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Abstract: A new generation of nano-technologies is expanding solid propulsion capabilities and increasing their
relevance for versatile and manoeuvrable micro-satellites with safe high-performance propulsion. We propose the
innovative concept, connected with application of new synergistic effect of the energetic materials performance
enhancement and reaction zones programming for the next generation small satellite multimode solid propulsion
system. The main idea of suggested concept is manipulating by the self-organized wave patterns excitation
phenomenon, by the properties of the energetic materials reaction zones and by localization of the energy release
areas. This synergistic effect can be provided through application of the functionalized carbon-based nanostructured
metamaterials as a nano-additives along with simultaneous manipulating by their properties through the electrostatic
field. Mentioned effect will be controlled through predictive programming both by the spatial structure and physics-
chemical properties of the functionalized carbon-based nano-additives and through the electromagnetic control of the
self-organized wave pattern excitation and micro- and nano- scale oscillatory networks in the energetic material
reaction zones. Suggested new concept makes it possible to increase the energetic material regression rate and
increase the thrust of the solid propulsion system with minimal additional energy consumption.
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Introduction

There is growing demand for in-space propulsion systems with extreme and precise thrust control that
enable small satellites to achieve attitude and orbit control, orbital transfers, and end-of-life deorbiting. Next
generation of the smart solid propulsion systems (SPS) while providing propulsion capability for small upper
stages, also can be used for orbital maneuvers, attitude control, station keeping, constellation management,
decommission and deorbit with very precise and predictable delivered impulse. SPS continue to be a

reliable way to provide thrust and are used in almost every Earth-to-orbit launch capability.
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A new generation of nano-technologies is expanding solid propulsion capabilities and increasing their
relevance for versatile and maneuverable micro-satellites with safe high-performance propulsion.
The micro- and nano- scale oscillatory networks arising in the solid propellant reaction zones has a
significant influence on physical and chemical processes and on controllability of ignition and combustion
processes.
The analysis of experimental data shows that the macro-scale phenomena at the energetic materials (EM)
combustion are result of self-organizing and self-synchronization of the micro- and nano- scale oscillatory
networks in the EM reaction zones. Programming by self-organized wave patterns excitation is one of the
keys to access to the properties of the EM reaction zones. Behind excitation of the micro- and nano- scale
oscillatory networks and wave patterns exists the universal Cytmatics phenomenon, [1].
A number of the experimental researches shows that functionalized carbon-based nanostructures provide a
significant effect on thermal decomposition, ignition, combustion and reactivity properties of the EM and
solid propellants, [2-5]. In particular, inserting of the detonation nano-diamonds into the solid propellant
composition changes the thermal decomposition process and leads to increase of the burning rate, [6, 7].
It has been shown that use of functionalized carbon-based nanostructures in the EM would greatly improve
their combustion performances, thermal stability and sensitivity, [3-5]. Extensive investigations were and are
conducted regarding the design, synthesis, characterization and application of functionalized carbon-based
nanostructures in the EM. Use of various functionalized carbon-based nanostructured metamaterials as a
nano-additives in the EM is extremely promising, opens possibilities solve numerous problems in this field
and having extremely capabilities in the nearest future.
In this connection, manipulating by the special structure and physics-chemical properties of the carbon-
based nanostructured additives opens the new possibilities for enhancement of the solid propellants and
EM performances.
We suggest the innovative concept, connected with application of new synergistic effect of the EM
performance enhancement and reaction zones programming for the next generation small satellite
multimode SPS. In such kind of multimode SPS the one propulsion system with one propellant can operates
in the chemical mode with high thrust, or can operate in an electric mode, in which a very fast electric pulse
ablates the surface off of the material, and provides very high performance, such as the ablative pulsed
plasma thruster.
The main idea of suggested concept is manipulating by the self-organized wave patterns excitation
phenomenon, by the properties of the EM reaction zones and by localization of the energy release areas.
This synergistic effect can be provided through application of the functionalized carbon-based
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nanostructured metamaterials as a nano-additives along with simultaneous manipulating by their properties
through the electrostatic field. Mentioned effect will be controlled through predictive programming both by
the spatial structure and physics-chemical properties of the functionalized carbon-based nanostructured
metamaterial and through the electromagnetic control of the self-organized wave pattern excitation and
micro- and nano- scale oscillatory networks in the EM reaction zones.

The properties of the carbon-based nanostructured metamaterials essentially depend on their spatial
structure. Differently hybridized carbon atoms are capable to form diamond, graphite, linear-chain grids and
many other specific allotropes. Each carbon allotrope has notably different electronic and mechanical
properties. Carbon allotropes can function either as a conductor, in sp-1 chains, carbynes, and sp-2 planar
structures, graphene and graphite, or as a wide-gap insulator in sp-3 tethrahedral coordination - e.g.,
diamond and alkanes. The first two have the potential to form bonds that are electrically conducting, while
sp-3 has insulating properties. For instance, carbon nanotube demonstrates remarkable electrical
conductivity and anisotropic electromagnetic characteristics, [8] that represent a great potential for different

practical applications.

