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Impulse characteristics for a polyacetal target repetitively irradiated with pulses from a transversely excited

atmosphericCO2 laser were experimentally investigated. About 10-J laser pulses were repetitively irradiated up to

110 times onto a 6.6- or 8.6-mm-diam spot on the target, whichwasmounted on a torsion-type impulse balance. In the

first several laser pulses, the impulse and ablation rate were strongly influenced by the initial conditions of the target

surface. After ten cleaning pulses, 100 pulses were irradiated in various burst modes. Successive laser pulses in a

burstwere irradiated at a repetition frequency of 50Hz. The time interval between successive burstswas greater than

3 min. The momentum coupling coefficient Cm was almost independent of the burst mode. With a fluence of

18:8 J=cm2,Cm gradually increased with an increasing total number of pulses, reaching 220 �N � s=J at an ambient

pressure of 10�2 Pa and 145 �N � s=J in the atmosphere. When the fluence was 31:8 J=cm2, Cm began to decrease

after about 50 pulses. Cm was smaller for a smaller spot diameter. Those impulse characteristics were closely

associated with target surface morphology and fluid dynamics of the ablation plume and the ambient air.

Nomenclature

C = dumping constant
Cm = momentum coupling coefficient
d = laser spot diameter
E = laser energy
f = focal length
g = function, Eq. (6); gravitational acceleration, Eqs. (14)

and (15)
i = serial number of laser pulse
Im = constant value of impulse
�Im�N� = total impulse integrated up to Nth laser pulse

Im;i = impulse induced by ith laser pulse
J = angular moment of inertia
K = spring constant
m = ablator mass
N = total number of laser pulses
P0 = ambient pressure
rD = radial location of displacement sensor
rL = radial location of laser pulse irradiation
t = time, originated in (first) laser pulse initiation
u = step function
� = ablation rate
�N = number of laser pulses in a burst
��L = time interval between successive laser pulses

� = Dirac delta function
� = deflection angle
� = fluence
�B = natural oscillation period of impulse balance
�L = total period of laser pulse irradiations

I. Introduction

L ASER propulsion [1] is one of the most promising methods of
remotely generating an impulse without carrying a power

supply onboard. Using a solid propellant and laser ablation, a
propellant storage tank is not necessary. In operation in the
atmosphere, an impulse that is generated only through gaseous
breakdown can be enhanced by ablative momentum flux [2,3].

The ablative impulse characteristics induced by a single laser
pulse have been reported for various types of lasers, targets, and
ambient-air conditions [4–21]. Gregg and Thomas [4] measured the
impulse caused by irradiating metals with ruby laser pulses and
concluded that the momentum coupling coefficient Cm, which is the
ratio of laser-induced impulse to laser energy, has a maximum with
respect to laser intensity. Phipps et al. [5] proposed formulas for a
laser-ablative impulse by integrating experimental and theoretical
data on metals and polymers. They also supported the
aforementioned laser intensity dependence of Cm. Pakhomov et al.
[8,9] investigated laser-impulse characteristics of various metals;
they also highlighted the effect of ambient-air pressure on the
impulse [10,11]. Watanabe et al. [14] determined an optimum
condition with respect to both the laser fluence and the ambient
pressure when irradiating a target made of polyacetal (POM) with a
transversely excited atmospheric (TEA) CO2 laser pulse. This
combination of laser and polymer gave the most favorable impulse
performance among the polymers tested.

The existence of an optimum fluence implies that to optimize
propulsion performance, irradiating with a giant pulse of excessively
highfluence should be avoided. If the laser irradiation area on a target
is not large enough,Cm can be maximized by repetitively irradiating
laser pulses with the energy corresponding to the optimum fluence. If
the total impulse increases linearly with the number of laser pulses of
a constant energy, we can develop a high-performance propulsion
device. The same principle applies to laser-powered space debris
deorbiting [22].
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Phipps et al. [23] developed a laser plasma thruster, in which
repetitive laser pulses were irradiated onto successive virgin spots on
a sliding propellant tape. Other physicochemical effects such as
etching rate, [24] ablation threshold, [25] transmission coefficient,
[26] and surfacemorphology [27], etc., of repetitively irradiated laser
pulses on polymers have been investigated and reported. However,
the impulse characteristics of repetitively irradiating laser pulses
onto a fixed spot have not been well reported, at least in the open
literature. The purpose of this study is to experimentally investigate
the impulse characteristics of POM to repetitive TEA CO2 laser
pulses irradiated onto afixed spot, aswell as to understand associated
physical mechanisms.

