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Recent advances in X-ray science have witnessed the X-ray communication (XCOM), a new revo-
lutionary technology first proposed by NASA since 2007. In combination with the advanced modu-
lated X-ray source, XCOM shows a promising prospect for helping to alleviate the occurrence of
inevitable blackout communication by using the regular radio frequency (RF) signal, paving the
way towards realizing real-time communication during spacecraft reentry into atmosphere. Here,
we acquired the detailed information of electron density distribution of plasma sheath encountered
during vehicle reentry through Computational Fluid Dynamics simulation. Based on these derived
parameters, Finite-difference Time-domain method was employed to investigate the transmission
properties of X-rays through the plasma sheath, and the results indicated that X-ray transmission
was not influenced by the reentry plasma sheath at different reentry altitudes and spacecraft surface
positions compared with RF signal. In addition, 2D Particle-In-Cell simulation was also adopted to
provide deeper insight into the transmission properties and physical mechanisms of X-ray carrier
propagating through the plasma sheath, and results showed that the transmission coefficient was
over 0.994 and the observation of plasma channel effect was also an important signature, which
was of great importance to X-ray propagating through the plasma sheath. Published by AIP
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I. INTRODUCTION

Blackout communication occurs at the altitudes ranging
from 20km to 100 km up to several minutes when a super-
sonic spacecraft reenters the Earth’s atmosphere, owing to
the tremendous heat generated by air compression and abla-
tion surrounding the vehicle, known as plasma sheath.'* The
ionized surrounding fluids interfere with the regular radio
frequency (RF) signal, leading to the severe attenuation of
the communication signal between the reentry vehicles and
the ground stations. Thus far, considerable research efforts
have been devoted to mitigating blackout communication,
including the use of aerodynamic shapes,” injection of elec-
trophilic materials,* static electromagnetic field,” and trans-
mission at higher frequencies.® However, none of these off-
the-shelf schemes is satisfactory because of their shortcom-
ings in practice and insurmountable engineering obstacles.’

Fortunately, X-ray communication (XCOM), a revolu-
tionary concept first proposed by Dr. Keith Gendreau of
NASA in 2007, exploits X-ray with extremely low beam
divergence as a communication carrier to realize high-rate,
deep-space, low transmit power, highly physically secure
data links,9 which opens a new route to enable communica-
tions through harsh hypersonic plasma environments.
Similar to those of microwave, optical, laser, and RF com-
munications, X-ray is also a form of electromagnetic wave
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which could be used as a communication carrier to transfer
information by digital modulation schemes such as a con-
stant amplitude and phase or frequency. X-rays possess a
wavelength ranging from 0.01 nm to 10 nm, corresponding to
frequencies in the range'® 3.0 x 10'® Hz to 3.0 x 10" Hz
which could meet future enormous data center bandwidth
demands. Proof-of-principle experiments have shown the
feasibility of XCOM. For example, NASA had demonstrated
the world’s first XCOM system using a modulated X-ray
source, with the hope of increasing the system’s data rate of
50 kbps to 1 Mbps.® Kealhofer et al. discovered ultrafast
laser-triggered X-ray emission from hafnium carbide tips for
space-based communications.'' Porter found that the data
rate of each X-ray link with 3.0 x 10" Hz range could reach
40 Petabits/s through on-off keying (OOK) modulation.'* In
our previous work, we have certified the feasibility of
XCOM through a plasma sheath encountered during space-
craft reentry.13 However, the transmission properties and
physical mechanisms of XCOM during the reentry plasma
sheath have not been referred in previous works or even in
the existing literature. Therefore, further efforts are still
required to understand and explore more details on the theo-
retical analysis of the X-ray carrier interaction with the
plasma sheath in order to surmount blackout communication
better.

In this work, the Computational Fluid Dynamics (CFD)
method was utilized to obtain more detailed electron density
distributions of the plasma sheath around reentry vehicles,
followed by the investigation on X-ray interaction with the
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FIG. 1. (a) Three and (b) two dimen-
sional model of RAM C-II spacecraft
used in this simulation.

plasma sheath through the Finite Difference Time Domain
(FDTD) algorithm to analyze the transmission properties of
X-ray. Additionally, we first studied the physical mechanism
of X-ray communication carrier through a plasma sheath by
employing 2D Particle-In-Cell (PIC) simulation, and the
transmission properties were taken into account as well.

