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Abstract: For laser ablation micropropulsion technology with metal as the target to increase the
total impulse, the effective utilization and supply of a working medium is a crucial aspect. In this
research, the ablation characteristics and propulsion performance of the typical metal targets, copper
and aluminum, ablated via nanosecond laser ablation are analyzed. Due to the low melting point
of aluminum, the protrusion characteristics in the remelted area are more prominent. Its surface
morphology has characteristics for height extremum and roughness that are higher than those
of copper. Affected by the anisotropy of the rough surface, the absorbed energy decreases with
increasing roughness. The impulse coupling coefficient of the metal decreases and stabilizes at about
6 uN-W~1. The specific pulse of aluminum obtains a minimum value of 603.6 s at 6000 pulses and
improves with increasing pulses. The propulsion parameters of copper alters slightly under various
working conditions, with a maximum specific impulse of 685 s.

Keywords: ablation morphology; laser propulsion; metal target; roughness

1. Introduction

Micropropulsion technology is a key technology in the application of space micro-
/nanosatellites, which is a research hotspot in the field of space satellites [1-3]. Laser
ablation micropropulsion technology has the characteristics of a light structure, small
impulse element, and high specific impulse. The target is irradiated with a laser with a
high repetition rate, and the thruster generates a continuously adjustable microthrust [4].

Common target working media include metal working media, polymer working me-
dia, and energetic working media [5-7]. Polymer working media are difficult to completely
decompose during laser ablation, resulting in a low specific impulse. Energetic working
media release chemical energy through their own chemical bond fracture to improve the
propulsion performance. However, it is difficult to ensure material structure uniformity
during the preparation of energetic working media, which is not conducive to the provi-
sion of a continuous and stable thrust. In addition, the carrier of the working medium
target band does not participate in ablation, and the presence of dead weight reduces the
utilization rate of the target band.

A laser ablation microthruster with a metal working medium has the advantages of
a stable thrust and high specific impulse due to the uniform structure and high ablation
ionization rate of metal, making it suitable for practical engineering applications and
theoretically having the potential to improve propulsion efficiency [8].

A.V. Pakhomov [9] stated that the impulse coupling coefficient is proportional to
the atomic weight of the metal for typical metals such as Cu, Al, Fe, Zn, and so on, but
the specific impulse was opposite in the laser ablation experiment. Wen [10] investigated
the wavelength and pulse width conditions that exist when the optimum solution for
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the aluminum impulse coupling coefficient exists. Saeed [11] examined the propulsion
performance of three metal foil targets: Cu, Fe, and Al. Zhang [12] ablated metal targets
using an ultrashort laser and analyzed the reasons for energy dissipation surrounding
the light spot. Li [13] simulated the thermal interaction of the nanosecond laser ablation
of aluminum with the finite volume method. The predicted ablation depth matched the
experimental law. Daniel [14] studied the ultrashort laser working form that optimizes
the propulsion performance when copper is used as an ablative working medium. Li [15]
demonstrated the high propulsion efficiency of metal microspheres by irradiating stainless
steel microspheres with the nanosecond laser output from optical fibers. Xu [16] analyzed
the impact of different laser energies and pressures on the propulsion performance of zinc
from the perspective of the impulse.

The choice of working medium determines the design of the supply strategy, which
affects the optimization of the laser ablative microthruster. The first laser ablation mi-
crothruster prototype with a millisecond pulse width, developed by Phipps [17] in 2002,
adopted the coiled working medium supply mode. In order to solve the issue of the in-
sufficient strength of flexible substrates, which are prone to cracking and vibration [18], a
two-dimensional supply method using a rigid substrate disc was proposed. Aluminum
was used as the working medium to produce a specific impulse of 1120 s [19]. Zhu [20]
compared the target utilization efficiency of circular and spiral paths in the disc-type supply
process. The thruster developed by Gurin et al. [21] used the spiral method to scan the
target. The laser microthruster designed by Lorbeer [22] makes use of an MEMS scanning
mirror to enable the scanning and ablation of the working medium. While improving
the supply methods, research on ablation with large spots was carried out to improve the
utilization rate of the working medium. Eyett [23] examined the relationship between
the spot size and laser ablation efficiency. Li [24] investigated how the structure of the
expanding plume changed when copper was irradiated with a nanosecond laser in an
atmospheric setting. Chaja [25] summarized the impact of the spot size on the specific
removal rate under the conditions of ultrashort pulse laser ablation. The existing research
and relatively mature laser microthruster prototypes, however, give less consideration to
choosing an appropriate supply strategy to use metal working media.

