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Extended Model for Saturétion ina Two-Level System

COR A. VA.N DIJK, N. OMENETTO,* and J. D. WINEFORDNER+?
Department of Chemistry, University of Florida, Gainesville, Florida 32611

A model is presented, based on rate equations for a two-level
systemn, which describes both the temporal and time-integrated
dependence of the flugrescence signal due to saturation by a
broad band and spatially homogeneous laser beam in an opti-
cally thin medium. In particular, we discuss the processing of
the fluorescence signal by a gated integrator and relations
between gate width, laser pulse length, and decay rate constant
of the two-level system. It is shown that, #ven in the relatively
simple case of a fully saturating, rectangular laser pulse, the
Integrated signal is still dependent on atomic and collisjional
parameters. On the other band, this dependency can be used to
Ineasure these parameters. The only case in which the inte-
grated signal becomes independent of these parameters is the
case of a perfectly rectangular portion being sliced out of the
time dependent fluorescence signal, An experimental method,
which is expected to result in & better approximation of the
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saturation parameter in the case of the integrated signals, is
suggested.

Index Headings: Time-dependent saturstion;
Gated integration,

Fluorescence;

INTRODUCTION

In recent years, several attempts have been made to
measure fluorescence saturation curves, with varving
degrees of success.>” It was soon realized by some authors
that the simple mrodel based on the steady-state two-
level system with a broadband laser was ofien inadequate
to describe experimental situations. Explanations for the
failure of the latter model were sought in coherent phe-

2 N . - [
homena,” spatial inhomogeneity of the laser beam,”® tem-
poral variations of the laser pulse,"* and ionization of the
excited species.® '°

In the present work, we carry the study of saturation
in a two-level system a step further. In particular, we will
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‘investigate the effect of an integration over a specified
time segment of the fluorescence pulse on the saturation
curve. The analyvsis is started by deriving a general
expression for the time dependence of a two-level system,
assuming that the rate equation approach is valid. The
expression will be valid for arbitrary temporal laser pulse
shape. Next, we generate several special cases, taking
both simplified and realistic temporal laser pulse shapes.
To simulate experimental conditions, we put a boxcar
function on the expressions and compare the results with
the idealized steady-state case.

L GENERAL

A two-level model, as depicted in Fig. 1, will be used.
The two levels are coupled by a laser field with a time-
dependent spectral irradiance u(t), (J m™ Hz™}) whose
spectral profile varies little across the atomic line profile.
We will also assume that the laser beam is spatially
uniform cver the region of interest. The case where either
one or both of the above assumptions are not justified
has been treated by Omenetto et al!’ The medium is
taken to be optically thin.

The probability for absorption of 2 photon per unit of
time is then given by Bou(t) (s7'), where By is the
Einstein coefficient for absorption (J7! m® s~ Hz). Simi-
larly, Bau(t) (s7') is the probability for stimulated emis-
sion per unit time. We will allow both levels to be
degenerate, with degeneracies g, and g for level 1 gnd
level 2, respectively; we assume that the (collisional)
mixing between the degenerate sublevels is faster than
any sther time constant occurring in the system. Rela-
tions between the various quantities are given by:%

Bz: &1 ..iz_l_ - B:hv’

_—— N ' 1
y - (1}

where ¢, A, and » have their usual meanings.

Collisions transferring populations from level 2 to level
1 are represented by the collisional rate constant ks (s™2).
Because of the large endoergicity involved, we will ne-
glect k2. The populations of the upper and lower level
are represented by nq(t) and n.(f), respectively, in units
of m™. Neglecting chemical reactions, ionization, and
drain of population to other levels, we will assume that
the total population is constant and denote its magnitude

(2|92)

B, uft) B, ult} |k, A,

— 4 (l,g)

Fic. 1. Level diagram used. Two levels with degeneracies g, and g, are
coupled by induced absorption Bisu(t), stimulated emission Bauit),
collisional deexcitation s, and spontaneous emission Az;.
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by nr. With these notations, the rate equations can be
writien as:

dny(t) 3

;7 = Bu(t)n,(t)
— [Bau(t) + Az + kxJna(f)
d’;:” = — Buu(Hm(t) )

+ [Bau(t) + Az + kn)na(t)
ni(t) + ny(t) = nr

The second of these equations is superfluous and the
system can de reduced o a single linear differential
equation of the first order with time-dependent coeffi-
cients

dny(t)
dt

+ [B1al + gy/gult) + An + kany(t)
(3)
= Byngru(t) = 0

As can be verified by differentiation, the solution to this
equation is

H
na(t) = exp[— j [Bifl + g1/g2)ult’)
o

!

+ Axn + kn]dt'} x {K+ sznrJ u(t’)

0

. {4)
-exp[ f (Bl + g1/g2)ul(t”)
0
+ A+ ku)df"]df'}
or
t .
nat) = e:rp{- f [gp(t) + A]df’]
o (5)

i L
X {K + nr [p(t')exp[ j gp(t”) +A)dt":|dt'}
<t °

where K is integration constant (m™); p(f) = Byul(¢)
(s7');g=1+g/g: end A = Ap + ky (570).

Several things are worthwhile to note at this point.
Firstly, when p(¢) = 0, the upper state population decays
exponentially with e time constant 4% this can also be
seen directly from the differential Eq. (3). Secondly,
whenever gpo(t) is larger than A, <+ k2, the temporal
behavior is dominated by exponentials whose arguments
contain time integrals over the spectral irradiance u(t);
this behavior is consequently not necessarily “exponen-
tial” in the simple sense of the word.

In the numerical calculations that follow, we will use
normalized units, such that ny = 1 and Axn + & = 1;
thus, all number densities, rate constants, times, and
pulse duraticns are being measured relative to the num-
ber 1. In a practical case, say an alkali atom as & trace



element in an atmospheric pressure flame, nr could be of
the order of 10" em™, and (Ay + £21)~" would be of the
order of a few nanoseconds.

A. Special Cases

L. p(t) = unit step function

p(t) = {0' <0 ()

po, 0=,

This case is relevant for cw lasers and for pulsed lasers
with a long pulse length. Obviously, the rise time of the
step function is assumed to be much smaller than any
time constant in the two-level system. Substituting Eq.
(6) into Eq. {5) and evaluating the various integrals

¢
f (gpo + A)dt’ = (gpo + A)t,
(1]

! I
nrf p(t’)expl_J’ (gp(t”) +A)dt"]dt'
[1] - J0 .

ponr
oo+ A

Agplying the initial condition n,(0) = 0 results in
: ponir
t) = - -~
na(t) m—{l exp{~(gpo + A)t]) (@

Equatijons analogous to Eq. (7) have been derived by
several authors™"*** for similar systems. We will carry
the analysis one step further and investigate how a gating
operation, applied to the detected fluorescence signal,
affects the results. To this end, we multiply n,(¢) by the

boxcar function
l, H=t= tz
b {0, elsewhere,

[-1 + exp(gpo + A)¢e).

(8)

It should be noted that the boxear function is idealized.
In a practical case, b(¢) will have nonzero rise and decay
times. Moreover, integrating with a boxcar is usually
accompanied by some amplification; since our main in-
terest is in the relative shapes of the signals and satura.
tion curves, we will assume that the amplification is equal
to 1. On the other hand, every detection device has
honzero response times and therefore will integrate the
signal to some extent; the discussion will therefore have
some relevance even for those cases where a boxcar is
not used.

Integrating 5(¢)na(t) over time

t
; poltT
2{8)dt = b4 -t +
J: na{t) 2 {tz 4

&po + Epo+ A

' (9
[exp(={gpo + A)tz) ~ exp{~{gpo + A)t;)]}.

This result shows that the integrated signal is not simply
proportional to the gate width, ¢, — 4, but contains
additicnal dependencies on ¢, and ti.. Saturation curves
calculated from Eq. (9) are drawn in Fig. 2 on double
logarithmic scales for ¢, = 0 and various values of #;. All
of these curves show an initial asymptote with slope +1
and a limiting asymptote with slope 0. The shift in the

i .0

vertical asymptote between the various curves is due to
the term £ ~ £ in the parentheses of Eq. (9). The most
striking feature, however, is the trajectory of the appar-
ent saturation parameter, as indicated by the dashed
curve. For the range of &z — ¢ shown, this parameter
ranges from a value of 2 when ¢; = 0.5, to a value of 0.5,
the latter value being the true saturation parameter as
derived from the limiting case, when ¢, > (8o + A)°:

I" na(8)dt -Mf’;f‘_’

g0+ A (10)

We will refer to the saturation curve obtained from this
limiting case as the curve of stationary population
("cosp™). Note that Eq. (10) agrees with the results
obtained for the nonintegrated steady-state case, ' 16 For
low values of the spectral irradiance, the signal is pro-
portional to p,, whereas for large values of pq Eq. (1)
converges to

nr{ta — t)/g (11)

and is thus independent of any rate constant. The re-
maining proportionality on the total number density and
the gate width offers the possibility of decreasing the
number density while keeping the integrated signal con-
stant, by simply increasing the gate width, provided, of
course, that the signal is constant across the gate.

2. p(t) = rectangular pulse

Po
p(t) = {0.

