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PREFACE

This syllabus has been prepared for the participants of the Winter College
on Atomic and Molecular Physics organized by UNESCO and the International
Atomic Energy Agency at the International Centre for Theoretical Physics in
Trieste (Italy) from March 9 to April 3, 1987. Primarily it deals with the
topics of photoacoustic and ather related phenomena as well as with the
(possible) use of these in the fleld of agriculture (in a very broad
sense). Several excellent books and reviews on this satter have been pub-
lished or are due to appear in the immediate future, as a result of the
steadlly growing interest for this subject. This volume is intended for
those new in the field, and its content might also be useful either as a
reference source or as a puide when setting up future experiments in the
home countries.

Some parts of the lecture material described here are based on the results
obtained by (or in conjunction with) other research colleagues from various
institutes In and outside the Netherlands,

I wish to thank F. Harren, J. Reuss, C. Sikkens, F. van Rijn, F. Dicker
(Catholic Unjversity Nijmegen), employees of the mechanjcal and electronic
workshop of our department, S. Kriger (Krups Elektronik GmbH BRrewen), E.
Woltering (Sprenger Imstitute Wageningen), M. Posthumus, J. Mooi (Research
Institute for Plant Protectfon), B. BRein (Rubruniversitiat Hochum), M.
Sigrist, S. Bernegger (ETH Swism Pederal Inst{tute Ziirich), F. Schiet (Joha
Plerce Foundation, Yale University New Haven), J. Gelbawchs, S. Beck, G.
Loper {Aerospace Research Corp., Loa Angeles), D. Cahen, 0. Canaani
{Weizmann Institute of Sclence Rehovot), F. Lepoutre, J. Poulet {L'Fcole
Superiéure pour Physique et Chimie Industrielle, Paris), B. Zuidberg
(Gadjah Mada University Yopyakarta), A. Pizzarrj {Universita di Roma), A.
van Es, K. Hartmann (IBvL Wageningen) and V. Zharov, 8. Lethokov (Moscow
University) for making their date available.

My gratitude is to Mrs. J. Zeevat-van Homelen of the Department of Text
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care of both the language and manuscript, which was typed in a record
tempo.

Mr. P. van Espelo and Mr. I,. Hendriks deserve the credit for the drawing
and layaut,
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funding much of the work described here was made poaaible,
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Department of Physics and Meteorology
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1 PHOTOACOUSTICS IN A GAS PHASE

I.1 Basic concepts

Heating of the sample resulting in the Srradiatien and abaorption af the
modulatfon excitation energetic beam, gives rise to a variety of what 1s
commonly called the photothermal effects. Some of these exanples are the
temperature rise (calorimetry), the production of thermal refractive index
gradient in the medium (that consequently affects its own propagation,
resulting in the thermal blooming or defocussing of the beam), the surface
distortion and hence displacement and finally the photothersal radiometry
(Fig. 1). The heating. call 1t photothermal heating, enables one through
the use of the four mechanisms described above, to obtain, among other, the
information about optical and thermal properties of the sample, hence the
tern photothersal spectroscopy.

There are three general classes of applicstions of the photoacoustics and
the related sbove mentioned methods {.&. one spectroscopic, and the two
non-spectroscopic ones (Pigure 2). Tn the photoacoustic spectroscopy (box
1) the wavelength of the excitation source is varied while maintaining the
other parameters as a constant (branching ratio, efficlency of heat and
acoustic generatjon etc.). The recorder spectrum contains the information
about the sample’s absorption properties.

In addition to the heat generation (fast) there are other {(slow)} non-
radiative processes (box 2) {such as luminescence, photochemistry, pho-
toelectricity etc.) which compete with thermal decaying. Consequently, the
photoacoustics can be used to monitor complenentary relaxation chanmels.
For example, when two mechanisss dominate (say collinjonal deexcitation and
the luminescence) then monitoring of thermal channels will provide relevant
data on luminescence. Probing of thermal (diffusivity, effusivity) and of
other physical properties (phase change, thickness of layers, subsurface
Imaging) forms the second {box 3) class out of the group of the non-
specroscoplic applications. Probing is achieved through what {s called the

Figuur 1. Varfous photothermal techniques (1).

Figure 2. Three classes of applications of photoacoustic sensing (2).



frequency domain photoacoustics {or photoacoustic calorimetry) by varying
the modulation frequency at the fixed excitation wavelength.

The oldest and most widespread member in the clasa of photothermal effects
is that of photoacoustics. Besides the spectiroscopic applications, the
effect forms the base for investigation of specific non-radiative de-
excitation processes as well as for the efficient probing of physical pro-
perties. The photoacoustic effect i1s in fact the generatlon of acoustic
waves due to the deposition of heat in the sample following the absorption
of energy. It was discovered in 1881 by A.G. Bell on solids. and soon after
conformed by Tyndall and Rontgen on aqueous and liquid samples. In Figure 3
an early photoacoustic experiment is shown - the modulated radiation from
the sun was directed into a small vessel containing, for example, a gaseous
sample that is absorbing in the infra-red. Bell end contemporaries llat-
ened, by means of a stethoscope, to the the interlor of the vesasel and per-
cefved the feecble sound production at a frequency that corresponded to the
sodulated frequency. The intensity of the sound varied from sample to
sample; In certain cases the combined effect of using a vessel of specific
dimengions and the modutation frequency led to production of sound that
could be heard at greater distancesl
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Flgure 3. Early photoacoustic detector (3).
Nowndays 1t is understood that the optically induced scund production

results from the absorption of the infra-red portion of the energy provided
by the sun. Following the absorption of energy, the gas molecules from the

ground vibrational state are excited into a rotational Jevel §n the higher
vibrational state and de-excitation processes will then redistribute the
anergy through various mechanisas {Fig. 4).
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Flgure 4. Redistribution of energy on abscrption of radiation from the
excitation beam. Radiationless relaxation gives rise to a pho-
toacoustic signal (4). °

I1 the infra-red region the probability for radiative decay (proportional
with the third power of the absorption frequency) is small. Low quantum
efficiency creates a situation in which the relaxation takes place along
t1e non-radiative channel., For the majority of molecules the relaxation
time is fast (in the order of {s) as the atmoapheric pressure and the rota-
tlonal translational de-exitation through collisions prevailas. It causes
tae increase of kinetic energy of gas molecules and hence gas temperature.
Csnsequently, in a vessel of constant volume, increase of temperature leads
is the corresponding presaure increase. Thus, when the radiation source
providing the allowed energy for the sample is modulated at sudlo frequency
fy. generated pressure fluctuations will be modulated at the same fre-
quency. The sound wave has a phase delay with respect to the excitation
Leam (Figure 5) and can be detected by a transducer Jocated in the gaseous
sinple. Of course, T, the inverse of the modulation frequency fy must be
lenger than the collisional relaxation time Tc, and the dimension of the
wessel has to be so chosen that thermal diffusion to the wall (loss smech-

origm) cheracterized by the relevant time interval Tt Is not dominant.
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Figure %. The sound wave (full 1ine) p(t) has a phase delay with respect to
excitation wave (dotted line) continuous mode (a) and puised (b)
mode (2}).

It is obvious, that photoacoustic effect provides the method by which the
degree to which the sample has been heated on account of ebsorbing the
radiation from the exciting beam can be measured by detecting the aceusti-
cal signals (5).

The magnitude of the generated signal is proportional to the nusber of
absorbing molecules and the amount of power absorbed by the gas. In prin-
ciple, regardleas of what the excitation beam conaists of (electromagnet ic
radiation from very short to very long wavelengths, charged particles or
aother}) the detection principle remains the same.

Fifty years after Bell's discovery, the alwost forgotten photoaccustic
effect found jte first spplication, when Viengerov constructed the spect~o-
phone an instrument to acoustically record the spectra and later alsa par-
formed the first concentration Beasurement, Put the real revival of inter-
est for photoaccustics was brought on by the advent of the laser, Sao0a
after Kerr and Atwood demonstrated the usabil ity of the laser to acomstlic-
ally record the weak spectra of water vapour (6), Kreuzer used the lom
power He-Ne laser to investipate the methane-nitrogen mixtures in varisus
concentrations (7). Thus, when the high power laser emitting collimated

and monochromatic light is used as the source, the photacoustic method
becomes, in principle, comparable or even superior to other spectroscopic
techniques. No wonder that s true upsurge of worldwide Interest has been
noticed in the last decade, In particular for quantitizing ultra-weak
absorptions of the atmospheric and industrial poliutants. The usability of
lager as the excitation source triggered much, both experimental and
theoretical work, and led to numerous novel applications of thia (and rela-
ted) technique(s) In agriculture, medical and other life sciences, process
engineering and areas of natural sciences. Four topical interpational con-
fetences have already been held, the fifth one is due In Heidelberg, West
Germany this susmer. Excellent review articles have been written in the
last few years and several books on (laser) photoacoustic spectroscopy have
been or are to be published in the near future (2, 4, 8, 9, 10, 11, 11A).
This contribution is only an tttempt to emphasize a few specific applica-
tions of the photomcoustic spectroscopy In environmental and agricultural
practice. Some theoretical background of the signal generation in gases
will be given first, followed by the description and analysis of perfor-
mance characteristics of the instrusental equipment needed. We will proceed
with a brief review of photoacoustics for measuring absorptions in liquids
and illustrate its usability in determining absorption coefficients of some
strongly absorbing organic ligquid. Finally basic principlea of photoacous-
tic spectroscopy on solid samples are presented and applied to determine
the thersal effusivity of glasses used as cover construction materisl] in
greenhouses.

What fs the amplitude of the modulated pressure component dependent on? To
find the answer to this question consider Figure 8. The rate equation for
the population density Ny of the relevant excited level in given by (12):

dNI/dt LI | Sauoltxnu) - lsml/(aau) - "1"1- - N!/'rc (1)

The terms on the righthand side represent the rate of excitation, stimul-
ated emlssion, spontaneous decay and collisjonal, non-thermal de-excita-
tion, respectively. The total number of molecules per unit volume in higher
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Figure 6. Schematic representation of the principle transition rates be-
tween the lower and upper vibrational states {12).

vibrational state is Ng, and 4v, S and I denote the linewidth of the
absorption line, the line strength and the number of impinging photons per
unit time end unit area. Finally symbols a, 7y, Tr and 9¢ refer to the prob-
abilities {that the molecule in the lower (higher) vibrational staste is
also in a rotational state which is a lower (higher) atate of the tran-
eftion respectively (12).
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The above equation can be rewritten {using vy = yn

}) in a more simple

form, after some modification:
dNy/dt = Na/Tp - Ny/t {2}

where N (N = No + NA) ia the nusber of molecules per unit volume in both
higher and lower vibrational states with the absorption frequency that

caincides to the frequency of incident ratiation and T is given aa:

T = IS(a + Y)/(m&¥) - 1/T¢ -~ 1/Tp (3)

The solution of the differential equation (2) has to be found for two
distinct time intervals, as the gas js modulated with the angular frequency
@ = 26y and perlod T = 1/fy. For the time interval t:{0,T/2] the popula-
tion density is given as a function of time through the relationship:

+ C

NarT -t/T
nl(t) B 1®

te[0.T/2] 4)
with Cy being the integration conatant.

In the second half period te¢[T/2.T] the incident radiation beam ia prevented
(1 = 0) from reaching the gas in the cell and equation (2) yields:

-(t - T/2}r"

Hl(t) = Cye te[T/2,T] (5)

The time 7' is defined through: (%7 - %— . %—) ' (6)
c

r
The integration constants C; and Cp are obtalned from the boundary con-
ditions Nj(t=0) = Nj(T) and Ny(T/2)" = Ny{(T/2)*.
The constant C; is only important during the second period when (I = 0). In
order to calculate the fluctuating pressure amplitude p(t) superimposed
ebove the equilibrium static pressure p, it is neceseary to solve the dif-
ferential equation (12, 13):

2N (p-p)

3 rc T,r

dp/dt = (7}

with vy being thermal relaxation time of the gas volume. The solution is

gliven by:
-t/T
2hv e T ,t t./‘l’,r
pit) = Bt | M)e dt (8)
c o



with Nj(t) being given by eqn. (4). Substituting eqn. (4) for Nj(t) :nto

egn. (8) for p(t) and evaluating the integrale one obtains: for 0 < t < T/2:

2WwWRhRaT TT -t/TT
p!t)-po+—-----——TI (1-e )+
(9)
2 T _ -t/T
T c. (e t/T_ e T)

$ —_— T
3 Tc (rT— T) 1

As Tp is much larger than 7' it follows from eqn. (8) that T » T'. Since
/1" = 1/1c + 1/7; and T¢ ix & few orders of magnitude shorter than Tr. it

follows that within a good approximation {12):
TET =T, (10)

In addition T' is wmuch shorter than thersal diffusion time 7, 1.e,
T << T

The integration constant C; is obtained by substituting boundary conditicn
N1)(T/2)7 = Ny(T/2)* Into Ny(0) = Ny(T), L.e.:

o L
c. -MNarT e M2 (1)
1 T, 1 - o TRVT /1)

which reduces to Cy =~ Nf“ L upon substituting t = 7',

Correspondingly, in the relationship for pi(t) from eqn. (8) some termms
simplify since:

ht Ne T YT 2 hv Na TT
T T reduces to T
c 1 H

TT Na T
L) "“—Tt [- —"“-I] becomea 2 :v I (12)

@& e

win

f -
c TT

-4
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This second term is much smaller than the first term in (12) since
T x T, (Tusec) << 1p

The second term in eqn. (9) can therefore be neglected, and hence in
0 €t g 1T/2:

2 hv Na T - /T,
u 1 -e T) (13)

pit} = P, * .

The term outside the bracket of eqn. (13) can be considered as the ampli-

tude of the a.c. component. Realizing that l/fI - 'I:v one can rewrite it
as

2hy NaT
2 hv [ 3]
- ERRRRR AT (14)

1

This is .the basic photoacoustic equation in gases, Indicating that the
magnitude of the modulated pressure signal Is proportional to intensity of
the power’ source I reaching the gas solecules, and the number of absorbing
molecoles N, thermal relaxation Tr and the effective absorption cross sec-
tion # for the transition involved (0 = a$/mav). The last term in egn. (13)
exponential term with ratio of 7/Tr becomes {1 - e 1/27T) at the end of the
firet chopping period t = T/2. As long as T is longer than Tp the value of
this term approaches unity. For reasona of completeneas, the expression for
pressure p{t} in 0 ¢ t € t/2 ia given again:

~t/T
pe)=p, c By onoe T N2 (15)
since disensfonally:
[!5] - [!?] + () (2 sec!) + (3] [gec] o [w2] [-]. {158)
n L]



The ahove statement could also be described by the requirement needed to
maximize the Pupy power absorbed by the gas for efficient preasure genera-
tion.

The product hv 1 ¢ N in eqn. {15} represnts, In fact, the power absorbed in
the sample per unit volume.

We can come to the same expression by conaidering the beam of radiation
with power P incident on the gaseous column (assume cylindrical). Lambert
Beer's Jaw statea that the power emerging out of the column of length L
will be given by:

-BL

Pirans = Pe (16)
with # being the absorbance of the sample per unit length.
The power absorbed by the sample i3 then

P. =P-p -p-pePl (16a)

abs trans

¥hen one deala with weak absorptions S is small and hence the eqn. (16a)

becomes, after expanding into the series and neglecting higher terms (14):
Pahs "PEL (16)

The material coefficient 8 can also be expresaed via absorption coefficient
k (atml w-7) or absorption cross section ¢ (m?/molecnle), so that eqn.
{16k} can also be written as:

Pabs =P g NaL =Prxpl {16c)

where Ny is the number of absorbing molecules. If C is the fractional con-
centration {dimensionless number) of the absorbing species then Ny = C N©
where N° is the total gas density, the following relationship is obtained:

o
Pibeg PN CL 16dc)
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and the fractional! absorption per unit length is:

I |
Aaba - Paba/ LP =oN{(m") {16e)

Summarizing, the pressure fluctuation will preoduce an electrical signa) S
in the transducer, the magnitude of which will be dependent on the micro-
phone sensitivity, degree of coupling and geometry of the vessel containing
the gas, gas parameters and the amount of power absorbed by the gas i.e.:

S (V) = Papa (W) R (V/W) (17

Where R is the term called responsivity of the detection systenm. Strictly
speaking, the power emitted by the source and the absorption cross section
are wavelength A dependent and hence

SA(V)-P‘\-oA-CN"R (t7a}

Inspection of eqn. (17a) reveals that one can either vary wavelength A
while maintaining the constant concentration C throughout the experiment or
alternatively, tune the source on transition apecified by o while main-
taining verying concentration C. In the former case the obtained photo-~
scoustic spectrum resembles the true sbsorption spectrum, while in the
latter a gas concenfratinn monitor is being produced. The high power avei)-
able with the laser source provides large signels and therefore an increase
in the sensitivity. Another important laser property, the degree of colli-
mation, allows the deposition of excitation energy within a small volume
which accomodatea the gaseous sample which also faciliates the detection.
In an ideal case of a strong, continuously tunable laser, it would also be
possible te perfectly match the emission frequency of the monochromatic
radiation source to the absorption frequency of the specles, thereby
ensuring very high specificity (14). Unfortunately, there is no such power-
ful source as yet, and in practice one reiies on the near colncidences,
although the conventional blackbody sources are also being used occa-
sionally.



13

EEALISRE IR

Experiments have shown that the ]jnear relationships between S and ¢ in
egn. (17a) in absence of saturation, holds true over a broad concentration
range. Such & large dynamic range makes the laser a photoacoustic instru-
ment, very usable in monitoring the changes in concentration.

The typical set for gas phase photoacoustic studies is shown in Figure 7
below and exhibits close resemblance with that of Bell. Since many molec-
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Figure 7. Schematic diagram of steps tunable €0/C0z laser photoacoustic
apectrometer for studies on gases (15).

ules {also the pollutants) strongly absorb inte the 1-20 microns anfra-red
portion of the electromagnetic spectrum (Figure 8), guantitative analyais
and the high resolution spectroscopy is possihle. Numerous experiments have
been carried out with a large variety of molecules in order to deternine
the absorption cross sections at infra-red laser wavelengths. The majority
of work naturally concerned the powerful, but only atep tunasble, C0y laser
and the CO laser to a lesser extent. Ninor amounts of research have been
done with moderate power colorcenter and diode leadsalt lasers, slthough

the development of this latter category of lasers progresses at a very high
rate at the moment.
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Figure 8. Typical levels of output power (W) for laser enitting in 0.1 u to
100 g spectral renge. Some of the gases that absorb in the 1p-10u
region is almo given (186).

¥With laser output power levels in the order of 1 Watt it is poasible to
achieve the detection limit in concentrstion measurement of 1 ppbv and even
under this value correspanding to minimum detectable density of approxima-
tely 3014 per w3, In Table 1 the strongest absorption coefficient {atm-1
ca~i) §s quoted for some moleculea which absorb in the COz laser range
(17). There were and still are, several attempts to produce a photoacous-
tically based monitor. Hubert claims that more than 250 gases of environ-
mental interest, including the explosive vapours and industrial toxic sub-
stances could, in principle, be investigated with a COp laser (18). The
resear:h group of Gelbawchs and Loper at the Aerospace Corporation in Los
Angeles, that of Sigrist and colleagues at the Swiss Federal Institute §n
Zurich. Hess at Heldelberg, Patel's at the Bell Telephone Laboratory at
Nurray Hill (USA) and Lethokov and Zharov's at Moscow University, have been
active for quite some time and have contributed to a bulk knowledge of
{envirenmental) laser photoacoustic measurements on gases. The onaet of
activizies ¢n the Netherlands, were originally concentrated at the Catholic
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Unjveraity WNijmegen and the Apriculturail University Wageningen ir the
summer of 1983. Since then other universitles and Industrial laboratories
in the country have become invalved and are now satisfactorily operatimg
the photoacoustics in a number of practical applications.

