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The objective of this article was to investigate the dynamic evolution behaviors of plasma expan-
sion plumes by pulses laser irradiating centimeter-scale spherical space debris. A calculated model
of centimeter-scale spherical space debris irradiated by pulses laser was firstly deduced based on
FEM (finite element method)/COMSOL, and the action rules of plasma expansion plumes by puls-
es laser-generated irradiating the debris were simulated for different laser powers and action times.
The results showed that the velocity of plasma expansion plumes was increased with the increase
of laser powers and action times. Especially, when the laser power was 700 kW and the action time
was close to 25 ps, the maximum velocity of plasma expansion plumes approached 1.91 km/s, and
the diffusion radius of plasma expansion plumes was increased by about 2.5 mm. Further, the dif-
fusion radius was about twice that of 400 kW when the action time reached about 48 ps. As a result,
by simulating the transient flow process of nanosecond pulses laser irradiating small spherical
space debris, the flow field evolution information and plasma plumes evolution characteristics of
centimeter-scale space debris at nanosecond time resolution were revealed.
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1. Introduction

At present, there are thousands of satellites in orbit. However, most of these satellites
operate in a dense area of space debris, and the risk of collision with space debris is
very high [1,2]. For instance, a piece of space debris knocked out a visible hole in the
international space station’s (ISS) robotic arm, and damaged the thermal-protective
coating and arm lever. There are 34000 visible impact craters on the long duration
exposed facility (LDEF) of NASA. Figure 1 showed the real scene of impact cases
for ISS and LDEF [3,4]. Therefore, the effective management of space debris is an
important issue that must be resolved as soon as possible.

Generally, centimeter-scale space debris is classified as small debris materials. Rel-
evant studies show that active removal of centimeter-scale space debris is one of the
most promising methods by pulse laser irradiation [5,6]. Laser removal of centimeter
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Fig. 1. The impact cases of ISS and LDEF.

-scale space debris is affected by many factors including laser parameters, physical pa-
rameters and geometric parameters of different materials, efc. PHipps found that action
rules of impulse coupling coefficient of planar space debris are joined with laser power
density by pulse laser irradiation [7]. SHEN et al. carried out experimental research on
laser ablation expansion plume for typical materials of space debris [8]. TRAN et al.
analyzed the impulse and mass removal rate of aluminum space debris by nanosecond
laser ablation in a wide range of ambient pressure [9]. CICHOCKI et al. investigated the
interaction between a spacecraft, a plasma thruster plume and a free floating object,
in the context of an active space debris removal mission based on the ion beam shep-
herd concept [10]. CHEN et al. discussed the influence of different geometry shapes of
space debris for laser impulse, and presented a new method for calculating the impulse
magnitude and direction for the irregular debris [11]. LAPUSHKINA et al. described the
interaction of a plane shock wave with an area of ionization instability of discharge
plasma in air, and demonstrated the flow modes with the disappearance of the shock
wave front caused by the origin of a structure with cellular order of shear layer insta-
bilities [12]. ZHOU et al. investigated an ablation impulse irradiated by nanosecond la-
ser with aluminum planar and sphere space debris in a large beam spot [13]. Moreover,
the authors are also carrying out the flow field properties and active deorbit process
of different debris materials irradiated by high energy pulses laser [14,15]. Generally,
scholars at home and abroad are actively carrying out theoretical and experimental re-
search on laser irradiation of space debris.

Space debris belongs to hypervelocity non-cooperative moving target, and it is dif-
ficult to accurately understand the characteristics of plasma expansion plumes irradi-
ated by high-energy pulsed laser through experiments. In order to systematically grasp
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the dynamic behaviors of the plasma expansion plumes when pulses laser irradiates
the debris, the dynamic evolution mechanism of pulses laser irradiating the debris still
needs to be further studied. Hence, the main aim of this article is to investigate the ac-
tion rules of plasma expansion plumes by numerical simulations, and reveal the for-
mation characteristics of recoil impulse and the flow fields of plasma expansion
plumes through pulses laser-generated irradiating centimeter-scale spherical space de-
bris. The research results will provide an important theoretical reference for the engi-
neering application of space debris removal.

