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Figure 1, “he prnciples of four widely used photothermal spectroscopic techniques

The opticat confizuration and the 1iscrete optical alement that approxirmates the rafractive-index distribu-
tion are shown
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In his Travels Marco Polo wrote, "It
is said that some petsons, in their
course across the desert, have seen
what appeared to them to be a body of
armed men advancing towards them,
and apprehensive of being attacked
and plundered have taken to flight.”
(7). The illusions in the Gohi Des-
ert described by Marce Polo, whether
exaggerated or not, are common phe-
nomena in deserts and other areas of
high temperature throughout the
world. Tt is now wel| understood that
these bands of desert marauders are
mirages. They are simply the effect of
unsteady refractive-index distriby-
tions caused by dissipation into the air
of the energy absorbed by the earth
from the intense desert sunlight.

On the laboratory scale, refractive-
index distributions produced by light
absorption and consequent local heat-
ing are increasingly useful phenome-
na. These are the effects used in pho-
tothermal spectroscopies, an emerging
class of ultrasensitive absorption spec-
troscopies. Laser light, rather than
sunlight, is the usual energy source. In
liquids or gases or weakly absorbing
solids, the refractive-index changes
are probed in the abserbing medium
itself. Opaque or highly scattering sol-
ids, such as powders, are probed by
the refractive-index gradient generat-
ed in a coupling fluid in contact with
the solid.

Many experimental configurations
have been used to probe these two



kinds of systems. The principles of
four popular approaches are outlined
in Figure 1. The refractive-index dis-
tribution generated by each experi-
ment approsimates a conventional op-
tical element. That element is shown
next te each configuration.

By far the most cammon effects
used are transverse photothermal de-
flection. also called the mirage effect,
and the thermal lens effect. Trans-
virse photothermal deflection probes
the refractive-index change of the me
dium in thermal cuntact with the sam-
ple, whereas the thermal-lens tech-
nigue probes the change of refractive
index of the sarnple directly. The ther-
mal lens can be observed as the defo-
cusing ol the laser that heats the solu-
tion, or as the defoeusing of a second
weak prohe beam. Variants in which
the lens is observed with a nonparax-
tab probe faser are increasingly com-
mon. Depending en the details of the
experiments, and the laboralories re-
purting them, these technigues are
called collinear photothermal deflec-
tien or crossed-beam thermal-lens
measurements,

Photothermal effects are closely re-
lated to the photoacoustic effect. In
photuacoustic measurements, the heat
generated by light absorption is de.
tectod us a pressure change, using a
microphone or other pressure trans-
ducer incontact with the sample or a
couphng uid. Both photoacoustic
and photothermal spectroscopy are in-
direct absorption measurements.

To the extent that a sample is em-
bedded in a nonabzorbing matrix
photathermal and photoacoustic
trascapies are zero background meas-
urement technigues. They should pro-
vide for nonfMuorescent systems the
same advantage that fluorimetry of -
fers. which is the absence of shot noise
assacialed with measurement of a
large background signal. This advan-
tage is more easily realized n gases
than in liguids or solids, [n principle,
phatuacoustic and photothermab mes -
urements are vapable of measuring abi-
sorbances down to 10" units, al-
though this tevel s rarely reached. By
that standard, nominally transparent
materials, which may have absor
bunees of 10 7107 Yem, are strongly
abzorbing. In condensed phase meas-
urenments photothermal technigues
are often lunited by the nolse assoria: -
ed with malnx absarption.

The thermal lens effect was first ob-
served i the early vears of Tuser Ha-
man experiments by Gordon and co
workees (23 They observed that the
srrad] amount of heat deposited ina
liegied bonaene sample caused local
heating, The heat.in turn, formed a
refeinetive-index distribution (hat be

haved as a diverging lens, Because the
thermal lens defocused the laser beam
that generated it, even small absorb-
ances were easily detected as changes
in the spot size of the laser beam.