This choice of p(¢) approximates experimental situations
where pulsed lasers are used. As in the previous case, we
assyme that the rise and fall time of p(t) are faster than
any time constant in the two-level system. A more real-
istic approximation will be presented in case 3. Evaluat-
ing the various integrals in Eq. (5), using Eq. {12)

O0=t=T

elsewhere. (12)

t
, +A), teT
f lgo(t) + Aldt’ = {‘fft‘” ) 53
o ]
'o.rN(pnl ;‘:

i

F16. 2. Saturation curves according to Eq O nr=1Adw] g=2
ty = 0, ¢, ranges from 0.5 (lower curve) 1o a value much in excess of
{goo + A} (upper curvel. The latter curve vields the true value of the
saturation parameters, i.e., 0.5. Dashed line: trajectory of the apparent
saturation parameter,
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and

. ' r

u-.-f p(t')ex‘pf [gp(t”) + A)dt” dt’
0 0

polty
Epo+ A

0, T«<t

The integration constant X is determined by the condi-
tion that at ¢ = T the values of both parts of the solution
should be equal, which gives

polir
e+ A

exp(gpo + A)t, t>T

K=

{exp(AT) ~ exp(—gpoT)]

Finally, we obtain

pontt
m{l exp| (goo+ A)t]), t<TT

nz(t) - pony
gpo+ A

= exp[—(gpoT) ]} exp(—Az), T<t

A plot of n,(¢) vs ¢ is shown in Fig. 3, for varicus values
of po: Note that, although the laser pulse is rectangular,
the ensuing fluorescence pulse has nonzero rise and fall
times. In the region t < T, n(¢) is increasing with a time
constant involving the probability for induced absorption
po. thus reflecting the pumping action by the laser. Pro-
vided that T is sufficiently large compared to the rise
time (gpo + A)~}, the steady-state value ponr/igoe + A)
will be closely approximated during the time that the
laser is on. For ¢ > T, the excited state population decays
solely due to spontaneous emission and quenching colli-
sions. We next consider the effect of integrating n;(¢), as
given by Eq. {13) over all time )

{exp(AT) (13

- T -
N(po) = J’ n:(t)dt = j na(t) + f na2{t)dt
o )

T
Polir

-m{r-» [l —exp(={gpo + ATV] (14)

1 1
A goo+ A

From this equation, it is immediately obvious that in
general the time-integrated signal is not simply propor-
tional to ponr/(gp. + A), but contains additioral terms
involving p,. The latter terms arise because the rise and
decay time constants of the excited state pcpulation
differ from each other and therefore do not compensate
for each other when the integral is taken over all time:
this can be seen from the second factor in square brackets
on the right-hand side of Eq. (14). The effect of the
additional pe-containing terms can be seen from Fig. 4,
where we have calculated several saturation curves for
various values of 7. The saturation curves calculated
from the full Eq. (14) are seen to have smaller values
than those calculated from '
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F1c. 3. Fluorescence pulse shapes according to Eq. (13); nr= 1, A= 1,
& ™ 2. The (rectangular} laser pulse has a durstion of T = 2 units, and
the value p; of the spectral irradiance is given alongside each curve.

A

o3 w0 ot ) 10 o?

FiG. 4. Saturation curves according to Egs. (14) (solid curves}, and
(15) (dashed curves). nrm 1, A = 1, g = 2 The value of the laser pulse
duration is given alongside each pair of curves,

’

N'(po) = ponr(T + 1/A}/ (gpo + A):; (15)

the latter equation being the limiting case of Eq. {14)
when po-containing terms in the square brackets are
neglected. The fact that NV(p,) will be smaller than N "(po)
for every po, irrespective of A and T can also be inferred
directly from Eq. (14), since po-containing terms have a
negative sign and therefore tend to diminish the value of
N{po) with respect to that of N "(po). The difference in
behavior between N(p,) and N'(po} is important when
saturation spectral densities are determined from these
curves. According to Omenetto ef al,® the saturation
spectral density is that value of the spectral density
which produces a steady-state value of the excited state
population which is 50% of the steady-stare saturation
value. When this definition is applied to both N{po) and
N’(po) in Fig. 4, it is obvious that the curves relating to
N(po} give higher values for the saturation spectral den-
sity than the curves relating to N ‘(po). This difference
arises because the definition of the above authors applies
strictly to Eq. (15), but not to Eq. (14), for which no
general explicit expression for the saturation spectral
density can be given, due to the transcendental character



of Eq. (14) with respect to po; consequently, one has to
solve Eq. (14} numerically to get the apparent saruration
spectral density. Experimental curves derived from in-
tegrated signals might behave more like N {po) than like
N’(po) and this might partly account for some of the too
high values of the saturation spectral energy density that
have been reported.:?

Because

- lim —PT
oA S0o + A

{T+ 1[1 - exp(—{goo + A)T)]

(16)

both expressions (14) and (15) have the same asymptotic
value when the induced absorption dominates the spon-
taneous emission and quenching. Note that this value
still depends on the rate constant of the latter processes,
contrary to what would be obtained from the steady-
state values of the nonintegrated population density as
given by Eq. (13), which is simply nz/g, as noted by
various authors®™® As can be seen from Eq. (16) the
influence of the decay on the value of the integrated
population density is negligible when the pulse duration
T is much larger than 1/4. When, however, T and 1/4
are comparable, the integrated, saturated value of ns, as
given by Eq. (15), will depend on the decay constant A.
In an experimental situation, this means that the signal
is dependent on the composition of the perturber bath,
and fluctuations in the signal might be due to fluctuations
in this composition. This might explain why integrated
fluorescence signals are still noisy, despite the fact that
the transition is fully saturated: another noise source is,
of course, the total density nr appearing in Eqg. (16), as
this quantity often depends critically on temperature.”’
On the other hand, deliberately changing the perturber
bath composition might enable one to study the depend-
ence of the integrated and saturated signal on this com-
position according to Eq. (16), and eventually measure
the decay constant A. Another way to achieve the same
goal would be to plot the integrated and saturated fluo-
rescence signal in absolute units vs total concentration of
seed atoms nr and derive T + 1/A from the slope of the
plot.

In the remainder of this section, we will treat the case
where an arbitrary portion is sliced from the pulse as
given by Eq. (13). The results obtained will clearly de-
pend on whether the slice is taken before ¢t = T, around
t=T,oraftert=T We will briefly discuss each of these
cases. The slicing is accomplished by using the boxcar
function (8).

2. &; < T. In this case, one obtains exactly the same
solution as found for the case of a step function i.e., Eq.
{9), and the discussion pertaining to that equation ap-
plies. It should be emphasized, that in the case of Do >
A, Eq. (9) behaves like nr{t, ~ t1)/g and does not involve
decay constants as found in Eg. (16). The reason for this
is that one slices a rectangular portion out of a quasi-
continuum signal and therefore only the time constants
of the signal-processing electronics should 'be important;
since we have taken these constants to be 0, the signal is

independent of any time constant.
b. t; > T. This case involves a slice of the decaying
part of the excited state population

tz
f na{t)dt sﬁ {exp(AT)
|
L]
= exp(~gpoT)) f exp(—A#)dt
or

poltr
N(PO) - m {EXP(AT) an

— exp(—gooT)} {exp(=At:) ~ exp(-44))
Here again, we observe that the signal contains terms in
Po. in addition ta those contained in ponr/(8pe + A); these

terms will cause the saturation curve corresponding to
Eq. (17) to deviate from the simple behavior predicted

- by ponr/(gpo + A), in the region where g0eT = 1.

enever the pulse duration exceeds appreciably the
induced life tirre of the ground state po”', the simple
behavior of ponr/(gps + A4) is recovered. This is because
the amplitude of the sliced portion is still proportional to
the amplitude o7 the portion of the pulse with the laser
on. Since the amplitude of the latter portion at ¢t = T is
proportional to ponr/(gpo + A) and the factor within the
first parentheses on the right-hand side of Eq. (17), the
amplitude of thz sliced portion also depends on these
factors. To obtain the limiting case of high spectral
irradiance, we require: gpo 3> A and &po > 1/T, in which
case we get

N = nrlexp(-At, - T)) - exp(-A(t: ~ T)))/gA (18)

This expression contains the decay constant A, which is
only to be expected, since we are taking a portion of the
decaying part of the excited state populadon. However,
in the limit of Soth &, ~ T and #; — T <« 1/4, the
expression becomes independent of A and depends solely
on the total number density, the gate width, and the
degeneracy of the levels

N=nrt, - t))/g, (19)

which is identical to the results found for the case of a
saturating, quasi-continuum laser pulse [Eq. (11)).

Note that the equirement &oo > 1/T, leading to Eq.
(18), might be harder to meet for shorter laser pulses.

€ & < T < ;. Here we have to take integrals over both
the part of the expression {13) valid for ¢ < T and the
part valid for T < ¢

tx
pPoilr
na(t)dt =
L il Epo + A
. . .
. 1 = expl— T
J; {1 - expf (gpo+A}t]}dt+gpo+A

[fexp(AT) - exp(~gpo] f - exp(—AnNdt
T
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which gives
pontt 1
Moo = 2R T

-{exp(—(gpo + A) T} — exp(—(gpo + A)t:)]}

{20}
polit

+m [exp(AT) - exp(—gpoT)]

[exp(=AT) — exp(—At)],

a result which can also be obtained by replacing £ by T
in Eq. (9), & by T in Eq. (17), and then adding both
equations. Eq. (20} combines aspects of the twe previous
cases; & > T and &, < T, and therefore needs little
elaboration. It is obvious that the dependence on the
radiatively induced absorption probability p» is even
more complicated than in either one of the two previous
cases. In the limit of po >> A, we get

Na= %‘ (T -t + [1 - exp(=A(t2 — TN)/A} (21)

which reduces to
N=nr{t—t)/8 (22)

when £, — T <« 1/A; this means that we closz the gate
before any appreciable decay of the excited state popu-
lation has taken place. Because of the fast rise time
induced by the saturating laser pulse, a steady-state
population is achieved for every ¢ < T and therefore
the moment of opening the gate is irrelevant, provided
h<T. :

Eq. (22) is proportional to the familiar result obtained
for the steady-state nonintegrated excited state popula-
tion density.

3. In the two previous cases, we dealt with rather
idealized laser pulse shapes. In this section, we will con-
sider the effect of a laser pulse having nonzero rise and
fall times.

A convenient function to represent a temporal laser
shape is

pit) = P(t/Thexp(~t/T) (23)

where P is the time-independent amplitude of the spec-
tral irradiance. The maximum of p(¢) occurs az ¢t = T and
has the value P/e. For ¢t « T, the spectral irradiance
increases linearly with t. Rise time ¢, and fall time ¢; can
be obtained by solving (numerically): (¢/Texp(—¢/T)
= (1 — &™) /e, respectively, (t;/ Texp{—t;/T) = e~ Sim-
ilarly, the full width at half-maximum follows from sub-
tracting ?; and ¢, where ¢, and ¢, are solutians of (£:2/
Texp(~t.2/T) = 1/(2e).