Gas Absorption cross Transition Reference

section (ate~'cm™1)

Acrolein 2.74 10P {6) (17a)
Trichlorethylene 14.55 10P (20} (17b)
Vinylbromide 4.02 10F (22) [17b}
Styrene 2.75 10P (44) (17b)
Toluene 0.87 aP (28) {17b)
Chlorine dioxide 1.50 10P (30) (17¢)
Ethylene 32.14 10P (14} {17d)
Ammonia 25.80 9R (8B) {17d)
Vinyl chloride 8.80 10P (22) (19d)
Qzone 12.00 9P (14) (17d)
Water vapour 2x10~* 10R (20) {17d)
Methanol 10.61 @P (36) (17e)
Acetonlitrile 0.157 9P (18) {1%e)
Sulphur dioxyde 0.093 9R (26) {17e)
Ethyl acetate 12.18 opP (a) {1%e)

Table 1. Absorption cross sections for some gases absorbing at CO; wave-
lengths,

18
1.2 Instrumentation

Once you have a strong radiation scurce at your disposel, it 13 a very Im-
portant matter to properly design the photoacoustic cell, fi.e. volume space
that contains the gas saaple and transducer. This aoptimizatfon ia par-
ticularly important when low level concentration agasurements are con-
cerned. The optimization refers to the geometrical design of the photo-
acoustic detector that would possess superior optical and acoustical
characteristics (Figure 9).

Figure 9. Several types of gas photoacoustic cells. This figure is repro-
duced form Tam's review in Kliger's book (2).

In general there are two types of cells distinguished with respect to their
acousticel performance. The non-resonant cell is the sample space designed
in such a fashion that no acoustical resonances can affect the cell res-
ponse. This i3 contrary to the resonant cell, where the choice of proper
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dimensfons of the sample space just creates the resonator which amplifies

the pressure fluctuations. In the non-resonant model however, the pressure

builds up until an equilibrium situatfon is reached. This condition 1»
characterized by equa! amounts of heat deposited in the gas and the hest
conducted away from the gas towards the cell wall. The non-resonant cells
normally have small dimensions - in such a small volume more pronewnced
preasure signals wil)l be produced much easier. However, it is not allowed
to reduce the diameter at will, because the exciting radiation iaser beam,

having a Gausajan beam profile, has to be coupled into the mample space

without hitting the cell walls. Likewise diffusion to the wall may not be a
dominent process as the aipnal wi)} inevitably be lost for the pheto-
acoustic detection,

The resonant cell system ia norsally a cylindrically shaped chamber. In
order to excite the resonances, both the length and diameter of the cyl-
inder are much larger than the cross section of the excitation beam. Three
main spatially different types of natural renonancies r.np for cylinder
length L, and radius R, can be excited: longitudinal (index p). radial
(index m) and the azimuthal mode {index n), as well ma the combination eof
these. ]

The lowest radis] mode (100) resonant mode causes the distrfbution of gas
density that is largest along the geometrical axis of the cell. Efficient
coupling with the beam of the incoming radiation can therefore be expected
(Figure 10).

[RPT— o} Arimuthal

<

f

Flgure 10, Three types of acoustical resonances Iinside a cylindrical cel] (2).
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The radial standing presaure wave at distance r from the axis of a cylinder
with radius R (normalized to unity on the axis), that i{s in the phase with

the amplitude of excitating beam is described by (14):

P(r.t) = J_ (3.033 r/R) e (18)

with J, being a Bessel function of zeroth order.

Pirst radial resonance occurs at much higher frequency {few kHz) than
longitudinal resaonances (Figure 11), It is customary to asmsociate the

| e [/
} " 4

Al weinds rasvber P

Figure 11. Resonant frequencieas for a cell with diameter of 20 mm and
length of 240 am.

quality factor Q with the accustical resonator defined as the ratio of
resonant frequency f, and the bandwidth ar corresponding te the points at
(f%/zl of the signsl amplitude st resonance on both sides of the resonant
frequency f, (Figure 12).

Q = (f,/a1) {19}
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-y Im(Hz)
Figure 12. Quality factor oaf a resonator. Vertical axis reprecents rala-
tive amplitude of the photoacoustic signal. Frequency at peak

response js f,.

Resonant cells with Q factors as high as 2500 have been reported (19, 20)
values of 400-300 are normally encountered. A cell with a very high Q is
very sensitive to small changes in temperature which can impede its perfar-
mance.

Major losss in the resonant radial cell occur oh account of heat coaductlon
from the pressure wave towards the walls and the viscous dissipation (from
the radial motion of gas) at the end of the cell,

A majority of photoacoustic studies on envircnmental samplesa are done at
the atmosphertc pressure in the cell. It high resolution gas phase investi-
gated is an impetus, low pressure (80 Torr or less) is suggested. Keaft and
Bevan performed an evaluation to ascertain that high Q values (and respon-
ge) normally attainable with resonant cells are sufficient to overcome the
advantages of the amall volume, but optimized non-reaonant cells (21),
Their experiment shows that within 780 - 8 Torr, both the signal, as well
as the signal to noise rotlo of small volume non-resonant cells are can-
siderably larger than the corresponding values obtained with resonmnt
celis. Small mample space might be an important advantage when toxic or
expensive samples are to be studied.
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A convenient way to increase the amplitude of the pressure wave in the pho-
toacoustic cell is to allow the incident radiatfon to make several passesa
through the medium across the cell length instead of only once (Figure 13}.
Th_s is & multipass cell geometry design contrary to the single pass type
described above. Another possibility to increase the smount of nabsorbed
power by the gas is to place the photoacoustic cell inside the cavity of
the laser i{tself thereby making ume of much higher intracavity beam power
that, in such a sanner, becomes available for sbsorption (Pigure 14).
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Flgure 13. This photoacoustic cell, developed by K. Veeken (Cathelic Univ-
ersity Nijmegen) allows the excitation beam to make a large num-
ber of passes without ever emerging out of the sample volume
(22).
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Figure 14. The principle of COy laser intracavity photoacoustic detection
(23).
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A microphone is used ax a transducer to detect the amplitude of pressure
waves. Capacitor microphones used in the first experiments were gradually
replaced by small size and low noise electret wicrophones with built-in
saplifiers. Nowadays, the miniature ear-aid microphones have become popular
due to their nominal high sensitivity, broad frequency response, reliabil-
ity, cost aspect and broad dynamic range.

The microphone is operated in a phase sensitive detection scheme using lock
in emplifiers to reduce the effective noise bandwidth, since the noise of a
microphone is proportional to the square power of the bandwidth.

In any photoacoustic cetl, windows and walls also contribute to the produc- -

tion of preasure In the sample (Rell effect) and are therefore alsc am
adequate electric signal. The origin of this background signal is due to
the absorption of radiation (and hence of heating) of the so0iid windows
that cause (by diffusicn} the transfer of heat into the adjacent layer of
€8s in the sample volume. Additional contribution to the background signal
comes via the scattering (or reflection) loss and subsequently heating of
the wall. This backround noise is sometimes called coherent photoacouetic
background, since it is not caused by the bulk of the gas in the cell. How-
ever, the coherent background signal is narrowbanded, as §t is modunlated &t
the same frequency as the true signal (and is also a locked-in phase). Its
magnitude which is proportional to the input laser power, cannot be redaced
electronically and therefore the cell has to be designed in such a way that
it would minimize the effect of a photoacoustic background. The mean value

of the voltage signal (i.e. sound) caused by the modulation process in the

absence of the exciting radiation iz called the coherent acoustical back-
ground. Like the photoacoustic background, the coherent acoustic background
is narrowbanded as it has the same frequency as the modulating source
{chopper) and woreover has a fixed phase relation with the modulation. Po-
toacoustic background can be minimized by using windows of good optical
quality and low refractive tndices with the absorption coeffictent as smal]
as possible at the wavelength of interest. Mounting the windows at Brewster
angle allows the use of materials with a larger refractive Index. A cen-
venient way to reduce the parasitic signal from the windows in a resonant
cell 1s to use the baffle structure {circular plates with a hole in the
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middle). Tn this manner the excitatlon beam iz allowed to pass through the
hole, while the background nolse will be reduced due to the shielding.
However, the quality factor of the resonator is affected by this obstacle
resulting in lower Q values. Finally there is a random broadband noise,
electronical (pick-up) or acoustical in noture, which does not have any
fixed phase relationship in respect to the modulation source. The ultimate
noise limit from a pressure naturally transduces stems from the Brownlan
motion of the molecules of the gaseous sample. In any case, since the
amplitude of the background signal is independent of the sample, gas absor-
bance must be substracted from the measured signal in order to get a true
absorption signal generated by the sample. Insulating the photoacoustic
chamber acoustically from vibrations caused by a modulator. (cell separated
from the modulstor using a double walled structure with evacuated apace in
between) or selecting the optimum position of the cell in respect to the
sound sources associated with the modulation source, may help in lowering
the coherent acoustical background. We conclude this sectian by emphaaizing
that the cell walls should be smooth and that proper care has to be exer-
cised In respect to the cell construction material in view of abscrption
and memory effects.

The remafning equipment needed for the performance of photoacoustic experj-
ments includes the modulator source, power detector and some optical com-
ponents such as a beam splitter. Lasers operating in continuous mode can be
suitebly modulated (in power) with a mechanical chopper. The frequency sta-
bility of the chopper sust be as high as possible, since any Jitter even-
tually results in an increased nolse level. Some authors (24) shieild the
chapper acoustically from the cell by operating the chopper in a vacuum, or
using the vibration dampers under the mount that carries it. Other scheaes
such as the electronic current modulatjon or frequency modulation (may
prove more applicabie to some specific problems} might turn out to be much
quieter than {n the case of mechanical modulation by the chopper. Experi-
ments were also reported in which non-1inear crystals were used as a low-
nolse electro-optica! modulator. Although expenaive, such modulators are
nowadays avaijsble throughout the entire infra-red region,
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Since the photoscoustic signal s proportional ta the power absarbed by the
sample (and hence also to the input power) and the concentration of the gas
species it is neceagary to normalize the lock-in signal when the photoac-
oustic absorption spectrum is recorded {Figures 15 and 16). This is easily
achieved by sampling a small portion of the laser output power before it
enters the photoacoustic cell. This fraction is measured by the power and
1s easily achieved by insmerting a flat plate (beam splitter) of transparent
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Figure 15. Various metheds to measure absorption at frequency wy:
a. transmission; b, intracavity spectroscopy; c. photoacoustics;
d. fluorescence. (M is wedium, L ia laser, D i detector) {28),

Figure 16. Principle of absorption measurement by normalization of the
transmitted signal (186). )
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material at relevant wavelengths between the laser and the chopper at a
certain angle with respect to the emerging laser beam (optical axis). The
small fraction of laser ocutput power at each emissjon wavelength will then
be deflected by the bheam splitter and itz smount measured by the power
detector (for example a thermopile detector). Normaljzation of the spectrum
is achieved by dividing a d.c. signal for the lock-in detector with the
d.c. eignal from a thermopile using the ratio meter (voltage divider). The
plot of the normalized signal versus the wavelength s the true absorption
photoacoustic spectrum (including the nolse) of the sample.

Pulsed mode laser operation in conjunction with the photoacoustic detector
is used more frequently in studies of the relaxation processes in gases,
The time duration of the pulse and its period are both such shorter than
the molecular and thermal relaxation times.

The mefority of the experiments on gaseous samples which have been per-
formed a0 far at the universities of Wageningen and Nfjmegen, are carried
out In the infra-red with the COp laser wavelengths.

The experimental aet up {Figure 17) is built on & low cost granite plate
resting on a heavy table (metal frame filled with sand). The table is sup-
ported by four shock abaorbers to reduce the buflding vibrations.

The waveguide Jamer used here (50 cm discharge length) is a modified ver-
slon of the model developed at the University of Pise {..). The plasma bore
(diameter 3 mm} is made out of quartz and has a cooling jacket across its
entire length. The laser operates with a rlowing mixture of He, Ne and (97}
8 in 6:1:1 ratioc and the working pressure in the laser is about 70 Torr.
Output power of the laser is about 5 W at its strongeat transitjon. Selec-
tion of the desired wavelength 1s achieved by the reflection grating with
150 lines/mm and a resolution of approximately 70 GHz. The separation be-
tween two succeszsive €Oz laser transitions iz about 60 GHz. The linewidth
of the laser is about 300 MHz at working pressure of 760-Torr that is equal
to the free spectral range {c/2L) of the laser resonator, which, in prin-
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Figure 17. Phato of the set up.

ciple, enables & aingle mode operation. The pressure broadening (~ SMHz/
Torr) for most of the molecules studied is about & GHz.

Currently the laser is stabilized actively, (using a fast respona= pyro-
electric detector) providing 1:104 long term power stability. Special
attention has been paid to manufacturing a chopper blade. Signiticant re-
duction of the noise present in the photoacoustic signal has been achieved
by phase stabilization of the chopper. Harren reports (28) factor 9.5
improvement 1in the signal te noime ratio observed in our experimental
system, when using the laser and chopper stabilization (as compared to the
free running operastion).

The output coupling semi concave mirror is made of ZnSe and has a radius of
curvature t m and reflection coefficlent of 7o0%. As the emerging laser
radiation has to be transported over a long distance before completing the
passage through the cell, it is necessary to ensure the collimation degree
of the beam reasonably well. Thia problem is particularly important when
waveguide lIaser producing intrinsically divergent beams (s being con-

sidered. Harren {26) uses spherical mirrors with & radfus of curvature
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equal to 750 mm positinhed at foce) distance (750 mm/2} frem the output
coupling hole of the laser (this mirror laser acts as & collimator). For
lasers with moderate power levels (say 5 W) pood operating infra-red mir-
rors can be made by depositing reflective coating on cheap glass lenses.
Radiation spots not larger than 6 mm in diameter at a distance of 1.5 m
from the laser have been achieved in such a tashion (268) allowing proper
matching of the beam into the cell and ita unimpeded passage.

Several types of photoacoustic cells have been tested. At present one uses
the resonant single pass cell {Figure 18) which operates In the Jowest

Pigure 18. 'Organ pipe' model of photoacoustic cell described in the text.
Syabols: FB, excitation beam; Ch, chopper; ¥, window; Se, seal:
Dia, baffle; Sp, spacer; Mi, wminfature wmicrophone; G1, pas
input: Go, gas outlet; IT. inner tube; OT, outer tube.

lengitudinal mode at about 560 Hz. The cell is an fsproved version of an
earlier design (Figure 19) proposed by (27). It conaists of an outer
stainless stee! cylinder 470 mm long and 60 ms In diameter, which accomoda-
tea ancther, shorter. coaxial cylinder 300 mm long and 9 wm in diameter
also made of stainless steel. The inner tube, an ectual resonator, Is held
in the outer tube by meansa of 3 equidiatant teflon centering rings with a
number of holes (6 mm diameter) to allow for uniform distributfon of the
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Figure 19. This photoacoustic cell was umed by and for semsitive con-
centration measuresent of atmospheric pollutants in flowing
regime (27).

gas within the cell. The inner surfaces of the resonator are smooth and
polished. A total of four miniature electret microphones for tearing afds
provided with a hybrid integrated amplifier for low output japedance, are
mounted (at 90* with respect to each other) in the teflon ring {Figure 18)
with a centre hole In the diameter which is equal to the outer diameter of
the resonator, This ring is pulled over the resonator. Microphores used are
manufactured by Knowless (type 1780 IT). and their dimenafon {s 7.5 1 3 x 2
mn. The diamter of the membrane is 1 mm. The characteristics of this type
of microphone corresponds very well with the electret microphene 32 pro-
duced by Microtel (Figure 20). The sensitivity at 550 Hz is sbout 60 dB
relative to 1 V per 0.1 Pa. {1 Pascal -~ 04 dB = 1 K/m? and fpubar = 74 di =
0.1 N/mt),

The size of each of the four coupling holes drilled in the resonator wall
is 2 ma which is 1 =m larger than the dlameter of the microphone membrane
(Figure 21}, The microphones were wounted flush with the outer resonator
wall in order to avo{d the deterioration of the Q Cactor. We have also done
some experiments using larger microphones (Philips hypercardiold electret
3922 with X inch diameter and a sensitivity of 10 mV/Pa) but no significant
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Flgure 20. Frequency characteristics of minjature Microtel M32 electret
microphone. Sensfitivity at 550 Ht is 59 dB re. 1V/Pa; 59dB re.
1V per 0.1 N/m?*.

Figure 21. Photograph of the ‘organ pipe' gas photoacoustic cell showing
the inner tube resonator with ring {front), spacer and outer
tube {background).
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difference has been obtained when comparing the results collected with the
ministure microphones. No definite answer can as yet be given as to what it
pertains as the optimal choice of the coupling hole diameter as well as of
the inner tube dimensions. and more experimental work is needed. The ring
with the four microphones is pleced halfway the total length of the resong-
tor in the plane perpendicular to the longitudal axis of the resonator.
The outer cylinder can be vecuum sealed from the environmental air by two
easily exchangeable end caps that carry the ZnSe windows mounted at the
Brewater angle. As seen in Pigure 17 the centre point of each window sis
al a larger distance from the microphone unit than the end section of the
inner resonator.
The theoretically obtained Q value of 28 agrees fairly well with exper imen-
tally measured Q factor of 34.

Bernegger from the Swiss Federal Instityte wrote the computer program that
represents three dimensional plot of the pressure amplitude per unit
absorption coefficient per unit power (Figure 22) versus position cior-
dinate and the modulation frequency for our cell (28).

The photoacoustic cell from Flgure 21 is also suitable for flow measare-
ments. The iInlet and outlet gas porte (6 mm diameter) are made from atatn-
less stee] tubing. The ports protrude the outer wall and are soldered to
it. The posftion of each port coincide with the plane accomodating the end
section of the inner resonator. Resonating standing wave in the open ead
resonator has nodes at both ends of the tube, and hence weak coupling ef
the flow induced fluctuations to the main signal is expected. The out)et
port (like the fnlet port) is equipped with the needle valve Inserted in
the vacuum line to smooth the flow of the streaming gas sanple. Sirgle
stage rotary pump provide the vacuum needed to suck the mixture through the
cell, Trapas could be placed mlong the pumping line to eliminate, for ex-
anple, water vapour or carbon dloxide from the envircnmental or laboratory
air. Noise origineting due to the goa atream wae found negligible for flow
rates up to 15 liters per hour (28).

The cheice of cell material is of great importance In particular when low
concentratlon is concerned. Residual traces of strange gas(es} that absorh
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Pigure 22. Three dimensional plot of signal amplitude { ] versus

-1

modulation frequency [Hz] and coordinate (cm] tor organ pipe
resonation (I = 300 am, diameter D = 9 mm} described above (28).

at the same wavelength will contribute to the resultant signal by inter-
ference. Some gases show specific affinity for a specific surface; there-
fore the adsorption effect must be minimized. Loper et al. have studied the
influence of cell coating on the rise time needed for the photoacoustic
signal to reach the input level for several pgaseous mixtures (flowing
through the cell (18). As seen in Figure 23 in the case of swmonia, 90X of
the input level fs reached in 2.8 minutes (teflon), 34 minutes {gold), 2.5
ninutes (parafine) mnd 100 miputes for ammonia {stainless steel). Hydrazine
N2y a carcinogenic substance from rocket fuel, showa the same behaviour.
In the case of ethylene CzH¢. input level is reached within about four
minutes. In general, teflon material causes the least amount of adsorption;
from teflon materials the blue Teflon or Kaynar seems to be the best
choice.
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Figure 23. Photoacoustic signal is affected by adsorption effect of ethy-
lene, ammonia and hydrazine gases on different surfaces {19).