II. Apparatus and Methods

A. Design of Impulse Balance

Figure 1 shows the schematic diagram of the impulse balance
developed in this study. This is a torsion-type balance [16] that has a
1-m-long, horizontally set, main arm made of aluminum. The arm is
supported by two pivots on the upper and lower surfaces at the center
of the arm. The sensitivity and natural oscillation period �B can be
controlled by the radial location of the symmetrically set, 9-kg
weights (W1 and W2). With these weights being set at the edges of
the arm, �B can be as long as about 30 s. To increase the sensitivity of
the balance, measurement without the weights is also possible. Fine
static balance adjustment was accomplished using the other weights
(W3 and W4). An ablative impulse is exerted at r� rL. The
deflection of the arm is measured at r� rD using an eddy-current
linear displacement sensor. A calibrated impulse is exerted using a
ballistic hammerwith a piezoelectric force sensor (208C1, PCB, Inc.,
sensitivity of 112:4 mV=N and force range of �44:5 N). Active
damping was done with the electromagnet.

In this study, an impulse induced by a single laser pulse is
completed within 10 �s [21,28], whereas the period of the natural
frequency is more than 106 times longer. An impulse that is induced
by a single laser pulse can bemodeled using the Dirac delta function.
The equation of motion of the balance yields

J
d2�

dt2
� C d�

dt
� K�� rL

XN
i�1

Im;i��t � �i � 1���L� (1)

The solution of Eq. (1) for ��0� � d��0�=dt� 0 and C� 0 is
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Themaximumdeflection angle induced by a single laser pulse can be
obtained by substituting N � 1 into Eq. (2):
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where Im � Im;1.
The maximum deflection angle as a result of N-impulse exertions

with a constant time interval of �L is obtained from Eq. (2):
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If Im;i has a constant value of Im, Eqs. (3) and (4) yield
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As shown in Fig. 2, g is a decreasing function of �L=�B that equals
unity onlywhen �L and then��L vanish. The condition to allow a 1%
error (that is, g 	 0:99) is given by

�L
�B

 0:078 (9)

In this study, the design criterion of Eq. (9) was employed; to
obtain 99% accuracy for the total impulse from 100 3-mNs
impulses with a repetition frequency of 50 Hz for 2 s, �B should be
longer than 25.6 s. The control parameters involved in the balance
design are J, K, rL, and rD. Their values were determined from the
following conditions: 1) allowable load to the pivots, 2) maximum
deflection at r� rD, 3) allowable error with respect to the laser spot
location, and 4) allowable error in fluence caused by the swing of
the arm. The value of �max was converted to the maximum linear
deflection measured at r� rD. The design specifications were
J� 4:01 kgm2, K � 0:192 Nm=rad, rL � 0:100 m, and rD�
0:100 m, respectively, to yield a maximum impulse of 438 mNs
with a resolution of 0.175 mNs, and tB � 28:7 s for the maximum
linear deflection of �5:0 mm. The impulse-deflection relation was
fit to a quadratic equation in the calibration before and after every
series of experiments of the day.

B. Apparatus

Figure 3 shows the schematic diagram of the experimental setup.
TEA CO2 laser (wavelength of 10.6 mml, SLCR-Lasertechnik
GmbH,ML205) [28] pulses were introduced to the vacuum chamber
(inner diameter of 0.7 m and length of 2.0 m) after being reflected
from two collimating molybdenum mirrors and sent through a ZnSe
plane-convex lens of a focal length of 1.07 m. The laser beam has a
diameter of 55 mm at the oscillator exit. The energy of a single laser
pulse was measured with an energy meter (ED-500LIR, Gentec

Fig. 1 Top view of the schematic of impulse balance.

Fig. 2 Gain to multiple impulses of constant magnitude exerted at a

constant repetition frequency.
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Electro-Optics, Inc.); time variation of the intensity was measured
with a photon-drag sensor (B749, Hamamatsu Photonics). The laser
pulse had a primary peak intensity of 60 MW=cm2 for a total energy
of 10 J, full width at half-maximum of 170 ns with 90% of the total
energy output within 3:1 �s.

