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A collimating/focusing (C/F) optical system could greatly reduce the power requirements and improve the
communication performance in space communication. Based on the known X-ray source, this paper proposed
a hard X-ray multilayer collimating/focusing optical system for X-ray communication (XCOM) in 10-30 keV

region. The C/F optical system helps effectively realize XCOM with high gain and high signal to noise ratio
(SNR) hundreds of kilometers away. This paper discusses the reflectivity of multilayers, the optimization of
supermirrors, the design of C/F optical system for hard X-ray, and the ray tracing process. Results shows that
the collection efficiency of hard X-ray is greatly improved, and still remains 0.0196% 1000 km away from
the X-ray source. When the transmitting power of X-ray is 100 W, the SNR reaches 71.8 dB at 100 km and
50.1 dB at 1000 km, respectively. This work provides some theoretical and actual values for improving the
practical application of X-ray communication in entry blackout and space exploration.

1. Introduction

The intense friction between spacecraft and atmosphere will create
a plasma sheath on the surface of spacecraft during reentry. In this
situation, the radio frequency signal can hardly penetrate the plasma
sheath because of its low frequency. This phenomenon is called ‘com-
munication blackout’, which seriously affects the trajectory control of
the spacecraft during landing or reentry. The frequency of X-ray is
as high as more than 10'7-10'® Hz. With X-ray as carrier, the X-ray
communication (XCOM) proposed in 2007 by Dr. Keith Gendreau of
NASA is considered a novel method to solve the problem of reentry
blackout with the help of the uplink communication. Our previous
study indicates that the transmission coefficient of X-ray in plasma
sheath is over 0.994 due to plasma channel effect [1]. Moreover, X-ray
photons with energies above 10 keV could propagate the distance of
1000 parsec with almost no loss, that means X-ray can be utilized as a
carrier in interstellar communication [2].

However, the practical applications of current XCOM technology
still have several limitations. For instance, the large divergence angle
(near 2r) for the transmitter, called modulated X-ray source, cannot
support long distance communication because of the huge geometri-
cal attenuation. Furthermore, XCOM has high requirements for the
transmission power of hard X-ray sources as well as the sensitivity
and collection efficiency of X-ray detectors. The trajectory of X-ray
with energy over 10 keV is difficult to be changed because of its high
frequency. In this case, an effective X-ray collimating/focusing (C/F)

optical system can greatly reduce the divergence loss of X-ray in long-
distance transmission, increase the collection efficiency of the X-ray
detector, and realize effective communication in blackout area.

Many structures are proposed to reflect X-ray, such as poly-capillary
X-ray lens, lobster eye X-ray telescope, Wolter mirrors, and K-B micro-
focusing system. The nested Wolter soft X-ray telescope was built in
NASA’s NICER mission launched in 2017 [3,4]. The new Japanese X-
ray Astronomy satellite Hitomi (ASTRO-H) was launched on HII-A,
Japan’s primary large vehicle on February 17, 2016 [5-8]. A nested
conical focusing telescope with a single layer was designed for pulsar
signals in soft X-ray by Xi’an Institute of Optics and Precision Mechanics
of CAS [9]. The most recent large mission of the X-ray telescope is
the Athena telescope in Europe, which is scheduled to be launched in
2028 [10]. Coating on the substrate can improve the reflectivity of X-
ray and enlarge the critical grazing incidence angle. The supermirror
proposed by Mezei is a type of periodic multilayers used in neutron
optics, which was extended to the X-ray region by Joensen et al. later
in 1992 [11-13]. This scheme can improve the reflectivity of hard X-ray
significantly. Nesting several reflectors made by supermirrors is helpful
to reduce the volume and improve the area utilization in hard X-ray C/F
optical system [14]. However, the current X-ray telescopes are mainly
used for pulsar navigation and astronomical detection, which cannot be
directly used for XCOM because of the differences in energy range. In
this case, it is urgent to design a complete C/F optical system specially
designed for hard X-ray communication.
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This paper proposes the scheme of a hard X-ray collimating/focusing
optical system composed of nested confocal conical supermirrors. The
system is aimed to increase the reflectivity of hard X-ray, reduce
the divergence angle of X-ray, lower the power requirements of X-
ray sources, and enlarge the communication distance in hard X-ray
communication.

