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1. INTRODUCTION

A. Background

The incorporation of lasers as light sources in analytical spectroscopic instrumentation
has resulted in spectacular detection limits. These detection limits arise from several unique
properties of laser radiation. As an example, the spectral purity and high power of the laser
facilitates detection of individual gas phase atoms with isotopic resolution by both fluores-
cence and ionization techniques.'* The temporal coherence of the laser has been used to
discriminate signals generated by very fast scatter processes from relatively slower lumi-
nescence relaxation.*> In addition, the high spatial coherence of the laser allows measurement
by thermo-optical techniques of very small absorbance, the subject of this review. A recent
review in this journal considered the related technique of photoacoustic spectroscopy, another
high-sensitivity absorbance method.®

At least in liquids, the performance of thermo-optical spectrophotometries approaches the
better-known performance of laser-induced fluorescence. For example, individual immu-
noglobulin molecules labeled with approximately 100 fluorescein isothiocyanate tags have
been detected by laser-induced fluorescence.” Similarly, a detection limit corresponding to
120 iron-1, 10-phenanthroline molecules has been achieved with a crossed-beam thermal lens
measurement.® Good liquid phase laser-induced fluorescence detection limits tend to fall
around 10~ M for highly fluorescent dye.>® Similar detection limits are expected for a
strongly absorbing analyte and time-resolved thermal lens measurements.!°

B. Thermo-Optics ,

Thermo-optics is a branch of laser spectroscopy which measures, by optical means, the
temperature rise within a sample produced by absorbance of light. Thermo-optical techniques,
based upon the interaction of two laser beams within a sample, have produced significant
improvements in absorbance measurements compared with conventional transmission meth-
ods. The improvements arise from increased sensitivity and precision compared with simple
transmission measurements.

In thermo-optical spectrophotometries, absorbance of a pump light beam produces a
temperature rise within the sample. Since the refractive index of most materials changes
with temperature, the heated sample acts as an optical element to defocus or deflect a second
probe beam. Usually, a modulated pump laser is employed to produce a periodic thermo-
optical element which modulates the probe beam intensity profile. The profile distortion is
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measured with either a position- or power-sensitive detector and demodulated with a lock-
in amplifier, signal averager, or box-car averager.

The pump and probe beams may be collinear or crossed; the overlap region of the beams
defines the probe volume of the experiment. Collinear designs produce high-concentration
sensitivity within microliter volumes, whereas crossed-beam instruments produce excellent
mass sensitivity within picoliter probe volumes. Furthermore, surface-sensitive techniques
produce localized absorbance measurements at a liquid-solid or gas-solid interface.

The lexicon of thermo-optical techniques is surprisingly rich. These techniques are often
classified by analogy with conventional optical elements: a lens in thermal lens calorime-
try,'""'? a cylindrical lens in the crossed-beam thermal lens,' a prism in thermal deflection
spectroscopy,'® a grating in thermal diffraction,'® a curved mirror in thermally induced
deformation,'” or a simple change in optical path length in interferometry.'®'* Of course,
the interpretation of thermally induced beam perturbation in terms of the action of conven-
tional optical elements is only an approximation; the thermo-optical element often is aberrant.
If nothing else, the temporal behavior of thermo-optical elements differs significantly from
conventional optical elements. ‘

Thermo-optical spectrophotometries produce improved sensitivity and precision compared
with conventional transmission measurements. The high sensitivity of thermo-optical tech-
niques is a direct result of the linear property of heat flow: an increase in pump laser power
produces a proportional increase in temperature within the sample. Since the sensitivity of
most thermo-optical measurements increases linearly with a temperature rise, a very small
absorbance may be transformed, in principle, into an arbitrarily large thermo-optical signal
by utilization of a high-power pump laser. Ultimately, noise proportional to the solvent
absorbance will determine the smallest detectable signal.

The high precision of thermo-optical techniques is a direct result of the time-varying nature
of the temperature rise induced by a modulated pump beam. Powerful electronic demodu-
lation techniques, such as lock-in amplification, box-car averaging, or signal averaging with
regression analysis, are used to enhance the precision of the measurement. The combination
of a stable probe laser with these demodulation techniques results in absorbance detection
limits corresponding to a few parts-per-thousand of the solvent background absorbance.!®

Proportional noise in the background signal, generated by very weak solvent absorbance,
limits the precision of both thermo-optical and fluorescence techniques for liquid phase
analysis. In thermo-optical techniques, the background signal is generated by very weak
overtones of infrared transitions.?®2* In fluorescence, the background signal is generated
primarily by Raman scatter from the solvent.>**** Solvent absorbance is quite weak in the
visible portion of the spectrum for many liquids: the molar absorptivity of water is about 2
X 1076 LM~' cm~',%¢ and of carbon tetrachloride is about 5 X 10~7 LM ~! ¢cm~','® both
measured near 515 nm. The Raman cross section for water, 3 X 1078 LM ~' S—!,27 js about
two orders of magnitude smaller than the absorbance cross section. It is interesting to note
that both thermo-optical and fluorescence measurements are limited ultimately by a back-
ground signal arising from vibrational transitions within the solvent.

C. An Example

As an example of a thermo-optical technique, consider the crossed-beam thermal
lens.'** In this experiment, a modulated pump laser beam illuminates a weakly absorbing
sample, Figure 1. Absorbance of the pump beam, followed by nonradiative relaxation of
the excited states, produces a cylindrically symmetric temperature rise within the sample.
This heated region is probed at right angles with a coplanar beam. The thermo-optical
element acts as a cylindrical lens to defocus the probe beam symmetrically about the plane
containing the two beams. Since the temperature change within the sample is governed by
thermal diffusion, the strength of the thermo-optical element will change with time and will
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FIGURE 1. Crossed-beam thermal lens. A modulated pump laser beam produces a cylinder of heated material
within the weakly absorbing sample. This heated region acts as a thermal cylindrical lens whose focal length varies
in phase with the pump beam modulation function. The heated region acts to defocus a second, coplanar probe
laser beam about the plane containing the two beams. A detector located behind a small pinhole measures a periodic
change in the probe beam center intensity.

mimic the modulation function of the pump laser. The strength of the thermal cylindrical
lens, and hence the absorbance of the sample, is measured as a change in the probe beam
center intensity with a simple photodiode.

A typical experimental diagram is shown in Figure 2. Here, a chopped pump beam is
focused into the weakly absorbing sample. A second cw laser beam is focused into the
sample to probe the heated region. After transmission through the sample, the probe beam
is centered on a pinhole and small photodetector. Any defocusing produced by the heated
sample will spread out the probe beam and decrease the beam-center intensity. The signal
from the photodetector is demodulated with a box-car averager, a lock-in amplifier, or a
signal averager phase-referenced to the pump laser chopper. In the insert of Figure 2, the
pump power and probe beam-center intensities are considered as functions of time. When
the pump beam is turned on, the sample heats and acts to defocus the probe beam, decreasing
the intensity transmitted through the pinhole. When the pump beam is turned off, the
temperature within the sample relaxes and the probe beam intensity returns to an unperturbed
value.

As an example of the unperturbed profile of a laser beam, Figure 3a presents a photograph
of a probe laser beam profile after passing through a cuvette containing a small amount of
iodine dissolved in carbon tetrachloride. The beam demonstrates circular symmetry and a
Gaussian intensity profile. If a pump laser beam is focused into the absorbing sample at
right angles to the probe laser beam, then the probe beam profile is changed, Figure 3b.
The temperature rise formed by the absorbance of the pump beam produces a cylindrically
symmetric refractive index perturbation which defocuses the probe beam. Clearly, a pho-
todetector centered on the probe beam profile will measure a large change intensity as the
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FIGURE 2. Experimental diagram for the crossed-beam thermal lens. A cw pump laser beam is modulated with
a mechanical chopper and focused into the sample with a short focal length lens. The probe beam is focused at
right angles to the coplanar pump beam within the weakly absorbing sample. The periodic defocusing of the probe
beam is detected as a change in beam center intensity with a photodetector located behind a small area pinhole.
The beam-center intensity change is demodulated by a phase-sensitive amplifier, referenced to the pump beam
modulation function. The insert shows a typical waveform recorded by the data-processing electronics. The upper
trace shows the pump beam intensity and the lower trace shows the probe beam center intensity as a function of
time. As the pump beam illuminates the sample, thermally induced defocusing produces a decrease in the probe
beam center intensity. When the pump beam is blocked, the probe beam intensity returns to an unperturbed value.
Typically, the probe beam intensity is modulated by a small amount, less than a few percent, and detected with
a phase-sensitive amplifier. The rise and fall times of the signal are governed primarily by thermal diffusion.

pump beam is blocked and unblocked. This experiment demonstrates the aberrant nature of
the thermo-optical element; an unaberrant cylindrical lens would produce a Gaussian beam
with an elliptical profile.

In this review, a description of a generic thermo-optical technique, including a discussion
of some theoretical aspects, will be presented. In general, the theory is quite complicated;
useful results arise from clever approximations and tedious numerical methods. The re- .
mainder of the manuscript presents a description of several thermo-optical experiments. The
experimental arrangements are classified with respect to utility for bulk samples, small
volume samples, and surface absorbance measurements. In each case, a number of analytical
applications are presented.

II. PROPERTIES OF A GENERIC THERMO-OPTICAL EXPERIMENT

A. Intfroduction

A description of a generic thermo-optical experiment may be divided into four parts:
absorbance of light from the pump beam generating heat within the sample, thermal diffusion
of the heat, production of a refractive index profile within the sample, and diffraction of
the probe beam by the refractive index profile. Some very challenging photo-physics and
mathematics are encountered in the description of thermo-optical experiments. For example,
both thermal diffusion and optical diffraction are intimately connected to thermo-optical
phenomena and are notoriously difficult mathematical problems. In general, useful theories
of thermo-optical phenomena arise from appropriate approximations and numerical methods.

Lasers are generally used to produce (and probe) the heated region within the sample.
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FIGURE 3. The probe beam profile in the crossed-beam thermal lens. (a)
Unperturbed Gaussian profile obtained with the pump beam blocked; (b) de-
focused profile obtained with the pump beam illuminating the sample. (Photos
courtesy of Dr. Thomas G. Nolan and Mr. H. Hogan.)

Therefore, propagation of laser beams is of fundamental importance in thermo-optics. A
number of reviews and descriptions of laser beams have been presented.'!-2° A laser beam
may be described in terms of either its electric field, U, or intensity, I. The electric field is
a complex valued function containing information on both the amplitude and phase of the
light beam. The electric field is important in the diffraction theory of optical propagation
and is considered briefly in Section II.LE of this paper. The intensity of the laser beam is
measured directly by most optical detectors and is given by the square of the amplitude of
the electric field:

I(x,y,z) = |U(x,y,z)|? 4))

Of greatest interest are lasers operating in the fundamental Gaussian mode, TEM,. The
simple mathematical description of these laser beams facilitates the description of thermo-
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FIGURE 4. Radial intensity profile produced by a Gaussian laser beam. The  is the beam spot-size.

optical experiments. Furthermore, relatively inexpensive low-power cw lasers typically op-
erate in this spatial mode. For a laser operating in the TEM,. mode, the beam intensity profile
is given by Figure 4,

(x,y,2) = —zos etmetnbeio) ©)

where P is the total power of the beam, z is the direction of beam propagation, x and y are
perpendicular to the beam axis, and w(z) is the beam spot-size and provides a measure of
the radius of the beam. The spot-size of the beam varies with distance along the beam axis,
and the spot-size of the beam at the waist or focus is denoted w,. The spot-size of the beam
increases with distance from the beam waist, Figure 5, and depends upon the waist spot-
size and the wavelength of light, X;

0(z) = oj [1 + (Zz.)) 3
where the confocal (sometimes called Rayleigh) distance, Z. = & w,¥A\.

B. Absorbance of Light

The temperature rise within the sample is a result of nonradiative relaxation of excited
states produced by absorbance of the pump beam. For molecules which relax nonradiatively,
the entire energy of the absorbed photon is converted to heat. On the other hand, fluorescence
removes energy from the system in the form of a photon and some bookkeeping is required
to compute the heat deposited within the sample for highly fluorescent molecules.?* Neglected
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FIGURE 5. Variation in Gaussian beam profile along beam axis. Z_ is the confocal distance.

are intersystem crossing to the triplet state, Raman scatter, anti-Stokes fluorescence,?' and
photochemical reaction.

The average amount of energy lost by fluorescence per photon absorbed is given by the
product of the quantum yield of fluorescence, ®,, with the average energy of an emitted
photon, <v>. The remaining energy is converted to heat. If A is the sample absorbance
and N is the number of photons per laser pulse, then the heat deposited within the sample
is given by*

E = [N(1 = 1079)] [h(vpump = Ppoor <v>)] C))

thenmal
where the first term after the equal sign corresponds to the number of photons absorbed and
the second term corresponds to the average thermal energy produced per absorbed photon.
Note that the thermal energy deposited in the sample can be quite large even for highly
fluorescent molecules if the excitation wavelength is significantly shorter than the average
emission wavelength. For a weakly fluorescent standard and very dilute analyte, the thermal
energy deposited within the sample is given by:

E = 2.303 ebCE

thermal pump (5)
where e is the decadic molar absorptivity, b is path length, C is analyte concentration in
moles per liter and E,, is the energy per pump laser pulse.

Thermo-optical methods have been employed to measure quantum yields of both fluo-
rescence and photochemical reaction.’>3 In general, relative measurements may be made
against a weakly fluorescent standard with high precision. Knowing the absorptivity of the
standard and the pump laser energy, the magnitude of the thermo-optical signal can be
calibrated with the power deposited within the sample*

0 anatyie! Aunary
(I)ﬂuor _ Voum [1 _ analz(e/ analyte ] (6)
<v> es(:\ndard/ Aslandard
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where ©,,,.,,. is the thermo-optical signal produced by the analyte, A, is the absorbance
of the analyte, O, ,4.. IS the thermo-optical signal produced by a weakly fluorescent standard
and A4 i the absorbance of the standard.

C. Temperature Rise

The temperature rise within the sample will depend upon the spatial and temporal nature
of the pump beam and the homogeneity, thermal diffusivity, and heat capacity of the sample.
Flow also perturbs the temperature profile within the sample and is important for chromat-
ographic applications. A number of good references are available for the thermal diffusion
problem, including several books by Carslaw and Jaeger.>¢*® Papers by Whinnery and
colleagues,'2-3%-%! Stone,'® Twarowski and Kliger,*? Weimer and Dovichi,**-*¢ Swofford and
Morrell,*” and Fang and Swofford* have all considered variations of thermal lens meas-
urements; Eichler*® considered thermal diffraction; Aamodt and Murphy®® and Jackson et
al.'® have considered the heating of surfaces.

The temperature rise in gases is a much more complicated phenomenon than in lig-
uids.®'>* At low pressures, an excited analyte can diffuse from the pump laser vicinity before
thermally relaxing. Competition between mass and thermal diffusion is particularly important
at low pressures. Furthermore, acoustic waves can also remove energy from the system.
Consideration of gas phase thermo-optical phenomena is beyond the scope of this review.
The interested reader is urged to consult the references listed.

In general, the thermal diffusion problem is difficult, particularly for inhomogeneous and
composite materials; heat flow in static, homogeneous samples is comparatively straight-
forward. This section first considers the temperature rise produced by a pulsed, Gaussian
pump beam within a homogeneous and stationary sample. Inhomogeneous and flowing
samples are considered briefly at the end of the section.

Let us first construct an impulse response model. This impulse response function not only

-models pulsed excitation but also may be convoluted with the excitation function to model

the signal produced by an arbitrary pump waveform. Furthermore, a weakly absorbing,
optically thin sample is considered. Then, a relatively simple model may be constructed
based upon the temperature rise due to an instantaneous line source using a Green’s function,
A Tg. Physically, the Green’s function describes the spatial and temporal profile of the
temperature rise produced by an impulse of heat along a long, thin path. Mathematically,
this function may be integrated over the spatial (and temporal) profile of the pump beam to
describe a temperature rise within the sample.®

q 2 2
TGreen(xsy!x,’y,!t) m e [(x x ) + (y y ) ]/40( (7)

where the thin, heated path is aligned along the Z axis at position (x',y’), the temperature
rise is measured at (x,y), t is time in seconds, q is the heat per unit length deposited in the
line in J ecm™', k is the thermal conductivity of the sample in J S~! cm~! °C~!, and the
thermal diffusivity, D = k/pC, where p is density in g cm~? and C, is the specific heat at
constant pressure in J g=! °C~!. The equation (x — x')®> + (y — y’)?* measures the squared
distance between the heating and measuring points. A pulsed, thin line of heated material
is converted into a Gaussian temperature distribution by thermal diffusion.

The Green’s function for the temperature rise, integrated over the spatial profile of the
pump beam, E(x,y), yields the impulse response spatial profile of the temperature rise within
the sample.



15:20 17 January 2011

Downl oaded At:

Volume 17, Issue 4 365

A TS:xmple (xqut) = fff 2-303 ECIpump(x,’y'y[ —_ t’) X
®)
A TGrccn(an9x,9yl,‘I)dt’dxldy'

where 2.303¢ C accounts for the absorption per unit length. Consider the case when a pulsed
pump laser is operating in the TEM,. mode. Then, the pump laser energy flux is given by:

2 E P
Epump(xl,y’) = ;n_u:; e[—z(x2+y2)ywzl (9)

where E, is the total energy of the laser pulse. This example is interesting for both the
relatively simple mathematical treatment and the substantial analytical utility. The resulting
temperature rise is the basis of four important thermo-optical spectrophotometries: coaxial
thermal lens, crossed-beam thermal lens, coaxial thermal prism, and crossed-beam thermal
prism. Substitution of both the pulse profile and the Green’s function into Equation 8 will
produce the temperature rise within the sample.