Il. THEORIES AND METHODS
A. Computational fluid dynamics (CFD) method

The Radio Attenuation Measurement (RAM) experiment
has conducted a series of hypersonic flights in the 1960s to
investigate blackout communication.'*'> The 3D geometry of
the RAM C-II spacecraft, a blunt cone, is shown in Fig. 1(a),
which is used to evaluate the modeling of weakly ionized
gases. The nose radius R = 0.1524 m, the half cone angle
. = 9°, and the whole length L = 1.295m."’ For simplicity,
the geometry was converted into the 2D model in Fig. 1(b)
due to its axial symmetry. In this section, we expect to investi-
gate the detailed electron distribution profiles of plasma sheath
formed around the vehicle surface to clarify the reason why
blackout communication occurs, and then analyze the poten-
tial application of X-ray communication through a plasma
sheath based on these obtained data, which are seldom
focused in the existing studies.

The ANSYS FLUENT code'® based on CFD numerical
algorithm with the theromodynamic and transport property
evaluation was employed to calculate the aerodynamics
coefficients of the compressed layer near the surface of the
spacecraft and obtain the electron density distribution (N,)
profile of the plasma sheath during reentry at hypersonic
speeds. It is worth mentioning that multi-physical field cou-
pling should be applied due to the model of non-equilibrium
physical and chemical reactions in the plasma sheath during
spacecraft speed of more than 7km/s at altitudes ranging
from 20km to 90 km. The flow was modelled as a reacting

Enlarged view of grid arrangement of flow field in shock wave

FIG. 2. Computational grid system of blunt RAM C-II spacecraft flow field,
and the inset amplified circle diagrams denote the enlarged view of grid
arrangement of flow field in the shock wave.

(b)

gas (air) in thermochemical nonequilibrium and chemical
nonequilibrium described by the viscous Navier-Stokes
equations, and it was assumed to be laminar and continuum.

Gambit software was used for grid-generation across the
total fluid region, in which the grid points of vehicle surface
should be more refined because there exist shock waves gen-
erated around it. Therefore, the physical space was discre-
tized into non-uniform grid points as shown in Fig. 2. In the
simulation, considering the effect of the computational
domain, the stretching factor to control the grid points inten-
sity near the surface, and the grids points number in the axial
and normal directions, grid independence tests were per-
formed. The finer mesh discretization of vehicle surface con-
tributes to obtain more precise flow field, and the coarse grid
points far away from the stagnation region of the vehicle
help in reducing the computational time.

The wall boundary condition was presumed to be nonca-
talytic, which meant that the normal gradient of each species
mass fraction is O at the wall. The inflow parameters of the
boundaries conditions such as the freestream velocity, density,
and temperature were set with altitudes at 25, 31, and 62 km
according to the flight environments listed in Table I,'” and
the surface temperature was presumed constant at 1500 K.
The transport properties were evaluated through Wilke’s mix-
ing rule'® and Blottner model,19 and the diffusion coefficient
was obtained using a constant Lewis number. All of the
approximations were still adequate for a 7km/s hypersonic
flow field.

Also, for ionized air region behind the shock wave front at
speeds of v < 9km/s, the Dunnn-Kang model consisting of
seven species (N,, O,, NO, N, O, NO™, and €) and the pri-
mary 20 chemical reactions were considered in our simula-
tion>**' These reactions involve the dissociation-
recombination, exchange reactions, associative-ionization and
its inverse the dissociative-recombination reaction. Wilson*
indicated that the electron-impact ionization dominated for
shock speeds below 9km/s. In addition, Takahashi®® discov-
ered that the electrons generated around the spacecraft behind
the shock wave are mainly due to the associative-ionization
contribution, and the effect of electron-impact ionization reac-
tions to electron generation is relatively small because of the
lower temperature in the shock layer. At high temperatures, the

TABLE . Initial freestream conditions for the numerical CFD modeling."”