Laser ablation micropropulsion technology with a metal working medium is a promis-
ing research direction. Under laser irradiation with large spots, laser surface ablation
provides feasibility for reducing the dimensionality of the working fluid supply to achieve
a one-dimensional supply, which has a significant impact on its engineering applications.

In this paper, a millimeter-level nanosecond laser beam is selected to ablate two typical
metal working media, copper and aluminum, in a vacuum chamber under multipulse ablation
conditions. Based on the summary of the ablation morphology characteristics, the propulsion
performance under multipulse conditions is analyzed, which is helpful to improve the working
efficiency and practical application of laser ablation micropropulsion technology.

2. Experimental Settings
2.1. Laser Ablation Process

The experimental facilities used in this study consisted of four parts: a nanosecond
pulse laser system, a microimpulse measurement system, a laser confocal optical system,
and an optical path system. The schematic diagram of the laser light source, optical path
structure, and microimpulse measurement system is shown in Figure 1.

The ablation process of metal was achieved through a nanosecond pulse laser system
with laser wavelengths and pulse widths of 1064 nm and 10 ns. During the experiment, the
single-pulse laser energy was set to 500 mJ, and Figure 2 displays the mass distribution
of the attenuated laser beam. The laser beam had the characteristic of a narrow energy
rising edge, and although there were slight fluctuations, the peak energy of the laser was
symmetrically distributed relative to the axis within the flat top range. The diameter of the
spot on the target surface of the torsion beam was determined to be 3 mm by adjusting
the relative position of the focusing lens in the optical path system. The multipulse laser’s



Aerospace 2023, 10, 690

30f13

operating frequency was set to 5 Hz. There was a cooling interval of 60 s after continuous
operation for 100 s to avoid heat deposition that could affect the torsion pendulum’s
inherent parameters and lead to measurement inaccuracies. In the experiment, a total
of nine operating conditions, including 2000 to 18,000 pulses with 2000 intervals, were
studied. To lessen uncertainty and error, five sets of experiments were repeated under a
single operating state. The background pressure in the vacuum chamber was 10 Pa.

Vacuum chamber\L
Nd:YAG Laser
1064 nm ’4
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Displacement Torsion
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-

Figure 2. Mass distribution of nanosecond laser beam.

2.2. Materials

The experimental materials included cylinder-shaped over 99.9% pure metal targets
made of Cu and Al. The physical properties of the two metals are listed in Table 1. The
target surface had different morphologies after laser ablation with various pulse counts.
With the help of an electronic balance with a resolution of 0.01 mg, the mass changes of
ablated metal targets under various operating conditions were weighed. For example, the
target masses at 1750 and 2250 pulses were measured as m; and mp, and then the single
ablation mass m at 2000 pulses was computed by m = (my — mq)/500.

Table 1. Physical properties of metals.

First Ionization

Melting Point Boiling Point Resistivity Density

Metal ° o Energy 80y o T
O Q) (kJ-mol 1) (108 Q-m, 20 °C) (ng-um—3)
Cu 1083 2580 745.5 1.75 8.96 x 1073
Al 660 2500 577.5 2.83 2.71 x 1073

2.3. Measurement Method

In the microimpulse measurement system, the torsion angle of the torsion pendulum
beam, 6, was measured by displacement sensors. Figure 3 shows the impulse measurement
torsion pendulum, mainly composed of precision flexible pivot, measuring beam, and high-
precision displacement sensor. According to the theory of angular momentum [26-28], the
microthrust caused the flexible pivot to rotate slightly. The maximum linear displacement
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after impulse loading could be measured through the displacement sensor, and its basic
motion law can be explained through the following formula: Ty represents the acting time
of the external force, | is the inertia moment of the torsion pendulum, c is the damping
coefficient, k is the stiffness coefficient of the pivot, the external force is represented by f (),
and d is the arm of force acting through the external force. Formula (1) and the linear depen-
dence of displacement are only valid when the torsion pendulum has a small amplitude.
JO+c0+k0=f(t)d 0<t<T, O
JO+cB+k0 =0 t>Tp

\ Plasma Region

Target | "7 Jet | |

W / / - Vapor Region
| sensor | Torsion [l ‘
pendulum Lase See - .
.aser '. . Solid Region

Figure 3. Schematic diagram of torsion pendulum.
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The calculation method for the impulse obtained by converting the above torque
balance formula within the time of external force action is shown in Formula (2):

k

=77

s @
where w, is the natural resonance frequency of the torsion pendulum, s is the maximum
linear displacement measured by the sensor, and d’ is the distance between the measurement
point and the pivot. In this system, the measurement arm 4’ was 115 mm, and the ablation
force arm d was 105 mm as shown in Figure 3.