AT Is (x,y,[) = ﬂ”—oec 1 —(x2+y2)yaDu} X
e 72 4ktw?
fj e[_(X'2+y'2)(l/4Dt+2/w2)+x'x/2Dt+y'y12|)(| dx,dy, (10)

The following integral is useful in simplifying Equation 10:

f e—axz+bx dX — (Tr/a)llze[bl/.;al (1 ])
to produce
2.303 E eC Z2steylye?
ATlmpulse(x9y’t) = 2 c[ 1+ 8Dt ] ( 12)

2nkw¥4D(1 + 8Dt/w?)

The temperature distribution produced by absorption of a pulsed Gaussian pump laser in
a homogeneous sample is also Gaussian. The distribution remains Gaussian with time, but
increases in area and decreases in peak temperature rise. A thermal time constant is defined

so that the temperature rise may be simplified

2.303 EeC  [“2etynat)

AT yt)y= —=— (1+2u1)
lmpulse(x y ) Zﬂktc(l + 2Utc) €

(14)
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FIGURE 6. Radial temperature change produced by absorbance of a Gaussian pump beam within a stationary,
homogeneous sample — impulse response.

Figure 6 presents the temperature rise within the sample as a function of the radial distance
for several values of time. Note that this impulse response consists of a set of Gaussian
temperature profiles. The temperature rise expands radially with time as heat diffuses through-
out the sample. The temperature rise for a pulsed Gaussian pump beam heating a homo-
geneous sample, along with most other thermo-optical experiments, is characterized by the
time constant given in Equation 13. For liquids, the time constant produced by a 1-mm
spot-size pump beam falls in the range of 2 to 3 sec. Since the time constant is proportional
to the square of the pump laser spot-size, very small spot-size lasers will produce very short
time constants. For example, a thermal time constant of 2 psec is predicted for a 1-pm
spot-size pump beam in water. Much shorter time constants are expected for gas phase
samples.

The temporal behavior of the temperature rise will depend upon the temporal behavior of
the excitation pulse. The impulse response presented above is appropriate for pulsed pump
lasers. However, it is often convenient to utilize chopped cw lasers in thermo-optical ex-
periments. The response for a particular excitation function is given by the convolution of
the impulse response with the excitation waveform.3¢

ATArbilrary(t) = J(; lsrl‘lmpulse(x’y’l“')P(t - t’)dt' (15)

where P(t) is a time-dependent function which describes the pump beam power. A number
of examples of excitation functions may be found in the literature, including a step function,
square pulse, periodic square wave, and periodic trapezoid wave.



15:20 17 January 2011

Downl oaded At:

Volume 17, Issue 4 367

As an example of the convolution integral, consider the temperature rise produced by a
cw pump laser beam. If the pump beam is turned on at t = 0, the temperature rise is that
produced by step excitation of average power P:

- 202+ y2y?
2.303PeC [* 1 (S gy (16)
2uktc Jo 1 + 2t'it,

ATSfep(x ’y’t) =

This integral is solved by first substituting

_ 2(x? + yHlw?

T
1+ 2t'/tc a7
using Abromowitz and Stegun’s first definition of the exponential integral®’
E/(2Z) = J 1/x e~ *dx (18)
z

so that

__2.303PeC {E [2()(2 + y)lw?
1

ATyl = =50 | - Bl + e} a9)

The temperature rise produced by a cw pump beam is the time integral of the impulse
temperature rise, Figure 7. Several differences between the step and impulse temperature
profile may be noted. The first, and most obvious difference, is that the temperature rise
increases with time for cw excitation and decreases with time for pulsed excitation; a longer
exposure time deposits more energy within the sample for cw excitation. The second dif-
ference — a longer time is necessary to approach steady state for cw excitation compared
with pulsed excitation. Finally, the temperature rise extends for a much greater distance
from the beam axis for cw compared with pulsed excitation.

The analysis of the temperature rise produced in this thermo-optical experiment suggests
one advantage of lasers as pump light sources in thermo-optical measurements. The tem-
perature rise, and hence the sensitivity of the thermo-optical measurement, increases linearly
with pump laser energy per unit area (E/m w?). To increase the temperature rise within the
sample, either a higher power pump laser or a more tightly focused pump beam may be
used. However, the use of very tightly focused, high-power lasers is inappropriate for most
thermo-optical experiments. The high intensity produced may result in sample damage and
unexpected nonlinear optical phenomena. On the other hand, the low energy per unit area
produced by conventional light sources is inappropriate as a pump beam in most thermo-
optical experiments; the laser is the only practical pump beam source for most thermo-
optical experiments.

The temperature rise produced in most thermo-optical experiments is quite small, much
less than a degree Kelvin. At the detection limit, the temperature rise is as small as a few
microdegrees Kelvin. Larger temperature rises are undesirable for several reasons, the most
important being convection and boiling in liquid samples. Convection acts to distort the
temperature profile by translating heated material throughout the cuvette. Hu and Whinnery*'
present a limit upon the energy absorbed per unit length to ensure negligible convection,
assuming cw excitation:

32}1.1(2 (20)

agC,w*

2.303EeC <<
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FIGURE 7. Radial temperature change produced by absorbance of a Gaussian pump beam within a stationary,
homogencous sample — step response.

where p is viscosity, k is thermal conductivity, a is thermal expansion coefficient, and g is
acceleration due to gravity. The inverse third power dependence in Equation 7 suggests that
large pump beams are more likely to produce convection than small beams. For most liquids,
the power absorbed per unit length below which convection is negligible ranges from 100
pW/cm for a 1-mm spot size pump beam to 100 W/cm for a 10-pm spot-size pump beam.
It appears that boiling of the solvent presents a greater problem than convection for very
small spot-size pump beams.

Flowing or moving samples are often of interest in thermo-optical spectrophotomemes
Examples include detection in flowing liquid or gas streams, as in liquid chromatography,
flow injection analysis, and convectively distorted beams.*4¢-5363 Flow usually is assumed
to translate the heated material downstream at a constant rate, given by the localized flow
velocity. Thermal gradients induced by flow are ignored; the theory is only valid for small
flow velocities. Consider the temperature rise produced by the absorbance of a Gaussian
beam within a homogeneous sample. If the flow is directed along the y direction, then the
translated temperature rise produced by impulse excitation is given by

2.303E,eC {M«ﬁ}

ATg(X,y,1) = hee
Fow(X,¥,1) 2uke¥4D(1 + 2ut.) ©

2D

where V is flow velocity. Under conditions of steady laminar flow, the flow velocity is
known and may be substituted into Equation 21. As in static samples, the temperature rise
produced by an arbitrary excitation function is given by the convolution integral of the
impulse response with the excitation function.
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Finally, this discussion has ignored the inhomogeneous nature of the sample; if nothing
else, heat flow along the beam axis to the cuvette windows can be important, particularly
for very thin cuvettes employed in chromatography. Here, the problem of heat flow between
a thick window and a transparent solvent is considered; the problem of subsequent heat flow
into the surrounding atmosphere is too difficult to be presented. If the pump beam is
perpendicular to the cuvette window, the problem may be simplified into radial and lon-
gitudinal components.*® Then, the radial temperature rise of Equation 14 is multiplied by
the result of the one-dimensional heat flow problem along the beam axis. The temperature
rise along the beam axis, for impulse excitation, is given by>®

' k, VD,
AT npulse LR 9t = AT mpulse ’ ’( X
Inpl,(xyz) lpl,(xy)kl\/ﬁl_{_kz\/D—z
kz\/ﬁz Z
1 + f z>0
{ kD, o (2\/1),()}

k.\/ﬁk,l\f;\/ﬁz {1 — erf (2\%2()} z2<0 (22)

= ATlmpulsc(x ’y’t)

where eff is the error function, the subscript 1 corresponds to the physical properties of the
absorbing sample, and the subscript 2 corresponds to the transparent window.

Figure 8 presents a plot of the axial temperature rise near a transparent (quartz) window
and an absorbing (aqueous) sample; the transparent window is on the left and the absorbing
solution is on the right. This plot only considers axial heat flow. Radial heat flow will
simultaneously act to decrease the temperature rise. The high thermal conductivity and
diffusivity of the quartz compared to water results in a rapid transfer of heat away from the
interface into the quartz. An individual would expect heat flow along the beam axis to be
significant when the cuvette length is small compared to the pump beam spot-size. Note
that the temperature change, but not the derivative of temperature with the axial distance,
is continuous across the interface. Heat flow along the beam axis acts to decrease the
maximum temperature rise within the sample but not to distort the radial shape of the
temperature rise.

D. Refractive Index Profile

The derivative of refractive index with temperature, dn/dT, relates the temperature rise
produced by absorption of the pump beam, AT, with the refractive index change within the
sample, An. Unfortunately, dn/dT for any particular solvent varies with temperature (and
wavelength and pressure). For the small temperature change typically produced in thermo-
optical spectrophotometries and the narrow bandwidth of the probe laser, dn/dT may be
considered a constant; the refractive index profile within the sample, An, is given by the
product of dn/dT with the temperature rise, AT:

An = dn/dTAT (23)

If dn/dT varies appreciably over the temperature rise, then dn/dT must be integrated over
the temperature change.

To+AT
An = f (dn/dT) dT (24)

To

where T, is the initial temperature.
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FIGURE 8. Axial temperature change produced by absorbance of a Gaussian pump beam within a stationary,
inhomogeneous sample. The region on the left corresponds to transparent quartz and the region on the right
corresponds to weakly absorbing water — impulse response. Time constant calculated for the aqueous sample.

E. Diffraction of Probe Beam
1. Introduction

In thermo-optical experiments, the probe beam interacts with a thermally induced, time-
varying refractive index variation within the sample. This variation induces a perturbation
upon the phase of the probe beam electric field. The phase distortion induced at the sample
is transformed into an intensity distortion at the detector plane.®*> The intensity distortion
is measured as a change in the beam center intensity with a simple photodiode, a deflection
of the entire beam with a position-sensitive detector, or the entire profile is studied with a
photodiode array.

The refractive index perturbation may be considered as an optical element, somewhat
analogous to a lens, prism, grating, or curved mirror. However, a thermo-optical element
is unusual in several respects. Initially, and most importantly, the properties of the optical
element will change with time. For an unheated sample, no thermo-optical element will be
formed so that the transmitted probe beam is undistorted. When the pump laser illuminates
the sample, a thermo-optical clement is formed along the pump beam path. For pulsed
excitation, the element is formed rapidly and decays slowly, whereas cw excitation produces
a gradual formation of the element. Next, the strength of the element is continuously
adjustable by varying the pump laser power; although the element may be well behaved for
low pump power, distortions often result at high pump laser power. Finally, the element is
often highly aberrant; a description based upon conventional optical elements is limited to
low power, weak effects. The perturbation induced upon the probe beam by the refractive
index profile is considered in this section.
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Change in the probe beam intensity at the detector produced by the thermally induced
refractive index perturbation is usually taken as the analytical signal. This change has been
modeled using several techniques of optical propagation. This section considers two: Fraun-
hofer diffraction, a rigorous method which requires numerical integration, and the paraxial
approximation, which yields particularly simple results.

2. Fraunhofer Diffraction

There have been three examples of diffraction theory applied to the thermal lens which
have appeared in the literature.****The general conclusion of these diffraction theories is
that the behavior of the thermal lens is quite similar to the temporal and alignment behavior
predicted by the paraxial approximation when the pump beam spot-size is the same size or
larger than the probe beam spot-size. However, the magnitude of the signal and time constant
predicted by the diffraction theory differs significantly from that predicted by the paraxial
theory. Solution of the diffraction integral is particularly important when the pump beam is
small compared to the probe beam, while the paraxial approximation is accurate when the
pump beam is much larger than the probe beam.

This section presents a relatively simple example of diffraction theory. In diffraction, the
probe beam intensity profile at the detector plane is determined by applying the diffraction
integral to the phase and amplitude of the beam at the exit face of the sample. This diffraction
integral simplifies to a Fourier transform under conditions of Fraunhofer diffraction. This
diffraction approach is valid under two conditions: either the detector plane is located far
from the sample or the detector plane is located at the focus of a lens.

In diffraction, the heated sample induces a phase shift in the probe beam. The phase shift
is transformed by diffraction into an intensity change at the detector.®%* Therefore, it is
necessary to begin with a description of the electric field, U(x,y,t), of the probe beam, a
complex valued function which may be expressed in terms of amplitude and phase.

U = Amplitude et pPhaso 25

where i is the square root of — 1. The amplitude has units of watt"*/cm. The amplitude or
magnitude of the electric field is a real valued function given, for a probe beam operating
in the TEM,, spatial mode,* by

172
(2/11') UO el —(x2+y2)iw?)

Amplitude = (26)

where U, is the average probe beam electric field amplitude, o is the probe beam spot-size,
and w, is the probe beam waist spot-size. The radial component of the amplitude is Gaussian
and centered at the beam axis, whereas the variation of amplitude with distance from the
beam waist, z, scales with the probe beam spot-size, Equation 3.

The phase of the beam is real valued and given by

_2 2+ 2
wz+ﬁ(x y?)

Phase =
ase R

27

where z is distance to the probe beam waist, A is the wavelength of the probe laser, and R
is the radius of curvature of the probe beam wave-fronts

R = z[1 + (ZJz)?] (28)

Z. is the confocal distance, and x and y are perpendicular distance from the beam axis.>®
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The phase increases with distance from the beam waist when far from the waist and inversely
with distance when close to the beam waist. The radial component of phase increases
quadratically with distance from the beam axis; surfaces of constant phase are parabolae of
revolution centered on the beam axis. The phase surfaces are quite broad and usually may
be approximated with spherical wave-fronts.

Upon propagation through the heated region produced by absorbance of the pump beam,
a perturbation is introduced in the probe beam by the refractive index perturbation. The
sample acts as a phase filter with complex transmission

T(x,y) _ eid> = e [ X IAn(x.)‘z)dPath] (29)
where the phase shift, &, is given by the integral of the thermally induced refractive index
change over the path of the probe beam.®* This approximation is valid for thin samples such
that the probe beam spot-size remains constant over the sample length. If the probe beam
spot-size varies over the sample length, then the sample may be considered as a set of thin
transparencies and the effect of each integrated over the probe beam path. The theory becomes
more complicated if the refractive index change is sufficiently large to perturb the pump
beam path within the sample.®® Under certain conditions, thermally induced focusing may
lead to a runaway situation wherein the thermally focused pump beam produces increased
intensity and temperature rise, leading to greater thermally induced focusing. This self-
focusing or self-action of powerful pump beams often destroys the sample.

The electric field of the probe beam at the exit of the sample, U_, is given by the electric
field incident upon the sample, U_, times the complex transmission of the sample, T,

U, =TU_ (30)

After exiting the sample, the probe beam will propagate to the detector plane. Variation
in phase at the sample is transformed into a variation in intensity at the detector plane. The
electric field at the detector plane is governed by diffraction. Under Fraunhofer diffraction,
the shape of the intensity profile does not change with distance from the sample, although
the area of the profile scales with the square of distance. In this far-field approximation,
the electric field of the probe beam at the sample exit is related by a Fourier transform to
the electric field at the detector plane®

in(x2+y3)

U = B, e{ AZp2 }@@{U.;.} 31)

Detector

where B, is a complex constant with unit magnitude, z,, is the distance from the sample
to the detector, and FF denotes the two-dimensional Fourier transform.

Usually, the electric field may be separated into the product of two components, one
dependent upon the x dimension and the other dependent upon the y dimension. In this case,
the two-dimensional transform may be written as the product of the transforms of the two
component functions. In general, explicit evaluation of the Fourier transform, and hence
the intensity, is very difficult. However, the discrete Fourier transform may be applied
advantageously in the numerical evaluation of the probe beam electric field and intensity at
the detector. The fast Fourier transform is an efficient method for the evaluation of the
intensity profile of the probe beam, whereas numerical integration of the electric field is an
efficient method for calculating the beam center intensity at the detector plane.
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Photodetectors respond to the intensity and not the electric field of the probe beam, where
intensity is given by the square of the electric field

I(x»)’,t) = |l-JD‘:lc<:l0r|2 = | gg: (U+)I2 (32)

If only the probe beam center intensity is monitored at the detector plane, then the central
value theorem of Fourier transforms may be applied®®

100,0,9) = |JJ U, (x,y,dx dy |2 (33)

To compute the expected far-field probe beam center intensity, the electric field is integrated
over all space and then squared. A transform is not necessary.

As the only example of diffraction theory, consider the crossed-beam thermal lens where
the probe beam crosses the pump beam at right angles within a homogeneous sample. This
model will be compared with Figure 3, the photographs of the beam profiles produced by
a strong crossed-beam thermal lens. No phase shift is induced in the direction of the pump
beam, only perpendicular to the plane containing the two beams. Under pulsed excitation,
the phase shift is given by the integral of Equations 14 and 23 over the probe beam path,
the Y direction.

29 [*
(blmpulsc(x,t) = T f_x ANlmpulse(x’y’t)dy

—2x20?
_ 2.303E,€C e[m]
A2m)"2k(tJw)(1 + 20t)"2

(34)

Instead of modeling the impulse response, consider the step response, given by the integral
of Equation 34 over time

d)Slep(x’t) = J(; d)lmpulsc(x’t,) dt, (35)

which is simplified using the change of variables

. —2xe’

1+ 2, G6)
and the integral
fx—:uze—xdx = —2\/1—7[(11)()—”26"‘ + erf(Vx)] 37
to yield
2.303EeC dn/dT
d)su:p(x’l) - (277)”21( A
_2(,‘2);‘”2
((D{(l + Zt/tc)m e[(l + 2L'lc)] — el—z(xz)/mzl}
+ (mz)"Z{erf[i (—2——) "2] ~ erf [xQ)"wl)) @38)
o \1 + 2ut,
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FIGURE 9. Diffraction theory prediction of intensity profile for crossed-beam thermal lens in direction perpen-
dicular to plane containing the two beams. (A) Pump beam off; (B) pump beam on.