Thermal-lens spectroscopy was scon
applied in the physics community for
measurement of visible light absorp-
tion by pure organic liquids. By the
early 1970s, the technique was used by
Flynn and his co-workers to study vi-
brational energy transfer in the gas
phase {3). In the mid-1970s Albrecht
and Swofford (4) introduced a con-
venient two-laser variant for liquid
phase measurements, and Kliger and
Twarowski (5, 6) began a study of two-
photoen absorption using pulsed dye
lasers and thermal-lens detection.
Harris's INSTRUMENTATION article
on thermal-lens theory in this JOUR-
Nal (7) introduced the technigue to
analytical chemists and sparked the
current interest in applications of this
technique.

Transverse photothermal deflection
was first reported by Boccara et al. (8)
in 1980. The effect is an application of
the mirages described by Marca Polo.
In fact, Boceara et al. used the term
“mirage effect” to describe their ex-
periments. The heating beam is
pulsed or modulated and aimed ap-
proximately perpendicular to the sam-
ple surface. Tt is frequently, but not al-
wiys. a laser beam. The energy ab-
sorbed from the heating heam and
converted to heat is transferred from
the sample to the coupling fuid above
it. The transferred heat generates a
pulsed or modulated refractive-index
gradient that is monitored as deflec-
tion of a probe laser heam placed close
1o und parallel to the sample surface.
Within a vear, applications to chemi-
cal spectroscopy began. Among the
first was detection of Fourier trans-
form infrared spectra of solids (9. In-
terestingly, this application does not
use a luaser as the heating heam.

The term photothermal deflection is
sometimes used to describe several
photothermal effects that cause a
prube laser heam deflection, rather
than a change of focus only, Detection
ol a thermad lens by measurement of
the deflection of & prabe beam placed
off-center in the lens (719 is ealled col-
lincar photothermal deflection. The
mirage effect is often called transverse
phstothermal deflection. Photother-
mal displacement is the label for meas.
urement of the photothermally in-
duced distortion of the surtace of a
smunth solid sample by deflection of a
probe laser beam reflevted from it
o

To compound the confusion, prob-
i the thermal lens i a sampde al
right angles to the Laser heam that
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caused it is called photothermal re-
fraction {I2, 13). As shown in Figure 1,
the thermal lens will appear as a cylin-
drical lens to the probe beam. The
photothermal-refraction configuration
minimizes the probed volume in the
sample and provides the best spatial
resolution of the single-phase pho-
tothermal experiments.

Diffractive photothermal effects can
be generated with two crossed laser
beams and probed with a third. These
experiments are called transient grat-
ings, photothermal gratings, phase
gratings, or holographic measure-
ments. In principle {and sometimes in
practice) they provide the best sensi-
tivity and the lest temporal and spa-
tial resolution of all of the photother-
mal measurements. However, the grat-
ing experiments are also the most
difficult and least suited for routine
analytical use.

The essential unity of the various
phoetothermal techniques is illustrated
by Figure 1. In each case a difTerent
discrete optical element approximates
the behavior of the refractive-index
distribution as generated and meas-
uted. The thermal lens effect and col-
linear photothermal deflection can be
represented by a spherical lens. The
experiments differ only in whether or
not the lens is probed paraxially. The
mirage effect can be modeled by an in-
verted prism. The model fot phato-
thermal refraction is a cylindrical lens.
The crossed heating-heam experi-
ments generate refractive-index distri-
butions that behave as transmission
diffeaction gratings. No matter what
optical element is generated, the un-
derlying phenomena remain the same.

A laser prohe beam can be defo-
cused or deflected by a refractive-in-
dex distribution, ne matter how it is
generated. For example, McCreery
and co-workers have studied electrode
reactions by monitoring the refractive-
index changes caused by the concen-
tration gradient near the elec-rode
surface (14). Pawliszyn recently sug-
gested that laser beam deflection
might be applicable to a large number
of analytically interesting syeiems in
which a concentration distribution is
generated {15).