The impulse balance was set in the vacuum chamber with its arm
parallel to the chamber axis. As shown in Fig. 3b, the target was
placed in the holder, which in turn was attached to the side face of the
balance arm. The target was made of ployacetal (POM), 10 mm in
thickness and 22 mm in diameter on the incident surface, flush-
mounted on a 100-mm-diam aluminum holder plate. The laser beam
was irradiated normal to the target surface. Before laser pulse
irradiance, the target surface was not mechanically or chemically
processed, only cleaned using ethanol. The vacuum chamber was
evacuated using a turbomolecular pump (TMP-2003LM, Shimazu,
2000 liter=s for N2), which in turn was backed by a rotary pump
(T2033SD, Alcatel, 500 liter=min). The pumps were kept in
operation even during laser pulse irradiations.

III. Results and Discussions

According toWatanabe et al. [14], the highestCm was obtained for
a fluence of 18 J=cm2. In their experiments, a laser pulse was
irradiated onto a30 � 30 mm square on the target surface,whereas in
this study, the laser spot has a smaller dimension: that is, a circle of
8.6 mm or less in diameter. Because the laser pulse durations were of
the same order, the edge effect (that is, the effect of expansion waves
from the peripheral of the laser spot) was larger in this experiment.
Although the optimum fluence can be quantitatively different due to
this scaling effect, the preceding value is regarded as a good
reference. Therefore, in this study, we set a fluence of 18:8 J=cm2 as
the nominal operation condition. This corresponded to a laser energy
of 10.9 J and a spot diameter of 8.6 mm. The ambient-air pressureP0

was set either to 10�2 or to 105 Pa. Laser pulses were irradiated in
burst mode. In a burst, laser pulses of a constant energy were

irradiated onto the target at a repetition frequency of 50 Hz. The time
interval between successive bursts was set to longer than 3 min. The
impulse measurement was continued up to 110 laser pulses without
changing the target and optics arrangements.

Here, let N and �N designate the accumulated number of laser
pulses and the number of laser pulses in a burst, respectively.Cm and
the ablationmass reduction rate, which hereafter will be referred to as
the ablation rate �, are defined as follows:

Cm�N ��N=2� � 1

E�N
f �Im�N� � �Im�N ��N�g (10)

�I m�N� �
XN
i�1

Im;i (11)

�N��N=2 �
����m�N� �m�N ��N�

E�N

���� (12)

When measuring the impulse induced by a single laser pulse
(�N � 1), the balance sensitivity was increased by removing W1
and W2 (Fig. 1) from the balance arm. The impulse generated in a
burst of�N 	 10 was measured in the balance arrangement shown
in Fig. 1. Because the mass reduction was sensitive to the location
and orientation of the laser spot, the ablation rate was measured only
once for each target. The differentiation in Eq. (12) was obtained by
collecting the mass reduction data of three to five different targets for
each N. Because the test chamber is large enough (with an inner
diameter of 0.7 m and a length of 2 m), the surface area ratio of the
target to the test chamber was 7 � 10�5. The mass fraction of
redeposition was even smaller because we continued to run the
vacuum pumps even during the test period. Therefore, we neglected
the redeposited mass in the evaluation of Eq. (12).

A. Nominal Fluence (18:8 J=cm2), N � 10

As will be described in detail later, because in initial several shots
the impulse exhibited considerably different characteristics from
later shots, we treated the first ten shots against a virgin target as
cleaning shots. In this subsection, impulse characteristics in the
cleaning shots will be described. Figure 4a shows the variations of
Cm as a function of N�
 10� measured for �N � 1 with
�� 18:8 J=cm2. For both of the ambient pressures,P0,Cm started at
a relatively low value: 88 �N � s=J for P0 � 105 Pa and 140 �N �
s=J for P0 � 10�2 Pa, respectively. The respective levels increased:
192� 8 �N � s=J in the second pulse and thereafter for P0 �
10�2 Pa and 117� 7 �N � s=J in the fifth and thereafter for
P0 � 105 Pa. The initial variations of the ablation rate shown in
Fig. 4b were also large. For P0 � 105 Pa, the ablation rate started as
low as 70 �g=J, then increased to 170 �g=J with a scatter of
�30 �g=J. ForP0 � 10�2 Pa, the ablation rate was 185 �g=J in the
first pulse, then settled down to the same level as in the former.
Figure 5 shows open-shutter pictures of radiating ablation plumes.
For P0 � 10�2 Pa, a radiating violet flare plume was clearly
observed only in the first shot. For P0 � 105 Pa, the plume became
somewhat spherical and orange-colored and could be observed up to
the fourth shot; after that, it was observed only sporadically.
Therefore, the observed radiation from the ablation plume almost
corresponded to the aforementioned impulse and ablation rate
characteristics; when the radiating plume appeared, the impulse was
small. We also conducted Langmuir probe measurements. However,
signals were obtained only for P0 � 10�2 Pa and when such a
radiating plume was observed.