The pulse shape as given by Eq. {23) does not alow an
analytical solution of Eq. (5) and we therefore resort to
numerical solutions. Rather than substituting p{:} from
Eq. (23) inte the general solution {4), we wil solve the
differential Eq. (3) directly, as this turns out to be more
efficient computationally. We used the Runga-Kutta
method to solve Eq. (3) and obtain the upper state
population na(t), shown in Fig. 5b for various values of
the peak spectral irradiance P. A plot of the laser pulse

394 Volume 35, Number 4, 1981

F 11

104

B34

] 3 -] ]

-t 20

Fic. 5. a. Laser pulse shape according to Eq. (23), with T = 3 and
P = 1. b. Fluorescence pulse shapes obtzined by solving numerically
Eq. {5) with the laser pulse shape of a, withar= 1. A =1, g = 2, The
value of the laser peak irradiance P is given alongside each curve.

shape is also shown in Fig. 5a. For low values of P, the
maximum of the excited state population n:(¢) is seen to
lag with respect to the peak of the laser pulse, but with
increasing P the lag decreases. This decrease in the lag
demons:rates the steepening effect of an increase in laser
power cn the leading edge of n.(¢), similar to that ob-
served in Fig. 3 and also predicted by Omenetto and
Winefordner.”® A slower-than-linear increase in na{t),
across the profile shown, can be observed with increasing
P, thus reflecting the saturation. This sublinear increase
is accompanied by a broadening of the pulse shape. The
latter broadening has been observed experimentally* and
can be understood qualitatively when one realizes that,
with increasing P, saturation sets in earlier in the pulse
and levels off later.

Saturation curves on double-log scales. pertaining to
the laser shape given by Eq. (23}, are shown in Fig. 6.
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— P

w? w? ! | ™ ol

Fic. 8. Saturation curves (solid curves) obtained from numerical in-
tegration over an interval ¢; — #, of numerical solutions to Eq. {2}, using
Eq. (23)andnr= 1, A = 1, g = 2, and T = 3. The dashed curves are
obtained by taking a rectangular slice from a flucrescence puise with
dni/dt = 0, but otherwise identical parameters. Whence the true
saturation parameter P, = 0.5. The apparent saturation parameter P,
is found graphically. & ¢, = 0, t; w 20, P,, = 5.0: b. Hhm2 ;=8
Po=Llc tim25 =35 P,=13,

These curves were obtained by numerical integration of
na(t), as found with the Runga-Kutta algorithm, over a
specified time interval, using the trapezoidal rule. Also
shown with each saturation curve in Fig. 6 is a pair of
saturation curves that would prevail if we had cut a
rectangular portion out of a sufficiently long pulse {e.g.,
the “cosp” of Eq. (10)] with the same value of the
parameters. The latter curves have been adjusted using
only vertical shifts, such that one of them fits in the low
P asymptote (slope = +1), whereas the other fits in the
high P asymptote (slope = 0). Integrating practically the
whole of n,(¢) over time gives the curve shown in Fig. 6a.
Compared to the cosp, the latter curve shows an appre-
ciably slower rate of change with P in the nonlinear

=

region. The apparent saturation parameter (P.,) of the
curve is larger by a factor of 10 than the saturation
parameter of the cosp (P,). In Fig. 6, we have calculated
saturation curves for various slice widths. It can be seen
that the curves approach the cosp better for narrower
slices, and therefore the discrepancy between the appar-
ent and the true saturation parameters, corresponding to
the two types of curves, diminishes. In an actual experi-
mental situation, one has thus to search for a gate width
which will bring the curve being measured into perfect
overlap with a cosp. Alternatively, one could measure
saturation curves using various gate widths cenrered
around the maximum of the fluorescence pulse; then one
could plot the apparent saturation parameters found
against the gate width and extrapolate to zero width to
find the true value of the saturation parameter, provided
of course, that no other sources of error, such as spatial
or spectral inhomogeneity of the laser beam, occur. The
validity of the latter procedure follows from the fact that
across a sufficiently narrow slice around the maximum of
the fluorescence pulse, dn;/dt = 0 and hence one obtains
a cosp.

II. SUMMARY

We have shown that systematic errors occur in the
value of the saturation parameters obtained from satu-
ration curves when using a gated integrator to process
the fluorescence signal. The magnitude of these errors
depends on the characteristics of the laser pulse as well
as on the rate constants of the two-level system. More-
over, the width and position of the gate within the
fluorescence pulse affects the shape of the saturation
curve, Measuring the apparent saturation parameter as
a function of the gate width of the integrator and extrap-
dlating to zero gate width is expected to yield the true
value of the saturation parameter,

Any saturation curve, derived from a signal containing
components that vary with time, will give a too high
value for the saturation parameter. This follows from the
consideration that saturation is harder to achieve for a
faster changing population.

The time-integrated and fully saturated fluorescence
signal resulting from a rectangular laser pulse is shown
to contain the decay constants of the two-level system in
a simple way and therefore is expected to provide a
means of measuring these constants.

Throughout the analysis, we have assumed the gate of
the integrator to be perfectly rectangular. An attempt to
deconvolute the instrumental response and the fluores-
cence signal has been made by de Olivares® for a specific
choice of the functions involved and zero gate width.
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Response time of two- and three-level atomic and molecular systems to
- steplike excitation

(Received 30 June 1982)

Terms like systems® response time, pumping time, radiative and collisional lifetime
have been repeatedly used in the literature concerning atomic and molecular fluores-
cence under laser irradiation[1-9]. We simply wish to present here some con-
siderations that are believed to be useful to elucidate the difference between these
terms, which should not be used indiscriminately, and are not always interchangeable,

The discussion which follows is valid for both atomic and molecular systems and
with the assumptions usually made, i.. optically thin vapor, spectrally continuum
excitation and no laser-enhanced chemical reactions and/or jonization (which could,
however, be incorporated in an additional level). Most importantly, the system does
not undergo Rabi osciliations during the response time. As usual, we should stress the
fact that the system and the excitation conditions referred to here are highly idealized.
However, our aim is mercly to point out some fundamenta! differences in the
concepts related to the above mentioned terms and therefore, in this context, the
“discussion has a more general validity.

Consider an atomic (molecular) system with 3 levels herewith indicated as levels 1,
2 and 3, in order of increasing energy. n; is the population density of level i (cm™); g;
is its statistical weight. The total number density, ny, is equal to m+n;+n, The
collisional constants considered here are k,;, k;, and ky since k3, k;; and k;, are
assumed to be negligible, A,, and Ay, are the spontaneous radiative rate constants ™
while p,(¥) B;; and p,(v} By, are the induced radiative rate constants ™). p.(¥) is the
laser spectral energy density (J cm™ Hz™"). For molecules, Ay, is zero and one should
consider A, for the phosphorescence process. In this case, ki, is the intersystem
crossing rate.

The following definitions and relationships hold:

(n¥)31 = steady state (ss) population density (cm™) of level 3 at saturation (superscript
“sat”) in absence of level 2 (2L stands for two-level system)
(n¥)3L = nrByps(v)(t )y ;
(r3)3L = steady state (ss) population density (cm™) of level 3 at saturation {superscript
**sat’™) in presence of level 2 (3L stands for three-level system)
(n33L = nrBupn(@)(t )y
r = lifetime of level 3 for a two-level system, defined as the average time spent

[1] R. M. MEasures, J. Appl. Phys. 39, 5232 (1968),

[2] N. OMENETTO and J. D. WINEFORDNER, Prog. Anal. Atom. Spectrosc. 212, 1 (1979},

[3] R. M. Msasures and P, G. CarDINAL, Phys. Rev. A 23, 804 {1981).

[4] M. MAILANDER, J. Appl. Phys. 49, 1256 (1978).

[5] D. R. bE OLIvVARES and G. M. HieFTIE, Spectrochim. Acta 33B, 79 (1978); Spectrochim Acta 3B, 1059
(1981,

(6] D. H. CampBELL and J. W. L. LEwis, Appl. Optics 20, 4102 {1981).

[7} D. Sterowski and M. J. CoTTEREAU, Appl Optics 18. 354 (1979).

[8) R. P. LucHt, Ph.D. Thesis, School of Mechanical Engineering, Purdue University, West Lafayette,
Indiana, U.S.A.

%] G. D. BouTiLier, N. OMeNETTO and J. D. WINEFORDNER, Appl. Optics 19, 1838 (1980).
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by the atom in level 3 before leaving it (by emission of radiation, collision or
reaction) in absence of an external excitation fie d;

T=(Ay+ ky), (s);

Tns = (Ay)7, radiative lifetime of level 3 for.a two-level system (s);

7o = (k31)7), collisional lifetime of level 3 for a twodevel system (s). Note that
' =124 % 72L. Note also that 1 = Tud* Y31, whers Yy, = Al(As +ky,) is the
quantum ¢fficiency of the transition; '

7' = lifetime of level 3 for a three-level system, (s), defined as above for r;

T=AytkytAg+kp) -

Tns = (Ay + Ap)™": radiative lifetime of level 3 for tae three-level system con-
sidered (s);

7o = (K3 + k3™ collisional lifetime of level 3 for tae three-level system con-
sidered (s);

1, = laser pumping time (s), denoting the average time needed for an atom to be
transferred from a specific lower to 2 specific upper level by absorption of a
resonant photon from the cont:nuum source; this should by no means be
identified with the laser pulse duration; :

b= [(l "'ﬁ) Bl:Pt:(”)]-f:

(t): =response time of the population of level 3 fo- a two-level system, (s),
denoting the time needed for n; to reach a specified fraction of its final value
when the atoms are exposed to a steplike excitation function; in this case,
one could also speak of the “response time of the system"; :

(= [(1 + ‘g';) Bupu(v)+ Ay + kJ:]-li

(t);. = response time of the population of level 3 for the three-level system con-
sidered (s), defined as above for (t)a; : \

@~ [Bapoto) (5EA) 8,00 x 3 +8)+ At hat Ap k|

From the above nomenclature, we obtain

L7 .
(':)ngﬁ_; (I)

and

(=52 )
7! (] +E) +1,

where
K-(égikﬂ) and GE(I+5~').
kx F 4] '

Ratioing Eqns (1) and (2), gives

§§:§:t=(-§)[*—l—~,’+j,(;g)} o

Equation (3) shows the difference in the response time of “he level reached by the
laser for the 2- and 3-leve] schemes considered as a function of the parameters under
-discussion, i.e., lifetime and pumping time. This equation can now be discussed for
the two cases of interest, namely for linear interaction between the radiation and the
absorbing system and for saturation conditions.