The working parameters of the microimpulse measurement system were calibrated
using the method proposed by Hong [29], and the linear relationship between impulse I
and the maximum linear displacement s was obtained.

I=0.1378 s 3)

Impulse coupling coefficient Cy,, specific impulse sy, and ablation efficiency 7 were
selected to evaluate the propulsion performance. The impulse coupling coefficient Cy, is
defined as the ratio of laser-induced impulse to incident laser energy, and its calculation
method is shown in Formula (4). The specific impulse Is, characterizes the ability of the
consumed working medium to provide impulse in the process of laser ablation propulsion.
As shown in (5), Isp is calculated by the ratio of the impulse obtained through a single pulse
to the corresponding ablation weight. Am represents the single-pulse ablation mass, and
g is the gravity acceleration. Dimensionless parameter of ablation efficiency # is defined
as the efficiency of converting laser pulse energy into plume kinetic energy. Formula (6)
illustrates the interrelationships of the above propulsion parameters.

I
Cm = - 4
I
YT )
_ We Amv}zE _ Isngm
=W T oW T2 ©)
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The 3D measuring laser microscope OLS5100 manufactured by OLYMPUS was used to
analyze the ablation morphologies of the target material under various working conditions.
The microscope has two optical systems—color imaging and laser confocal—that enable
it to acquire color and shape information as well as high-definition images. The optical
system utilizes a 405 nm laser light source to automatically move the focus position during
height measurement to obtain multiple confocal images, estimate the peak position of each
pixel, and obtain 3D morphology information of the sample surface.

3. Results and Discussion
3.1. Analysis of Ablation Morphology

Three-dimensional images were collected by the laser confocal optical system to
analyze the irregular contours of the ablation surface morphology of the target material.
The color information and height distribution of the ablation pit are illustrated in Figures 4
and 5, respectively. The morphology characteristics of the copper and aluminum metal
targets were compared when the pulses reached 2000. In the color image, it can be observed
that, under the repeated impact of the laser pulse, the surface of Cu is relatively regular
and presents a circular feature. The color image of Al directly displays the disordered
morphology generated through condensation after melting. The aluminum target has
circular protrusions on the outer edge of the ablation pit that are higher than the nonablated
reference plane, which were not seen on the copper target, and there are also much more
and higher protrusions distributed inside the ablation pit on the aluminum surface than
on the copper surface according to the height distribution diagram in Figure 5. From
a 2D viewpoint, it was discovered that, under same-sized-spot ablation, the area of the
deformation area of Cu irradiated with a laser is smaller than that of Al as depicted by the
dashed circle in Figure 5. A circular convex structure formed on the ablated Al’s outside
border after repeated pulse action.

Figure 5. Height distribution of ablation morphology.
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To further analyze the internal morphology, Figure 6 displays the axial contour statis-
tics for the ablation pit with a pulse count of 2000. The diameter of the ablation pit of
the copper target is 3082 pm. The diameter of the aluminum surface with morphology
changes is 3387 um nevertheless. The annular protrusion formed at the outer edge of the
ablation area is 101 um tall. In addition, with 2000 pulses, it was found that the morphology
of the copper surface has denser protrusions near the center but a lower height than the
aluminum surface.

. Height
n L.I(I,.]..‘* | 3082 pm |

-403

~100.00%

° 200 800 1200 1600 2000 2400 2800 3200 3580.802 ym

Height 4
200,003 | 3387 Hm |

pm

100

=200.00 3

0 400 800 1200 160(; 2000 2400 1'500l 3200' 3579.7%0 um'
Figure 6. Distribution curve of height contour.

A shallow gasification mechanism is primarily responsible for the mass transfer of the
metals exposed to nanosecond-pulse-width laser radiation. The rate of laser absorption
directly affects how metals go through phase transition processes like melting and gasi-
fication. The Hagen—Rubens formula [30] is shown in (7), which can be used to calculate
the absorption rate of metals for lasers with 1064 nm. The electrical resistivity under 20 °C
is listed in Table 1. Al has a higher metal resistivity and a faster rate of energy absorption
from the laser pulse than Cu. Al also has a lower melting point than Cu. As a result, the
temperature of Al increases in response to repeated pulses, but there is no effective heat
dissipation medium in a vacuum environment, resulting in the presence of molten metal
in the high-temperature regions of the ablation pit. It is challenging to convert all of the
molten aluminum into gaseous or plasma states due to the laser energy density of the
huge light spot, which is 7 J/cm?. As the number of pulses increases, the proportion of
molten aluminum that splashed out into the plume increases, and it rapidly cools to form a
remelting protrusion phenomenon when the pulse laser stops working.

