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Accounting for absorption saturation
effects in pulsed infrared laser-excited
photothermal spectroscopy

Stephen E. Bialkowski

1. Introduction

Equations that relate photothermal lens focal lengths and photothermal deflection angles to saturation
absorption coefficients are derived. These equations are derived for two-level absorbers with both
homogeneously and inhomogeneously broadened transitions. Initial and time-dependent photothermal
lens signals are calculated. Equations describing the zero-time signals are exact to within the
simplifying assumptions of the derivation, while the time-dependent signals are approximate. The
approximation is performed by the use of a finite series of Gaussian functions to model the temperature
change profile distorted by nonlinear absorption. The excitation irradiance-dependent signal behavior
for rectangular and exponential excitation pulse time profiles for homogeneously and inhomogeneously
broadened transitions are compared. Absorbed energies are used to calculate effective absorbances
obtained by the use of conventional and photothermal lensing spectrometry. The conclusions drawn
from these comparisons are that pulsed laser photothermal spectroscopy is sensitive to the excitation
laser’s pulse temporal profile and the transition broadening mechanism.

an ultrasensitive technique used to measure sample

Nonlinear absorption spectroscopy can yield informa-
tion about atomic and molecular structures and
dynamics that cannot be obtained by conventional
spectroscopic techniques.! But in addition to the
beneficial aspects, nonlinear absorptions measure-
ments can be plagued by experimental artifacts that
are difficult to describe and characterize.23 There
are several causes of experimental artifacts. First,
optical power delivered to the sample with continuous-
wave lasers can result in significant sample heating.
This heating results in a change in energy-level
populations?* and can also cause photothermal lens-
ing. Also, the attenuation varies along the sample
pathlength for highly absorbing samples with nonlin-
ear absorption. This gives rise to complicated nonlin-
ear irradiance-dependent absorption behavior.* This
problem is further complicated if the excitation source
also has a spatially varying beam profile.

Among the most successful methods for measuring
nonlinear absorption are the pulsed laser photother-
mal spectroscopy (PL-PTS) techniques.®? PL-PTS is
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absorption. Because of the high sensitivity, samples
that are dilute in the absorbing species are utilized.
Optically thin samples result in negligible irradiance
attenuation through the length of the sample.
Nonlinear optical absorption is common in pulsed
laser-excited photothermal spectroscopy. Twar-
owski and Kliger realized the importance of pulsed
laser-excited photothermal lens spectroscopy (PL-
PLS) for measuring multiphoton transitions.6” The
result of their study showed that multiphoton absorp-
tion can enhance the PL-PLS signal by narrowing the
spatial temperature change profile. Long and Bi-
alkowski®8? have examined some of the implications
of optical saturation in gas-phase infrared PL-PTS.
They predicted that saturation of homogeneously
broadened transitions flattens the temperature change
profile and thereby decreases in the initial, zero-time
signal magnitude over that expected.? However, op-
tical saturation can actually increase the signal and
the precision of the measurements in pulsed laser
photothermal deflection spectroscopy (PL-PDS).2
Multiphoton and optical saturation absorption were
observed in infrared PL-PDS of gas-phase chlorofluo-
rocarbon species.? However, the excitation energy-
dependent signals were used only in terms of their
utility for species discrimination. More recently,
Poston and Harris!® estimated saturation irradi-
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ances, energy-transfer kinetics, and enthalpies of
triplet benzophenone in condensed-phase samples by
examining time-dependent PL-PDS signals over a
range of excitation irradiances.

Quantitative information on condensed-phase sam-
ples has also come from photothermal wave-mixing
techniques. McGraw, et al.!! and Zhu and Har-
ris!%!3 have examined nonlinear absorption in con-
densed-phase species by using thermal gratings. In
this technique a volume phase grating is made by
crossing two coherent pump laser beams in the
sample. By examining the relative signal powers of
the probe laser diffracted through different orders of
the distorted grating, nonlinear absorption and ki-
netic parameters were estimated. The main draw-
back to this technique is the experimental complexity.
Measurements must be made at several probe beam
angles in order to extract the information necessary
to estimate the nonlinear parameters.

The simplest experiments are those that use a
microphone to detect the photoacoustic spectroscopy
(PAS) signal generated by the absorbed energy.
Cox!* has measured saturation and multiphoton ab-
sorption in SFg. Chin et al.15 have measured multi-
photon absorptions for SFg and CH;OH. Seder and
Weitz'6 have measured excitation irradiance-depen-
dent absorption parameters for a number of gas-
phase alkyl chlorides and hexadienes. The draw-
back to the PAS technique is in signal interpretation.
The signal is a function of the energy absorbed, the
excitation beam profile, and the response of the
microphone. Chin et al. raised questions over signal
interpretation in 1982.15 There has been substan-
tial progress made in signal interpretation since that
time.1® But the change in the absorbed energy pro-
file over that of the excitation beam profile has not
been accounted for in PAS absorption.

The purpose of this study is develop a quantitative
theory for irradiance-dependent PL-PTS signals when
optical saturation occurs. Although saturation ef-
fects are commonly observed, details of how satura-
tion affects the resultant experimental observations
have not been previously addressed. These details
may be critical to the understanding of how experi-
mental observations can be used to elucidate nonlin-
ear absorption behavior. Equations are derived with
the vibrational excitation of gas-phase species in
mind. But the results should be applicable to elec-
tronic excitation and condensed-phase samples as
well.

In infrared laser-excited spectroscopy, calculation
of the quantity of light deposited as heat in the
sample is difficult owing to the larger number of
rotational and vibrational states available to all but
the simplest of molecules.}?* In order to gain some
insight into the effects of saturation, this study
examines a hypothetical two-level system. The two
levels are the specific rovibrational states coupled by
excitation radiation. These states are broadened by
homogeneous and inhomogeneous mechanisms.
Inhomogeneous broadening includes Doppler broad-
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ening and the rotational level envelope. Thus rovi-
brational states not radiatively coupled are treated as
background states that make up the inhomogenously
broadened line. Two limiting categories of rovibra-
tional energy levels are treated. For small, light
molecules, the rovibrational transition spacing is
large compared with the homogeneous linewidth, and
the transition linewidth is homogeneous. In large
molecules, rovibrational transition spacing is small
compared with the homogeneous linewidth, although
the absorption band is wider than the homogeneous
linewidth. In this case the transition is dominated
by the inhomogeneous linewidth. If rotational relax-
ation is slow, the transition linewidth will be strictly
inhomogeneous.