U 1o
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Case 1: Linear interaction
Linear interaction means that

7 and r'</, (4a)

and therefore

(& _ t, ‘7'
(o [ L+Tl+ (K,ra)]] ‘w) < {4b)

Case 1.1. Fast collisional coupling between levels 2 and 1. This implies that

%«:‘1 or ky® (kn+ Ap). (52)
Then, we also have
(. K
. (”E)‘.‘" (5b)

and therefore, as one would have expected

(1) 1
ﬁ=?- ©)

Case 1.2. Level 2 is acting as a sink because of its low collisional coupling with
level 1. This implies that

g »1 or k2| <% (An + k_u) (73.)
Then, we also have

)y _ (' [___,L]

() (r) L, +7(KIG)]” (7b)

If the-second term in the denominator is much less than t,, then Eqn (6) again results,
If the contrary holds, then Eqn (7b) becomes

(1) 1,G
(—I'L)-:—ﬁ (82)

or, using the definitions given in the nomenclature,

(U _ ks; Ay +ky
(4 [BIBPJJ( V)] [ Ap+ kn] (8b)

and the ratio is essentially governed by the magnitudes of the collisional downward
coupling of level 2 with the ground level and the excitation rate.

Case 2: Saturation
At saturation, f, <€ 7, v'. We have again two possibilities:
Case 2.1. Fast coupling, i.e. Eqn (5a) holds. We then have from Eqn (3)

('r)lL = (tr)zL (9)

which is again the result expected since the 3-level system in this case can be
considered as a 2-level system in which levels 1 and 2 have coalesced in a single level.
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Case 2.2. Level 2 is acting as a sink, i.e. Eqn (7a) holds. We then have from Eqn (3).

Wy v _G
(e L+7(KIG) K . (10a)

or

e 8)e)- (10b)

In thic case, the response time in the 3-level case will be much faster than that of a
two-level system, since atoms (molecules) accumulating in level 2 will not be recycled.
This has also implications on the value of the saturation spzctral irradiance, which
can be very low compared to that of a 2-level scheme[10-12].
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Some considerations on the saturation parameter for
2- and 3-level systems In laser excited fuorescence
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Abstract—The parameter “saturation spectral irradiance”, defined for a spectrally continuum laser source
interacting in a non-linear manner with a dilute atomic (molecular) vapor, is discussed for both 2 and 3
energy level systems. It is shown that the definition of such parameter is meaningful only when steady state
conditions are warranted. For short excitation pulses, although steady state can still be attained when the
optical transition is saturated, the saturation parameter cannot be evaluated from the conventional
fluorescence saturation curve, Therefore, such a definition loses its meaning even for a simple 2-level
system. As a consequence, serious experimental errors can occur. The same conclusions apply to a 3-level
system. Several experimental possibilities of evaluating the saturation parameter are discussed. Finally, we
show that when a 3-level system is compared with a 2-leve! system, the value of such parameter depends
essentially upon the total coupling rate of the third level with the other levels.

INTRODUCTION

THE SOCALLED saturation parameter enters into any discussion on the saturation
behavior of an ensemble of atoms or molecules when the irradiation impinging upon
the system grows very high. Several papers[1-10] define such a parameter for both
monochromatic and continuum radiation sources, pulsed or continuous wave (CW)
operation, and 2 or 3 level atomic and molecular systems. As will be shown later, the
saturation parameter can be calculated: theoretically and defived experimentally in
several ways. Its importance lies indeed in the fact that other essential atomic
parameters, such as for example the guantum efficiency of the transition can be
directly inferred from it.

Some of the topics discussed in this paper can be found sparse in the literature
concerning laser excited fluorescence, We felt that it was useful for the readers to
present here these and other considerations in a unified manner with the aim of
emphasizing several points which, if overlooked, would make the definition of this

parameter meaningless and on the other hand cause significant errors in its experi-
mental evaluation.

GENERAL CONSIDERATIONS

The following discussion applies to a dilute vapor of atoms and/or molecules in
flames and plasmas at atmospheric pressure irradiated with a laser whose spectral
bandwidth is much larger than the line width of the absorbing species, When the laser
source is monochromatic, i.e. when its bandwidth is much narrower than the ab-

{11 R. M. Measures, L Appl. Phys. 39, 5232 {1968).
[2] R. M. MEAsURES, N. DREWELL and P, CARDINAL, J. Appl. Phys. 50, 2662 {1979).
[3] N. OMeNETTQ and J. D. WINEFORDNER, Prog. Anal Atom. Spectrosc. 2, 1 (1979). .

(4] E. H. PiepMEIER, In, Analytical Laser Spectroscopy (Edited by N. OMENETTO). Chap. 3. Wiley-
Interscience, New York (1979). :
[5] D. R. Orivares and G. M. HIEFTIE, Spectrochim. Acta 33B, 79 €1978).
[6] N. OMENETTO, J. D. WINEFORDNER and C. TH. J. ALKEMADE, Spectrochim. Acta 30B, 335 (1975).
{7} G. D. Boutirter, M. B. BLACKBURN, J. M. MERMET, S. J. WEeEKs, H. HARAGUCH), J. D. WINEFORDNER
and N. OMENETTO, Appl Optics 17, 2291 (1978).
[8] R. A. vaNn CaLcar, M. J. M. van DEN VEN, B. K. van Urrerr, K. J. BIEWENGA, TF. HOLLANDER and C.
TH. J. ALKEMADE, J. Quant. Spectrosc. Radiat. Transfer 21, 11 (1979).
{9} 1. W. DaILY, Appl Optics 17, 225 (1978).
[10] C. Tu. J. ALKEMADE, Plenary lecture given at the 5th ICAS and 20th CSI, Prague 1977.
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704 i N. OMENETTO et al,

sorption linewidth, then we shall assume that velocity changing collisions in the flame
or plasma are veryifast so/that atoms and molecules will contribute to the absorption
over the entire absorption iprofije. Rate equations are considered to be also valid
because of the fast:dephasing time associated with these systems at atmospheric
pressure. Laser-enhanced chemical reactions and jonization, which'are known to
occur in flames 1o & considerabieextent[1 1-14] are disregarded here. This assumption
can be partially justified when the laser is pulsed and the pulse duration does not
exceed a few nanoseconds, since the rate constants for the above mentioned proces-
ses are considered to be on.a:loriger time scale. However, for the present discussion
on the saturation parameter, 'these side reactions can be phenomenologically asso-
ciated with the third level not directly coupled by the laser radiation (see below). The
detesiion system is assumed to be able to faithfully reproduce the temporal variation
of the atomic (mole=cular) population of the excited state, responding to a spatially
homogeneous laser beam, ‘whoyje temporal shape is assumed to be steplike or
rectangular: The conventional boxcar detection scheme and its associated problems
have been recently discussed by van Duxk ef al. [15].

When all the above assumplions are met, the steady state fluorescence radiance, By
(s 'em2sr™"), plotted vs thel lasey spectral irradiance, E, (Js™'em™?Hz™"), will show a
behavior similar tolthat depizted in Fig. 1. We call these curves the “fluorescence
saturation curves™.. The lineur gsymptote, describing the interaction at low laser
irradiances, is seen to intersect the infinite irradiance asymptote, when saturation of
the optical transition is achieved, at a specific irradiance, E% referred here as the
steady state saturation spectral irradiance. As shown in Fig. 1, such a parameter is
defined as the irradiance prodhicing a steady state value of the excited state population
which is 50% of thel steady state saturation value. As indicated by WucHers, and
reported by van Duxk [12], E} can be found even if ‘complete saturation is not yet

in

-

Fluoresence Rodionce, B,
. B
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v

Fig. 1. Steady state fluorescance Isaturation curves. The arrows drawn on the "abscissa

correspend to the diflerent saturalion parameters obtained according to the definition given in

the text for-three :different walues of the quantum efficiency. Curve {a}: ¥ = |: curve (b):
"¥ =2 0.1; curve (c): Y =0.01.

(11] R. B. Green, R. A. KELLER, PR, SCHENCK, J. C. TRAVIS and G. G. LUTHER, J. Am. Chem. Soc. 98,
8517 (1976).

[12] C. A. van Duxk, P. J. TH. Zeesess, G. Nienduis, C. Tw. J. ALKEMADE, J. Quant. Spectrosc. Radiat,
Transfer 20, 55 (1974).

{13) C. H. MutLer, K. SGHOFIELD il M. STEINBERG, J. Cherm, Phys. 72, 6620 {19809,

(14] D. R. CrosLEY, Laser Probes foriCombustion Chemistry, ACS Symposium Series No. 134 (1980).

[15) C. A. vaN DK, N. OMENETTG untl J. ). WINEFORDNER, Appl. Spectrosc. 35, 389 (1981).
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2- and 3-Level systems in laser excited fluorescence 705

achieved by noting that it corresponds to the point where the linear asymptote reaches
a value which is twice that of the actual fluorescence saturation curve,

The usual experimental means of obtaining the curves of Fig. 1 is to operate the
laser at its maximum power while recorcing the wavelength integrated fluorescence
signal, and then decreasing the laser irradiance by inserting into the beam before the
flame several calibrated neutral density filters down 2o the point where linearity exists
again between the fluorescence signal and the laser power. :

If the above (given) definition of the sa-uration spectral irradiance is applied to the
expressions obtained by solving the steady state rate equations for 2 and 3 Jevel
atomic systems for the fluorescence radiance, we obtain the relations given below,

Two-level systems (Fig. 2a)
For this case

.

