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Abstract. We investigated errors arising in calculations of optical signals in non-linear laser
spectroscopy due to neglection of non-uniformity in cross-beam laser power distribution.
The following three cases of non-linear emission are considered: saturated molecular lumi-
nescence, sequential multi-photon excitation of luminescence, laser-induced incandescence of

micro-particles.
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It is a frequent occasion in laser spectroscopy when
laser radiation induces emission of an investigated ob-
ject with a non-linear response on the excitation laser
power. The non-linear emission can be observed, for ex-
ample, in the cases of multi-photon or multi-step absorp-
tion, saturated luminescence, laser-induced incandes-
cence of micron-sized particles, ezc. Such conditions re-
quire an experimentalist to be especially careful with data
processing as far as the non-uniform distribution of laser
power within the investigated volume can cause signifi-
cant additional uncertainties in the calculated results.
The present paper considers errors caused by the use of
rectangular-function approximation of non-uniform
cross-beam distribution of laser intensity as compared
with Gaussian-function approximation.

Consider a hypothetical laser-induced non-linear proc-
ess followed by optical emission. Denote the emission
power from a unit volume as ; and the laser surface power
density as F. For a moderate deviation of F, the non-
linear dependence i(F) can be approximated as

i=constxF7, 0]

where yis a convenient phenomenological measure of
non-linearity of the process investigated. The value of y
can be easily calculated from experimental data i(F) pre-
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sented in a log-log scale. By taking logarithm of (1), 1gi =
= const + 7igF, the value of y can be calculated as a
slope of the experimental curve l1gi vs IgF:

Cd(gi)  dili
T d(gF) dFIF @

Obviously, for a linear process, y= 1. For a process
of N-photon excitation of luminescence, y= N. The in-
formational validity of y increases when it takes non-
integer values, for example, in the case of laser-induced
incandescence. It should be emphasized, the introduced
into equation (2) parameter ¥ can be calculated from the
experimental data regardless the photodetectors’ sensi-
tivity, transmittance of optical registration channels,
geometrical arrangement of the investigated object rela-
tively to the collective aperture, efc. That is, to calculate
Y, the measured values of i and F can be taken in any
suitable arbitrary units.

In calculations, real laser beams are often presented
as equivalent beams with uniform distribution of surface
power density across the beam section, i.e. F'= Fyatr <rg
and F = 0 at r > ry, where r( is the beam radius, and r is
the distance from the beam axis. Hereinafter, such beams
are referred to as rectangular beams.
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In many cases, cross-beam laser intensity distribu-
tion can be approximated by Gaussian function, for ex-
ample, as follows

F=F, exp(—r2 / Az)exp(—Kz) (3)

where F| is the laser power density in the beam axis at the
entrance of the investigated object, A is the beam radius
at the level of ¢!, Kis the extinction coefficient at a wave-
length of laser radiation, z is the coordinate along the
beam axis.

The experimentally measured is usually the integral
emission power, hereinafter denoted as 7, which can be
calculated by integration of i over the laser-irradiated
volume. For Gaussian beam , the following expression
can be derived

o L
I= consthn’rerdz [FO exp(—r> /Az)exp(—m)}y =
0 0
[1 - exp(—y) Jea? @

s

_ Y
= constFO

where L is the length of the laser-irradiated track. As is
seen from (4), the non-uniformity of spatial distribution
of F does not affect the power law I = constx F07 . How-
ever, the radius of equivalent rectangular beam is changed
to A/‘/; and the effective length becomes [1 —
—exp(—ykL)](yx)~!. Thus, on condition y= const, the use
of rectangular-beam approximation does not cause addi-
tional errors of the experimentally measured value of ¥.

It should be noted, equation (4) is valid only if ¥ does
not depend on the laser power density, v # y(F) . How-
ever, there are a lot of processes, in which y changes with
F. Thereinafter, in terms of three examples of laser-in-
duced processes with variable y, we consider the errors
caused by the use of rectangular-beam approximation as
compared with Gaussian approximation.

1. With a conventional model of laser-induced molecular
luminescence and a rectangular-beam approximation,
on the basis of population balance equations, the lumi-
nescence power emitted from a unit volume can be writ-
ten [1]:

i = const

1+ )
where @ is the dimensionless laser intensity, ® = o7F,
is the absorption cross-section, Tis the luminescence life-
time. Equation (5) involves a well-known phenomenon of
luminescence saturation. For Gaussian approximation
(3), in case of low absorption of laser radiation, k << 1/L,
the integration of (5) over the volume gives the following
expression for the integral luminescence power

I =const-In(l+ D) (6)

where @) = 07F). The constants in (5) and (6) depend on
the sensitivity of photodetectors and on the geometrical
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arrangement of the experiment. To eliminate these un-
known constants, the following dimensionless parameter
can be introduced. The relative yield of luminescence,
defined as the ratio of the saturated luminescence power
to the non-saturated luminescence power at the same level
of laser excitation, is hereinafter denoted as 1. With the
use of (5) and (6), the following expressions can be de-
rived: for rectangular beam approximation

p— ] p—
1+®

uPs YR 0

and for Gaussian approximation

_In(+ D) (ON

MG o, ¢ (tdg)n(+dy) ®)

Asisseen from (7) and (8), at high levels of laser exci-
tation, the well-known laser-induced luminescence is a
process with variable y. The appropriate plots are given
in Fig. la.

