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Light propagation characteristics of turbulent plasma sheath
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The characteristics of light propagation through turbulent plasma sheath surrounding the hypersonic aircraft have been
studied. The turbulent flow fields around a hypersonic aircraft are given by using the Navier–Stokes (NS) equations and
k–ε turbulence model. Based on the distribution of flow field, refractive index and density of the plasma sheath for a blunt
cone are discussed with different flight velocities and altitudes. The refractive index is mainly influenced by the electrons
in the turbulent plasma sheath. The influence of different velocities and altitudes on the features of light propagation in
the turbulent plasma sheath is analyzed. The results show that as the flight speed increases or the flight altitude decreases,
the refractive index fluctuation becomes larger. It is also found that the refractive index fluctuation varies with the incident
wavelength. This study shows how the characteristics of an optical beam propagating through plasma sheath are affected
by the incident wavelength, flight velocities, and altitudes.
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1. Introduction
With the development of hypersonic aircraft in near

space, the plasma sheath surrounding the hypersonic air-
craft has attracted the attention of many researchers. The
plasma sheath is formed by the hypersonic movement of the
aircraft.[1,2] When the aircraft moves at the speed of 10 Mach
or more, the air around the aircraft begins to be compressed
quickly and the temperature rises precipitously, generating
a large amount of heat that ionizes the air. As the tem-
perature rises, the ionization becomes intense and eventually
forms a layer of plasma[3–5] which contains numerous free
electrons, ions, and ablation particles. This layer is the so-
called plasma sheath, which is inhomogeneous and variable
with time. Meanwhile, recent studies show that the plasma
sheath surrounding a hypersonic aircraft exhibits turbulent
features.[6] For example, in 2014, Yang et al. studied the prop-
agation characteristics of signals in time-varying plasmas. The
results showed that the plasma parameters have time-varying
characteristics due to turbulence effects of the plasma sheath
or flight altitude adjustment and other factors.[7] In 2016, Shi
et al. analyzed the influence of flight conditions (such as at-
tack angle and small scale turbulence) on the transmission per-
formance of the plasma medium. A new adaptive multistate
Markov channel modeling method was proposed to present
the dynamic effects of re-entry plasma sheaths on wireless
channels.[8] In 2016, He et al. studied the dynamic effects of
re-entry plasma sheath on electromagnetic wave propagation
using the transmission matrix method. The established model

included spatial turbulence and changes of electron density in
plasma sheath. The amplitude and phase changes caused by
the nonlinear characteristics of plasma were numerically simu-
lated. It was found that the amplitude variation obeys logarith-
mic normal distribution, and the phase change obeys Rayleigh
distribution.[9] Liu et al. found that the randomness of turbu-
lent re-entry plasma sheaths can affect the propagation and
scattering properties of electromagnetic waves. In terms of
wave propagation, the randomness of turbulence caused am-
plitude and phase fluctuations, and the degree of fluctuation
was closely related to altitude.[10] In 2017, Chen et al. used the
finite difference time domain method to study the propagation
characteristics of the terahertz wave in the plasma sheath of
non-uniform space time. The study showed that the penetra-
tion of electromagnetic waves in the plasma sheath is closely
related to temperature, pressure, and electron density.[11] In
2017, based on the hypersonic turbulence measurement of
fractal theory, Li et al. derived the refractive index power spec-
trum index and the turbulent power spectrum. It was found
that the turbulence in plasma sheath can seriously deteriorate
the resolution of synthetic aperture radar imaging.[12] The ex-
istence of the turbulent plasma sheath has a great influence
on the communication between the aircraft and radars on the
land, and even results in communication blackout in some
circumstances.[13–22]