Altitude (km) Density (kg/m3) Temperature (K) Velocity (m/s)
62 273x10°* 247.0 7650
31 1.84x 1072 226.5 6550
25 401 %1072 2215 5120
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TABLE II. Finite rate chemistry model used in the simulation. [k /kp; (m3 mol's™H].2#

Number Reactions Agi By; Cy Api By Chpi
1 0,40, = 2040, 3.24 x 10" -1 5.95 % 10* 2.70 x 10* -0.5 0
2 0,+N, = 204N, 7.20 x 10'? -1 5.95x 10* 6.00 x 10° —-0.5 0
3 0,+NO = 20+NO 3.60 x 10" -1 5.95x 10* 3.00 x 10° —-0.5 0
4 0,4+0 = 30 9.00 x 10" -1 5.95 x 10* 7.50 x 10* —05 0
5 0,+N = 20+N 3.60 x 10"? —1 5.95 x 10* 3.00 x 10 —0.5 0
6 0,+N, = 2N+0, 1.90 x 10'! —0.5 1.13 x 10° 1.10 x 10* -0.5 0
7 2N, = 2N+N, 470 x 10" —0.5 1.13 x 10° 2.72 % 10* —0.5 0
8 N,-+NO = 2N+NO 1.90 x 10'! —0.5 1.13 x 10° 1.10 x 10* -0.5 0
9 N>+0 = 2N+0 1.90 x 10" —0.5 1.13 x 10° 1.10 x 10* —-0.5 0
10 No+N = 3N 4.09 x 10'° -15 1.13 x 10° 2.72 % 10° -15 0
11 0,+NO = O+N+0, 3.90 x 10'* 1.5 7.55 x 10* 1.00 x 108 15 0
12 N,+NO = O+N+N, 3.90 x 10" 1.5 7.55 % 10* 1.00 x 10® 15 0
13 2NO = O+N+NO 7.80 x 10 -15 7.55 % 10* 2.00 x 10° -15 0
14 O-+NO = 20+N 7.80 x 10" -15 7.55 x 10* 2.00 x 10° -15 0
15 N+NO = O+2N 7.80 x 10 -15 7.55 x 10* 2.00 x 10 -15 0
16 0,+N, = 2NO+e "~ 1.38 x 10" —1.84 1.41 x 10° 1.00 x 10'? -25 0
17 N,+NO = N,4+NO* +e™~ 2.20 x 10° —0.35 1.08 x 10° 220 % 10" -25 0
18 0,+NO = 0,+NO* +e~ 8.80 x 10° —0.35 1.08 x 10° 8.80 x 10™ -25 0
19 N+O = NO"+e~ 1.40 1.5 3.19 x 10* 6.70 x 10" -1 0
20 N,+0 = NO-+N 7.00 x 107 0 3.80 x 10* 1.56 x 10’ 0 0
reaction of collisional ionization and ion-molecule reactions

should be considered. That is, eleven species chemicals model V xH =g 8_E +7, 4)
would be more accurate. However, these mechanisms are not ot

considered in the present study, especially in the lower temper- aj ’

ature regime. The forward k; and backward kj; rate constants dr +ved = SOWPE ) ®)

for reaction were modelled employing the Arrhenius
expression’*
Chi
ki = AT exp ( 7’) (1)
Chi
ki = ApT""exp <— Th) ; 2

where i indicates the number of chemical reactions, and the
reaction coefficient values of various constants of the model
are shown in Table II.

B. Finite-difference time-domain (FDTD) method

In fact, the reentry plasma sheath is non-uniformly
distributed and can be characterized by two important
parameters, namely, electron density (N,) and collision
frequency (v.). In this section, the theoretical Finite-
difference time-domain (FDTD) method was used to
analyze X-ray interaction with plasma sheath and investi-
gate X-ray transmission properties through these plasma
density profiles obtained from the CFD results,
which was different from the Wentzel-Kramers—Brillouin
(WKB) approximation method in our previous study.'?
Considering an isotropic non-magnetized cold plasma, the
kinetic Maxwell’s equations and constitutive relation can
be given by*

OH
VxE:—,uOE, 3)

where 11, and &y are the permeability and permittivity of free
space, E is the electric field, H denotes the magnetic inten-
sity, J is the polarization current density, andw, means
plasma frequency and can be expressed as>

N,.e?
&ome ’

(6)

Wp:

where N, represents plasma density distribution, m, is the
electron mass, and e is the electron charge.