Predictive Functionalization of the Carbon-Based Nanostructured Metamaterials

Let's consider the new technological possibilities for functionalization of the carbon-based nanostructured
metamaterials for application as nano-additives in the EM and solid propellants.

Sp-hybridized carbon atoms chains or carbon atomic wires (CAWSs), called also as carbyne, represent the
ultimate and lightweight one-dimensional (1D) system with exceptional physics-chemical properties.
Carbyne properties can be manipulated through the chain length, doping by nano-clusters, and by type of
the chain termination. However, the growth of the macroscopic crystals of the carbyne (CAWSs) is inhibited
by the instability and high reactivity of this allotropic form of carbon. For practical use of carbine-like
nanostructured metamaterials, the ability to ensure high stability of this nanomaterial is of key importance.
Nanostructures stability depends from the linear carbon chains length. Free CAWSs of any length must be
terminated by molecular complexes to ensure their stability. Number of experiments show the sp1-bonds
and sp-hybridized carbon nanostructures are formed only in a narrow range of optimal grows parameters.

In 2016, a fundamentally new strategy was proposed and demonstrated to ensure the stability of the
structure of the extremely long sp1 hybridized carbon chains containing more than 6000 carbon atoms
through growing within the long nano-matrices formed by the double-walled carbon nanotubes, [9]. The thin

double-walled carbon nanotubes surround the 1D carbyne molecule and protect it from inevitable
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disintegration. This result showed the fundamental possibility of using the control of the nano-matrix
structure for programming the stability of the carbon chains.

The strategy, connected with the growth of the sp-hybridized carbon nanostructures in the composition of
multi-cavity nano-matrices seems to be the most promising way for the creation of the advanced carbon-
based nanostructured metamaterials.

Relatively recently, a method was found to compensate for the above disadvantages by using the
technology of ion-plasma growing of stable carbine-like nanostructures in the composition of multi-cavity
nano- matrixes, [10]. Such nano-sized carbon structures obtained the name as two-dimensionally ordered
linear-chain carbon, which is a two-dimensionally packed hexagonal array of carbon chains held by van der
Waals forces at a distance of about 5 angstroms.

As a functionalized carbon-based nano-additives for EM and solid propellants we propose to consider the
two-dimensionally ordered linear chain carbon nano-matrix. Mentioned nano-matrix also can be represented
as a nano-matrix of the CAWs, containing sp1-hybridized bonds or carbyne-like nano-matrix.

The ordered array of the one-dimensional CAWs are oriented perpendicular to the substrate surface and
are densely packed parallel to one another in hexagonal structures with the interchain spacing
approximately being between 4.8 - 5.03 A. Therefore, the CAWSs very weakly interacting with each other
(due to Van der Waals interaction). Van der Waals is a weak force that allows neutral molecules to attract
one another through randomly fluctuating dipoles, depending on distance.

The vibration of a carbon chains inside the multi-cavity nano-matrix occurs due to the van der Waals
interactions between them.

Such kind of nano-matrix represent a multi-cavity nanostructure, containing a vacant functional
nanocavities, available for assembling by atom clusters of other chemical elements, and in particular, the
specific catalytic agents. The two-dimensionally ordered linear chain carbon nano-matrix could serve as an
efficient basis for designing and the growth of the new carbon-based nanostructured metamaterials with
unique electrophysical, optical, structural, topographic, biological and chemical properties. The cluster-
assembling of the spatial structure of two-dimensionally ordered linear-chain carbon nano-matrix with
various specific catalytic agents and chemical elements fundamentally change the properties of the source
nano-matrix. The spatial structure of such kind of nano-matrix can also self-adjusts to the structure of the
embedded atom clusters. Geometric characteristics of the two-dimensionally ordered linear-chain carbon

nano-matrix is presented on Figure 1.
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Figure 1. Geometric characteristics of the two-dimensionally ordered linear-chain carbon nano-matrix cell
with the vacant functional nanocavity, available for the atomic nano-clusters assembling.

For instance, assembling the two-dimensionally ordered linear-chain carbon nano-matrix with calcium
clusters, which suck up hydrogen molecules, creates a high-density, reversible hydrogen storage device.

