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ABSTRACT The impulse generated by ablating aluminum targets was investigated in this study using
the micro-impulse measurement method with a torsion pendulum, and the plasma plume characteristics
were researched using fast photography and optical emission spectroscopy. The experiment was carried out
with a pulsed laser with a wavelength of 1064 nm and a pulse duration of 8.7 ns. The fluence varied from
5.69 J/cm? to 33.67 J/cm?. The impulse coupling coefficients were obtained from the impulse measurements
and the images of the plasma plume were recorded with a gate width of 500 ns. The results indicated
that the variation of the impulse coupling coefficient was affected by the change of the laser fluence and
the decline of the coefficient at high fluence was because of the plasma shielding effect. The intense
radiation region located above the target surface in the corresponding plume was evident. Additionally,
the differential coupling coefficient was presented and compared with the impulse coupling coefficient. The
plasma temperature and the electron number density were estimated with the Boltzmann plot method and
the Stark broadening method, respectively, using optical emission spectroscopy. Furthermore, the relative
energy coupling efficiency was deduced from the plume front positions to determine the influence of the
plume expansion dynamics on the impulse coupling. The obtained results showed that the variation trend of
efficiency versus the laser fluence was similar to that of the impulse coupling coefficient.

INDEX TERMS Laser ablation, impulse coupling coefficient, fast photography, plasma shielding effect,

energy coupling efficiency.

I. INTRODUCTION

In recent years, there has been an increasing amount of
research on the process of laser ablation because of its
wide applications in pulsed laser deposition [1], laser hard-
ening [2], laser polished surfaces [3], laser materials pro-
cessing [4], laser-induced breakdown spectroscopy [5] and
pulsed laser ablation propulsion [6]. Among these applica-
tions, pulsed laser ablation propulsion (LAP) shows potential
solutions for some space fields of growing importance, such
as space debris removal [7], laser ablation micro-thrusters
for orbit and attitude control of nano-satellites [8], and the
despinning of non-cooperative space objectives remotely [9].
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These applications in space are mainly due to the recoil
impulse generated by a rapidly expanding ablation plume
away from a target surface [10]. Hence, the fundamentals of
pulsed laser ablation plumes and their effects on a generation
impulse have attracted a great deal of attention.

To date, extensive studies have been conducted on impulse
characteristics under various conditions, including laser
parameters [11], ambient gas pressures [12], laser incident
angles [13], and the materials of the targets [ 14]. To obtain the
characteristics of ablation impulses, the typical measurement
techniques, including torsion pendulums [15] and perpendic-
ular pendulums [13], were often used. The thrust performance
of LAP is commonly evaluated with the impulse coupling
coefficient Cp,, which is the ratio of the impulse generated by
laser ablation to the incident laser energy [15]. The variation
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of C,, observed by most studies revealed that its value was
greatly influenced by the expansion dynamics of the ablation
plumes [16]. Therefore, it is necessary to study the plume
expanding dynamics caused by pulsed laser ablation. To date,
some common techniques have been adopted to analyze
plume dynamics such as fast photography [17], shadow-
graphs [ 18], optical emission spectroscopy [19], and Faraday
cups [20]. Additionally, the resulting spatiotemporal shock
wave propagation [18], the emission intensity of excited ions
or atoms [21], and the electron number density [17] were
often investigated in tests. However, there has been little
discussion about the impact of plume expansion dynamics
on the thrust performance of LAP. In practice, the structure
and the time-resolved expansion process of an ablation plume
has an important effect on the ablation impulse exerting to
a target [16]. Therefore, it is necessary to investigate the
influence of plume propagation dynamics on a generated
impulse.

For LAP, a high laser fluence is often used and the resulting
plasma plume is an important critical phenomenon [11]. The
relationship between an impulse and a plasma plume is
the key to describing the LAP performance. In this study,
the impulse generated by nanosecond pulsed laser ablation on
an aluminum target was obtained with a torsion pendulum,
and the plasma plume maps at different laser fluences and
different time delays were simultaneously visualized with fast
photography. The comparisons between the plume structure
and the impulse coupling coefficient were carried out to
generalize the relationships between the ablation impulse and
the plume. To further analyze the influence of ablation plume
on impulse coupling characteristics, the plasma temperature
and the electron number density were estimated with the
Boltzmann plot method and the Stark broadening method,
respectively, using optical emission spectroscopy (OES).
Furthermore, the relative energy coupling efficiency was
deduced from the plasma emission front of the time-resolved
plume maps to obtain a better understanding of the effects on
the impulse coupling characteristics.

