  -

Z

_

I

N/EN

- - ______ - 
.



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- .

--

~~

, cj

— 

(

N~~~o

- -
Li

.
~~~~~~~

~i’i 
(0

F—

LnZ
Lii
ci

\
\ \ \

ii~

N/~ N 

—~~~~~~~——~~~~ -~~ A



C

C’-’

aD

><

‘--I a
(“-l

Li

—

H-

.~~n

- Lii
ci

\
\
\ —‘s.
\

~
N
N\ .

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

9• ii~ ~~~~

. 0•0
V. 

N/~ N 
~~~~~~~ ‘- -- -- - ~ - - ~~~



---- ‘-V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ V-
~~~~~~

-V -

T~~

V . ,

>(

8~ 
-

~~~~ 

- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ _ _ _ _ _ _ _ _

N/EN

--- -

~

——

~

--  -



W~~ ~~~~~~~~ V’~~~ ’ ~~~~~~~~~~~~ 
__ —T .’~~:’ 

- -—‘ -
~~~~~~~

- —V.-’--- 

~~~~~ 
V V.V_ 

~~~~ ~~~~~ -- ~
V’_ _ _

,_ - - ~~~~~~~~ ‘—‘.=,-—
- ,—‘V-——_- ,_- ’ ,.— ---~~~~~ —-- - -

S )

\\ \ -. 
+

\\ \ I

I l l  ><
\\ \
I\ \
\ ‘  \ + ~:\\ \

\ \  \ ,- >—\\ \
\ \  \
\\ \

\ \ \  H

I
\ \ \
\\ \ i-V (ID

\\\ \ I ~:

-i—— t - —- - 
~~~~~

-
~~~~

- - - -— -
~~ 

— —

C]. - ti • Q~ U
N/~ N

L —~~- - ‘ V V - -
~~~~~~~~~~~

-
~~~~~~~~

-
~~~~~~~~~~~~~~ - -~~~~ -- - - - — - -~~~—~~~~~~--- --‘ - --~~~~ -— - -  - - - - - -

~~~~~



-- —
‘~~~~~~~~~~~ -- - . — - ~~~—-‘-~~~~ ---‘--- -‘-~--—-- .--‘- --V--- ~~~~~~~~~~~~~~~~~~~~~~~ 

—~~~~-r~~~~~;;~~~~~~~~~~
_ V ,- --,

a
p

~ a
(I)

—S
U

a
a
‘5

“4

-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~



-‘ 
— -  — “ - ~~~ ‘ V ” ~~~~~~ ‘ ‘V 

~ ‘- ‘-rs’--,~~~~~r ,~~~V

0
f-I

~1. - C o
- 

~~~ 
5—

1

r’4

- I- — !.8 r-i
r-I 

8otx(ZH ~43/M) 7..l1SM~ ~~t~ i NOU.V~Ifl1Vs 
0