Photothermal instrumentation

In a typical transverse photother-
mal deflection system (Figure 1), the
heating beam is a low-power laser,
muodulated at 5-20 Hz with a mechani-
cal chopper. The perindic deflection of
the low-power helium -neon jrrobe
beam is monitored with a razor blade
and a photodiode and demodulated
with a lock-in amplifier. A position-
sensing photodiode can replace the ra-
zor blade photodiode. A pulsed laser
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Figure 2, Pump-prcbe thermal lens system
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The lens is generated with a modulated argon jon laser and probed with a much wasker He-Na laser.
L = lens, M = mirror, F = filter. {Reprinted fram Butiett, C. E.; Morrls, M. D. Anal. Chem. 1982, 54, 1824-

2%}

can be used in place of the continusus-
wave (CW) laser, with gated integra-
tion in place of lock-in demedulation.
Other variants on this design include
use of an arc lamp and menochroma-
tor as the heating beam and use of car-
bon tetrachloride rather than air as
the coupling fluid.

For quantitative analysis the con-
centrations or quantities of samples
can be obtained simply by calibration
at a fixed wavelength with standards,
If the wavelength of the pump beam is
varied, the deflection of the probe
beam is then a measure of the absorp-
tion spectrum of the sample investi-
gated. Fur this purpose, an incoherent
heating beam is usually more conven-
ient than a laser.

A thermal-lens measurement can be
made using only a single laser because
the beam that generates the lens is it-
sell defocused, The strangth of the
lens can be measured by estimating
the steady-state defocusing as the re-
duced transmission through a small
aperture located some distance be-
yond the sample. Harzis and co-work-
ers have demonstrated that measure-
ment of the complete time evolution
of the thermal lens provides superior
results (16). They measure the intensi-
ty decrease over a period of 0.01-1.0 5.
The data are fitted 1o the thermal-lens
equation {see below) to derive the
sample absorbance.

Sotne groups use independent heat-
ing {pump) and probe laser beams, as
introduced by Albrecht and Swofford
(4). With a moedulated CW laser, the
twa-beam system can use convenient
lock-in amplifier signal processing of
the probe beary defucusing signal.

Careful comparison has shown that
one- and two-beam aystems provide
essentially identical detection limits
{I7}. A two-beam system is required
with pulsed lasers because the laser
pulse duration is much shorter than
the response time of the thermal lens
itself. Two-beam systems are also re-
quired for nonparaxial probes of the
thermal lens, as in collinear photo-
thermal deflection or photothermal
refraction.

Figure 2 shows a typical twe-beam
thermal-lens measurement system.
The heating taser is an argon ion laser,
usually operated with 20-100-mW
output. The beam is modulated with a
mechanical chopper and combined
collinearly with a helium-neon probe
beam. The combined beams are fo-
cused into the sample with a short
{30-10¢ mm, depending on the appli-
cation) focal-length lens. A simple
glass filter is used to isolate the probe
bearn beyond the sample. An optical
fiber serves as the limiting aperture
and also to relay the probe beam to a
photodiode. Similar systems, with dif-
ferent probe beam orientations, are
used for photothermal refraction and
collinear photothermal deflection.

Low-power (0.5-2-mW) He-Ne la-
sers are the most commonly used
probes for photothermal measure-
ments. Modern designs provide stable
outputs and nearly ideal Gaussian
beams. The lasers are inexpensive and
have operating lifetimes of 10,000-
20,000 h.

Theory

A rigerous treatment of most pho-
tothermal effects leads to intractable

equations. Simplifying assumptions
are necessary. Typically, these work
well for small refractive index distri-
butions, as encountered at low absorp-
tions or with low laser powers; how-
ever, they may not he quantitatively
correct if the photothermal effect is
strong,

Gordon and co-workers presented
the first theoretical treatment of ther-
mal-lens theory, Their treatment was
used by Hu and Whinnery (18) to de-
scribe the one-laser thermal lens meas-
urement system. We use the modifica-
tions of Carter and Harris {I9), which
successfully account for lens aberra-
tions (20},

If the illuminating laser is turned on
at some time ¢ = 0, the intensity, fit),
through the Jimiting aperture is given
by Equation 1.

i _ !
T

(i)

The sample absorbance is included
in ¢, defined by Equation 2.

dn
1.1912 —_—

Py 2)

P is the absorbed laser power, which is
proportional to the incident power
(Po) and the absotbance (A}, k is the
thermal conductivity, and A is the
wavelength, The critical time (¢.) is
L= wf/&tD where 1 is the beam radius
at the sample and D, the thermal dif-
fusivity of the sample.