IIl. EXPERIMENTAL SETUP

The setup of the experiment is shown in Fig. 1. The sys-
tem, which was laid in a 10~2 Pa environment in a vacuum
chamber, was established to measure the generated impulse
of the laser irradiation and to take photographs of the laser
ablation-induced plasma simultaneously. A neodymium:
yttrium-aluminum-garnet (Nd: YAG) laser was used as the
energy source to ablate an aluminum target (Al 5A06). The
pulse duration (full width at half maximum) and the wave-
length of the laser were 8.7 ns and 1064 nm, respectively.
The radiance profile of the focused laser spot had an approxi-
mately Gaussian distribution. For this experiment, by using
a 150mm plano-convex lens, the pulsed laser was focused
vertically onto the surface of the target. The distance between
the focal lens and the target surface was kept constant. In the
experiment, the laser pulse energy delivered to the target
surface ranged from 55.1 mJ to 603 mJ. Based on the method
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FIGURE 1. Schematic of the experimental setup used for the laser
ablation impulse and the plasma plume measurement. The torsion
pendulum was used to measure the micro-impulse generated by the
pulsed laser ablation. The ICCD camera was used to record the
time-resolved images of the fast-moving plasma plume. The spectrometer
was used to study the optical emission spectra of the Al plasma plume.
The dotted lines show the triggering and data acquisition channels.
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FIGURE 2. The spot size generated by different input laser energies.

proposed by Tsuruta et al. [14], the corresponding spot size
ranged from 1.11 mm to 1.51 mm as shown in Fig. 2.
To ensure the accuracy of the energy measurement, an energy
meter (FieldMax, Coherent) was used to measure the pulsed
laser energy reaching the aluminum target surface before
and after the experiment. In the tests, the energy uncertainty
of the pulse-to-pulse laser did not exceed 4%. The ablation
mass was weighed with a high-precision electronic balance
(XS105DU, Mettler Toledo). A motorized translation stage
was installed under the torsion pendulum to change the
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ablation position on the target so that a new surface area on
the target could be ensured for every laser pulse.

[ \

REVANE Oscillation
direction

d”lll\’
Pendulum arm
— S N
Target Pivot "~ .
S~ >N
~
1 7
Displacement R X~
sensor AN
\\
L T J
Ly

FIGURE 3. Schematic of the setup for the impulse measurement. The
diagram shows the arrangement of the target, the pendulum arm, the
displacement sensor, and the pivot.

The torsion pendulum device was employed to measure
the micro impulse generated by the laser irradiating the
aluminum target. The top view of the pendulum is shown
in Fig. 3. When a laser pulse irradiated the target surface,
the interaction resulted in the generation of an ablation plume
which caused the pendulum arm to oscillate. In the experi-
ment, the deflection angles were measured using a displace-
ment sensor (2 mm range, sensor CSE2, MICRO-EPSILON
Company). The detailed principles of micro impulse mea-
surement with a torsion pendulum are described in refer-
ences [22] and [23]. According to the principle, the impulse
calculation form could be expressed as follows:

L),

Jow,

I = ex
LiLy, ?

max (1)

where I, J, and o, indicate the impulse, the moment of
inertia, and the inherent angular frequency, respectively. The
symbols Ly, L,,, and ¢ denote the arm of force, the measuring
arm, and the damping ratio, respectively. dmax 1S the max-
imum displacement measured by the displacement sensor
after the pulse laser ablation of the aluminum target. A typical
rotation angle for the torsional pendulum is shown in Fig. 4.
The natural period was 2.07 s, and the max rotation angle was
only about 4 x 10~* rad. The system developed in the test
could measure the impulse in the range of 10~/ - 107> N:s.
A high-speed ICCD (TRC311-S-HQB, Intelligent Sci-
entific Systems) was placed perpendicular to the normal
direction of the target surface, and it was used to visualize
and record the plasma plume structures with different delay
times and varied laser fluences. The visible plasma radiation
induced by the pulsed laser could be recorded in a wavelength
range of 400-800 nm [24]. The spectrally resolved images of
the plasma were recorded by a grating spectrograph. Tem-
poral resolution was achieved by using a digital delay pulse
generator (DG645, Stanford Research Systems) that triggered
the ICCD and the laser for the zero and the delay time.
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FIGURE 4. An example of the rotational angle of the torsion pendulum.