Intramolecular energy transfer may be either slow
or fast relative to pulsed laser excitation. Treatment
of saturation is simplified in either of these two
limits. If the background to radiatively coupled
state energy-transfer times are long compared with
the excitation pulse duration, then individual rovibra-
tional levels, and optical transitions between them,
are effectively isolated on the time scale of excitation.
If, on the other hand, background to radiatively
coupled state energy transfer is fast, then all levels
are effectively connected on the time scale of excita-
tion. In this case, inhomogenously broadened tran-
sitions are ineffective for isolating individual states.
In terms of the dynamics of excitation, the transitions
are effectively homogeneous. Thelatter case is appli-
cable to high-pressure gas and condensed-phase sam-
ples.

In PL-PTS, a pulsed excitation laser is used to excit
the sample, and a continuous probe laser is used to
monitor the refractive-index change that results from
sample heating. Sample heating is spatially aniso-
tropic because of the spatially anisotropic pump laser
beam profile. The process resulting in the produc-
tion and decay of the PL-PTS signals can be thought
of as occurring in steps. First, pulsed excitation
results in the production of excited-state species.
The net energy of the sample has increased. Relax-
ation of excited-state species results in a temperature
increase. Relaxation occurs both during excitation
and after excitation in the case of long-lived excited
states. The temperature increase results in a change
of the refractive index. Finally, the temperature
returns to that of the surrounding medium by ther-
mal diffusion. There are thus three time-dependent
processes: excitation, excited-state relaxation, and
thermal diffusion. The time scale for thermal diffu-
sion is generally long compared with either excitation
or relaxation.5

Spectrometers are designed such that PL-PLS mon-
itors an increase in probe laser beam divergence, and
PL-PDS monitors changes in the position of the
spatially averaged beam spot. PL-PDS signals are
proportional to the off-axis spatial gradient in the
refractive index caused by sample heating. The gra-
dient is similar to a prism. PL-PLS signals are
proportional to the inverse focal length of the photo-



thermal lens. This lens in turn is related to the
on-axis spatial curvature of the refractive-index per-
turbation caused by spatially dependent sample heat-
ing. For an undistorted Gaussian beam profile, re-
fractive-index gradients and curvatures are both
proportional to the magnitude of the index perturba-
tion and inversely proportional to the squared excita-
tion laser beam waist radius. When the sample is
excited by laser with an undistorted Gaussian beam
profile, the two techniques are similar and yield
equivalent results.

Central to calculating the PL-PTS signals is a
determination of the gradient and the curvature of
the spatially dependent refractive-index perturbation.
The profile of the absorbed energy is distorted over
that of the excitation laser when saturation occurs.
The resulting refractive-index perturbations are no
longer Gaussian. This results in changes of the
gradients and the curvatures that are not necessarily
related to each other. In fact, the maximum off-axis
gradient increases while the on-axis curvature de-
creases.

In this paper, equations for PL-PLS and PL-PDS
signals at saturating irradiances are derived, and the
results are discussed. Two limiting types of satura-
tion behavior are considered. These depend on the
particular broadening mechanisms involved in a tran-
sition and the relative rates of excitation and relax-
ation to nonresonant states. The derivations follow
the usual order. The spatially dependent energy
deposited in the sample during the laser pulse is first
calculated. Next the initial PL-PLS and PL-PDS
signal magnitudes are found. Finally, the time-
dependent signals are calculated. These derivations
start with a discussion of optical saturation on the
two limiting cases. The usual assumptions applied
to PL-PTS are used.?¢ In particular, the excitation
laser beam is Gaussian, the beam waist radius is
constant over the length of the sample, and the laser
pulse is shorter than the time scale for thermal
diffusion.

2. Optical Saturation of Two-Level Transitions

Optical saturation occurs when the stimulated emis-
sion rate competes with that of relaxation. In the
limit in which dephasing time 7T, is much shorter
than either optical pumping or relaxation times T4,
the so-called incoherent system can be treated by
coupled rate expressions.! The net result is that the
optical absorption coefficient can be recast in a form
that is dependent on the strength of the excitation
source.

The optical frequency-dependent absorption coeffi-
cient is given by the convolution of the homogeneous
linewidth with the inhomogeneous band shape:

o

a(v) = ag(vo) f p(v)g(vo — v)dv, (1)
0

where ag(vy) (in inverse meters) is the small-signal
absorption coefficient at the homogeneous line-band

center, p(v) is the normalized inhomogeneous line-
shape function, and g(vy, — v) is the Lorentzian line-
shape function,
1
(277)2
. (2)
1+ E/Eg
(2wT)?

The homogeneous linewidth has contributions from
both relaxation time t and power broadening 1 +
E/Eg, where E is the irradiance (in watts per meter
squared), and Ej, the saturation irradiance, is defined
by

hVQ
20{vg)r

ES = (3)
The absorption cross section, o(v) (in meters squared),
is related to the small-signal absorption coefficient by

ag(v) = (N; = NyJo(v), (4)

where N; — N, is the number density difference (in
inverse meters cubed) between lower and upper levels
of the transition. Relaxation times used to define
the saturation irradiance generally include both T,
and T, processes.! However, the rate equations used
to derive Eq. (2) are valid only when T, < T;. Inthis
case relaxation time 7 will be that of the limiting
kinetic process returning excited-state species to the
ground state.

Equation (2) can be integrated for two important
limits. For small molecules with rovibrational tran-
sition spacing wider than the homogeneous line-
width, the inhomogeneous line shape may be approxi-
mated as a delta function at band center v,. The
exponential absorption coefficient for the homoge-
neous line is just a(v) = ap(v)g(v — vp), and

(V)
) =TT E/EG) ()

where ay(v) = ag(vo)/[1 + 8(v)], Es(v) = Eg[1 + 3(v)],
and §(v) = [2m7(v — vo) 2.