Numerical evaluation of the diffraction integral in the absence of the thermally induced
phase shift yields a Gaussian beam profile, as expected, at the detector plane, Figure 9A.
In the presence of a fairly strong crossed-beam thermal lens, the diffraction theory predicts
a beam profile shown in Figure 9B. Here, the pump beam spot-size is one tenth the probe
beam spot-size. If the beams are similar in size, the probe beam profile is not severely
distorted and instead appears as a defocused Gaussian beam. Note the decrease in intensity
predicted for the beam center and the redistribution of energy into the wings of the beam.
Also note that the width at half-height of the unperturbed and perturbed profiles are similar
in magnitude. When compared with the photographs of Figure 3 in the beginning of this
article, the agreement between the observed profile and the result of the diffraction integral
is quite good. Unfortunately, the high contrast of the photographic paper used in Figure 3
does not allow a more quantitative comparison between the beam profile and diffraction
theory; a more detailed study will be published elsewhere.

3. Paraxial Approximation

Particularly simple results are produced by the paraxial approximation for optical prop-
agation. The approximation is based upon the refractive index profile and its derivatives
evaluated at the probe beam axis; off axis contributions are ignored. This approximation is
valid when (1) the sine of the angle of divergence of the probe beam is sufficiently small
so that it may be replaced by the angle itself and (2) the Taylor’s series expansion of the
refractive index profile with respect to radius may be truncated at the second derivative.
The latter assumption equates the refractive index perturbation within the heated sample
with a conventional optical element such as a change in optical path detected interfero-
metrically, a lens to defocus the probe beam, or a prism to deflect the probe beam.
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FIGURE 9B.

The change in refractive index, integrated over the probe beam path, is equal to the
thermally induced change in optical path, AZ, evaluated at the probe beam axis. This change
in optical length is detected as a phase shift in an interferometer and often is much less than
the wavelength of the probe beam. If the nondiverging pump beam is coaxial with the probe
beam, the phase shift, ¢, is simply given by

b = -Z%AnEB (39)

where & is the path length; the coaxial optical path change measurement increases in
sensitivity with path length.

For a crossed-beam measurement, the optical path is integrated over the probe beam path
and maximizes when the two beams are coplanar.

2
b = —;—’ f An dpath (40)

The phase shift produced by the crossed-beam instrument is independent of path length and
better suited to small volume samples.

The first derivative of the refractive index with distance perpendicular to the probe beam
axis produces a deflection of the beam and is modeled as a thin prism, Figure 10. The
heated region acts to deflect the probe beam away from its original path. The deflection
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FIGURE 10. Deflection of the probe laser beam by a thermal prism. The © is the deflection angle, Z is the
distance from the thermal prism to the detector, and D is the offset of the probe beam.

Thermal Lens
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FIGURE 11. Defocusing of the probe beam by a thermal lens. Z1 is the distance from the beam waist to the
thermal lens and Z2 is the distance from the thermal lens to the detector.

angle, 0, is given by the integral over the optical path of the first derivative of refractive
index change with distance'®

0= fdn(x,y,t)/dy dpath 41

For the paraxial approximation to be valid, the deflection angle must be sufficiently small
so that sin 8 = 0, or 8 < 0.3 radians. Furthermore, the pump beam must be larger than
the probe beam so that dn/dy does not change across the probe beam radius.

If the probe beam is aligned parallel to the Gaussian refractive index profile produced by
absorption of a pulsed Gaussian beam within a homogeneous sample, then the deflection
angle equals zero when the pump and probe beams are coaxial since the first derivative of
the refractive index equals zero at the center of the distribution. The deflection angle max-
imizes when the probe beam passes through the inflection point of the Gaussian refractive
index profile.

The deflection angle is converted into an offset of the probe beam at the detector. The
offset distance is given by

Offset = 0Z (42)

where Z is the distance from the sample to the detector. This displacement is measured by
a number of photodetector methods described below in the thermal prism section. At first
glance, it would appear that very long distances between the sample and detector are desirable
since the displacement increases proportionally with this distance. However, the probe beam
spot-size and beam pointing instabilities increase with the distance. A compact instrument
should produce a better signal-to-noise ratio than a long path instrument.

The second derivative of refractive index with distance perpendicular to the probe beam
axis results in defocusing (or focusing) of the probe beam and is often modeled as a lens,
Figure 11.'% In most liquids, thermal expansion produces a decrease in optical path at the
probe beam center, resulting in an action analogous to a negative focal length lens. The
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inverse focal length of the thermal lens is given by the integral of the second derivative of
the refractive index with distance, integrated over the optical path. If the probe beam is
coaxial with the pulsed Gaussian beam, then the inverse focal length is given by

Ve _ I d?An(r) _ —~4.606EeCL dn/dT
fmpulse dr? rmo kot (l + Vt)?

dpath @3)

where &£ is path length.

The effect of a thermal lens upon the probe beam is usually measured as a change in the
probe beam center intensity. The intensity, in turn, is inversely proportional to the square
of the probe beam spot-size at the detector

2P
I= (44)

Tw,0,

where P is the total power of the probe beam and w, and w, are the probe beam spot-sizes
aligned along the x and y direction. In the case of a radially symmetric probe beam in the
coaxial thermal lens measurements, w, = ®, = w?. In the crossed-beam thermal lens, the
probe beam is defocused in only one direction and Equation 44 must be used. However,
for this discussion, let us consider the coaxial thermal lens.

The probe beam spot-size is often described using the ABCD law. In this algorithm, the
propagation of the probe beam is described in terms of a 2 X 2 system matrix equal to the
product of individual 2 X 2 matrices, each associated with a specific optical element through
which the probe beam passes, !*:2-3

The effect of a lens upon the probe beam is considered in Figure 11. The lens is located
a distance Z!1 from the probe beam waist of spot-size w, and the beam traverses a distance
Z2 to the detector plane. Of course, before formation of the thermal lens, the probe beam
spot-size at the detector plane, w,, is given by Equation 3 for a propagation distance Z =
Zl + 72

(45)

+ 2
0l = wl [1 c @tz ZZ)]

Z

(3

The probe beam spot-size at the detector plane with a finite thermal lens is given by

WF, = w3 [(1 T s 2 Z'ZZ/DZ] (46)
The relative change in probe beam center intensity due to the thermal lens is found
A o= 10 | ol — ol
I(t) O3
_0 =z + (2 + 2 - z,2,/f)* | @7

[1 + (z, + z,)¥2])

where I, is the unperturbed probe beam intensity and I(t) is the time-dependent thermal lens
signal. The small signal limit is found by assuming I/f — 0; terms containing 1/f* are not
retained: '

-2
—fZZ [+ z,(z, + 2,)/72]

Al = 48
1 + (z, + z,)%22 - (48)
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Optimization of the thermal lens signal is important to produce high sensitivity. In par-
ticular, optimization of the thermal lens instrument with respect to Z1 and Z2, the distance
from the probe beam waist to the sample and the distance from the sample to the detector,
respectively, is important. The derivative of Al with respect to Z2 may be equated with
zero to find the optimum spacing between the sample and detector. Four extrema are found:
72 = —%; —(Z12+Z)(ZY +Z0); — (212 +Z)I(Z1 —Z.); =. The first extremum is rejected
since it implies that the detector should be placed before the sample. The middle two extrema
are associated with saddle points and are not absolute extrema. The last extremum is the
far-field approximation, analogous to that employed in Fraunhofer diffraction.

In the far-field approximation, Al is evaluated in the limit Z2 — ; only terms second
order in Z2 are retained:

Al = — z/f (49)

The relative far-field change in intensity increases with Z1. In the small signal limit, the
relative change in the probe beam intensity increases linearly with both the inverse focal
length of the thermal lens and the distance between the probe beam waist and the sample.
The optimum value of ZI is © or —oo; that is, the sample should be located far from the
probe beam waist.

It should be noted that this far-field approximation is somewhat imprecise. The two limits
employed, Z2 — o and 1/f — 0, produce two undefined terms, (Z2/f)* and (Z1Z2/fZ.)* in
the numerator of Al Instead, the following two limits should be taken: Z2/f — 0 and
Z2 — . The first limit is valid if the focal length of the thermal lens is greater than the
spacing between the sample and detector, while the second limit is valid if Z2 >> Z1, Z_.

To obtain maximum thermal lens signal, one would use a negative focal length lens to
locate the (virtual) probe beam waist far from the sample. One the other hand, an unfocused
probe beam could be employed so that the beam waist is located in the probe laser cavity.

Care must be employed in the application of the far-field approximation for dual beam
thermal lens instrumentation. The signal is maximized by locating the probe beam waist far
from the sample. However, this alignment produces an arbitrarily large probe beam spot-
size within the sample. Simultaneous optimization of the thermal lens signal by minimizing
the pump beam spot-size results in the probe beam spot-size being much larger than the
pump beam spot-size. Unfortunately, this experimental configuration invalidates the paraxial
assumption since higher order terms cannot be ignored in the Taylor’s series expansion of
refractive index with distance.

Another difficulty with the far-field approximation is the unwieldy experimental config-
uration; optical paths of several meters are commonly employed to ensure the validity of
the far-field limit. The use of an unfocused probe beam would necessitate very long path
lengths to ensure the far-field limit.

A much more compact experimental configuration arises from consideration of the near-
field performance, albeit with a decrease in sensitivity.”® Furthermore, it is desirable to
locate the sample near the probe beam waist to decrease the probe beam size and hence
decrease thermal lens aberration. Inspection of Equation 48 reveals that placement of the
sample at the probe beam waist, Z1 = 0, produces a thermal lens signal of Al = —ZJf
when the detector is placed one confocal distance past the beam waist, Z2 = Z_.

A slight increase in probe beam spot-size is produced when the sample is located one
confocal distance before the beam waist, Z1l = —Z_ compared with the beam waist spot-
size. A local maximum in the thermal lens signal is observed when the detector is placed
at the probe beam waist, Z2 = Z_, Al = —2Z/f. This signal is twice the magnitude of
the signal observed when the sample is located at the beam waist within a more compact
instrument. ’
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These near-field alignment configurations would appear to offer several advantages com-
pared to the far-field configuration. The probe beam spot-size is minimized so that aberration
effects in the thermal lens will be minimized. Then, a much more compact instrument should
be produced compared to the far-field instrument; optical paths of centimeters compared to
meters would be required. As a disadvantage, some decrease in sensitivity is expected with
the near-field alignment, although a complete diffraction theory would be required to compare
the sensitivity of the near- and far-field configurations. Since the detector is not located in
the far field of the probe laser, the less restrictive and more complicated Fresnel diffraction
integral will be required to model the experiment.

The sensitivity of thermal lens measurements increases with path length. However, the
theory presented above implicitly assumes the sample is equivalent to a thin lens. If the
sample is larger than the confocal distance of either the pump or probe laser beam, the beam
spot-size will change over the sample length, violating the thin-lens assumption. For thick
samples, it is necessary to recalculate the focal length of the heated sample across the path
length, taking care to consider weak self-defocusing or -focusing of the pump beam. This
problem has been considered by Fang and Swofford*® for the dual beam thermal lens
instrument and by Carter and Harris”* for the single beam instrument. Essentially, the problem
is iterative whereby the pump beam propagates through a thin slice of the sample, a new
spot-size is calculated, the beam is propagated through another slice, a new spot-size is
computed, etc.

The result of these calculations shows that the thermal lens signal does not increase linearly
with path length. However, the use of a very loosely focused pump beam with a confocal
parameter much larger than the sample length generates a signal which increases nearly
linearly with path length for weakly absorbing samples. Unfortunately, a weakly focused
pump beam yields decrecased sensitivity for the dual beam instrument and long thermal time
constants for both the single and dual beam instruments. On the other hand, the high
sensitivity of the thermal lens measurements suggests that moderate power pump lasers will
produce a background limited absorbance measurement for liquid phase samples more than
a few millimeters in length.

Finally, and most importantly, Carter and Harris®” have compared the results of the
diffraction theory with the paraxial result for the single-beam thermal lens. Their work
showed that the shape of the temporal and Z1 dependence are very similar for the two
models. The paraxial results are quite simple but are not in good quantitative relation with
experimental results, whereas the diffraction theory is more complicated but in good agree-
ment with the experiment. Carter and Harris suggested the following modifications to the
paraxial formulas to produce good agreement between theory and data:®’

&A
1f = 0.52 f d:z(r) dpath

(1)2

-= 50
t =35 (50)

where the amplitude of the thermal lens signal is a factor of 0.52 decreased from the paraxial
result and where the temporal response is a factor of two slower. The experiment is configured
to operate with the detector in the far field and the maximum sensitivity occurring when the
sample is located /3 Z_ past the beam waist.

F. Thermo-Optical Constants

Tables 1 to 3 present several useful thermo-optical constants for a number of liquids,
gases, and solids.”®* The values should be taken as approximate since differences of several
percent are frequently found for values published by different laboratories. Furthermore, the
parameters change with temperature by several percent for a few degrees of temperature
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Table 1
THERMO-OPTICAL CONSTANTS FOR GASES
10° x 10 x

10° x Specific Thermal Thermal 10% x
Density heat conductivity diffusivity dn/dT C 10* x 10" x
Compound (Gem~™%)  (J/g/C) (W/em/C) (sec™'em*?)  (°C™")  (msec) An, . Ang,,
Air 1.17 1.01 2.61 2.21 ~-0.88 1.13 4.74 2.95
N, 1.14 1.04 2.60 2.19 -09 1.4 4.83 3.03
0, 1.30 0.92 2.67 2.23 ~0.82 1.12 4.36 2.68
Ar 1.62 0.52 1.77 2.10 -0.86 1.19 6.49 4.25
He 0.16 5.32 15.00 17.62 ~0.11 0.14 0.83 0.06
H, 0.08 14.4 18.15 15.75 ~0.42 0.16 2.30 0.20
CO, 1.79 0.84 1.66 1.10 ~1.38 2.27 5.82 7.27
CH, 0.65 2.24 3.43 2.36 ~1.35 1.06 5.90 3.44
C,H, 1.22 1.76 2.18 1.02 —2.35 245 7.00 9.42

change. Therefore, the data of Tables 1 to 3 are primarily intended as estimates of relative
sensitivities in thermo-optical experiments.

The time constant is computed for w,,, = 10 pm. An, . is computed for the initial
beam center refractive index change under impulse excitation and a semi-infinite, homo-
geneous sample, 2.30EeC = 1.0 X 107°J/cm and w,,,,,, = 10 pm. The An,,, is the beam
center refractive index change for step excitation of a homogeneous sample evaluated for
2.303PeC = 1.0 X 107¢ W/em, o, = 10 pm, and t = t.. In general, liquids produce
a larger refractive index change and longer time constants than solids or gases. The An
varies by about a factor of four between different organic solvents. Small chain hydrocarbons,
like pentane, produce greater sensitivity than long chain hydrocarbons, such as decane.
Nonpolar solvents such as carbon tetrachloride and carbon disulfide produce the highest
sensitivity, and polar solvents such as methanol produce smaller sensitivity. Water is a
particularly poor solvent for thermo-optical spectrophotometries, having a refractive index
change, and hence a sensitivity, almost an order of magnitude smaller than methanol.

Usually, thermo-optical properties are reasonably well behaved. Water is an important
exception; dn/dT changes exponentially from —3 to 80°C, Figure 12.7 For temperatures
less than 4°C, dn/dT is positive. At higher temperatures, dn/dT is negative and rapidly
increases in absolute value. Since the other thermo-optical parameters of water are relatively
insensitive to temperature, the sensitivity of thermo-optical analysis of aqueous samples
should increase by nearly a factor of four from 20 to 80°C.

The poor thermo-optical constants of water result in-low sensitivity for thermo-optical
absorption determination of aqueous samples. It is fairly common practice to utilize mixed
water-acetone and water-methanol solvents to increase the thermo-optical sensitivity.**-’® In
general, the sensitivity of the mixed solvent is equal to the average of the thermo-optical
sensitivity of the individual solvents, weighted by the mole fraction of each liquid. It also
appears that mixtures of water and nonvolatile solutes produce enhanced sensitivity compared
with pure water. An aqueous maltose hydrate solution” is one example. The dn/dT for dilute
solutions is similar to that measured for pure water, 1 X 107* °C~'. However, more
concentrated solutions, greater than 25% by weight, demonstrate a factor of two greater
dn/dT than pure water.

A rather obscure effect is observed for partially miscible solvent mixtures near their critical
concentration and temperature.® Thermally induced concentration gradients can be formed
which produce enhanced thermo-optical sensitivity. Unfortunately, the response time of the
thermally induced concentration gradient is very slow, tens of minutes, which will limit
analytical applicability.