The spatial-resolution was achieved by using a combination
of lenses in the experiment.
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FIGURE 5. Diagram illustrating the variation of the (ablation mass)/(spot
size) irradiated by different laser fluences. The two solid lines (blue)
represent fitting with a straight line function respectively. Where m and F
represent the (ablation mass)/(spot size) and laser fluence, respectively.
Ky =2.906ug/}, F; = 0.3052)/cm?2, K, = 0.7308..g/}, and

F, = —46.38]/cm? were obtained by the least squares method.

IIl. RESULTS AND DISCUSSION

A. ABLATION IMPULSE

The ablation mass had an important influence on the for-
mation of the impulse. The ablation mass per laser pulse
was calculated by measuring the accumulating ablation mass
through a large number of laser pulses. And the total ablated
mass per area was a function of the energy per area as shown
in Fig. 5. When the fluence was lower than 15.92 J/em?,
the function within experimental errors was fitted by the
straight line m = K| x (F — F1). m and F represent the
(ablation mass)/(spot size) and the laser fluence, respectively.
Furthermore, when the fluence exceeded 15.92 J/cm?, the
function within experimental errors was also fitted by the
straight line m = Ky x (F — F3). And the fitting parameters
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K1, F1, K>, and F> obtained by the least squares method were
2.906 pg/d, 0.3052 J/em?, 0.7308 ug/l, and —46.38 J/cm?,
respectively. K1 and K3 can be defined as the mass removal
rate. It was reported that the ablation thickness of the material
depended directly on the fluence [25]; that is, the higher flu-
ence was expected to generate more ablated material. How-
ever, when the laser fluence was greater than 15.92 J/cm?,
the increase of the (ablation mass)/(spot size) slowed down.
And the mass removal rate declined to 0.7308u.g/J at the
fluence above 15.92 J/cm?. The decrease of the mass removal
rate by pulsed laser ablation would be caused by the plasma
shielding effect at the higher laser fluence. In this case, part of
the incoming laser energy was absorbed by the plasma plume.
As a result, it led to the less laser energy to ablate the target
material.
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FIGURE 6. Diagram illustrating the variation of the (impulse)/(spot size)
irradiated by different laser fluences. The two solid lines (blue) represent
fitting with a straight line function respectively. Where / and F represent
the (Impulse)/(spot size) and laser fluence, respectively.

K5 =28.98uN-s/), F3 = 4.247)/cm?, K4 = 12.63pN-s/J, and

F4 = —11.15)/cm? were obtained by the least squares method.

Fig. 6 presents the dependence of the (impulse)/(spot size)
generated by the laser irradiating the aluminum target on
the laser fluence. The laser fluence in the experiment, which
was a ratio of the laser pulse energy to the spot size, ranged
from the minimum ablation value of 5.69 J/cm? to the max-
imum achievable fluence of 33.67 J/cm?. Correspondingly,
the input laser power density ranged from 6.5 x 10% W/cm?
to 3.87 x 10° W/cm?2, which resulted in the evaporation of
the target material and eventually the formation of a plasma
plume. The minimum fluence that led to the impulse gen-
eration observed in the experiment was about 5.69 J/em?,
which agreed reasonably well with the results reported by
Torrisi et al. [26]. This minimum fluence was related with
the laser wavelength, and the IR laser radiation was more
efficient for ablating aluminum, resulting in a lower abla-
tion threshold [27]. The results in Fig. 6 showed that the
(impulse)/(spot size) increased gradually until the fluence
reached 15.92 J/cm?. The variation of the impulse could be
interpreted in terms of the ejected plume. The higher the
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laser fluence was, the stronger the intensities of the evapo-
ration and the plasma plume were, and the higher the recoil
impulse to the target was. When the fluence was lower than
15.92 J/cm?, the function within experimental errors could be
approximated by the straight line / = K3 x (F — F3). I and
F represent the (impulse)/(spot size) and the laser fluence,
respectively. However, when the fluence was greater than
15.92 J/cm?, the increase of (impulse)/(spot size) became
slower. And the experimental data within experimental errors
were also fitted by the straight line I = K4 x (F — Fa).
The fitting parameters K3, F3, K4, and F4 were 28.98 uN-s/J,
4.247 J/em?, 12.63 uN-s/J, and —11.15 J/cm?, respectively.