Large molecules have rovibrational transition spac-
ings that are narrower than the homogeneous line-
width, and the absorption is inhomogeneously broad-
ened. By definition, inhomogeneous line broadening
means that the molecules exist in several uncon-
nected states. If the time scale for nonresonant
state relaxation into the resonant state is shorter
than that of excitation to the excited state, every state
in the inhomogeneously broadened transition is, in
effect, coupled. This results in the depletion of the
entire population of lower states by excitation through
the resonant state. In other words, the transition is
effectively homogeneously broadened since all states
are connected on a time scale shorter than that of the
excitation. This is a common situation in solution
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phase samples!” and probably occurs in gas-phase
samples of moderate pressure.?

On the other hand, if the time scales for relaxation
into the levels excited by the laser are longer than
that of excitation, then the effects of the inhomoge-
neously broadened transition on the effective satura-
tion absorption coefficient must be taken into ac-
count. Thus the second saturation limit is of inhomo-
geneously broadened transitions with relatively long
background state relaxation times. For large mole-
cules with a wide inhomogeneous absorption, the
line-shape function is essentially constant over the
homogeneous linewidth excited by the narrow-band
laser. In this case the irradiance-dependent absorp-
tion coefficient is

ao(v)
Ny 7 ©

where the inhomogeneous band center absorption
coefficient is ag(v) = ag(vo)p(v)/4r.

The inhomogeneous absorption coefficient does not
decrease as rapidly with irradiance as the homoge-
neous one because of the square-root power depen-
dence in the denominator. This effect is due to the
increased number of species that can be excited at
high irradiances because of power broadening.
Thus, although saturation may occur between states
with energy differences at or near the excitation
energy, i.e., homogeneous saturation, the total num-
ber of species excited increases as a result of power
broadening of the excitation source linewidth. Inho-
mogeneous broadening is more likely at lower gas
pressures since rotational relaxation is limited by
collision rates.

3. Absorbed Energy

In deriving the spatial temperature change'profile it
is assumed that the radial profile does not change
along the axis of propagation of the excitation beam,
i.e., the cylindrical symmetry approximation. This
assumption is implicit in most derivations of photo-
thermal signals. For this assumption to be valid the
sample must be optically thin, and the sample cell
length along the axis of propagation must be such
that the excitation beam waist does not vary signifi-
cantly through the cell. The cylindrical symmetry
approximation is duite good if the cell length is
shorter than the Rayleigh range of the focused beam.

An excitation source propagating in the fundamen-
tal TEMy; mode has an instantaneous irradiance at
radius r from the beam center of

20(t) (—2r2)

Ey(r, t) = (7)

ex
w? P\ 2

where ®(¢) is the instantaneous radiant power in
watts (W), and w is the electric-field beam waist
radius parameter. The absorbance law must be
modified to include the irradiance-dependent absorp-
tion coefficient. The differential expression for the
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irradiance along sample path z is dependent on the
irradiance-dependent absorption coefficient:

aBr, 1) E.{r, Yoy
T B S my

< ®)

From Egs. (5) and (6), exponential factor f is 1 for
homogeneously and 1 for inhomogeneously broad-
ened transitions. Use of this factor permits the
derivations to be independent of the broadening
mechanism. Photothermal spectroscopy is nor-
mally performed on samples that are optically thin
with respect to absorption. For an optically thin
sample, i.e., sample transmission over 99%, the irradi-
ance is essentially constant along the path dz and the
(1 + E,(r, t)/Es]/ term can be ignored in the integra-
tion. This, along with the fact that for small «,
exp[—a(v)!] = 1 — a(v)l, results in

Ey(r,t) — Ey(r, t) = —Er, t)a(v)l, 9

where Er, t) is the instantaneous irradiance of the
pulsed laser entering the sample, and Ey(r, £) is the
irradiance that exits after passing through a sample
of path length /. The «v) is one of the saturation
absorption coefficients. The amount of heat depos-
ited in the sample per unit volume per pulse is
integrated irradiance U(r) (in joules per meter cubed).
This is found by integrating the irradiance difference
per unit length:

Ur) = f ) a(v)Ey(r, t)dt. (10)

0

Because of the nonlinear irradiance dependence in
Eq. (10), the result must be obtained for specific
temporal pulse shapes. Constant Ey(r, ¢) from ¢ = 0
to ¢t = 1, is a rectangular pulse. This pulse duration
may be obtained in electro-optically chopped laser
pulses. The energy deposited in the sample over the
pulse is

—2r?
ay(v)H exp "

(11)

Ur(r) = [

—or2\ |’
L+ ®/E o] )}

where subscript r is used to indicate a rectangular
pulse. An average irradiance of E = 2®(0)/mw?
(W/m?), and a time-integrated irradiance of H =
27,®(0)/ww? (J/m?) is defined for a rectangular pulse
duration of 7, and a constant radiant power of &(0).

Another important case is an exponential temporal
profile that may be used in order to resemble more
closely the output of transverse discharged lasers
such as transversely excited atmospheric CO, and the
excimers. In this case,

®(t) = ©(0)exp(—t/7,). (12)

The exponentially averaged power is ®(0) = @/,



where @ is the total pusle energy (in joules). The

energies absorbed by the sample are

Ur) = ap(v)EgT, ln[l + (E/Es)exp(—jzrzﬂ (13)

for homogeneously broadened transitions and

—2r2\ [V/2
1+ E/ES exp( )] - 1]

(14)

Ur) = 2ao<v>EsTp[

for inhomogeneously broadened transitions. Be-
cause the irradiance varies with time for the exponen-
tial pulse, an average irradiance is defined as E =

2Q/t,mw?.
4. |Initial Deflection Angles and Focal Lengths

The initial PL-PDS and PL-PLS signals are those
occurring shortly after pulsed laser excitation and
relaxation of those-species remaining in the excited
state but before thermal diffusion of excess thermal
energy away from’the region excited by the pulsed
laser. For a thermal diffusion time constant 7, that
is much greater than either 7, or the time required for
excited-state energy relaxation, radial-dependent tem-
perature change 37(r) is simply absorbed energy U(r)
divided by the heat capacity of the sample. This is
generally a valid assumption since 7, are typically of
the order of milliseconds.? Finite sighal rise times
that are due to excited-state species that relax after
the excitation pulse can be observed in certain cases.
But the heat capacity approximation still holds as
long as the time required for the maximum signals to
develop is much shorter than that of the thermal
decay. Thus, although the maximum signal may
take a finite amount of time to develop, the maximum
temperature change is still approximated well by the
absorbed energy divided by the heat capacity. Initial
temperature changes for saturatlbn absorption are
shown in Table 1.