To reveal the effect of plasma sheath on the commu-
nication of hypersonic aircraft, there have been many stud-
ies of the propagation of electromagnetic waves through the
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plasma sheath surrounding a hypersonic aircraft. In the early
work, many researchers investigated the plasma sheath based
on the aero-optical.[23–29] Within the aero-optical framework,
the flow field was assumed to be low speed and the fluid
was considered as air that is not ionized. In fact, air has
been ionized into plasma in the hypersonic flow field and
exhibits turbulent features. Therefore, researchers have at-
tempted to solve hypersonic turbulence in aerospace engi-
neering by employing other approaches. Li et al. studied
the refractive index spectrum of plasma sheath and bit er-
ror rate of the laser through plasma sheath based on fractal
theory.[30,31] Zhang et al. investigated the plasma channel’s
characteristics and performance.[32] In their work, the turbu-
lent plasma sheath was treated as a fast fading wireless chan-
nel, and the simulation results showed that error floor took
place for phase-shift keying and quadrature amplitude mod-
ulation, while frequency-shift keying with non-coherent de-
tection was a promising way to mitigate the blackout problem.
It is worth noting that they used low frequency waves. How-
ever, plasma sheath is a non-uniform medium with dispersion
effect, and its dielectric properties are closely related to the
frequency of the incident wave. High-frequency waves are
more resistant to blackout effects than low frequency waves.
Specifically, studies have shown that the transmission attenu-
ation of terahertz wave is much smaller than that of millime-
ter wave in the same plasma.[33,34] However, to the best of
our knowledge, the influence of electron density on refrac-
tive index has not been studied yet. Recently, we used the
number density and Gladstone–Dale (G–D) constant of elec-
trons to obtain the relationship between refractive index and
total density of fluid instead of the G–D formula.[35] Further
study showed that the electrons have a significant effect on
the refractive index. Based on this conclusion, in the present
work we investigate the propagation characteristics of high-
frequency waves through turbulent plasma sheath surrounding
the hypersonic aircraft.

The structure of this paper is as follows. In Section 2,
the numerical calculation of the hypersonic flow field is given.
Section 3 presents the relationship between refractive index
and density in plasma sheath. Section 4 focuses on the influ-
ences of wavelength and electron on refractive index fluctua-
tions. In Section 5, the ray tracing in the turbulent flow field is
presented. Section 6 is a summary of the paper.

2. Modeling of plasma sheath
In the Cartesian coordinates, the three-dimensional

Navier–Stokes (N–S) equations with the appropriate closure
models, including thermochemical non-equilibrium, can be
written as[36–40]

∂𝑄

∂ t
+

∂𝐸

∂x
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∂𝐹

∂y
+

∂𝐺

∂ z
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∂𝐸v
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+
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∂ z
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,ρiUa,τxx

− 2
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∂Tint
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+

ns

∑
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hiρiUa

]T

, (4)

𝑆 = [ω̇int, ω̇i,0,0,0,0]
T, (5)

where 𝑄 and 𝑆 are conserved variable vector and source term
vector, respectively, 𝐸 and 𝐸v are inviscid flux vector and the
viscous flux vector, respectively (take the x direction as an ex-
ample), κ and κt are thermal conductivity and turbulent ther-
mal conductivity coefficient, respectively, u, v, and w are ve-
locity components along three directions, k is turbulent kinetic
energy, ω̇int is vibrational source term, ω̇i is the mass forma-
tion rate of individual species, τi j (i j = x,y,z) is the stress ten-
sor component that can be closed by the turbulence model,[41]

ev,i, hi, and ρi are vibrational energy, sensible enthalpy, and
density of each species, respectively, the subscript represents
the species (i = 1,2,3, . . . ,ns), ρ , p, and Ua are density, pres-
sure, and average velocity of mixtures, respectively, and Eint,
Et, and Tint are internal energy, turbulence internal energy, and
internal temperature, respectively.

Based on the finite volume method, the N–S equa-
tions can be solved by the advection upstream splitting
method by pressure-based weight function[42] (AUSMPW+).
Moreover, the implicit lower–upper symmetric Gauss–Seidel
relaxation[43] (LU-SGS) is regard as time marching algorithm.
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Fig. 1. The electron density along the wall.