A(T)Nayac = 35467/ p(T) @)

Figure 7 displays the 2D height distribution map of the ablation morphology for
several-nanosecond laser pulses. The remelting protrusion inside the ablation pit shows a
ring spacing distribution, which is related to the mass distribution of the beam. The greater
melting point of copper makes it more noticeable on its surface. The highest and deepest
values in the ablation morphology are shown in Figure 8. On the surfaces of the two typical
metal targets, the ablation depth and height of the remelting protrusions gradually rise
with the pulse. At 10,000 pulses, the maximum height of aluminum’s surface morphology
decreases, and it stabilizes at around 600 um; the maximum depth of the ablation pit is
around 1000 pm, and it does not decrease further.
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Figure 7. Ablation morphology height versus the number of pulses.
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Figure 8. Height extremum versus the number of pulses.

Parameters such as root mean square height Sq, skewness Ssk, and kurtosis Sku
were selected to describe the roughness of the ablation surface, which can be calculated

as follows:
1
_ |t 2
Sq = \/A[JZ (x,y)dxdy (8)

1
Sq3

iﬂ?mww@] ©)

A

Ssk =
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1

Sku:quzl

[ 74 y)dxdy] (10)
A

Sq is defined as the root mean square of the height of each point in the target area A,
which is equivalent to the standard deviation of the height. Ssk is frequently used to assess
the roughness of the shape, that is, the concave—convex tendency of the surface. The value
of Ssk is negative or positive to indicate the height distribution relative to the base plane.
Sku is a parameter used to determine how sharp a rough shape is.

Figure 9 shows the trend of the surface roughness parameter Sq as the number of
laser pulses increases. For Cu, the root mean square height of the ablation morphology
increases linearly with the pulse counts, but the overall value is modest. When the number
of pulses reaches 18,000, the Sq of the ablation pit is 99.9 pm. The ablation surface of Al
is more complex and has a higher roughness. The effect of the increasing pulses on the
surface roughness can be disregarded once the number of laser pulses reaches 8000 or more
because the rate of increase of the root mean square height rapidly declines.

¢  copper
) 300F o  aluminium
= 2426 252.7 24922544 257.9
2 250} g 8T & @
= 210.3
L]
2 200}
2 151.9
o 150 - ®
§ 99.9
~ 100 813 880 93,8 &
1=y 698 ¢ L 4
2 58.9 576 ¢
o ® 415 g
50 F 516 34‘8 'S
*
0 1 L L A1 L L 1 A1 L
0 2 4 6 8 10 12 14 16 18
Number of pulses (x10%)

Figure 9. Root mean square versus the number of pulses.

The roughness parameters of the ablation pits, skewness and kurtosis, are, respectively,
listed in Figures 10 and 11. Figure 10 shows that the development laws of the two metals
are similar. The height distribution of the ablation pits is lower than the average under
the condition of few pulses. The morphology becomes more dominated by the remelting
protrusion phenomena as the pulse count rises, resulting in a gradually rising height
distribution. In Figure 11, both Cu and Al exhibit strong sharpness on the ablated surface
after 2000 pulses, which rapidly decreases after 4000 pulses. The Sku of the surface of Cu is
basically steady and is less affected by the number of pulses. After 8000 pulses, the Sku
of the ablation surface of Al is stable at three, indicating that the height of the ablation
morphology follows the normal distribution currently, while the height distribution of the
copper surface is relatively flat.

3.2. Analysis of Propulsion Performance

In order to study the impact of the typical metal morphology characteristics on the
propulsion performance, while keeping the laser energy condition unchanged, this paper
used a microimpulse measurement system to compare the impulse of the ablation mor-
phology obtained with different pulse counts. Figure 12 represents the C;, of the two metal
target’s ablation pits under laser action as the number of pulses increases. There is a general
trend toward a negative development. Under the action of a single-pulse laser, the C;,
values generated on the smooth metal surfaces of copper and aluminum are 30.54 uN/W
and 25.74 uN/W. For the ablation morphology under the action of multiple pulses, the Cy,
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obtained on the rough surface rapidly decreases. The C, of the various working media
varies when the pulse count is 2000, and the C;; produced by the surface morphology of Al
is 10.10 uN/W compared to a value of 7.22 uN/W for Cu.
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aluminium

*
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.
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Figure 10. Skewness versus the number of pulses.
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Figure 11. Kurtosis versus the number of pulses.
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Figure 12. The effect of laser pulses and roughness on Cy;.
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The roughness of the ablation morphology is connected to the propulsion performance
under various working conditions. In Figure 12, an impulse coupling coefficient scatter
distribution map is created using the root mean square height for various pulse counts as
the independent variable. As the surface roughness increases, the C;; of the metal targets
gradually decreases. Less laser energy contributes to propulsion when the roughness of
Al reaches 200 pm or higher or when there have been more than 6000 repeated pulses.
However, owing to the low melting point and the first ionization energy, Al tends to be
peeled off to generate an impulse. As a result, the two metals’ difference in roughness
becomes more noticeable as the pulses grow, yet the targets’ C;, values are similar and
basically stable at 6 uN-W 1.

