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PIEZOELECTRIC DETECTION OF PHOTOACOUSTIC SIGNAL
IN DENCE LAYER OF CARBON NANOTUBES IRRADIATED
BY BESSEL LIGHT BEAMS

Introduction

Bessel light beams (BLB) are used and widely used in-laser photoa-
coustic methods to diagnose the structure of various samples as a source of
sound excitation [1-4]. In particular, the use of Bessellight beams in opti-
cal-acoustic microscopy makes it possible to effectively increase the focal
depth of the resulting photoacoustic image.in/comparison with a conven-
tional Gaussian light beam. The use of diffetent types of BLB polarization
modes is explained by the fact that BLBs have a number of unique proper-
ties, for example, non-diffraction of\ptopagation in space.

Promising material in various'fields of science and technology are car-
bon nanotubes (CNTs). One of the main advantages of these structures is
the ability to control the properties of the created CNT layers (Figure 1) by
changing the geometric'dimensions and configuration of nanoobjects.
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Figure 1 — Cross-section of a CNT array (Focussed ion beam scanning
electron microscope, Zeiss—Neon 40 EsB) [5]
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The classical theory of electrodynamics can not always be applied to
the description of nanotubes. Consequently, it is required to search for new
quasiclassical theoretical approaches and studies that would enable us to
solve the problems of micro- and macroscopic electrodynamics [6], which
underlie the theoretical basis of modern photoacoustic spectroscopy.

This paper i1s devoted to the construction of a model of photoacoustic
conversion of BLB modes in a layer of chiral and achiral carbon nanotubes
for the case of piezoelectric recording of the resultant signal.

1. Conductivity of chiral and axiral carbon nanotubes

By analogy with [6], the conductivity of chiral CNTs in cylindrical co-
ordinates is determined by the relation, (electron velocity ve<<., ¢ — speed
of light)
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For CNTs of the zigzag type, the expressions for the axial conductivity
are expressed by-the formula
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Also obtained expression describing the axial conductivity in carbon
nanotubes armchair type
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The expression for the projection of the electron velocity vector on the
z axis is obtained with allowance for the formula v(p:) = de(p)/Op- [7] and
the relationship for the energy distribution within the tight-binding approx-
imation, which takes into account the interaction of only the nearest neigh=
boring atoms in the hexagonal structure [8, 9].

2. Dissipation of energy of Bessel light beamesiln chiral and
achiral carbon nanotubes

The effect of a Bessel light beam on the absorbing layer-of.chiral nano-
tubes leads to a periodic change in the temperature field, which can be de-
scribed by the equation of thermal conductivity
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where Bs = ks/ po-C is effective coefficient.of'thermal diffusivity, ks is co-
efficient of thermal conductivity, po is density of a layer of carbon nano-
tubes, C is specific heat of a layer of CNTs, Q is modulation frequency.

In equation (2) Q is volume dénsity of thermal sources, which is de-
termined by the expression

0 =0.,|B[" 3)
where |6cr| = 27 |o2:|/A ispconductivity of the CNT layer. Substituting into
(3) the relation describing the intensity of the wave, it is easy to obtain the
energy dissipation rate

Q = 2(}0]06_20%17‘2 = Zﬁcn /(C’\/?S())]Oe_zaejfz. (4)
In the formula (4) o is Proceeding from the geometry of chiral and

achiral carbon'nanotubes, it is expedient to write equation (2) in a cylindri-
cal cootdinate system. The absorption coefficient in (3) is defined as fol-

lows
oy =(m/c)- (8"/\/?): (w/c)-(e"/n).
Conductivity is related to the imaginary part of the dielectric constant
by the formulag=¢'+ie", " =4 n'0 /o.
Thus, in cylindrical coordinates, the energy dissipation rate of Bessel
light beams (BLB) in the layer of absorbing carbon chiral nanotubes can be
represented as follows

2
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where o = 2k...

3. Calculation of the resulting photoacoustic signal

Let us determine the amplitude of the photoacoustic signal arising in
the layer of chiral CNTs upon irradiation by the TE mode of the BLB,
based on the use of the piezoelectric method of recording the signal.in ' ac-
cordance with the scheme shown in figure 2.

5
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Figure 2 — The scheme of registration of a photoacoustic signal:
1 — the layer of chiral or achiral CNTs; 2 — piezoelectric detector; 3 — axicon;
4 —modulator; 5 — Bessel light beam

The simultaneous solution of the heat equation (2) and the equations
forithermoelastic deformations in the sample and piezoelectric transducer /i
allows us to find an expression for the photoacoustic signal.

Assuming the boundaries of the "sample-piezoelectric detector" system
to be free (o(/=0)=0, o(/i=0)=0) and also using the technique de-
scribed in [10], we will find the expression for the no-load voltage V7% on a
piezo transducer

TE _i( _ )_i TE
4 = Upl,;, Ul —SSZR : (6)
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In relation (5), the factor Z
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describes the purely acoustic properties of the "carbon nanotube-

piezoelectric detector" system, and the factor R™®
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determines the dissipative, dielectric, thermophysical, and thermoelastic
properties of the sample under study, as well as the polarization@and energy
parameters of the BLB.