Calibraetion is needed before the apectrophone can be used for practical
measurements. This is done In the laboratory using the set of premade con-
centratjons containing gas to be measured in dilluted different proportions
with dry nitrogen. Noraalized lock in signals at selected laser wavelengthe
are then plotted ageinst the concentration - in general )inear dependence
im observed. The experiment ia repeated, but now with the sample volume
being filled with nitrogen in order to establish the background signal
level. This should be subtracted from the previously obtained aignal ob-
tained with the gas species. If the noise on the top of the lock in signal
is measured, it is possible to deduce the ultimate senaltivity f.e. the
concentration detection for which the ajignal to noise ratjo is unjty,

In the realistic atmosphere the sftuation in more complicated. Since the
compositon of the environmental sample is not known a priori, It f{s
necessary to know the photoacouatic spectra of each posajble constituent
posaibly present In the mixture. Sigrist has shown that the absorption of
urban polluted ajr in the 10.4 microns band of the CO2 laser ja dominated
by practically three coaponents: water vapour, carbon dioxide and the
hydrocarbon ethylene (29). The absorption cross sections of these consti-
tuents have also been determined by other authorn._aased on these data one
can select these transitions of the €Oz Jaser that guarantee minimum inter-
ference. For €0a, CoHg and H;0 these are 10P (20), 10P (14) and 10R(20)
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respectively. The absorption of COz resuits in a photascoustic signal with
inverse phase with respect to the incident radiation (so called ‘cooling
effect'). To account far both the amplitude and the phase one can write
{29):

3

sl cos 0, = I

o 0
5 <y S,J cos ‘jj (20)

where the summation index runs over three constituents. The unkncwn con-
centrations €y for three gases are obtained by solving the above equations.
The term on the left hand side of the eqn. (..} representa the total addi-
tive signal (normalized) $1 and the corresponding phase $) at particular
lamer transition i. Symbels 51y and #;§ refer to normalized calibrated
saplitude and phase produced by the Cy concentration due to the jth com-
ponent. In the above equation spectral Interferences between the individusl
comstituents are characterized by the non-diagonal elementa of the matrix
slj 011 (1 = j). The above linear relationghip is justified if the con-
centration levels are low. The effect of cross sensitivity on the specles
to be measured can be estimated by asguaing two of the three concentrations
being constant at first and then calculate how the concentration of the
third component will be affected if one of the two concentrations (first
assimed constant) changes slightly (29). (This approach has been tested in
practice by Sigrist and his colleagues (28);: and excellent apreement with
data coliected by other contrcl measurements has been obtained.
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1.3 Applications

1.3.1 Ethylene

Netherlands {s one of the well developed European countries and agriculture
in general forms one of the country's most important econoalc post {yearly
some 15 billion dollars of export). Industrial development led to increased
levels of pollution with its unavoidable impact on agriculture as well.
There ia continuous governmental funding to stimulate the optimization of
crop yleld of various cultivars.

Ethylene fs the amajor urban phytotoxicant {concentrations of 20 to 130
ppbv} with potentially hazardous effects to the vegetation. Other hydrocar-
bons (aulphur dioxide, nitrogen oxides, ozone) cause adverse effects at
higher concentration levels.

One pecullar thing about ethylene is that the gas is also known as an endo-
genous plant hormone which regulates growth and ripening (all the higher
plants produce ethylene). Wher certain harvested agricultural products sen-
sitive for ethylene are placed within a space where ethylene 1s being pro-
duced, the role of ethylene will prevail above all other horscnes causing
an unbalanced aituation and consequently damage to the products (30). Not
all agricultural species produce an equal amount of ethylene (Table 2)
though apple and tomato are characterized by a high production, The sen-
sitivity to ethylene varies rrom sort to sort (flowers like carnations amd
orchidae and cereals are very sensitive, as well as tulips, potplants,
cucumbers etc.) (31). The effect of ethylene on the plant is msanifested on
subcellular scale, but sometimes the complete ecological systems may atso
be affected. Briefly, the main concern of Dutch growers is to prevent
quality joss resulting from exposure of some plants to ethylene and extend
the tenability. This quality loss of the product js comparable to a sert of
ageing ayndrome - the leaves turn yellow, flowers drop off or get mis-
formed, leaves dry up etc. (Figure 24). Discoloration is due to the fore-
ation of red pigment stimulated internally by ethylene (32}. For exaaple,
carnations, one of the main export articles, reacts strongly when exposed
to 100 ppb of ethylene at room temperature. In big faport and export halls

Product

M

Ethylene production rate (kg-! houp=~?)

potate, carrot, strawberry
pineapple, kiwi, okra

cucumber

banana, mango, melon,
figs, tomato

apple, apricot, avocado,
papaya, pear, peach, plum

0.01

0.1

10

- 100

Table 2.

Ethylene production per unit mass a

nd time (hour) for several

products of agricultural interest (3¢, a1).
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Figure 24. Percentage of blossom and bud for potplants (Fig. a) and clero-
dendrum (Fig. b) after 1 day exposure to ethylene gas (31),
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where auctions are held, ethylene sensitive and ethylene making praducts
are often put close to each other; the same is true when they are being
trangported (meroplane, trucka)}. The forced ventilatlon should then take
care that the concentretion remains below 100 ppbv. However, in the ¢lima-
tological conditiona typical for Holland, large temperature differences be-
tween the outer air and the internal air from storage compartments require
additjonal Investment (heating). Moreover, the composition of air {already
poliuted) wsed for ventilation, causes addit{onal problems.

Ethylene enters the plant through the leaves during the normal gas exchange

process required for growth. Plant physiologiats make distinction between

three main types of injurfes of vegetation. In the acute form, the net
result fs necrosis followed by leaf discoloration. In chronic form the
Injury is evidenced by long term effecta without a necrosis. Then, there is
also a third type of injury manifested by growth inhibition disturbances
such as radial swelling and inclination towards the horizontal level. Thia
last type of injury is thought to be caused by ethylene gas binding to some
receptor calls In the plant tissue.

The netural abundance of the ethyiene In the unpolluted atmosphere is con-
stant (3 to 5 ppbv). Due to the intensive traffic combustion the ethylene
concentration tends to exceed the background value by order of magnitude.
Direct hormonal damage described above wil) then be followed by the onset
of the autocatalyses leading to the accelerated production of ethylene it-
self (ethylene bioaynthese) by the plant. This, not completely understood
effect, will persist for longer intervals, even after the ethylene source
causing the autocatalysis, has been removed (32}. The autocatalyaje even-

tually leads to premature riping phenomena and hence economic loss for the
grower,

In some situations governed by the market situation, it may just be con-
venient to make use of the ripening effect of ethylene. In the Netherlands
tomatoes and apples, still on the tree, are sometimes sprayed with Ethrel,
an ethylene containing constituent, especlally at the end of summer when
ilght conditions are unfavorable {32). Producta can be collected earlier
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and get a nicer colour. Since quite recenily this procedure is also applied
to iris flowers.

Conclusion

From the above, it {s clear that ethylene issue deserves gfeat attentlion.
Therefore the ethylene dose-injury relationship is needed for the specific
vegetation, (Table 3). The effect of ethylene in the presence of pollut-
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Table 3. Dosage-injury response of the various plants when exposed

to ethylene {33).
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ants has to be studied as well. This is a complicated problem since the net
effect (synergisme or antagoniam) 1is seldom a siaple sum of individual
effects. Some experiments indicate that combined effects are also con-
centration dependent. The metabollic production of ethylene by plantas pre-
sents an attractive field ofr fundamental studies too; as shown fn Figure
25,
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Figure 25. Difference in ethylene rate production for ferti)lized and
unfertilized flower versps time (32).

To attack the ethylene problem one can either concentrate on pesrforsance of
measurements in the laboratory (and/or in the field) under a variety of
{climatological) conditions and collect as such relevant data as posaible,
or alternatively try to virtually eliminate ethylene. Many activities take
place along the first route. For both indoor and cutdoor Reasuresents a
selective, sensitive and fast detector is needed, The gaseous second route
involves the use of scrubbers capable of 'ki1ling' the ethylene in storage
compartments. A few years sgo catalytic oxydation, solid scrubbing mater-
lals such as active carbon and agueous soiution of potasajug permangate
have been tested with limited success. Recently, a bictechnological project
based on scrubbing by weans of bacteria was initiated in Wageningen, The

as

Netherlands. The idea i3 to use the alkene consumfing Mycabacterfes 2W in the
bioreactor in order to eliminate ethylene in the gas phase by oxydation to
water and carbondioxyde.

A need for a practical ethylens detector triggered several research pro-
Jects in the Netherlands. Several months ago a prototype of a low main-
tenance automatic monitor was developed which meant an Inexpensive appara-
tus for growers to be used on ships, in greenhouses, trucks etc. The opera-
tional principle is based on the interaction of ethylene with ozone (from
an induction coil) producing formaldehyde. Upon excitation the formaldehyde
returns to {ts ground state thereby emitting the amount which fa propor-
tional to ozone and indirectly to ethylene.

Simultaneously the development of the photoacoustic based zensor using the
€Oz laser as excitation source is underway. Ethylene strongly absorbs the
lazser emission range with the best coincidence and the largest absorption
coefficient (-~ 30 ate~'cm~') at 10P(14) transition. The ratio of line
strengths on the left and right of the 10P(14) line is 1:4 and 1:8 making
10P{14) auitable for monitoring purposes. The photoacoustic spectrum of
ethylene dilluted in pure nitrogen 1s shown in Figure 25 (26). In the pres-
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Figure 26. The COz laser photoacoustic spectrum of ethylene in nitro-
gen (28).
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Laser iramuitions

Gas  R{20) P(La) P16} P26}

CH, 127 2.1 455 2.4

COt 00022 00021 00022 0.0019

H 0 B38X107% 904X 10% BE?X10-* 676X jo-b

Hack- | 1 i 1

ground
Table 4. Absorptions coefficient (atm~'cm™') for sonitoring ethylens in

the reaslistic atmosphere uasing four COp laser transitions.

sence of interfering components (Tabte 4} such as water vapour and the
carbon dioxyde, the sensitivity decreases but this problem can be solved by
scrubbing the flowing atr sample. The extracavity sensitivity limit is pre-
sently about 0.1 ppbv for lock-in integration time of 1 sec and laser piwer
in the order of 1 Watt. Further improvements are possible by working intra-
cavity, and allowing longer sampling intervals. Quite recently the real-
time ethylene production from several emasculated orchidae flowers has Seen
neasured (34) for the first time ever (Figure 27). Shortly efter emascmla-
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Flgure 27. Ethylene production of Cymbidium flowers (nL/gh) and ethylzne
concentration (ppbv) in flowing air (34}.
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tion, ethylene production begina to rise reaching a peak of 0.35 nl/g hour,
12 hours after the starting and drops back to the original level again 12
hours later. The experiment in which production of single flower js being
measured is underway.

A series of experiments In which the effect of varying concentration and
dosis-effect relationship was studied on various agricultural products was
performed (35, 36, 36a). Such studies are carrfed oul using the fumigation
chambers in the lab, outside air (the so-called open top chambers) and in
open field. This construction (shown in Figure 28), offers the possibility

Figure 28. The open-top fumigation chambers for studies of air pollutant
effects on plants. Closed chamber and field fumigation experi-
ments are also performed (36, 37, 38).

to achieve a climatological situation normally encountered in praclice
while simultaneously having the possibility to fllter out or add any
desired proportion of the pollutant. A mobjle, truck station {vane vehicle)
1s now under constructlon. Field photoacoustic measurements are already
being done (Figure 29) by the Sigrist group at the Swiss Federal institute
in Zurich to determine the ethylene emission along the highways and in the
cities (29). In several other places In the waorld (Aerospace Corp. lLos
Angeles, Copenhagen) attempts are now being made to fabricate a multicom-
ponent detector capable of real-time monjtoring in the ppbv {or even under)
keasurements in the realistic atmosphere (20). Quite recently Inttial steps
were set to study the feasibility of photoacoustjc technices (for atmos-
pheric measurments) when installed on board of an aeroplane.
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Pigure 29. Variation of air component concentrations measured with the
mobile CO3 laser photoacoustic aystem on July 2, 1986 {locatiom:
Biel, Switzerland (29).

1.3.2 Ammonia

Ammonia is a toxic pollutant with less activity than that of ethylene In
Dutch agriculture the greatest injury to plants is normally found In the
vumnyMumu1mMndumlmmnulnumm(mueuusneﬂm
on other phytotoxic companents such as amines, organic acida, sulph_des
etc.). The ¢gmaa penetrates the leaf stomsta and the intake is a function ef
atmospheric concentration, stomata opening and the diffusion resistance of
the leaf boundary layer. In the fumigation experiments it is observed that
asmonia gas has a pronounced inhibiting role on the photosynthesis, caueing
decrease of carbohydrate content and growth, It Is also noticed that expo-
sure to ammonia leads to increased sensitivity of cold temperatures. The
dosis-effect relationship varies from product to product: conifers are men-
sitive to long-time and low concentration while cauliflower and tomato
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exhibit the opposite effect (high concentration during short intervals),
Field experiments were carried out in Wageningen by the Research Inatltute
for Plant Protection using the poultry and plggery farm aa the Reasuring
sites.

No difference concerning injory was observed when fleld measurements are

-compared to fumigation experimenta at NRa concentration of 0.6 to 1 ng/n?

in the air. This confirms that assonia is a major livestock pollutant.
Furthersore, there is evidence that amwonia together with sulphur dioxide
is very efficient In dissoiving the waxy layer on pine trees affecting the
evaporation and would (38). With the steadily increasing degree of pollu-
tion more restrictions are being Imposed by the Dutch governaent on farmers
with respect to the amount and time interval during which manure cen be
deposited. With alr norms in sight, there is a need for a real time ammonia
concentration meter (iost of the avalilable instrusents seasure indirectly)
as well as for an crganised network of country wide stations.

Ammonia exhibits one particularly strong absorption line in the B8R of the
COz laser (Pigure 30). It is a line that coincides with 9R(28) lsser tran-
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Figure 30. The COp laser photoacoustic spectrum of asmonia NH3 fn nitrogen
(26).

sition. The strength of the absorption line iz about 80 ate~'cm™', almost
2.5 times stronger than that of ethylene. The ratio of the neighbouring
l1ines is favourable {20:1 and 30:1) so that thia line can truly be taken as
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very characteristic, easy to recognize, fingerprint of the molecule. In oar
initial experiments, ammonia in pure nitrogen has been used and the sensft-
ivity liait of about 1 ppbv has been reached (26}. Real atmosphere measure-
ments of ammonia require additional precautions (water vapour and carben
dioxyde in particular) and scrubbing will then be a necessity. In partic-
ular, the CO7 gas Interference bresenta a problem due to the true frequency
coincidences between the absorbing CO2 molecules (hot band) and the cop
laser emission spectrum. Another possible manner of by-passing these sort
of difficulties is to use nitric oxyde N0 gea in the active laser gas mix-
ture.

1.3.3 Ozone

Ozone iz the most important constituent of the photochemical pollution oc-
curring due to a complexity of reactions In the atmosphere under the in-
fluence of the sunlight. The reactions involve the oxydes of nitrogen
(traffic, combustion in general), hydrocarbons (traffic and rafineries) and
the oxygen. The natura) concentration of ozone on earth level due to the
reactions between the penetrated short wave solar flux and the nitrogen
oxydes and hydrocarbons emitted by the vegetation amounts to 40 toa 8e
He/m?*. The role of ozone in West Europe wes underestimated unt{l the 1970's
because the salar irradiance was considered as cguite low. With increasing
traffic and industrialization the levels of nitrogen oxyde have changed and
the damage to plants caused by ozone became evident in the Dutch climate
(38, 39). The effects of ozone vary from visible damage to very fine
alterations on the bjochemlcal level. Tobacco plants in particular, but
also beans and spinach are susceptible to ozone damage leading to growth
deformations and yleld reduction. Quantitative relationship between the
dosis and th; effect of ozone have been studied in Wageningen with tobacco
a8 specles (39) and is shown in Table 5. The concentration of, for example,
27 pg/m? causes one percent of leal damage after 7 days. When concentratlon
1s incressed to 73 Hg/m? the above percentage rises from 1 to 10! Recent
experiments have established that other agricultural products such as pota-
toes, onlcns as well aa horticultural products are quite seneitive to

E1]

ozone. The COz laser provides several frequencics at which ozone monitoring
can be done photoacoustically.

Exposure Percentage of leal damage (%)

{days) 1 ] 10 50
1 108 212 288 708
2 66 130 177 434
3 50 98 133 327
4 41 80 109 287
5 3s 88 83 228
] a1 60 a2 201
7 27 54 73 178

Table 5. Relatjonship between ozone concentration in pg/m? exposure dura-
tion and the injury for tobacco plant {39).

As seen in Figure 38 the strongest absorption (approximetely 10 ca”latm=1)
takes place at 9P(6) transition although the weaker 9P(26) may appear more
suitable due to more pronounced finger printa there. The sensjtivity of the
present experimental system allows the sub ppbv detection (in dry Nj) as
shown in Table 6, and further improvements are posaible,

Ozoneil;} in N
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Figure 31. €Oy laser photoacoustic spectrum of ozone in nitrogen {286).
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somania 5s.2 YRIQ 0.2 pph
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stane 12.7 ”wie 0.8 ppb
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hydrogensulphids fxio 24 1.3 pom
]
vinylchloride bl 1022 1
C M0
4872
tthylacetate 1. e 9.8 e
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1.2 dibronenthone 0.2 ;e 1% b

Table 6. Detection sensitivities for some pollutants achieved with the
€Oz laser photoacourstic spectrometer by Marren et al.. {28},
The results are vaiid for 1 ¥ laser power,

1.3.4 Some other gases of relevance

Large number of pollutants have been studied with respect to the injury
threshold of the plants. In Table 7 the symptoms of the concentratiens and
the exposure times are quoted for some cultivars (40). Prom those, detec-
tion of toxic hydrogen sulphide and growth inhibitor can be attespted with
an CO3 laser but the abeorption coefficients at these wavelengtha are in
order of magnitude weaker (Figure 32) than in the case of ethylene (also

okt
g

s
]

o

' . 4.2%0 15 inNy

o

1] ™

44" I -

0 X ] "J!m wa“*41r3r3r1s~
[} [ “ 0 0P

Figure 32. The CO2 laser apectrum of hydrogen aulphide In nitrogen (26).
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see Table 1). The sulphur dioxyde has no strong absorptions in the cop
laser region. However. the sub ppbv detection limit has been schieved (41,
42) in the near infra-red even with moderate input power levels of the
diode lasers. The 807 penetrates the plant through the stomata openings and
penetrates the intracellular space where it dissolves in water thereby pro-
ducing the bisulphite H503 and sulphite SO3 fons which, in turn, affect the
protein and lipid of the celi membrane causing chenges in {ts permeability
(38).