Figure 6 shows framing schlieren images of a laser ablation plume
and associated flows forP0 � 105 Pa. In the case ofN � 1 (Fig. 6a),
a laser-induced plasma appeared in frame 1 as a radiating zone on the
target surface. The plasma expanded in an almost-hemispherical
shape. In frame 4 and thereafter, a hemispherical shock wave was
observed as a detached density discontinuity ahead of the contact
surface of the plasma. Along the center axis, the frontal portion of the

TEA-CO2

laser

ZnSe lens
=1.07m)

ZnSe window

PC

Target

TMP

Mo mirror
(f =10 m)

Electric
circuit
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b)

Test chamber

Target

Backup ring

Holder plate

100

22

mm dia.

mm dia.

( f

Fig. 3 Experimental setup: a) whole, b) close-up near the target.
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plasma continued to emit radiation up to frame 5. This zone shields
the target surface against the laser power, thereby lowering the
pressure on it. These results are consistent with the Anju et al. [28]
results obtained using a velocity interferometer. Because the laser
power was partially absorbed ahead of the target surface, the solid
angle of the almost-hemispherical shock wave was larger than 2 �L.
In the case of N � 3 (Fig. 6b), the radiation from the plasma [5]
becameweaker.Aswill be shown later forN > 10, the radiating zone
was observed only sporadically. This implies that in the first several
shots, the zone of laser power absorption detached from the target
surface, and so the energy transfer to the ablative impulse generation
was decreased. This is no less than the plasma shielding effect and is
consistent with the aforementioned impulse and mass consumption
performance.

Figure 7 shows framing schlieren images for P0 � 10�2 Pa and
N � 1. A radiating zonewas observed in frame 1 only forN � 1. In a

separate series of experiments, we conducted diagnostics using
Langmuir probes (single and triple probes). However, at this fluence,
the probe signal was obtained only in the first shot. The Cm and
ablation rate characteristics special to the first shot (Fig. 4) should
have a close link to this radiating zone. Although, due to the low-
density level, the contrast in those frames is poorer, an ablation plume
was observed in frame 7 and later. The diameter of the plume was
almost equal to d. There will be further discussion on this issue in the
next subsection.

Figure 8 shows scanning electron microscope images of the target
surface. Figure 8a shows thewhole area of the laser irradiated spot for
N � 10. Regions A, B, and C are the central, periphery, and outside
of the laser spot, respectively. The broken line is the effective
boundary of the laser spot. In region A, fringes on the order of
300 �m that corresponded to the laser beam pattern are observed.
Figures 8b and 8c compare region A before (N � 0) and after
(N � 5) laser pulse irradiations, respectively. As shown as region C
in Fig. 8a, (spatial resolution of 100 �m) the initial surface looks

Fig. 4 Variations of Cm and � as a function of N (N � 10); �N � 1,

E� 10:9 J, and d� 8:6 mm (�� 18:8 J=cm2).

Fig. 5 Open-shutter photographs of ablation plume: a) P0 � 10�2 Pa
and b) P0 � 105 Pa [fringes in the upper-right portion of the images

(N � 1 and 4) are a reflection from the chamber inner wall]; E� 10:9 J,
d� 8:6 mm (�� 18:8 J=cm2), and�N � 1.

Fig. 6 Framing schlieren images: a) N � 1 and b) N � 3; E� 10:9 J,
d� 8:6 mm (�� 18:8 J=cm2), P0 � 105 Pa, exposure time is 0:1 �s,
framing rates are 1 �s (frames 1–8) and 2 �s (frames 9–12); P denotes

plasma, S denotes shock wave, and CL denotes the centerline.