In the expressions (5)—(7) he following notation is introduced: U(z),
Uy(z) are elastic displacements in the CNT layer and piezoelectric trans-
ducer; ven, vp are values of velocities of elastic longitudinal waves, By is the
bulk modulus, ¢’ =N+ 2/3 w;, A, W are the Lame ‘coefficients, ao is coeffi-
cient of volumetric thermal expansion, ¢ — walues of clastic stresses,
os= (1 —i)as, as= (Q/2Bx)"? is effective €oefficient of thermal diffusion
of the sample, B 1s effective coefficient of sample thermal diffusivity,
W = Qef/Cs, W2 = k/Gs, W3 = kloey , k1 =8/vp 1s wave number of an elastic
wave in a piezoelectric transducer, k= /v, 1s wave number of a sound
wave in a sample, mo = (kicP)/ke’), P = cf (1 + e*/e5cF), ¢F is coefficient
of rigidity of a piezoelectric; e.— piezoelectric module, €5 — dielectric con-

stant of a piezoelectric crystal,

=T i, o, ETE, ETE = ATE/(agf _Gg)’

(8)
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the radial,coordinate p. Analysis of expression (6) for the amplitude of the
photoacoustic signal showed the presence of resonant peaks in the region
of gigahertz frequencies (Figures 3, 4).

We note that we have considered a particular case of the free bounda-
ries of the "sample-piezotransducer" system. In this case, the potential dif-
ference recorded by the detector is determined by the formulas (6)—(8).
When the boundary conditions change, the relationships for calculating the
potential difference appearing in the detector will change. Under condi-
tions where the boundaries of the "sample-piezoelectric detector" system
are fixed (U(0)=0, U(+/1)=0) or alternately loaded (c(0)=0,
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U(l+ 11)=0; o(l+ 1)) =0 U(0) = 0), other expressions for the potential dif-
ference are obtained. However, even in these particular situations, the main
regularities of the photoacoustic transformation of the TE-mode of the
BLB in magnetically low-dimensional structures correspond to those re-
vealed on the basis of the model of free boundaries.

Figure 3 — Dependence of the amplitude of the PA signal on the radial coordinate
and modulation frequency of the/BL'B (m =0, a = 1°)

Figure 4= Dependence of the amplitude of the PA signal on the radial coordinate
and modulation frequency of the BLB (m = 0, a. = 2°)

Using expression (6) for the idling voltage, it is possible to determine
the amplitudes of photoacoustic signals for the system '"sample-
piezoelectric transducer" with alternately loaded boundaries:

oll)=0,(0).

0=, ()
s(0)=0, ®)
Up(ll) =
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(10)

The difference in the amplitude of the displacement of the boundaries
of the system when the boundary conditions (9) is realized is determined
by the following relation
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It 1s alseleasy’to obtain an expression for the potential difference, tak-
ing into account the boundary conditions (10):
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Analyzing expressions (11) and (12), we see that the amplitude of the
photoacoustic signal is determined in a rather complicated manner and de-
pends on many parameters of the "sample-piezoelectric converter" system.
In addition, the magnitude of the resulting signal is significantly affected
by the modulating action of Bessel light beams (Figure 5).
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Figure 5 — Dependence of the amplitude of the photoacoustic signal U’F on the radial
coordinate when receiving the modulation frequency Q:
a — the dependence under the boundary conditions (11);
b — dependence . underthe boundary conditions (12)

As a result of the graphical analysis of expressions (11), (12), a reso-
nant increase in the amplitude was detected.

It should be noted'that the amplitude and position of the resonant peaks
depend on the/type of the boundary conditions imposed on the "sample-
piezoelectrie.converter" system. At the same time, the tendency is general-
ly to decrease the amplitudes of the resonance coordinates, as well as to
identifyjand eliminate inconsistencies.

It can also be seen from the figures that an increase in the cone angle of
a BB affects the frequency of the appearance of resonant peaks as a func-
tion of the radial coordinate p. Controlling the amplitude of the resulting
signal resulting from the modulated absorption of the light beam can be re-
alized by using the taper angle adjustment schemes of the BLBs acting on
the basis of the electrochotic Pockels effect [11, 12].

Thus, the model of photoacoustic transformation in the layer of chiral
and achiral carbon nanotubes irradiated by the TE-mode of a Bessel light
beam is constructed.
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DUAL-POLARIZATION GENERATION
IN THE ND:YAG LASER

Introduction

Dual-polarization laser generation in dynhamic mode is currently used
for some interesting applications [1, 2]..We propose using it for passive
cavity dumping by the second harmonie.generation in the mode locked la-
ser. In this case it is important to have the same radiation intensity at both
polarizations.

In this paper, we investigate the effect of the difference between inac-
tive loss coefficients and cavity optical lengths for simultaneously generat-
ed polarizations on their intensities.

1. Theoretical' model

Dual-polarization generation in dynamic regime is simulated with the
use of simpl¢€ sealar model. The main approximations used in the model are
as follows:

a) The pump source (a lamp) produces unpolarized radiation.

b)\ The Nd: YAG active laser medium properties are independent of the
optical field polarization: stimulated emission cross-section ¢. and refrac-
tive index n of the medium are equal for both polarizations, anisotropic
properties of the Nd°* ions are not considered.

c)The cavity anisotropies consist in different coefficients of losses 7y
and optical cavity lengths L, for radiation with different polarizations.

Our model may be used to investigate quantitative behavior of the de-
scribed system, although it may be not enough for more complicated cases.
To describe the laser generation in more detaled and correct way, the cor-
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