Harren fnvestigated photacoustically the 1,2 dibromoethane Colig Bry In its
relationship to agriculture. This carcinogenic gas, has high vapour pres-
sure at room temperature. There are places in the worid where growera in-
tentionally Induce the chemical reaction between Caly Bry on solid zinc to
produce ethylene and use it thereafter for fumigation of (for commercial
reasons) of cltrus fruits in order to change the colour from green to
orangelike. This is dangercus for humans, (through respiration) animals and
plants. The CO2 laser photoacoustic spectrum shows no specific finger print
{Figure 33). Another component of intereat to humans is the carcinogenic
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Figure 33. CO; lsmer photoaconetic spectrus of dibrosoethane Cai4 Bry
(26}.

monovynilchloride CaHaCl: the maximum allowed concentration has recently
been lowered to S0 PPbv. So far no ohservable effects have been found on
some apricultural products in the fumigation experiments {concentrations
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Injury throsiokl
Maturity of i
Pellvtant Bymptoms leafaficeted  Parl of keal alfveted Ppm (vol) »g/mt T;.p::":
Sullur dioxide  Bicached #pots, bleached aresa betwren Middle-aged Mesophyll eclis 0.
veitns, chiorosis; ibercl injury, winter and mosl screitive; 4 * ™ 8 hour
droughl conditioas may show similes obdest Jeant
Qzone Fhm;r“n:vk bleached gl
, Wipple, spotting, pig- Okdest most Palisade 0r spongy 0. howrs
mrniation; conifer needle lips beeome scnaitive; parenchyms in @ . ‘
broxa and neerotic mﬁnﬂ. leaves with no
sensitive  palissde
Peroxyscetyl- Glasing, silvering, or bronsing on lowsr Youngesl most  Bpongy
?ll’lr: wurfare of leyves mensitive e oo " Shous
}
Nitrogen Irregular, while or brown oollaperd losions  Middie-aged Masoph;
dioxide n-hlﬂ«-.nll.iuunduuled-uﬁ- leavos most. T et e 410 {hours
acnsltive
Hydrogen Tip asd mamgin burs, dwarfing, leal Yourigest Epidermis
Ruoride iasion; narrow brown-red band ke ves maont Ivnuphy:lm u:ﬂp: o.08 Sty
Eeparaies pecrebic from green tissue; enailivey calls
fungsl disease, cold and high tempers-
tures, drought, and wind may show similar
markings; suture rod apol on peach fruit
Ethylene Sepal wilbering, beal sbeormabitics; Bower  Yourg lesves AN
dropping, aod lailure of beaf Lo open mu r;‘:ﬁ' 008 . & houn
:::.dy;_ab_ﬂ'-iu;-mrlunm leaves do not
uoe similer markings recover Jully
Cllorine m:,"'“::‘“' veing, ﬁp: margia Mature keaves Epidermis and 0.10 W 2 soun
i, abacission; marking often mosl 11
sisnilsr bo that of vsone il mesophall estle
Ammaia “Cooked" green appearance becoming Mature leaves  Complete tissus ~ 0 ~ 14,000 4 bhoum
brown or green on drying; over-all most sensiive
blackening on some species
' e Acid-type neerolic lesion; Lipburn on. fr Oldest leaves Epidermis and ~F0 A1)
Lsotide hnwdh;hlnqi-mu- broad Wooel senaltive  mesophyll oelly 0 3houn
ves
Mercury mwmm-h-m,bm-m, Oldest leyves Epidermis and <1 < 8,200 J-2daye
yellowing of veins motl pensitive  mosophyll eclls
lly:l-:::n Mud-uﬂnlﬁlnﬂq Youngest leaves 20 28,000 & bours
tnost affected
2, 4-Dichloro- Scalloped marging, swollen stema, yellow- Youngest leaves Epidermis <1 <300 Jimun
ph_cnaqmue green moliliag or dippling, suture red mopt affected ’
acid {2-413) pot (2,4,5-T); epinasty
Bulluric seid Necrolic spols on upper surfate similar to Al AR il - -
enustic or acidic compounds; bigh
bumidity seeded

Table 7.1The effects

of some pollutants on vegetation {40).
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lower thsn 2 ppmv were not used) performed in Wageningen. The C0y laser
based photoacoustic monitor appears promising for the field applications
with 10P(22) transition being the beat chojce {RPigure 34).
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Figure 34. €02 laser photoacoustic specirus of wonovynilchloride CaHjCl
(28).
1.3.5 Sprout growth supressors

The harvested potato is a ilving organism implying that certaln chemical
processes dependent on the condition of the plant itself as well as on the
environmental condition, will take place. Ore of such processes ts sprout-
ing. Fallowing the harvest and prior to storage, both seed and ware pota-
toes exhibit & period of 'germination rest' - a dormancy phase which is
species dependent,

The degree of potato sprouting potential varies spontaneously in the period
following the harvest. Dormancy is interrupted at a certain moment and scon
after that the phase of aaximum aprouting and growth power Js reached. The
vitality of the tuber deteriorates in the period to follow; this s accom-
panfed by the physiological ageing process caualng quality loss of the pro-
cuct (Figure 35),

To supress the sprouting of ware and seed potatoes In the course of their

storage period, various techniques are used. In recent years reasonably



Pigure 35. The effect of sprout inhibiting treatment ip potatoes. The
tubers in both photographs are of the same age - the tubers in
a) are vital, while those in b) are physiologicaliy 'aged’
(43). :

good control has been achieved with seed potatoes using the reduced storage
temperatures providing seedlings that develop well after planthg.

The potatoes meant for consumption undergo additonal treatment with solid
or liquid speout inhibiting chemicals. The research on volatile sprout
supressants, preferred above solid and liquid ones, has been initiated
several years ago Iin order to find thelr effect on the prolengation of
storage 1ife in potato tubers. This enables the grower to plant the potato
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with optimal potentfality st any desireable Lime, inatantly ready to be

used in any climate.

Following the originally used chloroprophanm, prophan and tenzacene, ather,
new inhibitors such as G-pinene benzothlazole, 1,4 dimethylnaphtalene, a-
terpineol )imonene, camphor, carvone, pulegone, bornecl, emerged. The
object of choosing these volatile chemicals is to enasure the minimal effect
on yield performance, also for the consumer. Interestingly enough, the pot-
ato and some other products themselves, contain their own supressant sub-
stances (f.e. 1,4 dllethy]naphtulene). In practice the experimental studiea
are carried out in batches with potatoes stored under weill defined con-
ditions using the inhibitor at certain low concentration levels and com~
paring the resuzlts gathered over longer time intervals with those observed
with the untreated control potatoen. The emergence scores are being
recorded in order to find the Bverage. Simultaneously the sprout length
data are coljected. Finally a field experiment must be carrfed out to
establish the true usabflity of the fnhibitor.

Carvone, pulegone, dimethylnaphtalene and benzothiazole have proven effec-
tive to some extent although much more research is needed. Possibly, the
€0z laser in the photoacoustic detection acheme as & very sensitive on-1jine
concentration meter, could provide more interesting {nformetion on that
matter. Initial experiments performed with pulegone CioM180 and carvone
C1oH140 (vapour preasures of 18 Pa end 16.8 Pa at 25% respectively) show
sufficient number of coincidences, &lthough no signiticant finger print of
the molecule is seen in this spectrul region. The reacarch on this topic is
in progress (43a}.

1.3.8 Aerobic meat spollape

The consusption of meat per capita in the Netherlands has increased from
38 kg in 1980 to 73 kg in 1982. In mest, like in elmost all foods, the
appearance, odour and tastineas deterioratea when the product Is stored in
ajr. The aerobic spoilage is a rather complicated process which involves
the action of mixed bacteria flora. There is a generally recognized need
for a measuring technique which would enzble one to establish the criteria
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for meat quality acceptance. In practice, this means ldentifying the »poi]-
age compounds cheaically {44) in course of time.

Currently the used spoilage analysis method involves the detersination of
a microblological number count (the logarithm of bacteria count per cm?) by
means of inoculating the aterile neat sort with a knewn single strain of
bacterial microflora {for the aerobic spollage at lower temperature these
are Pseudomonas and Brochothrix thermospacte) and by monitoring the selec-
tive count nuwber as a function of time, But in & pormsl situaticn the meat
product is contaminated by a natural way and the obtained resultas are
misleading when compared directly to those collected with inoculated
samples. Besidea, the microbiological methods are jinherently very alow.
Another possible way to approach thia problem is to try to detect the con-
centration of volatile compounds which are being produced during the aero-
bic spollage. If the appearance (visual), smell {reception) and the caunt
are ajmultaneously being evaluated, it may be possible to find the quantit-
ative relationship between chemical change (concentration change of one or
more individual componenta) and count number. This would greatly faciliate
dsseasment of quality factor and allow the prediction of the meat shelf-
life.

In a few experimental attempts of this kind already performed, {for some
meat sorts and temperature range) mass spectrometry and E23 chromatogrephy
have been used (45, 46) to detect the volatilea. Pertaining to the odcur,
the alterations in the sensory reception from 'fresh met' to malodours des-
cribed as fatty, dairy (count) and 'fruity' (count 9) have been reported
(47). The microbiological count ig a non-linear function of time (Fipure
36) approaching a saturation value after long exposures of concentrations.

Volatiles much as ecetoine, diacetyl and 3-methyl-1-butanol show thsir
peaks about 1 days froa onset of the above experiments. In the phase to
fallow, esthers are formed with ethyl acetate C4ligdp playing a dominant
role. In the last phase characterized by high count {nuaber 10}, the proze-
olysis takes place resuiting in the emisaion of aulphur compounds. Finally
there were some hydrocarbons (1 undecence, toluene and methylbenzene) de-

52

0 1 7 3 4 5 e

t days

Figure 38. The microbiological count number versus the time for beef {at
5°=C) inoculated with Pseudomones tragl bacteris (44).

tected In the initjal phase. The percelved odour sequence (fresh to sweet)
showed a relationship in respect to the volatiles quoted above.

We have recently attempted to study the aerobic meat spoilage using the oy
Inser photoacoustic spectroscopy, primarily because of its potentially
great sensitivity and speed of responae. An eather, ethyl acetate, has ini-
tially been chose as a chemical indicator {(at room temperature) in beer
samples inoculated with bacteris Pseudomonas fragi. The absorption croas
sections of ethy) acetate have previously been determined at C03 Jaser
wavelengths. Our own fntroductory measurements (Figure 37) on ethyl acetate
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Pigure 37. The COz laser photoacoustic spectrum of ethylacetate in nitrogen
{26},



53

diluted in nitrogen, reveals granslike spectrum with the strongest pho-
toacoustic signal at 9P(8) ({absorption coefficient 12 atm~‘cm~ ') cor-
responding to detectlon sensitivity limit of 0.8 pbv {Table 68). Such a con-
gested specrum {a obviouriy not suitable for monitoring purposes and the
interpretation of data is difficult. However, there i3 evidence for the
presence of alnnnli developed in the course of meat spoilage. More measure-
ments on fish, poultry and other meat samples are also to be carried out
with indicators in the near future.

In another independent experiment the posaibility to anslyse edible oll
photoacoustically will be Investigated (fatty acida). The method might also
prove successful in determining the presence of polycyclic aromatics.

1.3.7 rGreenhouse” gases and arbonmonoxyde

There is a strong tendency towards optimization of crop yield through clt-
mate control by combining the knowledge on 'plant model’' and that of a
'greenhouse model'. The total energy balance of the greenhouse depends on a
variety of physical processes. In hermetically sealed greenhouses the tes-
perature and humidity would Increase. The concentration of COp on the other
hand, is known to influence the growth. Carbon dioxyde on the other hand is
produced by planta and by soil) fertilizers. Therefore some means of regule-
tion is required to achieve the control of either one of the above men-
tioned parametera. An experiment is in progress at the moment (48) in which
the ventllation rate fold {expressed in the volume of exchanged air divided
by the volume of the greenhouse) ia determined ss » function of wind velo-
city, roof window opening apperture and wind direction. Nitrous oxyde is
chosen as an fnjected trace gas because it is ipert (natural abundance is
very low, not toxic st low level) and heavier than air. Since N30 does not
take part in the metabolip sechaniam, measurements of {ts concentration as
a function of time, makes the determination of ventiletion rates possible
for a variety of experimental conditions and hence also the total amount of
COz exchanged. An independent, simultaneous measuresent of carbon dioxyde
concentration provides the Informaticn about photosynthetic activity. The
commercial monitor for Na0 operates at the fundamental vibrational fre-
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quency vy at 1285 ce™' which is outside the CO2 lascr emission range. The
100 ppev concentratfon is thought adequate for the above application. Our
intention is to construct the practice]l C0O; laser photoacoustip based sen-
sor fo~ N0 detection. Two laser lines, namely the 10P(18) snd 10P{32) pro-
duce a relatively strong wsignal in N30 (49). At the time of writing this
report. a concentration limit of 200 Ppa has already been measured.

The photoacoustic principle was also exployed to develop an automatic COy
gas comcentration monitor for non-invasive use with humana, as well as for
diagnostic of respiratory disorders, since the adequacy of ventilation 1s
relatec to the alveolzr COz pressure. This apparatus operates at 4.28
microns ahsorption frequency using the thermal source.

Gurevich et al. (50) demonstrated the feasibility of photoacoustic tech-
niques for accurate measurements of micreconcentrations (typically 1 mg/m?)
of carbon moncxyde in a multicomponent sample from the closed ecoclogical
system (CES) atmosphere. This dangerous air pollutant is noraally detected
(in higher concentrationa) with conventional infra-red absorption methods
{suffers from N20 interference) or {at low levela) by gas chromatography.
Amer and Gerlach (52) used continuous wave €02 laser operating on tren-
saitions in a 1-+0 band radlation te achieve 0.15 ppm detection |imft.
Sigrist et al. (29) performed diurnal veriation measurement of carbon
dioxyde and water vapour with a COjlaser demonatrating the potential use of
photoaceustics for reliable humidity wmeasurements. The highly sensitive
cell (Flgure 38) developed by Amer and Gerlach (52) is used in their ex-
periments. It operates with a high Q factor (2500) in the first radial
mode. The absorption croas sections at COp laser wavelengths have been
determired for large number of industrial pollutants and some carcinopenic
tompounda (85).

[.3.8 More Lomplex systems

Molecules with low molecular weight exhibit relatjvely simpler spectra at
atuospheric pressure. The detuning shift between the laser esission and pas
absorption line js sufficiently low (near coincidence) to allow for the use
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Figure 38. Resonant photoacoustic cell based on design of Gerlach and Amer
(52) used by Sigrist (29) and Gelbewchs {19, 20).

of a discretely tunable source such as the COz leser for excitation. How-
ever, for large molecules with many vibrational rotational transitions,
selective identification of spectra in the complex mixture is very dif-
ficult as the broadening pressure will cause the overlap of adjacent indi-
vidual lines {53). Such broadened apectral structures cennot, a priori, be
resolved with the COp laser. Lead salt (Pb SnxTey.x} diode lasers that
operate in the 10 wicron range have a typical emission linewidth of
1074cm™' but suffer from low power drawback (about 1 wW). Kreuzer therefore
suggested the use of a ges chromatograph in conjunction with the laser pho-
toacouatic detector (Figure 39} in order to analyae complex mixtures. Upon
the separation in the gas chromatograph (Figure 40) constituents are
brought into a photoacoustic cell of small volume. This approach was shown
to be very useful since the compounds with similar retention time can still
be discriminated with reapect to their ahsorption spectra {53). Therefore
the comparison of the signals at several laser emission wavelengths facili-
ates the identification of the spectrus {Zharov et al.} were the first
investigators to report on practical use of gas chromatograph and the set
of three lasers to analyse the mixture of seventeen unsaturated and satur-
ated hydrocarbons. Minimum detectable sensitivity of their set-up was
107%cm™', Selective determination of various compounds is shown in the
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Pigure 38. The combined use of gaachromatography and laser(s) photo-
acoustic spectroscopy (4).
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Figure 40. The spectrum of a mixture of hydrocarbons obtained by means of
set shown in Fipure 29.
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epectrochromatogram (Figure 40) together with sisultanecusly measured
signals by a flame lonfzation detector. Zharov et al. (34, 55) appliet the
same technique to fdentify the transisomers in the mixture of oleic and
linoleic fatty acid esthers (food fats) and a mixture of methylcyclopen-
tadiene positional lioners. The first proceas 1ia important in the
industrial food hydrogenation process of edible vegetable oil] (margarine
production).

Unsaturated fatty acids exhibit formation of stereoisomers (acids with cis
double bonds become trans isomera) when hydrogenated.

Knowledge of time behaviour of thia process and determining the contest of
isomeric forms is useful 1in controlling the hydrogenation. Experiments
almed to study the time dependent proces quantitatively in carboxyllic
acids as well as to determine the concentration of fetty acids, esthers and
triglycerides, are now being prepared in our laboratory. Colour center
laser (2.2 to 4.4 ajcrona) will be used for precise atudy of Cylp {laser
frequency corresponds to C-¥ relevant vibration). The advantage of con-
tinucusly tunable mource and the high efficiency capillary column a)lows
additionel enhancement of the sensitivity. Use of the free jet to reduce
the pressure broadening of the absorption lines will be attempted.

Recently Korobelnik et al. (58) constructed the €02 laser photoacoustic gan
chromatographic system by connecting the photoacoustic cell at the end of
the capillary column. The technique was used to analyse in real time, ben-
zine fractions of petroleun oils originating fros various depths (hence
differences in composition and properties are expected). An optical para-
metric oscillation was achieved in LINbOg pumped by Q switched YAG: NdI+
laser (57) and the spectra of some pollutants {ethane and propane) in the
2-4 microns region were recorded at ataospheric presaure &nd concentrazion
level of 100 ppm. At the Technical Unlveraity of Twents (Enschede, the
Netherlands) efficient second generation of continious wave €Oz laser
radiation in proustite cryatal has been obtained.
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1.3.9 The oviposition deterring pheromone

In mature many insect species face the 'completely mixed' vegetation en-
vironment. Those insects which restrict their diet to one specific plant
(or & ew) must be capable of detecting their own habitat and host plant.
The same i3 true for the egglaying female: if she falls to locate the
proper site, the rate of larvae survival will be reduced. The recognition
of hoat plants takes place along several distinct behavioursl steps. Visual
and slfactory stimulif are the means by which the female orientates before
makiig contact with the plant to check whether the site is suitable for
ovipssitioning or not. Thus, if one ia able to interfere externally in some
way with the behaviour of the inmect, it is possible to affect her oviposi-
tioning behaviour (58). This in turn may result in the reduction of larval
infestation level of pest insects in ¢rop. and hence considerable economic
saviaga.

One of the msost common crop pests is the large white butterfly, Plerie
brassicae, with domicle dominantly in Aslan and European countries. The

.fema e butterlfy hsw the chemoreceptors on her legs and finda 'its sort'

thanks to the presence chemical substances such as mustard oil glucosides
in the plant. Alec their larvee possess minute receptors on their mouth-
parts wilch are sensitive to the same substance. The caterpillars of this
pest preferably feed on cultivated cabbage sorts and cause millions of
doilars worth of damage throughout the world.

Towards the end of the past decade it was discovered that the oviposi-
tioning female butterfly is able to make a clear distinction between its
own egg and the egpgs deposited an the cabbage by other femnles of the same
sort (58). This is & kind of selr protection to achieve the non-concurrent
food position.

The emperisents showed that the egga produce a specific chemical substance
called evipositioning deterring pheromone (ODP). The ODP substance keeps
other females away from the egg territory. If the ODP could be isolated and
synthetically produced, one could interfere with insect behaviour. In agri-
cultral practice this can be used to achisve a uniform egg distribution
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over the available ovipositloning sites, thereby centrolling the cabbage
pest.

Much work aimed to atudy female respons to ODP, has to be carried out iIn
the laboratory before large scale field application is anticipated. Both
pre-ovipositioning and ovipositioning periods are studied under a varjety
of experimental conditions as well as the effect of the compound on other
specles.

