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ABSTRACT

X-ray communication (XCOM) offers important advantages to both civilian and military space projects. Rapid advance in high-intensity laser
interaction with plasma has become a driving force for providing a new X-ray carrier generation based on the laser wakefield acceleration
scheme. XCOM has the potential to eliminate RF shielding on the ground and communicate with the re-entry supersonic spacecraft during
blackout occurrence. In this process, the plasma sheath is formed around the surface due to air compression and ablation, which blocks the tra-
ditional communication signals. In this paper, the hazardous substance was proactively exploited and coupled with the modulated laser.
Particle-In-Cell simulation results indicate the ultra-bright controllable X-ray emission with a small angular divergence (0:04 rad� 0:03 rad), a
tunable X-ray energy range (4.60 keV to 321.48 keV), and high photon yields. Additionally, the data rate of the communication via the X-ray
carrier during re-entry was estimated up to�20.7 Mbps by considering the transmission model, encoding schemes and photon information effi-
ciency. Combined with an existing or developing X-ray detection technique, this regime can eliminate re-entry blackout and also provide a novel
modulated X-ray source to acquire high-rate, low transmit power, and highly secure space-based data links.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5056210

I. INTRODUCTION

High-demanding data rates in fiber-optical and free-space optical
wireless communication have been exponentially increasing over
recent decades.1 X-ray communication (XCOM), which was first pro-
posed by Dr. Keith Gendreau, is known as one of the most promising
revolutionary concepts by NASA in fast wireless link technology since
2007.2 The data transfer rate of the X-ray link with the 3:0� 1010

GHz range can reach 40 Petabits/s using on-off keying (OOK) modu-
lation theoretically.3 XCOM technology exploits extremely low beam
divergence and high photon yields of X-rays with a tunable energy
range, which can provide high-rate, deep-space, low transmit power,
and highly secure space-to-space data links.2

NASA displayed the world’s original XCOM system using a
modulated X-ray source with the intention to increase the data rate
from 50 kbps to 1 Mbps.4 Kealhofer et al. illustrated an ultrafast X-ray
point source for space-based communications exploiting laser-

triggered X-ray emission from hafnium carbide tips.5 XCOM opens
novel research horizons with countless applications, including high-
speed interplanetary communication, secure short-range communica-
tion, and X-ray navigation.2 To adopt X-rays for terrestrial applica-
tions, higher X-ray energies are required. The penetrating capabilities
of X-rays with higher energies enable the communication possibility
during hypersonic spacecraft re-entry into the planetary atmosphere.
In this process, a plasma sheath is formed around the spacecraft sur-
face due to the dissociation and ionization of neutral particles by shock
wave heating. However, the plasma sheath will attenuate or reflect the
traditional RF signals and prevent the normal telemetry transmission,
which causes re-entry blackout.6–10 Although current alternatives for
blackout mitigation have been excessively investigated (including the
E � B layer,6 frequency matching,8 and injection of electrophilic mate-
rial9 methods), no satisfactory solutions have been established. In addi-
tion, inflatable aeroshell technology10 was also proposed for mitigating
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blackout communication during spacecraft reentry. In our previous
work,11 we discovered that XCOM is suitable for plasma sheath envi-
ronments, and various plasma electron densities have no significant
effect on the bit-error-rate (BER) performance of XCOM at a similar
signal-to-noise-ratio (SNR) of the same receiver due to the high X-ray
carrier frequency.

The exceedingly high carrier frequency of X-rays provides signifi-
cantly large bandwidths for information transmission if technology for
modulating the X-ray source is further developed. Most of the existing
X-ray modulated sources for XCOM are bremsstrahlung-based emis-
sion. Although a conventional X-ray tube is a cheap and flexible source
for this application, the extremely low conversion efficiency from the
accelerated electrons to the emitted X-ray photons (�1%) with a large
photon beam divergence and low radiation brilliance will limit its
application in this sophisticated field. As reported in the existing litera-
ture, the data rate of XCOM is very slow with �kbps order.4