This nano-matrix also can be considered as both acoustic and electromagnetic sensitive nanostructured
metamaterial. The metamaterials derive their unique properties not from the properties of the base
materials, but from their newly designed structures. The metamaterials are usually arranged as a repeated
pattern, at a scale that are smaller than the wavelengths of the phenomena they influence. Metamaterials
present exceptional properties, dominated by their geometrical structure. The precise shape, geometry,
size, orientation and arrangement of the metamaterials gives them a number of smart properties capable of
manipulating both acoustic and electromagnetic waves to achieve benefits that go beyond what is possible

at using of the conventional nanomaterials.
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Pulse-Plasma Experimental Set-Up
The experimental set-up for ion-assisted pulse-plasma deposition of the two-dimensionally ordered linear-
chain carbon nano-matrix with capability of cluster-assembling by various specific catalytic agents and

chemical elements are presented at the Figure 2.
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Figure 2. Schematic representation of the carbon pulse-plasma deposition reactor for growing of the
carbyne-based nanostructures: 1 - vacuum chamber; 2 - substrate; 3 - pulse-plasma carbon generator
(graphite cylindrical cathode of main discharge); 4 - the ion source for ionic stimulation; 5 - target assembly
with removable target material; 6 - vacuum sensor.

The ion beam irradiation of the substrate surface forms bends in the attached carbon chains which stabilize
the growing chain ensemble. The ion and plasma beams intersect at the substrate surface. The evaporation
of the carbon plasma sheaf from the graphite cathode of main discharge 3 is caused by local heating of the
graphite surface by electron bombardment to T=3000°C. The chains of carbon atoms, C, (where n =1, 2, 3,
...), formed in the plasma sheaf are directed by electrodes to impinge upon the surface of the substrate

where the polycondensation of the carbon chains takes place. The schematic representation of the pulse-
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plasma carbon generator that installed in the reactor of the experimental set-up (Figure 2) are presented at

the Figure 3.
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Figure 3. Schematic representation of the pulse-plasma carbon generator that installed in the reactor of the
experimental set-up (Fig. 1): 1 — a cylindrical cathode of main discharge (evaporated material, high purity
graphite); 2 — anode of the main discharge; 3 - a solenoid final focusing system with plasma neutralization;
4 - second anode of auxiliary discharge; 5 - ignition electrode; 6 — cathode of auxiliary discharge; 7 -
dielectric insulator; 8 - substrate holder.

An arc discharge is ignited between the cathode of main discharge 1 and anode of main discharge 2 (which
are preferably separated by a voltage of about 200 V) by means of auxiliary discharge between the cathode
of auxiliary discharge 6 and the cathode of main discharge 1 and the anode of auxiliary discharge 4
surrounding the cathode of main discharge 1. The auxiliary discharge is ignited by means of ignition
electrode 5. The design of the cathode (item 1 in Fig. 3) depends from the purposes of deposition and can
be manufactured as a composite structure, containing cylindrical rods from different materials, for instance,
silver, tungsten, gold etc. The example of design of a cylindrical cathode of main discharge is presented on
Figure 4.
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Figure 4. The example of design of a cylindrical cathode of main discharge, containing cylindrical rods from
different materials, for instance, silver, tungsten, gold etc. This is item 1 n Figure 3, [11].

The capacitors C1 and C2 are connected to a power supply unit with varied voltage (100-300 V). The
ignition electrodes are supplied by the pulsed voltage with an amplitude of 800 V. The inductance L are
used for reduce the current growth rate to a required value. The growth of the carbon nano-matrix is
enhanced by irradiation with Ar ions. The flux of Ar ions is formed by a low-pressure ion source, installed in
a separate section of the deposition reactor chamber, (Fig. 2).

The energy of ions bombarding the substrate surface depends on the substrate bias voltage, being varied in
the range 0-300 eV by both the carbon plasma parameters and the ion source extractor voltage, depending
on the parameters of the plasma assisted deposition. The nano-matrix can be deposited onto Si wafer,
metals, and NaCl single crystals at an ion energy of 150 eV. Before deposition, the reactor chamber was
pumped down to the residual pressure of 104 Pa. The operating pressure during the deposition is 10+ Pa.
The structure of bonds in the grown carbon nano-matrixes can be programmed by the processes of self-
organization and auto-synchronization of the growing nanostructures.

Existence of electrical conductivity anisotropy of the two-dimensionally ordered linear-chain carbon nano-
matrix opens possibility for control of the nano-additives spatial orientation and properties in the reaction
zone through the external electromagnetic fields. In this connection, we can use additional possibility for
control by heat transfer into the EM through application of the manipulated electrostatic field and, hence,

control the EM regression rate.
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The Electrostatic Field Effects

The electrostatic field powers up the reaction rate and can deform the combustion front, change the
mechanism of phase transformations, and change the flame temperature. The electrostatic field can act
both as a catalyst and a combustion inhibitor, depending on its configuration and location, [12-14].