2. Theories and methods
2.1. Parameters of X-ray source

To communicate in entry blackout by using hard X-ray, the X-ray
source should emit pulsed X-ray photons with energy over 10 keV,
small divergence angle, and high intensity. Therefore, a W-target X-ray
source with a 50 kV tube voltage is used in this study, and it can emit
X-ray with energy range of 0-50 keV. The energy of X-ray generated
by the X-ray source used in this study is mainly concentrated in the
range of 0-30 keV, but X-ray with energy lower than 10 keV cannot
penetrate the plasma sheath effectively. Therefore, only X-ray in 10—
30 keV are considered in this study [15,16]. The energy spectrum and
the X-ray distribution curve flux of the X-ray source is shown in Fig. 1.
In the subsequent simulation, the “source radial” is used to simulate
the X-ray source. Through this type of source, the energy spectrum and
self-defined distribution curve flux of the X-ray source can be set, so
that the simulation results would be closer to the real situation.

2.2. Reflectance of multilayers

In X-ray region, the absorption of the interaction between X-ray and
matter cannot be ignored. Thus, the refractive index is expressed in
complex form as follows:

i=1—a—if, (€H)

where « represents the refraction characteristics of X-ray, and f is the
extinction coefficient, which represents the absorption characteristics
of photons. a and # in Eq. (1) should be given as

_ N ypr A%
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where N, is the Avogadro constant, r, represents the classical electron
radius, p is the material density, 4 is the wavelength of incident X-ray
photons, M is the molecular weight of elements, and f, and f, are the
scattering factors of elements respectively, which are given by Henke
tables.
The Fresnel reflection coefficient of a single-layer can be obtained
by solving the Fresnel equation with the reflection law and Snell’s
law [17]
cos —ii;cosd;

rj=————————=(s), @
cos® +ii;cosd;
fij cos —cos 0;

= fi; cos 6 +cos §; @ )

The reflectivity of multilayers is usually obtained by iteration: if
isotropic uniform layers with a thickness of d; and complex refractive
index of i; = 1 — a; — if; are coated on the substrate with complex
refractive index of 7y = 1 — ay — if,, the complex amplitude reflectance
can be given by Berning equation, when the monochromatic parallel
light with a wavelength of 4 incidents on the surface of the multilayers
at an angle of 0 [17]
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Fig. 1. (a) Energy spectrum of X-ray source with W-target under a 50 kV tube voltage.
X-ray with energy between 10 and 30 keV are used. (b) Intensity of X-ray at different
angles. More than 80% of the X-ray emitted by the X-ray source are concentrated
within 0.20 rad.

4rii;d;cos6;
5 = % )
where R; and R;_, are the total amplitude reflectance of the multilayers
after the jth and (j-1)th layers, respectively. The term of r; is the Fresnel
reflection coefficient of the jth layer material, and §; is the phase
difference.
Two roughness models are introduced to modify the Fresnel reflec-
tion coefficient [18,19].
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where r; is the modified Fresnel reflection coefficient, ryry is the
uncorrected Fresnel reflection coefficient, ¢ is the roughness coefficient
(6 = 0.5 nm in this paper), n, and n, are the refractive indices of the
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scattering W layer and the absorbing SiO, layer, respectively; 6; is the
grazing incidence angle of X-ray; and 6, and 6, are the refraction angles
of X-ray incident on the W and SiO, layers, respectively. By making up
these two roughness models, the calculated reflectivity is closer to the
actual situation.

The selection criteria of the materials are constrained by their
optical and physical-chemical properties. The best pairs of materials for
X-ray multilayers should display high optical contrast, minimal absorp-
tion, non-absorption-edge in the bandwidth of interest, and sharp inter-
faces with small roughness [20]. According to all these considerations,
the W/SiO,, pairs are chosen to be the materials of layers.

To increase the reflectivity, dozens or even hundreds of layers
with different materials and thicknesses should be coated on the sub-
strate [21]. Thompson sampling based on Beta distribution is proposed
to maximize the reflectivity in this study. Beta distribution refers to
a group of continuous probability distributions defined on the inter-
val [0,1] parameterized by two positive shape parameters, denoted by
a and b. The properties of beta distribution are as follows:

i. a/(a + b) is the mean value of sampling. The larger it is,
the closer the center of probability density distribution is to
1. Most of the random numbers generated by this probability
distribution are close to 1, otherwise they are close to 0.

ii. larger (a + b) leads to narrower distribution and higher con-
centration. Thus, the random number produced is closer to
the center position, which can be observed from the variance
formula.