381

Volume 17, Issue 4

LTo-
clro-
00+
0c—
I'e—
'c-
L=
6'C—
§T—

€60~
zro-
P00+
A B
€1~
T
€1-
L=
0T~
£z~
'z~
§T~
LT~
$T~
9z~
67~
I'p—~
§T—~
L1-
81~
61—
'z~
7T~
v~

...,_:L::-‘_q
X 01

S1'o
810
810
1£°0
8T°0
8T°0
LAY
0e0
£2°0
0g0
Lo
LT0
87°0
620
1£°0
££°0
1T°0
6T°0
620
6T°0
620
6T°0
0£°0
1£°0

(oas1u)
K

9§'6—
2
Sy-
L'y—
6'v—
6
9

A—loov

JLp/up
X 01

SAINOI'T YO SINV.LSNOD TVILLdO-OWIAHL

£ee’l
yee’l
Fee’l
el
$8e°1
19¢°1
el
el
9’1

Se'l
1Sl
00871
0571
YA
ol

91

£9°1

£yl
iyl
Lov'l
ooyl
06¢°1
LLe'l
09t

Xoput
aandejay

Y91
il
81
18°0
88°0
68°0
$0°1
¥8°0
601
80
60
60
06'0
$8°0
18°0
SL0
(AN
L8°0
L8°0
L8°0
$8°0
98°0
$8°0
80

(74142, _235)
Anasnygp
[ewIoy Y,
X 01

0L9
S6°'S
08¢
Ll
961
L9°1
w0'c
6v°1
061
Le'l
€&l
Se'l
Le'l
Tl
L1l
€0°1
0S'1
XA |
oF'1
9¢"1
(49|
kAl
£T°1
811
(O/uz/A 1)

£yaonpuod
[LTREITR

¢ dqeL

1102 Alenuer /T 02 :ST

v pspeo [umog

0Ty
81y
1Ty
50T
T
9¢°T
9z
96°1
81°T
1£°7
Ll
691
L1
801
$6°0
S8°'0
01
18°1
122
81°C
61°C
12T
£2'T
62'C
(O/311)

183
aynadg

L6°0
001
00°1
y0'l
080
080
6L°0
16°0
080
wo
88°0
L8'0
88°0
£e'l
(A
09°1
91
8L°0
€L'0
Lo
L0
90
99°0
£9°0

(quy3)
Apsuaq

(D,08) Ja1wM
(0,07} 418,
(0.0} Jorep
piot anaoy
louedos-u
loueyy
[oueyIaN
aeaor JAyg
au0jaY
12419 1Ay
aud[Ax-oyuQ
auanjol
sudzuog
I0'HD
wojoI0)y)
100

)
auexdH-0J2£d
auesaq-u
SuTuoN-#
aueQ-U
aueiday-u
Juexay-u
sueyud -1

punoduio)



CRC Critical Reviews in Analytical Chemistry

382

or+
i+
90+
v+
L+
e+
§'6—
6'v+
99+
69—
Yor—
eLL=
LS —
tL-
9=
6r—
ri-—
86—

._u_w.-—d
X 0l

9'081 +
9L+
re+
08+
L09+
S+
L=
0+
o+
61—
96l —
L69—
(4 2%
-
091 —
9T~
gee—
0T

"7_2_..::d

% 401

¥'0
£0
£0
o'l
184
I's
1’9
0¢
I'e
L9
I'ey
Al
S'oe
9
s
"L
9L
16

(oastl)
3

SAI'TOS YOd SINVISNOD TVILLIO-ONYHH.L

8'9¢
[
86°0
L'81
SLT1
8y
6£5°0—
I+l
68°1
LLo—
9=
001 -
£9—-
ov—
re-
o't —
1
LtTi-

A-IUOV

Lp/up
X 501

o'y LSE
It'e 09L
Wl 196
0g'¢ 19¢
L9t T'Ls
£r'e 16t
sl 8°0p
8Ll t'e8
99°1 6'6L
bl gLE
90'C 8'S0
6L'1 &4
99°1 780
[ L'ov
6¥°1 £'8p
¥S'l T'se
4| 6°C¢
6e°1 ¥

Xapui (7.+ W12 _D38)
JANDBIIY Anasngpip
jewiady ],
X 01

£ 3lqel

1102 Alenuer /T 0Z:ST @I Papeo |uwog

068
00cl1
0r1s1
0LE
oL
0tl
S8
0S¢
0s¢
L6
S
€11
9'60
17
s9
$9
001
el

(O pp )
Ayandnpuod
[UREN R

59t
85°1
196°1
oTy'l
¥l
99T
¥80°C
666°C
6Tl
SIL'T
$86°1
$606°0
1L
Lel'l
el
Sy8°l
y0'€
'y

(1-0¢-unf)
yeay
aynads
wnoA

20
IS
v:oEw_Q
BEly)
SLPD
9597
zuend)
oy
O3
e
108y
15D
1gsD
gy
10N
10oeN
deN
iy

punodwo)



15:20 17 January 2011

Downl oaded At:

Volume 17, Issue 4 383

| ] R | I o
< |- -
O-— —
o

.r_ -
~ °F -
s b i
E — ~
3 - _
s of ;
< - -
I -

— -—

B C ]

ol -

lL— —

B | S I IS IR (SN S

0 20 40 60 80
TEMPERATURE (°C)

FIGURE 12.  dn/dT for water as a function of temperature.

Tables of dn/dT for liquids are limited to common organic solvents. However, supercritical
fluids have also been employed as solvents for thermo-optical spectroscopy.”™ Since dn/dT
is expected to change drastically with both temperature and pressure near the critical point,
the study of dn/dT and other thermo-optical properties is appropriate for supercritical fluids.
The Lorentz-Lorenz formula relates the refractive index and density of a substance® which
has been applied to the calculation of dn/dT for gases and liquids™7?* and supercritical
fluids.”® This formula may be written as -

do/dT = 3L/2(1 + 2Lp/M)~"*(1 — Lp)~*?dp/dT 5N

where M, the molar mass, and L, the molar refraction, are independent of temperature.
Since extensive tables of density as a function of temperature may be found in the literature,
dn/dT may be computed indirectly using the Lorentz-Lorenz formula. The formula is an
approximation and small deviations are relatively common.”

The change in the refractive index with temperature is a much more complicated phe-
nomenon for solids. Both negative and positive values of dn/dT are observed for different
materials.”™ The physical mechanism for the change in refractive index with temperature
does not appear to be well understood.

III. THERMO-OPTICS FOR LONG PATH LENGTH SAMPLES

A. Introduction
A number of thermo-optical instruments have been designed for the high-sensitivity meas-
urement of absorbance in long path length samples. These measurements are based upon a
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change in optical path length, measured interferometrically; a thermal lens, measured as a
change in probe beam center intensity; and a thermal prism, measured as a deflection of the
probe beam. Although a number of advantages have been claimed for each technique, the
difference between their performance is slight and usually dominated by background solvent
absorbance,'®#%-8% two photon absorbance generated by pulsed pump laser excitation,? the
reagent blank,”°! and cuvette window absorbance.”

Certainly, the single-beam thermal lens has the simplest optical design; one laser beam
both produces and probes the thermo-optical element. The only optical components required
are a lens, chopper, cuvette, and photodetector. The highest precision is produced by dig-
itization of the transient waveform with regression analysis to a deterministic model. A dual
channel box-car averager can be constructed at little cost and produces fairly good results.
Recently, a simple single-beam thermal lens instrument has been reported which utilizes a
lock-in amplifier to demodulate the signal and produces good precision. For routine, single
wavelength measurements, lock-in demodulation is quite attractive.

The pump-probe thermal lens instrument offers one significant advantage over the single
beam, albeit at the price of greater instrumental complexity: tunable pulsed lasers may be
employed to produce the pump beam, which facilitate access to a wide spectral region.
Unfortunately, signal-to-noise often suffers from pulse-to-pulse irreproducibility in the pump
beam intensity profile and nonlinear background signals. Regression analysis of the transient
signal appears to be required for greatest precision.®® Higher sensitivity is possible with the
dual-beam design compared to the single-beam instrument by use of a tightly focused pump
beam; however, the background limit observed with modest power pump beams suggests
that this advantage is not particularly valuable for high background samples. Unfortunately,
the dual-beam instrument is inherently more complicated than the single-beam instrument.
At a minimum, two laser beams, a chopper, a lens, beam splitter, cuvette, spectral filter,
and photodetector are required. Optical alignment for all double-beam designs is more
difficult than the single-beam thermal lens. Potentially problematic is the background signal
generated within all optical components through which both beams pass: the beam splitter,
cuvette windows, and spectral filter.

The thermal prism instrument offers an interesting advantage compared with the thermal
lens instruments: intensity noise is traded for pointing noise in the probe beam. The thermal
prism signal is given by a deflection of the probe beam which is measured using a position-
sensitive detector. Position detectors are insensitive to probe beam intensity fluctuations.
Unfortunately, the deflection experiment is dominated by pointing noise in the probe beam.
Of course, thermal lens measurements record the probe beam center intensity and are in-
sensitive to probe beam pointing noise.

‘The interferometric instruments have employed Jamin, Mach-Zehnder, and Fabry-Perot
interferometers. The first two designs provide a reference beam for removal of some pro-
portional noise, whereas the latter design provides very high sensitivity. Unfortunately, the
interferometric instruments are optically and electronically the most complicated thermo-
optical designs.

Each of these techniques produces a signal which increases with path length. However,
the divergence of the pump beam evidently results in a limitation on sensitivity improvement
produced by path length increase. Furthermore, the background signals generated over long
paths will limit the precision of the measurement.

The sensitivity of these thermo-optical techniques goes to zero for small path length
samples. However, another set of thermo-optical techniques have been developed for short
path length, small volume samples; these thermo-optical techniques are not dependent upon
path length. The tradeoff between the long path length techniques and the small volume
techniques is somewhat fuzzy but appears to fall in the 100-p.m to 1-mm path length range.
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FIGURE 13. An intercavity thermal lens. The cuvette is tilted at Brewster's angle to minimize reflective loss.
Defocusing of the beam produces diffraction loss at the intercavity iris. A chopper is used to modulate the laser
beam. The transmitted intensity through the output coupler of the laser is measured with a photodetector.
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FIGURE 14. Conventional single-beam thermal lens. The laser beam is focused with a lens into the sample.
Thermally induced defocusing is detected as a change in the beam center intensity by a photodetector located
behind a small area pinhole. The shutter is positioned after the focusing lens to avoid thermally induced intensity
modulation generated within the lens itself.

B. Coaxial Thermal Lens

Historically, the first thermal lens measurements employed an intercavity design where
a weakly absorbing sample was placed within the laser cavity, Figure 13.%® Defocusing
produced by the heated sample results in increased diffraction losses on the intercavity iris,
yielding a decreased laser output power upon formation of the thermal lens. The high
circulating power within the laser, combined with the extreme sensitivity to optical config-
uration of a laser operating slightly above threshold, results in very high sensitivity. The
early instrument was used to generate absorbance data for a number of organic solvents.*%
It is interesting that the first reference to the thermal lens effect was also the first analytical
study; the thermal lens signal was calibrated by dilutions of a strongly absorbing sample.
However, the tedious and irreproducible alignment of the intercavity system discouraged
most applications. Recently, Grishko et al.*® utilized a coupled cavity to measure very weak
absorbances with a relatively low-power laser. Under certain conditions, the intercavity
thermal lens produces a pulsed output from a normally cw laser.®” The pulse width is related
to sample absorbance. Two intercavity detectors have been reported that were based upon
a thermal deflection signal in a pump-probe configuration.®®-*°

An improved thermal lens instrument was produced when the sample was placed outside
the laser cavity.*! Early studies considered the divergence and convection effects produced
by the absorbance of unfocused cw lasers.'®'°! An early study of the extracavity thermal
lens is interesting for the number of parameters studied,*® including flow, convection, cell
length, analyte concentration, and laser power.

The first detailed study of the extracavity thermal lens utilized a far-field detector and a
sample located one confocal distance past the beam waist, Figure 14.%' After transmission
through the sample, the beam is centered on a small area photodetector and the time-
dependent formation of the thermal lens is recorded as a time-dependent change in the beam
center intensity. In their important thermal lens paper, Hu and Whinnery*' presented a
paraxial theory for the extracavity thermal lens. The theory considered quantum yield of
fluorescence, laser power, sample absorbance, thermal properties of the solvent, temporal
properties of the signal, and dependence of the signal upon focusing conditions of the laser.
This theory forms much of the basis for the thermal lens theory presented above.

Dovichi and Harris™® published the first thermal lens paper to appear in the analytical



15:20 17 January 2011

Downl oaded At:

386 CRC Ceritical Reviews in Analytical Chemistry

literature. In that paper, the small absorbance form of Beer’s law was considered as a relative
change in transmitted and incident intensity:

Ib — 1

=D _ ;30 (52)
Iy

where I, is the incident intensity and I is the transmitted intensity of light upon the sample.

The thermal lens signal consists of an analogous change in intensity, the initial and steady

state beam-center intensities:

ILO)—I(—?)@ = 2.303EA (53)

where I(0) is the initial far-field beam center intensity produced when the laser beam is
unblocked, I(«0) is the steady-state intensity produced by the thermal lens, and E is the
enhancement of the thermal lens signal compared with Beer’s law response. For optimum
alignment, the enhancement is given by

.52P(dw/dT
E = 0 (dn/dT)

K (54)
where P is the laser power, d/dT is the change in refractive index with temperature, X is
the laser wavelength, and k is the thermal conductivity of the sample; the correction due to
diffraction effects suggested by Carter and Harris is included in the expression. The en-
hancement of the thermal lens signal is a function of two parameters related to the laser,
power and wavelength, and two parameters related to the solvent, dn/dT and k. To improve
the enhancement, mixed solvents are employed. A 3:1 acetone-to-water solvent produced
nearly an order of magnitude greater sensitivity than an aqueous solvent.

Values of enhancement utilized in this initial analytical paper were near unity, reflecting
the low laser power employed. However, the periodic formation of the thermal lens produced
with a modulated laser beam allows demodulation techniques to be employed which greatly
reduce low-frequency noise in the measurement. In this instrument, a dual channel box-car
averager was constructed and a small laboratory computer was employed to calculate Al
The detection limit, A = 1.0 X 1073, primarily reflects the noise reduction capabilities of
the thermal lens and not the increased sensitivity produced by high-power lasers.

The single-beam thermal lens instrument is unique among the thermo-optical techniques;
the same laser beam produces and probes the thermo-optical element. The thermal lens
signal is a function of the distance of the sample to the laser beam waist formed by the
focusing lens, Figure 15, given by

Al = 2.303EeC[z/(z. + 2)*] (55)

where E is the enhancement, given in Equation 54. The signal extrema occur when the
sample is located one confocal distance past the beam waist, Z = *Z_ for the detector
located in the far field. A near-field extremum also exists which produces a signal of identical
amplitude when the sample is located (V2 — 1)Z_ before the beam waist and the detector
is located (V2 ~ 1)Z, after the beam waist. The near-field configuration should produce
a very compact thermal lens instrument with no loss in sensitivity.

Many advances in analytical instrumentation have been described. A single-beam differ-
ential thermal lens instrument has been developed which automatically subtracts the ab-
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FIGURE 15. Variation in the single-beam thermal Iens signal about the beam waist, far-field detector. The thermal
lens signal maximizes when the sample is located *1 confocal distance from the beam waist.

sorbance of the solvent blank and the sample.'® This differential response is a result of a
clever observation made by J. M. Harris: a thermal lens placed before the beam waist
collimates the beam and the same lens placed after the beam waist diverges the beam, so
that two identical lenses placed symmetrically about the beam waist should have no effect
upon the beam propagation. This alignment automatically cancels the background signal
generated by solvent absorbance; any change in the absorbance of the sample will produce
a thermal lens signal on a near-zero background.

The differential system locates a reference sample one confocal distance before the beam
waist and a sample at a confocal distance after the waist. Neglecting laser power loss at the
first sample, the thermal lens signal is found to be proportional to the difference in absorbance
of the two samples

Al = 2.303E(A, — A) (56)

where A, is the absorbance of the second sample, A, is the absorbance of the first sample,
and E is the enhancement of the solvent system employed, assumed to be the same for both
samples. Of course, reflective and light scatter losses will decrease the laser power at the
second sample compared to the first. However, a small displacement of the position of the
first sample will bring the system into null.

The differential thermal lens instrument automatically subtracts up to 99% of the back-
ground signal generated by identical samples. Detection limits of A = 6.3 X 1077 were
obtained for iodine in CCl,, utilizing the dual channel box-car averaging signal processing
technique.'*? Similar detection limits were reported for aqueous iron-1,10-phenanthroline,
A = 4 X 1077, corresponding to 5.5 X 10~'" M iron."-'% The differential instrument has
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been applied to chromatographic detection both to remove the solvent blank signal and also
to compensate partially for noise produced by flow fluctuations.®®

Usually, the thermal lens signal is recorded as the relative change in probe beam center
intensity, a particularly simple measurement. However, the beam center intensity is partic-
ularly sensitive to fluctuations in the spatial profile of the beam generated by light scatter
from particles and refractive index gradients along the beam path. For example, the heated
air blown across the beam path by a cooling fan on an oscilloscope was found to be the
major noise source in a thermal lens experiment in this author’s laboratory.

Although filtration of solvents helps minimize light scatter, minute refractive index gra-
dients nevertheless act to distort the laser beam profile at the detector plane. Minimization
of spatial noise improves detection limits and is based upon the averaging of the beam
profile. For example, early intercavity thermal lens techniques recorded the beam profile
generated by a scanned photodiode; the beam spot-size was computed from a measurement
of the entire profile.** Recently, a diode array has been used to record rapidly the beam
profile.!®*1% The spot-size may be computed efficiently from the second moment of the
profile

4 i(n — ny)*f(n)
w? =
2f(n)

where f(n) is the signal from the nth diode, m is the number of diodes, and n, is the center
of the beam profile estimated from the centroid

Enf(n)
o= i)

Although measurement of the spot-size of the beam does produce improved precision,
digitizing and data analysis are relatively slow. Only a few profiles may be digitized per
thermal lens time constant. Better detection limits are produced by measuring the beam
center intensity at many points in time and using a more efficient demodulation technique. '%¢

A simple approach to the reduction of spatial noise utilizes a relatively large area de-
tector;'” averaging the spatial profile over a larger area acts to reduce beam profile fluc-
tuations as a noise source. However, the detector cross section cannot be a large fraction
of the beam radius; the thermal lens signal goes to zero as the detector integrates all of the
beam profile.