For demonstration the fundamental principle of the electrostatic field influence on the combustion process,
that we propose to use in conjunction with programming the spatial structure and physics-chemical
properties of the functionalized carbon-based nano-additives, we will consider a specific example for the
hybrid propulsion system, [12-14]. The electrostatic field generation system for study of influence of the
electrostatic field on the combustion process in the hybrid propulsion system is presented in Figure 5, [12-
14].

high voltage
source

ignition

pre-chamber solid block afterburner nozzle

Figure 5. The electrostatic field generation system for study of influence of the electrostatic field on the
combustion process in the hybrid propulsion system, [12-14].

The electrostatic field is created between two electrodes: the first electrode is located along the engine axis,
and the second - outside of the fuel grain. The configuration of the used electrodes provides conditions in
which the charged particles flow near to the burning surface thus increasing the heat flow into the burning
surface and, as a consequence, the burning rate. Investigation of the effect of the electrostatic field on the
thrust in the hybrid rocket motor for the fuel vapor polymethylmethacrylate (PMMA) - gaseous oxygen is
presented on Figure 6, [12-14].
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Figure 6. Time dependence of thrust at an oxidizer flux density of 23 kg/m2s (for polymethylmethacrylate
(PMMA) grain), [12-14].

Investigation of the effect of an electrostatic field on the thrust in a hybrid rocket motor for a polyamide 6 -

oxygen gas fuel pair is presented on Figure 7, [12-14].
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Figure 7. Time dependence of thrust at an oxidizer flux density of 61 kg/m?s (polyamide 6), [12-14].

We can observe, that the engine thrust increases in all ranges of oxidant flow rates in the presence of an
electrostatic field. On the Figure 8 presented example of the electrostatic field influence on the self-
organized wave patterns formation on the surface of polyamide-based fuel grain in hybrid rocket motor.
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Figure 8. Self-organized wave patterns observed on the surface of polyamide-based fuel grain in hybrid
rocket motor at the oxidizer (O2) mass flux rate 61 kg/m2sec (a polyamide 6 plastic fuel) without and with
influence of the electrostatic field, [12-14].

Synergistic Effect in the Energetic Material Reaction Zones
The micro- and nano- scale structures of the EM reaction zones can be classified as the synergetic objects.
In the EM reaction zones exists necessary conditions for realization of the phenomenon of self-
synchronization. First of all this is a set of similar micro- and nano- scale oscillatory structures, which have
an identical information-algorithmic condition and being in the conditions supposing fast information
exchange between them. Fluctuating micro- and nano- scale structures also are generators of the acoustic
waves and electro-magnetic radiation. Synchronization of a large number of oscillators is a well-known form
of collective behavior. These phenomena are universal. Oscillators with similar frequencies can obviously
synchronize when phase-minimizing coupling acts between them.
At joint using of the functionalized carbon-based nano-additives with modified structure under the influence
of electrostatic field, we can observe the synergistic effects in the EM reaction zones, that can be used for
enhancement of the EM performances. Simultaneous interaction of these two factors in the reactionary
zones will intensify self-synchronization phenomenon.
The two-dimensionally ordered linear chain carbon nano-matrix also can be considered as both acoustic
and electromagnetic sensitive nanostructured metamaterial. Carbon-based nano-additives in the EM
11
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reaction zones can be oriented and distributed along the lines of force of the electric field.

The new fundamental possibilities for predictive programming both by the spatial structure and physics-
chemical properties of the functionalized carbon-based nano-additives is connected with application of the
data-driven carbon nanostructures genome approach. In accordance with the data-driven carbon
nanostructures genome approach, for every specific carbon nanostructured metamaterial, there is a specific
set of universal relationships like as: "Growth Regimes - Structure - Properties", that allows one to
unambiguously predict the main characteristics of the nanostructures under design and the technological
regimes required for their predictive growth.

Data-driven genome approach opens new possibilities for programming of the spatially controlled growth,
structural self-organizing and cluster-assembling of the two-dimensionally ordered linear chain carbon nano-

matrix during the ion-assisted pulse-plasma deposition.

Conclusion

A novel concept and technologies for the EM performance enhancement by application of the new
synergistic effect has proposed. Manipulating by the self-organized wave patterns excitation, by the
properties of the EM reaction zones and by localization of the energy release areas can be provided
through application of the functionalized carbon-based nanostructured metamaterials as a nano-additives
along with simultaneous manipulating by their properties through the electrostatic field. At joint using of the
functionalized carbon-based nano-additives with programmable structure under the influence of electrostatic
field, we can observe the synergistic effects, that can be used for enhancement of the EM performances.
Suggested concept for manipulating by self-organized wave patterns and by oscillatory networks of the
micro- and nano-scale structures in the EM reaction zones is opening the door for completely new ways for
producing extremely small thrust impulses for the extra-precise attitude control for the deep-space-capable

small satellites.
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