With this property of Beta distribution, Thompson sampling will try
a variety of different schemes through a large number of samplings, and
evaluate these schemes through certain evaluation methods. The best
scheme is obtained by sampling, evaluating, and modifying the shape
parameters of each scheme.

2.3. Design of collimating/focusing optical system

The collimating/focusing optical system consists of many nested
supermirrors, called reflectors, in the shape of a cone with a common
focus, as shown in Fig. 2. Taking no account of imaging, the cone is
chosen to be the shape of reflector because of its simple manufacture
and high area utilization. The inner surface of the reflector contains
many layers, which forms the supermirror. The trajectory of X-ray
changes when it passes through the inner surface of the supermirrors
according to the Bragg diffraction law:

2dsinf = A, 10)

where d is the period thickness and 0 is the grazing incidence angle.

The axial projection length of the collimator is set as 50 mm to meet
the requirements of small volume and light weight. The divergence
angle of X-ray emitted from the X-ray source is 6, but the X-ray
collimator can only change the trajectory of X-ray within 6*, which
means the distance D from the middle point of the reflector to the X-ray
source affects the energy received by the collimator. The distance D is
set as 2000 mm in this paper.

The relationship between the entrance radius of the collimator and
the distance D can be written in the following form:

2Dk; 1

w= 1~ 5Lk an
i

where R;, is the entrance radius of the outermost layer of the reflector,
D is the distance from the point in the reflector to the X-ray source, L
is the axial projection length of the reflector, and k; is the slope of the
reflector.
The slope of each reflector and the inner radius of the entrance and
exit are given as
R - R,,;

1 i _
k,'= oul IL H’ll’ 12)
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1
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where the subscript i represents the ith reflector from the outside to
the inside; k; is the slope of the reflector; R,,_; and R;,_; represent
the inner radius of the X-ray exit and the entrance of the reflector,
respectively; L is the axial projection length of the reflector, and f is
the focal length.

Referring to mature experience [3-8], the focal length of the X-ray
concentrator F, is set as 8000 mm, the axial length of the reflector
is 300 mm, and the thickness of reflector is 0.3 mm. Under those
conditions, the slope of each reflector and the inner radius of the
entrance and exit are still given by Egs. (12), (13) and (14).

The optimal entrance radius of the X-ray concentrator is determined
by the effective collection area, which is the sum of the product of the
area of the projection circle of each layer of the reflector on the focal
plane and the reflectivity of the layer.

Considering the structural strength of the whole device, we set four
mutually perpendicular ribs in the C/F optical system. The outermost
and innermost ends of the four ribs installed in the collimator is 5 mm
and 1 mm wide, respectively. The outermost and innermost ends of
the four ribs installed in the concentrator is 10 mm and 1 mm wide,
respectively. Demonstration of the collimating/focusing optical system
is shown in Fig. 2.

2.4. Ray tracing method

After the structure of the C/F optical system is determined, settings
in the simulation need to be explained. In the whole simulation process,
all surfaces perpendicular to the axial direction of the X-ray source in
the C/F optical system are set as “absorption”, that means, the X-rays
will not be tracked after entering these planes. The inner surfaces of
all nested layers are set as both “reflection” and “scattering”, because
these inner surfaces are coated to change the X-ray transmission path.
The outer surface of the nested layers is set as “absorption”, which is to
reduce the influence of stray rays in the simulation process as well as
the required simulation time. Then some counting planes with different
areas are set up to count X-rays. The interaction process between X-ray
and collimator is shown in Fig. 3.

The complete process of ray tracing is:

i. Rays start at the source and transmit in vacuum;
ii. Rays hit a surface and change direction due to reflection or
refraction;
iii. When the rays do not encounter an object or a counting surface,
the ray tracing is over.

