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Abstract. The theoretical study of microwave characteristics of a thin film of
hydrogen plasma in carbon nanotubes, which were grown by iron-catalyzed high-
pressure carbon monoxide disproportionation, is presented. The system is assumed
to be illuminated by either a transverse magnetic (TM) or a transverse electric (TE)
waves at an arbitrary angle of incidence to the film. By considering the interference
effects because of multiple reflections between thin plasma layer interfaces, the
reflectance, transmittance, and absorptance of microwave radiation at the plasma
film are deduced and their functional dependence on the continuous changing of
the angle of propagation and plasma thickness with fixed parameters of the system
are studied. The simulation results show that for the present system, the interference
effects lead to a sinusoidal variation of the reflected intensity and can greatly reduce
the amount of reflection power, but the absorption power increases. In addition,
it is found that the TE and TM waves have largely indistinguishable microwave
absorption and transmission spectrums.

1. Introduction

The interaction of microwaves with carbon nanotubes (CNTs) is an interesting
topic for a variety of potential applications. Some basic studies have focused on
understanding the nature of the interactions between radiation and CNTs, while
the observed behavior has been used for many exciting purposes. For instance,
Li and Lue [1] proposed a novel method of measuring the dielectric constants of
single-wall CNTs by using a microwave dielectric resonator. Also, CNTs have been
confirmed as good candidates for ultrasensitive gas sensors because of the high
surface to volume ratio of nanostructures and their distinctive electrical properties
[2].

While there is still a need to investigate the mechanism of CNT-microwave
interactions [3], when CNTs are exposed to microwaves, strong absorptions are
observed [4], producing intense heating, outgassing, and light emission. However,
another potential source of localized superheating should be considered, namely,
the generation of gas plasma from absorbed gases (particularly H;) in CNTs
under microwave radiation [4]. Hydrogen is adsorbed inside the nanotubes or
between the bundles of nanotubes, or on the surfaces of nanotube bundles [5]. The
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experiments show that condensing capacity of hydrogen on CNTs increases with
pressure increasing or temperature dropping down. Moreover, metallic nanoparticles
are favorable for hydrogen adsorption of CNTs[6].

Carbon nanotubes produced via high-pressure carbon monoxide disproportion-
ation (HiPco) process have been extensively explored for potential applications
in electromagnetic shielding or absorbing materials [7-13]. The production of
iron-catalyzed HiPco-grown single-walled carbon nanotubes (SWCNTs) [14, 15]
studied and optimized with respect to a number of process parameters, includ-
ing temperature, carbon monoxide pressure, and Fe(CO)s catalyst concentration.
The adsorbed hydrogen on HiPco CNTs may have come from the laboratory
environment or being produced via iron-catalyzed decomposition of water and
organic pyrolysate materials (such as solvent or pump oil) [4]. Wadhavan and
co-workers [7] compared the behavior of raw and purified HiPco CNTs and
concluded that microwave energy is predominantly absorbed by the magnetic
resonance among iron catalyst particles. Naab and co-workers [8] repeated the
experiments of Refs. [4] and [7] under the same microwave field conditions, using
a particle-induced X-ray emission (PIXE) experiment, and showed that metallic
impurities do not play a predominant role for the absorption of microwave energy in
CNTs.

Microwave interaction with HiPco SWNTs under high vacuum (~107% torr)
generates highly ionized hydrogen plasma. With plasma emergence the effects of
microwave nanotubes interaction appear as a result of the interaction between highly
ionized hydrogen plasma. Consequently, it provides an independent mechanism for
absorbing microwave energy, and it can be possible to model this subject from
the perspective of plasma physics. In this way, Peng et al. [9, 10], by using the
fluid theory, the Lambert-Beer law, and the WKB approximation, investigated the
microwave loss mechanisms of hydrogen plasma in HiPco CNTs, theoretically. The
experimental phenomenon of strong microwave absorption (around 2.45 GHz) by
HiPco CNTs was well explained by Peng’s model. Also, we derived simple sets of
equations to describe the microwave response of the magnetized uniform hydrogen
plasma slab in HiPco CNTs [11-13].

However, in previous works [9-13], there is a fundamental assumption, where
it is assumed that the thickness of plasma d is larger than the wavelength of
incident wave A (i.e. d is thicker than the coherence length of the light). When the
plasma thickness is very thin (for example, the thickness of plasma slab is near
or much less than the order of the wavelength of incident wave), the interference
effects [16-19] in the response to the optical spectrums of the system have to be
considered.