PL-PTS signals are generated as a direct conse-
quence of the spatially dependent refractive-index
perturbations that arise because of sample heating.
The PL-DPS signal is proportional to the deflection
angle and the PL-PLS signal is related to the inverse

Table 1. Temperature Changes for Saturation Absorption

Rectangular pulse

8T(r) = [aw(v)H/pCplexp(—2r*/w?)[1 + (E/Es)exp(—2r*/w?)]”"
(15)

Exponential pulse, homogeneous line
8T ) [Olo( EsTp/pCP]ln[l + E/Es exp 27‘2/10 ] (16)
Exponential pulse, inhomogeneous line

8T(r) = [200(v)Es7, /pCp]{[1 + (E/Eglexp(—2r*/w?)]/? - 1}
17)

focal length of the thermal lens.5¢ These elements
are calculated from the refractive-index gradient and
the second spatial derivative of the index for PL-PDS
and PL-PLS, respectively. The refractive-index
change usually occurs only because of a change in
sample density. Sample density is in turn related to
the temperature change at constant pressure. The
density-dependent refractive-index change and the
temperature-dependent density change are combined
into a temperature-dependent refractive-index change.
Temperature is found from the absorbed energy and
the heat capacity of the sample, and the initial signal
is taken to be the maximum signal that occurs before
thermal decay.

In the limit of small probe ray path perturbations,
the deflection angle and inverse focal lengths are35

- (&) 4y, 18
= hepCr \aTp ar U0 19
e — (i‘f) L v (19
A G )

respectively. In these equations ng is the refractive
index of the sample, pCp is the heat capacity made up
of density p and specific heat capacity Cp, and (dn/dT)p
is the change in the refractive index with a change in
temperature at constant pressure.

The deflection angle and thus the PL-PDS signal
change with radial offset from the pump laser beam
center. The equation for calculating the energy-
dependent PL-PDS used here is

1 (dn| | @
—nopCP dTP

dr?
since, in the absence of saturation, the photothermal
deflection signal is a maximum when the probe laser
is offset by half of the pump laser electric-field beam
waist radius. The deflection angles for rectangular
pulse excitation are

-1 (g;) 20(v)IH

. &P (f/2)[1 + exp(—1/2)(1 — f)E/Eg] )
[exp(1/2) + E/Eg]*!

Ulr) (20)

r=w/2

=

g P wPCP

(21)

The inverse focal length of the simple thermal lens is
calculated by the use of Eq. (12) in Eq. (20):

1 (%) dog(v)IH1 + (1 - f)E/Eg .

F-l1=—
T e \dl (1 + E/Eg)F

P WZPCP (22)

For the exponential shaped excitation laser pulse
the initial deflection angle for a probe beam offset of
r=w/2is
- 1 dn 2(!0( )lH
n() dT

exp(—1/2)
[1 + exp(~1/2)E/Es)"

e = 23
p wpCp (23)
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The inverse focal length is

1 (En_) dog(v)IH 1
dT P wzpCP (1 + E/Es)f

_1=
e

o (24)

The integrated irradiance H = Ert, is defined for
exponential pulse expressions.

5. Time-Dependent Signals

The time-dependent behavior of the photothermal
deflection angles and focal lengths is found by solving
the thermal diffusion equation for the absorbed irra-
diance. Time-dependent PL-PDS and PL-PLS sig-
nals are relatively easy to derive for initial absorbed
irradiance profiles that are Gaussian in form. Solu-
tions to the diffusion equation can be found by
integration over the Green’s function for a radially
symmetric source or by transform techniques. But
analytical solutions for the time-dependent signals
are not known in cases in which saturation distorts
the initial Gaussian profile. These time-dependent
signals can be approximated by first finding a set of
Gaussians that, when superimposed, accurately de-
scribe the initial spatially absorbed irradiance profile.
The heat transfer law is additive with respect to the
thermal sources. Thus the individual Gaussian pro-
files in the superposition approximation can be treated
as a separate heat source. The time-dependent sig-
nal is then the sum of the time-dependent signals
from each of the component Gaussian heat sources.
The thermal diffusion equation,

d
—3T(x,y,2,t)

py = KV%T(x,y,2,t) + 0(x,y, 2, t),

(25)

where K is the thermal diffusion coefficient, and 6 is
the time rate of temperature change of the source, is
solved for a cylindrically symmetric source in an
isotropic medium and has a solution’

3T(r, t) = .r de’ fm G(r,r', t')dr'. (26)

0 0

The Green’s function, G(r, r', '), for the Gaussian -

source is

~(r2 + 1)
4Kt

r'Q'(r',t)
ZpCpKt’

Gr,r',t') =

I rr'
o\oky' |’

(27)

exp[

where @'(r', t) is the time rate of heat release and I( )
is the modified zero-order Bessel’s function. Integra-
tion over time is performed first. Since the rate of
heat release is assumed to be much faster than
thermal diffusion the time integral over any fast
excitation will appear as a delta function on the time
scale of the thermal decay. Q'(r, t) is just U(r, £)3(¢)
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and

I -2+ )| [rr
3T(r, t) = 2Ktj 8T(r’)exp[—-m—}Io(2Kt)r dr'.
(28)

