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Modeling of the dynamics of extremely short optical pulses in carbon
nanotubes with random impurities taking into account multiphoton
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In this work, we study the evolution of an extremely short pulse in a dielectric crystal with carbon nanotubes
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Introduction

It is known that in the synthesis of carbon nanotubes
(CNTs) [1] one often has to deal with the presence of
various kinds of impurities, the removal of which is very
important in solving many applied problems, since they
can significantly change the properties of CNTs. At the
same time, purification from impurities is the most time-
consuming step [2-4]. However, in some cases, the presence
of an impurity may not have a significant effect on the
nature of the process under study. Note that the impurity
parameters (energy level, electron hybridization energy) can
turn out to be random and vary within rather wide limits,
due to the different environment of the impurity, its different
random position relative to the nanotube hexagons (in the
center of the hexagon, on the C—C-bond, above the carbon
atom), as well as the presence of other nearby impurities or
adsorbed atoms. Therefore, in this paper, we study the effect
of such impurity on the dynamics of extremely short optical
pulse as it propagates in a nonlinear medium with CNTs,
taking into account multiphoton absorption [5] according to
the model given in the paper [6].

Note that the solution of the problem stated is important,
since CNTs are often used in the development of optoelec-
tronic devices [7-9], including waveguide structures [10,11]
and ultrashort pulse lasers [12].

1. Model and basic equations

Let us consider a 3D electromagnetic pulse passed
through a dielectric matrix containing an array of impurity
CNTs. Note that impurities in CNTs are randomly
distributed, which is often observed when nanotubes are
obtained industrially.
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According to the paper [13], we write the dispersion law
for CNTs containing impurities (&imp):

eimp(P, S) = 0.5(2B +1/~4(D(f +1+) — £(p, 52— D)),

(1)
where ¢(p, s) = |f| — dispersion law for zigzag CNT elec-
trons without impurity [14], s=1,2,..., m, p — electron
quasi-pulse, B — parameter characterizing the processes
associated with electron transitions from impurity levels to
one of the nanotube sublattices,
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where W; — is the energy of an electron localized at the j-
th impurity level, «j — are quantities equal to the hopping
integrals related to the impurity concentration between
sublattice of CNTs and j-th impurity level, D — determines
electron transitions between two CNT sublattices:
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Note that we consider transitions between impurity levels
and the first and second CNT sublattices to be equivalent;
therefore, in formula (2), the indices 1 and 2 of the hopping
integral are omitted.

As can be seen from formulas (2) and (3), we consider
only 4 impurity levels, since it was found that with level
number increasing its influence weakens [13].

Since the electric field is aligned with the axis of the
nanotubes OZ, the transverse components are equal to zero,
and we deal only with the z-component of the field only —
E(x,V, z,t). The electric current density is set in a similar
way: |[bfj = (0,0, j(X,y, z,t)).

(2)
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Next, we write the three-dimensional wave equation
of the nonzero component of the vector potential in a
cylindrical coordinate system, and taking into account the
calibration E = —c~19A/at:

4s A aA\ !

UA + J(A) +T o Kp( o ) =0, 4
where ¢ — speed of light, ny — number of absorbed
photons (single-photon absorption coefficient is combined
with pumping coefficient), K, — photon absorption coef-
ficient jcitel5, [0 — Dalembertian, I' — determines the
pumping of the electric field, which was chosen as a sixth-
order supergaussian function with amplitude Qr:

r= Qpexp<—%). (5)

Here Ip determines the width of the amplifying medium
in the direction perpendicular to the direction of pulse
propagation.

Note that in the case of extremely short pulses, amplifi-
cation in a two-level medium is either proportional to the
distance traveled (~ z) [16], or is described by processes
like negative diffusion [17,18]. Here we use a simplified
model and assume that the amplification is constant at each
point z [19]. In this paper the attention is focused on
the effect of randomly distributed impurities in CNTs and
multiphoton absorption on the pulse dynamics. Accounting
for more complex amplification models is beyond the scope
of this study and will be carried out separately.

The expression for the current density along the CNT axis
can be written as [20]:

J—ZGZ / Peimo(P. ) p’) F(p.sdp.  (6)
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where e — electron charge,
function.

Thus, taking into account the symmetry by the angle
(3/0¢p — 0) due to the small accumulated charge because
the field is inhomogeneous [21], the effective equation can
be written as

dengyoa =, . [aegA t
OA b — ——
+ c qX_; q Sln( c ) exp ( = )

F(p,s) — Fermi distribution

2np—1
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where ny — 1is the electron concentration, o = 2.7¢eV,

a = 3b/2h, b = 0.142 nm, exponent here takes into account
the attenuation of the pulse field at times when the pulse
intensity at its leading edge is by e times less than the peak
intensity of the pulse, 7 — relaxation time of the CNT
electronic subsystem,

m/a

Ng = Z % asq / F(p',s)dp’,
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where asq — coefficients in the decomposition of the

electron dispersion law (1) in Fourier series, taking into
account the random distribution of impurity parameters
according to the normal law, Dy — median, A — dispersion
of this distribution. Since we believe that the impurity is
distributed uniformly over the bulk of the CNT array, and
the impurity parameters are affected by a large number of
random factors, the Gaussian distribution is a good model in
this case. Note that we explicitly indicated the argument D
in the dispersion law under the integral sign, since it also
depends on the integration variable.