Here, E** stands for the saturation spectral irradiance pertinent to a two level
system, as indicated by the superscript 2L, ¢ (cm s™') is the velocity of light, A, (s™") is
the Einstein coefficient of spontaneous emission, Y (dimensionless) is the quantum
efficiency of the transition, where 2L again appears as superscript and indicates that
only two energy levels are considered, and & and g, represent the statistical weights
of the levels. The quantum efficiency is simply given by

Ay _ T
¥a Ayt ky 1y @

where ky(s™') is the overall collisional quenching rate constant and 7q and 7,,, are the
effective and radiative lifetimes (s) of level 3, respectively. The inverse propor-
tionality between the saturation parameter and the quantum efficiency given in Eqn (1)

373
8]
I

BERINI

Fig. 2. Schematic energy level diagram for: (at two energy levels; (b) and (c): three encrgy

level systems. Wavy lines indicate stimulated absorption, stimulated emission and spon-

taneous emission; straight lines indicate collisiona) transitions. In case (b, the third level is

radiatively connected with the ground state (sodium-type aroms) while in case (c} the third
tevel is radiately coupled with the laser excited level,

i
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and shown in Fig. 1 can be expressed in terms of fundamenta] constants and the
frequency by using the well-known relationship between the Einstein coefficients

By = A, (=5
n=An\gia) 3)

where » (Hz) is the frequency of the transition and (Js) is the Planck constant. We
therefore obtain

et () (70 (5o “

In this equation, the laser parameters, such as power &, (Js™'), spectral bandwidth by,
(Hz) and geometric cross section S, (cm?), are indicated.

Sodium-like three level systems (Fig. 2b) : )

By this terminology, we refer to a sysiem in which the third level (designated as
level 2 in the figure) is radiatively coupled with the ground state but not with the Jevel
directly reached by the laser radiation. By solving the steady state rate equation and
proceeding as before, we obtain

ey (& ( cAy ) 1 .
(Eru )Nl (33) BJI Y;{' I+g_‘+ k - (5)
g Antkytky

As one can see, here the collisional rate constants involving the third level enter the
definition of the saturation parameter, which therefore is not simply related to the
quantum efficiency of the transition as in the case of a 2-level system. This outcome
has been clearly pointed out in the literature [7). The superscript- 3L is meant here to
indicate that the definition of quantum efficiency must now include the third level.

Thallium-like three level systems (Fig. 2¢)

By analogy with the previous case, we refer here to systems where the third level is
radiatively connected with the level directly reached by the laser radiation and
collisionally coupled with the ground state. The saturation parameter is given by

2-3L = & CA;” 1
(Evli )'n (83)(331 Y;f') l+&+A +k‘2 ' (6)

& k2

and similar considerations apply.

The saturation parameter expressions derived (Eqns (1), (5), (6)) allow a comparison
to be made of the variation of the saturation spectral irradiance when a third leve] is
added to the two levels coupled by the laser radiation. It is worth repeating here that
the third level can also be identified with laser enhanced reactions or ionization
occurring within the time scale of the absorption-emission process. When comparing
the expressions, Eqn (2) for the quantum efficiency has to be modified accordingly.
For sodium-like three level systems, we have [16]

o A
(Y;IL)NJ = = k kIJ (] (7)
At kot k= Ayt ky+ ky

{16] F. R. LirseTT, The quantum efficiency of luminescence. in Progress in Dielectrics, Vol. 7. Iclifle (1968).
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and for thallium-like systems

My o Ay
(Y3 = Ayt Ay +ky + K3y ®)

In the sodium case, the influence of the third level on the value of the saturation
parameler can therefore be evaluated by the following expression

(ELt s+t g;){ ( ks )( Ay + Ky ]
=) = +
(E:,_, )N. ( & 1 A+ ky/\Ay+ Ky + k:u)

1
X {(81 + 8)lgy+ knl(Ay + ky + kn)}' ®)

Similarly, for the thallium case, we derive the following expression

(‘g“;;)n = (g'_;,&){’ * 'ﬁff{_iﬁ} X {(g, rRTPS +1(An ¥ kn)!kz.]' 10

Several conclusions are evident from Eqns (9) and (10), and they are outlined

below: .

(i) For both systems, the change in the saturation parameter when a third level is
included is essentially goverred by the collisional coupling of the third fevel with
the other two levels. This is especially true for atmospheric pressure hydrocarbon
flames where quenching is severe and therefore radiative disequilibrium is rela-
tively unimportant since the spontaneous radiative rates are much less than the
collisional rates:

(i) for the sodium-like case, substituting the known values of Ay and A,,, assuming
similar quenching constants and making use of the balance relations between ks,
and ky, one can easily see that E}* and EL'* differ by only approximately 10%.
This outcome reflects indeed the fact that sodium can be considered as a special
two-level system in which the upper excited doublet coalesces into single level
whose statistical weight is the sum of the statistical weights of the individual
levels [1, 8, 10];

(iii) for the thallium-like case, if we assume that A, and ks; do not greatly differ from
A and ky,,; Eqn (10) is governed by the ratio between the rate constants shown in
the last brackets on the right hand sice of the equation. Here, we can distinguish
two distinct situations. If fast coupling exists between the third leve! and the
ground state (ky > A, + ky,), then the saturation parameter for a 3-leve! system is
larger than that for a 2-level system. However, as seems to be the case of
thallium [17}, if k;) € Ay + k;,, the third level acts as a sink for the atoms and
accumulation will occur there (metastable level). In this case, the following
approximate expression results

LN (ate)( ks
(220), ~2(255) (55 a

e}

and E;’* can therefore be much less than E;7**. This result has already been
pointed out in the literature [18, 19). _

From these considerations, one can conclude that it is reasonably simple to predict

in which direction the two-level saturation parameter will go after the inclusion of a

{171 1. A. BeLLis10 and P, Davibovrrs, J. Chem, Phys. §3, 3474 (1970),

[18] G. D. BoutiLier, N. OMENETTO and J. D. WINEFORDNER, Appl. Optics 19, 1838 (1980).

{191 M. A. BosHov, A. V. ZvaiN, V. G. KoLoskNikov and K. N. KoSHELEY, Spectrochim. Acta 32B, 279
s,
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third level, provided that the kinetics of its excitation-deexcitation pathways are
known or can be estimated.

Other experimental methods of evaluating E},
As stated above, the saturation parameter may be directly evaluated from the

experimental plot of a fluorescence saturation curve. Hers, the laser power must be

known (it is the abscissa), and therefore one needs a reliable means of measuring it.
As will be shown later, this method is applicable only when steady state conditions
are warranted, i.e. when the excited state population dees not change during the
meacusement time.

The saturation parameter can also be derived from an experimental determination
of the effective lifetime of the fluorescent level provided taat the radiative lifetime of
the same level is known. Lifetime determination in atmospheric pressure flames
requires very short excitation pulses and fast electronics to retrieve accurately the
" temporal fluorescence ©~ waveform. Conventional quantum efficiency
measurements[20, 21] can also lead to the calculation of E; for a two level system
(see Eqn 4). )

An indirect method of determining experimentally the satyration parameter comes
from the measurement of the saturation broadening of the absorption profile as
obtained by spectrally scanning the laser beam through tte atom profile in the flame

while monitoring the wavelength integrated fluorescence signal, i.e. by obtaining a

fluorescence excitation profile[22). If we assume that ths laser is strictly. monoch-
romatic and spatially uniform and the atomic profile i characterized by purely
homogeneous (Lorentzian) broadening, then it can be shown that

E'”

12
va=8v,_(l+ E ) . - a2 -

Here, 8v,, is the full width at half maximum of the experimentally measured
fluorescence excitation profile, & is the full width at half maximum of the un-
perturbed Lorentzian function, E is the laser irradiance imtegrated over its linewidth
and E’"* the saturation parameter. From Eqn (12), one can see that the plot of the
experimentally observed (8v,,.) vs the laser integrated inadiance (or in this case vs
the laser power, ®, since a ratio of irradiances is concerned) should result in a straight
line whose slope can provide the saturation parameter,

When the more realistic case of a gaussian laser profile and a gaussian atom profile
is considered, the following relationship is obtained

fr
Bvere = /(I 2)-"’(|n ¢—fn)' (13)

Here, &»' represents the convolution of the laser and the atom bandwidths, and the
other terms have been defined previously. From Eqn 113), one can see that the
intercept of the line obtained by plotting (6v.,.)* vs In ® should give the saturation
parameter. It is worth noting again that this last method is only valid if steady state
conditions are warranted for the fluorescence signal. Experimentally, the influence of
a third level can be manipulated to some extent in a vapour cell, where the pressure of
the fill gas can be changed and the collisional population transfer between the levels
changes as a result.

{20] H. P. HooYmavers and C. TH. I. ALKEMADE, J. Quant. Spectrosc. Radiat. Transfer 6, 501 (1966).

