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Abstract. In this paper, the authors study the influence of a random stress on
the parameters of an extremely short optical pulse as it propagates in a nonlinear
medium with carbon nanotubes, taking into account the processes of multiphoton
absorption and pumping by an external electromagnetic wave. The dependence of
the intensity and width of the pulse field on the number of photons, as well as on
the amplitude of the pump pulse, is analyzed.

Key words: extremely short pulse, carbon nanotubes, multiphoton absorp-
tion, random stress.

Introduction

Extremely short pulses have been the subject of close attention of researchers since
the moment they were received for about 40 years. This is due to the unusual nature of
their physics and wide practical applications [3; 9], including the study of ultrafast relaxation
processes in the microcosm, as well as the interaction of light with matter with a high peak
intensity. As is known, the processes of multiphoton absorption (MA) play an important
role in the interaction of light with high-intensity radiation. MA is understood as a quantum
mechanical process in which several photons are absorbed by an atom or molecule, which
gain or lose energy [11]. Interest in MA increased with the advent of lasers, which made
it possible to observe this phenomenon in the optical range and advance in the study of
nonlinear processes in semiconductor materials [13; 14], as well as in nanostructures [2; 5],
including carbon nanotubes (CNTs) [12]. Note that CNTs are attracting more and more
attention from the point of view of their practical use in the development of opto-, micro-,
and nanoelectronic devices [8; 10]. In this work, we study the dynamics of an extremely
short optical pulse in a nonlinear medium with semiconductor carbon nanotubes under
random stress, which is important to take into account, since CNTs are randomly stressed
even in the general case. For these purposes, we use the model developed earlier, which
takes into account multiphoton absorption [7].

1. Model and basic equations

We investigate the propagation of a three-dimensional extremely short optical pulse
through a dielectric medium containing carbon nanotubes. For carbon nanotubes of the
zigzag (m,0) type, the dispersion law can be written as [4]:

𝜖(𝑝, 𝑠) = γ0

√︂
1 + 4 cos(𝑎𝑝) cos
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)︁
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)︁
, (1)

where 𝑠 = 1, 2, ...,𝑚, γ0 = 2.7 eV, 𝑎 = 3𝑏/2ℎ̄, 𝑏 = 0.142 nm.
Since the field is directed along the CNT axis (for definiteness OZ), then only the com-

ponent 𝐴𝑧(𝑥, 𝑦, 𝑧, 𝑡) is nonzero, for the electric current density , respectively 𝑗𝑧(𝑥, 𝑦, 𝑧, 𝑡).
Next, we write the three-dimensional wave equation for the nonzero component of

the vector potential in a cylindrical coordinate system, and taking into account the gauge:
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𝑟, 𝑧, φ are coordinates in a cylindrical coordinate system, 𝑐 is the speed of light, 𝑛𝑝 is the
number of photons, 𝐾𝑝 is the photon absorption coefficient [6], � is the d’Alembert operator.
The parameter Γ describes the pumping of the electric field:

Γ = 𝑄Γ exp

(︂
−𝑟6

𝑙6Γ

)︂
, (3)

here 𝑙Γ is the width of the amplifying medium in the direction perpendicular to the direction
of propagation of the electric field pulse, 𝑄Γ is the amplification factor, which depends on
the properties of the medium. The expression for the current density along the CNT axis
can be written as [2]:

𝑗𝑧 = 2𝑒
𝑚∑︁
𝑠=1

∫︁
𝑣(𝑝, 𝑠) · 𝐹 (𝑝, 𝑠)𝑑𝑝, (4)

where 𝑒 is the charge of electron, ℎ̄=1, integration is carried out over the first Brillouin
zone, 𝑝 is the quasi-momentum component of the conduction electron along the CNT axis,
𝑣(𝑝, 𝑠) = 𝜕𝜖(𝑝, 𝑠)/𝜕𝑝 is the electron velocity, 𝐹 (𝑝, 𝑠) is the Fermi distribution function.
Thus, the effective equation, taking into account the symmetry in the angle (𝜕/𝜕φ → 0)
due to the smallness of the accumulated charge due to the inhomogeneity of the field [15]),
can be written in the following form:
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𝑛0 is the electron concentration,
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𝑎𝑠𝑞 are the coefficients in the expansion of the electron dispersion law (1) in a Fourier series.
The last factor here takes into account the random stress with normal distribution. 𝑈0 is
the median, Δ is the variance of this distribution. In the sum (5), we take into account only
the first 10 terms due to the decrease in the coefficients determined by formula (6) with an
increase in the number 𝑞 [1].