1.3.10 Attractants as biological pest gontrollers

The leaf roller moth species represent a group of well known fruit orchard
pests. Due to fts very ssall alze, it is very difficult to visually deter-
mine the precise moment of egg hatching. The emerging larvee search for
fresh leaves and spun in leaves or fruits scon afterwards. As they are not
easy to reach now, spraying is not very etffective. Therefore, it seemed
more appropriste to develop an alternative method to prevent excessive
spraying. The summer fruit moth affecting the quality of apples and pears
was the first insect subjected to a serie of experimenta. In an attempt to
reduce the economic damage caused in the crop by this pest, experiments
were undertaken in order to find out whether interference with animal beha-
viour can be achieved. The tactic chosen was to interact with the male-
female communication which is based on the sex pheromones released by the
female (59). Two routes are possible: one can either prevent fertilization
of females by male moths or alternatjvely, try to disrupt the mating
through addition of some man-made substence which affect the mate finding
ability. Both routea lead to the same end result - the reproduction will be
strongly reduced and the pest can be controlled effectively. The mating
tekes place at night by weans of very low concentration of sex pheromones
released by the calling female. The chesical stimulfl aignals reach the
male, sometimes at long distances (10-100m) from the female and guide them
to their destination.

Efficient prevention of the fertilization (males are feartile s few hours
per day during 14 days) can be obtained by registering {with light traps)
the time interval which elapses between the onset of the male moth flight
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and the msoment of egg hatching. When the summer moth pheromocne has been
extracted and identified (positional isomers cis 9 and ciss 11 tetradecenyl
acetate), light traps were replaced by sec pherosone traps.

The idea is to irreveralbly catch as many males as possible into & sticky
trap by wanipulating with carefully selected one (or more) attractance
pheromone. Minute deviations in the concentration result in a reduced
catch.

Mating disruption, on the other hand, relies on a non-destructive approach,
that disorients the aale in the space, causing temporary adeptation of
male receptors (hence the female calls will not be heard since the thresh-
old sensitivity is lowered) or even leads to induction of permanent loss of
behavioura) reaction (alterationa in the cerebral neural syatem).

In the first phase of the Investigations, antipheromones were aprayed to
disrupt the mating, later it turned out that the pheromone in a blend
(closest to the natural pheromone) s more effective. It has now been
established that effective population control can be achieved when 10% of
all females mate {60).

In a recent field experiment, catch percentage as high as 96% has been
obtained when pheromone, distributed in a matrix of 5 x 5 m over 400 ha
(dosis 3 gram/hs) evaporated from dispensers. Higher values of catch are
possible at larger concentration levels. At 10 gram/ha complete control can
be eastablished. Currently, experiments are done to study the mating and
poasible long-term developmental effects of the leaf roller moth. Possible
application to other horticultural pests §s now being studled (concentra-
ticn, side effects on the environment etc.). The final goal is clear, the
pheromones should act as biological control agent in the growth of fruit
and other species, and should, as such, replace the chemical insecticldes.
Since the inaect behaviour is concentraticn dependent., a need for low
{ppbv) monitor is obvious.
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1.3.11 E-§ farnasene alerm pheromone

Small aphid insecta spend & large part of their 1ife on & very small area

of a few am*, When facing a streas situation {for example visual or mecha-
nic stimulii, or specific gas smell), the aphid produces (in syphons) a
liquid, indentified as E-8 farnasene. Evaporation Is sensed by antennae
(rhinaria) of conspecific aphids causing panic reactiona.

In laboratories simulation experiments of electro-antennograms are recorded
when aphida antennae are subjected to a flow of paseous mixtures (at low
concentration, ppbv level) evaporating from a pretreated ateip !61). The
electroantennogras signal hes an additjve character, i1.e. the signal is a
sum of receptor potentials of individual olphactory receptors. By blocking
some rhinaria, it i1s posaible to find out which rhinaria participate in
perception of the alarm pheromone. The panic reaction is accompanied by
significant mobility jncrease of the aphids. Spraying under auch conditions
becomes favoursble. Commercially avallable mixtures of pyretrum and E-§
farmasene requires an approximately 10 times lower peaticide concentration
than normally needed for comparable end results (81).
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Il PHOTOTHERNAL STUDIES ON CONDENSED SANPLES

I1.1 Basic principles of spectroscopic studies in liquids

Extension of the photoacoustics to the condensed phase is of recent origin
(62). Frequently the terms photoacoustice and optoacoustics are confusingly
used to indicate one and the same phenomenon. However, the original Bell's
effect waa called optoacoustic - it wax Rosencwaig (13) who coined the word
'photoacoustica’ to emphasize the absorption of rediatfon by the condensed
phase sample followed by microphone detection in the adjacent gas medium
{due to diffusion). These two steps, indirect mechanisms of detecting
pressure fluctustions is not very efficlent due to the acoustic Impedance
miematch between the gas and liquid phase. Consequently the gas coupling
detection is only suitable for strongly absorbing samples for which most
energy is deposited near the surface.

The easiest way to measure weak absorption photoacoustics is to use direct
detection of acouatic disturbances in the aedium (liquid coupling). Piezo-
electric force sensing transducera Immersed in the liquid ssmples are much
more sensitive than the microphones. The reason for the preferred use of
plezoelectric detectors is due to the small amplitude Ax of the microphone
menbrane's motion in liquid medium with high density. In general Ax will be
propartional te the pressure disturbance 4p is given by (83):

Ax = Ap/mp¢ (20)

where { is the fluid kinematic viscoaity. As the ratio of absolute viscosi-
ties of liquid to gas 1s of the order of 10* the amplitude motion ax in
liquid will be thousand times smaller compared to that in air.

Strauss (63) analysed the problem from an acouatic point of view. Since the
compresalblility of a liquid is much smsller than that of a gas, the par-
ticle velocity in liquid is much saaller {for comparable acoustic ener-
gles}. The continuity requirement at the liquid-gas interface implies equal
magnitudes of particle velocities fn both aedia. Hence little of the acous-
tic emergy is transmitted to the gas. This fact is conveniently described



83

by the mismatch of the acouatic wave impedance Z at the interface
{Z = psvy, with p = masa density and vy ® sound velocity).

The experiments with liquid samples are mainly carried out with pulead
lasers (large peak power) since the signal, like in photoacoustics on
gases, is proportional to power absorbed by the sample. Furthersore Lt Is
posaible to suppress the background by choosing the proper gate, to "catch”
the first peak of acoustic pulse, thereby preventing the detection of para-
sitic signal originating at the window (..). Short pulse duration doea net
allow the onset of convection transfer within the medium.

In general, at room temperature, liquidse have relatively streng broad
absorption bands in the Infra-red and weak bands in the visible and near
infra-red. Inherentiy, high senaitivity of photoacoustic techniqie can be
used tc accurately measure weakly absorbing solution and for the analyais
of highly scattering Jliquid systems (such as suspensfons). Ry weakly
absorbing solution iz meant the weakly absorbing species In the solvent
(absorbing or not). To find the quantitative relationship between the nor-
malized piezo signal S and the ahsorption coefficient 23 consider tle
experimental situations shown in Flgure (41) (84).
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Figure 41. Plezodetection in liquids (85).

The pulse (energy Eq} of laser radiation (width Tp = 27) and dismeter 2R
jlluminates with repetition frequency fr the cylinder of absorbing 1iquid
{coefficient ay and density p) having a tength Ly. Par very trénsparens
liquids agl.y ix much smaller than the unity resulting in a uniform dis-
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tribution of abaorbed energy across the length Ly, The piezodetector Js
located at observation point O placed at distance r (shortest distance to
the axia of the liquid volume).

Following the excitation (pulse length selectec much longer than de-excita-
tion rnr)' the cylindrical acoustic pulse will be geénerated so that it tra-
vels at the speed of the acoustic pulse v, (medium dependent) across the
dismeter of the cylinder within the time intervai Ta = 2R/vy. The asplitude
of the cylindrical wave is dependent on distance r from the axis of the 11-
Juminated colusn (r = 0} and is detected by a fast response piezodelector
(Tpiezo << Tp) thus: Tp >> Tplezo. Tnr and T,.

The amount Epphg of energy per pulse absorbed by the )iquid column (absorp-
tion coefficient ap and length Ly is, according to Lambert-Beer's Loaw:

Eaba = Foll - expl-agly)] (21)
reducing to
Eabs = Eg agly {22)

for highly transparent media.

The absorbed energy Eppg is fully converted inta the thermal energy Etp
causing the temperature rise AT of the liquid volume V = R2aLy. As the
Eth = mpcpAT (my is mass of liguid column and cp its gpecific heat), one
has for AT from eqna. (21 and 22}:

FEa, L
oT » ——0 0 2 (23}

2
R°% 1, p, <

The temperature rise results in an expansfon of ]iquid column; the radius
increases from R to R AR (4R << R). The volume increment AV defined as:

AV = (R + AR)2 Lyx - R2L {24)

'l
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On the other hand, the relative change {n volume %g fs expressed through

the volumetric expension coefficient of the liquid py and the correapond §ny
temperature increment AT:

AV
v "By arT

Combining eqns. {24) and (25) one obtaina for AR

4R = RE4AT/2

which is based upon substitutfon of AT from eqn. (23)

&R = E a,B8,/2r Repp (26)

and finally
AR
E: = a,ﬁ,IZchpp (27)

which foras the basis of quantitative pulaed atudies (8s).

In order to get an eatimate of AR consider the laser output power level
(per pulae} Ea = 1 x 107 J, incident on )} cm long column (radiua 1 am) of
water (&p = 10 %cm™' in visible region, Cp = 10% J kg™ *K™', B85 = 10~ %ca-?,
P = 10%g ™). The tesperature jncresse AT (eqn. (2a}) during the time To
is then in the order of 10-4K. Likewise, the mubstitution of numericel
values above into eqn. (26) gives AR ~ 10-vcam (AR << 1 mm),

Periodic expansion and contraction produce a pressure wave that propagates
outwards with a speed in (radia) direction} Va through the medium. The
amplitude of pressure wave depends on the frequency of acoustic pulse

v
fa ™ é_ - E% and displacement Ax (64) (proportional to ARY:
8

P =2n r. ix p Ve (28)
i.e.

P =~ const AR 2n ra P va (29)

L g

Substitution for AR frow egn. {28) into eqn. (29) ylelds
Eo 2y ‘!va
p = const ————1 (55) (30)

For constant fa and R eqn. (30) becomes:

Eo ﬂ. u!vn

P = conat® {31)

cP
Por good piezoceramic detectors [sensitivity10™® to 1 av/Pa, usable over [
wide frequency range (even 100 MHz)] the preasure wave will produce a
voltage output signal proportional to the pressure, §.e,

Vpiezo = K* D = K* const® E,4 8, ag va/cp (32)

with X* being a constant depending on geometry and response of the trans-
ducers. The linear relationship between the piezoelectric signal (generated
charge when pilezo material ia subjected to mechanical stress) and the
absorption coefficient is valid for wesk absorptiona only. The generated
charge however, is proportional (63) to the amplitude of the presaure wave
causing the deformation {piezoerlectric charge coefficient timea the defor-
mation area).

Since 83, vy ond Cp are conatant for a given liquid sample, the normal ized
signal S, can be written aa:

v
s--g—”—‘!xa (33)

n o 1
with K being the proportionality constant.
As seen in eqn. (33) the normsalized plezonignal S, 1s linearly dependent on
the absorption coefficient ap making the pulsed photoscoustics of liquids
indeed a very suitable technique for studying weakly absorbing liquids.

The value of K in eqn. (33} la determined by calibration measurements of
Vpiezo/Fo vsing the samples with known ag.

Figure 42 displays a typical design of photoacoustic cell for studies on
ligquids (4}. The material used for cell fabricatfon should not be be reac-
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Plgure 42. Piezotransducer used by Patel and Tam for studies of weakly
absorbing liquidas (2).

tive (chemically} with the liquid under investigation and muat have heg-
ligable adsorbance affinity. As a transducer, a tirconate-titanate-lead
ceramica is used in the so called 'enclosed’ geometry configuration. This
arrangement reduces the influence of signals originating from the light
scattered from the bulk {..) that interferes with true signals produced sy
bulk absorption. In practice the plezoceramics and liquid sample are
separated by a thin polished membrane (polished side faces the sample) to
reflect all the unwanted bulk scattered iight. This membrane {s In contact
with the piezoceramics to translate the acoustic signals.

Figure 43 displays a liquid photoacouatic cell suitabie for rapid studies
of floming samples (66). The cel) is mounted in such a way that the im-
tluence of external acoustic disturbances is minimized. An fnexpensive
pleznelectric detector (hydrophone) for efficient transmittance of phote-
acoustic signals along the preferred polarization direction (chosen during
the fabrication} is used. The piezo is separated from the bulk of liquid »y
means of a thin membrane and a teflon ring. The viaible radiation of a
laser is coupled into the cell volume through the flat polished side cut in
& cylinder wall. Care has to be exercised to prevent the accurence of air
bubbles in the cell. The sensitivity of plezo hydrophone 1s 5 plco Coulomb
per unit force, while its internal resistance ia 3 x 109 phas,

}

Figure 43. Simple cell with plezotrandsucer for photoacoustic studies of
flowing liquid samples (66}.

The analysis of signal detection in the case of the modulated continuous
excitation {s quite complicated and will be omitted here. We shall further
discuss the periodic irradiation of liquids when dealjng with the technique
of mirage spectroscopy. Extensive analysis of optimizing the cell and beam
geometrical conditions for detection in liquids is given by Kitamori et a).
(67). The group of Sawada at the Tokyo University performed the study of
frequency characteristics of the photoacoustic signals directly penerated
in liquids (68) and discovered the existance of 1/ty dependence (fg ia the
modulated frequency).

Main practical application of photoaconstic studiem so far has been the
ultra low trace detection in various solvents, Table 8 on the next page
shows the relevant data gathered with different laser sourcea (4). Tam
evan reports detection of eight harmonic overtones of the C-§ stretch in
benzene {89). Such high sensitivities allow detection in the pptv (1 part
in 10'*) range. Accurate spectra of liquid water have been determined
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Table B. Some of the results obtained with the direct pleze detection
(4).

(69). Thia §s several orders of sagnitode better then agly = 10-? ca~" nen-
sitivity limit (see Flgure 44) normally achievable with the conventional
techniques (2). Source sensitivity is obtained with the Indirect [plezo -
gas) detection In the c.w. wodulated laser excitation.

At the mowment aensitivity for absorption of agl as amall s 10°7. Tajs mlac
implies thal the measurementa of heavily absorbing samples {ag = toicm—")
can be performed with a very thin monolayer (Lg = 107'*n() when = Fuleed
laser is used. For weakly absorbing species (g = 10" 7ca), relatively
long sample lengths (Lg = 1 cw) are allowed.

Additional sensitivity fmprovement (to 10°*) §s pomsible before the limit-
ing electrostriction background signal becomes domininant.
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Figure 44. Indirect (a} and direct (b) photoacoustics of condensed phase
samples (2).

.2 Nirage or photothersal deflection technique

In recent years a novel spectroscopic technique has received widespread
ak-ention {analytical experimented studies and theory)} for analytical atud-
12, It is & method based on generation of photothermal effects - {.e. the
ozeursnce of refractjve index gradients in the ligquid sample due to the
tempe-ature rise following the absorption of radiation from a periodically
interapted beam. The hesting (and hence the temperature and refractive
incex gradient) with a 'pump’ laser. The magnitude of the refractjve effect
is then sensed by another probe beam of an optical laser undergoing deflec-
t_cn. Some simple calculations (70) will help us to deduce the magnitude of
the photothermel effect produced for absorbing (infra-red) molecules such
at benzene {p = 0.88 x 10 kgn'?, Cp = 1.72 2 10% J kg™'k™", ap = 10-¥cm1)
illumjnated by laser power of P; = 10°*W. Sample volume V {8 specified

by lergth of benzens column {radius R = 10~® »m and length 1.y = 107% m)
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i.e. V= 3.14 x 107 *»?. Assuming no otlher energy dissipation but the ther-

ma) one, the amount of power deposited in the sample P:hs - P;alLl- 10™'W
and hence the resulting rate of temperature increase
L -4 - 34
T At Vp cp 2.1 x 1074 K sec (34)

This rise causes the outward heat transfer auut from the heated volume to

the surrounding reglon. The magnitude of flow s given by Fourrier law for

conductive transfer:

(a5}

where kj, A and Ax indicate the thermal heat conduction coeffjcient of
liquid (k) = 0.143 W %K' for benzene), effective surface lz:RL' .
6.28 x 107%s?) and thickness across which AT is set up. It is clear that
the temperature of the sampie will tend towards some final value determinec
by the equal rates of energy gain (heat input) and loss {heat conduction
for the system, i.e.

-
= . 10 -
Paha. Qout' giving AT/Ax = s Km~t (36)

0.143 x 6.28 x 10~

i.e. temperature gradlent equals 1.11 Km-', In practice main portion of the
teaperature gradient 18 developed across a distance that equals the laser
beam radius: 4x = R. This approximation enables one to calculate
AT = 1.1 x 1072 K (for Ax = 1 mm).

As the rate of temperature iIncrease Is 2.1 x 10-¢ K sec™' (see above), the
time intervzl needed to reach AT = 1.1 x 10-*K js 1.1 x 167%/2.1 x 10-%

i.e. 5.4 seconds (so called response time). Since f% is inversely propor-
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tionel to the mize of the area A participsting in racdial) heat convection,
it is necessary to focus the pump radiation if fast response 13 required.

The refractive index n of sample is, in peneral, weakly temperature
dependent. Hence, the temperaturs change AT as calculated above, will cause
a slight change of the sample itself (or alternatively in another medium In
thermai contact with the sample on account of the diffuaion process}. The
use of a beas of radiation which is not absorbed by the sample, allows the
probing of the hested sample volume. The most commonly used method is to
send the laser beam of visible light (He-Ne at 0.63 u) through the region
of interest (perpendicular to direction of pump heam}. In optical portion

of electromagnetic spectrum the temperature coefficient gn

a7 of the refract-

lve index varies according to (70}

an _[an] , [an]. [ae
ar [ar] + [ap] [ar (37)
]

For benzene the above equation becomes g% =~ 3.9 x 1074K~" when first

term is neglected. For change An in the refractive index n, 1t follows

dn
&n = d'r] aT {38)

glving &n = -4.3 x 1077 for AT = 1.1 x 10-3K. (The negative sipn indicates
the expanaion of liquid when heated 1.e. 34p/3T < 0). The absorbing liquid
behaves as a negative lena with a periodically (at modulation frequency)
changing refractive index. The probe beam undergoes the corresponding de-
flection which can be messured with a position mensitive detector. Varia-
tions in thermally induced deflections as small as 10-*% radiana have al-

ready been measured (82). In actual mirage experiments the optically
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proved distribution of refractive index in the medium with known g% enebles
the calculation of the tesperature distribution within the sample.

However, the temperature is related to the sanple abesorbance through the
thermal properties of the sample and hence Its absorption coefficient can

be calculated.
I1.3 An example: transverse mirage of bheavily absorbing ligquide

We shall illustrate this approach by describing the airage spectroscopic
studiea of organic liquid performed recently in our own laboratory (71).

Consider absorbing liquid samples enclosed in the cell (Figure 43). Perfod-
ically modulated "pump” radiation with intenalty Ig(t) = 1001 + exp(iut)]
irradiates the sample through the transparent window in the positive %
direction. The temperature gradient is formed solely in 2 direction and for

such one-dimensional case the temperature osclllation T(x,t) at some
distance and certain time inatant is given as a sum of two terms: the spa-
tial, time dependent T(x} and the fluctuating component 5T(x.t). {.e.