Jansen and Harris'® have recently reported a very clever averaging method for spatial
noise. A partially transmitting mask was constructed with a radial transmission variation
which closely approximated a quadratic function. When centered upon the beam profile,
the transmitted power was proportional to the spot-size of the laser beam. A large radius
lens collected the transmitted intensity, integrating it upon a photodiode to produce the
measurement of beam spot-size. The mask has radial symmetry and integrates the beam
intensity over its entire area, not along a single line as a linear photodiode array. Very good
averaging of spatial noise is produced. Since the computation of spot-size was based upon
optical and not electronic processes, the data-processing rate is limited only by the speed
of light. Utilization of rapid signal demodulation techniques is possible with this spatial
mask, producing high-precision thermal lens measurements.

(&)

(58)



15:20 17 January 2011

Downl oaded At:

Volume 17, Issue 4 389

s [T i 1 l —
H b —
oy
z
g
2= -
5
=
[+
(&
E % A=
(- ]
m o | -
! ] ! 1 L
0 It 2, 3, 4. 5t
TIME

FIGURE 16. Time dependence of the thermally induced beam intensity change. The time axis origin corresponds
to the unblocking of the laser beam. I(0) is the original beam intensity and I(x) is the steady-state value.

A major effort in thermal lens design deals with demodulation of the time-dependent
signal, Figure 16.

100)
2.303EA [2.303EA ]z ~ '
(1 + tcit) (1 + tem) |-

It) = (59).

The simplest demodulation technique utilizes a dual channel box-car measurement of the
initial and final beam center intensity. This two-point measurement offers a simple, low-
cost method to extract the thermal lens signal.'®’¢ Despite its simplicity, the two channel
box-car measurement has produced good detection limits, A = 2.2 X 10¢, in carbon
tetrachloride. ' ‘

However, the dual channel box-car approach to signal processing suffers from a low rate
of data collection; only two data points are taken per thermal lens transient. Instead, a burst
of data may be taken when the laser beam is first unblocked. The initial slope of the thermal
lens transient, dI(t)/dt, is linearly related to sample absorbance!'®-

d It .
—(% lica, = —4.6061(0)EA/L, (60)
This initial slope measurement requires rapid data collection since the signal rapidly departs
from linearity. One could envision using a Savitsky-Golay initial slope estimation procedure
in extracting the thermal lens absorbance signal.'®” Also, the'initial $lope is inversely pro-
portional to the time constant of the signal and should be particularly useful for short time
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constant materials such as gases and certain solids. Unfortunately, initial slope measurements
are not well suited to precise thermal lens measurements. The rapid deviation in signal from
linearity limits the number of data points collected. Then, the finite time requircd to unblock
the laser beam prohibits measurements at very short times. Next, the diffraction pattern
generated by the straight edge of the chopper crossing the laser beam acts to distort initial
intensity. Finally, the finite time required to unblock the beam produces rounding in the
initial data.*

A complete regression analysis of the transient signal has been shown to produce superior
precision compared with either the dual channel or the initial slope data-analysis method. "
Collection and analysis of 512 data points produced about a factor of 30 improvement in
the detection limit compared with a two-channel box-car measurement. Detection limits of
A = 7 X 1073, based upon the variance-covariance matrix of the fitting algorithm, were
obtained using regression analysis of 512 data points. Iodine in carbon tetrachloride was
employed as the sample.

Although the regression analysis of the time-resolved thermal lens data has produced
spectacular results, the length of time required for the regression analysis is impractical for
real-time applications, such as chromatography or flow injection analysis detection. Unfor-
tunately, it is not possible to linearize the fitting function; nonlinear regression analysis is
employed. In this case, two approaches have been employed to speed analysis of the time-
resolved data. If the time constant is estimated from a standard data set and if [(0) does not

change significantly with time, then the fitting function may be written'%%-1%
21+ o{21yIm ~ 1" - 1)
2.303EA = ITED 61)
where s%(t) is a weighting function given by
s = 2(1 + tJ2)%02(t)/1X(t) (62)

where o is the standard deviation of each time-resolved measurement. With this simplified
regression analysis, detection limits of A = 8.5 X 10~7 were obtained in carbon tetrachloride
and a flow injection analysis system. Less than about 250 msec was required for the regression
analysis. A potential difficulty in this linearization technique is the implicit assumption that
the time constant does not change as dilute solutions are eluted from the flow injection
analysis instrument. However, only very high concentration solutes will perturb the thermal
time constant.* .

A clever approach to rapid regression analysis of thermo-optical data has recently been
reported by Nickolaisen and Bialkowski for pulsed photothermal deflection and thermal lens
instrumentation.*'!® The technique constructs a digital filter based upon a well-averaged,
low-noise data set. The technique is valid if the time constant does not change with time
and if the signal is linear with concentration. The averaged transient is generated and
normalized to zero area. Assuming white noise, the signal amplitude may be estimated

2.303EA = M 63
' Y0 ©3)

where h(t) is the averaged thermo-optical signal, normalized to zero area, and x(t) is the
time-resolved thermo-optical signal. Note that this approach does not utilize a deterministic
model but instead is self-modeling in that a well-averaged data set is used to filter the data.

The requirement of a transient digitizer, laboratory computer, and necessary programing
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FIGURE 17. A reference beam thermal lens instrument. A portion of the laser beam after the chopper, but before
the sample, is split to a reference detector. A spatial filter mask with a quadratically varying radial transmission
function is used to compute directly the second moment of the laser beam after transmission through the sample.
The reference beam intensity is matched to the signal beam intensity with a variable neutral density filter. The
signals from the reference and signal detectors are combined with a differential amplifier. The thermal lens signal
is demodulated with a lock-in amplifier.

of either regression analysis or digital filtering has discouraged many investigators from
using the otherwise simple single-becam thermal lens instrument. Data collection is simplified
by using a lock-in amplifier to demodulate the thermal lens signal. In this case, two ap-
proaches have been reported for the single-beam thermal lens. The first application of lock-
in detection utilizes demodulation at the second harmonic of the modulation frequency.!!!
A symmetric chopping function may be decomposed into a Fourier series containing only
odd harmonic terms. However, the monotonic nature of the thermal lens signal ensures that
the beam center intensity is not symmetric with time, generating a signal at even harmonics
of the chopping frequency. Unfortunately, the second harmonic detection scheme requxres
outstanding harmonic rejection capabilities of the lock-in amplifier.

An interesting technique has recently been developed for lock-in detection with the single-
beam thermal lens.''? In this reference beam technique, Figure 17, a portion of the laser
beam is split between the chopper and sample and sent to a reference detector. If the intensity
of the laser beam at the reference detector is matched to the intensity of the laser beam at
the sample detector, a simple differential circuit may be constructed to automatically null
the signal with the laser beam both blocked and unblocked. The thermal lens signal will
ride upon the nulled output, generating a signal at the modulation frequency. Detection
limits of A = 5 X 107 have been reported with a 60-mW pump beam and carbon
tetrachloride solvent. The relative simplicity and performance of the reference beam instru-
ment suggests application for a number of high-sensitivity absorbance determinations.

C. Pump-Probe Thermal Lens
Pump-probe thermal lens instruments fall into two classes, one utilizing pulsed pump
lasers and the second utilizing chopped cw laser beams, Figure 18. The thermal lens formed
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FIGURE 18. A pump-probe thermal lens. A pump laser beam is chopped mechanically and focused into the
weakly absorbing sample. Alternately, a pulsed pump laser may be employed. The thermal lens defocuses a coaxial
probe beam. The pump beam is blocked with a filter. The probe beam center is isolated with a pinhole and the
transmitted intensity is sensed with a photodetector. A lens is included in each optical path to optimize the focusing
conditions of each beam.

by the modulated pump beam is probed with a second cw laser beam. Defocusing of the
probe beam is detected in phase with the pump beam modulation function.

The first pump-probe thermal lens instrument was reported by Grabiner et al.''* in 1972
to monitor vibration relaxation in gas phase samples excited by a pulsed CO, laser and
probed by a cw helium-neon laser. Early in 1977, Twarowski and Kliger published two
papers, one modeling and the other applying the pump-probe thermal lens instrument for
multiple photon absorbance spectroscopy in liquids.*>'"* The high intensity produced by a
focused, pulsed nitrogen-pumped dye laser generates significant two-photon absorbance in
aromatic solvents. It is interesting that the focused nitrogen-pumped dye laser produced
sufficient intensity at the cuvette windows to decompose liquid benzene, forming a carbon
deposit on the window. This artifact was eliminated by locating the pump beam waist in
the center of the sample, thereby decreasing the intensity at the window.

The first analytical application of the pulsed-pump laser thermal lens was reported by
Mori et al.# in 1982 for determination of copper-porphyrin complexes. A nitrogen laser-
pumped dye laser produced a tunable pump beam around 417 nm at 20 pJ/pulse energy.
The tunability of the pulsed dye laser facilitated excitation of the relatively narrow and
intense porphyrin absorption band. Absorbance detection limits for the instrument were not
spectacular, A = 4.7 X 10~%, although the large molar absorptivity of the porphyrin complex
did result in good concentration detection limit for copper, 1 X 107% M.

The modest absorbance detection limit arises from several sources in this pulsed laser-
excited thermal lens instrument. A two-channel box-car averager was used to quantitate the
analyte. As in the single-beam thermal lens, transient averaging and regression analysis
should produce superior detection limits. Next, the pulse energy of the pump laser was not
very high. Higher energy lasers would produce greater sensitivity. Unfortunately, the pulsed
laser peak-power was sufficiently high to generate a large two-photon absorbance signal
within the aromatic:solvent. This multiphoton absorbance background signal is distressing;
defocusing of the pump beam to reduce the peak intensity of the pump beam to reduce the
background signal will also reduce the thermal lens signal. Finally, and more generally,
pulsed pump lasers have relatively high intensity and spatial noise characteristics.''® Vari-
ations in the pump beam profile can translate to variations in the thermal lens signal.
Unfortunately, beam profile quality is difficult to measure or correct. Long and Bialkowski™
employed an intercavity iris within a pulsed CO, laser to improve the pump beam spatial
profile. High-energy pulses, 100 mJ, but only weakly focused, allowed detection limits of
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10 ppb of dichlorodifluoromethane at 13.3 kPa argon. Absorbance detection limits were
about A = 3 X 1077, comparable to the best single-beam thermal lens measurements.
Large background signals were observed, presumably due to window absorbance.

The first gas phase analysis employing pulsed pump lasers was the analysis of nitrogen
dioxide in air.”* Detection limits of 0.8 ppm were reported with 20- to 40-pJ excitation
energy.

Long and Bialkowski™ also discussed the pressure dependence of the thermal lens signal.
The signal is predicted to be constant with respect to pressure for pressures higher than
about 20-torr buffer gas. However, saturation effects gave rise to a constant increase in the
observed thermal lens signal with pressure.

An advantage of pulsed, compared with cw, excitation in thermal lens measurements is
found in flowing systems. The relative change in probe beam intensity produced by pulsed

“pump laser excitation is independent of flow,}!¢-"!7 whereas the relative change in intensity

for cw-excited systems is strongly influenced by flow.*3-4¢-'*¥ In pulsed excitation, the entire
temperature rise induced by absorbance is formed before flow can act to displace the dis-
tribution. However, in cw excitation, thermal diffusion must compete with flow to form the
temperature rise; flow decreases the maximum temperature rise for cw excitation but not
pulsed excitation. On the other hand, signal amplitudes and precision similar to the static
sample case may be obtained by offsetting the probe beam downstream from the pump
beam.*® In a background-limited system, the better noise characteristics of most cw lasers
should result in better detection limits than relatively noisy pulsed lasers.

The first report of the cw-excited pump-probe thermal lens instrument appeared in 1976;*°
overtone spectra were obtained corresponding to the fifth overtone of the C-H stretch in
liquid benzene. In the pump-probe instrument designed for liquid phase analysis, a tunable
dye laser was employed as the pump beam. This pump beam was chopped mechanically,
combined coaxially with a cw helium-neon probe beam at a beam splitter, and focused with
a lens into the sample cuvette. The pump beam was blocked with a spectral filter and the
transmitted probe beam center intensity was observed with a photodetector placed behind a
pinhole. This pump-probe design utilizing a chopped cw pump beam allowed demodulation
with a lock-in amplifier; the lock-in amplifier provided the first rapid and simple signal
processing technique for thermal lens measurements and greatly stimulated applications in
the chemical physics and analytical chemistry communities.

Early analytical applications of the cw pump-probe thermal lens instrument were reported
by Imasaka et al.''® for the determination of iron utilizing an argon ion pump liser-and a
helium-neon probe laser and Haushalter and Morris'*® for the determination of dopamine
with an enzymatic analysis, also utilizing an argon ion pump laser and a helium-neon probe:
beam.

Independently and comc1dently, two groups recently descrlbed a thermal lens instrument
which utilizes the same laser to generate polarization-encoded pump and probe beams, Figure
19.12-123 The beam produced by an argon ion or helium-neon laser is split into a weak probe
and a strong pump beam. The polarization of one laser.-beam is rotated 90° with a polarization
rotator, such as a Fresnel rhomb prism or a 1/2 wave retardation plate. The chopped pump
beam and cw probe beam are recombined with a beam splitter and focused into the sample
cuvette with a lens. The pump beam is blocked and the probe beam is transmitted with a
polarizing filter. A photodiode monitors the transmitted probe beam center and the signal
is demodulated with a lock-in amplifier. This single laser approach to pump-probe thermal
lens measurements offers two advantages. The design tends to compensate for beam pointing
instabilities; the two beams will track each other as the original laser beam moves. Also,
the cost of a probe laser is eliminated; unfortunately, the cost of a probe laser is comparable
to the cost of the polarization components required by the design.
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FIGURE 19. A single-laser pump-probe thermal lens. A small portion of the laser beam is split to form a reference
beam while the pump portion of the beam is chopped and focused into the sample. The polarization of the probe
beam is rotated 90° to the pump beam. A polarizing filter located after the sample blocks the pump beam and
transmits the probe beam. A pinhole isolates the center of the probe beam profile.

An important criterion of the cw-excited pump-probe thermal lens instrument is the fre-
quency response of the system. At very low modulation frequencies, v << 1/t,, the thermal
lens approaches a steady state and the maximum magnitude signal is obtained. At very high
modulation frequencies, v >> l/t, the thermal lens does not have a chance to form and
the signal magnitude approaches zero. Since the time dependence of the thermal lens signal
is given by the convolution of the impulse response with the time domain excitation function,
the frequency response of the thermal lens is given by the product of the impulse frequency
response with the frequency domain excitation function. The Fourier transform of the impulse
response function is tabulated and may be written as'?*'%*

Al) = AIO){1 + 2vgfcos(vy)si(vg) — sin(vg)Ci(vy)]
+RICR(vy) + SN} 64)

where AI(0) is the dc component of the frequency response, si and Ci are the sine and cosine
integrals, respectively, v, = 7vt, is the reduced frequency, and v is the modulation fre-
quency. Figure 20 presents a plot of signal magnitude as a function of frequency taken from
Reference 125. The signal achieves near maximum response at reduced frequencies less
than about 0.01 and demonstrates a 20 dB/decade decrease in amplitude at reduced fre-
quencies greater than about 1.

There has been much discussion of the optimum focusing conditions for the dual-beam
thermal lens.*27089126 Unfortunately, much of the literature is confusing and contradictory.
Consider the fundamental equation describing the farfield defocusing of a probe beam by
a thermal lens

Al =.~2z,/f (65)

The focal length of the thermal leris formed by a cw pump laser is proportional to the square
of the pump beam spot-size while the focal length of the thermal lens formed by pulsed
excitation is proportional to the fourth power of the pump beam spot-size. In both cases,
the strongest thermal lens is formed when the pump beam waist is located in the sample.
Focusing the pump beam into the, sample is advantageous for another reason. All lasers
produce some beam wander or pointing instabilities. Beam wander is undesirable in two
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FIGURE 20. The frequency response of the thermal lens. The signal approaches steady state at low frequencies
and demonstrates a 20-dB/decade roll-off at high frequencies.
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beam thermo-optical measurements since stable overlap between the beams is necessary to
maximize the signal. Fortunately, a lens acts to focus a beam to the same location independent
of spatial offset.'"” By focusing the pump beam within the sample, pointing instabilities in
the pump beam are minimized as a source of noise in pump-probe thermal lens measurements.

The signal is predicted to increase linearly with Z1, the distance from the probe beam
waist to the sample. Thus, the paraxial model leads to the following opumum focusmg
conditions: (1) the pump beam should be focused to a tight waist within the sample and
(2) the probe beam should not be focused in order to locate the probe beam waist as far as
possible from the sample. It is interesting to note that very good detection limits have been’
produced with this design.®”'% '

Unfortunately, these optlmum focusing conditions lead to a violation of the fundamental
assumption in the paraxial approximation; the dimension$ of the thermal Iens are much
smaller than the probe beam spot-size. ngher order terms in the power sefies expansion
lead to a strongly aberrant thermal lens. Clearly, the diffraction integral is required to model
the position dependence of the pump-probe thermal lens. There éppcars to have been only
one published position study of the dual-beam thermal lens.'?¢ In this work, a tightly focused
pump beam and weakly focused probe beam were employed. As predicted by the paraxial
approximation, the signal maximized when the pump beam waist was located within the"
sample. However, the relationship between the signal amplitude and Z1 was lincar only
over a range of about *+ 1 confocal distance. When the sample was located further from the
probe beam waist, the signal amplitude rapidly decreased toward zero. A study of the
diffraction integral suggests that the thermal lens signal should maximize with Z1 1n the
range of one to five times the probe beam confocal distance.
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FIGURE 21. The thermal prism. The experimental configuration is similar to the pump-probe thermal lens. The
pump and probe beam axes are offset so that the probe beam traverses the inflection point of the temperature
distribution. A position-sensitive detector is used to sense the beam deflection.

~ The symmetric response of the pump-probe thermal lens with respect to the distance from
the sample to the probe beam waist suggests that a differential instrument could be constructed
by analogy to the single-beam thermal lens; placement of the sample and reference cuvettes
at equal distances from the probe beam waist should result in subtraction of the absorbance
of the two cuvettes.