From LTJEC-FDTD algorithm,*® we can update the dis-
crete forms of (7)—(9) as follows:

£ (k) = (k) — A [H”*O‘S(k +0.5) — Hy "3 (k — 0.5)}
. Az LY ’
A
= SL0sp), )
o

Hy2(k+0.5) = H 7% (k+0.5)
At
HoAz

[Elk+1) —E{(0)], @)
JOS (k) = AN (k) + gg2At - e TENK). (9)

The FDTD spatial discretization was set to be
Az=7.5x 107" for the RF carrier and Az=1.3 x 10~'° for
X-ray carrier, respectively. The temporal step was Ar=Az/
(2¢)=0.125 ps. The attenuation coefficient (A#f) and
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FIG. 3. Schematic of X-ray laser pulse propagated in an underdense fully
ionized plasma sheath.

transmission coefficient (7) were calculated to evaluate the
transmission properties of X-rays (10'7 —10'"® Hz analyzed)
in the plasma sheath obtained from CFD results, and then
explain the advantage of XCOM in radio blackout compared
with RF signals. In addition, the relevant results of RF carrier
were used for comparison with X-ray, and the related behav-
ior of electromagnetic waves’ propagation for RF carrier was
investigated in Takahashi’s work by calculating the signal
loss using the FD2TD method.”>?” To some extent, these
two parameters could reflect the transmission properties of
X-rays in the plasma sheath.

C. Particle-in-cell (PIC) simulation

The two-dimensional (2D) EPOCH PIC simulation®®
was considered to study the transmission properties and
physical mechanisms of X-ray carrier signal interaction with
plasma sheath. When the modulated X-ray laser pulse length
ct (where c is the light speed and t is the pulse duration) is
comparable to the plasma wavelength 4,, the X-ray laser
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wakefield acceleration comes into effect, which leads to a
series of nonlinear physical phenomena.?**

As shown in Fig. 3, the simulation was carried out with
a box that was X x Y = 300/ x 2004y, sampled by 300 x
200 cells with 10 macro-particles in the longitudinal and
transverse directions, respectively, where 49 = 10 nm repre-
sented the X-ray laser wavelength. In this simulation, a line-
arly modulated X-ray laser pulse propagated in an
underdense nitrogen and helium plasma, and the electron
density distribution of plasma sheath was set according to
the previous CFD simulation results. The X-ray laser pulse
was launched from the left side of the box at r =0, and the
wakefield was driven in plasma sheath by X-ray laser pulse
with transverse Gaussian envelope with the pulse peak nor-
malized amplitude of @y = 4. The X-ray laser pulse duration
was 30fs, and the initial spot size was 2 um FWHM (radius
at 1/e? of maximum intensity).

lll. RESULTS AND DISCUSSION
A. Electron density distributions of plasma sheath

Predicting the electron density distribution profile of the
plasma sheath around the supersonic vehicle is of great
importance for elucidating the origin of blackout communi-
cation during atmosphere reentry. In this section, we
employed CFD technique to exploit the electron distributions
of the plasma at various altitudes of 62, 31, and 25km. As
illustrated in Fig. 4, a region appears to exist in which the
electron density distribution generated by the shock layer
remains relatively high at each altitude. The distribution
range of the electron density profile around the vehicle varies
from 10°cm ™ to 1014cm_3, which is consistent with the

N, of the stagnation region

1.07e12 1.34e12

2.84e12

0.00e+00 2.71e1l 5.37ell 3.16e12

8.05e1l

(@

——25km

3
-
S

-
w

-
N

Electron density '°910 (ne) (cm” )

L A L L I} A 1
3 4 5 6 7
Stagnation region (cm)

-
=y

o
-
N

FIG. 4. Electron density distributions of plasma sheath around the vehicle surface encountered during reentry into atmosphere at an altitude of (a) 62 km, (b)
31km, and (c) 25 km. The inset amplified circle diagrams denote the electron density distribution of the stagnation region. (d) The electron density peak distri-
butions along the stagnation region at three reentry altitudes, for comparison.



113507-5 Liu etal.

-
»
N

-
>
-

(neg) (cm™)]

10

-
>
o

-
o
©

-
w
(<]

Electron density [log

=
&
B

00 02 0.4 0.6 0.8 1.0 1.2
Distance from the spaceraft head region (m)

Electron density ng (cm

)

?