2. Numerical simulation and results

The effective equation (5) after reduction to a dimensionless form is solved using nu-
merical methods, taking into account the following initial conditions for the vector potential
of the field:. ⎧⎪⎪⎨⎪⎪⎩

𝐴(𝑧, 𝑟, 0) = 𝐵 exp
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where 𝐵 is the amplitude of the electromagnetic pulse at the initial moment of time, 𝑙𝑧, 𝑙𝑟
is the pulse width along the respective directions, 𝑣0 is the initial impulse velocity along
the axis z. The evolutionary picture of the intensity of an extremely short optical pulse as it
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propagates in a dielectric medium with CNTs, taking into account three-photon absorption,
is shown in figure 1.

It can be seen from figure 1, that the pulse undergoes broadening, while propagating
in a sufficiently localized manner with the division of the main peak into several pulses
of different magnitudes. The effect of the number of absorbed photons on the shape and
intensity of an extremely short pulse is shown in figure 2.

Fig. 1. The dependence of electric field intensity on coordinates (𝑄Γ = 0.5 ):
(a) 𝑡 = 0; (b) 𝑡 = 6 · 10−14 s; (c) 𝑡 = 9 · 10−14 s.

𝐼𝑚𝑎𝑥 is the maximum intensity for each moment of time

According to figure 2, we can conclude that the number of absorbed photons determines
not only the shape of the pulse, but also the maximum of its intensity. We also note the
appearance of a “tail” behind the main pulse (fig. 2c). Also, based on the two-dimensional
picture (fig. 2a, 2b), it can be seen that in the case of two-photon absorption, the pulse
experiences not only greater diffraction spreading, but also a curvature of the pulse front
due to diffraction. The dependence of the pulse width (the distance at which the intensity
decreases by 2 times) on time is shown in the figure 3.

The dependences in figure 3 show that the amplitude of the pump pulse makes it
possible to control the transverse width of an electromagnetic pulse propagating in a medium
with CNTs. Moreover, the number of absorbed photons also allows us to control this width.
Note that over time, in both cases (figures 3a and 3b), the pulse width L for different
numbers of photons becomes the same. We also note that the calculations performed have
shown that the random stress parameters do not significantly influence the pulse dynamics.
This allows us to speak about the possibility of using the system under consideration in the
above conditions. So, for example, in the case of defects in carbon nanotubes (which often
occurs in real conditions), stress will appear in CNTs. Thus, such nanotubes can also be
used in systems where stable propagation of pulses is required.

Conclusion

Main conclusions from the study:

1) An effective equation that describes the dynamics of an extremely short optical pulse
in a medium containing carbon nanotubes, taking into account multiphoton absorption
and random stress is derived.
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2) It is shown that in the model of two-photon and three-photon absorption, taking
into account the random stress, the pulses propagate with the preservation of the
localization region.

3) It was found that the greatest influence on the width of an extremely short optical
pulse in the presence of a random stress is exerted by the gain of the pump field.

Fig. 2. The longitudinal sections of the intensity from the 𝑧 coordinate for different numbers
of photons (𝑄Γ = 0, 5, 𝑡 = 9 · 10−14 s): (a) 𝑛𝑝 = 2; (b) 𝑛𝑝 = 3; (c) slices at 𝑟 = 0.

The solid curve in figure (c) corresponds to case (a), the dotted curve corresponds to case (b).
The unit along the 𝐼 axis is the intensity 𝐼𝑚 at 𝑛𝑝 = 3

Fig. 3. Time dependence of pulse width for different number of photons 𝑛𝑝 : curve 1 corresponds
𝑛𝑝 = 2; curve 2 – 𝑛𝑝 = 3. (a) 𝑄Γ=0.1; (b) 𝑄Γ=0.5
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Аннотация. В данной работе исследуется влияние случайного напря-
жения на параметры предельно короткого оптического импульса при его рас-
пространении в нелинейной среде, содержащей ахиральные углеродные нано-
трубки с полупроводниковой проводимостью. Взаимодействием между элек-
тронами соседних углеродных нанотрубок пренебрегаем в силу большого рас-
стояния между трубками. При этом мы учитываем процессы многофотонного
поглощения, которые играют важную роль при взаимодействии света с вы-
сокоинтенсивным лазерным излучением. Также в работе учитывается и на-
качка внешней электромагнитной волной, которая является способом компен-
сации диссипации и обеспечивает стабилизацию предельно короткого опти-
ческого импульса. Проанализирована зависимость интенсивности и ширины
поля электромагнитного импульса от числа поглощенных фотонов, а также
от амплитуды импульса накачки. Проведенные численные расчеты показали,
что параметры случайного напряжения не оказывают существенного влияния
на динамику импульса. Это позволяет говорить о возможности использования
систем с углеродными нанотрубками с возникающим в них напряжением, обу-
словленным, например, дефектами при разработке оптоэлектронных приборов,
основанных на распространении нелинейных электромагнитных волн.

Ключевые слова: предельно короткий импульс, углеродные нанотрубки,
многофотонное поглощение, случайное напряжение.
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