Integration can be performed if 37(r) can be expanded
as a series of N Gaussian exponents:

z o exp[ "]

The time-dependent temperature change profile is
then

(29)

—br2 }
o+ ey Y

ST(r, t) = % %
(r, ) = &1 Rt/ P

where 7, = w?/4K is the characteristic thermal decay
time. The PL-PDS signal with a probe beam offset
atradiusr = w/2is

2l —k
) = - e (dT) 2 1+ kt/"rc) e"p[z(l ¥ kt/wc)] ’
(31)
and the PL-PLS signal is
4
FHO) = me (dT) 2 1+ kt/Tc) - (32)

Expansion coefficients a, are found by linear regres-
sion. Ten terms are usually adequate to model the
initial temperature change profile to a high degree of
accuracy. Accuracy is checked by inspection of the
x2 parameter of the regression. Different models,
i.e., the use of different exponential dependencies of
the basis Gaussian functions, give similar results.

6. Discussion

A. Initial Temperature Change Profiles

Equations that describe the initial radially dependent
temperature change profile for the four different
cases involving homogeneously and inhomogeneously
broadened transitions excited with rectangular and
exponential pulses appear to be quite different.
However, all cases have the same low irradiance limit.
For irradiances that are much less than those re-
quired for saturation, the temperature change results

all converge to
. avH (-2
dl)%r_r,% 3 (r) = oCa exp( 2 (33)

As expected, all cases converge to the same spatial
form, that of the excitation laser beam profile, when
saturation is not occurring.

When the excitation irradiance approaches or ex-



ceeds that required for saturation, the initial spatial
temperature change profile becomes distorted from
that of the excitation laser profile. Radially depen-
dent initial temperature change profiles for several
different saturation and excitation pulse types are
illustrated in Figs. 1-3. The homogeneously broad-
ened transition excited with a rectangular temporal
pulse, illustrated in Fig. 1, has the most marked
change in the temperature change profile with re-
spect to irradiance. As E exceeds Eg, the top of the
profile becomes flatter because of saturation near the
beam center, where the irradiance is highest. This
behavior will result in a decreased thermal lens signal
at irradiances in excess of Eg since this signal is
proportional to the second derivative with respect to

radius. Infact, the limiting temperature change is
. 0‘O(V)'Tp ES
lim 37T(r) = —=—- 34
Jim A7) Co (34)

Since the high irradiance-limited temperature change
is independent of radius, there will be no initial
PL-PLSsignal. But there is a temperature increase.
The profile of the temperature increase will change
with time as a consequence of thermal diffusion.
The radial diffusion process is Gaussian, and a finite
PL-PLS signal will develop over time. This behavior
is shown below.

The difference between the exponential pulse tem-
perature change and that of the rectangular pulse is
significant for a homogeneously broadened transitions.
The spatial profile of the thermal perturbation for a
homogeneously broadened transition being excited
with an exponential shaped temporal profile is illus-
trated in Fig. 2. For exponential pulse excitation,
the radially dependent on-axis temperature change
for irradiances far in excess of that for saturation is

2r?

2lv)ey B [IH(E/ES) - w—} (35)

lim 8T(r) =
d)zl—go (r) pC P

NN
WA
NN

T mumemomsew

Fig. 1. Plot of the scaled temperature change profiles for a
homogeneously broadened transition by a rectangular pulsed
excitation. The profiles correspond to E/Eg’s of 0.1, 1, 2, 5, and
10, from the narrowest to the widest.
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Fig. 2. Plot of the scaled temperature change profiles for homoge-
neously broadened transition excited with an exponential pulse
with E/Eg’s of 0.1, 1, 2, 5, and 10, from the narrowest to the
widest.

for a homogeneously broadened transition. Since
the radial dependence becomes isolated from the
irradiance in this limit, the PL-PLS signal strength
will reach a maximum value that is independent of
excitation irradiance. This can be seen by taking the
second derivative of the limiting profile in approxima-
tion (35):

40(0 (V)Tp ES v

woCy (36)

dr? | dp—=

In this limit the PL-PLS signal depends on only the
number density of molecules and the excited-state
relaxation time constant since ag(v) = Ni.o(v) and
Es = hv/26(v)r. This feature of optical saturation
could be used to increase the accuracy of the PL-PLS
experiment. In this limit, the signal would not have
to be corrected for pulsed laser irradiance variations

d2
— [ lim BTe(r)] =

S\

RELATIVE RADIUS (r/w).

Fig. 3. Plot of the scaled temperature change profiles for an
inhomogeneously broadened transition by a rectangular pulse for
E/Eg’sof0.1, 1,2, 5, and 10, from the narrowest to the widest.
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in order to obtain the sample absorbance or analyte
concentration.

Differences in the radially dependent temperature
changes of homogeneously broadened transitions for
rectangular and exponential pulse shapes can be seen
by examining Fig. 1 and 2. The fact that different
temporal pulse shapes influence the radial depen-
dence of the temperature change indicates that the
experimental determination of saturation behavior
must be performed with well-characterized pulses.

Rectangular pulse excitation of inhomogeneously
broadened transitions results in temperature change
profiles that do not flatten with increasing irradiance.
Initial spatial profiles for inhomogeneously broad-
ened saturation are shown in Fig. 3. The limiting
temperature change profiles in this case are

ao(v)T,
lim 8T (r) = “oCo

Pg—c0

L (EEg)Y2%exp(—r?/w?). (37)

The radial dependence has changed but is still Gauss-
ianinform. Asindicated by the temperature change
profiles in Table 1, inhomogeneously broadened tran-
sitions will always have an initial, on-axis curvature.
Because the diffusion process broadens a Gaussian,
this will result in a PL-PLS signal that is a maximum
at zero time. The radius of the initial temperature
change effectively increases by a factor of V2 in the
high irradiance saturation limit.

The limiting spatial profile of thermal perturbation
for an inhomogeneously broadened transition being
excited with an exponential shaped temporal profile is

20‘0( )

1/2 2 /.2
Jim, Co L (EEg)Y/2%exp(—r2/w?).