Fig. 7 Framing schlieren images; E� 10:9 J, d� 8:60 mm
(�� 18:8 J=cm2), P0 � 10�2 Pa, N � 1, exposure time is 0:1 �s, and
framing rates are 0:5 �s (frames 1–8) and 1 �s (frames 9–12).
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smooth. However, with finer scale it shows grooves that are several
microns thick, as seen in Fig. 8b. Those grooves were smoothed out
after five laser pulses (Fig. 8c). In region B (Fig. 8d), filament
structures appeared. The formation of a similar structure was
assumed to be due to a fluid dynamic processes in which the melt
became solidified [29]. This structure appeared both atP0 � 105 and
10�2 Pa. Figure 8e shows an example of debris appearing after
irradiating with a single laser pulse. Such debris, with dimensions of
several tens of microns, appeared only for P0 � 105 Pa. For
P0 � 10�2 Pa, only submicron-order particles were deposited in
region C.

In theWatanabe et al. [14] free-flight experiments, andmany other
experiments, the impulse performance and mass consumption were
measured only with a virgin specimen, corresponding to an N � 1
shot in this study. The initial Cm and ablation rate characteristics
roughly reflect the multiple-pulse performance, yet quantitatively
did not agree. As will be presented in detail later, in each laser pulse,
on average, a layer with thickness of about 40 �mwas removed due
to ablation. There must be a chemical or thermal surface layer with a
thickness of this order. Moreover, as seen in Fig. 8, the surface
condition changed even on the millimeter scale. As a result, the
impulse and ablation characteristics of the virgin surface exhibited
complicated behaviors (see Fig. 4). Yet, in evaluating the impulse
performance over a large number of laser pulses, such initial
behaviors become less and less important by increasing the number
of pulses. Therefore, in each experiment, the first ten laser pulses
were applied as cleaning shots over an interval of greater than 3 min.
The impulse characteristics in the subsequent 100 shots were
primarily highlighted.

B. Nominal Fluence (18:8 J=cm2), 10< N < 110

After the cleaning shots (that is, for N > 10), laser pulses were
irradiated in burst mode. In a burst, laser pulses of a constant energy
of 10.9 J were irradiated at a constant repetition frequency of 50 Hz.
The number of laser pulses in a burst,�N, was set either to 1, 10, 25,
50, or 100. The interval between successive bursts was set longer
than 3 min. The total number of laser pulses was set to 110.

Figure 9a shows the variations of Cm measured for the nominal
fluence. In this figure and hereafter, the symbols are plotted at the

local-average values according to Eqs. (10) and (12).N includes the
first ten pulses of cleaning shots. As was obtained for N < 10 in the
previous section, a higher level ofCm was obtained forP0 � 10�2 Pa
than for P0 � 105 Pa. Usually, the laser-induced impulse decreases
by decreasing the ambient pressure [3,10,30]. In [3], Cm with Derlin
(a POMhomopolymer) against aCO2 laser pulse (duration of 12 �s)
measured for fluences of higher than 165 J=cm2 monotonically
decreased by decreasing the ambient pressure. However, according
to Watanabe et al. [14], Cm with fluence of 18 J=cm2 became higher
at the reduced pressure. The condition of Fig. 9 is back to the latter
case, thereby quantitatively agreeing with [14,28]. (It should be
noted here that in [14,28] the impulse characteristics were measured
only with the virgin target.) The Cm level was much increased in the
later shots. For P0 � 105 Pa, Cm exceeded 120 �N � s=J in most of
the later shots forN > 10, whereas itwas lower than 100 �N � s=J for
N < 5. For P0 � 10�2 Pa, Cm was greater than 190 �N � s=J for
N > 10, whereas it was 140 �N � s=J only at N � 1. As seen in
Fig. 9a, for P0 � 105 Pa even for N > 10, Cm sporadically dropped
from its average value by up to 25%. Only in such shots did we
observe a strong radiation emission near the target surface, as shown
in Fig. 5; the air breakdown caused by contaminants in the ambient
air occurred occasionally. In the case of P0 � 10�2 Pa, such
breakdown did not occur for N > 1.

In the measured Cm performance in the 10 
 N 
 110 range, the
influence of �N did not clearly appear, except for the case of
�N � 100 for P0 � 105 Pa, in which the ablated gas was
presumably not fully evacuated, because the vacuum chamber has a
finite volume. At least at that low repetition frequency of 50 Hz, the
effects of target preheating and residual gas over the target did not
affect the impulse performance as long as the pumping capability of
the vacuum chamber was sufficiently high.