T(x.t) = T(x) + 8T(x.t) (39)

The a.c. component (modulated at angular frequency «) satisfies the general
heat diffunion differential equation:

2
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Figure 45. The modulated radiation passes through the transparent window on
its way to absorbing liquid sampie (71).

where the aymbols p, c, k) and Qg are used to define denaity, specific heat
conduction coefficient and heat source.
The Feat source term Qg eatisfies the eguation:

Qulx.t) = -(3/3x) I(x.t) (41)

where I{x,t) 1s the intensity in the sample at distance related to the
irtensity 1,(t) through:

T(x.t) = 15(t) exp(-Bgx) (42)

with 8y being the sample's absorptjon coefficient.

Cembination of eqns. (41) and (42) gives

Quix.t) = Qqu{x) expliut) (43}
w.th
Q.lx) =X T8y exp(-Bax) for o € x ¢ | (34)

Q.jx) = 0 elsewhers
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In eqn. (44) 25 {3 the cell length. ljkewinc, the term 8T({x.t) can, in
general be represented as a product of two independent terms:

8T(x,t) = 8(x) exp{ilwt) (45)

For each of the two regions in Flgure 45 (i{.e. window and sample indicated
by subscripts w and s) the spatial term in eqn. (45) can be written as:

@g(x} = Ay explog x) + Ry exp{-o4x) + Cy exp(-Bgx) {48)

and

Byi{x) = Ay exp(oy x) + B, exp(-ogy,x) (47)

The constant Cy Ia zera, aince there is no absorption in the window. Para-
meters oy and oy are imaginary, and their nuserical valuea arc equal to the
inverse of the thermal diffusion length ky and TP

Og = (3 + 1) w/2ag

(48)
Ow = (1 + 1) w/2a,
with ag and a, being thermal diffusivity coefficients (mtaec™):
ag = (k}/PsCq)
{49)
and w
ay = (kx/PyuCy)
The constant Cg s obtained by subatitution of eqn. into eqn. {40).
- L] -
Co = T, [1 - (o801t (k) g ) (50)

The remaining four constants As. Bg Ay and Ry ure to be determined from
boundary conditions
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By {x' = 0) =0
Oy (x' = 2y) = 8y (x = o)
O (x=12,) =0 (51)

and " s
- kpBOu(x = 2y) = - KpVE,(x = )

where separate coordinate systems (' and %) bave been chosen for window
and sample (#y 18 the window thickness)}. Alternatively, if the front afide of
the sample {s taken as the common origin, the boundary conditions are as
follows:

By (x = -2y) = 0

8y (x = 0) = 8, {x = o)

Oy (x = 8;) =0 (52)

and
- KA¥0y(x = 0) = - kiVO,(x = o)

Solving the eqns. (45) to (47) with boundary conditions provides a
complete expression for the temperaturs amplitude 84(x)} Iin terms of experi-
aental parameters By, 1y, 8y, &,, Bg. 1y, @ and x:
] 2 -1
6,(x} = % 1 (ko {1 - (a,/8)°) [1 - exp(-20,1 )1}
{lexp {0 1.} - exp (-0,1)] [exp (-ox) - exp (-0,(2 1_ - x)}]
[(1 - exp (- 20'1’)) - (a./p.) {1 + exp (-20’1’) -
T2exp (- 1) (o 8] [exp (9,1) - exp (0, (1)) (53
(1 + exp (- 20,10} + g (exp (o,1,) + exp (-a 1)
(1 - exp {- za.l.))]'1 + [exp (-0.x) - exp (-0 (2 1, -xh)
+ (exp (usx) - exp (—osxil exp (—ls(c. +* p.l) -

-1 -exp(-21.0))) exp (-8.x)11
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In eqn. (53) g js diwentional ratio of thermal effusivities (Ih"K"ueckj
e= Y c o At p)¥ (34)
ATwTw"TA "2 Ts

Now let ur concentrate on heavily absorbing 1fquids. For thermally thick
sanples | exp(-2042,) | << 1.
Furthermore, on physical grounds for the heat flux Fu

BF (%,t) = -k: Ve, (xt)- -k: v 6, (x) exp(jut) (58)

Therefore it holds true that

lar (x = ©)/8F (x = 1)} << 1 (36)

from which | exp(-28,0,) | << 1 (57)

with the approxisations (57), the following relatfonship for 85(x) 1w
obtained:

I

0 (x) = 2
L} L 2
2ky o 13- (0,/8)%)

fexp (-o  x) (1 -0./8) (1+g)?
+ exp (-o.x) - exp (-8, x)) {58}

By introducing dimensfonless variables ¢ = x/lly and K = pfy it becomes
easier to group real and imaginary terma in the above equation.
The mapnitude of O4(x) ia then:

3/2
loyix) | =5 u exp (-c)r2

ky (1+8) (1 +4c0)
{2+ g-x)2 s (k)2 (1 + g)® exp (2¢) exp (-2p'x) +
+ 201 + g) exp (€) exp (-B.x) [k™'aing - (2 + g - &) co-c]!* (59)

In photothermal detection scheme, the angle of deflection is proportional
to a temperature gradient. The heat flux through the sample is governed by:

OF (x.t) = -k:VO.(x) exp (fut) (80)
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Using egn. (33) for O8g4(x) and the approximations

exp (-20,8,) | and | exp (-20424) | << 1
and

|
Ve, (x) =~ z—‘! (- :c‘/p'ﬁ] {1+ exp (-o,x) 11 - o, /B)/(1 + g) -
- exp (- 8.x) n'/o,l (81)

Substituting egain € = x/Bg. K = pgfy End eqn. (48) for o, into above
equation, the magnitude of temperature gradient is:

IP o tx) | = (1,72 k] (1 + 4 k)% {[(2 + g - k1)1 4

+ k"1)%] exp (2€)}/{1 + g)* + % k! exp (-2,x) +

+ exp (-€) exp (—ﬁ'x)/(I + g) [silne - cose - {2 + g - x-1)k

(sin € + cos e)]]x " (62)

It is not trivial to expreas the absorption coefficient B, from egn. (52)
in terms of gradient | Vo (x) | .

In order to deduce somewhat simpler equation, we rewrite the eqn. (62) as a
oum of three terms Sy, Ss and Sg multiplied by & constant factor Cy, f.e.:

|v e, (x)| = C, (5, +8
with a X
Cy = To/2k, (1 + 4 (npB)")

Sy = L2 s g - (A7) + (up)7"] exp (-2x/u /(1 + g)®

X
5t ss) (83}

M k(u.ﬂ'l' + exp (-zp‘n) and

"]
L]

g = (2 + E)7') exp (-x/u,) exp (-p ) [sin {xfu'l - cos (x/u) -

(2 + g+ (u.ps)-') LI (sln(x/u.) + cos (x/u'))] {84)
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From these terms S5 Js the most convenient Lo work with. To sake jt domi-
nant Sy must be msuch larger than S; and Sg. Under these conditions, the
eqn. (63) reduces to

1v e, e, s¥ - c (o.5)% Byty €xp (-B x) (65)
or
|7 8,(x) | = ¥(8,.u) exp (-5 %) (se)

The function Y¥(8y,w) 1z dependent on moduletion frequency w = 2nfy and
absorption coefficient p,.

Due to the proportionality of normalised deflection signal Sp(x) st some
distance x and the temperature gradient lve,(x; Iue can write:

Spix} - Y(Bq.w) exp (-Bgx) (87)
When the cell with the sample is displaced through a distance A, to a new

location x + & and other experimental conditions remain the same, the nor-
malized photothermal deflection aignal f{s

Spix + 8x) ~ Y(By,u} exp [-B4 (x + A}] (68)

Ry taking the ratioc of two signals function Y(Bs.Ww) 1s cancelled out amd
the abmorption coefficient By is given by

Bs = (8)77 By Sp(x)/S, (x + 4) _ (89)

The eabsorption coefficient of the saterial sample can, this particular
case, be determined by mirage technique if the two normaljzed signals ard
the relative distance between the two locations at which the sampling takes
place, are known.

BO

The validity of the thecretical expression derived above will now be tested
in a apectroscopic study of methyl aicohol in the COp )aser eminajon wave-
length range. The experimental set up used fn this study is shown {n Pipure
46. A COp waveguide laser operating in free running wode delivers sbout 2W
at its strongest transition (linesrly polarized). About 10% of the emerging
laser power s sampled out for monitoring (power detector PM) and normal-
ization purposes by the ZnSe beam splitter BS. The remaining laser power
impinges on the spherical mirror with focal length Ly of 550 mm which foc-
ussea the pump radlation onto the sample $ (the induced photorefractive
effect is inversely proportfonal to the volume of the heated region). On
ita way to the sample in the measuring cell, the beam is interrupted by a
mechanical chopper (long term stability 1:10%) that could be adjusted to
any frequency within ¢ and 3.5 kilohertz. In order to prevent spatially
non-unifors effects (multimoding or two line oacillation at the same time)
in the semple that could lead to uncontrolled perturbation and erroneous
interpretation, diffusing atructure Dif was inserted between the chopper
and the sample. It s 2 8 x 6 x 65 mm hollow plece of brass which has been
sand blasted {on its fnner walls) and then coated with gold to ensure good
reflectivity. The axis of a diffuser subtends an sngle of 23* with respect
to the direction of the Incident pump beam. The mfrror Ly focusses the CO0,
laser radiation (at wave length of interest) on the vertical wall of the
diffuser in the immediate vicinity of the front opening so that a suffi-
cient number of diffuse reflections are made across the diffuser length. Of
course, diffusing the beam will provide uniform intensity across the heated
surface of 6 x 6 mm Iin the sample, but the power per unit area will simul-
tanecusly decrease, which in turn limits the sensfitivity.

The back opening of the diffuser was positioned mgainst the ZnSe window W
of the sasple cell (box with top side open) made of clear glaas plates
(2 am thick) which were glued together. The window, 2 am thick and 25 mm in
diameter, js glued to the inner wall of the cell to cover a 20 am dismeter
hole drilied in the glass. The cel, is held In a holder affixed to the top
plate of the rotating stage which is mounted on the pillar resting on the
carrier and optical bench (ses Figure 47). The carrier could be displaced
in a direction perpendicular to the bench longitudinal axis by means of
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Figure 48. Experimental arrangement mirage spectroscopic study on liguids
(r1).

Figure 47. Photograph (from above) of the experimental system. Showing the
probe laser beam and position sensitive reflector.

positional sicrometer providing the resclution of % microne. In such a way
the entire cell mssembly could be moved without changing the angle between
the laser beam and diffuser axis A NEC GLG - 5012 He-Ne laser (also posi-
tioned on the same bench as the measuring cell) of good pointing stability
served as the probe beam PB. Its radiation was sent from the air through

the glasa plate at right angles to the pump beam. The visible radiation of
the laser is collected by a lens with a focal length of 40 am to form a
smmll spot in the sample volume behind the window. The probe ben- iz thus
coplanar with and orthogonal to the modulated punp beam.

The magnitude of deflection of the He-Ne laser beam is detected with a
phowe sensitive lock-in amplifier at the modulated frequency using the PIN
LSL/SD Jateral position sensitive diode PSD manufactured by the United
Laser Technology (Figure 48) that converts the deflection fnte voltage.

Figure 48. Circuit disgraam for characterizing 1jght spot poaition on a
lateral dfode {United Laser Technalogy).

This diode is shielded for atray light and mounted on the stack of horizon-
tal and vertical positioning stages placed again on the same opticel hench.
In an actual meanurement the cell s displaced parallel to the window (in
direction perpendicular to the window plane}, so thet the distance between
the probe beam and the window increases with each succesaive measurement.
At glven sampling distance x, the position of PSD wae adjusted {with laser
radiation blocked) to compensate for a d.c. heating effect - this was taken
as m zero deflection signal. For each x the phase of the aignal is optim-
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1zed - the procedure 1s repested when the laser is tuned into another
emission line. The output voltage of the lock-in power amplifier at speci-
fic laser wavelength is recorded simultaneous)y with the power measured at
the PM detector. By rationing the two d.c. voltages normalized sjgnal Sp(x)
is obtained. When the cell is dispiaced through a diatance 4, measurement
ias, reported at identical experimental conditions, yielding Sp(x + A). The
value of B4 is then found from eqn. {(69). In this experiment the absolite
value of x is not measured - instead only A {a relevant and can be found
from the two readings of the sampling distances. However, the choice of the
range of x values is not arhitrary, as the above expression for g is sal:d
only for the situations for which S5 >> Sp and Sg. Thus there will be, in
general, a range of allowed x values {above lune‘crlticnl onset value)
depending fn principle on the modulation frequency, fy and the absorpt ion
coefficlent 84,

The relevant thermophysical properties of methyl alcohol and the window
needed to caiculate the tersm Sg, 82 and Sg are an follows: fg = 16 am

by = 2 mm, kx = 0.2023 W~ 1K™, kA = 16.75 Wm~'K™', py = 0.79 x 10%kgm™?

Py = 5.72 10 kgwm~?, Cg = 2.55 x 10* J kg™'K"", Cy = 0.327 x 107 J kg~ K™,
Fros these values one calculates for thermal diffusion coefficients a; =
kA /pgcg =~ 1 x 10 ?m*sec™ and By = 89.6 x 10 Tmisec-'. Likewize for ttrer-
wal effusivities kj pgcg)¥ = 639 Wa-tK-'sec¥ and (k) Py cy)¥ = 5600

Wn~ 1K~ Ygeck giving for g factor a value of 8.76. In our calculations fcr
terms Sp, S5 and Sg we assuse the ocutput laser power of 2 W and the spct
size of 5 mm immediately near the output hole of the laser which gives a
power (intensity) I, = 1 x 10 Wa~?. The intenaity of the laser radiation
per unit surface at the measuring piane (behind the window) is much smaller
(some constant factor) but it 1s not measured.

Figures 49a to 40d shows the values of 82, S5 and Sg versus & distance x
for the sample with absorbtion coefficient By of 0.1 x 10%™" (100 cm~1)
for the range of modulation frequencies from 50 Nz to 2kHz. The plot along

Figure 48. The megnitude of terms
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i,
X

the Y-axis I1s a logarithaic one, since we are Interested in the regions of
x for which Sg >> S and Sg (here chosen as S5 100 S and S » 100 100
Sg. Tn a similar fashion plots for larger p; (800 cm~'), are produced for
the same range of modulat{on freguenciea {see Figures 504 to 50d). All
plots indicate that in general the range of x values decreases with
Increasing modu)ation frequency for a given sample with given 8,.

The functional dependence of temperature gradient | ¥o,(x) | on the d:stance
x In the sample was calculated using eqn. 66) for sample with By = 100,
200, 400 and 800 ca™' snd the modulation frequencies of 50, 200, 800 and
2000 Hz. (Plgures 51a to 5id). Te get the strong photothermal deflection
signats, the value of | 40,(x) | should be aa large as possible. We there-
fore introduce the additional ceriterion stating that only those x values
for which | 46,(x} | 2 107K wm~' will be considered.

The analysis of plots in Figures 49a to 49d reveals the following: at a
given B, {for example Bs = 0.1 x 10*m"') the distance x {onaet velue) at
which the Sg ia greater than 100 times Sz and Sg  reduces from 150 microns
(at 50 hz) to 40 microns (at 2000 Hz). The same tendency Is observed for
larger By an well. However, the onaet value at large 8, is always larger
than the corresponding value at low s irregardless the modulation fre-
quency fg. Although there is a broad range of locations within the sample
for which Sg 3 100 S; and 100 Sq the secend requirement 1.e. | aog(x) | »
107K ma™1 must be met ams well. For example in the case of the sample with
ahsorption coefficient Ba = 0.1 x 10%"" (100 cm~') the range of allowed x
values with regard to | 40,(x) | may not exceed 500 microns (at 50 Hz) and 25

microns [at 2000 Hz). Thia range becomes even shorter at increasing B4 values

lat By = BOO cm™': 110 microns (at 50 Hz) and sbout 15 microns fros the
window at the modulation frequency of 2 kliz)]. This all leads to the con-
clusfon that for practica) reasons the measurements will be limited te the
samples having absorption coefficlents that are no larger than 0.3 x -Q¢
R7V(300 cm~Y).

We have selected two €O; laser )ines where s reasanable amount of power s
availeble: the 10 P (20) at 10.59 microns and 10 R{20) at 10.26 microns

a8
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Figure 50. The magnitude of terms 52. ss and S. versus diatance x for

6
samples with absorption coefficient of 800 cm™' at 50 Hz (a),

200 Hz (), 800 Hz (c) and 2000 Nz {d) (71).

both in the central portion of the 10P and JOR band respectively. The
absorption coefficlent of methyl alcohol at these wavelengths are 0.12 x
10* and 0.175 x 10*»~' aa found in the product catalogue data (49). The
sodulation frequency of 240 Hzr wes chosen. The inspection of Figure 49b for
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Figure 51. Temperature gradient ]Vas(x) Iverlun distance for four distimct

values of modulation frequencies 50 Hz, 200 Hz, 800 Hz and 2000
Hz respectively (eqn. (65)). The sbsorption coefficient n. of
the sample s 100 ca”'(a}, 200 cm~'(b), 400 ca”'(c) and 800
cm™ (d) (71).
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Bs = 100 ca™' and f, = 200 Bz, which fs close to our situation, reveals
that the S5 term ia dominant st x > 110 microns. On the other hand

1805(x) | > 10°* K mm*' for 110 um < x < 250 um  thereby specifying the
allowed reglon as 110 g < x < 250 um.

The normalized photothermal deflection signals were recorded (starting from
the onset reference position that should be within 150 and 250 pm from the
window) at the fncrement of A = 10um. The mean value was obtained by aver-
aging the ratios (for example [S,(x)}/Sp(x + 10 e}, Spix)}/Spix + 20 um),
Sp(x)/Sp(x + 30 um)] etc. The cell wae manually displaced by means of the
micropositioner (resolution % us).

The experimeatally determined asbsorption coefficients were (0.122 # 0.010)
X 10*m~' 10P{20) and 0.162 % 0.017) x 10%~" at 10R(20) in good agreement
with the expected values. Unfortunately, the power of the laser in the 9
micron range was, under the given conditions, not sufficient to produce
aeasurable deflection.

We have also done some measurements on distilled water gamples (8, = 0.9 x
10%»~') but only on few trials were the measured values close to those we
expected. The main reason for theae kind of difficulties {s that the al-
lignement as well as the placing of the He-Ne laser probe beam within the
allowed region, becomes steadily narrower and shifts towards the window
surface with increasing 8a. Focuasing the probe beam to & amaller spot may
help to aleviate this problem.

I1.4 Soilless growth

Water is a biological liquid of great Jjmportance frequently used as a
solvent in agricultural practice. In many of the applications the agueous
solutijon has to be analysed Gpecroscopically. Although water is practically
transparent in the visible, its absorption increases rapidly at wavelengths
larger than 4 microns. Near the 10 microns the absorptia coefficient has =
value close to 1000 cm~" making the spectroscopic studies in the infra-red



only possible for very thin fluid filas {several microns thick). One prac-
tical sample of infra-red aralyais of aqueous solutions 1s the investiga-
tion of water soluble, fonic fnorganic compoundas used as nutrients for
plants. During the last five years a number of experiments have been car-
ried out in the field of the so-called 'soilless growth'. Instead of grow-
Ing in the conventional soil, tomato plants grow on & substrate {Rockwoll)
cube which contains all the hecensary nutrients (micro and aacro elements
in 8 certain proportion) supplied In the streaming or closed circulation
regime, of water (one controls the mineral content at will),

The pH factor of the solution is measured and computer controlled. For
optimal growth aselective concentration weasurements of sulphates, car-

bonates, phosphates etc. are preferred. Phosphates and sulphates have rela-

tively strong sbsorption bands in the region covered by the COz Jaser
emission. For practical application analysing the solutions with transmit-
tance spectroscopy (very thin films) is not very attractive for on-line
meazurements. Mirage photothermal deflection method does not suffer from
this intrinsic limitation. Although =l) the mirage phyaics take place
within & very small region behind the window, there s enough room tc mani-
pulate the probe beanm.

ocun——if ]

Figure 52. The functional group chart throughout the infra-red region (fz).