[21] S. J. PEARCE, L. DE GaLaN and J. D. WINEFORDNER, Spectrochim. Acta 23B, 793 (1968),

[22] N. OMENETTO, J. BoweR, J. BRaDSHAW, C. A. vAN DK and J. D. WINEFORDNER, J, Quant, Spectrose.
Radiat. Transfer 24, 147 (1980).
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Transient behavior of the fluorescence signal and the significance of the saturation
parameter

As repeatedly pointed out in the preceding discussion, the fluorescence radiance
was assumed to have reached steady state conditions during the measurement time. If
the laser is pulsed and the duration of the pulse does not exceed a few nanoseconds, it
can be questioned whether or not steady state conditions- are warranted. The follow-
ing considerations are intended to clarify and summarize some of the terminology
used in the literature [}, 23-25] to define terms such as laser pumping time, system’s
response time and so on, as well as their mutual correlation. If 2 two level system
(such as that of Fig. 2a) is subjected to a step-like excitation function, the solution of
the differential equation set forth by simple balancing considerations for ny(t) gives

my(t) = ni'(1-e™). (14)
Here, ni is the steady state population of the excited level and t, is the response time

of the atomic system. This quantity is given in terms of source and atomic parameters
by the following expression

. .
t - , )
- = OF e E, Bos Ayt by )
while the steady state population is given by
n3 = nsE, ¢'Byt, (16)

In both equatiohs, all terms have been previousiy defined except for ny which
represents the total atomic population of the twa levels (n; + n,). The pumping time is
defined as .

c
b= (1 +[g/g))BrEy 7

If one recalls the definition of the effective lifetime of the excited level, 1.z (see Eqn
(2), it is easy to see from Eqn (15) that the response time of the atomic system will be
governed by the effective lifetime, 7.4, or by the pumping time, t,, depending upon the
laser irradiance. If the population of the excited level is plotted vs time for increasing
values of the.laser irradiance, the characteristic curves shown in Fig. 3 result. These
curves show that the response time of the system decreases when the laser irradiance
increases. It is also clear that if we select from our detection system an infinitesimal
gate width for the measurement .of the fluorescence signal at the times t,, t;, 1, and 1,
as indicated in Fig. 3, steady state will be obtained at all values of the laser irradiance
only at time t,. When the time at which the measurement is performed is set earlier in
the response curve, then only at very high laser irradiances, i.e. when saturation is
approached, steady state conditions are shown to exist. Although these considerations
can be found in several literature references [i, 4, 5, 18], the implications concerning
the evaluation of the saturation parameter have not been properly stressed, until
recently [15]. In fact, it is now evident that-only the fluorescence saturation curve
obtained at time t, will give the correct estimate of the saturation spectral irradiance,
If the measurement time is set at, for example, #;, the saturated fluorescence values
will be correct, but those obtained with the insertion of neutral density filters to
decrease the laser irradiance will deviate more and more from the correct steady state
values. Similar considerations hold for the measurements taken at times t,and f;. Asa

[23] A. P. BaronOowsK) and J. R. McDonaLD, Appl. Optics 16, 1397 (1977).
{24 R. P. LucHT and M. M. LAuRENDEAU, Appl. Optics I8, 855 (1979).
[25) D. STEPOwsK) and M. J. COTTEREAU, Appl. Opiics 18. 354 (1979).
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Fig. 3. Temporal behaviot of the excited state population for a twa level system under a
steplike excitation pulse. Different curves correspond to different values of radiative pumping
rates. Hypothetical measuring gates of infinitesimal width are indicased at t 1y and £,

result, as shown in Fig. 4, a family of fluorescence saturation curves will be obtained,
all approaching the same saturation asymptote like the true curve, as it should be.
However, the saturation parameter derived from these curves will be affected by a
significant error. Figure 4 shows also that one cannot trust the procedure of deriving

the saturation parameter (if the full saturation curve has not been drawn), from the .
l4 r
1 ] ————————————— &

n, M ,’j

oY SN £ _
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1 /
Y/
4

? ?.

LASER SPECTRAL IRRADIANCE, E, —»

¥

Fig. 4. Non steady state fluorescence saturation curves. Curves shown are obtained from Fig.

3, plotting the excited state population at the different times fw ... Ciave (a), obtained at 1,,

is the true steady state saturation curve, Curve (b) gives the worst value of the saturation

parameters. As shown here, only for curve (2) the fimear asymptose and the saturation

asymptote intercept each other correctly. (Note that ordinate and abscissa are both logari-
thmic)
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Fig. 5. Temporal behavior of the excited state population (fucrescerce) for a three level
system {(thaliilum-type) where level 2 is considered as a sink {ky < ky: + Ay). The different
curves shown refer to different radiative pumping rases.

value obtained at the point where the linear asymptote reads twice the value of the
saturation curve. On the other hand, this procedure proves to be a very reliable tool to
check the validity of the saturation curve and of the measuring system.

Figure 4 has its experimental counterpart in practice if the laser pulse is considered
to be approximated by rectangles whose leading edges are located at t,, 1, £; and 1,
respectively. Similar considerations hold for a three level system, when the differen-
tial equation for the temporal dependence of the population, solved for ny(¢), gives

()= nP(Cie™ ™+ e +1) (18)

where C, and C, are integration constants and 7, and 1, are the effective lifetimes of
level 3 and the pumping time, respectively {1, 18, 26). Figure 5 shows the temporal
behavior of n,(f} at the very beginning of the excitation, for various laser pumping
rates. It is clear that any measurement taken here aimed at evaluating the saturation
parameter would be meaningless. Measurements must be taken at much later times
(not shown in the figure) where the system has completely relaxed to steady state
conditions and therefore true fluorescence saturation curves will be obtained.

CONCLUSIONS

The saturation spectral irradiance is a very useful quantity for the description of the
saturation behavior of both atoms and molecules irradiated by an intense laser beam.
Such parameters can be experimentally obtained im several ways, but most directly
from the plot of the fluorescence signal vs the laser power. However, even for a two
energy level systems, the saturation parameter can only be correctly defined and
measured if steady state conditions are warranted. When the laser is pulsed, and the
pulse duration is very short, it can be concluded that, although steady state is
operative at saturation, the curve deviates from the true behavior as soon as the laser
irradiance is decreased. As a consequence, serious experimental errors will oceur.

Acknowledgements—Research supported by AFORS F49620-80C The computa:ionai skili of A. Colombo in
plotting some of the figures is gratefully acknowledged.

{26] G. Z1zak. J. D. BRADSHAW and J. D. WINEFORDNER, Appl. Oblics 19, 3631 (1980).
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A THEORETICAL AND EXPERIMENTAL APPROACH TO
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Abstract—The broadening of the absorption profile in hydrogen-tased flames diluted with argon and
nitrogen is discussed theoretically and demonstrated experimentally with a pulsed tunable dye laser. This
broadening is evaluated from the half-width of the profile obtained by scanning the laser beam through the
atoms in the flame while monitoring the resulting fluorescence with a high leminosity monochromator, ie.
by observing a fluorescence excitation profile. Results are given for the elements Ca,Sr,Na,and In. It is
.shown that the halfwidth of the atomic profile depends approximately upon the square root of the log of the
laser irradiance. This dependence stems from a theoretical treatment based upon the interaction of a
gaussian laser profile and a gavssian atomic profile. It is also shown that if the laser spectral bandwidth
exceeds by =5-10 limes the absorption halfwidth, the fluorescence excitation profile provides a simple
means for a reliable evaluation of the laser bandwidth.

" INTRODUCTION

The high irradiance provided by the puised tunable dye laser is capable of saturating both
single-photon and 2-photon transitions of atoms in flames at atmospheric pressure."” Among
other effects, such as the attainment of the maximum fluarescence signal and its relative
independence upon the quantum efficiency of the transition, the strong irradiation field is known
to be responsible for a broadening of the absorption line profile. This broadening is called
saturation broadening. Hosch and Piepmeier?® Van Dijk.* as well as others® reported an
experimental verification of saturation broadening by performing both absorption and fluores-
cence measurements.

The aim of this work is to present a theoretical treatment of the saturation broadening based
upon the rate equations approach and for the two cases of a very namrow excitation line laser
coupled with a Lorentzian absorption profile and a Gaussian laser profile coupled with a
Gaussian atom profile. The theoretical predictions will be compared with the experimental data
obtained by scanning the laser beam throughout the atom profile in different flames while
monitoring the fluorescence emitted at right angles, i.e. by obtaining a fluorescence excitation
profile.'®"

We realize that our experimental conditions are not applicable to the first case (line source
and Lorentzian atom profile). Furthermore, the second case {gaussian laser profile and gaussian
atom profile) is certainly an approximation to the real interaction process. Nevertheless, we felt
that it was useful to present our experimental data since the saturation broadening was clearly
observed in all the cases investigated.

THEORY

The treatment given here follows the basic discussion on saturation which can be found in
several books, chapters and articles.” Generally, atoms are considered to be dispersed as trace
constituents in a gas at atmospheric pressure and characterized by a 2-level system. Coherence
effects (cooperative phenomena) are neglected because dephasing, coherénce-intcrrupting col-
lisions are considered to be fast in our atmospheric pressure flames. !

tWork supported by AF-AFOSRF44620-78-C-0005 and by a Wright Patterson Air Force Base Contract AF-33615.78C-
2036

$0n leave from the Institute of Inorganic and General Chemistry, Unversity of Pavia, Pavia, Italy.
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Case A. Line source and Lorenizian atom profile

In this case, the laser is assumed to be a very narrow, monochromatic line source and the
atomic absorption proiile is considered to be homogeneously broadened. The first assumption
can be met by tunable dye laser5."'* Also, the laser beam is assumed to be spatially uniform.
The case in which a Gaussian spati:l profile is assumed for the radial dependence of the laser
intensity'"” is discussed in the Wppendix.

The atom profile can be considered homogeneous if the following conditions hold: )]
Doppler broadening is :negligible: vompared to collisional broadening; (ii) in the case of
combined Doppler and collisioral ‘droadening, velocity changing collisions are so fast that
atoms cannot be considered tolbelong to any particular Doppler interval during the time of
interaction with the Jaser beam.

Let the atoms be characterized by levels 1 and 2, with energy difference hug(J), statistical
weights (dimensionless) g, and g; and number densities (m™) n' and n,. The total atomic
population in this case is #r = n; + nJ, In the steady-state limit, we can obtain from a simple rate
equations approach,’ the following: relationship:

1M _ 1B 1a{p(A)/8Acn} % (A = Ao) (n
. 'R '
i (l +§i} (312)(25%':)8'(1\1 =A)+An+ky

where By, = Einstein coefficient ‘of induced absorption, J! m® s™! m; A,, = Einstein coefficient
of spontancous emission, s™'; ks = collisional (quenching) rate constant, s™'; p(A)=
ﬁl" Pa(A) dA m p, dA, integral energy density of the laser, integrated over the effective width of
the laser line, 8, in Jm™; g°(, A} = absorption shape function, given by the Lorentzian
dispersion formula

[ &

Yoo ™
K2)+m A

8A, = full width at half maximum [of the shape function, m; 1/54,4 % 2,°(A = Ag) = 2/mbA,, peak
value of the shape function, m™; 4.4 = effective width of the absorption profile, m:

g°(\ -M'F) = 2.,1{:":::3 =g A —Ap) (E%&L). dimensionless.