0
0 5 10 15 20 25 30 35
Fluence (J/cm?)

Impulse coupling coefficient C,, (UN-s/J)
Differential coupling coefficient C,; (uN-s/J)

FIGURE 7. The variation of the impulse coupling coefficient C;; and the
differential coupling coefficient C,,,q with the laser fluence.

In an attempt to analyze the thrust performance with
nanosecond laser ablation, the impulse coupling coeffi-
cient Cy,, which was the radio of the impulse to the incident
laser energy, was employed. Fig. 7 shows the relationship
between the impulse coupling coefficient C,, and the laser
fluence. The graph reveals that there was a sharp rise of C,
before the maximal coupling coefficient of 21.04 uN-s/J was
reached at the fluence of 15.92 J/cm?. The maximal C,, =
21.04uN - s/J agreed reasonably well with the experimental
data observed by D’Souza when irradiating an aluminum
target with nanosecond laser pulses [28]. With the further
increase of the laser fluence, C,, began to decline slowly.
The trend of C,, shown in Fig. 7 was consistent with the
conclusion summarized by Phipps et al.[29]. The common
cause of the reduction of C,, at higher fluence was described
as a consequence of the plasma shielding effect [13]. Based
on the results in Fig. 6, K3 and K4 also have some sense,
which can reflect the laser ablation performance in a different
way. We defined the slope coefficient, K3 and K4, as the
differential coupling coefficient C,,;. As shown in Fig. 7,
the Cg = 28.98 uN-s/J at the fluence below 15.92 J/em?
was slightly greater than the maximum impulse coupling
coefficient. However, when the fluence was greater than
15.92 J/em?, Cpnq decreased to 12.63 uN-s/J which was close
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to the C,, at the fluence of 33.67 J/cm?. The sharp decline of
the C,,,4 in these two intervals would be a reasonable account
to explain the effect of plasma shielding.

B. COMPARISON OF PLASMA PLUME IMAGES WITH
IMPULSE COUPLING COEFFICIENTS

Fig. 8 shows the optical emission spectrum from the plasma
plume of neutral atoms (Al I) and ionized ions (Al II, Al III)
in the wavelength region of 350-650 nm. The distribution of
the charge states was consistent with the results obtained by
Shaim et al. [30]. The wavelengths of the atomic and ionic
emission lines shown in Fig. 8 were identified according
to the NIST database. As can be seen, AlTwas the main
Al charge state, which corresponded to the results reported
by Caridi et al.[31]. Therefore, the AlI* whose spectral line
appeared at the wavelength of 624.33 nm could be selected as
the representative species to analyze the ion plume images.
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FIGURE 8. The typical spectral emission from the Al plasma plume at the
fluence of 15.92 J/cm?, with an integration time of 1 ms.

Fast photography, which could provide the overall plume
self-emission in the spectral window of the ICCD, was used
to obtain the 2D maps. The images of the plume morphology,
recorded with a gate width of 500 ns after the pulsed laser
ablated for different laser fluences, are shown in Fig. 9(a). The
plume structures were approximately hemispherical for all
the fluences. The emission intensity was more distinguished
for the condition of a fluence higher than 15.92 J/cm?. This
could be interpreted with the result of [31] that the charges
state increased with the laser fluence and the energetic dis-
tributions shifted towards higher energies. Additionally, with
the increase of the laser fluence, the highest radiation inten-
sity region in the plasma plume located above the target sur-
face was observed, and it was called the plasma core [17]. The
core, which consisted of a large amount of energetic plasma
species, was formed via absorbing the incoming laser [32].