Therefore, it is necessary to employ new modulated X-ray emission
technology for communication. Fortunately, chirped pulse amplifica-
tion (CPA)12 technology helps the current commercial high-power
laser system to deliver peak powers up to petawatt, which can be
focused to realize laser intensities ranging from 1015 to 1021 W/cm2.
With the advent of tabletop ultrashort and ultra-intense modulated
lasers, the laser wakefield acceleration (LWFA) scheme proposed by
Tajima and Dawson13,14 has demonstrated considerable potential in
producing ultra-bright X-rays with high photon yields, a well-
collimated beam, and a tunable X-ray energy range. Together with an
existing electro-optic modulator15 or an advanced plasma optical
modulator,16,17 the transmission signal would be easily modulated
with X-rays to realize high-rate communication.

In this paper, we proposed a new X-ray generation regime to
realize real-time blackout communication by exploiting the modulated
laser interaction with the plasma sheath during spacecraft re-entry. In
general, the plasma sheath acts as the hazardous substance hampering
real-time communication. The scheme we propose here makes full use
of this complicated plasma sheath as an available substance to generate
X-ray carriers. The schematic diagram of the regime for mitigating
blackout is shown in Fig. 1. X-ray communication uplink and down-
link between spacecraft and International Space Station (ISS) will be
established depending on where the laser generator is located. X-ray
links are from the spacecraft (transmitter) to the International Space
Station (ISS, receiver) and then transfer data to the ground station for
deep space communication and blackout communication. As an addi-
tional technology enhancement to the Station Explorer for X-Ray
Timing and Navigation Technology (SEXTANT) mission, scientists at
NASA are developing a follow-on technology demonstration of
XCOM that will exploit the instrument as a passive receiver.18 We
expected that the laser generator will be placed inside the capsule in
our scheme. Although the generator size will limit the practical appli-
cation according to the current laser facilities, rapid development in
laser technology will be expected to make the ultra-intense laser possi-
ble and satisfy the demands of smaller generator size at the same time.
In this scheme, a linearly polarized modulated laser propagates in an
underdense plasma sheath around the spacecraft surface. The ponder-
omotive force of laser pulses and the relativistic increase in the electron
mass modify the refractive index of the plasma, which generates laser
pulse self-channeling in plasma and extends the propagation distance
of the laser. Meanwhile, the plasma electron motion induces positive
and negative charge separation fields behind the laser pulse which

FIG. 1. Schematic diagram of the laser-
plasma X-ray generating scheme used for
mitigating blackout communication during
re-entry, where X-ray links are from the
spacecraft (transmitter) to the International
Space Station (ISS, receiver) and then
transfer data to the ground station.
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results in high accelerating electric fields and a strong restoring force
that drives the oscillation of plasma electrons, thereby generating
directional high-quality X-ray radiation.19–21 In this paper, we covered
the topics related to the modulated laser-plasma-induced X-ray emis-
sion performances (the photon yields, small angular divergence, and
tunable energy range) and accelerated electron beams by 2D-Particle-
In-Cell (PIC) simulation, followed by a detailed description of the data
rate of the XCOM system during re-entry by considering the transmis-
sion model, encoding scheme, and photon information efficiency
(PIE).

II. THEORIES AND METHODS

The 2D EPOCH PIC simulation22 was employed to study the
modulated laser interaction with the plasma sheath. The simulation
was carried out with a box that is X� Y ¼ 45 lm� 40 lm and sam-
pled by 900� 430 cells with 50 macro-particles in the longitudinal
and transverse directions. Moving-window technology was employed
and started to move once the front of the laser was 0.9 on its way
through the box, which was parallel to the x direction at the group
velocity of light in vacuum. The technology was used for keeping the
track of the evolution of the laser, laser wakefield-accelerated electrons,
and X-ray emissions on different transmission timings. The wakefield
was driven in a fully ionized nitrogen and oxygen plasma using laser
pulse with the following Gaussian envelope:

a t; yð Þ ¼ a0exp �
y2

w2
0

 !
exp � t � s0ð Þ2

s20

 !
; (1)

where a0 ¼ 4:0 is the peak strength corresponding to a laser intensity
of I0 ¼ 1:37� 1018a20= k0 lmð Þ

