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Abstract: Thrust generated by irradiating repetitive laser pulses on Al target in 
ambient helium and argon gases was studied with a torsion pendulum impulse measurement 
system. The pulse repetition rate is up to 1 kHz. The result indicates that the ablation 
generated thrust is strongly dependent on the molecular weight of the ambient gas, majorly 
owing to a confinement effect. The momentum coupling coefficient can be improved while 
using inert gas with higher molecular weight. For both gases, it decreases monotonously 
while the ambient pressure reduced from 101 kPa to 0.1 kPa which may be due to the 
weakening on the confinement effect. This pressure dependence has a good agreement with 
our corresponding data obtained in air.

Nomenclature
A = initial amplitude of pendulum oscillation
Cm
D = temporal deflection of the torsion pendulum

= Momentum Coupling Coefficient

Ep
N

= single pulse energy
b

f = laser pulse repetition frequency
= number of pulses in one burst

p0
t = time

= ambient gas pressure

to
= angular velocity
= time of the occurrence of laser ablation 

I. Introduction
hen irradiating high power laser beam on to a solid target, recoil force is generated as a result of matter 
ejection from the ablated area. Taking the advantage of rapid developing on high power laser technique 

during the past decades, laser ablation propulsion has been intensively studied owing to its importance in a wide 
range of applications, which includes lunching of micro-satellite to a near earth orbit1, laser micro-thruster2 or space 
debris removal3, 4

In addition to laser irradiation condition and ablator characteristics, the impulse generation also strongly depends
on the environment condition such as the ambient gas species and its pressure p

.
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. The impulse generation process in 
gas environment is complex because it includes phenomena like plasma expansion to backgrounds and shock wave 
dynamics. Enhanced impulse in inert gas with high molecular weight was reported by Sasoh as obtained on a laser-
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driven in-tube accelerator (LITA) apparatus5. Pakhomov investigated the effect of air pressure on the propulsion 
impulse generation both experimentally and theoretically with a TEA-CO2 laser6. However, past works were mainly 
conducted with single pulse laser or repetitive pulsed laser with low repetition rate of 10~100 Hz. The ambient gas 
effect on laser propulsion performance with 1 kHz level pulse repetition rate have not been paid enough attention.
For this high repetition rate, some other effects might influence the thrust performance. The accumulation of heat at 
the ablation area will reduce the ablation threshold for following pulses in a same burst7

In this study, we present impulse measurements of repetitive pulses laser ablation onto Al target conducted in 
inert ambient gases on a torsion pendulum system. Besides of gas species, the effect of gas pressure, p

. Besides, the ambient gas 
pulsation is also different from that in low repetition rate case.

0

II. Experimental Description

, which is 
another important factor for thrust performance optimization, is investigated in a moderate pressure range 
considering the LITA launching system.

The experiment is conducted using a Nd:YLF laser at the wavelength =1047 ns. The solid-state laser is capable 
to irradiate pulses at a repetition rate up to 10 kHz. The laser is running in burst output mode, means that a burst of 
pulses with controllable number of pulses Nb and fixed single pulse energy Ep could be irradiated at selected 
repetition frequency f after receiving regulated trigger signals from a function generator. In the measurement, 1 burst 
consists Nb

The impulse measurement is performed by recording and analyzing the temporal deflection signal D of the 
torsion pendulum, which can be fitted to a damped oscillation expression:

=200 pulses with f= 1 kHz is output on to fresh surface of an Al target. The FWHM pulse width (full 
width at half maximum) is 9 ns. In order to generate ablation on the target, laser beam is focused by a lens with 150 
mm focusing length. The beam incidents normally to the target surface with less than 2 degrees of angular 
uncertainty. The target is placed slightly befor the focusing plane to avoid the occurring of gas breakdown before 
ablation on its surface.