Figure 13 shows the distribution of Is,. The I, of the various ablation morphologies
for Cu varies, but it always ranges between 300 and 700 s. Al produces more Is,, which is
higher than Cu. At 2000 pulses, due to the large impulse of the target material, it reaches
873.1s. As the impulse decreases, the minimum I, reaches its minimum value of 603.6 s
at 6000 pulses. The impulse obtained with Al is basically stable with increased pulses;
however, an improvement in the surface roughness is accompanied by a drop in the single
ablation mass as shown in Figure 14. As a result, the increased Is, generated by Al reaches
a maximum value of 1232.3 s at 18,000 pulses.

2000
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600 |
400F © °
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0 2 4 6 8 10 12 14 16 18

©
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Figure 13. Specific impulse versus the number of pulses.
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Figure 14. The ablation characteristics of Al

It is worth noting that the experimental results help to qualitatively analyze the trend
of Isp’s change with respect to the pulse number. In the experiment, when the target
surface is impacted by multiple pulses in a vacuum environment, the splashed metal
powder attaches to the target again, affecting the weight and causing the specific impulse
calculation to be higher.

The correlation between the ablation efficiency and pulse number is depicted in
Figure 15. A lower level of metal ablation efficiency is produced in this situation due to
the laser’s low energy density. According to the analysis of the ablation morphology and
specific impulse distribution, the ablation efficiencies of Cu with different laser pulses are
less than 2%, which is generally lower than the results of Al. The Is, of Al increases with
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the number of pulses, which improves the ablation efficiency of the working medium. As a
result, the plume gains more kinetic energy with the same laser energy density, reaching
the high value of 4.01% at 18,000 pulses. The figure also shows that the large impulse
generated by Al under the action of 2000 pulses improves the ablation efficiency.

6%

© copper
5% © aluminium

4% | : Q
~3% | & o % 0 %)
5
2%t \ 3 3 é o 3 % 3

1%

OOA) 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18

Number of pulses (x10°)
Figure 15. Ablation efficiency versus the number of pulses.

4. Conclusions

The working media of Cu and Al were multipulse-ablated with a nanosecond laser
with a wavelength of 1064 nm and a pulse width of 10 ns. The height contour and rough-
ness of the ablation pits were summarized, and the impact of the morphology on the
propulsion performance was studied by using a torsion pendulum. The main conclusions
are summarized as follows:

(1) The molten metal is difficult to entirely evaporate or ionize when the low-energy-
density light spot pulses a metal target repeatedly, leading to the formation of a
remelted protrusion. Due to the physical characteristic of a low melting point, the
height extremum inside the ablation pit of Alis greater than that of Cu. Its deformation
area under multipulse irradiation is larger, and the circular protrusion appears at the
outer edge of the pit.

(2) The Sq of Cu shows a linear growth relationship with the number of laser pulses,
with a value of 99.9 um at 18,000 pulses, but this is still significantly less than that
of 257.9 um, which was found for the surface morphology of Al. When the number
of pulses exceeds 8000, it is worth noting that the roughness of aluminum’s surface
morphology is greater than 200 pm with a declined growth rate. The Sku of the
aluminum surface maintains a value of three, reflecting that the height contour within
the ablation morphology follows the normal distribution, while the contour of Cu is
relatively flat.

(3) The Cy, of the two metals continuously decreases as the roughness of the morphology
increases. Under various pulse numbers, the S; of the copper surface is below 100 um,
and the I, distribution is between 300 and 700 s, with a small amplitude for the
propulsion parameter. Due to changes in the single ablation mass, as the number of
pulses increases, the impulse generated by Al gradually stabilizes, but the Is, shows a
gradually increasing trend.

The propulsion performance of copper and aluminum tends to stabilize under multi-
pulse action and is closely related to the morphology characteristics of the ablation pits.
In the future, we will carry out multipulse laser ablation experiments using other metal
working media and nonmetallic materials as the research objects, we will summarize
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the performance characteristics of different working media, and we will optimize the
performance of laser thrusters.
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