2. Analysis of model

The main components of space debris include aluminum/aluminum alloy, composite
materials, stainless steel, titanium alloy and copper, among which the proportion of
aluminum/aluminum alloy is more than 44%. The main geometric shapes of space de-
bris are plate, block, rod and sheet, but most of them are irregular. In this article, the
sphere debris of aluminum alloy material will be selected to establish the dynamic mod-
el irradiated by pulses laser. When the pulses laser irradiates the debris surface, vapor-
ization and ionization occur in the irradiation zone of debris surface. Finally, the high
temperature and high pressure plasma and gaseous matter are splashed to form the
plasma expansion plumes, and the action process of laser irradiation is given, as shown
in Fig. 2.
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Plasma expansion plumes

Fig. 2. The action process by laser irradiation.

When the laser power reaches a certain threshold, the surface of the debris begins
to be vaporized, and the initial condition is given as follows:

T=T,, P=P, n,=0, v=0 (1)

where 7, denotes the initial ambient temperature, P, denotes the initial ambient pres-
sure, n, denotes the vapour density, and v denotes the initial velocity.

Further, the debris material is ionized to form a high temperature and high pressure
plasma expansion plumes when the pulse laser energy is close to 10° kW/cm? for the
aluminum alloy, and the corresponding expression is given as follows [16]:
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where p; denotes the liquid material density of the debris, C denotes the specific heat
of the debris, k, denotes the heat conductivity coefficient of the debris, 7 denotes the
laser pulse width, and Q denotes the laser energy emitted by the laser.

Then, the initial condition can be given when the laser shot is in the z-direction:

T(z, 1) =T(t) 3)

The corresponding boundary condition is also expressed as
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where 0, is the laser energy incident on the debris surface, z is the distance from the
incident laser direction to the debris surface, L, is the latent heat of fusion of the debris,
L, is the latent heat of vaporization of the debris, u,, is the melting rate of the surface
material of the debris, u(#) is the vaporization rate of the surface material of the debris,
and / is the thickness of the debris.

Considering the plasma as a fluid and ignoring viscosity and heat conduction, the
governing equation describing the expansion motion of the vapor plasma on the debris
surface is simplified as [17]
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where E represents the internal energy per unit volume, /(z) represents the power den-
sity along the laser incident direction, P, represents the plasma pressure, and v, rep-
resents the velocity of the plasma splashing direction.

In the process of plasma ejection, the interaction between the plasma plumes and
the debris will make the debris gain a certain speed. However, the debris velocity is
mainly related to the action efficiency of the debris irradiated by pulses laser, that is,
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the impulse coupling coefficient. For the debris of aluminum material, the expression
of impulse coupling coefficient can be simplified as [18]:

C. = 556(Iis7) " (6)

where 4 denotes the laser wavelength, and C, denotes the impulse coupling coefficient.

By analyzing the interaction process between pulses laser and different materials,
the laser energy density and pulse width meet the approximate relationship based on
the optimal impulse coupling condition [5, 14].

@y~ BJT (7)

where &, denotes the optimal density of laser energy, B is suitable for laser pulse
widths ranging from 100 ps to 1 ms under vacuum conditions, and B = 8.5 x 10% J/m?.

Further, after the pulse width is given, the optimal power density can be obtained
according to Eq. (7):

Iy ~ 85x10%¢70% (8)

where [, denotes the optimal power density of incident laser.

When strong laser pulses are irradiating the debris, the dynamic mechanism plays
a decisive role in the coupling performance between laser and debris, and the dynamic
equation of impulse transfer is expressed as follows [19]:

mAv=nC,IkJ 9

where Av is the velocity increment obtained by the debris, £ is the irradiation direction
of incident laser, J is the second-order area matrix of the debris, and # is the efficiency
factor.

Assuming the laser spot is completely irradiated on the debris surface, and all the
laser energy is absorbed, the velocity increment of the debris can be obtained as follows:

nC,1kJ
Ay = ——— (10)

m

As a result, the corresponding dynamic model irradiated by pulses laser is estab-
lished by combining Egs. (6) and (8) to Eq. (10). Especially, the efficiency factor is
equal to 1 in the process of numerical simulations.