� �2 ¼ 3:34� 1019 W=cm2 with a laser
wavelength of kL ¼ 0:81lm. It is useful to define a normalized peak
vector potential of a0 ¼ eA0=ðmcÞ ¼ eEL=ðmcx0Þ, where A0 is the
vector potential; EL and x0 denote the amplitude of the electric field
and angular frequency of the laser beam. s0 ¼ 40 fs is the full width at
half maximum (FWHM), and w0 ¼ 10lm is the 1=e2 focal spot size
and focuses on the front surface of plasma. In addition, the re-entry
plasma sheath electron density is non-uniform and strongly related to
the shape, velocity, trajectory, angle of attack, and altitude of the space-
craft. In our previous study, we discovered that the plasma sheath dis-
tribution outward from the surface of the spacecraft (stagnation
region) can be expressed by using the following double Gaussian
function:23

ne xð Þ ¼
nemaxexp a1 x � x0ð Þ2

� �
0 � x � x0ð Þ

nemaxexp �a2 x � x0ð Þ2
� �

x0 � x � x1ð Þ;

(
(2)

where nemax is the peak value of the plasma electron density, x1 is the
thickness of the plasma sheath, x0 is the location of the boundary layer,
and a1 and a2 represent normal distribution’s shape. The electron
density of the plasma sheath7 in the stagnation region varies from a
few electrons/cm3 to 1018 electrons/cm3. We set the parameters of
nemax ¼ 5:0�10�3ncr � 1018 cm�3 (ncr represents the critical plasma
density at which the plasma frequency equals the frequency of an elec-
tromagnetic wave in a plasma. It is given by ncr ¼ e0mex2=e2. If the
plasma density is lower than critical density, it will be called under-
dense plasma.), a1¼ 1, a2¼ 0.5, x0¼ 0.4 cm, and x1¼ 1 cm in the sim-
ulation, according to the typical values of the re-entry plasma sheath

generated by the NASA Langley Research Center.7,24 For the laser-
plasma X-ray scheme, the X-ray radiation is generated in the wake of
the laser and plasma interaction, which is also the advantage of the
laser wakefield acceleration regime. However, large-scale laser plasma
simulation is an increasingly demanding area of computational phys-
ics. Therefore, we employed the thickness of the plasma sheath of
1 cm. The laser pulse was launched into the double Gaussian plasma
in the x-direction and linearly polarized in the y-direction. In Secs. III
and IV, the electron number density evolution, X-ray photon angular
divergence, and energy spectrum in laser interaction with plasma will
be discussed through 2D-PIC simulation. Potential blackout allevia-
tion and the data rate of the emitted X-ray carrier based on the PIC
results during re-entry will be elucidated in detail.

III. RESULTS AND DISCUSSION
A. Modulated laser interaction with the plasma sheath
during re-entry

In this section, we first clarified the potential problem of exploit-
ing self-guiding laser communication in the plasma sheath and then
provided a detailed description of effective X-ray communication in
mitigating blackout based on laser interaction with the plasma sheath.

1. Pump depletion length of the laser through the
plasma sheath

Poddar and Sharma25 indicated that a relativistic self-focusing
laser beam has been explored to mitigate the blackout problem and
establish the communication link between the spacecraft and ground
station as supersonic spacecraft enters the atmosphere if the power of
the modulated laser PL exceeds the critical power Pcr required for the
plasma sheath26

Pcr ¼ 16:2
x0

xp

� �2

GWð Þ; (3)

where x0 and xp denote the angular frequency of the laser and the
plasma sheath. On the one hand, the focusing and accelerating fields
are not ideal, and it is difficult to obtain high efficiency in the stable
self-guiding regime. On the other hand, as the self-focusing laser
through the plasma sheath, it will be depleted after a distance (pump
depletion length Lpd) due to its energy transfer and loss, and the pump
depletion length is given by27

