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Abstract The use of photothermal microscopy to obtain superficial and in-depth
images, by means of the interaction of a thermal wave with the analyzed material, has
reached great interest due to its numerous applications. The application of the photo-
pyroelectric microscopy technique to obtain images of plant leaves is presented in this
article. In the experimental setup, a pyroelectric sensor and linear micro-positioners
were used to obtain the photothermal signal at each point of the sample. Then it is
possible to obtain images of plant leaves through their differences in local thermal
properties and thickness.
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1 Introduction

Thermal waves are used nowadays for non-destructive evaluation of various types of
surface and sub-surface features. In thermal-wave imaging, macroscopic and micro-
scopic thermal features on or beneath the surface of a sample can be detected and
imaged. Thermal features can be defined as those regions of an otherwise homoge-
neous material that exhibit variations, relative to their surroundings, in any of the
following three thermal parameters: density, p; specific heat, c¢; and thermal conduc-
tivity, k. Variations in these thermal parameters arise, in the most general sense, from
variations in the local structure of the material. Imaging of these local thermal features
requires detection of the scattered and reflected thermal waves [1].

This detection is currently accomplished by several photothermal (PT) techniques.
These techniques involve measurements of the heat produced, as an excited species
relaxes by a nonradiative path. The excited light is chopped at a suitable frequency, and
the resulting modulated heat flow is detected by using a direct or indirect temperature
sensor, and a lock-in amplifier. These techniques allow the acquisition of information
about samples with inherent difficulties such as high dispersion of light and structures
that vary with depth (for example, semiconductors, minerals, vegetables, and animal
tissue).

PT techniques have been used since 1979 to obtain thermal images from different
samples, being a nondestructive technique. Among the PT techniques, the photoa-
coustic technique was the first to be used to obtain thermal images. Photoacoustic
microscopy (PAM) is a well established and useful tool in the nondestructive testing
of materials. There has been considerable interest in employing PAM for surface and
sub-surface imaging, and microscopy of solid materials. The unique characteristic
of photoacoustic imaging lies in the detection of subsurface features or flaws by the
interaction of the photoacoustically generated thermal waves with these features [2].
This characteristic to detect surface, and subsurface defects makes PAM particularly
valuable in locating voids and cracks in metals, ceramics, and semiconductors.

Briefly, the technique involves modulating the intensity of a focused laser beam,
and slowly scanning the position of the beam across the sample of interest. The ther-
mal waves generated in the sample by the periodic heating scatter off defects below
the surface of the sample, and this causes a change in the photoacoustic signal. As
the laser beam is scanned across the sample, any change in the photoacoustic signal
indicates the presence of defects at that location [3].

Different researchers have used PT techniques to detect inhomogeneous structures
such as diffused and ion-implanted regions in semiconductors [4], and integrated
circuits [5]. Unlike these, there are few reports on imaging applications using a pyro-
electric (PE) sensor. The emergence of thin-film photopyroelectric (PPE) detection as
a convenient photothermal method, with considerably more degrees of freedom than
photoacoustic imaging (both microphonic and piezoelectric), and a back—detection
character, as opposed to the photothermal—beam deflection front —detection charac-
ter, has been well documented. Conventional pyroelectric detection of thermal waves
used in a scanned, spatially integrated detection mode has also been reported.

Imaging of the thermal wave field with a polyvinylidene-difluoride (PVDF) pyro-
electric sensor in the back detection configuration (in this case, the modulated light
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Fig. 1 Experimental setup used to obtain PT images of biological samples

impinges the sample, and the PE sensor is attached to the other side of the sample)
was demonstrated [6]. Recently, imaging with a PE sensor was reported, but in this
case, in a front detection configuration (the modulated light impinges the PE sensor,
and the sample is attached on the other side of the sensor [7]). In the present study, we
are interested in the use of a PE sensor to obtain images from plant leaves by using
back and front PPE configurations.

2 Experimental Setup

A schematic diagram of the detection experimental setup used for PPE scanned imag-
ing is shown in Fig. 1. In this arrangement, the excitation source is a fiber coupled
laser diode, with variable power at 650 nm wavelength, modulated in intensity at a
frequency (f) of 2 Hz, by the reference oscillator of a DSP lock-in amplifier. By using
a microscope objective, the laser beam was focused on the leaf sample (the spot size
of the laser was approximately 50 um). The sample was a Ligustrum japonicum leaf,
which has 6-8 pairs of veins in the blade and a central main vein (midrib); these veins
and midrib are somewhat sunken on the back side of leaf, whereas the front side of
this leaf is a quite flat surface.