The commonly used turbulence two-equation models are
k–ε turbulence model, k–ω turbulence model, and shear stress
transport (SST) turbulence model. To select a more suitable
turbulence model, we use the electron density along the wall
of the radio attenuation measurement (RAM) C-II flight exper-
iment with a speed of 23.9 Mach and a height of 61 km. In the
same flight scenario, based on the Navier–Stokes equations,
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Table 1. Simulation effects of different turbulence models.

Goodness turbulence model of fit test point k–ω model SST model k–ε model
First point 0.1889 0.6156 0.6585

Second point 0.9544 0.9650 0.9965
Third point 0.9991 0.9997 0.9941

different turbulence models are used to simulate the plasma
sheath. The electron density along the wall of numerical simu-
lation is compared with the RAM C-II flight experiment data,
as shown in Fig. 1. The concept of goodness of fit in curve
fitting is used to judge the simulation effects of different tur-
bulence models, as shown in Table 1.

From Table 1, we can see that the goodness of fit of dif-
ferent turbulence models is within the range of (0, 1) at each
flight test point. The greater the goodness of fit, the better
the simulation effect. Therefore, for the overall simulation ef-
fect, it is obvious that the simulation effect of k–ε turbulence
model is higher than that of the other two turbulence models.
Therefore, k–ε turbulence models are used to simulate turbu-
lent plasma sheath.

It is worth noting that the k–ε model, which is a two-
equation model which employs partial differential equations
to govern the transport of the turbulent energy, is suitable for
high Reynolds number circumstances, where k and ε are tur-
bulence kinetic energy and dissipation rate, respectively.

The square root of k is regarded as velocity scale, and the
length scale is represented as

l =
C

3/4
µ k3/2

ε
. (6)

The turbulence kinetic energy and dissipation rate can be writ-
ten as

∂

∂ t
(ρk)+

∂

∂x j
(ρu jk)

= P−ρε +
∂

∂x j

[(
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µt

σk
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]
, (7)

∂
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∂

∂x j
(ρu jε)

= Cε1
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k
−Cε2

Pε2

k
+

∂

∂x j

[(
µ +

µt

σε

)
∂ε

∂x j

]
, (8)

where µ , µt, and µi are dynamic viscous coefficient, turbulent
viscous coefficient, and mass average velocity, respectively,
Cε1 = 1.44, Cε2 = 1.92, σk = 1.0, σε = 1.3, and P is defined
as P = µt (∂ui/∂x j +∂u j/∂xi− (2 ·∂um)/(3∂xm) ·δi j) −
(2 ·∂um)/(3 ·∂xm), ui, u j, and um are the time averaged ve-
locity in tensor representation, and δi j is the Kronecker sym-
bol.

In most cases, the air is partially ionized. So the gas
mixture is usually considered as N2, O2, N, O, NO, NO+,
and e−. The reaction equation rate coefficients of the seven
species are shown in Table 2. The forward rate coefficient kf

and back rate coefficient kb are defined by the Arrhenius form
of kf = AfT Bf e−Ef , kb = AbT Bbe−Eb .

Table 2. Chemical reaction equations and rate coefficients.[44]

No. Reaction equation
Forward rate coefficient Back rate coefficient

Af Bf Ef Ab Bb Eb

R1 N2 +M
 N+N+M 1.92×1011 0.50 1.13×105 1.10×104 0.50 0.0
R2 O2 +M
 O+O+M 3.61×1012 1.00 5.95×104 3.01×103 0.50 0.0
R3 NO+M
 N+O+M 3.97×1014 1.50 7.56×104 1.01×103 1.50 0.0
R4 N2 +O
 NO+N 6.75×1011 0.00 3.75×104 1.50×107 0.00 0.0
R5 NO+O
 O2 +N 3.18×103 1.00 1.97×104 9.63×105 0.50 3.58×103

R6 N+O
 NO++ e− 9.03×103 0.50 3.24×104 1.80×107 1.00 0.0

In Table 2, M represents collision, can be any one of N2,
O2, N, O, and NO.