Lpd ’
x2

0

x2
p
csFWHM ; (4)

where xp and x0 represent the plasma frequency and the laser pulse
frequency and sFWHM is the full width at half maximum (FWHM).
The laser carrier will cause a series of nonlinear phenomena when it
penetrates the plasma sheath around the spacecraft surface, which
depends on laser diffraction, accelerated electron dephasing, the laser
pump depletion length, and laser-plasma instabilities. Even in vacuum,
a laser pulse undergoes Rayleigh diffraction as well, and the laser-
plasma interaction distance will be limited to a few Rayleigh lengths
ZR ¼ pw2

0=k without any form of optical guiding.
In the simulation, all other parameters remained the same as in

Sec. II. Although the modulated laser carrier could meet the needs of
the self-focusing property with the power of the laser PL ¼ 52:5TW
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greater than the critical power Pcr ¼ 3:3TW, it would transfer
its energy to the plasma sheath and became depleted after
Lpd ¼ 0:49 cm according to Eq. (4). As shown in Fig. 2, this is also
supported by the PIC simulation results of Lpd which is about
0.46 cm at 15 ps, and the evolution plot of the normalized peak
vector potential a0 decreases from 4.0 to 0.43 when the laser pulse
travels in the plasma, which transfers its energy to the plasma
wave and then depletes. Therefore, the laser carrier cannot pene-
trate the plasma sheath (approximately 1 cm here), and blackout
communication occurs inevitably during spacecraft re-entry.
However, the concomitant generated X-ray photon in the LWFA
scheme will have a potential advantage. In our previous stud-
ies,11,23 the transmission coefficient of the X-ray carrier through a
plasma sheath with various electron densities is closer to 1 by
adopting Wentzel-Kramers-Brillouin (WKB) and Finite-
difference Time-domain (FDTD) methods due to its extremely
high frequency. Therefore, the concomitant generated X-ray car-
rier through laser interaction with the plasma sheath will display
extensive perspectives in mitigating blackout communication dur-
ing spacecraft re-entry.

2. X-ray communication carrier induced by laser
interaction with the plasma sheath

During the laser interaction with plasma, X-ray betatron radia-
tion is produced when relativistic electron beams are injected into the
laser wakefield in a plasma and experience synchrotron-like betatron
oscillations transversely while accelerated in a forward direction.13 X-
ray emissions based on the betatron radiation from laser wakefield-
accelerated electrons have a small divergence angle, compact sizes,
high photon flux, and a wide energy spectrum. X-ray stable output

properties in the betatron radiation, such as photon flux, the photon
energy spectrum, and angular divergence, are essential for an effective
X-ray communication carrier, which depends on the stability of the
accelerating structure’s amplitude, wavelength, and phase velocity dur-
ing the entire accelerating process. A stable bubble structure can be
excited in the betatron radiation under the following matching
condition:27

kpw0 ¼ 2
ffiffiffiffiffi
a0
p

; (5)

where kp is the plasma wave number depending on the electron num-
ber density of the plasma sheath. Through adjusting the relation of the
laser and plasma parameters from Eq. (5), the stable X-ray emissions
will be generated. Intense betatron radiation, with photon energy from
keV X-rays to gamma-rays, has been generated via the accelerated
electrons undulating in the bubble structure of the wakefield.
Therefore, in order to get the optimum X-ray emissions (X-ray energy
range, divergence angle, etc.), a supersonic clustering gas jet21 will be
supplemented to increase the plasma electron number density in the
relevant experiment. Figure 3(a) presents a stable bubble structure of
the plasma density profile behind the laser pulse at t¼ 2.3 ps and 10
ps in the betatron radiation. On the one hand, the ponderomotive
force of an intense laser pulse (a0 � 1) expels the electrons of the non-
uniform plasma sheath radially and leaves a bubble region due to the
large ion mass. On the other hand, the attractive Coulomb force is
exerted on the electrons causing them to flow backward to the rear of
the bubble. As illustrated in Fig. 3(b), as the electron density at the
bubble surface accumulates, the wave-breaking limit occurs and elec-
trons are self-injected and accelerated inside the bubble. Then, the iso-
tropic ponderomotive force in the transverse direction induces the
isotropic oscillation of self-injected electrons, which further leads to
the isotropic angular distribution of the betatron radiation. The beta-
tron oscillations of the electron beam bunch in the transverse field of
the bubble induce efficient X-ray generation, which shows a potential
application in developing tabletop X-ray sources. Also, when the
plasma sheath density, laser spot size, and laser peak intensity are
inconsistent with Eq. (5), an unstable bubble structure emerges inevi-
tably. However, the X-ray photon angular distribution of the betatron
radiation is determined by the stability of the bubble structure. A stable
bubble structure results in a small angular distribution of X-ray pho-
tons, which contributes to X-ray transmission signal detection as a
communication carrier.