In this paper, we investigate the propagation property of the electromagnetic wave
in a thin hydrogen plasma layer in the presence of CNTs, where the value of d/
is less than 2 and focus on the effects of interference on microwave response of the
system. For the first time, both polarizations of the incident transverse magnetic
(TM) and transverse electric (TE) waves will be treated. We will further call this
treatment the coherent description of the multiple reflections as opposed to the
incoherent description in (3) to (11) in our previous work [12]. In particular, we
study functional dependence of the reflectance, transmittance, and absorptance on
the continuous changing of the angle of propagation and plasma thickness with
fixed parameters of the system.
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Figure 1. Schematic representation of the hydrogen plasma slab characterized by its
thickness d.

2. Theoretical model

As has been mentioned above that the previous investigation [12] based on the
involved light intensities is correct only if the plasma slab is thicker than the
coherence length of the light. In this work, by considering the interference effects,
we shall treat the microwave response of the isotropic and homogeneous hydrogen
plasma slab in the presence of CNTs.

The dielectric structure is described by Gradov and Stenflo [20]

n, x <0,
nx)y=<m, 0<x<d, (2.1)
n3, d<x,

where ny, ny, and n3 are the refractive indices and the plasma slab is further
characterized by its thickness d (see Fig. 1). Optical and dielectric properties of the
hydrogen plasma slab in the presence of CNTs can be characterized by a complex
refractive index

ny, =n—IK, (2.2)

where n is the real and « is the imaginary part of the refractive index. k is also often
denoted as extinction coefficient.

The hydrogen plasma in the presence of CNTs can be characterized by the
effective complex permittivity &, = nj = &, — i¢/ [11-13], as

2 2
v, . DpDe

- —i
v2+vz v (2+02)’

e =1 (2.3)

where

O, = (ne,plasma + ne,CNTs)e2
b EoM,
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is the plasma frequency and v, = v, plasma + Ve.cNTs 1 the effective collision frequency
between electrons and neutral plasma particles, and between electrons and CNTs.
Neplasma and 1. cnts are the electron density of hydrogen plasma and electron density
of CNTs, respectively.

Since the whole medium is homogeneous in the z direction (i.e. dn/0z = 0), the
electric field vector of a general plane-wave solution of the wave equation can be of
the form

E = E(x) expli(wt — z)], (2.4)

where the parameter f is the z component of the propagation wave vector and w is
the angular frequency. In (4), we assume that the microwave is propagating in the
x—z plane and the electric field is either an s wave (with E|y) or a p wave (with H||y).
Using the Maxwell’s curl equation, H = —(imu) ™'V x E, the corresponding tangential
magnetic field components of (4) can be obtained. The boundary conditions on the
tangential components of the electric and magnetic field vectors require that E,, E.,
H,, and H. must be continuous at the interfaces x = 0 and x = d [16-18]. Since the
field vectors must satisfy the boundary conditions at the interfaces, f must have the
same value in all the layers, so that the relation between 0y, 0,, and 605 is given by
Snell’s law:

ni sin 01 = n, sin 0, = n3 sin 03, (2.5)
where 0;, with i = 1,2, 3, is the ray angle measured from the x-axis, as indicated in
Fig. 1.

For the case of incidence from the left, the electric field vector E(x) = Ey(x)}' can

be written as A 4
Aekixx 4 Belkiex  y < (),

Ey(x) = { Ce X 4 Delax 0 < x < d, (2.6)
Fe~ikax=d), d < x,
where we assume that the electric field vector is s-polarized (TE wave) and
o 1/2
ki = {(”Ca’) —ﬁz] — %nicos 0, i=1,2,3 2.7)

is the x component of the wave vectors. The unknown complex amplitudes A4, B,
C, D, and F can be found by applying the appropriate boundary conditions. For
the case of s wave, the boundary conditions require that E, and H. be continuous
at the interfaces. The z component of the magnetic field is obtained by using
H, = (i/op)(0E,/0x) and is given by

Kix T .
“E (e X — el x < 0,
wp
Koy .
H.(x) = { “=(Ce ™ — De>¥) 0 < x < d, (2.8)
wp
oy ’

Imposing the continuity of E, and H; at the interfaces x = 0 and x = d, and doing
some algebra, the reflection and transmission coefficients can be written as
o+ ryze” 27

_ 4 29
L+ riprpe ¢’ it
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and

. tiotyze®
where the Fresnel reflection and transmission coefficients of the dielectric interfaces
are given by