Next, we give the parameter of flow field as shown in Ta-
ble 3. When choosing the turbulence model, we compare the
numerical results with the real flight experiment, as shown in
Fig. 1 and Table 1. At the same time, the correctness of simula-
tion program is verified. The simulation program is then used
to simulate turbulent plasma sheaths under different flight con-
ditions as shown in Table 3. The Reynolds number Re is ex-
pressed as: Re = ρvL/µ , where ρ is the density of fluid, v and
L are the characteristic velocity and the characteristic length of
the flow field, respectively, and µ is the dynamic viscous co-

efficient. The Reynolds number can be used to judge whether
the calculated state reaches turbulent state. Under hypersonic
conditions, the Reynolds number is very large and the inertia
has a greater influence on the flow field than viscous force. The
fluid flow is also more unstable, and small changes of velocity
are easy to develop and enhance, resulting in disordered and
turbulent flow field. The calculated state in Table 3 satisfies
the turbulent state. The exit adopts extrapolation interpolation
conditions, and the wall surface is non-slip isothermal. The
turbulent energy k is 0 in the wall surface. The dissipation rate
is ε = 0.09ρ∞/4µlam, where ρ∞ and µlam are the density and
dynamic viscosity coefficient of flow, respectively.
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Table 3. Boundary values of different flight parameters.

Case No. U /m·s−1 Static pressure/N·m−2 Static temperature/K Turbulent kinetic energy k/m2·s−2 Dissipation rate ε/J· kg−1·s−1

5017 5606.6 79.8 270.7 1571.7 3350014
5018 5936.4 79.8 270.7 1762.0 4210570
5019 6266.2 79.8 270.7 1963.2 5227154
4618 5895.4 131.3 266.9 1737.8 6911939
4818 5936.4 102.3 270.7 1762.0 5398940

3. Relationship between index of refractive and
density of plasma
In plasma sheaths, the mass of free electron is extremely

small, and its contribution to mass density is negligible. How-
ever, it shows a special dominant effect for index of refraction
in the ionized gas mixture.[39] The dependence of the index of
refractive on electron density is completely different from that
on neutral density. According to Alpher and White’s point of
view,[45] the index-of-refractive difference n− 1 of electrons
in the ionized gas mixture is at least 10 times greater than that
of each atom. In addition, it is negative. Therefore, in the case
of ionized gas, even if the degree of ionization is not large, its
optical properties are governed by the free electrons. The total
index of refractive of a partially ionized plasma is the sum of
the index-of-refractive of electrons, positive ions, molecules,
and atoms. According to plasma theory, the contribution of
electrons to the index-of-refractive of the plasma can be deter-
mined as[46]

n2
e = 1−ω

2
p/ω

2, (9)

where ωp and ω are the oscillation frequency of the plasma
and the electromagnetic wave frequency, respectively. When
ωp� ω , equation (9) can also be replaced by[46]

ne−1 ≈ −1
2

ω
2
p/2ω

2 =−Nee2λ 2

2πmec2

≈ −4.46×10−14
λ

2Ne = KeNe, (10)

where the G–D constant of an electron gas is a negative value
and is closely related to the wavelength. ne−1 is a function of
the wavelength and the electron number density. Moreover, ne

is the phase refractive index of the electron gas. The positive
sign is used when it is the group refractive index. When the
incident light is monochromatic, the phase refractive index is
required.

According to the Cauchy empirical formula, the refractive
index of an atom is[47]

na−1 =

(
A+

B
λ 2

)
Na, (11)

where both A and B are constants. Specifically, B� A; that
is, the refractive index of the atom is weakly correlated to the
wavelength.