Equation 1 is an adequate descrip-
tion of the thermal-lens effect ob-
tained with CW lasers, at least up to
absorbance 0.01. Related equations
are oblained for the two-laser systems
using pulsed lasers or modulated CW
lasers. In all cases the equations pre-
dict that the response will contain
terms that are linear and quadratic in
coticentration and time. This funda-
mental nonlinearity is a minor compli-
cation for absorbance measurements
above about 0.001. For weakly absorh-
ing samples, a linear concentration re-
sponse is usually observed,

The quantity in Eguation 3,

8/A = 1.19 Pidn/d T/ Mk R}

is often called E, the enhancement
factor, in the analytical literature (7).
The enhancement factor is the relative
thermal-lens response. Enhancement
factors for common solvents have been
tahulated by Harris and Davichi,
They range from about 0.14 for water,
through 1.7 for methanol, to 4.7 for
carhon tetrachloride, for 1-mW laser
power. In all photethermal spectrosco-
pies, the ratic of refractive-index coef-
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Figure 3. IR photothermal deilection spectra of Wavelength (nm)

Masohippus jaw bone and tooth, Oligocene, White

River formation, Sauth Dakota

Spectra are iom dillerent posstions on the fassil {Rrprmted

wilh permission from Reference 23]

ficrent ta thermal conductivity will
pevernn Che sensitivity, It s clear that
water s not the best choice of solvent
for thermad fens expertiments. Cony
pared with other solvents water has o
small refractive indey temperature co-
effivient. which contribites to o weak
thermal lens, 1t also bas o targe ther-
mal conductivity, which contribuies (o
il dissipation of the lens.

Feuation 4 is the basic transverse
phatothernial di flectiog respratise [or
asimseidally modudated Besinting
hl’df”

T (T L

WE T o
A ol b 1
Fis valid in the Tinit of low absor
baswe, A rebated equation deseribes

the response to a pulsed heating heam.
In Equation 4. is the deflection
angles o ds the ahsorption per anit

lenath of <omple, 1 ity length of
satnple iuminated, o s the density of
the sample, €45 its specilic heat, w js
the tangutart modutation froquency,
and 74 s the thermal diffusivity of the
cotplivg fluid over the sample. The
heathng beam s asanmed to havs 4
uniterm poser densily ineross the il
miated regien. The probe biser beam

with parmission from Reference a1y

ix assumed to have a uniform cross
section. Equation 4 assumes that the
refractive index is perturbed in the
vertical direction onty, This assump-
tion can be relaxed (21),

Bome limitations

Several factors determing the sig-
nal-to-noise (S/N} ratio in phetother-
mal measurements Tngeneral. the in-
tensities ol photothermal effects jn-
crease linearly with power dens

vA
tightly focused pump heam gives a
better 5/N ratio than a loosely focused
beata, At canstant beam cruss-section
arex, increased pump beam PIner can
be used to increase the signal, In oi-
ther case, the signal becomes saturat -
ed bevond certain power densities.
More comumonly, alinve seme
threshold, noise sources inereuse Bro-
portionalty with signal. Proportional
noise sources include unstable intensi-
ty and beam pointing jitter in the
heating and probe lazer heams, me-
chanieal vibration of apparatus, and
mution ot the material in which the re-
fractive index is created. Examples in-
clude eandom air currents perturbing
rhetothermal deflection and flow o
tations breaking up thesnal lenses

Figure 4. Photothermal defiection spectra of ZnSe photocorrosior
(@] pH 4, 20 min at 460 nm 1b) pH 4, 1B h at 460 nm. (¢} pH 7. 18 1 at 480 nm. {Re priniag

formed in chrometographic effloents.
These effects can reduce S/N ratios hy
at least an order of magnitude. Tetac-
tor electronics no se can usually be re-
duced to insignificant levels by prooer
chuice of compunents and signal proc-
essing techniques

In the refractive-index distribution
generated in any photothermal toct -
nigue, there is a sample region w th
maximum refractive-index change.
Probing this region yields maximurn
sensitivity. In each of the two lasar
techniques, careful alignment is re-
quited to achieve optimum S/N mtio
or even reproducible results. In a sin-
£le-beam thermal-lens experimert, iy-
dicious cheice of placement and
the limiting aperture is necessary.