B. Angular distributions of X-ray for communication
during re-entry

For XCOM application, the angular distributions of X-ray pho-
tons as communication carriers directly affect the effective signal
transmission and communication coverage range. Therefore, several
X-ray focusing methods have been proposed, such as mirrors,28 zone
plates,29 and refractive lenses.30 A well-collimated (small angular
divergence) X-ray emission is produced through the laser pulse which
propagates in an under-dense plasma. During this process, some elec-
trons are injected into the laser wakefield in plasma and experience
transverse betatron oscillations while being accelerated in a forward
direction. Therefore, the angular divergence of the emitted X-ray pho-
ton in the laser transmission direction and the y-polarization direction
was considered in this work. As illustrated in Figs. 3(c) and 3(d), the

FIG. 2. Laser’s normalized peak vector potential a0 versus accelerating time evolu-
tion during laser interaction with the plasma sheath. The insets show the electron
density evolution at 2.3 ps, 10 ps, and 15 ps. The laser pulse carrier depletes (a0
decreases from 4.0 to 0.43), and the acceleration process terminates after the
pump depletion length of 0.46 cm at 15 ps as it travels through a plasma sheath.
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obvious advantage of the regime we proposed here is that the emitted
X-ray carrier has small angular divergence. In general, this is a com-
mon method in which the Gaussian function31 fits the photons’ angu-
lar distribution in the laser plasma interaction field by using the fitting
function f hð Þ � expð� h2

2r2Þ. The photons are dominated in the for-
ward direction and y polarization with a 50% energy spread (FWHM)
angular divergence of 0:04 rad� 0:03 rad at 10 ps, corresponding to
2:3� � 1:7�. At the initial stage of 2.3 ps in the bubble acceleration, the
photon angular divergence of 0:15 rad� 0:13 rad (8:6� � 7:5�) is

slightly larger than that of the stable evolution process because of the
large energy spread of the trapped electron beams inside the bubble.

In addition, the oscillations of the accelerated electrons induced
by the bubble oscillations are along the y direction; hence, the photon
angular divergence of the betatron radiation should also be aniso-
tropic. The angular divergence of the emitted photons theoretically
scales as hd ¼ ðne=a0ncrÞ1=3,31 which could be adjusted by changing
the laser pulse and plasma parameters. On the other hand, although
the narrow X-ray beam-width creates a challenge in the acquisition,

FIG. 3. Schematic diagram of the plasma electron density distributions behind the laser pulse in the betatron radiation. The radially expelled electrons flow backward to the
rear of the bubble and collide in the x direction at the base of the bubble. The results show a stable bubble structure evolution at (a) t¼ 2.3 ps and (b) t¼ 10 ps. “Moving win-
dow” technology is employed in PIC calculations to keep track of the evolution of the laser, laser wakefield-accelerated electrons, and X-ray emissions on different transmission
timings. After 10 ps, the laser travels to �3mm (the plasma sheath thickness is 1 cm here); angular divergence of the emitted X-ray photon in the laser transmission direction
and the y-polarization direction at (c) t¼ 2.3 ps and (d) t¼ 10 ps. Here, the angular divergence of a photon with a FWHM angle is defined as hy ¼ tan�1ðPy=PxÞ,
hx ¼ tan�1ðP?=PxÞ, and P? ¼