The contribution of positive ions to the refractive index is

ni−1 =CNi, (12)

where C is a constant depending on what the substance is.
According to this analysis, the total refractive index dif-

ference of the plasma can be expressed as[47]

n−1 =

(
A+

B
λ 2

)
Na +CNi−4.46×10−14

λ
2Ne. (13)

We can also get the G–D constant of each species in the mix-
ture by means of the Cauchy empirical formula

Ks = As(1+Bs/λ
2), (14)

where the values of As and Bs are shown in Table 4.

Table 4. The As and Bs in Cauchy empirical formula.

Species As Bs

Air 2.227×10−4 5.67×10−15

N2 2.3251×10−4 7.70×10−15

O2 1.8654×10−4 5.07×10−15

NO 2.1588×10−4 7.40×10−15

N 3.2717×10−4 1.474×10−15

O 1.8269×10−4 6.336×10−15

4. Influence of wavelength and electron on re-
fractive index fluctuations
Based on the numerical results given in Section 2 and the

analysis of the refractive index of the plasma in Section 3, the
refractive index fluctuation in turbulent plasma sheath is in-
vestigated in this section. In the following investigation, the
light path is selected at the typical position of optical win-
dow of the aircraft. The special path is selected at the win-
dow of the aircraft and the three-dimensional coordinates of
the path are x = [0.00674,0.0788], y = [−0.1555,−0.1225],
and z = [0.0628,0.0527].

4.1. Effect of wavelength on refractive index fluctuations

Figure 2 shows the influence of electrons and the other
six species on refractive index fluctuations at different wave-
lengths, by taking the flight parameters as 50 km and 18 Ma.
As we can see, the influence of electrons on refractive index
fluctuations is closely related to wavelength. The longer the
wavelength, the larger the refractive index fluctuations. In con-
trast, the influence of the other six species on refractive index
fluctuations is almost independent of wavelength.
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Fig. 2. The influence of electrons and the other six species on index-of-
refractive fluctuation at different wavelengths. (a) The electrons; (b) the
other six species.

4.2. Influence of different species on refractive index fluc-
tuations

Figure 3 shows the influence of different species on the
refractive index fluctuations at different wavelengths. We can
easily find that the influence of electrons on refractive index
fluctuations is different from that of the other six species.
Moreover, the influence of electrons on the refractive index
pulsation is closely related to the wavelength. The longer the
wavelength, the more significant the influence of electrons on
the refractive index fluctuation.

Figure 4 shows the distribution of electronic number den-
sity Ne at different flight parameters which are given in Ta-
ble 5. log10(Ne) denotes the logarithm with the base of 10
for the electron number density. Comparing Fig. 4(a) with
Fig. 4(b), we find that as the flight height increases, the elec-

tron density decreases. Comparing Fig. 4(b) with Fig. 4(c),
we can see that as the flight speed increases, the electronic
number density increases. Figure 5 shows the refractive in-
dex fluctuations along the propagation path at different flight
parameters which are presented in Table 6. The results show
that as the speed increases, the refractive index pulsation de-
creases. The larger the speed, the higher the degree of ion-
ization. However, the G–D constant of electron is negative.
Therefore, the larger the electron number density, the smaller
the refractive index. As the height decreases, the refractive in-
dex pulsation decreases. In addition, the lower the height, the
larger the density of air, and the more the electrons are ion-
ized, which results in a smaller refractive index. In summary,
refractive index pulsation, also called the “turbulent intensity”
in the plasma sheath, is closely related to flight conditions and
electron number density.
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Fig. 4. The distribution of electronic number density. (a) Case 4518; (b) case 5018; (c) case 5019.
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Table 5. Flight parameters.

Case No. Altitude/km Mach No. Velocity/(m/s)
4518 45 18 5864
5018 50 18 5936
5019 50 19 6266
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Fig. 5. The refractive index fluctuations along the propagation path at
1.55 µm: (a) the contrast in cases 5017, 5018, and 5019; (b) the contrast
in cases 4618, 4818, and 5018.

Table 6. Flight parameters.