D. Thermal Prism )

If the refractive index perturbation induced by the absorbance of a pump laser beam is
probed off-axis, then the probe beam will be deflected in the direction of the increasing
refractive index, Flgure 21. A dichroic filter is often used to combine the two beams. The
probe beam is deflected in phase with the pump beam modulation function. This thermally
induced deflection may be modeled by analogy with a prism, hence the term thermal prism.
A more common name for the thermal prism effect is photothermal deflection. Unfortunately,
the term photothermal deflection is also app]ied to the mirage-like phenomenon which occurs
near a heated surface. In this paper, the term *‘thermal prism’’ is used for beam deflection
ina homogeneous sample while the term ‘‘mirage effect’” is used for deflection associated
with a heated interface, Section,V.B.

The thermal prism, along.with the mlrage effect, was descnbed by Jackson et al.” in
1981 using the paraxial approximation. A number of important parameters were studied and
optimized. The thermal prisim signal maximizes when the probe beam axis is located along
the inflection point of the temperature profile. Since the radial extent of the temperature rise
changes with time or modulation frequency, the optimum Jocation of the probe beam will
change with these parameters. As in thermal lens measurements, the.signal amplitude is-a
function of modulation frequency, decreasmg at high modulation frequency with a 20 dB/
decade roll-off.

Experimental data for pulsed laser-excited thermal prlsm spectroscopy of liquids are rather
meager. However, detection limits of A = 1 X 10~7 in a 100-pm path have been reported
with carbon tetrachloride as solvent, with a 1-mJ pump laser.'® Peck and Morris®' have
applied the thermal prism to the detection of stained proteins in polyacrylamide gels used
in electrophoresis. Detection limits of 0,95 ng albumin were reported. ,

Long and .Blalkowskl‘zg considered the thermal prism for analytical applications of gas
phase analyte. Detection limits of 1.3 ppbv for CHCIF,, 2 ppbv for CCL,F,, and 3 ppbv for
SO, have been obtained with pulsed CO, laser-excited thermal prism measuremems at a
pressure of 13.3 kPa.
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Noise sources in the thermal prism are predominately pointing noise in the probe beam
and intensity fluctuations in the pump beam coupled with the finite background signal
generated within the solvent and optical components.'*-''* Pointing instabilities and variations
in the mode quality of the pump laser are minimized by spatial filtering of the beam,
particularly with an intercavity iris, and locating the sample near the focus of the beam.
Similarly, beam overlap may be stabilized by locating the probe beam focus near the
sample,'"’

Noise in the system often shows a 1/f dependence. If the thermal prism signal possesses
reasonably strong high-frequency components, electronic filtering with pulsed excitation or
modulation at high frequencies with cw excitation can help reduce low-frequency noise.''?

Improved precision and sensitivity are produced by high-power pump lasers which saturate
the absorbance transition.'?® Precision is improved because the signal is only weakly de-
pendent upon changes in pump laser intensity; both variations in the mode structure of the
laser and pulse-to-pulse energy fluctuations are minimized as noise sources. The sensitivity
is increased because saturation, along with other nonlinear phenomena, acts to flatten the
temperature distribution formed at the pump beam axis; however, the gradient of the refractive
index profile increases in the wings of the beam.

Several photodetectors have been developed which can measure the probe beam deflection
induced by the thermal prism. The simplest detector consists of a small area photodiode
which measures the change in probe beam intensity due to deflection. The sensitivity of the
detector will depend upon the location of the detector. For an infinitesimal offset, the change
in intensity observed due to deflection is simply given by the derivative of intensity with
radius times the displacement, Ar

Al = %I;Ar = —z;P Ar e~ (66)
™

for a Gaussian probe beam whose spot-size at the detector equals w and total power equals
P. The maximum change in intensity is observed when r = /2, so that the detector is
located at an inflection point of the probe beam

—2PA
Al _ 2PAr

max 3

W

e ' (67)

Unfortunately, this simple photodiode detector suffers from two difficulties. First, the
dynamic range of the measurement is limited. A nonlinear intensity change is observed when
the displacement is a few percent of the probe beam spot-size. Second, this detector is
sensitive to both power and position fluctuations in the probe beam.

Several position-sensitive detectors have been designed with good linearity and immunity
to intensity fluctuations. The simplest consists of a bicell, two photodiodes located adjacent
to each other, wired in a differential configuration. The probe beam is centered on the diode
pair to achieve null. Any displacement of the beam across the diodes will generate a voltage
proportional to the offset. The differential configuration used with the bicell automatically
subtracts small fluctuations in the probe beam intensity. Unfortunately, the signal produced
by the bicell is nonlinear with position.

A pair of bicells have been employed in a two-probe beam experiment to reduce sensitivity
to probe laser pointing noise.'?” The beams travel in close proximity through the experimental
apparatus. Small deflections induced by vibrations or refractive index perturbations will
produce similar displacements of both beams at the detector. A high-precision measurement
of the deflection signal may be produced if it is induced on one of the probe beams.

Another position-sensitive detector is the lateral cell, a photosensitive device which pro-
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FIGURE 22. The interferometric measurement of thermally induced optical path change: Jamin interferometer.
The laser beam is split into a strong signal and weak reference beam by an uncoated optical flat. The signal beam
produces relatively greater heating of the sample than the reference beam. The thermally induced refractive index
change within the sample induces a difference in optical path between the two beams. The beams are recombined
with a second optical flat at point *‘a’”. The recombined beams interfere and produce an intensity change at the
detector proportional to the optical path difference generated within the sample. The transmitted signal beam may
be monitored to measure the intensity of the laser beam.

duces an accurate analog position measurement over a relatively large region. Furthermore,
an analog division circuit produces a signal which is independent of intensity fluctuations
of the probe beam.

A more complicated position-sensitive device uses a photodiode array.'*” The array read-
out is smoothed with a low-pass electronic filter and differentiated with a high-pass filter.
The zero crossing of the derivative occurs when the beam center has been read from the
diode array. Differences in the time between the beginning of the diode array read-out and
the zero crossing correspond to displacement of the laser beam.

E. Interferometry

Thermally induced changes in optical path length may be measured directly using an
interferometer. Although the intercavity thermal lens experiments may be considered as
interferometric measurements, the signal is dominated by thermal lens induced loss-terms,
not phase shifts due to change in path length. An early report by Stone'® utilized a Jamin
interferometer to produce a signal and reference beam within the sample, Figure 22. The
two-beam design facilitates compensation for both intensity fluctuations of the laser beam
and thermal drift within the interferometer. Transmission through and reflection from the
first uncoated optical flat produces two parallel beams which pass through the sample. The
transmitted, or signal, beam is relatively high power and acts as both the heating and probe
beam. The beam produced by reflections is much weaker and acts as a reference beam.
Since the thermally induced optical path difference is proportional to pump laser power, the
signal beam will experience a much larger optical path difference than the reference beam.
After transmission through the sample, the two beams are recombined with a second uncoated
optical flat. The transmitted reference beam and the reflected heating beam undergo inter-
ference at the detector which measures the thermally induced phase shift as an intensity
change. The transmitted heating beam does not undergo interference effects and acts as a
reference beam to correct for intensity fluctuations in the laser.

This design used an unfocused helium-neon laser. The relatively large beam spot-size,
w = 0.95 mm, resulted in a long thermal time constant. By recording the change in intensity
as the laser beam is unblocked, the initial slope of the transient waveform was used to
compute sample absorbance. Detection limits of A = 10~ ¢ were reported for a 5-cm cuvette.
The author noted a large background signal when a cuvette with Pyrex® windows was
employed. The signal was generated from absorbance by the windows and subsequent heating
of the solvent. Quartz windows eliminated this source of background. Thermal drift in the
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FIGURE 23. A pump-probe interferometric design. Here, a pump laser beam is aligned coaxial with the signal
beam, thereby generating a modulated path length perturbation on that beam.

interferometer which was not corrected by the double-beam instrument ultimately limited
the smallest detectable absorbance.

In addition to the single-beam Jamin interferometer, a pump-probe design has been in-
vestigated, Figure 23.%3' Here, a pump light beam is aligned coaxially with the weak probe
laser beam within the interferometer. After passing through the sample, a portion of the
strong probe laser beam is combined with the weak beam at a photodetector. Instead of
using a laser, light from a high brightness incoherent light source is collimated and filtered
to provide the pump beam. Unfortunately, the relatively large size of the incoherent pump
beam produced rather weak and noisy signals.

A much more sophisticated pump-probe interferometric instrument has been constructed
which provides differential response to subtract the background solvent absorbance signal.'*
Again, a Jamin interferometer is used, although with two heating beams, two probe beams,
and two reference beams. The instrument has a slow response time due to the relatively
large beam spot-size employed. The pump beam is produced by an argon ion laser of about
100-mW power. Absorbance detection limits in CCl, are about 10~ for a 1-cm long cuvette.

In addition to the Jamin interferometer, a Fabry-Perot interferometer has been applied to
long path length thermo-optical measurements.'® The multipass nature of the Fabry-Perot
interferometer provides significantly increased sensitivity compared to the single-pass Jamin
interferometer, although without the advantage of a reference beam to cancel background
drift. In this instrument, a polarization-encoded helium-neon probe beam is directed into
the interferometer, Figure 24. Within the cavity, a flow cuvette is positioned. Brewster angle
windows minimize loss for the probe beam. An argon ion laser pump beam, with polarization
orthogonal to the probe beam, is introduced into the cavity by reflection from the Brewster
angle window. The pump beam is attenuated after a few round trips through the cavity by
reflections from the windows.

The cavity length is ramped with a piezoelectric drive. A computer records the transmitted
probe beam and determines the fringe location as a function of cavity length. The thermo-
optical signal is the difference in cavity length with the pump beam on vs. the pump beam
blocked. Unfortunately, the pump beam also produces heating of the sample cuvette. Time
gating helps minimize the contribution of cell heating from the signal. A crossed-beam
instrument has been proposed to minimize heating of the cuvette by stray pump laser
radiation.

A Mach-Zehnder interferometer has been used sucessfully to detect thermally induced
refractive index changes within the sample, Figure 25."3*13% This technique, called phase
fluctuation optical heterodyne interferometry, appears to have been applied primarily to gas
phase samples, including aerosols.'* Here, a chopped cw CO, laser is used as the pump
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FIGURE 24. The Fabry-Perot interferometric measurement of thermally induced optical path change. A pump
beam is reflected from the Brewster’s angle cuvette windows into the path of the probe beam within the interfer-
ometer. The polarization of the pump and probe beams are orthogonal so that the probe beam undergoes no reflective
loss at the cuvette windows, whereas the pump beam undergoes large reflective loss at the windows.
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FIGURE25. Mach-Zehnder interferometric measurement of thermally induced optical path change. The modulated
pump beam produces a periodic change in optical path within one arm of the interferometer. A servo system is
sometimes used to move one mirror within the interferometer to produce a constant DC intensity at the photodetector.

source, and a single-frequency, low-noise, helium-neon laser produces the probe beam. A
thermally induced path change within one arm of the interferometer generates a fringe shift
and intensity change at the output of the interferometer. This intensity change is demodulated
with a lock-in amplifier phase referenced to the pump beam chopper. Low-frequency drift
in the interferometer is corrected by a servo system to maintain a stable DC intensity at the
detector. The servo system moves a mirror in one arm of the interferometer with a piezo-
electric translator.

Instead of modulating the pump beam, it is possible to use a cw pump laser and instead
modulate the absorbance of the sample. For example, a modulated electric field may be
placed across the sample cuvette. For Stark active molecules, the electric field acts to
modulate the absorptivity at the pump laser wavelength, generating a modulated temperature
rise within the sample. Phase-sensitive detection referenced to the electric field modulation
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function may be used to demodulate the signal.'* Dilute analyte may be discriminated from
a huge excess of absorbing but non-Stark active contaminant.

The Mach-Zehnder interferometer has produced very good gas-phase detection limits.
Detection limits of A = 1.5 X 10~7 have been produced within a 20-cm windowless cuvette
for both ammonia and ethylene in nitrogen.'3>-'37'3 The pump laser intensity was 250 W/
cm?®. Concentration detection limits below 1 ppb were obtained for both ammonia and
ethylene, and a few parts per trillion for SF,. The windowless curvette was necessary to
eliminate background signals generated in the window. The primary background signals
were produced from absorbance by both the Ge beam splitters and trace levels of H,O and
CO,.

F. Applications

Thermo-optical techniques have produced spectacular absorbance detection limits, Table
4. This list is not comprehensive; instead the data presented are intended to be representative
of results produced by different techniques through early 1986. Furthermore, these detection
limits are based upon different criteria and different time constants not always reported in
the reference; no effort has been made to utilize a consistant definition of detection limit.

The best absorbance detection limits for liquids fall near A = 10~7 and utilize carbon
tetrachloride as the solvent. Detection limits in other solvents are higher. The data strongly
suggest that the detection limits are determined by background absorbance generated within
the solvent. The excellent detection limits produced in carbon tetrachloride probably are due
to the extremely low background absorbance produced within this solvent. The background
absorbance of the solvent appears to be generated by high overtones of vibrational active
modes within the molecule. Considering the low energy of the C-Cl vibrational mode, about
750 cm~! for the fundamental, transitions in the visible portion of the spectrum correspond
to the 25th harmonic of the fundamental vibrational mode; it is not surprising that CCl, is
a highly transparent material! The good thermo-optical constants of CCl, also are advan-
tageous in producing high-sensitivity measurements.

There appears to be no large advantage of one thermo-optical technique compared to
another. As an example, three thermal lens instruments were compared by the same inves-
tigators with similar optical and electronic configurations: single beam with regression anal-
ysis, double beam with regression analysis, and double beam with lock-in detection.®*
Detection limits were virtually identical for the three instruments. This author personally is
attracted by the optical and electronic simplicity of the reference beam thermal lens instru-
ment.''? Although the detection limits reported are slightly higher than some other instru-
ments, the instrument appears to be well suited for routine application.

There are two results included in Table 4 that differ from the others. Both utilize relatively
short path length measurements to produce improved detection limits. In one case, a thermal
prism instrument was used to determine absorbance within a 1-mm path length cuvette.'*?
The decreased background absorbance produced with the shorter path length allows a pro-
portional improvement in detection limit, A = 2 X 1075, However, the absorbance per
unit length at the detection limit was identical to other thermo-optical techniques.

The last detection limit included in Table 4 utilized a crossed-beam thermal lens design.®
Here, the interaction length is defined by the diameter of the pump laser beam. The use of
very tightly focused pump beams produces very short interaction lengths, 3 pm. Since the
sensitivity of the technique is fairly high, excellent absorbance detection limits are produced.
A = 3 X 10~°. This technique is optimized for small path length and small volume samples
and is considered in the next section of this manuscript.

Table 5 considers concentration detection limits reported for a number of thermo-optical
techniques; the same caveats concemning the absorbance detection limits also apply to these
results. The best detection limits for liquids fall in the 107'°- to 10~"'-M range. Typical
laser powers of 0.1 to 1 W are required to produce these good detection limits. Compounds
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Table 4
ABSORBANCE DETECTION LIMITS
Absorbance
Absorbance Path per unit
Pump detection length length
Technique laser Matrix limit (cm) (cm=") Ref.
SBTL 4 mW 3:1 1 x 10°3 1 1 x 1073 76
Box-car 632.8 nm Acetone:water
SBTL 200 mW CCl, 6.3 X 1077 1 6.3 X 1077 102
Box-car 514.5 nm
SBTL 80 mW CCl, 1.1 x 1077 1 1.1 x 10-7 106
Regression  514.5 nm
SBTL 160 mW CCl, 7 x 10-8 1 7 x 10°% 10
Regression  514.5 nm
SBTL 60 mWV CCl, 5 x 1077 1 5x 1077 112
Lock-in 514.5 nm
SBTL 225 mW H,O 2.6 X 103 1 2.6 X 1075 85
Regression  514.5 nm
SBTL 225 mW H,0 2.2 X 10-3 1 2.2 x 1073 85
Lock-in 514.5 nm
SBTL 225 mW H,0 1.8 X 1073 | 2.2 x 1073 85
Regression  514.5 nm
SBTL 50 mW Supercritical 2 X 1077 1 2 x 1077 140
Regression  647.1 nm co,
PPTL 100 mW 7:3 I x 10-¢ 1 1 X 107% 141
Lock-in 488 nm MeOH:Water
PPTL 20 pd Chloroform 4.7 x 10~* 1 4.7 x 10°* 89
Box-car 417 nm
PPTL 700 mW Air 1.3 x 10-¢ 100 1.3 x 10°% 127
Box-car 488 nm
TP I mJ CCl, 2 x 108 0.1 2 x 1077 15
Box-car? 606 nm
TP 60 mW CCl, 1 x 10-¢ 0.5 2 X 107 142
Lock-in 605 nm
IN 100 mW CCl, 1 x 10-° 1 1 x 107¢ 132
Lock-in 514.5 nm
IN 60 mW Acetonitrile 2.6 X 10-¢ 1 2.6 x 107¢ 19
Computer 514.5 nm
IN 250 W/em N, 1.5 X 10-7 20 7.5 X 107° 135
Lock-in 10 pm
XBTL 100 mW 1:1 3 X 107 2.6 x 107" 1.1 x10°% 8
Lock-in 514.5 nm Water:MeOH

Note: SBTL = Single beam thermal lens; PPTL = Pump-probe thermal lens; TP = Thermal prism;
IN = Interferometric measurements; and XBTL = Crossed-beam thermal lens measurements.

