An open-ended photothermal cell for /n vive measurements
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A new photothermal open-ended ceil particularly adapted for in vivo spectroscopic
measurements is described. The detector is a transparent LiNbO,; crystal or a crystalline quartz
transducer in direct contact with the sample. The cell can be attached to an optical fiber cable
for light excitation. The cell has a high signal-to-noise ratio and its frequency variation is
proportional to @ ~'®. In vivs and in vitro measurements performed on green leaf and carbon

black samples are presented.

§. INTRODUCTION

In the past few years the field of photoacoustic and pho-
tothermal spectroscopies has been widely developed and nu-
merous applications have appeared in solid-state physics,
photochemistry, nondestructive testing, etc.” The physical
principles are the same for all the methods. When electro-
magnetic radiation is absorbed by a sample, a significant
fraction of the incident energy is generally converted into
heat. This induced heating is usually detected by measuring
either the correlated pressure variation induced in a closed
cell by a sensitive microphone or the thermally induced vi-
bration of & piezoelectric transducer.’

The photothermal deflection spectroscopy {mirage ef-
fect) is another useful and very sensitive technique devel-
oped by Badoz, Fourier, and Boccarra®; it eliminates the
necessity to keep the sample in a closed cell and it is therefore
free of spurious photoacoustic signals generated at the ab-
sorbing walls of the cell by the light scattered by the sample
and the windows. In this case the signal is detected by the
change of the index of refraction produced in a very thin
layer of the fluid (gas or liquid) near the sample by the tem-
perature variation of the sample. A low-power He-Ne laser
probe beam focalized near the sample is therefore deflected.
This detection technique is slightly more sensitive than the
conventional microphone detection.

Photothermal displacement spectroscopy is a related
technique especially useful when the experimental condi-
tions of both photoacoustic and photothermai deflection are
unsuitable for studying optical and thermal properties. Its
sensitivity is somewhat smaller than the mirage effect but
comparable to the microphone dstection. Examples are ex-
periments which require ultra-high vacuum, cryogenic tem-
perature, or in siiy and real-time characterization. Optical
heating of the sample results in the buckling and dispiace-
ment of the illuminated surface. A measure of this displace-
ment is a means for determining the optical and thermal
properties of the sample. Several experimental configura-
tions have been described by Amer.”
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Another powerful and related technique is the thermal
lensing effect, first reported by Gordon er ¢i.%: this effect
arises from the transverse gradient of the refraction index
caused by nonuniform heating associated with radiationless
transitions. A probe laser beam passing through a sample is
defocused by the effect induced by a heating beam; the inten-
sity of the probe beam is decreased at iis center. In pulsed
photoacoustic experiments, piezoelectric detectors such as
PZT, LINBO,, crystalline quartz, PVF, flms, etc.®” in di-
rect contact with the samples show extremely high sensitiv-
ity for detecting weak absorption in liquids and solids. These
detectors, however, are alzo very sensitive to electromagnet-
ic radiations from the infrared® to the x-ray spectral
range™'%; therefore, care must be taken for the mounting of
the samples in order to prevent scattered radiation and excit-
ed luminescenice from reaching the transducer since these
induced signals can mask the true photoacoustic response of
the sample. These are preferred to microphones for pulsed
optoacoustic studies in condensed matter because of the
much faster rise times and the much better acoustic imped-
ance matching, although their sensitivity is typically 1000
times smaller than a sensitive microphone.

Rosencwaig'' has mentioned the feasibility of perform-
ing in vivo measurements of human skin using an open-ended
cell, in which the open side is sealed against the specimen to
be studied. A few experimental devices using a microphone
as a detector have been already tested.'* ' The major diffi-
culty lies in the fact that the microphone is sensitive to the
body’s movements. Poulet and Chambron® solved this
problem by building a photoacoustic detector using a differ-
ential microphone between two identical cells, aliowing /n
vivo cutanecus measurements with reasonably good repro-
ducibility and signal-to-noise ratio ( ~200 at 25 Hz). He-
lander’® and McQueen'®'” have proposed two configura-
tions using a sapphire plate bound to a piezoelectric
transducer that is well suited for liguid and powder measure-
mernts.

