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1. INTRODUCTION

In a very wide range of interest of Dr R.W.B. Stephens the photo~
acoustic effect presented a peculiar reole during last decade of his life.
At the First Spring Scheel on Acoustooptics and its Applications (Gdansk-
Wiezyca, 1980) he read the invited paper [1] reviewing the state of the art
of that topic in the' theory and in experiment as well. The photoacoustic
spectroscopy (PAS) principles based on the Rosencwaig and Gersho [2],
Ramodt, Murphy and Parker [3] theories as well as the generalized Hec Donald
and Wetsel [4] theory were fully decribed in his lecture supported by some
original results of measurements preformed in the Chelsea Coliege, London.
Since that time the interest in that kind of spectroscopy has been strongly
developed over the world (5,6] and the R.W.B.Stephens' lecture in Gdansk in
1980 initjated PAS research in our University and several other places in
Poland [7].

In this paper some results obtained by our group of co-workers at the
Department of Applied Physics of the University of Gdansk are reviewed.
Photoacoustic measurements were performed in different materials which also
were examined by other spectroscopic methods. Balow, some results for three
kinds of materials are described, namely, Europium Chelate Powder (A.Sikor-
ska, 5.2Zachara [8]), Rodamine 6G In PVA foll(J.Szurkowski) and plant leaves
influenced by tumor (Cz.Lewa [9], J.Szurkewski, G,Zebrowska [10]}. The pho-
toacoustic spectra were obtained using the photoacoustic spectrometer set
down in our lab. The other spectra were got by conventional spectrometers.
Photoacoustie spectra are presented and discussed in comparison to absorp-
tion and excitation ones (in the case of Europlum Chelate and rodamine 6G).
In the case of plant leaves the photoacoustic spectra were obtained for
healthy leaves and the ones with crown gall tumors and compared.

2. EXPERINENTRL SETUP

The photeacoustic spectrometer was set down according to the scheme
presented in the Fig.l. The Xenon Lamp XHP 150 was uzed as a source of
light 5. The light beam was focused on the alit of the jrating monochroma-
tor M (5PN 2), passed through It and vas modulated with a mechanical chop-
per C; next focused by the lense L (and directed with the mirror Z) on the
sample sitwaled in the photoacoustic cell K. The photcacoustic signal crea-
ted in the cell was detected with the microphone Ni(Bruei & Kjaer - typ
4146)preamplifier W and the lock-in amplifier V (UNIPAN - type 232 B) con-
troled by the reference signal picked up with the phototransistor situated
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behind of the chapper €. The cutput
signal was recorded and stored for
processing by the system controler N

spectrum read out rate was 10 nm/
min.; the spectral width at the out-
put of the monochromator was 10 nm. {E:HD
The modulation frequency could be
chosen from 10 to 30 Hz.

According to the theory {2.3]
the amplitude of a photoacoustic sig-

nal may be expressed in the follo N v w
wing way:

L 2

(Weptun 184 microcomputer) synchrono- I S l‘-"‘ - 'l"ﬁ%
usly turning the grating of the me- M l
nochromatoer with the motor E. The da- i
ta were sampling every 1 nm and the F {
I
I

\

s{a)= kI (A} B(A)e (), (ay F‘l.g.l

where s(A) is the amplitude of the signal component for a given wave-
length A for the incidenting the sample light intensity I, (A): B(A)
is the light absorption ceefficient, « (A) is a part of the energy absor-
bed and transfered into heat, X is a constant depended on thermal proper-
ties of the sample, the photcacoustic cell characteristic and the detection
system.

In a case when the absorption of light of the wave-length A was
associated with the emission of various wavelength A; having quantum effi-
cienties 5, , the expression (1) is written as [12]:

s(A) = kI_o(A)(&(JL)(I-é?L%:). (2)

Usuvally, the photoacoustic signal is normalized to the reference signal
R(A) = k'I{A) obtained from the reference sample for which the absorption
coefficient does not depend on the wave-length what leads to the indepen-
dence of the signal from the light source spectral distribution I,(A).
Then, the relative signal for a sample examined depends only on its optical

and thermal propertles: n
A * X
5(n)= ——;‘(33) - KB(1- 2% 3D ®
where " K
kKi= ¢ -

The photoacoustic spectroscopy [5.6] provides a possibility to examine
the depth profile of a sample by alternating the modulation frequency of
the incident Jlight. This 1is related to the fact that the photoacoustic
signal is created only by ths heat generated within one thermal diffusion
length At = (% A beneath the sample surface, where o« 15 the thermal dif-
fusivity and £ the modulation frequency of the incident light beam.
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3. PHOTOACOUSTIC STUDMES ON EUROPIUM CHELATE POWDER
(h.Sikorska, S.Zachara).