In the sum from equation (7) we take into account the
first 10terms, since the coefficients by decrease strongly
with q increasing [22].

2. Numerical simulation and results

The effective equation (7) after reduction to a dimension-
less form was solved numerically taking into account the
initial conditions for the field vector potential in the form of
a Gauss function (9a) and Bessel function (9b):
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where Q — the amplitude of the electromagnetic pulse at
the initial moment of time, |, |, — the pulse width along
the corresponding directions, vy — the initial pulse speed
along the nanotube axis, zo — initial shift of the pulse center
along axis OZ, y — cutoff parameter for the Bessel function.

The evolution of the field strength of extremely short
optical pulse during its propagation in a dielectric medium
with CNTs taking into account the processes of two-photon
absorption is shown in Fig. 1.

The Figure demonstrates the localized propagation of the
pulse, which is facilitated by the balance of pumping and
damping.

A comparison of the cases considering two-photon and
three-photon absorption is shown in Fig. 2.
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Figure 1. Electric field strength vs. coordinates (Do = —B = 0.1ypp): t,8: @ — 2-107", b — 6-107"%, ¢ — 8- 107!, Unit along

axis E — 107 V/m.
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Figure 2. Longitudinal sections of the field E at r = 0 depending on the coordinate z for different number of photons (t = 8 - 10™"s):
a — initial conditions in the form (7a); b — initial conditions in the form (7b). The solid curve corresponds to np = 2, the dashed curve

corresponds to Ny = 3. The unit along axis E is taken to be 10’ V/m.

It can be seen from Fig. 2 that the number of absorbed
photons affects both the field intensity and the distance
traveled by the pulse. In the case of three-photon absorption,
the amplitude of the extremely short pulse is greater than for
two photons. But at the same time, the pulse experiences
a delay. This is due to nonlinear absorption and further
interference, which have a different nature with respect to
two and three-photon absorption. Namely, three-photon
absorption is more sensitive to processes occurring at the
pulse leading and trailing edges, and less sensitive to
processes near its maximum.

The effect of the energy of transitions between impurity
levels and CNT sublattices on the shape of the extremely
short pulse is shown in Fig. 3.

According to Fig. 3 we can conclude that the integrals of
the transition between impurity levels and CNT sublattices

have significant effect on the pulse shape in the case of
three-photon absorption. As before, we attribute this to the
different character of the parity of the term responsible for
the nonlinear absorption under time reversion. Namely, if
for two-photon absorption the contribution of the nonlinear-
ity responsible for absorption ,,works” smaller at the pulse
leading and trailing edges, then for three-photon absorption
its contribution is greater.

Note that in the case of pulse with a transverse Bessel
profile, the impurity parameters B and D do not affect the
shape of the pulse.

Next, we studied the features of the pulse propagation
upon parameters change of impurity responsible for its
random distribution (Dg, A). The performed calculations
showed that the parameters of the random distribution
of the impurity do not have a significant effect on the
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Figure 3. Longitudinal sections of the field E vs. coordinate z for different number of photons (t = 8 - 1075, initial conditions (7a));
Np: a — 2; b — 3. Solid curve corresponds to Do = —B = 0.1yy, dashed line — Dy = —B = 0.5y, dashed line — Do = —B = 1.0yo.

The unit along axis E is taken to be 107 V/m.

pulse dynamics. So, in the case of pulse with transverse
Bessel profile only the influence of the Dy parameter,
which determines the median of the random distribution, is
observed, it manifests itself as change in the pulse amplitude
by about 10%. Thus, even in the presence of impurity
in CNTs, the latter can be used as elements placed in
the dielectric medium for the localized propagation of the
electromagnetic field. For pulse with a Gaussian profile
in the case of three-photon absorption, the number of
control parameters of randomly distributed impurity is larger
(transition integrals B and D, median Dy and dispersion A).
In this case the main effect is associated with change in
the propagation speed of the extremely short pulse during
three-photon absorption.

Conclusion

The main conclusions can be formulated as follows.

1. A model is made for the interaction of electromagnetic
pulse with nonlinear medium containing CNTs with random
impurities, taking into account the processes of multiphoton
absorption and the pumping field.

2. It is shown that the presence of impurity with randomly
distributed parameters in CNTs does not affect the stable
propagation of the extremely short pulse with initial profile
in the form of Gaussian and Bessel function.

3.1t is found that in the case of model that takes
into account three-photon absorption, the influence of the
impurity parameters manifests itself as decrease in the
propagation speed of the extremely short optical pulse.
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