The above mentioned exanple is certainly not the only application. Other
poasible applications invo)ve monitoring (on stream analyais) of concen-
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tration of co-bonentu such as sugar, inorganic compounds such as sodium
lauryl sulphates {n shampoos, carbohydrates, fot or protein in food prb-
cessing plants (72). Other vrganic compounds that have characteriatic banda
(Figure 52) in the Infra-red can be studied s well (inforsation of tran-
sisomer in vegetable oil dehydrogenation process), Recently an apparatus
Liquid analyser monitor LAN-| based on the infra-red abhsorption by totatl
cylindrical jnternal reflection scheme (Figure 53) ham been brought on the
market.

Pigure 53. LAN-I liquid infra-red analyser (for flowing liquid samples)
operating on the principle of total internal reflection (72).

Initial measurements performed with LAN-1 analyser indicated that i moler
sclution of KNO; and KHPO4 in water could resdily be detected even when
both are simultanecusly present as shown in Figure 54 Concentrations in
the range of 10 mmole/liter are considered as a practical limit in this
approach.

Nordal! and Kanstad (4) studjed the spectra of aqueous solutions of (dis-
tilled, defonised water) glucose and the smmonium sulphate with a pulsed
ﬁug lazer and identifjed the V1 mode of S04 mode in ammonium sulphate. In
particular (NH4)250, fs isportant in its relationship to the water pollu-
tion. The authors used photoacoustic differential detection technique and
achieved a detection limit of 100 g (NHy)2504/kg solution.
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Filgure 54. The LAN spectrus of aqueous solution of phosphates and
nitrates. Left: 1 molar aqueous solution of KNOz, midd. 0.6

molar aquecus solution of ¥2lPO4. Right: both seolutions
together (73).

I1.8 MNodified mirage

Mirage spectroscopy, actually a Jaser induced crossed-beam thersal lens, is
designed to probe small volumes. An important advantage above the other ab-
sorbance measurements is that the signal generation takes place within the
volume formed by two focussed intersecting laser beams. The high spatial
resolution and sensitivity potentially attainable by this method wam used
in conjunction with 1liquid (capillary separatjon} chromatography on the
detection side. Inatead of monitoring deflection, one can also measure the
effect of cylindrical lenslike elements {absorbing sample) on the probe
beam detecting the changes in the far field intensity (by means of a pin
hole of the beam along the axis (Filgure 3%).

In deflection technique the temperature rise formed by the chopped beam is
probed off axis at the maximum of the temperature gradient, and the beam is
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defiected away from the heated region. This in conirest to the modified
airege approach where the temperature rise ts probed on the axis at the
Binimum of the temperature as a result the beam wil)l be defocussed (negat-

ive lens} equally on both sides of the heated region. The complete theory
for this *@ethod providing )inear measure of sample'’s concentration and
absorbivity ls given by Dovichi et al (76). With such a mnodified mirage
method Nolan and Dovichi report detection limit as on average 120 iron-1,10
phenathroline molecules withia 0.2 pL probe volume using a 100 mW pump
laser beam (77). Recently the same authors {78) separated dimelhylaminoaxo-~
benzene sulfonyl (DABYLS) derivates of amino acids (molar absorbivity
3 x 104 LN 'cm”' at Argon laser pump wavelength] with subfeatomole detec-
tion limit,

Dovichi also developed the differential thermal lens calaorimetry with
reference and unknown sasples located on opposite sides of the beam waigt
and applied the crossed beam thermal lena technique to probe the flow velo-
city in 0.2-30 ma/sec in liquid streams (76). In the near future an experi-
mental attempt will be made to use photothermal deflection to study the
phenomenon of blofouling associated with absorption of proteins from
aqueous solutions (biofluids) at specific surfaces (79). In many medical
and technical applications, proteins are adsorbed first, and subsequently

Figure 85. Detection of the far field Intensity changes of the probe beam:
general set up {a), geometry of two crossed (b) beams (75}.
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bielogical cells (bacteria} may adhere on top of the adsorbed layer {(fooid
processing equipment, ship hulls, artificial kidneys, thrombus develop-
ment}. Also determination of the thermal conductivity coefficients of orga-
nic liquid is generally quite tedious, and worth trylng by airage spectro-

scopy.
I1.6 Rirsge on solids

Mirage technique is easily extended to so)ids as well (Figure S8). The

boek-in’ wapli-
tier

= Redelster

Flgure 56. Vector deflection of beam probing the temperature gradfent in-
duced by the pump radiation {62).

'pump radiation’ from dispersive system or s laser 1s absorbed by'a sanple
and produces, in genersl, a time dependent temperature distribution (and
hence of refractive index n} around the pump beam that Is sensed by the
probe beam (sent along § direction). The thermally induced deflection vec-
tor has two components i.e. tangential #; and norsal &, (with respect to
the propagation direction), the magnitudes of which are glven by (82):

't'hikﬂ{ﬁbv | (70)
w4 (2] (g o m

Both integrals are taken along the interaction length t; (overlapping re-
glon betwean the two beams). Experimentally, the least complicated config-
uration (#, deflection will be In the 9-2 plane}) is that of transverse de-
flection in which the probe beam senses the thermal gradient In adjacent,
transparent gas layer (Figure 37). Since the anguiar deflection depends on

ﬁ% it 1=, for higher sensitivity, more convenient to probe In organic 1i-

quid medius than in gas (for chloroform CClg n = 1.45% and g% - 5.8 x 104,
1dn - ' 1 90 L jome ldn -

hence n dr 4 x 107*, compared to n 1, ar - 107 giving a dr 1 x 10

for air).
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Figure 57. Transverse mirage detection applied to solid samples (80).

The magnitude of #, component fa obtained from the above equation (71}.

] |
Adn  dr _ 1 odn _ ar
.n “a dar ' dz n dT g (72)

f

where ip iz the thermal diffunion length in the probed fluid at the modula-
tion frequency w = 2rf, given by:
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[ 4
o, - /_':A_...__ = G_L (73)
4 prcr . xr. nt.

lk{, Pr and cy, ap are thersal conductivity coefficient, density, specific
heat and thermal difusivity of the fluid). At frequency of 10 Hz for ex-
ample, uy in air fs 1.2 mm compared to 44 microms in chloroform, As the
position sensitive devices capable of detecting 10-* radians are available,
the limiting temperature difference is from eq. (72)

=
=

AT-ln ~ .n n
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(74)

i

glving 107K in ajr and ~10-'K in chlorefora if 1y =1 cm.

For optically thin sample (abrorption (Bg) i3 conajderable, i.e. 1/84 1in
smaller than the physical length 2, of eample} the deflection is directly
proportional to pgt, for thermally thin sample {ug < 2,) and to Bally fror

thermally thick samples. Sensitivity limits Baly reached by tranaverse
deflection are about 10-4 (for gas fluid) and ~10-¢ (for liquid as probing
fluid) for 1 watt of incidental power (82).

Colinear mirage approach allows, in principle, long interaction lengths 1
(not equal to 1) enhancing the sensitivity faly por optically thick

samples (weak absorbing) (4 '5) deflection fs proportional to gty

Mirage method has two significant advantagea above the photoacoustics: a)
it does not require Placing of the sample in a specially suited cell {no
acattering background) and b) optical detection atlows the operation at
high modulation frequencies (62). The ultimate Iimitation on the sen-
sitivity fa imposed by the noise produced by vibrations and the pointing
noise of the probe beam. Table @ displays some of the experimental data

gathered with nirage spectroscopy on samples jin the condensed phase (62)
as compared to other techniques.
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Table 9. Comparison of thermal Yensing (TL), photoacoustics (PAS),

plezotransducer detection (PZT) and the mirage (PDS) (62).
II.7 Photoacoustic spectroscopy of solid samples

Consider the zolid aateriai sample (length L) and gas layer on top of it
{Figure 58). The solid material has an absorpotion coefficient B3 &nd the
gas is conaidered to be transparent (optically). This two-layered structure
is {lluminated by wmodulated beam (frequency w = 2nf,) of radiation:
T(t) = Igainwt (Figure 59a). Solid layer absorbs the radiation #according to
Lambert Beers law {I{x} = Ioenpd . Collisional de-excitation mechanism
glves rise to a generation of heat in the sample, modulated at the same
frequency w. Periodic heating of the sanple takes place within the length
iy = 1/8s  (physically, optica) amplitude hes dropped to 1/e of the ini-
tial value). The deposited heat produces a thermal wave (Figure 59b), and
the temperature distribution in solid Is given by:

8y (x,t) = 0, a'H /"'cou(ut +| o 7ug) (75)



97

ot
-~
nelg ™ e 20
T
E‘ i} E A
From. 5 g Lev v
Window !- [ Halg ™ Ha =0
P
iééég Condensad Somple Couptivy Gae .
Backing | - “ N ¢ .
E”" ' b Figere 8. Distribution of optical) beam in the sol)id (a) and the temperat-
EEEE 3::: d ure wave (b) wodulated surface temperature for u, > Hy () and
55:: Absorprion Light dhoduset
:;Sﬁ‘ requency . Hg > pg (d).
=
:::: satisfying the boundary condition
Z
= Sound
é prose 5 8500.t) = 8, cos wt (78)
é !
1
::;: Sound i o The parameter Hg 13 the diffusion length of the sample, that depends on ita
::::: lon Densciion :
::::: ___2:'“ by thermal diffusiviity 2y (m*sec™') since:
Z 'rup-?ion L h
’ in the Giss
é with Intariscy ‘ %
% — PA Signal 2 ..
% f——p, ———ta—p, po= 77
o N - ] w

The 'range' of temperature 0y {defined am difference between the maximnum

and minisum of the theraal wave at given depth) in the sample 1i»

Figure 58. Generation of photoacoustic signal in the solid (2).

(72)

9: (x) = 20 exp [4 q (f—)*]
s

and is related to the

satisfying the boundary condition

magnitude of the photoacoustic signal detected in the
cell {Figure g80).
Oylo,t) = 8, cox wt

The coefficient a8y I8 related to thermal conductivity k§,
(76)




Figure 60. An example of photoacoustic cell for studies on sojid samples.
density pg and the specific heat Cq:

s
Ay © kA /psc’ (79)

Although ag ia a derived quantity, it is an important parameter in heat flow
studies, as it determines the rate of transient heat propagation through
the sample (81). Equation {77) can now be written as:

%
u, - [;’/nr-] (80)

Physically p, is a distance at which the thermal wave is considerab)y
damped (1/e®) from its initial value 8, at the surface. Hence only waves
that originate from depths smaller than one diffusion length Hg 8Te expect-
ed to contribute to the generation of photoacoustic signal by communicating
thermally with the Egas layer that ia Hg thick. Consequently, this layer
will be heated periodically, (expand and cool) thereby producing a pressure
wave at the same modulation frequency.

The observed photoacoustic signal is a complex quantity that depends on the
absorption coefficient Az, thermal properties {ug. ug). wodulation fre-
quency « thermal properties of backing layer (4p). the Intensity of incom-
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ing radiatjon (the surface tesperature 05). Relative magnitudes of three
relevant sample's lengths, namely diffusion length Hg. absorption length
iln. and the physical lJength L affect the expression of the photoacoustic
signal. Rosencwalg analysed varjous conditions specified below (bracket u,,
Ha. L means pg > pg > L} and obained the expressions given in Table 10,
where factor ¥ ia defined as:

u, p
. x Y
F=32 7 T, 1s (81)

{y is a ratio of epecific heats for coupling ges, while p, and Tg are
sablent pressure and temperature of the gas; the factor F is only dependent
on gas).

Frequently encountered Spectroscopic application of the gas coupling pho-
toacoustics of molld samples iz that of non-destructive depth profiling.
The basic idea is to vary the thermaj diffuaion length Hy by changing the
modulation frequency w. Since the thermal diftusion length is the charac-
teristic ‘attenuation length' of the thermal wave, it ia possible to con-
nect or disconnect the absorbing centres {or thermal Inhomogenities)
existing st certain depth from the surface of the solid (2). The efficient
thersal coupling beiween the so)id and the gas layer takes place between Mg
and #g. Thermal diffusion length iy depends on the modulation frequency L
an f;*: low frequencies will allow the probing of deeper lying layers while
high modulation frequency enables the analysis of the subsurface layers.

If the sample i3 optically thick {Bg 18 large, thua (Mg = 1/B85) 1s short)
and besides the phyaical length of the sample L ia much longer than ug)
Mg << L, two different situations can occur depending on the sapgnitude of
thersal diffusion length. At low chopper frequencies f,. ug can be made
larger than p, (as ug ~ f;* )i Mg > Uy f.e. Bl) the heat generated within
Ha communicated with coupling gus. The modulated part of the aolid surface
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Table 10. Six possible expressions for photoacoustic aignal generated in
coupling gas (2).

condition phyaical sftuatton photoacoustic signal
proporiional to
thermally thin
(s, #a. 1) aptically thin a - l,“a("b?kk) F

SR
(k. L. uy) ::::::::i ::::k -1 ’aua("s/k:) F
(s, 1, ug) :::’1.::“: ::::k (- 1) (/) ¥
G R
(. g, ug) ortieally thcs <3 By, /) F

temperature 84(0,t) {s not dependent on the absorption coefficient 8y (see
Figure 59c) and hence the photoacoustic signal will saturate. Such a case
of optically and thermally thick samplea (L > g > ) 18 very interesting
because it offers an opportunity to perform the enalysfs of the sample im
depth. As seen in Table 10, for this situation the photoacoustic signal
generated in the coupling gas, does not depend on the properties of the

backing materfal; besides the magnitude of the term (1-§)(ug/k§)F Is relat-
ively large when compared to other posaibie cases In the same tsble.

By selecting high modulation frequencies fg, the thermal diffusion length
w111 reduce and it may, by suitable choice be made smaller than p,, i.e.
Hy < Ugy. The magnitude of the photoacoustic signal in this case of ther-
mally thick and optically thick samples, is proportional to the absorptien
coeffictent py which {see Table 10) implies that the opaque samples can be
studied spectroscopically as well (Figure 394).
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11.8 Depth sampling

The depth profiling by varistion of the modulation frequency has been per-
formed on several layered samples. If in addition, the emission trequency
of the incident radiation source is being altered, it ia possible to record
the subsurface distribution of absorbing layera. In such a way the spectra
of spinach leaf and apple peel samplea héve been obtajned (B2) in the
visible region: the authors found clear distinction between the deeper
lying layer (~ 3%um) that contains chlorophy!] and the top waxy layer
(~ 10um} bhelow the surface.

Hellander et al. (82} studied the leaves of layered indis rubber tree,
photoacoustically, in 400 to 800 nm visible apectral reglon, {see Flgure
81a) and compared the natural tree leaf to the leaf washed fn alcohol and to
a chlorophyll extract. The removal of the waxylayer increases the ampl{tude
{curve a) of the photoacoustic signal (in Figure 81) modulation frequency

—
2 S—

vl amiing
Phase (epiean)

)
Ltz

o -2 A

Figure 61a. Amplitude and phase spectra for leaves of India rubber tree:
for natural leaf, for leaf washed in alcohel. Almo shown iz a
spectra for an acetone extract of chlorophyll.

61b. Ampljtude and phase spectra for a partly faded leaf and a faded
leat (82).
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is 113 Hz) compared to intact Jeaf {curve b), the apectral structure
resembles that of the chlorophyll extract {curve c) very much. However,
analysis of the phase results shows significant differences at photomyn-
thetically active wavelengths and the Infra-red region above 700 nm (curves
d and e). This |s due to different depth levels at which these wavelengtha
are being absorbed; l.e. chlorophyll is absorbed at greater depths (below
the surface) than the therma} radiation. With the known thermal properties
of water it was possible to establizh the thickness of the waxy layer (24
microns) as well am to establish that the absorption of chlorophyl]l layer
occurs at about 45 microns deeper than the absorption of the longwave
infra-red radiation. Also the proces of leaf lading, characterized by remo-
val of chlorophyll was monitored photoacoustically {Figure 61b) by ampli-
tude and phase delay measuresents.

Other experiments involved the determination of depth variation of <he
coiour pigment in the lobster cell (83), and studies on layered structures
such as colour negative film (82). At the Ruhr University in Bochum, Wast
Germany, photoacoustics was used to study the depth dependent magnetic
properties of multilayered magnetic tapes (84). In blological medical and
veterinary practice, this approach was used to investigate meta) toxicity
on leaves, diffusion of topically applied drugs and water content in the
skin (dehydration studies). The experiment is now being prepared in Wape-
ningen to determine non-invasively the amount of lignine content in the
membrane of asparagus and artichocke plant in relation to the fibrosity
degree.

In recent years non destructive photoacouatic microscopy and imaging have
been developed to obtain the information about subsurface irregularities
such as thermal or mechanical effects, flaws {2). In principle, the beas of
laser (pulsed) or elecron beam radiation is focussed to a amall spot. The
emlgsion freguency of the laser should be matched to a frequency at which
the material 1=z strongly absorbing (see Figure 62). The size of the optical
volume Vg, of the jncident beam is determined by the laser spot size aad
the absorption coefficient of the sample, The absorption of the radiation
gives rise to a thermal wave and the diffusion length p, will determine the

effective thermal volume Ven. If the laser {a scanned across the sample sar-
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Figure 62. The principie of photoacouatic microscopy (2}.

effective thermal volume V¢y. If the laser is scanned across the sample sur-
face any subsurface defect or abnormality that has a size smaller than Vop
or Ven will affect the optical absorption or thermal properties. These
changes can be probed either by gas coupling photoacoustics (detection by
microphone or mirage technique In the adjacent gas) or with direct coupling
by means of a sensitive plezotransducer in contact with the solid. The sub-
surface thermal and absorbing microstructures not visually accesssible by
opticel microscopes, can thus be visualized by the heat waves and the
limiting resolution will be determined by the magnitude of Vith- The firat
complete imaging systems ares since recently also commercially available
{85, 88).

Complete theoretical analysis for the signal damping and phase delay in
layered samples was developed by Hellander et al. (82) in terms of thermal
diffusion lengths. For the system (Figure 63) consisting of layer 0 (gaa or
air), transport layer 1 {sample in condensed phase) and the backing,
absorbing layer 2 (molid material)). The temperature on the sumple - gas
interface x = h {s given by {(82):

1 2 .0 2
(kA/u)I*(kA/uo)(kA/uzl

1, 2.0 2
UTREL R T

au(x-h) =8 cosh(h/u]) + llnh(h,/ul) (82)

(k
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Figure 63. Simple layered structure. The excitation beam can be irradiated
from above or underpeath (2).

with indices 0,1 and 2 correspanding to the layers (kx 18 not the theras!

conductivity squared but the coefficient for layer 2) specified above. The
parameter 8 is the temperature that s obtained with no transparent layer
(h=0), and is given by (82).

@ = (18,718, + ;)] + 02/u_ + ke /uy) (83)

In the above equatjonsa B1. M2 and py are thermal diffusion lengths in each
layer.