	 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P2
y þ P2

z

q 

. The emitted photon numbers in different radiation directions are normalized by the maximum of the photon number. The

insets show the distribution of emitted betatron photons in phase space (Px ; Py ), which is also good evidence to validate that most photons are forwardly emitted with low
angular divergence.
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tracking, and pointing accuracy (ATP) technology, it can be improved
by incorporating other inertial guidance instruments and a beacon.
The communication link among the ground terminal, spacecraft, and
space terminal has been established by exploiting the combination of
gimbal and actuators on the transmitting optics to maintain the point-
ing and tracking accuracy to 10lrad with an angular coverage of
500mrad.32 The optical receiver comprises highly sensitive signal
detectors which can convert the X-ray photons into electrical signals
to recover the original transmission information by employing regular
demodulation methods.

C. X-ray photon energy range for effective
communication during re-entry

Our previous work has proved that employing an X-ray source
with different energies according to the different spacecraft re-entry
altitudes is imperative when using XCOM uplink or downlink to con-
nect the communication with the spacecraft, International Space
Station, and ground terminal.11 Therefore, the energy of the emitted
X-ray photons is also an important factor to realize the effective uplink
or downlink communication for mitigating blackout.

In the laser-plasma interaction regime, the trapped electrons will
be accelerated both longitudinally and wiggled transversally by the
wakefield behind the drive laser pulse. The transverse motion is almost
sinusoidal at the betatron frequency of xb ¼ xp=ð2cÞ, where c ¼ 1=ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðv=cÞ2

q
is the Lorentz factor and xp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðnee2=mee0Þ

p
is the

plasma frequency. Because of the oscillatory motion of trapped elec-
trons, the emitted photon radiation properties depend on the strength
parameter K ¼ cbkp

ffiffiffiffiffiffiffi
c=2

p
(cb is the betatron transverse amplitude of

motion and kp is the plasma wavenumber) and on the electron energy
Ee ¼ cmec2. The on-axis spectrum is almost monochromatic with
only the fundamental frequency, which is well known as the undulator
regime with K � 1. The wiggle regime occurs when K 	 1, the spec-
trum contains many closely spaced and unresolved high harmonics,
and the resulting broadband spectrum is extended up to a critical fre-
quency of xc ¼ 3Kc2xp=2. Its envelope can be described by
synchrotron-like radiation.33 For a single electron with fixed parame-
ters K , xb; and c, the integrated radiation spectrum can be given by
dI=dx / Sðx ¼ x=xcÞ ¼ x

Ð1
x K5=3ðnÞdn, which is similar to the

synchrotron betatron spectrum, where K5=3 is the modified Bessel
function of the second kind.34 The average photon numbers with the
mean energy �hxc radiated by one electron can be estimated by
N ¼ 5:6� 10�3N0K , where N0 is the number of betatron oscillations
excited by the electron. Most present experimental data have demon-
strated that laser-plasma betatron radiation occurs dominantly in the
wiggler regime.33,35

To have a better understanding of the emitted X-ray properties
based on laser-plasma interaction, PIC simulation was employed to
calculate the radiation emitted by a single electron in the wiggle case,
which can be simplified to the calculation of the sum of all kinds of
radiations excited in Np turning points of their sinusoidal trajectories
as follows:

d2I
dxdX

¼
XNp

j¼1

d2I
dxdX

� �
j
; (6)

where x is the photon frequency and dX is a solid angle.36 In the
simulation, the universal function Sðx=xcÞ referred above defined
that the relativistic electron emits along its momentum direction
and an excited radiation spectrum at any given time. The EPOCH code
extended by a particle tracker subroutine can be used for recording
the trajectories of each electron and calculating the emission during the
laser-plasma interaction. Figure 3(a) shows that electron self-injection
into the ion cavity remains continuous. Therefore, the electron spectrum
remains continuous as well, with the maximum energy of around
625.4MeV at 10 ps shown in the inset in Fig. 4. Using the synchrotron
distribution Sðx=xcÞ defined above, we obtained a best fit for the
critical energy of Ec ¼ �hxc ¼ 4.60keV as shown in Fig. 4. A significant
feature of the scheme (laser interaction with the plasma sheath) is the
presence of a broadband X-ray photon energy range in the betatron radi-
ation, and the photon energy varies from 4.60keV to the maximum
321.48keV at 10 ps. In the LWFA regime, the photon energy Eph can be
expressed as31

af ¼ a0
ne

a0ncr

� �1=3 pw0

k0

� �2=3

; (7)