(2.10)

k/ x kmx

= 2.11
Tem k/x n kmx 5 ( )
2k/x
tym = ——+—, 2.12
/ k/x + kmx ( )
with /= 1,2 and m =/ + 1. The parameter ¢ in (9) and (10) is given by
(]5 = kzxd = Z%dnz COS 02, (213)

and is proportional to the thickness d and the index n; of the layer. A similar
electromagnetic analysis for p-polarized (TM wave) leads to exactly the same (9)
and (10) for the transmission and reflection coefficients, respectively, except that the
coefficients ty5, t33, and ry and r,3 are given by

n%kmx - npznk/x

= oomx — Tmlx (2.14)

rf m 2 B
n(kmx + n;znk/x

2n%km\.
tym = 5————. 2.15
" ngkmx + nzmk/x ( )
With the above equation, we will present the simulation results of the reflectance,
transmittance and absorptance of microwave radiation by thin hydrogen plasma

slab in the presence of CNTs.

3. Numerical result and discussion

In this section, with the above equation, we present the simulation results of the
reflectance, transmittance, and absorptance of microwave radiation by system and
investigate their dependence on the continuous changing of the angle of propagation
and plasma thickness with fixed parameters of the system. Before the calculation,
we need to determine the designed plasma parameters such as plasma density
N = N plasma 1+ HecnNTs and the effective collision frequency v,. Let us note that under
normal conditions, the free electron density in plasma is generally 10'7-10" m~3,
where we take n as the order of magnitudes of 10'7 m—3. The order of magnitudes
of v, is usually 10°-10!° Hz, and we take v, as the order of magnitudes of 10° Hz.
Also, we assume that the thin slab is suspended in air so that we set n; = n3 = 1.
Let us note that reflectance is defined as the fraction of the energy reflected from
the system and is given by

R=|r (3.1)
and transmittance is given by

nsz cos 03 5
= 2
ni cos 0y ] (3.2)
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Figure 2. (Color online) Total reflected power versus incident angle of propagation for TM
and TE waves, when n = 2.181 x 10" m—3, v, =22 GHz d = 1 cm, and v = 2.45 GHz

Likewise, absorptance, which is defined as the fraction of energy dissipated, is given
by
A=1—R-T. (3.3)
Figure 2, shows the total reflected power versus incident angle of propagation for
TE and TM waves with the electron density n = 2.181 x 107 m~3, the collision
frequency v, = 22 GHz, the plasma slab width d = 1 cm, and the incident frequency
v = 2.45 GHz. It can be seen that for both polarizations, the amount of reflection
power is very low and the reflectance only increases with increasing the incident angle
of propagation for 0 > 70°. The reflectance for both s and p waves as a function of
d/2, when n = 2.181 x 10" m~—3, v, = 22 GHz, and v = 2.45 GHz, is given in Fig. 3.
The angle of propagation is arbitrarily chosen to be equal to 30°. It is clear that the
interference effects lead to a sinusoidal variation of the reflected intensity for d < 24.
Also, the reflectance of the s wave is greater than the reflectance of the p wave. By
using the above plasma parameters, the dependence of the total transmitted power
of plasma film versus incident angle and plasma slab width are exhibited in Figs. 4
and 5, respectively. As a consequence, the incident angle of propagation can greatly
reduce the amount of transmittance of both polarizations for d > 30°. Note that the
transmittance is insignificant for d > 24 and the TE and TM waves have quite the
same transmission spectrums as for the present system. The dependence of the total
absorbed power of hydrogen plasma slab versus incident angle of propagation for
TE and TM waves with n = 2.181 x 10! m—3, v, = 22 GHz, d = 1 cm, and v = 2.45
GHz is shown in Fig. 6. We see that for both polarizations, absorptance increases
with increasing the incident angle of propagation and reaches a maximum at certain
angles of incident. In order to see clearly the influence of the plasma slab width
on the total absorbed power of hydrogen plasma slab, we plot the total absorbed
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Figure 3. (Color online) Total reflected power versus plasma slab width for TM and TE
waves, when n = 2.181 x 107 m=3, v, = 22 GHz, 0 = 30°, and v = 2.45 GHz
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Figure 4. (Color online) Total transmitted power versus incident angle of propagation for
TM and TE waves, when n = 2.181 x 10/'m=3, v, =22 GHz,d = 1 cm, and v = 2.45 GHz.
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Figure 5. (Color online) Total transmitted power versus plasma slab width for TM and TE
waves, when n = 2.181 x 10""m~3, v, = 22 GHz, 0 = 30°, and v = 2.45 GHz
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Figure 6. (Color online) Total absorbed power versus incident angle of propagation for TM
and TE waves, when n = 2.181 x 10" m—3, v, =22 GHz d = 1 cm, and v = 2.45 GHz
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Figure 7. (Color online) Total absorbed power versus plasma slab width for TM and TE
waves, when n = 2.181 x 107 m—3, v, = 22 GHz, 0 = 30°, and v = 2.45 GHz

power as a function of d/A when 6 = 30° as shown in Fig. 7. The absorptance is
significant for d > A and the asymptotic behaviors of TE and TM waves are largely
similar.