A piece of this leaf, cut from its root, was immediately placed inside the PPE cell.
The PE sensor, a 25 um thickness PVDF, was uniformly covered with a thin and
homogeneous layer of silicon oil (approximately 20 um thickness) to ensure good
thermal contact between the sensor and sample. The PPE cell is mounted on an x—y
translation stage, with a resolution of 50 um, driven by stepping motors. The PPE
signal was preamplified, and sent to the DSP lock-in amplifier. A personal computer
was used to control scanning of the x—y translation stage, and also to record from the
lock-in amplifier, the experimental PPE signal amplitude and phase from each point
of the scanned sample. PT images of the leaf samples with the PPE cell in the back
and front detection configurations were obtained.
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(a)

Fig.2 (a) Microscopic image of sample. Delimited area shows scanned area for (b) PPE signal amplitude,
and (c) PPE signal phase obtained from the PPE back detection configuration

3 Results and Discussion

Figure 2 shows (a) a microscopic picture of the Ligustrum japonicum leaf and its PT
image from (b) the PPE signal amplitude and (c) phase. In this case, the back detection
configuration was used with 15.5 mW laser power. After acquisition of the PPE signal,
it was observed that any thermal damage, as a consequence of the focused laser beam
scanning, occurred on the leaf. From the PPE amplitude and phase, it is possible to
observe images of the leaf midrib (main vein) and blade. Both images show an inter-
nal channel in the midrib, which is not possible to observe from (a) the microscopic
picture.

An image of a Ligustrum japonicum leaf was also obtained for the front detection
configuration in order to have the possibility of increasing the laser power (to 24 mW)
without causing thermal damage to the plant leaf, due to the fact that now the focused
laser beam impinges on the sensor surface. In this configuration, the thermal infor-
mation is not altered by the optical properties of the sample [7]. Figure 3 shows a
microscopic picture of (a) the leaf and (b) its image from the PPE signal phase. From
the PPE image, it is also possible to observe the main parts of the leaf, the midrib,
blade, and an internal channel in the midrib as for the case of the former configuration.

The thermal properties of leaf are not homogeneous, which means that the sample
have thermal variations in its structure, due to the fact that is formed by several layers
and channels; also, the sample has thickness variations in its main parts, which makes
it possible to use the PPE technique to observe the main leaf features, since the PPE
signal depends on the sample’s thermal characteristics and thickness. Next, the thermal
and optical conditions of the leaves with the PPE measurements are described.

The reported thermal diffusivity («) for vegetal leaves is about 1.2 x 1073 cm?- s~
[8], and an individual Ligustrum japonicum leaf has thicknesses varying from 195 to
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(b)

Fig. 3 (a) Microscopic image of the sample. Delimited area shows scanned area for (b) PPE signal phase
obtained from the PPE front detection configuration

635 pum, from the blade to the midrib parts, respectively. Then, for a light modulation
frequency (f), of 2Hz, the sample is thermally thick, which means that Ly/pus > 1,
where L is the sample thickness and g is the thermal diffusion length defined as
ws = (ae/mf)1/%. Also, the sample is optically opaque at the laser wavelength (650 nm)
used here, since the leaves contain chlorophyll, and one of the optical absorption
peaks, corresponding to chlorophyll B, is located at 650nm [9]. For this peak, the
optical absorption coefficient (8) is 190 cm~! [8]; then, BLs > 1, which means that
the sample is optically opaque. On the other hand, the pyroelectric sensor is optically
opaque and thermally thin by taking into account the optical and thermal parameters
for a PVDF pyroelectric sensor [7]. In both detection configurations, the front side
of the leaf, which is quite flat, is thermally coupled to the pyroelectric sensor by a
thin layer of silicon oil (around 20-40 um thickness), then, by taking into account the
light modulation frequency (/) and the reported thermal diffusivity for this silicon oil
[71, this coupling layer is thermally thin, which means that this oil layer is thermally
transparent for the obtained images.

Under these conditions of optically opaque sample and sensor, with the sensor
and coupling oil layer thermally thin, and the sample thermally thick, the PPE signal
phase shift (Ag) depends on the sample thickness variation and also on the thermal
diffusivity, and can be expressed as [7,10]

Ap = —asALs, (D
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where a; = ug ! is the thermal diffusion coefficient. Then Eq. 1 indicates that it is
possible to obtain a PPE signal phase shift when the sample varies in its local thermal
properties or thickness of its structure. On the other hand, the PPE signal amplitude
decreases exponentially when the sample thickness is increased [10]. Then, it is pos-
sible to obtain a PT image of samples where thermal and thickness variations take
place in their structure, as is the case for many biological tissues. It is important to
mention that the resolution of this technique is limited by the spot size of the focused
laser beam, used to scan the sample, also the resolution of the x—y stage, and the light
modulation frequency ( f) along with the sample thermal diffusivity, which determine
the thermal diffusion length in the sample. Also, in the back detection configuration,
the thickness of the sample is important due to the fact that the PPE signal amplitude
decreases exponentially when the sample thickness is increased, and the laser intensity
is limited in order to avoid damage in the biological sample.

4 Conclusions

Photothermal images of plant leaves, Ligustrum japonicum, were obtained by using
a PPE technique. The back and front detection configurations were used to obtain PT
images of these leaves. In both configurations, it is possible to obtain the sample image
by scanning the modulated laser beam on the sample, and detecting the PPE signal at
each point of the scan. The studied leaves have thermal variations in their structure,
and also have significant thickness variations in their main parts (midrib and blade),
which makes it possible to obtain their images by using the PPE technique. From the
PPE amplitude and phase, it was possible to observe images of the leaf midrib and
blade. The images obtained from the back and front PPE detection configurations show
an internal channel in the midrib, which is not possible to observe in the microscopic
picture.
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