As Fig. 3 shows, the starting position (P,) with the coordinates (x,,
Vs, z,) of the X-ray beam is sampled uniformly in the source area.
According to the energy spectrum in Fig. 1(a), the energy (E,) of the
X-ray beam is sampled. The direction of the X-ray beam is expressed as
. We obtain %, by sampling two angle parameters 6, , and 6, according
to the X-ray distribution curve flux in Fig. 1(b):

i, = (cosB,,sinf,,sin6,,sin,,cos 6, 15)

Therefore, the ray trajectory equation is:

x—xszy—y5=z—zs (16)

cx uc,y uc,z

u

Then, the inner surface of the reflector labeled n in the collimator is
described as:
(z-z) VX*+y -R,;

F, SV, 2) = - 17
Cin(x Y Z) L Raut_i - Rin_i ( )
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Fig. 2. Structure diagram of the C/F optical system. Firstly, (a) different supermirrors are customized for X-ray with different wavelengths; and then the reflectors of (b) collimator
and (c) concentrator made by supermirrors are designed, respectively; finally, all these reflectors constitute (d) the complete C/F optical system.
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Fig. 3. Diagram of X-ray transmission in the collimator.

And its surface normal vector is:

(PP O RN 2 (Rours = Rin )
X 6x ay s 6z = s —2), L
z—2z,.) R, ; — R, ;)
% [ pc Lout_l in_i _ Rin_i]) (18)

Substitute Eq. (16) into Eq. (17) above, the coordinates of the

intersection can be written as C; (c,, cyl,czl), and Eq. (17) becomes:
F ,(x,y,2)
u 2 u, 2
(z—2z, [xs+ ;(Z—ZS)] + [ys+ u—(z—zs)] - R,
T L - : R R (19)

out_i in_i

It is important to note that if the X-ray beam collides with the
surfaces perpendicular to Z axis (marked as shadow in Fig. 3), it will be

discarded, which means only the X-ray beams which collide with the
inner surface of reflector will be considered.
Then the reflection vector 7, can be given as:

r. =u, —2n,sinf (20)

sinf =u, - n, 21)

where 6 is the angle between the incident vector and the reflector of
the collimator, that is the grazing incidence angle. The reflectivity of
X-rays in the collision is given in Fig. 4 with the method in Section 2.2.
After the X-ray beam collides with the inner surface of the collimator, it
will propagate along the direction of 7,. At this time, it is necessary to
calculate the intersection C, (c,,.¢,p.¢,;) between the outer surface of
the inner reflector of the collimator and r,. If ¢,, < L, which means the
X-ray beam collides with the outer surface of the inner reflector and is
absorbed, this X-ray beam will be discarded. Otherwise, the X-ray beam
will continue to propagate until the position of the concentrator.
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Fig. 4. Peak reflectivity of X-ray with different grazing angle.

Taking the reflection vector 7, as the incident vector u#, of the
concentrator, the trajectory and coordinates of the interaction between
X-ray and the concentrator are obtained in the same way like the
collimator. The coordinates, energy and other parameters of the X-ray
are recorded in the focal plane, so as to obtain the spatial distribution of
intensity. By using the ray tracing method to obtain trajectories of the
X-ray beam and determine whether it could reach the focal plane, the
flux of the beam at the entrance and the focal plane of the C/F optical
system will be obtained. The transmission efficiency is calculated by
the flux parameters [22]:

_

=7 (22)

n

where 7 is the transmission efficiency of the C/F optical system, I, is
the flux of the focal plane, and I is the flux of X-ray source.

3. Results and discussion
3.1. Peak reflectivity at different incident angles

The specific thickness of each layer can be determined quickly by
Thompson sampling. In this method, the reflectivity of each reflector
reaches the maximum, and the full width at half maximum (FWHM) of
the reflectivity curve is broadened, which makes up for the performance
degradation of X-ray off-axis incidence.

For reflectors with different slopes, their multilayers and reflectivity
are different. When the incident angle of X-ray photons 0 is larger
than 19.6 mrad, coating even hundreds of layers can hardly make the
reflectivity over 10%. Therefore, the multilayers are no longer designed
when 6 > 19.6 mrad. The maximum reflectivity at different grazing
angles is shown in Fig. 4.

With those steps above, W and SiO,, layers are alternately sputtered
on the substrate according to the optimization results of Thompson
sampling. These reflectors are mounted as a confocal nested cone struc-
ture, and finally form a complete X-ray collimating/focusing optical
system.