The substance examined was the four ligand complex compound i.e.:
Eu(DBN):BP, where DBH is dibenzoylmethane, P-pipiridine. According te [13]
the organic part and the Europium ion may be treated as weakly interacting
centres separately for absorption and separately for emission with
possible unidirectional energy transfer from the ligand to the ion.

The photoacoustic spectroscopy pro- ¢
vides direct information about non- qumﬂ
radiative relaxation processes so, ﬁg_g
applying the method one could expect 1
a way to recognize energy distri-
bution mechanisms occuring in the
compound under investigation. H
Tha scheme of energy levels in
the chelate is presented 1in the
Fig.2. There are twa centres: of ab- m
sorption in the ligand and of emis-
sion 1in the ion. 5, represents the
ground state of the molecule, 5; the
first excited singlet state of the
ligand, T; the lowest triplet level
of the ligand, *D;. (J' = a1,...} =
are sub-levels of the excited Eud:,
Fi(J = 0,1,...) - sub-levels of the
ground state of Eu’'. The arrows 3
correspond to radiative transfers
(=) and non-radiative ones (e,
respectively.

The measurements were performed in room temperature. Before situating
in the cell the pelycrystalline samples were pulverized and mixed with $i0,
to get the optical dilution. The PR spectra of a given sample were every
time calibrated in respect to the carbone powder reference.
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In the Fig.3 the PA spectra for the chelate and for the dibenzoylmethane
{ligand} are presented, respectively. Both spectra have two characteristic
bands with that the spectrum of chelate ia evidently broadened from the
leng wave side.

The Fig.4 represents the excitation spectrum recorded for the
wave~length 705 nm.
In the excitation spactrum except the evident maximum at 410 nm some weak
maxima appear at 460 rm and 525 nm.

The absorption spectrum (Fig.5) obtained for the chelate soilution in
methanol has the strong, wide maximum at 370 nm and the very weak rest
absorption in the long wave side rapidly disappearing at 700 nm.
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The main condition for the generation of photoacouriic and excitation
apusctra b Che bl pt Yong of Fight by The sample, Aceordbog Va Vha focmnba
1) U plivlvacuustlic siynal 18 proportional to the amcunt ot enwcgy Lrans-
formed 1into heat. Instead, the excitation spectrum informs about the part
of energy being radfated.

The comparison of the both spectra with the absorption one of the che-
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late in the solution Jeads to the folloving conclusions:

1. The absorption of energy mainly takes place in the organic part of
the complex (the short wave band in the Figs 3,4 and 5 corresponds to the
transition §,——= 5, shown in the Fig.1).

2. Also, there is absorption directly from the ground level *F, to the
levels :D; and *D; (the maxima at 460 nm in the Figs 4 and 5 and at 525 nm
in the Fig.4).

3. The thermal deactivation efficiency after thé light abserption by
the organic part of the chelate is small (a small height of the "blue"
maximum of the PS signal (Fig.3) in comparison to the height of that
maximum in the absorption spectrum (Fig.s).

4. The thermal deactivation efficiency within the band 500-700 nm is
very great. Interpretation of that phenomenon presents many difficulties,
also, for other metals of rare earths {12,13].

4. PHOTORCCUSTIC PROPERTIES OF DIMERS OF 6G EODANINE
IN THE POLYVINILE ALCOHOLE (PVA)
{J.Szurkowski) ‘

Spectral properties of dyes sclutions depend on the concentration. In-
creasing the concentration of a solution one can abserve variations (in dif-
ferent kind of spectra) related to the structural asgociation of molecules
as appearing of dimers in the solution, for instance.
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properties of rodamine 6G in PUA
against concentration of rodamine
from 6.3 10 1 M to 10V M are pre=- 0B
gented. They were examined for dif-
ferent thickness of samples from '
0.05 mm to 0.29 mm measwring absor-
ption, photcaconstic and fluorescent

5]
460 480 20 20 240 60 Nb.

excitation spectra, respectively. Farelenglh [nm)
In the Fig.6 a.b.c as an example Fia 6
of resnlts the tlieo kimls of spec- 9

tra (1.e. absorption (a), PAS (b} and fluorescent " excitation {c)) are
presented for comparisan. The samples had the thickness of 0.05 mm and
optical density below 0.1 what corresponded to the case of optically and
thermally thin samples. According to the theory (2] photoacoustic spectra
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of such samples can be deseribed by

Sy~ Ecl (1-7), (4)

where £ is the absorptien coefficient, c¢ - concentration, 1 - thickness
and 7 - fluorescent efficlency.