This paper reports the design of a simple open-ended
cell using as a detector a transparent piezoelectric trans-
ducer. It allows in vive studies and optoacoustic measure-
ments of samples which cannot be conveniently adapted to
conventional cells. Its high sensitivity renders the cell also
quite attractive for studies of solid materials. Its spectral
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range is defined by the spectrai range of the transmittance of
the transducer.

i EXPERIMENTAL SETUP

The prototype open-ended cell is shown schematically
in Fig. 1. The key element is the transparent transducer. Up
to now only two elements has been tested: LilNbO; (Ref. 18)
and crystalline quartz. Their sizes were iypically ¢ 12.5
mm X 1.5 mm. The faces were cut and optically polished
perpendicular to the X crystallograpbic axis. The electrodes
are ring shaped and made from silver paint. As they are
particularly fragile and easily removed, they are protected
using an insulating glue. We believe that an improvement
can be obtained by the correct choice of the transducer thick-
ness and using evaporated metallic ring electrodes or trans-
parent ITO electrodes sputiered over the whole surface.

The double-beam spectrometer is shown in Fig. 2; it 1s
mounted on two separate tables. One of them is especially
well isolated acoustically and can hold various optoacoustic
detectors | photoacoustic cell with microphone, thermo-op-
tical cell’® (mirage effect ), etc. ]. It is interesting to note that
the reference beam is detected by a homemade and inexpen-
sive piezoeleciric detector whose first electrode is covered by
a layer of carbon biack giving a flat spectral responsivity of
345 mV/W for chopped light detection at 6.47 Hz in the
250~ 3200-nm spectral range.

The new detector is either mounted on this table for in
vive or in vitro studies of small samples or connected to an
optical fiber cable (diameter 6 mm, length 1.2 m}. The
length of the optical cable is not limited to the one presently
used. This renders the cell quite atiractive for performing
measurements on samples that are difficult to access in a
laboratory or even outside of the laboratory {for example,
for tests on living plants, nondestructive tests in field, etc).

Because of the impedance of the transducer, care should
be taken to adapt a fieid-effect transistors (FET) preampli-
fier as close as possible {0 the detector in order to eliminate
spurious electrical pick-up by the detector cable. In cur case
we used an EGG-PAR Model 114 conditioner together with
a 1-G{} Model 185 preamplifier; we believe that 2 battery-
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FIG. 1. Schematic representation of the open-ended cell attached to an opti-
cal fiber cable {¢ = 6 mm) for light excitation.
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FIG. 2. Schematic representation of the experimental double beam photo-
acoustic spectrometer: (1) Xe jamp, Bausch & Lomb 150 W; (2) high-
intensity monochromator, Bausch & Lomb; (3) modified chopper EGG
184 with Al- coated mirror blade on the front side; (4) optical fiber cable;
(3) preamplifier EGG 185/114; {6) lock-in EGG 124-A; (7) lock-in EGG
5204, with built-in ratiometer (8); (9) recorder ECB 102. (L ,-L,) quartz
lenses, (M) front surface mirror Al coated, (D,) photoacoustic cell with
LiNbBO, or quartz transducer, (D,) PZT detector (reference beam).

operated FET electrometer built into the celi will give simi-
lar results but allow greater flexibility and easier handling.

. EXPERIMENTAL RESULTS

A, LiINbQ; transducer

The cell has been initially tested in an in vitro experiment
with a carbon black sample pressed with a small clamp di-
rectly ou the transducer. Figure 3 shows the uncorrected
(single beam} spectrum in the UV-visible region measured
with 2 monochromator resolution of 9.6 nm and at a chop-
ping frequency of 27.5 Hz. The lower limit of the spectral
range of the cell is 310 nm due to the light absorption of the
LiNbO, transducer. Figure 4 shows the response of the cell
as a function of the incident light power under the following
experimental conditions: 4 = 915 nm, frequency 6.47 Hz.
The light power was measured with the homemade PZT de-
tector’® having a response of 345 mV/W. The response is
linear and proportional to the light power for at least three
orders of magnitude. The signai-to-noise ratio is excellent,
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FIG. 3. Uncorrected response of the photoacoustic cell to carbon black

sample mersured in single-beam configuration. Chopper frequency 27.5
Hz, spectral resolution 9.6 nm.
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FIG. 4. Response of the photoacoustic cell as a function of the incident light
power measured at a chopping frequency o = 6.47 Hz and 4 = 915 nm.
The horizontal dotted line gives the level of the signal for a signal/noise = 1
using a 1-Hz bandwidth.