Fig. 8 Scanning electron microscope images of the laser spot: a) whole
spot, N � 10, b) region A, N � 0 (initial surface), c) region A, N � 5,

d) region B, N � 10, e) region C, N � 1; P0 � 105 Pa, E� 10:9 J, d�
8:6 mm (�� 18:8 J=cm2), and �N � 1.

Fig. 9 Variations of Cm and � as a function ofN (N � 110): a)�N � 1

andP0 � 10�2 Pa (gray circles),�N � 1 andP0 � 105 Pa (open circles),
�N � 10 (black circles), �N � 25 (upward triangles), �N � 50

(squares), and �N � 100 (downward triangles) and b) �N � 1,

E� 10:9 J, and d� 8:6 mm (�� 18:8 J=cm2).
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In the 10 
 N 
 110 range for P0 � 105 Pa, Cm started at
124 �N � s=J (N � 15) and increased by 15%. For P0 � 10�2 Pa,
Cm increased by 8% from 200 �N � s=J (N � 15). These increases in
Cm should be closely related to the formation of craters. Figure 10
shows the sketches of the crater that was formed at N � 110 for
P0 � 105 Pa. In Fig. 10a, a laser beam pattern recorded onto a
photosensitive paper sheet is superimposed on the target outline. The
white portion at the center is the regionwheremost of the laser energy
was irradiated. Figures 10b and 10c are cross-sectional views of the
crater. The crater is in the rough shape of a truncated ellipsoid. On the
target surface, its major and minor axes are approximately 9 and
7mm, respectively. From the volumemeasured in these sketches, the
ablated mass rate and surface receding rate are estimated to be
170� 30 �g=J and 40� 5 �m=pulse, respectively. Within the
experimental uncertainty, these values agree with the experimentally
measured ablation rate shown in Fig. 9b. As seen in Fig. 9b, the
ablation rate became almost constant at 150� 20�g=J and did not
depend on P0.

The most possible effect of crater formation on the impulse is jet
formation. For P0 � 105 Pa in the case of N � 1 (Fig. 6a), the
contact surface retained its spherical shape. However, a flare
structure of the ablation jet appeared even forN � 3 (Fig. 6b). In the
N � 20 shot shown in Fig. 11a, theflare structurewas even enhanced
(see frames 10 to 12); being driven by the ablation plume, the
hemispherical shock wave extruded forward along the axis. In the
case of N � 100 (Fig. 11b), the eccentricity of the shock wave
increased. At this stage, the crater was formed, as shown in Fig. 10.
The crater acted as an aerodynamic nozzle, enhancing the axial
momentum flux of the plume and thus the impulse performance.
Because the crater surface had a few-millimeter-order irregularities,
the contact surface of the plume became much more disturbed.

For P0 � 10�2 Pa, the processes of ablation-plume concentration
were clearly observed, as shown in Fig. 12. With increasing N, the
diameter of the ablation plume decreased; the effective plume
diameter varied from 8 mm (N � 1) to 5 mm (N � 100). With the
growth of the crater depth, the ablation plume gained better
directionality to the axis, thereby increasing the momentum in the
axial direction and the pressure on the ablator surface. As a result, a
similar impulse enhancement to that for P0 � 105 Pa was also
obtained (see Fig. 9a).

Due to the limited space available for the visualization setup, in all
of the images in Figs. 6, 7, 11, and 12, the laser axis normal to the
target is inclined by 5.5 deg from the horizontal [see frame 12 in
Fig. 6a].

C. High Fluence (31:8 J=cm2)

Figures 13 and 14 show Cm variations and the sketch of the crater
when the fluence was 31:8 J=cm2 for P0 � 10�2 Pa. As occurred
with the nominalfluence in Fig. 9a,Cm did not depend on�N, except

for�N � 100. At first Cm increased slightly, but in 30<N < 60, it
stayed almost constant: 210� 10�N � s=J. ForN > 60,Cm started to
decrease. As shown in Fig. 14, the depth-to-diameter ratio of the
crater at N � 110 equaled 1:1� 0:1, whereas in the nominal
condition (Fig. 10), this ratio was 0:58� 0:07. The impulse

Fig. 10 Sketch of crater: a) front view (laser energy distribution

recorded on photosensitive paper), b) cross section A–A, and c) cross
section B–B; N � 110, P0 � 105 Pa, E� 10:9 J, d� 8:6 mm
(�� 18:8 J=cm2), and �N � 1.