For lower concentrations (curve 1, € = 10-3 H)} the absorptien as well as
the photoacoustic spectra are characteristic for the monomer form of roda-
mine 6G molecules, however for greater concentrations (curve 2, C = 10! M)
they are changed showing appearing of rodamine 6G dimers in the solution.
One can abserve that the absorption spectrum is less changed than the photo-
acoustic and the fluorescent excitation ones. This can be explained by the
greater thermal deactivation of dimers than of monomers.

The photoacoustic spectra are more sensitive for aggregation than the
absorption ones. The photoacoustic spectrum for that sample 15 shifted
towards the short wave side and the fluorescent excitation spectrum
towards the long wave side in respect to the absorption spectrum.

5. PHOTOACDUSTIC SPECTRA OF CROWN GALL TUMORS
IN LERVES OF KALANCHOE DAIGREMONTIANR
(Cz.Lewa, J.S5zurkowskl, G.Zebrowska)

Interesting results were obtained by Cz.Lewa and H.Lewa [9] for tem-
perature dependence of proton nuclear magnetic resonance (NMR) relaxation
time T: for intact and neoplasmic tissues. The Fig.? represents an example
of such a dependence of T; for normal (1) and tumorous (2) tissues coliec-
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ted from kalus culture Nicotiana Tabacum (NT) showing evident differentia-
tion. Another dependence of relative value of T; in respect to the tempera-
ture of 17.5 C as a function of temperature of heating i3 presented in the
Fig.8 for normal kalus NT (1), tumor kalus NT (2), intertistial siles of
plant KD (Kalanchoe daigremontiana) (3) and leaves of plant KD (4).
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These results stimulated fur-
ther examinations, [14] also using
the PAS method [(10]. The mature KD
leaves with crown gall tumors ini-
tiated by Agrobacterium tumefaciens)
and intact (heathly) leaves were
used for PAS experiments. The leaves
about 15 mm long were cut in small
sections and placed in the photoaco-

ustic spectrometer, Measurements

were carried out with the upper epi-

dermis of the leaf facing the light.

The samples exhibited no signs of de-
mage, even after prolonged measure-

ments, '

The Fig.9 represents the FAS
recards at frequency 18 Hz for tumo-
rous {e ) and healtly (A) leaf, re-
spectively. The PA signal for tumo-
rous leaf is stronger than that of
the intact one. Also, the characte-
ristic maximum is shifted from 545
to 526 nm in the spectrum of tumo-
rous tissue. The frequency response
corresponds to a thermal diffussion
length of 42 um while the green (me-
sophyll) layer of KD leaves begins
at the depth of about 50 um, The PAS
of & green leaf resembles the reflec-
tance spectrum {15) with the maximum
at 545 nm (Fig.9). This indicates
that the PAS is mainly determined by
scattered green light from deeper la-
yers vhich may has been unspeci-
fically absorbed in the epidermis.

In the case of tumour tissue the
structure of the upper layer of the
epidermis i3 changed and thus a sha-
pe of the PAS spectrum is not alre-
ady determined by the absorption of
scattered light but rather by absor-
ption of pigments incorporated in
epidernis. The PA signal increases
below 450 nm what may occur due to
light absorption by flavanoids pre-
sent in vacvoles of the epidermis
cells.

The Fig.lG presents the PR signal
against light modulalion frequency
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for the two cases examined. The wave-length of light uas kept constant of
530 nm. Both curves are evidently differentiated due to structural chan-
ges of the subsurface layer of the tumorous sample. -

In the Fig.11 the PS signal for tumorous leaf against the thermal dif-
fussion length is presented. The noniinear dependence suggests appearing
ron-homogeneities in the structure of the upper part (deep to 30 pm) of the
leaf layer.

The results presented here are interesting, however, it is difficult
to establish more precise relationships between the variations in FAS obser-
ved and pathological changes of leaves structure. Anyway, the PAS spectro-
scopy seems to be a good tool for further examinations.

6. CONCLUSJONS

Some results of PAS examination presented in this review have shoun
further possibilities of the method, The selected examples of materials
examined have examplified that this mon-destructive method may be used for
structural interpretation and PA spectra treated as signatures of the
material examined.
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