Phys. Plasmas 24, 113507 (2017)

- along the normal direction at
1.2x10" F  (b) stagnation point ¢f 0.133 m or
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FIG. 5. (a) Variation of the electron density peak distribution around the vehicle with different distances from the spacecraft head region at the altitude of
31 km. (b) The normal direction of electron density distribution of plasma sheath at four points around the surface of the spacecraft during reentry at the alti-
tude of 31 km through adopting double exponential function fitting at d; and d,, the other employed Gaussian function fitting at d3 and dy.

previous researches.? Also, it is expected that the maximum
electron density occurs at the altitude of 31 km, as shown in
Figs. 4(b) and 4(d), which is larger than those when the
spacecraft is just entering or leaving the interest area. In
addition, the electron density distributions of the rear of the
spacecraft at each altitude are much smaller than that of the
stagnation region of the spacecraft from Fig. 4, which is the
reason why the transmitting antenna is always installed at
this region of the vehicle in practical application.

On the other hand, the dependence of the maximum of
electron density distribution around the vehicle on different
distances from the spacecraft stagnation region at the altitude
of 31 km is illustrated in Fig. 5(a). It is obvious that the elec-
tron density around the stagnation region is much larger than
that of the aft corresponding to its severe ionization degree
of the compressed shock layer in the blunt cone stagnation
region. Furthermore, we investigated the detailed thickness
and electron density distribution of the plasma sheath along
the normal direction perpendicular to the relevant tangent
direction at four distances from the spacecraft head
(d, = 0.133m, 0.230 m, 0.500 m, and 1.200 m). We choose
the four points at the surface of the vehicle, where two points
are in the stagnation region and the other two points are
away from the head region of the vehicle. As shown in Fig.
5(b), it should be pointed out that the horizontal ordinate rep-
resents the thickness of the plasma sheath encountered dur-
ing spacecraft reentry at the altitude of 31km with the
maximum being up to 4.0 cm at the stagnation region. Also,
we analyzed the electron density distribution profile at vari-
ous d, by exploiting two curve fitting methods. One adopted
double exponential function (10) fitting at d; and d5, and the
other employed Gaussian function (11) fitting at d3 and dq,
respectively. Results in Fig. 5(b) show that the electron den-
sity profile of the plasma sheath around the vehicle obeys the
double exponential distribution or Gaussian distribution with
correlation coefficient being up to 0.97886, 0.90434,
0.93435, and 0.91944, respectively. We could find that the
electron density distributions at the aft of the vehicle are
almost of the same order of magnitude (0.500m and

1.200 m) with much smaller differences. Owing to the same
coordinate ranges of four cases, an obvious fluctuation pro-
file occurs. Near the stagnation region, we could also dis-
cover that the electron density has an evident order of
magnitude change at the two cases. These results are conduc-
tive to the following researches on the transmission proper-
ties and physical mechanisms of RF and X-ray carrier
through a plasma sheath

_ Vi —|—Age_(“‘7_*1)/fﬂ’ x < X 10
g {yz + Aget ) x> (10
_txe)?

y=Yo+Ae 27, (11)

where yi, y2, Aq, Ay, tg, tg, and x, are fitting parameters.

B. Transmission properties of X-ray carrier through a
plasma sheath

In this section, the FDTD method was employed to
investigate the X-ray transmission properties of the plasma
sheath. The X-ray carrier and regular RF signal (for compari-
son) were mainly focused on the Az and T by considering
different factors such as from electron density distribution
and collision frequency of plasma sheath to reentry altitudes
and different surface positions of spacecraft. In the present
simulation, the physical properties (w,, v.) required were
provided by referring to the computational results obtained
by CFD, and the N, satisfied the double exponential function
from the above simulation results. More detailed information
about X-ray interaction with plasma sheath were expected in
the next discussion.