with relatively high molar absorptivities, 10* to 10° M~'cm ™!, and nonpolar solvents are
used to produce the best detection limits. In general, the determinations performed with
modest power lasers are background limited; laser stability ultimately determines the detec-
tion limit. There seems to be no systematic difference in the results produced by any particular
instrumental design. For example, the phosphorus analysis reported by Nakanishi et al.®’
showed identical detection limits for single-beam and pump-probe thermal lens instruments.
The best gas-phase detection limits fall in the low-to-sub parts per billion range for a
number of analytes. Again, detection limits are determined by noise in the background signal
generated by trace impurities in the system or by optical components such as mirrors, beam
splitters, or windows. The interferometric results for gas phase analysis are particularly good,
primarily because a windowless cuvette was used.'* Very low background signals could be
generated, allowing high-sensitivity measurements with high power pump lasers.
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Analyte
Copper-EDTA
Iron-1,10-phenanthroline
Iron-bathophenantholine
Iron-bathophenanthroline
Iron-bathophenanthroline
NO,~
Phosphorus
2,2,4-Trimethylpentane
Tetraphenylporphorine
Cobalt-PAN

Arsenic/molybdenum blue

Phosphorus/molybdenum blue

Copper-EDTA
Phosphorus/heteropolyblue

Formaldehyde

NH,
SF,
CH,0H
Benzene

NO,

NO,

MeOH
CCLF,
C.H,
CHCIF,

CCLF,
S0,

Table 5
LONG PATH LENGTH TECHNIQUES

Liquid Phase Determination

Solvent

3:1

H,0/Acetone
I:1

H,0/MeOH
Water
Chloroform
Chloroform
1:1 n-Butanol/benzyl

alcohol
Water
CCl,
Chloroform
CHCl,
Isobutanol
Isobutanol
H,0

2-Butanol

Water

Type
SBTL
SBTL
PPTL
PPTL
PPTL
SBTL
SBTL
SBTL
PPTL
SBTL
IC
IC
PPTL

PPTL & SBTL

PPTL

Gas Phase Determinations

N,

Air
Helium
Air
Air
Air
Air
Argon
N,
Argon

Argon
Argon

PPTL

PPTL
PPTL
IN
TP

TP
TP

Volume 17, Issue 4

Laser

4 mW
633 nm
175
514.5 nm
100 mW
514.5 nm
800 mW
514.5 nm
600 mW
514.5 nm
300 mW
514.5 nm
150 mW
660 nm
6.2 mW
3.39 pm
20 J
417 nm
1.2 mW
633 nm
8 mW
632.8 nm
4 mW
632.8 nm
10 mW
824 nm
150 mW
600 nm

250 W/cm?
9.6 pm
9

10.6 pm
20W
9.639 pm
700 mW
488 nm
40 pJ
420 nm

YA\

9.67 pm
100 mJ

10 pm
250 W/cm?
S—10 pm
100 mJ

10 pm

Detection limit

1.6 X

5 X

3 X

1.6 X

1.5 X

6.5 X

5.6 X

(M)
10-3
10-1
10-7
10—10

10—

10—10
10-¢
10-°
10-7
10-8
10-°
103
10-8

10-7

Sub ppb

10 ppb
40 ppb
500 ppb

S ppb

800 ppb

12 ppb

10 ppb

0.6 ppb

2 ppb

1.3 ppb

3 ppb

403

Ref,

143
119
144
105
86
145
146
89
147
96
122
87

90

135
136
148
127

73

92
70
139

128

Note: SBTL = Single beam thermal lens; PPTL. = Pump-probe thermal lens; IC = intercavity thermal lens; TP
= thermal prism; and IN = interferometric measurements.
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Table 6
CHROMATOGRAPHY DETECTION: LONG PATH LENGTH
TECHNIQUES
Detection
Analyte . Solvent Type Laser limit Ref.

Nitroanalines 1:1 MeOH:water SBTL 190 mW 200 pg 108
458 nm

Nitroanalines 7:3 MeOH:water SBTL 90 mW 50 pg 141
458 nm

NBD Acetonitrile IN 60 mW 200 ng 19
488 nm

Nitroanalines 8:2 MeQH:water PPTL 75 mW 20 pg 149
458 nm

Nitroanalines 8:2 MeOH:water SBTL 80 mW 1 ng 11
458 nm

Nitroanalines 2:3 MeOH:water SBTL 500 mW 30 pg 150
458 nm

Nitroanalines 8:2 MeOH:water PPTL 75 mW 1 ng 121
458 nm

O-nitroanaline 8:2 MeOH:water PPTL 7 mW I ng 151

Rug dye 65:35 MeOH:water TP 1.2W 0.5 pg 152
488 nm

SF, N, IF 250 W/em? 2 pg 144

CH, 10.6 pm 8 pg

Freons Argon PPTL 20 m] 7 ng 153
10.6 pm

Note: SBTL = Single beam thermal lens; PPTL = Pump-probe thermal lens; IC =
intercavity thermal lens; TP = thermal prism; and IN = interferometric measurements.

It is interesting to compare the two NO, determinations reported by Higashi et al. In the
first paper, a pulsed nitrogen laser pumped dye laser and, in the second paper, a cw argon
ion laser were employed as the excitation source.”'?” Detection limits were about a factor
of 150 better with the cw excitation source compared with the pulsed pump laser. The reason
for the superior performance of the cw excitation source over the pulsed source is not clear.
However, the good power stability of the cw argon ion laser compared with the pulsed dye
laser should result in superior detection limits in a background limited experiment. On the
other hand, Long and Bialkowski'*® have demonstrated excellent detection limits using a
well-characterized pulsed CO, laser.

The long path length thermo-optical techniques have been employed for analysis of flowing
samples in flow injection analysis and chromatographic detection. The mass detection limits
for injected analyte are summarized in Table 6. Here, detection limits are determined not
only by the sensitivity and background signal of the thermo-optical technique but also by
the skill of the chromatographer to produce high-efficiency chromatograms.

Clearly, chromatographic detection utilizing the thermo-optical techniques is less well
developed compared to bulk sample analysis; the chromatography reports primarily evaluate
different thermo-optical configurations. Nitroanalines are the primary analyte considered.
Detection limits fall in the 10-pg to 1-ng injected range. Since chromatographic detection
limits depend upon both the chromatographic conditions and detector sensitivity, it is not
easy to compare the detection limits produced by any particular thermo-optical technique.
However, the pump-probe thermal lens configuration has been employed most often in
chromatographic detection. Lock-in amplification of the thermal lens signal is particularly
convenient for real-time chromatographic detection. The crossed-beam thermal lens is ideally
suited to small-volume, low-dispersion chromatography and has begun to produce some very
good detection limits.'s3 ' ST
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There have been two applications reported for single-beam thermal lens detection in flow
injection analysis. The supercritical fluid work is particularly interesting in that it suggests
future applications in supercritical chromatography detection. The primary difficulty in
single-beam thermal lens detection in flow injection analysis or liquid chromatography is
the need for rapid data analysis for real-time detection. Both of these flow injection analysis
reports used a modified regression analysis technique to demodulate the signal.

IV. THERMO-OPTICS FOR SMALL VOLUME SAMPLES

A. Introduction

Several thermo-optical techniques have been developed for small-volume, short path length
analysis. These techniques utilize a crossed-beam geometry wherein the probed volume is
defined by the intersection region of the beams. Since laser beams may be focused to a very
small spot-size, very small probed volumes may be produced. Furthermore, the signal is
integrated over the pump beam diameter and independent of cuvette length. This independ-
ence of path length suggests that these techniques measure not absorbance but instead the
concentration-absorptivity product.

In conventional transmission measurements, the analytical signal is the decrease in in-
tensity of the light beam traversing the sample. Beer’s law presents a relation between the
transmission of the sample and the analyte concentration. For an inhomogeneous sample,
Beer’s law may be written

I/IO =T =102 = lowj(c dpath (68)

where | is the incident laser intensity, 1, is the transmitted intensity, T is transmission, and
the intcgral is over the optical path. This relationship shows two difficulties of Beer’s law
measurements in thin, inhomogeneous samples. In the first, the sensitivity of a concentration
measurement goes to zero as path length goes to zero. Only a high-concentration, high-
absorptivity analyte may be determined in thin samples by a transmission measurement.
Also no information is provided on the distribution of analyte in inhomogeneous samples;
that is, conventional Beer’s law measurements integrate sample absorbance over the optical
path.

Crossed-beam thermo-optical measurements provide excellent spatial resolution. For two
beams crossed at right angles, the probed or intersection volume may be approximated by
a cylinder whose radius equals the spot-size of the smaller beam and whose height equals
twice the spot-size of the larger beam.” In the case that the two beams have the same spot-
size, the probed volume is approximately given by 2ww*. As an example, the intersection
volume of two 10-pm spot-size laser beams is only 6 pf, whereas the intersection volume
of two 1-pm spot-size laser beams is 6 f€. These extremely small probed-volume measure-
ments will be of value in chromatographic, electrophoretic, and microscopic imaging and
detection.

The best developed crossed-beam thermo-optical measurement technique is the crossed-
beam thermal lens. Here, a pump laser beam forms a cylinder of heated material. The heated
region is crossed at right angles by a coplanar probe beam. The heated region acts as a
thermal cylindrical lens to defocus the probe beam about the plane containing the pump and
probe beams. Applications include liquid chromatographic detection and scanning laser
microscopy.

A crossed-beam thermal prism instrument may be constructed by crossing the pump and
probe beams at right angles but offset so that the probe beam passes through the maximum
in the gradient of the temperature distribution. As in the long path length techniques, the
thermal prism instrument utilizes position-sensitive detectors. The prism technique is pri-
marily sensitive to spatial noise, whereas the thermal lens is primarily sensitive to intensity
noise.
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FIGURE 26. The crossed-beam thermal lens. The modulated pump beam produces a cylindrical temperature rise
within the sample. The coplanar probe beam is crossed at right angles to the heated region and defocused out of
the plane containing the two beams. A slit in the plane of the two beams isolates the probe beam center intensity.

One crossed-beam interferometric instrument has been reported using a Jamin interfero-
meter. Unfortunately, the instrumentation for interferometric measurements is more com-
plicated than either the crossed-beam thermal lens or prism.

Last, a four-beam thermo-optical technique has been developed based upon the thermal
grating. Here, interference between two mutually coherent laser beams forms a sinusoidal
intensity profile in the absorbing sample. The resulting temperature rise and refractive index
profile acts like a grating to diffract a third probe beam to produce a fourth, spatially isolated,
signal beam. The number of optical components, the stringent alignment constraints, rela-
tively large probed volume, and the nonlinear calibration curve suggest difficulties applying
the thermal grating to many analytical problems.

B. Crossed-Beam Thermal Lens

The crossed-beam thermal lens is based upon the interaction of a modulated pump beam
and a coplanar probe beam, crossed at right angles, Figure 26.'*? As discussed in Section
II of this paper, the heated sample acts to defocus the probe beam about the plane containing
the two beams. Defocusing is detected as a change in the far-field probe beam center intensity.
Since the probe beam is defocused in one dimension, a slit may be used to isolate the beam
center intensity in the plane containing the two beams. The slit helps minimize noise by
averaging spatial variations in the probe beam intensity over the slit area. The relative change
in probe beam far-field intensity may be modeled either with the diffraction integral or with
the paraxial approximation. The paraxial approximation provides good qualitative agreement
between theory and data. Here, the focal length of the cylindrical thermal lens is given by
Equation 43 of Section II.E.2 where r is replaced with x.

2 t
Uf = Jd An(xz,y, ) ay (69)
dx
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Note that d2An/dx? is integrated over the probe beam path. The signal is insensitive to
variations in the pump beam profile along the direction of the probe beam path.'s

For the homogencous sample illuminated by a pulsed Gaussian pump laser, the time-
dependent inverse focal length evaluated at the beam center is given by

UF = 4.606EeC dn/dT
V27wokt (1 + 20t)*

(70)

where the terms have been defined in Section II. It is interesting to note that the signal is
independent of sample Iength and inversely proportional to the cube of the pump beam spot-
size; note that t. = w*4D where D is the thermal diffusivity of the sample. Unlike con-
ventional Beer’s law measurements (or coaxial thermo-optical techniques) which show a
decrease in sensitivity with path length, the crossed-beam thermal lens measurement is
independent of path length. More importantly, if the sample path length is identified with
the pump beam spot-size, then the absorbance sensitivity of the crossed-beam measurement
actually increases as the path length decreases and spatial resolution of the measurement
improves.

A cylindrical lens acts to defocus a Gaussian beam in only one direction, whereas a
conventional lens defocuses the beam in a radially symmetric fashion. The probe beam
intensity at the far-field detector is given by

I = 2P 1)

TW,w,

where o, and w, are the spot-sizes aligned parallel and perpendicular to the plane containing
the pump and probe beams. Since the cylindrical optical element defocuses the beam only
in the plane containing the two beams, the cylindrical lens converts the probe beam from
circular symmetry to elliptical symmetry. The change in the probe beam center intensity is
given by

I = 101 — 2z/f + (22 ~ z )™~ (72)

where Z1 is the distance from the probe beam waist to the sample.'* The binomial distribution
may be used to simplify this equation to yield the relative far-field beam-center intensity
change :

Al = z,/f (73)

It is interesting to compare the magnitude of the coaxial thermal lens and the crossed-
beam thermal lens signal. Under the assumptions of the paraxial approximation, the ratio
of the probe beam-center intensity is given by

Al

coaxial __

Al

£

crossed pump

Q)21 + 2t )2 (74)

It appears that the sensitivity of the coaxial thermal lens will be larger than the sensitivity
of the crossed-beam instrument whenever the sample has a path length several times larger
than the pump beam spot-size.

Of course, a discussion of sensitivity is meaningless without a discussion of noise. For
example, detection limits in a proportional noise-limited experiment are not determined by
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sensitivity but rather by pump laser stability. In long path length thermal lens determinations
utilizing pump laser powers greater than about 100 mW, the detection limits appear to be
determined by noise proportional to the blank signal. The best absorbance detection limits
for coaxial techniques fall in the range A = 1076 to 10~7/cm, at least for samples 1 cm or
longer.

The best detection limit for the crossed-beam thermal lens is eéC = 107° cm~! using a
mixed water-methanol solvent and a 100-mW pump beam.® Similar detection limits have
been obtained for chromatographic detection. The very tightly focused pump beam, w,,,,
= 1.3 pm, suggests that a very short path length measurement could be performed. The
absorbance across the 200-pm cuvette was A = 2 X 1077, whereas the absorbance across
twice the pump beam spot-size was only A = 3 X 10~°! Recall that these detection limits
are obtained with a relatively poor thermo-optical solvent, whereas the best detection limits
produced by the long path length techniques have been obtained in very good solvents like
CCl, and supercritical CO,.

The crossed-beam thermal lens and the coaxial thermal lens should produce similar de-
tection limits for samples in the 100-pwm to 1-mm path length range. This observation appears
to be at odds with the sensitivity comparison of Equation 74, which suggests that the
sensitivity should be similar for samples of a few micrometers path length. This discrepancy
is removed when it is realized that the coaxial, long path length measurement is background
limited for path length longer than a few hundred micrometers, whereas the crossed-beam
measurement is not background limited at much shorter path lengths.

A source of background signal in the long path length techniques is generated by ab-
sorbance within components used in the optical train. An inspection of all long path length
thermo-optical measurements reveals that the pump and probe beams intersect several com-
mon optical components. If nothing else, the cuvette windows are illuminated by both beams,
whereas most designs utilize beam splitters, lenses, filters, or choppers which are illuminated
by both beams. Any optical element illuminated by both the pump and probe beams is a
source of some background signal. The background signal generated due to these optical
elements becomes proportionally larger as path length decreases for the long path length
techniques.

On the other hand, the crossed-beam thermal lens utilizes no optical components common
to both the pump and probe optical train. Since there are no optical components in common,
background signals generated outside of the sample probe volume are eliminated. The
reduction in background signal produced by the crossed-beam instrument must account for
some of the improved performance of the crossed-beam technique.

Both lock-in detection and signal averaging followed by regression analysis have been
performed for the crossed-beam thermal lens. At similar pump laser power, the detection
limits produced by the two demodulation techniques are identical. The time-resolved data
allow easier comparison with theory for a number of parameters. For example, the signal
amplitude is inversely proportional to pump laser spot-size, even for small spot-size beams.*?
In the experiment, the pump beam spot-size was 12 pm and the probe beam spot-size was
about 40 pwm. Although the paraxial approximation demands the pump beam spot-size be
much larger than the probe beam spot-size, it would appear that the crossed-beam instrument
is well modeled by the paraxial approximation even when the pump beam spot-size is much
smaller than the probe beam spot-size.

The crossed-beam thermal lens signal is proportional to Z1, the distance from the probe
beam waist to the sample, over a distance given by several times the probe beam confocal
distance.?* It is interesting to note that the crossed-beam thermal lens signal changes sign
as the probe beam waist crosses the interaction region. By placing a reference and sample
cuvette equal distances from the probe beam waist and by using equal intensity pump beams,
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it should be possible to construct a differential crossed-beam thermal lens instrument similar
to the differential thermal lens instrument.

The amplitude of the crossed-beam instrument has been considered as a function of both
frequency and time. The frequency response of the crossed-beam thermal lens is similar to
the conventional thermal lens; both techniques demonstrate a 20 dB/decade decrease in signal
for modulation frequencies much greater than the reduced modulation frequency.' The
agreement between the time-resolved data and theory depends upon the sophistication of
the theory. For a pump beam modulated with a mechanical chopper, it is necessary to
consider the finite time for the chopper blade to cross the beam. Very good agreement has
been reported between the theory based upon a trapezoidal excitation function and data.*?

The crossed-beam thermal lens has been considered for flowing samples.** The time-
resolved signal may be used to obtain the flow velocity at the intersection region of the
pump and probe laser beams. The crossed-beam thermal lens technique provides a nonin-
trusive measure of flow velocity and has been used to map the flow profile within a [-mm
square flow chamber. The data were similar to the expected Laminar flow profile.