allowing measurements with incident light power down to
less than 1077 W (signal-to-noise ratio = 1 at 1 Hz band-
width),

Comparative measurements made under the same ex-
perimental conditions with the new cell, a conventional PZT
detector, and a microphone cell shows that the signals are in
the ratio 1:0.6:2.4, respectively.

The dependence of the signal and its phase measured as
a function of the frequency with the carbon black sample in
the same experimental conditions is shown in Fig. 5. For
these measurements the phase was always adjusted in order
to give the maximum signal value. The signal is proportional
to @~ '®. The phase difference shows a strong frequency
variation which is not yet clearly understood. At higher fre-
guencies the thermal wave which is incident from the sample
ingide the transducer is limited to a very small layer very
close to the sample, but when the frequency is decreased the
thermal wave penetrates mrore and more into the transducer.
As the transducer is mechanically bonded on its circumfer-
ence and relatively thick (1.6 mm) we believe that its defor-
mation may change with chopping frequency and affect the
phase of the signal. On the other hand, structural imperfec-
tions across the transducer may also affect this parameter.
Further tests are underway with transducers of different
thicknesses in order to resolve this problem,

Figure 6 shows the results of an in vivo measurement
using the double-beam spectrometer (correction for the
speciral intensity variation from the light source included)
made on a green leaf of “Polypodium Adiantum” using a
frequency of 27.5 Hz and a spectral resolution of 9.6 nm. The
cell was clamped to the leaf still attached to the plant. A
comparison is made with an in vitro measurement made with
the intact leaf but removed from the plant. Both signals are
similar and have a spectral behavior analogous to those ob-
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FIG. 5. Variation of the signal intensity and the phase difference as a func-
tion of the chopper frequency. The straight line has a siope of — 1.16. Inthe
upper figure a solid line has been drawn through the daia to guide the eye.

served by Rosencwaig,”® Merle and co-workers,?! and Veer-
anjaneyulu and Das® showing the optical characteristics of
the chloroplasts of the leaf matter such as the chlorophyll
band between 600 and 720 nm. It is remarkable that the
signal-to-noise ratio is excellent for both spectra.

8. Quartz transducer

Basically the same results have been obtained with a cell
having a disk-shaped crystalline quartz transducer. The dis-
positive is, however, 80 times less sensitive than the LiNbG,
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FYG. 6. In vivo and in vitre double-beam measurements of the photoacoustic
response of a green leaf of “Polypodium Adiantum.” Chopper frequency
27.5 Hz, spectral resolution 9.6 nm.
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cell but nevertheless can be extremely useful for measure-
ments to be performed in the near UV spectral region 220 nm
<A <320 nm.

V. CONCLUSION

The new cell described here is simple and relatively inex-
pensive, has s great potential for in vive photoacoustic mea-
surements, and exhibits several distinct advantages over pre-
vious devices.'®!* However, the cell is not limited to such
investigation and can also be used for in vitro measurements
with solid materials having even larger dimensions and
probably also for liquid samples. Its spectral range is imited
in the UV range down to ~ 320 nm because of the absorption
of the incident radiation by the transducer. The spectral re-
sponse can be extended down to ~ 200 nm using a crystailine
quartz element; however, the signal intensity is reduced by a
factor of 80. The signal-to-noise ratic is excellent and com-
parable to a conventional microphone photoacoustic cell
with the advantage that the new device is open-ended. The
prototypes used for this report have not yet been optimized
and higher sensitivity should be possible by providing a bet-
ter thermal coupling between sample and transducer. Other
pyropiezoelectric transducers such as TGS and LiTa0; are
presently under test,
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