Here, we demonstrated the transmission properties of the
X-ray carrier and regular RF signal through a plasma sheath
encountered during spacecraft reentry. The simulation results
are shown in Fig. 5, in which the relationship between the Att
and T at different carrier frequencies ranging from RF signal
(5-40 GHz) to X-ray (10°-10° GHz) was identified by consid-
ering various electron peak densities and collision frequen-
cies obtained from CFD. As illustrated in Figs. 6(a) and 6(b),
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the v, of the plasma sheath is fixed at 1 GHz, and the At of
RF signal decreased so sharply as the electron density
increases that it hardly penetrates the plasma sheath (T falls
to 0 with the electron density being 10'®/m?). This is sup-
ported by the fact that if RF communication were used during
spacecraft reentry, the blackout communication would take
place inevitably. Another important point is the apparent
robustness of XCOM, the At of the X-ray carrier can be
totally ignored and the T ranges from 0.9954 to 1, even in the
maximum electron density, owing to the exceedingly high
carrier frequency of the X-ray. Figures 6(c) and 6(d) also
illustrate that the collision frequencies of the plasma sheath
do not affect the transmission properties of the X-ray, which
demonstrates the potential application of XCOM through a
plasma sheath encountered during spacecraft reentry com-
pared with RF communication.

We discovered that the dependence of the electron den-
sity distribution of plasma sheath on vehicle reentry altitudes
and different surface positions from the CFD simulation
results is shown in Figs. 4 and 5. It is worthwhile mentioning
that it relies on the spacecraft’s shape, velocity, trajectory,
angle of attack, and flight altitude. The A#t and T of regular
RF signal and X-ray carrier were also performed by consid-
ering the various reentry altitudes (25, 31, and 62 km) and
distances from the spacecraft head (0.133 m—1.200 m).
Simulations in Figs. 7(a) and 7(b) show that the A#f and T of
RF signal at various reentry altitudes have significant differ-
ences, and its propagation ceases at 31 km owing to the max-
imum electron density distribution here. However, this will
rarely be the case for the X-ray carrier; its excellent trans-
mission properties through a plasma sheath make it a perfect
candidate medium for blackout communication and space
communication. In addition, the different distances from the

spacecraft head at a reentry altitude of 31 km were taken into
account as well. As illustrated in Figs. 7(c) and 7(d), the
closer the position of spacecraft head, the larger A#t and the
smaller T of RF signal, even it ceases propagation through a
plasma sheath. However, the transmission properties of the
X-ray carrier are not influenced by these different surface
positions as well. These arguments could explain why the
RF transmitting antenna is always installed at the rear of the
vehicle in engineering application. Therefore, we conclude
from our simulation results that X-rays as a communication
carrier can transmit information through a plasma sheath,
which is better than the regular RF communication.

Note that X-ray has no attenuation for transmission in
space, especially when photon energy is more than 10keV
(L<0.1nm) and atmospheric pressure is lower than
10" Pa.?! However, the atmospheric environment still exists
in reentry altitudes. Therefore, it is necessary to adopt a
modulated X-ray source with different photon energies cor-
responding to the different spacecraft reentry altitudes when
using X-ray uplink communication, especially during space-
craft reentry. >

C. Physical mechanism of X-ray carrier through a
plasma sheath

To reach a deeper understanding of the physical mecha-
nisms of XCOM carrier propagation through a plasma sheath
encountered during spacecraft reentry, we have run 2D PIC
simulation by using EPOCH code. According to CFD simu-
lation results, the electron distribution of plasma sheath
obeyed the double exponential model, peaking at
Nomae = 1.2 x 102 m=3. Figure 8 illustrates the variation of
the E, and the E, of X-ray laser pulse, which could reflect its
transmission properties propagating through a plasma sheath.
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In order to evaluate the transmission properties of the X-ray
carrier in plasma from the PIC perspective, we calculated
transmission (7)) coefficient as

2 2
= Dot (12)
Xin + Ey in
where the subscript in and out indicates the incidence and
transmission of X-ray carrier through a plasma sheath,
respectively. Note that the X-ray pulse phase is same in the
incident boundary and transmission boundary due to the fact
that the length of the simulation box along the x direction is
an integral multiple of the X-ray wavelength. We extracted
the E; and E, of the X-ray carrier propagating through a
plasma sheath, as shown in Fig. 8. From Table III, we calcu-
lated the T (0.994-0.999) by using Eq. (12) which is
extremely closer to 1. That is, to say, X-ray carrier has no
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any attenuation and also can propagate through a plasma
sheath freely from a PIC perspective, which indicates a good
agreement with the results obtained from FDTD simulation.
The ponderomotive force, proportional to the gradient
of the X-ray laser intensity, efficiently expels plasma sheath
electrons out of the regions of the X-ray laser pulse. The
ponderomotive force and the relativistic increase of electron
mass modify the refractive index of the plasma,®” which gen-
erates X-ray laser pulse self-channeling in plasma and
extends the propagation distance of the X-ray laser. The
channel contributes to the propagation through a plasma
sheath for the X-ray carrier. As illustrated in Fig. 9, the 2D
PIC simulation results suggest that the physical mechanism
of XCOM through a plasma sheath can be explained by the
following scenario. As the X-ray pulse propagates in the
plasma sheath, the relativistic and ponderomotive self-
channeling effects have gradually occurred, which contribute