3.2. Performance of collimator

The length of the collimator is set as L, = 50 mm and the focal
length of the collimator is set as F, = 2000 mm. The area utilization,
which refers to the ratio of the effective collection area to the maximum
cross-sectional area in the space occupied by the collimator, reaches

Nuclear Inst. and Methods in Physics Research, A 1016 (2021) 165776

Table 1

Parameters of collimator.
Parameter Value Unit
Maximum grazing angle 19.6 mrad
Maximum outer radius 79.3 mm
L. 50 mm
F, 2000 mm
Layers 113 -

Table 2

Parameters of concentrator.
Parameter Value Unit
L, 300 mm
F, 8000 mm
Layers 158 -
Maximum radius 316.2 mm
Maximum grazing angle 19.55 mrad
Occupied area 3.141 x 10° mm?
Effective collection area 9.946 x 10* mm?

24.36% when the distance between the X-ray collimator and the X-ray
source is 1975 mm. The inner diameter of the entrance of the outermost
reflector is 78.0 mm, which is determined by the chosen focal length.
With the inner radius of the entrance and the focal length, the other
parameters are calculated by Egs. (12), (13), and (14). Table 1 shows
the geometric parameters of the collimator.

After the X-ray source is collimated by the collimator, there is
0.872% of the total X-ray energy being projected on a plane of a circle
with a radius of about 317 mm at 100 km away from the source. This
value remains 0.0802% 1000 km away in the same case. The collimator
imaging results at 100 and 1000 km obtained by ray tracing method in
Section 2.4 are shown in Fig. 5 when the transmitting power of the
X-ray source is 100 W. X-ray maintains a relatively complete spatial
distribution on the incident surface of the focusing device at 100 km
in Fig. 5(a). The low counting area caused by the ribs can be observed.
The intensity distribution of X-ray is concentrated with the peak width
of about 150 mm. As the distance increases to 1000 km, the spatial
distribution of X-ray in Fig. 5(b) is no longer complete. The low count
area caused by ribs cannot be distinguished. The peak width enlarges
to about 1000 mm.

3.3. Performance of the collimating/focusing optical system

Under the set conditions of the focal length F, = 8000 mm and
the axial length of mirrors L, = 300 mm, the entrance radius of the
concentrator can be obtained based on the total effective collection
area. The optimum entrance radius is 316.2 mm because the total
effective collection area will not increase anymore above that value.
With the entrance radius of the focusing device and the focal length
and the axial length of reflectors, the parameters of the concentrator
are calculated by Eq. (11) and shown in Table 2.

After all those steps, under the condition of the X-ray source used
in this paper, the output of the collimator is set as the input of the
concentrator.

The energy of X-ray deposited in the focal plane of the concentrator
is counted by ray tracing method in Section 2.4. The energy deposited
on the square detection area with a side length of 60 mm in the focal
plane accounts for 0.274% of the total emission at 100 km. This number
still remains 0.024% at 1000 km. The concentrator imaging results at
100 and 1000 km obtained by ray tracing method in Section 2.4 are
shown in Fig. 6 when the transmitting power of the X-ray source is
100 W. As shown in Fig. 6(a), a very sharp counting peak appears on
the counting area with a side length of 634 mm. When the side length
is reduced to 60 mm in Fig. 6(b), the X-ray presents an ideal counting
peak, and the low counting region formed by the ribs is also clearly
visible. Moreover, the FWHM is 13.0 mm. With the distance increasing
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to 1000 km in Fig. 6(c), the counting peak is not as sharp as before.
It can be seen the low counting area formed by ribs is becoming fuzzy
and the peak is dispersed in the whole detection area in Fig. 6(d).

As shown in Fig. 7, the irradiance at the receiving terminal de-
creases continuously with the transmission distance increasing from 1
to 1000 km, but the curve still maintains an obvious peak shape. For
the X-ray C/F optical system designed in this scheme, it is basically
sufficient for the detection area of 60 mm in diameter to collect most
X-ray within 1000 km distance.

Besides, the collection efficiency is essential to evaluate the C/F
optical system. This value is the ratio of the received X-rays to the
X-rays emitted by the source which is calculated by Eq. (22). Fig. 8
shows the collection efficiency at different transmission distances. The
efficiency is fairly low without the collimating/focusing optical system,
and it reduces to 1.8x107% at 1 km. With the help of the concentrator
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at (a) 100 km and (b) 1000 km.