A Ag) =:,‘:,'

Equation (1) can be rewritten in terms of the effective lifetime, 7 (= Ay, + k)7, of the excited
level as

M VB {p(A) 8l gt (A = AT )
(1 +£) Bulolerals - A+

(1a)

If the atomic density is low, then iicen be expressed in terms of the Buorescence raﬂiancc, By
(s m?srY), as

‘Bp=m (%)Anhl‘o. (25

where [ (m) is the homogeneous depth of the fluorescence volume in the direction of
observation.

We now define the saturation enerpy density'™” as

L'Uu). A!I""’k!l = 1 Azl

8"""{ (l+g‘;)1ﬁ:“: (l+§—2')3u1' (|+g)Bleu'

1

&),
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where Y3 ={A2/(Ay + ky)} is the quantum efficiency of fhe transition. By rearranging Eq. (1)
and making use of Eqs. (2) and (3), we obtain for the atomic fluorescence radiance the foliowing
expression:

=, P 8 85N —Ag)
BF Cnrp’(’\l) I+gl) 1+ (E((Al) )8'(-‘:-4\0) }
p'(A)

@

where C = hy(lldm)A;.

This equation shows the theoretical dependence of the wavelength integrated fluorescence
radiance upon the laser energy density and the defuning between the peak of the laser profile,
acting here as a delta function, and the peak of the Lorentzian atom absorption profile. It can be
easily shown that this equation, in the low intensity limit, reduces to the well known linear
dependence of the fluorescence radiance upon p(A;) and Yz, while, in the high-intensity limit, n,
becomes half of the total atomic population if the statistical weights are the same. This
particular outcome holds, of course, irrespective of the line shape.

The ratio between braces in Eq. (4) is a modified Lorentzian function, which takes into
account the effect of the laser field upon the spectral profile. The low intensity Lorentzian
function can be written as

sy
- a0= (T3)|1 an f“ — )

while the modified Lorentzian function in Eq. (4) can be written as a function of the laser density P
and the detuning § = (X, — A;) as follows:

8y
Y (T 1 2 )
£°(5.p) ( ;) ”(%L)z(:+;€(%)+a= ©

In both equations, 8A; is the full width at half maximum (FWHM) of the unperturbed Lorentzian
function. Inspection of Eqs. (5) and (6) shows that the FWHM of the modified function, here
called 82 ucision, 15 given by

(B! = (80, + (80, (202) (7a)
(A)
or
= )
[TV BA,_\/ (t + o A;))' (7b)

This equation shows that the width of the absorption profile increcses with the square root of the
laser density.

Several conclusions can be derived from Eq. (7).

(i) Since p*(A;) depends upon the quantum efficiency of the transition, the broadening effect
at a fixed laser density will be greater in high quantum efficiency flames as compared 1o that
observed in low quantum efficiency flames.

(i) As indicated by Eq. (7a), a plot of the experimentally observed {8...)° vs the laser
density measured at the flame should result in a straight line. From the slope of this fine, one
can calculate the saturation density for that particular transition while from the intercept one
can calcuiate the low intensity Lorentzian linewidth.

(iif) At the limit of p(A;) =0, 8A,.. = 8A,, as it should be.

(vi) Since the second term in the square root involves a ratio between the densities, one
needs only to measure the laser power @, at the flame. Equation (7) can also be derjved from
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Eqs. (4) and (6) in the following manner. When the detuning in zero, the fluorescence signal is
peaked at a value given by the follow:ng expression:

=0)=Cn, (2 (&2 .
Br(6=0)= O (£50) (28) 20 ®
' (A)

when the detuning is very large, the Fuorescence signal approaches zero. Therefore, we can find
the detuning, 87y, at which the peak value of the function is halved, for both positive and
negative detunings. We then have -

) o (200) —;il;;)(;r-@)
p'(A)
()
et 2 ,
= Cnr (£ (-8) e )| o
which gives |
aA.u=(8)?a-(.¢;)rn¥ SA,_\/ (1 +;4(’:—3)) (10)

and is seen to be identical with Eq. (7).

Case B. Gaussian laser profile and Gaussian atom profile _ _

This case can be considered to be closer to our experimental set-up when the pulsed laser
beam is not very narrow and the atora profile in the flame is described by a Voigt profile. Here,
the laser is assumed to Gaussian so that its spectral energy density (J m™ m™) is given by the
following expression:

- 22 ()

where p is the in.l'c'grated energy density (J m™) and 8,(m) is the FWHM of fl::e laser spectral
profile. Accordingly, the atom profle is given by the following dimensional (m™') shape
function:

2
L]

(]

g~ a9 =T M gy {2, )

2
Vim)eA, ’

(12)

where 81, is now the FWHM of the atom spectral profile. As stated before, the atoms here are
not considered to be grouped in Dcppler intervals (which would cause hole burning for a
spectrally narrow, saturating laser beam) because of the very effective cross-relaxation taking
place in the flame. The interaction of the laser and the atoms in Eq. (4) is now given by the
. convolution integral of both profiles. Since the convolution of two Gaussian functions is still
Gaussian function, we obtain

H
]

2V/(n2) _{2\/(1n 2) (13)

\/(w)&\'cm 7% (A "Ao}J

where (), = Ag)isthe detuning betweenthe centers of both profilesand 84’ represents the convolution
of the Jaser and the atom halfwidths, i.e.

[ p(M)g (A - Ag) dA =

A" m \/[(8A,Y +(8A,)). (14)
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Proceeding as before and defining now the saturation spectral density as

o= &5""/" : (15)
, 2
(1 +gz)3,_rzv(ln )
we obtain for the halfwidth of the fluorescence excitation profile
- o T w—aL -&
Bl = B~ @in =gz Y (0 (2+5) . (16

where all of the terms have been previously defined.

Several conclusions can be drawn from Eq. (15);

(i) High quantum efficiency flames will be more sensitive for the observation of the
broadening effect, exactly as in the preceding case. ' ‘

(i) In this case, saturation broadening sets in at a fower rate as compared to the previous
case ‘narrow line and Lorentzian atom profile).

(iii) At the limit, when p—=0, 8A,,.— 84', as it should be.

(iv) If the value of the laser density greatly exceeds the saturation energy density for that
particular transition, the 2 can be neglected in the argument of the logarithm and Eq. (16) can be
writlen as .

) . ¢
Bhoe = V(i <) an
or
(8’\n:)2 = (_?r%z{ln ¢ -In ¢'}’ (18)

where ¢ and ¢* correspond to p and p* but are fluxes, in Js~' m*2. From Eq. (18), one can see
that, by plotting (8A...Y vs In @, a straight line is obtained. The slope of this line gives 8A, while
the intercept gives ¢°.

EXPERIMENTAL

The experimental set-up used is described in detail elsewhere.” The tunable dye laser
(DL-00, Molectron, Sunnyvale, CA) pumped by a nitrogen laser (UV-14, Molectron, Sunnyvale,
CA) is directed into the flame by means of two plane mirrors after passing through two spatial
filters consisting of shielded iris diaphragms (Edmund Scientific, Barrington, N.J.). These filters
passed only the central portion of the beam so as to improve its uniformity. No lenses were placed
between the iris and the flame. The fiame used was an oxygen-hydropen mixture diluted with
argon or nitrogen, and supported by a capillary burner. For these measurements, the flame was
surrounded by a gas sheath (Ar or Ny} but was not protected by a similar analyte-free flame
burning at the same composition and temperature. All measurements were taken at ap-
proximately 1 cm above the primary reaction zone. The standard solutions for all elements (Ca,
Sr, Na, and In) were made from reagent grade chemicals. The concentration was chosen to be
very low to avoid any self-absorption, pre-filter or post-filter effects.

The fluorescence was collected at right angles by an optical system consisting of two
spherical quartz lenses and a rectangular aperture. The flame was imaged at unit magnification
onto this aperture and after that, with the same magnification, onto the entrance slit of & high
luminosity monochromator (Jobin Yvon, model H-10, 10-cm focal length, £-3.6) whose slit width
was set for all elements at 0.5 mm. The signal from a photomultiplier wired for fast pulse high
current work and operated at —1000 V was processed by a dual channel boxcar integrator
{model 162-164, PAR, Princeton, New Jersey). In order lo sample only 2 small portion of
the fluorescence waveform, which in our case is the result of the saturation process and the
photomultiplier temporal characteristics,’™ we have used & 75-ps risetime sampling head (PAR
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Model 163 sampled integrator), The monochromator was centered at the peak of the fluoresence
line and the laser output was slowly scanned across the absorption profile. These measurements
were then repeated by decreasing the laser irradiance with calibrated neutral density filters.
Particular care was taken to minimize spurious reflections and scatter of the laser into the
monochromator,

The peak power of the laser at the particular transition used was measured with a calibrated
photodiode (Modei F4000, ITT, Fort Wayne, Indiana) coupled directly to a scope (Type 454,
Tektronix, Portland, Oregon). :

The laser spectral bandwidth was measured directly with a good resolution grating mono-
chromator {Jobin Yvon, MODEL HR-1000, 1-m focal length, £-5.4). The spectral slit function of
such monochromator, evaluated by scanning a very low pressure mercury pen light in front of
it, was found to be 0.12 A.

RESULTS AND DISCUSSION

Figures 1-4 show clearly the broadening effect on the line profile as the laser irradiance on
the atoms increases. The broadening in the halfwidth ranges from a factor of 1.3 for In to 5.4 .
for Sr. Obviously, as expected and stated before, this broadening cannot be accounted for by
Eq. (7b) which was derived with the assumption of a-monochromatic laser and a Lorentzian
atom profile. Indeed, since in some cases (Sr and Ca), the laser power exceeded the saturation
power by approximately a factor of 100, Eq. {7b} would have predicted a 10-fold broadening of
the profile. Except for the case of indium (Fig. 1) for which a 15 ns boxcar gate width was used
to average the signal, the profiles have been obtained with the 75 ps risetime sampling head.
This explains the different noise levels shown in the figures.