1o
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FIG. 8. 2D simulation PIC results. Snapshot of (a) the £, (V/m) and (b) the E, (V/m) of X-ray laser pulse propagating through a plasma sheath.
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TABLE I The E, and E, of X-ray laser carrier propagating through a plasma sheath.

Time (10" s) Exin (10" V/m) Eyin (10" V/m) ExXouw (10'° V/m) EYou (10" V/m) T
1.1091 7.562 —4.265 7.55706 —4.26492 0.999
1.18832 10.34 —2.772 10.3235 —2.7716 0.997
1.26754 7.306 4268 7.2770 42672 0.994
1.34677 7.724 2.687 7.7154 2.6868 0.998
1.0 7 ,
N
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FIG. 9. 2D simulation PIC results. Distribution of (a) the electron density (m~3) in the X-Y plane, and (b) the electron energy (J) as the X-ray carrier interac-

tion with plasma sheath.

to guiding X-ray carrier transmission. This type of plasma
channels was certificated clearly from Fig. 9(a). It should be
appreciated, of course, that relativistic and ponderomotive
guiding are intrinsic effects for the X-ray laser pulse and will
occur whenever the incident pulse power exceeds a critical
threshold.*™ On the other hand, the process of X-ray laser
pulse interaction with the plasma sheath should be in accord
with conservation of energy, and the absorption in the X-ray
carrier mainly depends on the influence of plasma electrons.
The ion energy of the plasma sheath almost never changes
because the mass of an ion is much larger than that of the
electron. As shown in Fig. 9(b), the electron energy appears
as small fluctuations initially and then remains stable all the
time. That is, to say, the X-ray carrier has no obvious influ-
ence on the electron energy of the plasma sheath, which indi-
rectly indicates that the X-ray carrier is immune to the
complex vehicle reentry plasma environment as well.
Generally speaking, the observation of the plasma channel
effect is thus a signature that the X-ray pulse has transmitted
through a plasma sheath during spacecraft reentry, which is
of great importance to XCOM wused in blackout
communication.

IV. CONCLUSION

This paper provides an overview of the basic principles
of X-ray communication (XCOM), followed by a detailed
discussion of the transmission properties and physical
mechanisms when X-ray carrier propagates through a
plasma sheath encountered during spacecraft reentry into
atmosphere. CFD simulation results offered a comprehen-
sive electron density distribution profile around the surface
of the vehicle at different reentry altitudes, peaking at
10"%em 3. Also, we discovered that the attenuation

coefficient of X-ray carriers was almost closer to 0, whereas
the transmission coefficient ranged from 0.9954 to 1 by
considering the various electron density distribution, colli-
sion frequency of the plasma sheath at different reentry alti-
tudes, and surface positions through FDTD simulations.
Compared with regular RF signals, the transmission proper-
ties of X-ray were not influenced by the severe reentry plas-
mas. In addition, the 2D PIC findings suggested that the
relativistic and ponderomotive self-channeling effects
occurred if the pulse power was above a critical threshold,
which were beneficial to the X-ray carrier through a plasma
sheath. Along with these interesting phenomena, we expect
that XCOM has potential application in blackout communi-
cation during spacecraft reentry.

These results may be helpful for understanding the
advantages and some related physical mechanisms of
XCOM through a plasma sheath, which contribute to miti-
gate blackout communication encountered during spacecraft
reentry into atmosphere to some extent. However, further
investigations are still required to understand and better
study the modulated X-ray signal source, channel transmis-
sion, and signal detection of XCOM; therefore, further stud-
ies are to be carried out in our work.
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