In order to investigate the interference effects because of multiple reflections
between thin plasma layer interfaces, and compare the new results with the previous
work [12], we now consider the common case of perpendicular incidence (6; and
0, = 0). In this case, there is no difference between s and p waves. In addition, let
assume n = 2.181 x 107 m—3, v, = 22 GHz, and d = 1 cm. Figures 8-10 show the
dependence of reflection, transmission, and absorption of hydrogen plasma slab on
microwave frequency by using (6)—(9) in Ref. [12], and considering the interference
effects, respectively. One can see the fluctuations of reflected fields in Fig. 8(b);
this sinusoidal variation of the reflected field reveals an interesting feature of the
interference effect in microwave response of the system; in addition, it can be
concluded that the interference effects can greatly reduce the amount of reflection
power, where this result is quite different from the one given Ref. [21]. We note
that for small periodic variations of the dielectric permittivity in metamaterials [21],
however, the situation is radically different, and the coupling to leaking surface
waves can then strongly influence the reflective properties, and in special conditions
the incident wave energy is reflected in the backward direction.

Let note that if the slab thickness becomes longer than the coherence length,
then we can simply add the intensities of the individual light beams to get the
total intensity (as done in the derivation of (3) to (11) in Ref. 12), but here we
have to add the amplitudes of the electric field strength observing the actual phase.
However, it is easy to find that the reflectance curves of the hydrogen plasma slab
(in the presence or absence of the interference effects) will approach each other for
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(a) Equation (6) in Ref. [12]
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Figure 8. (Color online) Dependence of reflectance of hydrogen plasma slab on microwave
frequency, when n = 2.181 x 10" m=3, d = 1 cm and v, = 22 GHz. (a) from (6) in Ref. [12],
(b) in the presence of interference effects.

d > 3J. From Fig. 9, one can see that the interference effects can reduce the amount
of transmission power. Finally, in Fig. 10 we see that the interference effects can
greatly increase the amount of absorptance of the system. Thus, in practice, a very
thin hydrogen plasma film in the presence of CNTs could be tailored to act as a
absorber of microwave radiation.
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Figure 9. (Color online) Dependence of transmittance of hydrogen plasma slab on microwave
frequency, when n = 2.181 x 10""m=3, d = 1 cm, and v, = 22 GHz, from (7) in Ref. [12] and
in the presence of interference effects.
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Figure 10. (Color online) Dependence of absorptance of hydrogen plasma slab on microwave

frequency, when n = 2.181 x 10" m—3, d = 1 cm, and v, = 22 GHz, from (8) in Ref. [12] and
in the presence of interference effects.
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4. Conclusion

In this work, by considering the interference effects because of multiple reflections
between thin plasma film interfaces, we investigated the behavior of the microwave
propagation in a uniform hydrogen plasma film in the presence of CNTs. We
obtained the reflectance, transmittance, and absorptance of microwave radiation
at the plasma slab. We studied the effects of the continuously changing angle
of propagation and plasma thickness with fixed parameters of the system on the
absorbed, reflected, and transmitted powers of the system. It is found that the
interference effects lead to a sinusoidal variation of the reflected intensity. In this
way, one can see that in the present system the interference effects can greatly reduce
the amount of reflection power, but the absorption power increases. Thus, in practice,
a very thin hydrogen plasma film in the presence of CNTs could be tailored to act
as an absorber of microwave radiation. Also, the numerical results show that for
the present system, the TE and TM waves have largely indistinguishable microwave
absorption and transmission spectrums.

In the present model, it is supposed that the density distribution of hydrogen
plasma in the presence of CNTs is homogeneous. This condition requires that the
fractional change in density distribution of plasma film in a distance of the order
of a microwave wavelength must be much smaller than unity; consequently, for
non-homogeneous mediums where density distribution along the film does not have
an slowly varying behavior, our problem modified to a multilayered structure with
N layers of different permittivity. This consequence will be reported somewhere else.
Also, a future study will focus on the role of nonlinear effects on the electromagnetic
response of the system [22].
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