Eph / �hv0a
5
f

af ncr
ne

� �2

ncrk
2
0c

3s0; (8)

where af and w0 denote the self-shaped and initial beam radii, respec-
tively, v0 denotes the laser frequency, and �h is the Planck constant.
Therefore, the emitted photon energy Eph could be adjusted by tuning
the laser pulse and plasma sheath parameters, which would satisfy the
demand for a tunable X-ray energy of XCOM in blackout communica-
tion during spacecraft re-entry in order to ensure an effective uplink
or downlink communication.

FIG. 4. Number of photons emitted from the betatron radiation (the energy spec-
trum of radiated photons) as a function of the radiated photon energy for a fixed
laser amplitude of a0¼ 4.0 at the acceleration time of t¼ 2.3 ps (red) and t¼ 10
ps (black), and the corresponding maximum X-ray photon energies are 87.30 keV
and 321.48 keV in the PIC simulation, a best fit with the synchrotron betatron
spectrum. The insets show the energy spectrum of the electrons at the accelerat-
ing time.
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D. Performance analysis of X-ray communication
during re-entry

Although X-ray carriers can be affected during re-entry because
of the rarefied atmosphere, increasing the X-ray emitted energy con-
tributes to realizing the uplink communication with a high transmis-
sion efficiency.11,37 In this section, we discussed the X-ray photon
transmission model, plasma and atmospheric channel, and photon
information efficiency, followed by a description of the theoretical
maximum data rate of the X-ray carrier based on the PIC simulation
results. Considering the arrangement of our X-ray uplink communica-
tion from spacecraft to the ISS of Fig. 1, the amount of optical power
focused on the receiver is derived as38

Pr ¼
PtArgfsgpgr

p hdð Þ2
; (9)

where Pt is the transmitted X-ray power, Ar is the area of the receiver,
gfs is the free-space transmission, and gp and gr are the transmission
of the X-ray carrier through a plasma sheath and the receiver’s effi-
ciency. d is the communication distance between spacecraft and the
receiver located at ISS. The opening angle of the diverging beam is
h ¼ 1:22k=Dt (in radian) for a diffraction limited transmitter. What
really determines the size of the beam divergence are the optical chan-
nel and the pointing jitter.

Previous research39 has shown that the X-ray signal can be mea-
sured and demodulated with only 20 X-ray photons per second
detected by a MCP detector, which demonstrates precise timing that
allows the recovery of tiny signals from noise; let alone the much
higher X-ray photon yields the scheme that we proposed in this paper.
In many circumstances, X-ray photons are precious in the space com-
munication due to the large distances involved. Therefore, the data
rate is photon-limited. In general, the dimensions of X-ray photons
can be any degree of freedom afforded to the communication link,
including the time of arrival at a receiver, energy, frequency, and polar-
ization. This means that employing the optimal encoding scheme
makes each photon carry more information and then maximizes the
photon information efficiency (PIE). For the XCOM system, the L-
pulse-position-modulation (PPM) can be used as a simple modulation
scheme considering the time of arrival. Each dataset containing n bits
of information is transmitted in one of the L ¼ 2n time slots. For
example, with 16-PPM, one photon carries 4 bits of information.
Intensity modulation based on different X-ray photon energies would
be another similar encoding scheme for the XCOM system with E ¼
2i possible energy levels and realize log2E bits of information per pho-
ton. Therefore, if the encoding dimensions can be combined, the PIE
(in bits per photon) would be enhanced. Although the PIE will be
unbound in theory, the limitation in practice arises from the limited
numbers of modes per photon (M) depending on the modulation
scheme, the thermal noise photon per mode (NM¼ 0.01 in this paper),
and the transmissivity (gfs). The Holevo capacity (upper limit to the
amount of information) is given by40

C ¼ g gfsM þ 1� gfs
� �

NM
� �� g 1� gfs

� �
NM

� �
; (10)

where g xð Þ ¼ 1þ xð Þlog2 1þ xð Þ � xlog2x: From the above link
equation, the received power can be predicted for a given communica-
tion system. Considering a given data rate (R) and modulation
schemes, the photon’s power detected by the receiver is expressed as38

Pr ¼
REp
QeC

; (11)

where Ep is the photon’s energy and Qe is the quantum efficiency of
the receiver.