In order to record the time-integrated Al™ ions emission
plume images, a visible bandpass filter, with a center wave-
length of 625 nm and a full width at half maximum (FWHM)
of 10 nm, was kept in front of the ICCD during the experi-
ment. The bandpass filter helped to transmit a well-defined
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wavelength band of optical emission, while rejecting other
unwanted radiation. The plume images of Al* ions obtained
with the filter are shown in Fig. 9(b). It can be clearly seen
in the emission images that the Al™ emission intensity was
not observed in the figure when the fluence was relatively
lower. The reason for this was that the plume mostly con-
tained vapor materials corresponding to a lower ionization
degree. The emission counts were more distinguished when
the fluence exceeded 15.92 J/cm?. As the fluence grew, the
emission intensity was brighter and the emission areas in
the figure were larger. Generally, the increase of ionic com-
ponents and fractional ionizations with the increase of the
laser fluence was considered to be a reasonable cause for the
phenomenon [26]. Moreover, the energy of the neutral and
charged species was high at a higher laser fluence [31], as a
result of the inverse bremsstrahlung (IB) for the near-infrared
laser wavelength [33].

Typical emission images for the plasma plume correspond-
ing to the G, at different laser fluences are shown in Fig. 10.
The emission intensity was weak at the fluence lower than
about 10 J/cm?, with a smaller generated impulse driven
mostly by the target surface vaporization [34]. With the
increase of the fluence, the radiation intensity of plasma
plume increased gradually and the C,, rose. When C,,, reached
the maximum at the fluence of around 15.92 J/cm?, the radi-
ation intensity of the plume became brighter. Furthermore,
when the fluence continued to enlarge, C,, decreased as the
plasma core appeared and the ion emitting intensity became
lighter, which indicated that part of the incident laser energy
was absorbed by the plasma plume, other than what was trans-
mitted to the aluminum target surface. The comparison of the
C,, and the radiation images illustrated that the optimum C,,
occurred in the circumstance of the initial ionization of the
plume [34].

C. PLASMA PROPERTIES

Electron temperatures and electron number densities are sig-
nificant parameters for understanding plasma characteristics
generated by laser ablation. In this study, the optical emission
spectrum obtained by spectroscopy was used to study the
electron temperature and the electron number density. The
plasma temperature could be calculated with the Boltzmann
plot method using the following equation [35]:

T B -E In Laig2A2\] ™! @)
¢ k 28141

where T, and k represent the plasma electron temperature and
the Boltzmann constant. £ and E; are the level energy of
the two spectral lines, which belonged to the same species.
I1 X1g1 and A; denote the overall intensity obtained by
integrating the profile of the spectral line, the wavelength
of the line, the degeneracy, and the transition probability
with level E, respectively. The subscript 2 indicates that the
parameters correspond to the level energy E». Fig. 8 gives the
typical optical emission spectrum for the laser ablation of alu-
minum. The ionic lines of Al II appeared at the wavelengths
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FIGURE 9. ICCD images of (a) the full plasma plume and (b) the Al* plumes recorded for different laser fluence values with an exposure time of 500 ns.
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FIGURE 10. Some typical time-integrated images of the plasma plume
corresponding to the impulse coupling coefficient at various laser
fluences.

of 624.34 nm, 559.33 nm, 466.30 nm, and 358.66 nm were
selected to estimate the electron temperature k7,. Fig. 11
shows the change of the electron temperature with the laser
fluence. A rapid increase occurred in electron temperature
until the C,, reached the maximum value, and then the
electron temperature increased slowly as the laser fluence
increased.

For the optically thin plasma, the electron number density
N, could be calculated by the following equation [19]:

N,
AVEYS) =20)<10;6> 3

where AAj; is the full width at half maximum (FWHM) of
the Stark broadened line. In this study, the spectral line of
Al" at 624.33 nm that was fitted by the Lorentzian func-
tion was used to measure AAjs . @ was the impact factor
which could be obtained from [36]. Fig. 12 shows the elec-
tron number densities N, of the plasma plumes ablated by
various laser fluences. The values of kT, and N, at differ-
ent fluences were consistent with the results obtained by
Shaim et al. [30]. As shown in Fig. 12, N, first increased
significantly before the fluence of 15.92 J/cm? corresponding
to the maximum C,,. When the laser fluence was greater than
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FIGURE 11. Plots of the electron temperature kTe for the Al plasma
plume generated by laser ablation and the impulse coupling coefficient
Cm at different fluences.