With the use of experimental data 1(Fy) and U Fy),
one can determine the parameters ot of the investigated
molecules. As is seen from Fig. 1a, the use of rectangu-
lar-beam approximation causes significant errors as com-
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Fig. 1. Calculated (solid lines) and experimental (circle points)
plots of n and y for laser-induced luminescence of Coumarin
dye solution.
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pared with Gaussian approximation. For example, if the
experiment shows the two-fold saturation of luminescence
(n =0.5), then the value of o7 obtained with the use of
rectangular-beam approximation is underestimated by a
factor of 2.5 as compared with Gaussian approximation.

Besides, the following circumstance is worth noting.
According to (7) and (8), the values of 7 and ycoincide in
case of rectangular beam and are essentially different
(76> ng) in case of Gaussian approximation. The experi-
ments confirm this feature. Fig. 1b presents the experi-
mental data of 17 and yfor an aqueous solution of Cou-
marin-120 dye excited by a Q-switched YAG-Nd>* laser
(third harmonic wavelength 355 nm, pulse duration
25 ns). The luminescence was detected at a fixed wave-
length. According to (8), the experimental data plotted
in Fig. b can be apﬁ)roximated with the following linear
function, NgYg)  =1+07F;, and the following esti-

mate can be made 67=6-10"2% cm?s.

2. Consider one more example of a non-linear process
with variable y. As is shown in [2-4], Nd3* ions in YAG
crystals demonstrate luminescence from high energy lev-
els, for example, from 2F25/, metastable level, which lies
at a distance of 38000 cm™! from the lowest level *Ig).
When the crystal is excited with a pulsed laser radiation
at a wavelength of 532 nm (second harmonic of YAG-
Nd3* laser), level 2F2s), is populated by sequential ab-
sorption of laser photons. With the use of a Q-switched
laser with pulse duration of 25 ns, the experiments show
that the luminescence from 2F2s), level is characterized
with yvarying from 2 to 3 depending on the excitation
intensity. Note should be made, yincreases with F, which
can be approximated as follows

i=CF2+ CF? )

where Cy and C, are the constants. Obviously, in case of
rectangular-beam approximation, for spatially inte-
grated luminescence, the dependence /(F) will be similar
to (9). For Gaussian approximation (3), with taking ac-
count for (4), the integral luminescence power can be writ-
ten
I =nA2L[lC1F02 +1C2F03] (10)
2 3

Fig. 2 presents the plots of ycalculated with the use of
(9) and (10). As is seen from the plots, the values of F, at
which the three-step absorption overpowers the two-step
absorption, differ by a factor of 1.5 for a rectangular-

beam and Gaussian approximation, hence the errors in-
crease.

3. Itis observed experimentally [5-10] that the radiation
of Q-switched lasers can overheat light-absorbing micron-
sized particles in gases and in condensed matter to a tem-
perature of thousands of Kelvins, hence the laser-heated
particles emit easily-detectable thermal radiation. Con-
sider a simplified model of laser-induced incandescence
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Fig. 2. Calculated plots of y as a function of laser power surface
density for laser-induced luminescence of an YAG:Nd3* crystal.

of suspended spherical black-body particles in transpar-
ent condensed matter. The numerical treatment [9] of heat
balance equation shows, that, at a first approximation,
during the action of laser pulse, temperature of a laser-
heated particle, 7, is proportional to the laser surface
power density, F, that can be written
T=¢F 11
where £is the constant. Then the dependence of power of
thermal radiation, i, at a fixed wavelength, A, on the la-
ser power density can be derived by substituting equation
(11) into the Planck law of black-body emission. This
yields

i = const
exp(hc/kgAEF) —1

(12)

where % is the Planck constant, k5 is the Boltzmann con-
stant, c is the speed of light. According to definition (2),
from (12) the following can be derived

_ helkgAEF
1—exp(hc/—kgAEF)

(13)

So, the laser-induced incandescence of suspended
particles in condensed matter is a process with variable
7. Asis seen from (13), the value of ysignificantly changes
with F. Fig. 3 presents the results of measurement of yat
a wavelength of 500 nm in the aqueous suspension of
submicron black particles excited by a Q-switched YAG-
Nd3* laser (excitation wavelength 1064 nm). The follow-
ing distinctive feature of laser-induced incandescence
should be noted: yundergoes a significant decrease (from
5 to 2) at moderate variation of F (from 5to 10 MW cm™).

With regard for (11), equation (13) can be considered
as a method for determination of particle temperature
using an experimentally measured . However, seeing
the strong dependence of yon F, we can expect signifi-
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Fig. 3. Parameter y as a function of laser power surface density
for laser-induced incandescence of an aqueous suspension of
light-absorbing submicron particles.

cant errors caused by the disregard of non-uniform dis-
tribution of laser power density. For example, the appro-
priate calculations performed in [10] show that the esti-
mates of particle temperature, based on rectangular-beam
and Gaussian approximation, are respectively 9000 K
and 5600 K at F=7 MW cm 2.

To conclude, the following can be inferred: for non-
linear processes with variable parameters 7, the neglect
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of non-uniformity of laser power cross-beam distribution
causes significant errors in estimations of characteristics
of the investigated processes.
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