Flow acts to remove heat from the intersection of the pump and probe laser beams. This
decrease in heat results in decreased magnitude for the cw laser-excited crossed-beam thermal
lens. However, the probe beam may be offset downstream by a small distance to maximize
the crossed-beam signal. The signal-to-noise ratio is similar for both the coplanar crossed-
beam experiment in static samples and the offset crossed-beam experiment in flowing sam-
ples.®

C. Crossed-Beam Thermal Prism .

Analogous to the long path length variant of the thermal prism, a crossed-beam design
may be employed to produce spatially resolved absorbance measurements, Figure 27. Here,
the cylindrical lens formed by absorbance of a Gaussian pump beam is probed at right angles
with a tightly focused probe beam. However, the pump and probe beam axes are offset so
that the probe beam passes through the maximum gradient in refractive index. The probe
beam is deflected by the heated region through an angle 6 given by the gradient of the
refractive index profile

_ 0.56EcC dn/dT

kt(1 + 2tt) (75)
where E is the energy of the pulsed pump laser.* Note that the deflection angle is independent
of the path length but is dependent upon the square of the pump beam spot-size contained
in the t_ term. Since the impulse response crossed-beam thermal lens instrument is dependent
upon the cube of the pump beam spot-size, the thermal lens measurement may prove more
useful for small volume applications.

Unfortunately, there is very little information concerning the analytical utility of the
crossed-beam thermal prism. In one paper, the crossed-beam instrument for measurement
of Beer’s law loss due to absorbance of the pump beam between the cuvette window and
the probed volume has been considered, but little experimental detail was provided.'*¢ This
instrument employed a chopped argon ion excitation source and lock-in detection.

The effect of the displacement between the pump and probe beams has been considered.**’
As expected, the amplitude maximized when the probe beam passed through the inflection
point in the temperature distribution.

A number of studies have been published for study of flowing, gas phase sam-
ples.*#59-63.158 These studies verify that thermal prism measurements based upon the time-
resolved deflection signal may be applied to flow velocity measurements.
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FIGURE 27. The crossed-beam thermal prism. The probe beam is aligned off axis from the pump beam. Deflection
of the probe beam is monitored with a position-sensitive detector.

D. Crossed-Beam Interferometery

There appears to be only one crossed-beam thermo-optical measurement of sample ab-
sorbance using an interferometer.'*® In this experiment, a Jamin interferometer was con-
structed with the sample cell in one beam. A argon ion pump beam was focused into the
cuvette at right angles to the probe beam. The probe and reference beams were recombined
and sent to a photodiode detector. Interference between the two beams generated an intensity
shift at the detector synchronous with the chopped argon ion beam; the signal was proportional
to the phase shift in the probe beam arm of the interferometer.

The phase shift, A, induced by absorbance of a focused Gaussian beam in a homogeneous
sample is given by the integral of Equation 14 over the probe beam optical path. The phase
shift induced along the center of the pump beam is given by

2.303V/2% dn/dT EeC
2akt.w(l + 2vt)"2

27w d/dT
Ad = ﬂT f AT dpath = (76)

where A is the wavelength of the probe laser. The change in intensity generated within the
interferometer is proportional to Ad for small phase shifts.

E. Thermal Grating
A thermal grating is formed from the absorbance of two intersecting, mutually coherent
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FIGURE 28. The thermal grating. The pump beam is split into two equal intensity beams which are crossed
within the sample. The beams undergo interference, thereby generating a set of intensity fringes within the sample.
The resulting heating of the sample generates a periodic (in space) refractive index perturbation which acts as a
phase grating. The phase grating diffracts light from a probe beam aligned at Bragg’s angle. The diffracted or
signal beam is monitored with a high-sensitivity photodetector.

laser beams, Figure 28.'6-19%-162 The two beams interfere, generating a set of light and dark
intensity fringes within the sample. The spacing between the fringes, (1, is given by

_ A
2sin 0

Q an

where 6 is the intersection angle between the two beams. If the laser beam spot-size at the
intersection region is , then the number of fringes across the intersection region is ap-
proximately given by w/€2. The intersection volume is given by

87w?
Vol = 8
olume = ===~ (78)

assuming that the pump beam spot-sizes are identical and equal to w.
Absorbance of the intensity fringes produces a periodic temperature and refractive index
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perturbation within the sample. The refractive index perturbation at the center of the fringe
region is given by

9.2E C
An = _MPE_. (79)

max wpcpmz
where E,,, is the total energy contained in both pump laser beams. Maximum fringe contrast
is produced when the intensity of the two pump beams is equal.
The thermal relaxation time for the grating is given by

- pC (1 8
L 41k (80)

Note that the time constant is proportional to the square of the fringe spacing.
The grating may be probed in several ways. Most commonly, a probe beam intersects
the grating at Bragg’s angle

0 = 2 5in""(\,0pe/2€0) (81)

where 6 is the angle between the incident and diffracted beam.
The diffraction efficiency is given by

I

—I;=

8 2303 E n/dT
8w [ d EC]Z 82)

‘pump
V3

PCo®purmp probeSin(20)
where I, is the diffracted intensity and I, is the incident probe intensity.

Several important properties of the thermal grating have been pointed out.!s-!%-16! The
signal is quadratically dependent upon both analyte concentration and pump laser energy.
Very high sensitivity may be obtained using high-energy pulsed pump lasers.'®' Unfortu-
nately, background absorbance ultimately limits the highest useful pump laser energy.

The quadratic dependence of the signal upon analyte concentration is a nuisance at best,
requiring many calibration points. Furthermore, if the pump energy is not sufficient to
produce an appreciable background signal, then the quadratic concentration dependence
implies that the concentration sensitivity goes to zero at low concentrations.

The signal is independent of path length, as are the other crossed-beam techniques.
However, Pelletier and Harris'®' have shown that an appreciable number of fringes are
required to produce a significant signal. The diffraction intensity drops well below the
theoretical value of Equation 82 for less than 10 to 20 fringes. This fringe number requirement
suggests that the minimum probed volume in the grating experiment will be relatively large
compared to the other crossed-beam instruments.

A major limitation of this instrument is the severe alignment constraints.'®' Angular
misalignments of the beams by 0.03 to 0.001° can produce significant deterioration in the
signal amplitude. The thermal grating instrument is not robust with respect to alignment.

Detection limits using a pulsed pump laser were eéC = 6 X 10~* cm~' using an aqueous
sample.' Detection limits of €C = 7 X 107* cm™! were reported using a chopped argon
ion pump laser beam and carbon tetrachloride solvent.'®'

The thermal grating has been used to measure two-photon absorbance.'®? Since the two-
photon absorbance cross section is proportional to the square of the pump laser intensity,
there is a diffraction signal generated corresponding to one half the fringe spacing; two-
photon absorbance generates a diffraction signal at twice the Bragg angle. The placement
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Table 7
SMALL VOLUME ANALYSIS

Liquid Phase Determination

Detection
Detection limit-
probe probe
limit Probe volume
Analyte Solvent Type Laser M) volume product Ref.

Iron 1,10-phenanthroline I:1 MeOH:water XBTL 100 mW 9 X 107" 0.2 pf 120 atoms 8
514 nm

Liquid Chromatography Detection

Detection
Analyte Solvent Type Laser limit Ref.
DABSLY-amino acids 3:2 MeOH:water XBTL 100 mW 04—45pg 163

488 nm

Note: XBTL = crossed-beam thermal lens.

of one detector at the diffraction angle for one-photon absorbance and a second detector at
the diffraction angle for two-photon absorbance allows the simultaneous measurement of
both one- and two-photon absorbance. Two-photon absorbances corresponding to eC =
1 X 1072 were reported using a pulsed pump laser.

F. Applications

Only a few analytical applications have been reported for crossed-beam thermo-optical
techniques.®'* Iron was determined with 1,10-phenanthroline in a mixed 1:1 water-methanol
solvent mixture and a 100-mW pump beam at 514.5 nm, Table 7. Detection limits were
9 X 107" M iron. Although the concentration detection limit is not particularly small, the
determination was performed with an extremely small probed volume, 200 fL. The con-
centration-probed volume product corresponds to 120 iron atoms present at the detection
limit. It should be noted that this instrument was nor background limited. The solvent
background was only a factor of five greater than the detection limit. At least another order
of magnitude improvement in detection limit should be possible with higher pump laser
power.

Detection limits of 6.7 X 10~* M amaranth in methanol have been reported using 0.38-
m)J pulsed pump laser in the crossed-beam thermal lens.'*® Unfortunately, an estimate of
the probed volume in this experiment was not reported.

The crossed-beam thermal lens has also been applied to liquid chromatographic detection
of (dimethylamino)azobenzenesulfonyl (DABSYL) derivatives of six amino acids.'®? A 3:2
methanol-water solvent was employed with a reversed-phase, 1-mm I.D. chromatographic
column. Detection limits ranged from 5 fmol of glycene to 300 fmol of methionine injected
onto the column. Recently, the technique has been applied to packed capillary column liquid
chromatography, 250-pm I.D. columns, 75-cm long, of DABSYL amino acids and dini-
trophenythydrozone derivaties of ketons. Detection limits fell in the low femtomole-to-high
attomole range.

The small probed volume of the crossed-beam thermal lens suggests a potential application
for scanning laser microscopy. Here, the crossed-beam thermal lens signal is recorded as
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the sample is translated through the intersection region of the pump and probe laser beams.!'**
Both geological and biological tissue samples have been studied. In addition to absorbance
information from the amplitude of the lock-in amplifier, the phase may be employed to
generate information on the thermal properties of the sample. For example, the geological
sample studied, the mineral sphalerite, ZnS, is somewhat unusual in that dn/dT is positive,
whereas most substances have negative dn/dT. Small fluid inclusions trapped within the
matrix generate a signal of opposite sign from the ZnS matrix.

V. THERMO-OPTICS FOR SURFACE ANALYSIS

A. Introduction

Several thermo-optical techniques have been developed for the measurement of absorbance
at a surface. In all of the techniques, a modulated pump beam is directed at a right angle
to the surface. The heated sample both deforms and heats the surrounding atmosphere. The
heated atmosphere surrounding the illuminated sample will act to deflect a probe beam
directed parallel to the surface through the heated region. This beam deflection is the basis
of the mirage effect, the best developed of these surface thermo-optical techniques. By
translating the sample through the intersection region of the pump and probe beams, images
of surface absorbance may be constructed on a point-by-point basis.

Another thermo-optical technique has been considered for surfaces where a probe beam
is reflected from the surface region illuminated by the modulated pump beam. Thermal
expansion of the surface defocuses the reflected probe beam. Since the thermal defocusing
produced by the surface deformation does not require interaction with the surrounding
atmosphere, the surface deformation technique may be performed in a vacuum.

Thermo-optical techniques developed for surface analysis are not well suited for highly
absorbing samples. Thermal saturation occurs when most of the pump beam energy is
converted into heating the sample; the dynamic range of the measurement will not allow
determination of small spatial changes in absorbance.

B. Mirage Effect

The mirage effect is based upon deflection of a probe beam near a surface heated by
absorption of a pump beam and is named after the commonly observed mirage formed over
a heated surface. Several investigators independently described or proposed the
effect.'®>'%7 In a typical experiment, Figure 29, a modulated pump laser beam is focused
onto the interface between a solid and a surrounding gas or liquid. The heated surface
produces a temperature rise in the nearby gas or liquid. The heated gas or liquid forms a
thermo-optical element which acts as a prism to deflect a probe beam directed parallel to
the surface through the heated region.

As discussed in Section III.D, several types of position-sensitive detectors may be em-
ployed to measure the probe beam deflection, including a small photodiode located at the
inflection point of the probe beam profile, a bicell, a lateral cell, or a photodiode array.
The dominant noise sources in the mirage experiments appear to be vibration of optical
components'®® and drift of the laser beam position.

Several analytically important parameters have been considered for the mirage etfect. 6816
The signal-to-noise ratio maximizes when the probe beam is closest to the absorbing surface
and decreases steadily with distance away from the surface. The signal-to-noise ratio also
increases with pump laser power until proportional noise becomes significant. The signal
decreases with modulation frequency at about 20 dB/decade, as in other thermo-optical
effects.

The signal decreases with the probe beam offset from the surface. This decrease should
be minimal when the probe beam is within one thermal diffusion length of the surface,
defined by
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FIGURE 29. The mirage. A modulated pump beam is focused onto an absorbing surface. The heated surface
heats the surrounding atmosphere which deflects a probe beam aligned parallel to the surface. Deflection of the
probe beam is monitored with a position-sensitive detector.

Thermal diffusion distance = (D/v)"? (83)

where D is the thermal diffusion constant and v is the modulation frequency. For typical
liquids, D falls near 1 X 1072 sec™' cm?; at a modulation frequency of 10 Hz, the probe
beam should be within 0.01 mm of the surface.

The frequency behavior of the signal is determined by two components. The first is due
to thermal diffusion away from the surface to the probe beam, described above. The other
is radial diffusion of heat away from the pump beam axis. This radial decay of heat will be
dominated by thermal diffusion within the transparent gas or liquid surrounding the surface.
A time constant can be estimated for the radial thermal diffusion by

t, = /4D (84)

where o is the pump beam spot-size and D is the thermal diffusivity of the transparent
medium. To achieve high modulation rates, it is necessary to utilize a tightly focused pump
laser beam.

An intercavity detector for the mirage effect has been reported.®® A 100-mW krypton ion
laser produced the pump beam at 351 to 356 nm. The pump beam was focused onto a solid
sample located within a slightly detuned argon ion laser cavity, just below the intercavity
beam path. The argon ion probe laser intensity would decrease when the sample was illu-
minated by the pump beam. The intercavity detector produces a factor of 16 improvement
in signal-to-noise ratio compared with an extracavity conventional mirage instrument.

A Fourier transform spectrometer has been used to produce a modulated pump beam in
the mirage experiments.'”® A reference beam was used to compensate for environmental
disturbances in the probe beam path. Spectra were obtained from a number of organic and
inorganic solids.

Instead of deflection by the thermo-optical element at the surface, a phase modulation
can be induced by scattering from the sound waves propagating away from the surface.'”!
The measurement requires a very high-frequency modulated pump beam, 1 GHz, and a
heterodyne detection scheme to demodulate the signal. The primary advantage of this sound
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FIGURE 30. Thermal deformation. A pump laser illuminates a surface. Thermal expansion produces a convex
surface which acts to defocus a probe beam illuminating the heated surface. If the surface is a liquid, thermally
induced changes in surface tension produce a concave surface to focus the probe beam. The pump and probe beams
may be coaxial, and the reflected beam may be used to isolate the signal in an epi-illumination configuration.

wave scattering technique is very high spatial resolution. Since the signal is modulated at
very high frequencies, thermal diffusion does not govern the spatial resolution; instead, the
pump beam spot-size limits the spatial resolution.

C. Surface Deformation

The mirage effect can only be applied to surfaces immersed in a liquid or gas; the
measurement cannot be used in a vacuum. A related thermo-optical technique has been
developed which measures the deformation of the surface induced by the temperature rise,
Figure 30.'7-'72.17 A modulated pump beam produces a time-varying temperature rise in the
absorbing surface. Thermal expansion in solids and thermally driven capillary action in
liquids acts to produce either a small hill or dimple on the surface. A cw probe laser beam
is reflected from the deformation, and a time-dependent intensity change is observed in the
far field. In essence, the deformed surface acts as a curved mirror to focus or defocus the
probe beam.

A 100-mW argon ion laser beam is modulated at high frequencies, up to 10 MHz, to
produce the surface deformation in the sample. A cw helium-neon probe beam is reflected
from the sample. Microscope objectives may be employed to probe very small samples.

The surface deformation differs from other thermo-optical elements considered in this
manuscript. The phase shift induced in the probe beam is not produced by a change in the
refractive index of the medium but instead is due to a physical change in the path length
due to the surface deformation. The thermal expansion is the primary characteristic of the
sample which is probed, not the change in the refractive index with temperature.
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Table 8
THIN-LAYER CHROMATOGRAPHY
Detection

Analyte Pump laser limits Ref.
1,2-Napthoquinone 20 mW 2.3 ng 175
Phenanthrenequinone 488 nm 31 ng
Alpha-ionone 7.5 pg
1,2-Napthoquinone 20 mWV 25 pg 168
Phenanthrenequinone 457.9 nm 1.3 ng
Alpha-ionone 6.2 pg
Congo red 100 mW 0.5 ng 169
trans-Azobenzene 350—356 nm 0.9 ng
trans-Azobenzene 21 mWV 1.3 ng 98

457.9 nm

D. Thermally Induced Reflectance Changes

Another potential thermo-optical technique for the study of surface absorbance can be
considered. It is known that the reflectivity of certain thin films, such as gold, is a function
of temperature.'” Reflectance changes of about 0.1% per degree temperature rise have been
noted. It should be possible to produce a time-varying reflectance change in the film with
a modulated pump beam and to monitor the reflectance change with a second probe laser.

E. Applications

There have been several applications of the mirage effect for analytical chemistry, par-
ticularly as a detector in thin-layer chromatography (TLC), Table 8. Detection limits fall in
the low nanogram range and appear to be determined by both the background signal orig-
inating in the chromatographic plate and the skill of the chromatographer to produce low-
dispersion spots. The area of thermo-optical densitometry as applied to TLC and two-
dimensional electrophoresis appears to be fertile for future application.

The mirage effect also has been applied to a study of metal corrosion.'” Slow termporal
resolution appears to have resulted from the use of an unfocused pump laser beam. Quan-
titative detection limits have been determined for several substances using the intercavity
beam deflection instrument.'”” Detection limits for copper of about 100 pg were shown.
The mirage effect has also been applied to detection of absorbing species formed electro-
chemically in solids.'™®

The mirage effect has been used for scanning laser microscopy of solid surfaces. Several
studies of subsurface flaws within solids have been reported.!”-'8°
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