only, the collection efficiency is slightly improved. While the efficiency
is increased by more than three orders of magnitude with the collimator
only. Coupling both collimator and concentrator, the efficiency is fur-
ther improved, especially in long transmission distances such as 1000
km. The collimating is the premise of the focusing, and the effect of the
focusing becomes more significant with the increase in transmission
distance. In addition, the collection efficiency with the collimator is
slightly higher than that with both collimator and concentrator at 1 km.
This is because that the area of light beam is less than the counting area
so that a part of the X-ray is sheltered by the concentrator. We can draw
the conclusion that the collimating/focusing optical system effectively
expands the transmission distance of the X-ray emitted from the X-ray
source.
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Fig. 6. Imaging results of the concentrator which take (a) 634 mm and (b) 60 mm as the side length at 100 km, respectively; and the imaging results of the concentrator which

take (c) 634 mm and (d) 60 mm as the side length at 1000 km, respectively.
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Fig. 7. Irradiance curves of the concentrator at different distances. The detection area
is a square with a side length of 60 mm in the focal plane.
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Fig. 8. Relationship between collection efficiency and transmission distance.

3.4. Communication performance

The modulated X-ray emitted by the X-ray source is reflected by
the collimator and concentrator successively, and then captured by
the CdZnTe (CZT) detector, which generates voltage pulses. After the
pulse signal is demodulated, the required information is obtained. This
is the complete information transmission process. For the XCOM, X-
ray signal is usually modulated by intensity or amplitude, and signal
recovery usually adopts envelope detection, which belongs to incoher-
ent detection. Generally, the signal to noise ratio (SNR) is calculated
from dark current noise, background noise, thermal noise according to
Eq. (23) and the variance is 62, ”gg and o?,, respectively [23]. The dark
current of the CZT detector used is 10 nA, the equivalent impedance of
electronic circuit is 1000 Q, and the background noise flow is set as
1 counts/s/keV/m?. The bit-error-rates (BER) is calculated by Eq. (24)
according to the Refs. [24,25].

14 p 2
G B

(O’Zg + O’j + 612h> @

SNR = 10logy, Ri
im
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Fig. 9. Changes of (a) SNR and (b) BER with transmission distance.
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As shown in Fig. 9(a), the SNR decreases rapidly with the increase
of transmission distance without the C/F optical system. In contrast,
the SNR with the C/F optical system reaches 71.78 dB at 100 km, and
it remains 50.08 dB at 1000 km, when the transmitting power of the
X-ray source is 100 W. As shown in Fig. 9(b), the BER increases as the
transmission distance increases. For the designed collimating/focusing
optical system, the BER of hard X-ray communication is as low as
8.57x10~2 when the transmission distance is 100 km and the power of
X-ray source is 100 W. The BER is still less than 1.97x10~% when the
distance reaches 1000 km. In the same case, the BER reaches 5.00x10~¢
0.1 km away from the X-ray source without the C/F optical system.
Therefore, the communication distance with the C/F optical system
proposed is greatly extended by at least four orders of magnitude
compared with that without the optical system at the same bit error
rate.
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4. Conclusion

A complete collimating/focusing optical system for hard X-ray in
10-30 keV is designed in this paper. The collimator has 113 nested re-
flectors, the maximum diameter of the collimator entrance is 158.5 mm,
and the effective collection area is 4.169 x 10> mm?2. The concentrator
has 158 nested reflectors, the maximum diameter of the entrance is
632.4 mm, and the effective collection area is 9.946 x 10* mm?2. The
maximum grazing angle of both collimator and concentrator is 19.6
mrad.

The transmission characteristics of the designed C/F optical system
is studied with the ray tracing method. With the X-ray C/F optical sys-
tem participating in X-ray transmission, the collimator projects 0.872%
of the energy emitted by the X-ray source, the X-ray concentrator
collects 31.45% of them, and 0.274% of the total X-ray energy emitted
is deposited on the square detection area with side length of 60 mm at
100 km. Moreover, for the 1000 km distance, they are 0.0802%, 24.4%,
and 0.0196%, respectively. The collimating/focusing optical system
effectively expands the transmission distance of the X-ray emitted from
the X-ray source.

By introducing the C/F optical system into the hard X-ray commu-
nication, the SNR reaches 71.8 dB at 100 km and 50.1 dB at 1000
km, respectively, when the transmitting power of X-ray is 100 W.
The communication distance with the C/F optical system proposed
is greatly extended by at least four orders of magnitude compared
with that without the optical system at the same bit error rate. This
work provides some theoretical and actual values for improving the
practical application of X-ray communication in entry blackout and
space exploration.
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