Case No. Altitude/km Mach No. Velocity/(m/s)
5017 50 17 5606
5018 50 18 5936
5019 50 19 6266
4618 46 18 5895
4818 48 18 5936

5. Ray tracing in a turbulent flow field
5.1. Theory of ray tracing

The biggest difference between turbulent ray tracing and
laminar ray tracing is that the refractive index interface must
be taken in the corresponding delta neighborhood in turbu-
lent ray tracing. According to the refractive index distribu-
tion of the flow field, the turbulent refractive index field of the
blunt body is approximately circular refractive index field in
the delta neighborhood. Based on the principle of the laminar
ray tracing, a schematic diagram of the turbulent head and side
ray tracing is established on the side of blunt body, as shown
in Fig. 6.

The basic principle of turbulent ray tracing is similar
to that of conventional laminar ray tracing. In the two-

dimensional Cartesian coordinate system, the schematic of tur-
bulent ray tracing is shown in Fig. 6. For the turbulent flow
field, it is advisable to assume that the (i−1)th interface equa-
tion is yi−1 = fi−1(x) in the (i−1)th delta neighborhood. The
tangent equation at the point (xi−1,yi−1) can then be written as

y− yi−1 = f
′
i−1(xi−1)(x− xi−1). (15)

The angle between the tangent line and the x axis is

γi−1 =

{
arctan f

′
i−1(xi−1), arctan f

′
i−1(xi−1)> 0,

π + arctan f
′
i−1(xi−1), arctan f

′
i−1(xi−1)< 0.

(16)

In most cases, f
′
i−1(xi−1) 6= 0, so the normal equation can be

expressed as

y− yi−1 =−
1

f ′i−1(xi−1)
(x− xi−1). (17)

Assuming that the expression of the (i− 1)th incident ray is
ai−1x+ bi−1y+ ci−1 = 0 and ai−1 6= 0, the incident angle at
point (xi−1,yi−1), which is the angle between the tangent line
and the incident ray, is given by

βi−1 = arccos

(
1,− 1

f ′i−1(xi−1)

)
· (−ai−1x+bi−1y)∣∣∣∣∣1,− 1

f ′i−1(xi−1)

∣∣∣∣∣ |−ai−1x+bi−1y|
. (18)

According to the Lorenz–Lorentz formula and Snell’s law, the
relationship between the refraction angle and the incident an-
gle can be given by the form[47]

sinβ

sinα
=

1
n1

+
n1−1

n1
· ρ2

ρ1
. (19)

y

o x

γi↩

βi

γi↩↩π/2

li↩

li

yi↩/fi↩↼x↽

yi/fi↼x↽
↼xi↪ yi↽

↼xi↩↪ yi↩↽

αi↩

βi↩

Fig. 6. Schematic of ray tracing.

By using the inverse distance weighting algorithm, the re-
fractive index n1, the densities ρ1 and ρ2 can be obtained. The
interpolation formulas are as follows:

np =

n
∑

i=1
ni/d2

i

n
∑

i=1
1/d2

i

, ρp =

n
∑

i=1
ρi/d2

i

n
∑

i=1
1/d2

i

. (20)
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As shown in Fig. 6, the angle between the normal and x-axis
is γi−1− π

2 , so the lith incident ray can be expressed as

y− yi−1 = tan
[

αi−1 + γi−1−
π

2

]
(x− xi−1). (21)

Based on the method described above, the trajectory of the ray
in the turbulent refractive index field can be obtained.

5.2. Simulation of ray tracing

Figure 7 shows the changes of the angle between incident
ray and the y-axis of the airborne coordinate along the prop-
agation path. The flight parameters are chosen as 50 km and
18 Mach, and the initial incident angles are set to 35 degrees
and 40 degrees. The wavelengths are 0.6328 µm, 1.05 µm,
and 1.55 µm, respectively. From the figure, it is found that the
angle between the incident ray and the y-axis of the airborne
coordinate has two peaks. After further observation, we find
that the first peak is located at the shock wave. Usually, there
are shock waves in the hypersonic flow field. The density of
flow field after the shock wave differs greatly from that before
the shock wave, which results in the dramatic changes of re-
fractive index changes and the first peak. In addition, since the
density of flow field drops sharply away from the shock wave,
the refractive index becomes larger. This is the reason why
there is a second peak of the refraction angle. It can also be
seen that the amplitude of the second peak is larger than that
of the first peak. The longer the wavelength, the more obvious
the difference.