In many analytizal applications
photochemical reactions are poteatia-
Iy a zerious source of error in trams-
verse photethermsl deflection meas
urements or any other measurements
of solids. In a liquid or gaseous sam-
ple. diffusion and convection provic
at least partial replenishment of the
sample. Inacsolid, the same popua-
tivnrof molecules is irradinted as L <
as the laser is incident on the Rame r2-
gion. Samples can e visibly decon-

ol

posed with tightly focused pulsed la-
sers, and, in some cases with lightly
focused CW lasers as well. Cis-trans
phatotsomerization can cause system-
atic errors in photothermal examina-
tion. of compounds containing C=C,
C=N, or N==N bonds, even if the in-
cident laser power is onty a few milli-
watts (22}

Analytical applications

Photothermal effects are useful in
characterizing physical tnd chemical
preperties of & wide varizty of solid,
liquid, and gaseous materials. In this
review, we describe only condensed-
phase applications, with emphasis on
those of current or poler tizl use to an-
alytical chemists.

Materials studies. Lew and co-
workers have investigatest photother-
mal deflection as an alte=native to
photoacoustic spectrosee py for detec-
tion of infrared {IR) spectra of solids.
They have modified a cotventioral
Fourier transform spectrometer to ac-
commodate a probe laser and position
sensor. They have demor strated the
utility of this system for 2xamination
of large, irregular samples that cannot
be accommodatied in a closed photoa-
coustic cell. Their work also shows the
superior sensitivity of phtothermal
deflection detection in this applica-
tion. The trade-off is 2 somewhat in-
creased complexity, as thz probe laser
beam must be positioned carefully
over the sample if quantizative meas-
urements are desired. Th= photother-
mal technique has been asplied to the
study of samples as diverse as fossils
(2.0), minerals (24), and h-1man hair
(25). The spectra of fossii zed Meso-
hippus jawbcne and tootl samples are
shown in Figure 3.

Photothermal deflectio using a xe-
non are lamp has been used to obtain
the absorption spectrum of powdered
minerals, inc]uding those used as pho-
toelectrochemical surfaces (26). Both
interferometers and dispe-sive mono-
chrumators have been used to ohtain
UV-vis spectra of materials {27).

Photoacoustic spectrosaopy has
been applied to the in situ study of
metal-electrolyie intetfaces (28}, Pho-
tothermal deflection is three orders of
magnitude more sensitive than pho-
toicoustic measurements of absorhing
species at a solid-liquid in:erface {29).
The photothermal deflection tech-
nique has been used to menitor the
electrochemical deposition of a thin
layer of metal or oxide on o metallic
electrode (303 and to study the photo-
corrosion of semiconductons (31). Fig-
ure 4 shows photothermal deflection
spectrit of the thin films of selenium
generated by a blue light il umination
of ZnSe immersed in electrlytes.

Phatathermal effects car alse be
used to measure the thermal proper-

30}
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Signel fmy)
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Figure §, High-performance liquid chreo
120 tmol of each of six amino acids

Time {miny

matography chromatogram of

Peak 1, glycine; 2, proline; 3, methioning; 4, ryptophan; 5, leucine; and 8, phenylalanine.
{Reprintad from Reference 36 with permission of the Elecvrcchemica! Soctety Inc.)

ties of materials. For example, the rate
of dissipation of the thermal lens is a
quantitative measurement of thermal
diffusivity. The major thermal-lens
measurement schemes have been ugsed
in this application (32).

Chromatography. Several groups
are engaged in development of pho-
tothermal spectroscopies as detectors
for liquid chromatography {L.C). Ap-
plications to microbore (33, 34} and
capillary (35) column chromatagraphy
appear to be mast promising. The de-
tector volume constraints of micro-
bore and capillary columns are no im-
pediment. Strong thermal-lens signals
are easily generated in volumes of a
few nanoliters or even picoliters. For
example, Figure 5 shows the detection
of 120-fmol quantities of several ami-
ne acids separated on a microbore col-
umn, The experiment uses the pho-
tethermal refraction configuration
with a working velume of a few pica-
liters.