15.92 J/ecm?, N, increased slowly with the slight decay of C,,
as the fluence increased.

The above calculation of kT, and N, was carried out for the
LTE hypothesis. To fulfill the LTE conditions, the minimum
N, had to satisfy the following equation [30]:

N, (cm—3) > 1.6 x 102 [TL(K)I2 [AEEV)P  (4)

where AE is the largest energy level difference. The min-
imal kT, at the fluence of 6.27 J/em? was 0.82 eV, which
corresponded to 9515 K. Accordingly, the critical value of
N, was 7.5896 x 101 cm=3. Obviously, the values of N,
shown in Fig. 12 were larger than the critical value; that is,
the plasma generated by the laser ablation in the experiment
fulfilled the LTE conditions.

By comparing Fig. 11 and Fig. 12, we could find that kT,
and N, exhibited similar trends with the increase of the laser
fluence. At low fluence, kT, and N, were both lower with a
weaker jet of the plasma plume, resulting in a smaller value
of C,,. As the fluence increased, both k7, and N, increased
rapidly, which led to the enhanced jet of the plasma plume.
Therefore, C,, improved until the maximum with the increase
of the laser fluence. However, a slower growth occurred in
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FIGURE 12. Plots of the electron number density N, for the Al plasma
plume generated by laser ablation and the impulse coupling coefficient
Cm at different fluences.

both kT, and N, due to the plasma shielding effect [37], which
also caused the decline of Cj, at higher fluences.
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FIGURE 13. Plots of the ionization fraction ¢ for the Al plasma plume
generated by laser ablation and the impulse coupling coefficient Cp, at
different fluences.

To analyze the effect of the plasma plumes on the impulse
coupling characteristics, the ionization fraction, which could
indicate the degree of ionization of the plasma plume, was
employed. Based on the model proposed by Sinko and
Phipps [38], the ionization fraction was estimated as shown
in Fig. 13. The results showed that there was a rise of the
ionization fraction with the increase of the laser fluence,
but the ionization fraction began to increase gradually when
the fluence exceeded 15.92 J/cm?. Moreover, the ionization
fraction was approximately 0.8 when C,, reached the max-
imum value, which agreed reasonably well with the result
reported by Zhao et al. [13]. The comparison of C,, and the
ionization fractions illustrated the fact that the decline of C,,
corresponded to the increase of the ionization fractions. The
higher ionization degree led to the appearance of the plasma
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core shown in Fig. 9(a) and the so-called enhanced plasma

shielding effect.
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FIGURE 14. Time-resolved ICCD images of the expanding plume with the
gate time of 5 ns for different laser fluences.

D. PLASMA PLUME FRONT ANALYSIS

Time-resolved images of the expanding plasma plume,
at varying times within the delay stage of 0-350 ns, are given
in Fig. 14. The gate width of the ICCD device was set to 5 ns.
In the early phase of the onset of laser-produced plasma,
the plume rapidly expanded towards the axial and lateral
directions. And the plasma plume generated by laser ablation
could also be used to predict the surface roughness in laser
polishing process [3]. Besides, it is reported that the luminous
boundary of the plasma plume was closely related to the
shock wave front, especially in the early period (particularly
before 400 ns) [18]. Therefore, the shock wave model was
suitable for the front propagation of the laser-induced plasma
plume [21]. The Taylor-Sedov equation was employed to
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interpret the position change of the plasma plume [24], [39]:

E 1/(n+2)
R=¢ <—) 12/t ©)
£0
75y — D@y + 12/
g0 = (6)
1673y — 1)

where R, E, po, t and y represent the distance from the plasma
front to the target surface, the entire energy release that drove
the plasma plume, the gas density of the undisturbed ambient,
the delay time after ignition, and the specific heat ratio of the
gas. For the propagation of the spherical wave, the cylindrical
wave, and the plane wave, n was 3, 2, and 1, respectively.