The sclutfon of the above equation takes simpler form depending an the
relative magnitude of the thermal properties of layers | and 2, |.e.

ki/nl > ki/uz (for most practical applicaticns kA’"o(( ki/"] and k:/uz}

The phase of 8 is dependent on the absorption coefficient 82 of the absorb-
ing layer and the value of k:/uz. For two extreme situations of photo-
acoustic saturation f; >> ki/ﬂz i.e. u: << Hp the phase is -45* and fcr

Bp << k:/uzl, 1.e. the phaze angle becomes -95°(z2).

Returning to Figures %9 and 63 representing a transparent solid material
placed on top of the opaque backing layer {in case of saturation

L > pg > up}, the temperature on the sample gas surface is{2).

8, (x=h} ~ const (1_/u%) exp (-h/u,) cos (wt - h/u_ - f " (B4)
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The paotoacoustic signal In gas Jlayer i3 given by the product of the sur-
face temperature O3(x=h) and the thermal diffusion length of the gam up

(ng < Ig). The amplitude of the photoacoustic signa)l Spa &nd the phase ¥pa
are (2):

Spp ™ ol exp [—hukI(Za‘)¥] . (85)
ard
‘Pl - - hu*/(Za.)* - % n {86)

In orcer to find the thlckne,a h of the layer h of known 8y OnNe measures
the Sp, at a set of frequencies @ and makes a seni]ogarthmic plot of Spar @
versus the modulation frequency w. The value of h/ag i3 then obtained from
the slope of the plot. Alternatively, one can plot the phase lag ¥ps veraus
% and obtain h/a¥ from the slope of the straight line (Figure 64). The
111ear relationship between the ¥pa and % Is valid (2) for a range of
h/ug not larger than 0.3,

0w Subsrome 1
+ Polymer F
!
*18 1
5
| ]
ae cau_-rluunlwm
0 n E-]
w' trndigur 12

Figure 64. The plot of phase lag 'PA versus w¥ for uncoated and polymer
coated copper substrate. The thickness of the leyer can be found
from the slope of the diffusivity is known (2).
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I1.9 Thermal diffusivity

Alternatively one can determine the diffusivity of the zample photoacoust]-
cally by phase analysis of the photoacoustic signal. The periodically modu-
lated {w) optical excitation beam (Figure 64) will reach maximum in the
absorbing sample at time intervamls glven by cos Wtgpt = 2nm with {(n=1, 0, 1,

2, 3etc.) S.e. topg = 22!_ On the other hand, the thermal wave in tie

transparent sample will have maximum (given by cos [wep - x(u/28,¥] = 2nR.
The time lag At between the time instants corresponding to maxima o” ther-
sal and optical wave at some distance x will then be:

L]

X T
8t = 5 . [H ‘a] (87)

where T represents the period of the modulatjon T = 1/fgy. This time lag ia

Ladependent of the surface temperature and hence of the incident radiation.
The time lag is related ton the phase shift A simply through

A = 2n %I. Thus by measuring the phase shift (by lock-in amplifier) at

certain modulatfon frequency fu (thus also aspecified period T} 1%t is

possible to construct the graph At verasus T% {see eqn., (87)}) for a solid

material with a given ag. The slope ¥V of the linear plot which is equal to
X

V. % [#ii] from eqn. (87) can be used to calculate the theraal 2if-
9

fusivity a, (Figure 65) from:

from: 8y = (5)' . i; . [8s)

Although simple, this approach yields very good agreement with results
obtained with other methods used to determine thermal diffusivity for a
variety of solid materiala., Adams and Kirkbright (81) studied spinach leafr
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Figure 85. Plot of time lag At versus the period of modulation frequency T
obtained with glass samples (81).

a3 layered inhomogenous sample. Upper cuticle layer and the chloroplasat
layer have different eléctronlc sbsorption spectra. Contrary to the pig-
mented layer the cuticle layer 1s transparent to the optical radiation.
Rence the photoacoustic spectra of the two relevant fnyer. are presented at
different phase anglee relevant to the modulated optical wave.

I1.30 Thersal effusivity

When two semi-infinite, homogenocus and isotropic solid bodies 1 and 2 (each
specified by f{ts density, thermal conductivity and specific heat) at two
different jinitial temperatures 0y and 65 are brought in contact, the tem-

perature 8y ot the interface of two bodies will be

(kkpc)l 91 + (kkpclz [}
@ = (ag)

//(kap°)1 +/(kapc)z

This 'contact' temperature is dependent on the relative magnitudes of the
square roat of the product k, g and ¢, The physical quantity Ykpc fs called
the thermal effusivity and plays an important role in time dependent sur-

face processes as it relates the heat flux Fa(t) to the surface temperature
Og(t) and vice versa (88)., Ifr Fg(t) fs known, the tiwe dependent anrface
temperature Py({t) can be found from
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t
8,(t) = ! ]' are, (t-n)/¥ (90)

/lkkpc). *Ro

Inversely, for the known temperature the power Fg(t) deposited per unit
aurface in the solid medium is (88)

{k,pc) t
P (t) = [—2 e [,,I dr[e (1) - 8, (n1/(t - Y2,
+21ot) -~ o.(u)nfiil (91}

Thermal effusivity fllqpc), appears In both equations as a dominant
material parameter. The photoacoustic spectroacopy in frequency domain
allows direct determination of the thersal effusivity without a need to
calculate it fndirectly from literature parameters.

Furthersore, the values flqnc). obtained experimentally by photeacoustic
measurements are indeed effective ones taking iato account the sample's
porosity and the roughness condition of the surface.

Bein et =1. (88) showed that at the solid (s)- ges (g) interface shown in

Figure 66, the modulated component dp(t] of the pressure p(t) = E + 8p(t)
in the limiting case [when t;, « ® (semi-infinite so0]lid) and the effusivity

l’{k,\pclz of the gen i{s much amajler than that of the sample) cen be calcu-
lated aa follows (88)

1 n
8p(t) = cw) Lexp Gty Py, 1, K8, p, ) 0 —2
v A o
a
1
. ---—-—--—u vy c'/") (92)

where o4 is the complex quantity defined as oy = (1 + 1}/ug.
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Figure 66 The perjodic oscillation Sp(t} are taking place in the gas
layer (88).

In egn. {92) Clw) represents characteristic response of detection (amplit-
ude and phase) equipment. Since it is only modulation frequency dependent
Clu) cam be eliminated from above equation by performing the measurement on
the reference sampie as well. Likewlse the term F In the above equation
contains physical quantities that are representative for the coupling gas
ard could, just as C{w), be taken care of by comparison with a reference
sampls,

Symaol ng {6 < n, < 1) was introduced to account for the sasple's heat con-
versien efficiency for the incident radiation. The complete expression for
norsa_ized photoacoustic smplitude Spp which is obtained by rationing the

corresponding amplitudes SFA and s:A observed with reference and sample is:

r . 2 2
8. _ = i& - [ﬁ / ke <)y, %P N4,
PA g® n, (kAp c)r w

PA

%

It i» convenient to use the reference solid material with the absorption
coefficient 8. much smaller than By. because for this case the above
equatisn reduces to (88):
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As all parameters of the solid reference sample are known and the ratic of
conversion efficiencies can be determined by the series of separate meas-
ureaents (87}, it 1s possible to make a plot of the photoacoustic sigmal
versus f;". and from this to calculate the thermal effusivity of the sam-
ple.

Flgure {67) shows the scheme of the Argon lon laser experimental set-up
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Figure 67. An experimental set up used for measurement of thermal effusi-
vity by frequency domain photoacoustic spectroscopy (87, 88).

1i2

used by Kiiiger et al. (87) at the Ruhr University in Bochum to measure the
effusivity of the graphite plate (sbsorption coefficient Bg =2 x 108 caY)
Diameter ¢ of the photoacoustic cell (shown below) fs B mm and the height
iz (equal to the diffusion length in gas) is & mm. Microphone is separated
from the gns volume by & 1.2 mm diameter and a 15 mm long channel 1n order
to prevent the diffuse light from reaching the membrane. Using the uame
apparatus the thermal effusivities of various greenhouse glasses have been
determined recently (89). The glass material with low Iﬂ“pc) is preferred
a8 the gre=nhouse cover material. Typical ptot of Spa (l’f.) versus (l/ff.l
is shown in Figure 63 for a normal borosilicate glass (coated with 20
Hg/cw?) termed X6A. As the reference sample neutral glase N91 with
[kxpc)¥ = :480

' L] T L T
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Figure 88, "he product of photoacoustics ompl itude and f’.‘ plotted versus

X

I; for glasas X6A. The upper curve (++) §8 uncorrected and the
lower curve is corrected for ratio of heating conversion effi-
ciencies (89).
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¥ n K- 'seck, 8p = 3.3 x 107"m%sec”" and 8, = 91 cu"'. The curve Indicated
by ++++ signs represents S, Vf, plotted versus lllf:) while %%#% trace

refers to the same curve but now corrected for the ratio of heat conver-
n
sion factors, i.e. 8, ¥r, (;51 is plotted versus {1/74}%. For thie spe:if-
r

ic glass (ng/np} is 0.58 which gives f(k;pc). = 1380 W "~ ® X' nec¥. This
technique also enables the studies of special purpose coated greenhouse
glasses. The data obtained are umeful when total energy balance of such
agricultural object ia being considered.

I1.11 Some applications to plant matter

Although-the photoacoustic spectra of spinach leaf (81) and phytoplaakton
Indicated potential usefulness of thia technique, true application to the
plant science was init{ated by the work of Cahen's group at Weizman Insti-
tute of Technology, Rehovot Israel some eight years ago (90}. Photochesfcal
changes affect the photoacoustic sighal because the quantum etficlercies
for these two processes are complementary (1ight energy shaorbed = heat
energy released + photochemistry) if other non-radiative relaxation chan-
nels are exciuded. Cahen et al. observed that the photoacoustic spectrum
and the optical spectrus for a photosynthesis active sample (lettuce
chloroplast) differ by some amount due to the storage of the part of the
absorbed energy In the form of a cheaical energy during each modulation
cycle.

The photoacoustic signal ia proportional to the incident 1ight energy minus
the energy stored by a photachemical process. Hence the loss in photoacous-
tic signal is proportional to the amount of stored chemical energy per mod-
ulation cycle. The dependence of the photoacoustic signal and the rels:tive
photochemical loss on the modulation frequency w = 2nfy is ahown in Figure
€9 below. Only those Intermediates that did not decay during one modula-
tion cycle are relevent in the generation of heat. The Intermediate that is
being sensed muat 1ive 'longer' than the period of the aodulation in order
to be detected. On the other hand, a build-up time of the intermediate pro-
duct must be much shorter than the inverse of the modulation frequency.
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Conzequently by varying the wmodulation frequency fa. early (late) inter-
mediates will be detected at high (low) frequencies, making the kinematic
study posaible {91).

Figure 69. Photoacoustic signal and the photochemical loss as a function of
modulation frequency (93).

In addition to the determination of efficiency of the energy conversjion of
light into heat (and thus indirectly also the efficiency of the conversion
of 1ight into chemical energy) it is also possible to yse photoacoustica to
to probe the gas exchange mechanisa in leaves, Canaani (92) showed that the
same can be done for ]ichens and layered algae.

Conaider the figure shown in Figure 70 obtained with a tobacce leaf. After
being kept in darkness for aome time the leaf is irradiated with a modul)-
ated optical light of {wavelength 680 nam, intensity 14 W/m?) over wide fre-
quescy range. The photoacoustic signal is measured aa a'reuult of non-
radiative processes (heating plus the photochemistry and other mechantsms).
At low frequency fw (35 Hz for example) exposure of the leal to the optical
radiation results in a fast increase of photoacoustic signal shortly after
the onset timse. Thia is fo)lowed by a period of additional, less pronounced
increase before the statfonary level has been reached after about 2 minu-
tes. At high madulation frequency (292 Hz for example) after initim] fast
increase, the photoacoustic signal decreases which f{s due to the expected
photosynthesis process (that couses the increase of photochemical loss and
hence the decrease of the photoacoustic signal).
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Figure 70. Irradiation of photoacoustic signal obtained from tobacco leaf
as a function of time at two modulation frequenciea. Wavy arrcws
Indicate the onset and offset of modulated light, whdle the
straight arrows refer to the saturation background light (92).

The differences in the signal-time dependence observed within the firat tmo
minutes in the above figure is explalned by the effect of oxygen gae evolu-
tion that accounts for transport of oxygen from chioroplast to the s
phase. This proces 1% slow and therefore it can be detected only at low f,
values.

When, after two minutes time, the sample iw additionally jlluminated with a
strong d.c. (unmodulated) light (340 W/m®) source of the same wavelength,
two different phenomena are seen. At high modulation frequency (262 Hz) tae
leaf shows 'normal' pattern i.e. the background d.c. light saturates tae
photochemical route and all the energy abasorhed by the leaf will be re-
leased as heat. However, this background llght does not affect the natu-e
of the modulated photoacouatic signal, Consequently, saturation ef phe-

tochemical route means the saturation of chemical loss as well, and there-
fore the signa) {s expected to increase. At low frequency (35 Hz) thz same
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amount of background Jight produces the opposite effect: the sipnal de-
creases which 1s consistent with the fact that the rate of gas evolution at
saturation level, does not vary with light Intensity. From the two contri-
butions to the photoacoustic signal {modulated heat and modulated gas ex-
change) the second mechanism will be eliminated by the background satura-
tion light and the signal will decrease.

Excellent reviews describing the application of photoacoustic spectroacopy
to plant sclence have appeared (94) or are due to be published (92).
Havaux et al. (95, 96) studied Lhe effects of rapid waler stress and the
effects of leaf dehydration on the photochemical activity, and showed the
photoacoustic inhibition as well as the anatomical modificationa (evident
by modified oxygen evolution and heat diffusion). The experiment was later
extended to study (in vivo) the photosynthetic response due to stress in
leaves by slowly developing water deficit (Figure 71) in tobacco plants.
This was achieved by withholding the water from the sajl over several
days.
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Pigure 71. Photochemical energy storage 18 affected by the water stress
produced in the plant (96).

Other photoacoustic experiments used as a dfaghostic tool to assess the
plant condition, photosynthesis and productivity were carried out (97).
These involve the comparison of photoacoustic data collected with different
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plants of the same sapecies ("variability test”} and the studies of the
effect of excessive heat pretreatment. Photoacoustic technigue also allows
rapid measurements of the effect of photoinhibition on the photosynthesis.
Likewise, the speed of response of the plant adaptation to high light
intensities can be determined photocacoustically. The effect of soil sali-
nity (25-100 mM NaCl) on the growth and photosynthesis {n grapes (Vinfs
vinffera) has been atudied In an attempt to extablish the salt tolerance of
the plant (97). Reduction of photosynthetic activity by 25% was observed at
the largest salinity value. Another useful application of photoacoustics is
to study the effect of the environmental "chilling stress” on the egri~
culturally important plsnts. For example tomato is a plant that is very
sensitive to chilling (injurtes in growing zones or yleld reducticn). This
fact imposes restrictfons on the length of the growing season as well as on
the latitudiral dfstribution. Therefore efforts are being made to breed a
new sort with increased chill resistance (97). Photoacouatic experiments
have established that chilling in the dark has much smaller effect on the
photosynthesis in tomato than chilling sccompanied by large light fluxes
(this Jast fect ias due to the reduced quantum yuield of 02 uptake caused
by photoinhibition). Worthwhile mentioning, is the series of anticipated
photoacoustic experiments to study the photosynthesias in Papaya, corn. cot-
ton, pea and other plants at various growth conditions (97). In particular
little is known about the leaf ontogesls in Papaya. The knowledge of plant
response to various stress factors gained through the photoacoustic meas-
urement is useful as a convenlent diagnostic toal and esables one to take
decisive precautional measures. Cahen (97) Investigated the feasibility of
photoacoustic technique in detecting streas conditlions in plants caused by
the diuron and atrazine herbicides. The kinematics of herbicide penetration
was monitored when the plant waa sprayed directly and compared to the situ-
ation characterized by herbicide treatment through the root aystem (ircig-
ation). Although the pea plant appears normal several days after the diuron
irrigation treatment, {its photosynthetic activity ia reduced considerably
(Figure 72).
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Figure 72. A 40 hours effect of divron herbicide on the photoacoustiic
signal observed on leaf pea plant. concentration of 5 x 10-°M of
inhibitor was used and applied through the root (97).

I1.12 oOlfactory psychophysics

Psychophysics fs a new branch of paychology and relates the physical atimu-
lus to the paycholopical response. One specific physical stimulus is the
concentration of the odorant in the ambient sir. The paychophysical res-
ponse {a measured in a number of different ways so that ultimately a
psychophysical function (Pigure 73) ia obtained that relates the perceived
{sniffing) odor intensity R to the stimulus concentration Cy (each odorant
being specified by specific values of k and n constants) through the power
law (98):
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R-kc';,orlogn-]ogk+n]ogcl (95)

Once the‘psychophvaical function is known, it can be used to practice.
advantage in mesuring the abatement of odor pellution (malaodora found inm
sanure, air pollution) or control of odor (perfume for example, tobacco and
deodorent industries).

percei:ed odor
ntensity R
.rbitraﬁy units) log R

lag k

odorant
concentra- Tog C
tion C {ppwr)

Flgure 73. The psychophysical function for an odorant {oa).

Two most frequently used methods in odor (threshold) experiments are:
olfactometry and the sniffing. The first method is based on diluting the
saturated vapour of solid cdorant in alr to & desired gaseous concentration
and presenting the flowing mixture to a human subject.

A drawback of olfactometry is the difficulty {low vapour pressure) asso-
clated with preparing concentratjons accurately at room temperature,
Sniffing implies exposure of human subject to & *sniff bottle' containlng
the liguid odorant in an odorless 1iquid. The odor sensation is provoked in
the brain upon evaporation of the odorant from the liquid to the gas phase
and the passage of odorant wolecules acroass the olfactory epitheljum.
Raoult's law relates the odorant's partial vapour pressure to the odorant

concentration in the liquid phase. In practice deviatjons of Raoult's law
are observed (99).
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Both methods described above have in common that measurements of the per-
celved odor Intensity R and the concentration are not taken
simultanecusly. The photoacouatic technique posges both, high senaitivity

and the speed of response. There ia a good colncidence with the C laser
enission lines (100) for smail perfume molecules,

FPigure 74. The aniffstrip (a) and geometry {b) of the air flow around the
strip (89).

hen a eniffstrip with LxW (Figure 74a) belng the surface area, wetted by
the liquid odorant, is held in air flow ¢y (m*sec™'}, the evaporation
takes place. The concentration Cp of pure cdorant in the air is determined
3¢ the saturated vapour concentration Cy (kg m™?) of the odorant on the
sniffstrip surface and the initial concentration of the odorant Co in the
slr (99):

€2 =C + LWKOCy / ¥y (96)

where ko(- sec™'} ia the para-eter'that depends on the air velocity v at
the surface, kinematic viscosity v of air, diffusion coefficient of the
ccorant D* and length I.. This dependence is deacribed by dimensionless
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relationship (99):
K°L/D* = r("T". £ = € Relsc” (97)

with Re and Sc being Reynclda and Schmidt pumbers (99). The saturated con-
centration Cy Ix dependent on temperature T and the molecular conatania A,
B and E of the odorant:

lo[A - R/LE + 1))

1 Ll |
Cq (273.14 + 1)

* 0.36 x 10% ppmv (98)

For the given (Figure 74b} flow araund the surface of the sniffstrip ¢ =
0.57, n = 0.5 and m = 0.33. The air flow around the surface is chosen
approximately equal to the inhalation rate of the natural shiffing pattern
of the human (0.5 liters per second). This flow corresponds to afr velacity
of about 5 » sec™ over the L x W aren (for typical strip sfze I, = 7 o, ¥
= 14 am).
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