For a general XCOM system, if a silicon drift detector is used for
the X-ray carrier receiver, the typical values41 of an effective collection
area Ar and the detect efficiency gr are 80mm2 and 1, and the quan-
tum efficiency Qe is almost 0.9. The transmission efficiency of the
X-ray carrier through a plasma sheath23 and the rarefied atmosphere11

during re-entry is 0.994 and 0.8 based on our previous results. The dis-
tance between spacecraft (the X-ray emitter) and ISS (the receiver) is
300 km. The potential application of the laser-plasma X-ray generation
scheme would be exploited in blackout communication due to its
broadband X-ray energy with extremely low angular distributions
(h ¼ 0:04 rad� 0:03 rad) and the high photon yields as earlier men-
tioned, which contributes to the X-ray signal detection by a SDD
detector. The emitted power of the X-ray carrier in the scheme is
0.7W calculated in the PIC simulation. We selected the emitted X-ray
energies in the range of 1–100 keV to calculate data rates. As illustrated
in Fig. 5, on the one hand, the 8-PPM encoding scheme for the X-ray
carrier can reach a higher data rate than 4-PPM at a given X-ray
energy. On the other hand, the data rate decreases as the emitted
X-ray energy increases. According to the current scheme, the maxi-
mum data rate of the X-ray carrier will be up to 20.7 Mbps with the 8-
PPM scheme. Because the 8-PPM scheme considers more dimensions
(modes) per photon than 4-PPM, the photon information efficiency
will be enhanced and then the data rate increases. Moreover, although
the information efficiency is related to the number of photons per
mode, even for extremely thermal noise levels and more modes per
photon, it will not exceed more than a few dozen bits per photon.
Therefore, the data rates have no large gap between the 8-PPM and
4-PPM encoding schemes. One can proceed to draw a conclusion that

FIG. 5. Data rate of X-ray communication through a plasma sheath during space-
craft re-entry, as a function of the emitted X-ray photon energy based on laser-
plasma interaction. The current encoding scheme contains the temporal, energy,
and polarization modes per photon.
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the data rate of XCOM will be further improved if an effective detect
area of the receiver, a monochromatic or narrow X-ray carrier, and the
relevant photon information efficiency are optimized as technologies
advance.

IV. CONCLUSION

This paper theoretically aims to provide a new route to realize
real-time blackout communication encountered during spacecraft re-
entry based on the laser-plasma-induced X-ray emission. We per-
formed 2D-PIC simulation to indicate that the modulated laser inter-
action with the plasma sheath around the surface of supersonic
spacecraft could generate the ultra-bright X-ray output with high pho-
ton yields, a small angular divergence, and a tunable X-ray energy
range in the betatron radiation. The scheme meets the demand of
XCOM modulated signal emitted source technology and can provide
high-rate, deep-space, low transmit power, and highly secure space-to-
space data links. Finally, XCOM system performances during re-entry
were estimated to deliver high (�Mbps) data rates by considering the
transmission model, encoding scheme, and photon information effi-
ciency. Combined with the existing or developed advanced X-ray sig-
nal detection methods, this new regime shows a promising
applicability for real-time blackout communication encountered dur-
ing spacecraft re-entry into the planetary atmosphere.

These theoretical results may be helpful for understanding the
advantages of XCOM through a plasma sheath, and the novel scheme
based on laser-plasma-induced X-ray emission provides a potential
approach to mitigate blackout communication during spacecraft re-
entry to some extent. However, further investigations are still required
to study the modulated X-ray signal source used for XCOM, and the
following proof-of-principle experiments will be conducted in the near
future.
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