Thermal-lens LC detectors have re-
cently achieved noise levels of 0.1 mi-

croabsorbance (34, 36). The extraord;-
nary sensitivity results from the com-
bination of good aptical design with
the use of a low pulsation pump to
eliminate flow fluctuation noise. By
contrasi, the latest conventivnal com-
mercial absorbance detectors have
noise levels of about 10-20 microab.
sorbance, Earlier thermal lens detec-
tors reached 1-microabsorbance noise
levels but were unable to penetrate
that barrier.

Much of the exploratory work has
been carried out with argen ion laser
sources, operating in the mid-visihle
region. It is clear that widespread util-
ity will require operation in the GV Te-
gion, especially 200-300 nm. However,
the current high cost and complexity
of UV lasers have restricted their use
to a few specialists.

Although most attention has been
focused on LC, supereritical fluid
chromatogeaphy (37} is another prom-
ising area. The enhancement factor for
sugrereritical carbon dioxide is about
150 times greater than that of carbon
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The mirage is created by 2 pulsed laser (XeF, 2 mJ/pulse]

tetrachloride. Detection limits of 0.2
microabsorbance are reached in flow
systems.

Transverse photothermal deflection
with CW laser sources has been used
for quantilation of samples on silica
thin-laver chromalographic plates (22,
381, Only low (20-30 mW) heating 11-
ser power is Tequited 1o reach detec-
tion limits somewhat lower than are
olitainable by dilfuse reflectance (22).
Figure 6 shows an example of photc.-
thermal deflection using a pulsed ex-
cimer laser as the source.

[remically, in chromatographic ap-
plivations the excellent spatiul resolu-
tion of photothermal deflection may
Yo a disadvantage. Laser beams are
easily shaped to allow probing of a
spot af 114-30-pm dinmeter. However,
thin-layer chromatographic spots and
many other samples are rarely suff -
ciently aniform to warrant this kind of
spatial resolution. Tlghtly focused la-
ser heams probe local fluctuations in
sample conventration. A fluctuating
sample distribution may arise from ir-
regulnrities i the plate coating or
nohuaitorm distribution of chromao-
wenic reagent. for example. Unless the
irregularities themselves are of inter-
eal, sume spatial averiging is usua’ly
desitable.

Miscelaneous. The thermal lens
deteetion method has been explored
for ather analytical applications,
Thermal-lens measurements of phos-
phemolybdate biue have been pro
pesed For ultratrace phosphors anal-
vues i natural waters (39, 40 In this
applivation, dye lasers and inexpe 1-
sive semiconductar divde lasers are
antisfnctory. Leach and Harris (1)
have used thermal-lens spectroscepy
fur menitering fow injection analyses.
Thermal-lons spectroscopy has bren
nsed (o quantily proteins separated by

pelvacrylamide gel electrophoresis
(42, 43). The technique has proven ta
be about two orders of magnitude
more sensitive than conventional den-
sitometry of gels and can use small he-
lium-neen or argor ion lasers to gen-
erate the thermal lens. A typical ex-
ample is shown in Figure 7.

Thermal-lens technigues need not
be limited to liguid- or gas-phase sam-
ples. Burgi and co-workers have used
phutothermatl refraction to probe lo-
calized absorption of transition metal
impurities in sphalerite, a zinc sulfide
mineral (74}, They reported a spatial
resolution of about 107 cm?, |

Continuing progress in laser tech-
nelogy is expanding the range of com-
pact and inexpensive lasers chat are
well suited for photothermal measuee-
ments. The first reports of the use of
semiconductor lasers for photeacous-
tic nnd thermal-lens measurements
have already appeared (41}, 451, Wider
availability of these and other small,
affordable lasers should bring a rapid
increase in the number of problems
readily solved by phutothermal spec-
Lroscopy.
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DETERMINATION OF LOW LEVELS OF URANIUM(VI) IN WATER
SOLUTIONS BY MEANS OF THE LASER-INDUCED THERMAL
LENSING EFFECT