The plasma front position could be inferred from the ICCD
images utilizing the 1/e* criterion [17], for which the emis-
sion intensity was 1/e? of the maximal intensity in the picture.
As deduced from the time-resolved images given in Fig. 14,
the position changes for different time delays for different
laser fluences were as shown in Fig. 15. The solid line in each
picture was fitted with Equation (5) and it could be found that
the Taylor-Sedov theory fit the position of the plume front
well.
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FIGURE 15. R-t plots extracted from the recorded time-resolved images at
the fluence of (a) 6.27 J/cm?, (b) 8.33 J/cm?2, (c) 11.89 J/cm?,
(d) 13.37 J/cm?, (e) 15.92 J/cm?, (f) 19.14 J/cm?2, (g) 22.1 J/cm?,

(h) 25.81 J/cm?, (i) 30.05 J/cm?2. The blue solid curves are the numerical
fits to the plasma plume front using Equation (5).

In order to calculate conveniently, Equation (5) could be
simplified as follows [18]:
R = ait*? 7

where a; denotes the fitting constant. According to Equations
(5) and (7), we obtained the following equation:

\5
&=(?ﬂ 0 ®)
2

where E; is the energy release that came from the laser-matter
interaction process. Because it was difficult to accurately
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measure the parameters of gy and pg, a dimensionless form
deduced from Equation (8) could be written as:
_E_ 4y
CE a
where ¢; denotes the relative released energy derived from
laser ablation, which could reflect the same variation ten-
dency as E; with increasing laser fluence. E1 and a; represent
the energy release and the corresponding fitting constant at
the fluence of ¢, respectively.

Therefore, the energy coupling efficiency n; [39] at a cer-
tain laser fluence could be obtained as follows:

_ E; _ (s—é)spo
E " E

C))

€

ni (10)
where E is the initial pulsed laser energy. Equation (10) could
be converted to a dimensionless form:

[ ai >E i

h aj E i/

E (ﬂ)s ,
p_ni_ B _\a) P
(11)

where 71 is the energy coupling efficiency at the fluence
of ¢1 and Ej represents the lowest pulsed laser energy in
the experiment. Additionally, »; denotes the relative energy
coupling efficiency, which could reflect the same variation
tendency as n; with increasing laser fluence. The variations
of Cy,, e;, and n; that depended on laser fluences are shown
in Fig. 16.
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FIGURE 16. The comparisons of the impulse coupling coefficient Cp,
the relative released energy e;, and the relative energy coupling
efficiency 5; at various laser fluences.

What is interesting in this figure is that the trend of #; that
depended on the laser fluence was similar to that of Cy,,. There
were two possible reasons to explain the phenomenon. First,
when the laser fluence was less than 15.92 J/cmz, the main
component of the plume rapidly changed from the vapor
materials to the plasma with the increase of the fluence,
leading to a sharp increase of both the relative released energy
e; and the relative energy coupling efficiency 7/. Second,
because the fluence was higher than 15.92 J/cm~, the ion-
ization degree of the plume became high with the increased
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laser fluence, as shown in Fig.13. As a result, the growing
speed of e; became slow. Therefore, both nl’- and C,, decreased
gradually with the high ionization degree of the plume that
produced the enhanced plasma shielding.

IV. CONCLUSION

The ablation impulse was measured experimentally with
a torsion pendulum. To analyze the thrust performance,
the impulse coupling coefficient was calculated. The exper-
imental results showed that the impulse coupling coefficient
began to decline once the plasma shielding effect was strong
enough.

Images of the plasma plume were simultaneously recorded
with the ICCD device. The emission intensity of the Al"
plume was more distinguished when the fluence exceeded
15.92 J/cm?. The drop phase of the impulse coupling coef-
ficient C,, corresponded to high radiation images of the
plume with a plasma core. The core, which consisted of
a large amount of electrons and ions, absorbed incoming
laser energy, resulting in the plasma shielding effect. The
images of the plasma plume provided a better understand-
ing of the effect of the ablation plume on impulse coupling
characteristics.

The plasma temperature k7, and the electron number den-
sity N,, which were critical parameters for understanding
plasma characteristics, were estimated using optical emission
spectroscopy. The results showed that k7, and N, exhibited
similar trends with the increase of the laser fluence. Addi-
tionally, both kT, and N, showed slower growth when the C,,
decreased.

The relative energy coupling efficiency was deduced from
the time-resolved emission front, and it could reflect the
energy release of the plume. What was interesting was that
the trend of the dimensionless efficiency that depended on
the laser fluence was similar to that of the impulse cou-
pling coefficient. The obtained results might suggest a use-
ful method for subsequent experiments about the impact of
plume dynamics on impulse coupling.
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