Irrespective of the theoretical assumptions made, both Eq. (7) and (16) predict a larger
broadening effect with high quantum efficiency flames as compared with that observed with fow
quantum efficiency flames. Despite the fact that our flames are not shielded (apart from an outer
gas sheath), the replacement of argon as diluent by nitrogen should change considerably the
quantum efficiency. Thus, different broadenings are expected for the same laser power but for
the two flames. The experimental results, collected in Table 1, do indeed show the correct
trend, with the exception of strontium. These values are therefore indicative of the different

034 %

AN

Fig. 1. Fluorescence excitation profiles for indium in the Ar-O-H; flame. Resonance Muorescence at
4101 A; abscissa: A; indium concentration, 100ug/mL; (a} laser power: 0.37 kW &1, = 0194 (¥) laser
power: 3.7kW; 5o, =037A.



. L7

A theoretical and experimental approach 10 laser saturation broadening in flames 153

cae &

Fig. 2. Fluorescence excitation profiles for sodium in the Ar-0,-H, flame; the resonance fluorescence is
shown at 5890 A; abscissa: A; sodium concentration, 10 s g/mL; (a) laser power: 17kW: &, = 0.9 A; )
laser power: 1.7kW; 8A,,. =0.46 A.

0344

Fig. 3. Fluorescence excitation profiles for calcium in the N-Or-H; flame; resonance fluorescence at
4227 A, abscissa: A caicium concentration, 10 ugimL; (s) laser power: SOW; BAse = 0.22 A; () laser power:
SkW; 84, =04 A, :
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Fig. 4. Fluorescence excitation probies for strontium n the N-O,-H, flame; resonance fluorescence at
6407 A; strontivm concentration Dug/mLi (u) laser powver: 14W; 8o =023 A; () laser power L4kW;
8Ay w055 A; (¢) 14RN; 84, = 1.25

quantum efficiency and, in turn, of ithe differen: saturation powers in the two flames. This
matter is discussed in greater detailsiin a other paper.'

In an attempt to compare the experimental data with the theoretical predictions given by Eq.
(16}, we have calculated for both [flames the ratio between the maximum value of 8.
{corresponding to that obtained ati full laser power) and the minimum value of 8A,,c (cor-
responding to that obtained at p €p* i.e. when 8A..; = 8A'. The saturation power was evaluated
for each element from the cexperimental saturaticn curve.' In Table 2, we compare this ratio
with those obtained experimentally, wheye the values for (8A.ac)min are those obtained st very
low laser powers (see also Table 3). Apart from some unexplained discrepancies outside the

Table 1. Experimental values of the ;alurzlion-hroadened 1alf-widths obtained for Ar-O--H: and the N,-0O-H,

flames. %)
[P

Element

LILNAN W /0.,
Ca 0.81 0.44
sy 3.4 1.25 -
Ha 19,99 0.63
In 10.#d 4 0.3

*
t 'Au values are within 3 (108, paser power: Ca, SkW; sr, HkW; ma, 17w,
In, TkwW.
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Table 2. Comparison between the theoretical and the experimental values of the fluorescence excitation profile
half-widths for Ar-O-~H. and Ny-CyH, flames. (a)

)
{ lu‘lt‘lll /lneu'-nl
Elemant
Theorsticay1¢) Experimental
M/Ozlllz szoz/uz A:/O.‘,ﬂ!z lzl'ozflz
Ca 2.5 2.4 3.0 2.2
Sr 2.8 2.0 2.9 5.4
na 2.4 2.0 4,3 1.6
In 1.7 1.4 2.3 1.3

“’va!.n-s are considersd to be within ¢ 108,

®) (621, refers to the valus obtained with the laser at full pover vhile W,

refers to that obtained when the laser is attenuatsd with meytral dansity
filters until the fluorescence signal is linearly relatad to the laser irradiance
{see values reported in Tablel).

""encunna according to Equation 16 in the taxt.

Table 3. Comparison between the values of the laser spectral bandwidth as obtained by different methods. (a)

& R
Elamant Pirect ) rlnomcmctc, ktatauua“'
Maasurament Excitation Broadsning
Profile
u/ozllz llzlozlllz I.r/OI/!._, !1/0311’
Ca 0.2 0.20 0.20 0.2% D.21
3 0.2 0.42 0.23 0.46 0.%1
Ha 0.36 0.2} 0.40 0.3 0.35
In 0.24 0.19 o.20 0.26 0.21

t"vnnn are within + 108,

m}umu obtained by scanning the laser besa through & 1-m gratisg monochramator

a
(8) rsolution = 0.12 A). Values are sot corrected for the instrumantal profile.

‘c’nh-s cbtained by scanning the attenuated laser besx through the atomic vapor

in the flame.

d;
t )nlun calculated from the slops of the Plot obtained from Equstion 16 in the

taxt.
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range of the experimental errors (such as the experimental value for strontium in the nitrogen-
diluted flame), the agreement between the theory and the experiment can be considered fairly
satisfactory, when all the assumptions made at the beginning are properly and critically
considered.

In the flames used in this work, the halfwidth of the atom profile is expected to be of the
order of 0.05A for all the elements considered. Therefore, the convolution obtained by
scanning the laser through the absorption g-ofile at low laser powers can be practically entirely
attributed to the laser spectral halfwidth. For our theory to be consistent, the values so obtained
{fluorescence excitation profile) should be the same as those given by the slope of the plot of

Eq. (16), as explained before. Table 3 shows the different values obtained with these two
~ methods. In addition, the values obtained by measuring directly the laser profile with a medium
resolution monochromator are also shown. Agzin, apart from some differences, the average
value for the two flames obtained with both techniques (fluorescence excitation profile and
saturation broadening) closely agrees with tha! measured directly. We therefore feel that,
whenever the laser bandwidth exceeds by approx. 5-10 times the atom profile, the halfwidth
obtained from the low intensity fluoresence excitation profile provides a reliable estimate of
the laser spectral bandwidth.’ Obviously, this method fails when the iaser bandwidth is much
narrower than the atom profile (since in this case the convolution will be essentially given by
the atom profile) and loses its significance when the Jaser bandwidth is much larger (> 20 times)
than the atom profile. In this last case, it would be indeed much simpler to scan the laser
directly through a small-medium resolution monochromator.

CONCLUSIONS

As stated at the beginning, it was not the purpose of this work to find a theoretical treatment
of the saturation broadening that would perfectly fit our experimental conditions. In fact, in
order to do this, the exact spectral shape of the laser pelse and the atom profile have to be
known. Nevertheless, we feel that the results obtained are useful and can, at least qualitatively,
be explained by our theoretical approach.

The main results of this work may be summarized as follows:

(i) As has been known theoretically and shown experimentally before,' the atomic profile
broadens when the laser irradiance is such that saturation can be approached.

(ii} The broadening effect is larger for higher Juantum efficiency flames.

(iti) For a pulsed, tunable dye laser (without spectral narrowing elements in the cavity),
pumped by a nitrogen laser and a flame at atmospheric pressure, the broadening depends
approximately upon the square root of the log of the laser irradiance. _

(iv) The halfwidth of the fluorescence excitation profile obtained at low laser powers can
indeed be taken as a measurement of the laser spectral bandwidth if this bandwidth is approx.
5-10 times larger than the atom profile. ’
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APPENDIX

Derication of Eg. (16} by taking into account some spatial inhomogeneity of the laser beam
If the k. beam is not uniform, as assumed in our derivation, its spatial energy density profile can be represented again
by a gaussian expression as

P=PotXp — ('L(::Z)__r)" (A])

where p, is now the integrated energy density at the peak of both the wavelength profile and the radial profile, (0 < rs =)
is the radial coordinate and 3, is the spatial full width at half maximum of the beam. In this case, the interaction of the laser
and the atums, as given by Eg. (13), has to be modified to include the spatial dependence of the Iaser density.'s'? We
therefore find for the ratio of the atom densities the foliowing expression:

) 2V : 1
B V(S)"si’, exp- 2\/3:3 2y, - J\‘.)]7 Poexp- (l\.%n_'-’) r)
= (A2)
nr L E)g., 2V0nY)_— [V(n2) T (W2
(l+gz)BlzrV(w)&|ﬂp [ A ‘Al ‘0’ o £XP ( 6' ) +1
which can be written in a simplified form as
n, By exp-(er) . @3
Br (l+&)8.,1x(&)p,exp—(cr)’+l
B2
where
If we now proceed as in the text, introducing the saturation spectral energy density given by Eq, (15), we obtain
n {p exp-{cr}
ar |*!z) (exp-—(cr)’-!-R(&\} ' (A

where R(80) = pY/p,.

Assuming the usual vertical monochromator slit arrangement (cylindrical volume) and a proportional variation of n, vs r
according to the laser variation, the ratio in Eq. (A4) can be integrated over r as fol.ows:!”

m_{"__exp-(er?
nr Q_L)!_—exp-(r.'r +R(&)2ﬂdr' (AS)

whete the integration limit is extended to infinity since the st height is much larger than the beam diameter. By solving the
integral, we obtain

n_x ]
= ;,1n[|+—~—mm]. (A8)

Evaluating 8A.,. according to the procedure adopted in the main text, we obtain

Ay according to the procedure adopted in the main text, we obtain

= (5}t —(8). = A P
Bt Bz 1= s (i [tgm)) n
which can be written as
- X
Ehene ™ Jlin D) ("‘vu+ ,,)-1)‘ (A8)

where y = {o/p").
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In conclusion, if we compare Eq. (A8) with Eq. (16), we can see that the spatial averaging cfects, if present, tend 1o lessen
the dependence of the broadening of the spectral atom progle upon the laser power. The effect will of course be more
pronounced if the laser beam is focused in the flame so as to reach high imadiances. However, even in the presence such
effect, the value of 84°, as obtained from Eq. (AB), is the same as that given by Eq. (16