T. BERTHOUD and P. MAUCHIEN
CEA, Centre d'Etudes Nucleaires, Fontenay qux-Roses (France)
N. OMENETTO®* and G. ROSSL

Joint Research Centre, Chemistry Division, Commission of the European Communities,
Ispra-Varese (Italy)

(Received 16th March 1983}

Summary, Thermal lensing specirometry based on a pulsed, excimer-pumped, tunable
dye laser as heating beam and a He—Ne laser as probe is described for the determination
of low concentrations of uranyl ions in water solution. The dye laser, tuned at 414 nm,
has a peak power of about 200 kW and a bandwidth of 0.02 nm. The smallest detectable
sorplivity was 3 X 10~ em™ and the limit of detection for uranium was 4 x 10~ M.

Knowledge of the migration mechanisms of actinide ions in ground waters
is necessary for safety assessments of nuclear waste deposits in rock for-
mations. Classical analytical techniques are usually too insensitive to detect
very low concenfrations of these elements. For example, counting tech-
niques are unsuitable for plutonium and neptunium, because of their very
long lifetimes. Determination of the oxidation state of these elements is
also of major interest for the understanding of their physicochemical
behavior at trace levels. New techniques that could detect and possibly
identify the oxidation state of specific actinide ions in solutions are there-
fore being sought.

Thermal lensing spectroscopy, based on laser excitation, seems to be a
very promising approach for actinide determinations [1]. This technique,
first described by Gordon etal, [2], has been developed extensively in recent
years [3—11]. As in classical absorption spectrophotometry, incident radia-
tion is absorbed by the species to be determined; if the resulting flucrescence
is weak, the absorbed energy is converted to heat which is then dissipated
into the medium. When a laser is used for excitation, the beam can be
focused into the absorbing medium, creating a strong local temperature
gradient and so a refractive index gradient. Gordon et al. [2] showed that in
the case of a gaussian laser beam (TEM,,), spatial redistribution of the re-
fractive index makes the absorbing medium behave as a thin optical lens.
Absorption of the incident beam can then be detected by monitoring the
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focusing or defocusing of the light beam passing through the absorbing med.
ium. This is usually done by sensing the relative variation of the intensity of
the laser beam passing through a small pinhole at some distance from the
absorbing medium. The intensity change can be observed on the beam caus-
ing the absorption or on a probe beam, collinear with the primary beam but
not absorbed by the medium. In the latter case, the creation of the thermal
lens may be chserved by deflection of the probe beam [12, 13] or by its
defocusing. Thorough theoretical descriptions are available (23,5, 1.

Different ezperimental arrangements have been based on continuous
wave lasers (argon ion) or pulsed dye lasers. These earlier studies have demon-
strated that the technique can detect absorptions 2—3 orders of magnitude
«ower than is possible by conventional spectrophotometry. Further, it has
seen shown that water is the worst medium for development of the thermal
.ens effect, beeause of its high heat conductivity and the small temperature
dependence of its refractive index compared to organic solvents such as
chloroforn or carbon tetrachloride. In the present case, however, water
solutions were obligatory because the primary goal was to investigate the
direct applicatility of the technique to ground waters, without dilution or
=hemical treatnent of the samples.

This commmunication presents some preliminary results obtained with
Julsed dye lasar excitation on uranium in pure water solutions. The choice
of uranium is based on the similarity of its behavior with that of the other
actinides and te fact that it does not require measures for radjoprotection,
Df course, the thermal lens technique cannot compete with laser-induced
“luorescence of uranium in terms of sensitivity, but the results obtained with
aranjum indicase what can be expected for similar non-fluorescent species.