Based on the above analysis, the following step will investigate the dynamic evo-
lution behaviors of plasma expansion plumes by numerical simulations. In the process
of numerical calculations, the laser action times refer to the time that the pulsed laser
irradiates the debris, and includes the time of pulse interval. Relevant theoretical stud-
ies show that a single pulse of laser energy cannot achieve excellent effect, and the
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continuous action of multiple pulses laser is needed. Hence, according to the Kepler
equation, the time of pulse interval should be considered in the process of multi-pulse
laser irradiating materials.

3. Model and simulation platform

As an example, a kind of centimeter-scale spherical space debris materials including
aluminum and aluminium alloy was selected to investigate the dynamic characteristics
of plasma expansion plumes. Suppose the radius of sphere debris was 0.01 m and the
density was 2700 kg/m?, and the main simulated parameters were shown in the Table.
The following established the simulation model including the geometric model and the
corresponding calculated model of the debris.

Table. List of the main simulated parameters.

Heat capacity Elasticity . s . Laser frequency Laser Laser pulse
Poisson’s ratio .o .

at constant pressure  modulus repetition wavelength  width

900 J-(kg-K)™ 7x10'%Pa  0.33 100 Hz 1064 nm 100 ns

Based on the given parameters, the geometric model of sphere debris irradiated by
pulses laser was established, as shown in Fig. 3. In the model, it was assumed that the
debris was uniform and isotropic, and the change of viscous resistance during laser
action was ignored.

Vacuum environment

20 mm

Sphere debris

Fig. 3. The geometric model.

According to the calculation accuracy of each unit, the grid was automatically
divided, and the grid size and node number were also generated by finite element
method (FEM) meshing module. In order to improve the calculation accuracy and ef-
ficiency, tetrahedral elements were used in the vacuum region, and the prismatic ele-
ments were applied to the debris model. Finally, a total of 274248 tetrahedral elements
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Tetrahedral mesh

Sphere debris Prismatic mesh

Fig. 4. The calculated model.

and 6720 prismatic elements were divided during the simulation, and the correspond-
ing calculated model was also established by FEM. In Fig. 4, the claculated model was
divided into many grids of calculating unit.

Due to the advantages of COMSOL in dealing with the coupling problem of
multiple physical fields, the interaction physical process of space debris irradiated by
pulses laser was simulated based on COMSOL platform in this article. As a result,
a simulation platform of computing plasma expansion plumes was built by COMSOL,
and the corresponding simulation interface was established, as shown in Fig. 5.
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Fig. 5. The simulation interface.

4. Calculational examples

The interaction between high-energy pulses laser and space debris is the theoretical
basis of removing the debris. Therefore, the velocity of plasma expansion plumes
formed on the debris with different laser powers was investigated, and the velocity dis-
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Fig. 6. The velocity curves of different laser powers.

tribution rules of plasma expansion plumes under different laser powers was analyzed.
By numerical simulation, the velocity distribution characteristics of plasma expansion
plumes were obtained when the incident laser power was 400, 500, 600, and 700 kW,
respectively. Figure 6 shown the change curves of plasma expansion plumes velocity
for different laser powers.

According to Fig. 6, with the increase of pulses laser power, the velocity of plasma
expansion plumes was increased continuously. But, the velocity of plasma expansion
plumes was close to the maximum value around 25 ps. Subsequently, due to the influ-
ence of the plasma shielding effect, the velocity of plasma expansion plumes was de-
creased with the increase of laser power, and tended to be stable around 48 ps.
Therefore, by increasing the laser power, the interaction between the pulse laser and
the debris could be improved, which could generate a larger plasma expansion plumes
velocity. However, in order to effectively improve the utilization efficiency of laser
energy, the plasma shielding effect needed to be considered comprehensively.

On the basis of the above results, when the action times were 25 and 48 ps, the
evolution rules of plasma expansion plumes were investigated based on different in-
cident laser powers. Assuming the incident laser power was 400, 500, 600, and 700 kW,
the evolution plots of plasma expansion plumes formed by pulses laser irradiating the
debris were obtained during the action times of 25 and 48 s, as shown in Figs. 7 and 8.