Fig. 11 Framing schlieren images: a) N � 20–22 and b) N � 100–102;

E� 10:9 J, d� 8:6 mm (�� 18:8 J=cm2), P0 � 105 Pa, exposure time

is 0:1 �s, and framing rates are 1 �s (frames 1–8) and 4 �s (frames 9–

12).

Fig. 12 Framing schlieren images: a)N � 1, b) N � 20, c) N � 60, and

d) N � 100; E� 10:9 J, d� 8:6 mm (�� 18:8 J=cm2), P0 � 10�2 Pa,
t� 2:0 �s, and exposure time is 0:1 �s.

Fig. 13 Cm variations for �� 31:8 J=cm2, P0 � 10�2 Pa, E� 10:9 J,
and d� 6:6 mm.
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performance was degraded with the excessive increase in the
crater depth.

D. Scaling Effects

Figure 15 shows the impulse characteristics for two spot diameters
with an almost constant fluence (�� 19:0� 0:3). Closed symbols
correspond to the data with d� 8:6 mm, shown in Fig. 9a, and the
open symbols correspond to the smaller spot diameter, d� 6:6 mm.
Cm for d� 6:6 mm was smaller than that for d� 8:6 mm by about
5% forP0 � 10�2 Pa and by about 20% forP0 � 105 Pa. According
to Anju et al. [28], the pressure at the spot center was affected
significantly by boundary conditions. The smaller d, the more
significant an edge effect becomes and the shorter the period during
which expansionwaves propagate from the peripheral to the center in
the laser spot becomes, whereas the time variation of the laser power
was unchanged. Therefore,Cm decreasedwith decreasing d, with the
decrease being larger for the atmospheric pressure. Also, on average,
the ablation ratewas slightly lowerwith the smallerd,�� 140 �g=J
for d� 6:6 mm and 150 �g=J for d� 8:6 mm, irrespective of the
value of P0.

E. Propulsion Performance

Let us evaluate the aforementioned impulse from the viewpoint of
propulsion performance. Let us define the energy conversion
efficiency � and the specific impulse Isp, respectively, by

� � I2m
2E�m

(13)

Isp �
Im
g�m

(14)

where � is equivalent to the thrust efficiency that is used in electric
propulsion. From Eqs. (10), (13), and (14), Cm is expressed as a
function of these parameters, such that

Cm �
Im
E
� 2�

gIsp
(15)

Figure 16 shows the experimentally measured propulsion
performance in the present study. For P0 � 10�2 Pa,
Cm � 200 �N � s=J, and �� 13% was obtained at Isp � 130 s.
The present � level is comparable with that of the pulsed plasma
thrusters reported in the review paper authored by Burton and Turchi
[31] (Table 1). Because in the present experiment the POM target
acted as a volume absorber [6], the mass consumption rate
(140–150 �g=J) was much higher than those of the pulsed plasma
thrusters, 1.5 to 10 �g=J; the propulsion performance obtained in
this study was mapped in lower-Isp and higher-Cm regimes. In this

study, the operation fluence range was set based onCm performance.
The examination of the propulsion performance in the higher-Isp
regime warrants further investigations to examine various ablation
materials, fluence, and laser oscillator specifications.

IV. Conclusions

In this study, we investigated the impulse performance when
repetitively irradiating TEA CO2 laser pulses onto a fixed spot on a
POM target. As was reported in the previous studies, a higher
momentum coupling coefficient (200 �N � s=J at Isp � 130 s, which
corresponded to �� 13%) was obtained under the reduced ambient
pressure of 10�2 Pa. The morphology and possible contamination of
the virgin target surface degraded the impulse performance. The
momentum coupling coefficient was almost constant with respect to
the number of laser pulses, yet secondary effects associated with
crater formation were observed. For the modest number of laser
pulses onto a fixed spot, the impulse performance can be enhanced,
apparently due to the aerodynamic expansion owing to the crater
formation. With the high fluence, the speed of crater formation
became higher; when the eccentricity of the crater became
excessively large,Cm decreased. This suggests that if the crater shape
can be trimmed adequately, high impulse performance can be
maintained for an even larger number of laser pulses, the validation
of which is the scope of extended studies.
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