Experimental

The complese experimental set-up is schematically depicted in Fig. 1.
The heating laszr beam was a pulsed tunable dye laser pumped by an exc¢imer
kaser. The dye laser [14] (Jobin Yvon, Longjumeau, France) consists of an
oscillator cavity and one amplifier section; the excimer laser (Lambda
Physik, Gottingen, Germany) was operated at the XeCl emission (308 nm).
A solution of stilbene provided the necessary output in the 420-nm region
énd the grating was tuned to select the excitation wavelength of 414 nm
with a spectral bandwidth of approximately 0.02 nm. The duration of the
excitation pulse, measured with a vacuum photodiode (Model F-4000; ITT,
Fort Wayne, IM, U.8.A.) and a fast oscilloscope (Tektronix Model 7904) was
found to be about 6 ns, A peak power of 200 kW {=1 md per pulse) was
rieasured with & volume absorbing calorimeter (Model 380101; Scientech,
Boulder, CO, L.8.A.). The dye laser beam, after spatial filtering, was focused
mto a quartz cell containing the uranyl solution. The thermal effect was
mesgsured by means of a He—Ne laser (Spectra Physics, Model 47430}, the
divergence of which was compensated by a lens. The excitation and probe
beams were made collinear before crossing the sample cell by means of a
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Fig. 1, Schematic layout of the system: L, L, quartz lenses; BS, beam splitter; LT,
light trap; 5, sample cuvette; M,, M,, M, plane mirrors; F, filter; PH, pin-hole; PD, photo-
diode.

quartz beam splitter. After passing through the absorbing solution, the 414-
nm radiation was filtered out and the He—Ne beam was directed throughout
a pinhole to a photodiode after an optical path of about 4 m. The current
from the photodiode was amplified with a current amplifier (Keithley Model
427 and then sent either to a digital storage oscilloscope with averaging facil-
ities {Tektronix Model 468) or to a boxcar integrator (Princeton Applied Re-
scarch Modet 162/165) connected to an X-Y recorder (Hewlett-Packard
Model 7045-B). This set-up allowed retrieval of the temporal behavior of the
signal and recording of the absorption spectrum by rotating the grating in
the laser oscillator cavity.

Results and discussion

in order to investigate the physical characteristics of the effect caused on
the probe beam by the absorbing uranyl solution when the dye laser was
tuned at 414 nm, the concentration of uranium was kept at 10? M in 0.01
M nitric medium. By careful adjustment of the beam splitter, the heating
and probing laser beams could be directed collinearly and/or slightly dis-
placed throughout the absorbing volume. For 107 M uranyl nitrate, the ther-
mal effect appeared to be a combination of both defocusing and deflection
processes, This was substantiated by the clearly seen behavior of the He—Ne
spot on a white screen at the position of the pinhole, and by the critical
dependence of the signal observed on the pinhole position. When the con-
centration of the absorhing solution was decreased, no deflection effect
could be seen. Beam collinearity was therefore optimized to maximize
the varization of the signal which was then attributed solely to the defocus-
ing cffect, the more so because the best results were obtained when the
He—Ne spot was centered on the pinhole.
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Fig. 2. Calibration graph for uranium. The thermal lensing signals were obtained with a
1-cm absorption path,

In order to assess the sensitivity of the above technique, several less con-
centrated solutions were tested for the thermal effect. With the 1-cm path
length cell, a linear calibration curve (see Fig. 2) was easily obtained down to
10 M. With a 3-cm cell, the signal-to-noise ratio was 7 for a concentration of
107 M, averaging 256 laser pulses. This corresponds to an absorptivity of
7 % 10°% cm™, assuming a value of 7 for the molar absorptivity of uranium
at 414 nm [15]. If the detection limit is set at a signal-to-rms noise ratio
equat to 3, then the minimum detectable absorptivity (3 X 107 cm™) corres-
ponds to 4 X 10 M uranium. Needless to say, it is the product of the molar
absorptivity and the molar concentration (i.e., the absorption coefficient) that
matters here: considering that an aqueous medium was used, it can be seen
that these measurements are within an order of magnitude of the best results
previously reported [1] and obtained with more dedicated electronic data
processing.

The main limitations of the present equipment are the poor stability of
the He—Ne probe laser (£2%) and the limited number of pulses averaged to
reduce the random noise associated with the signal. Both parameters, if
propetly optimized, should improve sensitivity considerably, In addition,
the pulsed laser beam was not optimized in terms of its spatial structure;
this could be done, for example, by inserting a small aperture in the oscillator
cavity [10]. Nevertheless, the results obtained without sample treatment
demonstrate that the technique is viable for the detection of actinides, and
certainly worthy of further investigation.
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