By analyzing the evolution plots in Figs. 7 and 8, it was found that the arc-shaped
distribution zone of plasma expansion plumes was significantly increased with the in-
crease of laser powers. Especially, compared with 400 kW, the diffusion radius of plas-
ma expansion plumes generated at 700 kW was increased by about 2.5 mm when the
action time was 25 ps. However, when the action time reached 48 ps or so, the diffusion
radius of 700 kW was about twice that of 400 kW, and the velocity of plasma expan-
sion plumes dropped to 1.63 km/s. Subsequently, due to the plasma shielding effect,
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Fig. 7. The evolution plots during 25 ps.
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Fig. 8. The evolution plots during 48 ps.
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the plasma expansion plumes gradually became stable. Thus, the laser power of 700 kW
had a very obvious advantage in improving the optimal efficiency of plasma expansion
plumes.

The above study preliminarily revealed the evolution rules of plasma expansion
plumes based on different pulses laser power. However, the action time of pulses laser
is also critical to the transient distribution of plasma expansion plumes. Further, when
the laser power was 700 kW, the following discussed the distribution rules of plasma

g
=]
T
L

f

—
W
T
L

o
W
T
!

Expansion plumes velocity (km-s™)
s

10 20 30 40 50
Irradiation time (us)

<
=]
=)

Fig. 9. The velocity curve of different action times.
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Fig. 10. The evolution plots during 700 kW.
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expansion plumes based on different action times. By numerical simulation, the ve-
locity change curve of plasma expansion plumes under different action times was com-
puted, as shown in Fig. 9. At the same time, Fig. 10 emerged the evolution plots of
plasma expansion plumes when the action time was 10, 25, 40, and 50 ps, respectively.

By comparing the simulation results in Figs. 9 and 10, it was found that the max-
imum velocity of plasma expansion plumes was rapidly increased when the pulses laser
irradiated the debris surface. Especially, the maximum velocity of plasma expansion
plumes was the highest along the laser incident direction, and the plasma expansion
plumes were continued to spread outwards within a certain irradiation times. When
the action time was close to 25 ps, the maximum velocity of plasma expansion plumes
reached 1.91 km/s. Then, the velocity tended to be stable before 29 s, and presented
a downward trend after 29 ps. Finally, the velocity remained basically unchanged
after 48 ps. This was mainly due to the dynamic pressure formed by the plasma shock
waves surface and the surrounding gas. As a result, the density was decreased faster
in the plasma region farther from the debris surface, and the shielding effect of plasma
expansion plumes was also formed from 29 to 48 pus. Comprehensive comparison of
the results further verifies the validity of the conclusions in this article.

5. Conclusions

The dynamic characteristics of space debris irradiated by high-energy pulses laser de-
pend on the evolution process of plasma expansion plumes. For centimeter-scale spher-
ical space debris materials, the evolution rules of transient plasma plumes fields under
different laser parameters were further addressed in this article. The following conclu-
sions were drawn.

1) According to the physical interaction process of centimeter-scale spherical debris
irradiated by nanosecond pulses laser, the simulation model irradiated by pulses laser
was deduced based on FEM, and the corresponding simulation interface of analyzing
the plasma expansion plumes was effectively established by COMSOL. The debris ir-
radiation process was combined with the plasma expansion plumes process by setting
reasonable conditions, and the established model more comprehensively reflected the
evolution process of transient plasma expansion plumes fields at higher laser energy.

2) Using the calculation conditions of this paper, when the action time was close
to 25 us, the velocity of plasma expansion plumes achieved 1.91 km/s for the laser
power of 700 kW. Further, the diffusion radius of plasma expansion plumes generated
at 700 kW was increased by about 2.5 mm when the action time was 25 ps, while the
diffusion radius of 700 kW was about twice that of 400 kW when the action time
reached about 48 us. Atthis moment, the velocity of plasma expansion plumes dropped
to 1.63 km/s.

3) During the entire irradiation period of pulses laser, the velocity of plasma expan-
sion plumes was the highest along the laser incident direction. In particular, the velocity
of plasma expansion plumes was increased with the increase of laser powers based on
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the same action times. Moreover, the velocity of expansion plumes was also increased
with the increase of action times based on the same laser power. However, the plasma

shielding effect was still very significant for the evolution process of forming plasma
expansion plumes.
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