(38)

The form of this limiting profile is the same as that
which would be obtained with the rectangular pulse.
But there is a factor of 2 difference in the magnitude.
The factor of 2 may be due to the different way the
irradiance is defined for rectangular and exponential
pulses. The form of the radially dependent tempera-
ture change is nearly identical to that shown in Fig. 3.
In both cases the resulting temperature change pro-
file is a Gaussian with the same radial width. Thus
the temperature change profile is apparently not
dependent on pulse shape for inhomogeneously broad-
ened transitions.

B. lIrradiance-Dependent Initial Time PL-PTS Signals

Measurements of zero-time signals as functions of
excitation irradiance may yield the most definitive
information regarding the character of the transition.
Zero-time PL-PLS signals are plotted in Fig. 4. The
four conditions discussed above are shown. The top
two curves correspond to inhomogeneous transitions
with exponential and rectangular pulse excitations.
The bottom two are for homogeneously broadened
transitions excited with exponential and rectangular
pulses. In all cases the signals are scaled to unit
(v)I /now?pCp and (dn/dT)p.
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Fig. 4. Irradiance-dependent zero-time PL-PLS signals. Cur-
ves, from top to bottom: inhomogeneous exponential pulse, inho-
mogeneous rectangular pulse, homogeneous exponential pulse,
homogeneous rectangular pulse.

The zero-time PL-PLS signal for the case of rectan-
gular pulse excitation of a homogeneously broadened
transition exhibits an initial increase in signal fol-
lowed by a decrease in signal with increasing irradi-
ance. This behavior is due to flattening of the initial
temperature change profile at high irradiances. The
homogeneously broadened transitions will have zero-
time temperature change profiles that are dependent
on the particular temporal pulse profile. Since the
inverse focal length depends on the zero-time temper-
ature change profiles through the second radial deriv-
ative, the PL-PLS signals should also be dependent
on the pulse temporal profile. In fact, a rectangular
pulse results in a limiting, i.e., high irradiance, zero-
time PL-PLS signal that is zero. On the other hand,
the limiting signal is constant and independent of
irradiance when an exponential pulse isused. These
trends can be seen by examining Fig. 4. The exponen-
tial pulse zero-time PL-PLS signal has reached a
constant value at an E/Eg of 10, while the rectangu-
lar pulse signal is still decreasing at this relative
irradiance.

The main difference between the irradiance-depen-
dent PL-PLS signals for the inhomogeneously broad-
ened transitions with exponential and rectangular
pulse shapes is the factor of two difference in magni-
tude. The shapes of these two irradiance-dependent
signals are essentially the same. They are indistin-
guishable when scaled and replotted. On the other
hand, the shapes of the homogeneously broadened
cases show that differences in the temporal profile of
the pulse result in large differences in the irradiance-
dependent signals.

These combined features could be used to deter-
mine whether a transition was homogeneously or
inhomogeneously broadened if one has control over
the temporal laser pulse shape. Irradiance-depen-
dent signals are relatively independent of excitation
pulse time dependence for the inhomogeneously
broadened case but are dependent on the pulse shape



in the case of the homogeneously broadened transi-
tion. So an experiment comparing the irradiance-
dependent zero-time signals for two or more laser
pulse shapes would allow one to determine whether
the transition is homogeneously or inhomogeneously
broadened.

There are significant differences in the shapes of
the irradiance-dependent zero-time signal curves for
a particular laser pulse shape but with different
broadening mechanisms. Thus, with the use of a
particular laser, the mechanism may be elucidated by
examining the shape of the irradiance-dependent
zero-time PL-PLS signals. In particular, homoge-
neously broadened transitions have irradiance-depen-
dent zero-time PL-PLS signals that either decrease or
stop increasing with increasing irradiance. Inhomo-
geneously broadened transitions have irradiance-
dependent PL-PLS signals that increase with increas-
ing irradiance past saturation.

The equations describing the PL-PDS signals are
similar to those for PL-PLS. The time- and irradi-
ance-dependent signals are nearly equivalent for the
conditions used to derive the equations. But PL-
PDS introduces another degree of freedom, that of
the pump—probe laser beam offset. This extra de-
gree of freedom means that additional measurements
must be made if the signals are to be used for the
quantitative measurement of nonlinear effects. Mea-
suring the exact pump—probe laser beam offset is
difficult, and attempting to adjust the offset by maxi-
mizing the signal when saturation is oceurring is
bound to be problematic since the offset to the
maximum gradient changes with the degree of satura-
tion. One solution is to adjust the pump—probe laser
beam offset for maximum signal when saturation is
not occurring. In the Fourier law of diffusive heat
transfer, the temperature diffusion rate is propor-
tional to the gradient. Thermal diffusion occursin a
direction such as to decrease this gradient. Conse-
quently, the maximum gradient must occur at zero
time, and thermal diffusion can only decrease this
maximum gradient. Thus the deflection angle that
is due to the maximum gradient must also decrease
with time. On the other hand, time-dependent gra-
dients at locations other than that where the maxi-
mum initial gradient occurs may increase in time in
cases in which E exceeds Eg. Subsequently, a range
of time-dependent PL-PDS signals should be ob-
served as the pump-probe beam offset is changed
when the irradiance exceeds Eg. The potential mea-
surement problems associated with the interpreta-
tion of the time domain PL-PDS signal would lead
one to conclude the PL-PLS is better suited for
photothermal studies when optical saturation occurs.