D = A sin (t t0) exp{ c(t t0
in which A denotes the initial amplitude of the oscillation signal when the impulse is generated at the time t

)}                                                       (1)
0; is 

the angular velocity of the pendulum. The relation between A and impulse is calibrated by impact hammer. The
pendulum is capable for tiny impulse (sub-μNs level) measurement. It is placed in a vacuum chamber (0.7 m 
diameter, 2.2m in length) filled with Argon or Helium gas. Before testing, the chamber is firstly vacuumed to 10-2

III. Results and Discussion

Pa
by a combined system consists of a rotary pump (Alcate, T2033SD) and a turbo molecular pump (Shimatsu, TMP-
2003LM), then filled with inert gas to required pressure. The ablation spot area is measured with a microscope
(Keyence Company, VK-9500) to determine the fluence in each case.

A. Effect of gas species and pressure

       
a)                                                                                          b) 

Figure 1. The momentum coupling coefficient at different pressures, in argon, air and helium gases with 1 
kHz laser irradiation, the fluence is a) 9.9 J/cm2 and b) 17.0 J/cm2.



Joint Conference of 30th ISTS, 34th IEPC and 6th NSAT, Kobe-Hyogo, Japan
July 4 – 10, 2015

3

Figure 2. The Cm-molecular weight relation at the laser fluence of 17.0 J/cm2.

Argon and helium gases were selected as ambient gases based on the consideration of their difference on 
confinement effect. In gas environment, the laser ablation impulse is generated from majorly two mechanisms: the 
high pressure of plasma plume near the target surface and the dynamics of following shockwave expansion. For the 
confinement effect on plasma expansion, a noble gas with higher molecular weight is expected to slow down the 
plume expansion more rapidly (8). Sasoh (5) found that the impulse is in inverse proportion relation with the sound 
speed of the filled gas base on similarity analyzing of shock wave expansion. Both indicate that better impulsive 
thrust (or momentum coupling coefficient, Cm,

In Fig. 1, the momentum coupling coefficient in different sorts of ambient gases with 1 kHz laser repetition rate 
is shown. The studied pressure p ranged from 0.1 to 101 kPa, which is moderate for the proposed LITA device. The 
laser fluence is 9.9 J/cm

defined as impulse divided by incident laser energy) could be 
expected in ambient gas with higher molecular weight at higher pressure.

2 and 17.0 J/cm2. Each plot in the figure represents an average of 4 times measurements 
while the error bar indicates the standard deviation of the date. The result obtained in air is also plotted for 
comparison. It is shown that Cm decease monotonously with the declination of ambient pressure from 101 to 0.1 kPa 
for all tested gases. The changing on fluence does not show significant influence on this trend. For the gas species, 
the Cm obtained in Argon gas is the highest for each pressure case, which is in accordance with the expectation,
even at this high repetition rate condition. However, compares between the result in Air and Helium gas at low 
pressure (1 and 0.1 kPa) range shows a contrary dependency on molecular weight (as shown in Fig. 2). The impulse 
decreasing is more rapidly in air with reducing on p0. Therefore, it is considered that, in low pressure conditions,
there are other mechanisms rather than confinement maybe playing a more important role which needs further 
investigation.

B. Cm
Laser fluence is another important factor for thrust optimization. The C

dependency on fluence
m-fluence relation obtained 

experimentally at various p0
It is shown that C

is plotted in Fig. 3.
m keeps increase with fluence in the studied fluence range for 2 noble gases. However, the 

increasing slops decline with fluence. An optimized fluence between 16 ~17 J/cm2 is observed for 101 and 10 kPa 
with argon gas. However, in lower pressure of argon gas (1 kPa), the Cm keeps increasing for fluence up to about 18 
J/cm2, which shows a possibility to achieve high Cm in low pressure argon gas environment which is economical for 
a LITA device.
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a)                                                                            b)

c)
Figure 3. Influence of laser fluence on Cm obtained in argon, air and helium gases, ambient gas pressure is 
a)101 kPa, b)10 kPa and, c)1 kPa. 

IV. Conclusion
To study the effect of ambient gas on the laser ablation thrust generation characteristics, impulse measurement is 

performed in argon and helium gas environment with at 1 kHz laser pulse repetition rate. The momentum coupling 
coefficient decreases monotonously with declination in p0 which is mainly attributed to the weakling on gas 
confinement effects. Highest Cm is obtained in p0
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