0 0.04 0.08 0.12

Location away from the incident point/m

58.95

59.00

59.05

59.10

59.15
λ1=0.6328 mm
λ2=1.05 mm
λ3=1.55 mm

0 0.04 0.08 0.12

Location away from the incident point/m

63.95

64.00

64.05

64.10

64.15
λ1=0.6328 mm
λ2=1.05 mm
λ3=1.55 mm

θ i
/
(Ο
)

θ i
/
(Ο
)

(a)

(b)

Fig. 7. (a) The initial incident angle is 35 degrees. (b) The initial inci-
dent angle is 40 degrees. θi is the angle between the ray and the y-axis.
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B1

0 0.04 0.08 0.12

Location away from the incident point/m

58.95

59.00

59.05

59.10

59.15
48 km, 18 Ma
50 km, 18 Ma
60 km, 18 Ma

B2

θ i
/
(Ο
)

θ i
/
(Ο
)

(a)

(b)

Fig. 8. (a) The flight parameters are for cases 5017, 5018, and 5019;
(b) the flight parameters are for cases 4818, 5018, and 6018. The initial
incident angle is 35 degrees, and λ is 1.55 µm. θi is the angle between
the ray and the y-axis.
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Fig. 9. (a) The flight parameters are for cases 5017, 5018, and 5019;
(b) the flight parameters are for cases 4818, 5018, and 6018. The initial
incident angle is 35 degrees, and λ is 10.6 µm. θi is the angle between
the ray and the y-axis.

Finally, figures 8 and 9 depict the changes of angle be-
tween the incident ray and the y-axis of the airborne coordinate

074203-7



Chin. Phys. B Vol. 28, No. 7 (2019) 074203

along the propagation path with different wavelengths. The
wavelengths of 1.55 µm and 10.6 µm are selected as incident
waves. The fluctuation of the angle between the incident ray
and the y-axis of the airborne coordinates at a wavelength of
10.6 µm is greater than that at 1.55 µm. As can be seen from
Fig. 9, when the incident wavelength is 10.6 µm, there are ap-
proximately 10 degrees of offset at points A1 and A2 compar-
ing with the initial incident angle in the case 5018. However,
there are only about 0.12 degrees of offset with the wavelength
of 1.55 µm at the points B1 and B2 in Fig. 8. This arises from
the fact that the index of refraction is closely related to the
wavelength. As discussed earlier, the longer the wavelength,
the stronger the refractive index pulsation.

6. Conclusion
In this paper, based on the calculation and analysis of the

turbulent hypersonic plasma flow field, the relationship be-
tween refractive index and density has been discussed. It is
has been proven that among all the species, the electrons have
a dominant effect on the refractive index fluctuations of the
turbulent plasma sheath, and the refractive index fluctuation
is also closely related to the wavelength and flight parame-
ters. As flight speed increases or flight altitude decreases, the
refractive index fluctuation becomes larger. In addition, the
longer the incident wavelength, the larger the refractive index
fluctuation. However, the G–D constant of electron is nega-
tive and that of the other six species is positive. Moreover, the
influence of electrons on refractive index is much larger than
that of the other six species. Therefore, the larger the density,
the smaller the index of refraction of plasma sheath, which is
exactly the opposite of aero-optical effect. Finally, the propa-
gation of light in the turbulent plasma sheath is studied. When
the incident wavelength is 10.6 µm, the maximum angle offset
can reach about 10 degrees comparing with the initial incident
angle in cases 5018 or 4818. The theoretical results obtained
in this paper might be useful to study the communication of
hypersonic aircraft.
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