However, even with these potential measurement
problems, PL-PDS has a potential application in
quantitative analysis. Optical saturation ultimately
limits conventional absorption spectrophotometry.
Optical saturation, along with shot-noise statistics,
has been used to calculate ultimate limits of detection
in analytical spectroscopy.’® PL-PDS can circum-

vent these limits both by the use of an indirect
measure of optical absorbance, thereby circumvent-
ing the shot-noise limitation, and by producing a
signal that increases with irradiances well beyond
those required for saturation.? As seen in Fig. 1,
there is an increase in the slope of the scaled tempera-
ture change profiles with increasing irradiance.
However, increasing the irradiance also increases the
radial offset to the maximum gradient. Thus the
location of the maximum gradient changes in space as
a function of the degree of saturation. Subsequent-
ly, in order to benefit from the larger signals produced
by the increased gradients under saturation condi-
tions, the probe beam must be offset to the maximum
gradient position. This may be accomplished if the
PL-PDS signal is maximized by adjusting the pump-
probe laser offset for a species that is being saturated.
Maximum zero-time PL-PDS signals can be ob-
tained from the first derivative of the temperature
change profiles by finding the radial pump-probe
laser offset that maximizes the deflection angle.?
In the case of inhomogeneously broadened transi-
tions, the limiting temperature change Gaussian
radius is /2 wider than that of the pump laser. Thus
the optimum pump-probe laser offset for irradiance
far in excess of that required for saturation would be
= w/\2. Analytical expressions for the PL-PDS
signals can be found in this case. Such is not the
case for homogeneously broadened transitions. In
that case the offset to the radius of the maximum
gradient increases with increasing irradiance.
Maximum zero-time PL-PDS signals are illustrated
in Fig. 5. These were calculated by finding the
pump—probe laser offset that maximized the PL-PDS
for each relative irradiance. In contrast to the PL-
PLS signals illustrated in Fig. 4, all PL-PDS signals
increase with increasing irradiance. There are only
minor differences between PLS and PDS signals for
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Fig.5. Irradiance-dependent zero-time PL-PDS signals for which
the pump-probe laser beam offset was adjusted to maximize the
signals. Curves, from top to bottom: inhomogeneous exponen-
tial pulse, inhomogeneous rectangular pulse, homogeneous expo-
nential pulse, homogeneous rectangular pulse.
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the inhomogeneously broadened transitions. But
PL-PDS signals produced for the homogeneously
broadened transitions show enhanced signals and
sensitivities at higher irradiance. The exponential
pulse case does not level off, and the rectangular pulse
case does not decrease, with increasing irradiance, as
was the case for PLS.

C. Time-Dependent PL-PLS Signals

It is interesting to examine the time dependencies of
the PL-PLS signals as functions of excitation irradi-
ance, pulse shape, and type of transition broadening.
The PL-PDS signals from Eq. (31) will behave in a
similar fashion, and only the PL-PLS signals are
discussed below. Figures 6-8 show time-dependent
signals for saturation of homogeneously and inhomo-
geneously broadened transitions with rectangular
and exponential pulses. These time-dependent sig-
nals were calculated with the temperature change
profiles given in Table 1. Linear combination coeffi-
cients for the initial temperature change profile were
found by conventional linear regression. Some dis-
tortion in the early time signal observed in Fig. 6 for
E/Eg = 10 may be due to a lack of accuracy of the
10-term series for high irradiance profiles.

Figure 6 is particularly interesting in that it illus-
trates that, while the zero-time inverse focal length
decreases with increasing irradiance past the satura-
tion irradiance, the PL-PLS signal increases with
time even after the initial onset. The increase in the
PL-PLS signal is due to the Gaussian nature of
thermal diffusion for cylindrical symmetric sources.
When the initial temperature change profile is flat-
tened, like that of a top hat profile, thermal diffusion
serves to increase the curvature of the temperature
change, thereby causing the PL-PLS signal to in-
crease with time.

On the other hand, Figs. 7 and 8 exhibit monotonic
thermal decay behavior. Plots in which the time-
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Fig. 6. Time-dependent PL-PLS signals for a homogeneously
broadened transition and rectangular pulse excitation. TheE/Eg’s
are 1, 2, 6, and 10, with the maximum PLS signal decreasing with
irradiance.
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Fig. 7. Time-dependent PL-PLS signals for a rectangular pulse
excitation of a inhomogeneously broadened transition for E/Eg’s of
1,2,5,and 10. The maximum signal increases with irradiance.

dependent signal decays are scaled to the same height
reveal that the thermal decay characteristics are only
mildly altered by saturation. For the inhomoge-
neous transition case shown in Fig. 7, the tempera-

ture change profile radius changes by a factor of V2
going from low to high irradiance. Since 7, = 4K/w?,
a factor of 2 increase in the characteristic decay time
is expected at limiting irradiances. Exponential pulse
excitation of inhomogeneously broadened transition
results in temporal behavior that is similar to that
shown in Fig. 7. This is expected since, as discussed
above, the high and low irradiance-limited tempera-
ture change profiles are the same for rectangular and
exponential pulse excitations of inhomogeneous tran-
sitions.

Figure 8 shows some distortion from the mono-
tonic decay behavior above E/Eg of 5 for exponential
pulse excited homogeneous saturation. The reason
for this is not clear. But it is probably due to the
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Fig. 8. Time-dependent PL-PLS signal for an exponential pulse
excitation of a homogeneously broadened transition for E/Eg’s of
1,2,5,and 10. The maximum signal increases with irradiance.



non-Gaussian nature of the initial temperature change
distribution.

There are two points to be made after comparing
Figs. 6-8. First, exponential shaped laser pulse
excitation results in time-dependent PL-PLS signals
at which the maximum signal occurs promptly after
the initial thermal relaxation of the excited state.
This reduces the requirement of measuring the time-
dependent signals at several irradiances in order to
determine the maximum signal magnitude accurately.
The energy-dependent zero-time signals discussed
below contain more information than the time-
dependent decays. There are only minor changes in
the thermal decay portion of the data. The second
point is that rectangular pulse excitation of the
homogeneously broadened transition shows a signal
increase that could be mistaken for an apparent slow
heat release in the relaxation kinetics. Signals exhib-
iting similar slow heat release have been observed in
PL-PTS.13 But by varying quencher concentrations,
these transients were found to be due to relaxation
kinetics.

The question remains as to whether experimental
evidence can be used to discern the two limiting
saturation conditions. The time-dependent signals
shown in Figs. 6 and 7 for rectangular pulse excita-
tion are dramatically different. But, experimentally,
rectangular pulses are more difficult to obtain. The
exponential pulse excited inhomogeneous saturation
temporal response is similar to that caused by rectan-
gular pulse excitation. Thus time-dependent signals
are not sensitive enough to discriminate between
homogeneous and inhomogeneous line-broadening
mechanisms for exponential shaped pulse lasers.
On the other hand, the irradiance-dependent, zero-
time PL-PLS signal behavior in Fig. 4 is quite differ-
ent for homogeneous and inhomogeneous cases with
a particular laser pulse shape. These measurements
are readily obtained and are apparently more sensi-
tive to changes in the nonlinear absorption character-
istics.

D. Volume-Iintegrated Energy and Comparison of
Absorption Spetrophotometry with Photothermal
Spectrometry

The absorbed energies can be used to predict the
effective absorbance that would be measured by
absorption spectrophotometry. In the latter, the
ratio of absorbed to incident energy is calculated in
the optically thin limit. The volume-integrated ab-
sorbed energy is obtained from

Qs = 21l f U(r)rdr, (39)
0
which, for rectangular pulse excitation, yields
Q, = 2wlat,Eqw?/4)In(E/Eg + 1) (40)
for homogeneously broadened transitions, and
Q, = 4n/ar, Esw?/4)[(E/Es + 1)/2 - 1] (41)

for inhomogenously broadened transitions. The rel-
ative absorbance for optically thin samples is A =
logo(1 — @abs/@rot) = —2.303 Qups/Quor-  Relative ab-
sorbances from these equations are illustrated in Fig.
9. The upper trace indicates the effective absor-
bance that is due to inhomogeneously broadened
transitions and the lower indicates the absorbance
that is due to homogeneously broadened transitions.
Both traces are scaled to a maximum relative absor-
bance of 1. Normally the saturation irradiance is
defined as that irradiance at which the absorbance
decreases to half the small-signal value for a homoge-
neously broadened transition. The reason why the
effective absorbance decreases to half the small-signal
value at a relative irradiance greater than 1 is due to
the Gaussian shaped beam profile. A similar effec-
tive absorbance could be obtained by the use of
photoacoustic spectroscopy if the change in the radius
of the temperature change profile did not signifi-
cantly affect acoustic wave generation.

For analytical utility, absorbances are also calcu-
lated from the PL-PTS signals. This is accom-
plished by dividing the PL-PLS signal by the excita-
tion energy. Absolute absorption coefficients are
typically determined by standardization with an ana-
Iyte of known absorbance. The relative absorbances
found for zero-time PL-PLS are illustrated in Fig. 10.
Again, the upper trace is due to inhomogeneously
broadened transitions and the lower trace is due to
homogeneously broadened transitions; the results for
rectangular pulse excitation were used.

A comparison of the absorption spectrometry re-
sults in Fig. 9 with those obtained by PL-PLS in Fig.
10 indicates that the error associated with the use of
PL-PLS to measure absorbance is greater than that
associated with conventional techniques when satura-
tion is occurring. An error would arise only if it was
not known that saturation was occurring. On the
other hand, signal measurement is intrinsically more
precise with PL-PLS because of the indirect nature of
signal measurement.!® In absorption spectrophotom-
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Fig. 9. Relative spectrophotometric /absorbance for homoge-
neously (lower trace) and inhomogeneously (upper trace) broad-
ened transitions by rectangular pulse excitation.
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Fig. 10. Relative absorbances determined by PL-PLS spectrome-
try for homogeneously (lower trace) and inhomogeneously (upper
trace) broadened transitions with rectangular pulse excitation.
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etry of optically thin samples the absorbance is
calculated from the relatively small change in trans-
mitted energy. Since shot noise ultimately limits
the minimum change that can be detected, decreases
in the relative absorbance decrease the measurement
precision. On the other hand, PL-PLS signals for
inhomogeneously broadened transitions and maxi-
mum PL-PDS signals have analytical signals that
increase with increasing irradiance beyond that re-
quired for saturation. Thus the precision of PL-PTS
absorbance measurements are greater than those of
absorption spectrophotometry. In order to avoid
errors in calculated absorbance when PL-PTS is used,
the PL-PTS signal could be measured as a function of
the excitation irradiance. Examination of these data
for nonlinear behavior would reveal saturation ef-
fects, and the relative absorbance data could be
extrapolated to the small-signal absorbance.

7. Conclusions

The equations describing excitation irradiance and
time-dependent PL-PTS signals have been derived
for the ideal case of two-level absorption. The equa-
tions show that PL-PTS signals are sensitive to both
the type of transition broadening and to the temporal
profile of the pulse laser. PL-PTS signals exhibit
behavior that is only indirectly related to the simple
saturation absorption equations shown in Egs. (5)
and (6). Thus nonlinear energy-dependent signals
alone cannot be used to interpret the nonlinear
absorption behavior directly. PL-PTS signals must
be interpreted in the light of equations that take into
account the spatial and temporal variations of the
thermal perturbation.

PL-PDS has a signal magnitude advantage over
PL-PLS when optical saturation occurs. This is due
to the fact that the probe laser beam may be offset to
the position of the maximum refractive-index gradient.
But PL-PLS is favored in terms of accuracy. The
probe laser beam offset of PL-PDS must be measured
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in order to obtain accurate results. Relative beam
position measurement is difficult and prone to errors
that would decrease the accuracy of the analysis.

The temporal rise time of the PL-PLS signal can be
affected when optical saturation occurs. This distor-
tion could be mistaken for energy-transfer kinetics.

Finally, when used to calculate absorbance, PL-
PLS introduces more errors compared with absorp-
tion spectrophotometry or photoacoustic spectrome-
try. But the precision of indirect absorption
measurements is higher than that of spectrophotom-
etry. Since photoacoustic spectrometry is an indi-
rect measurement technique that is responsive to the
total amount of heat absorbed, this technique may be
ideal for optical absorption measurements of samples
that saturate. In any case, absorbance measure-
ment errors can be avoided by examination of the
irradiance-dependent signals.

This research was funded in part by the National
Science Foundation, CHE-9005769.
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