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INTRODUCTION 

The initial concept of laser propulsion was proposed 

by Kantrowitz in 1972 [1], laser propulsion is expected to 

reduce the launch cost of small satellites to the low Earth 

orbit in the near future. Theoretically, the laser propulsion is 

based on the laser ablation process which is the removing 

material on the solid surface by an incident laser beam. Firstly, 

when increasing the fluence of laser beam, the temperature 

of irradiated area increases to the critical temperature and 

then the material evaporates from the surface. A thin layer of 

very dense plume so-called Knudsen layer which includes 

ions, electrons and neutrals exists in front of the surface. The 

plasma plume continues to absorb energy from the incident 

laser beam and creates a high gradient temperature and high 

pressure domain. Thereafter, a blast wave is generated 

immediately in nanosecond scale, which plays a main role to 

propel the vehicle. 

 A number of researches have been conducted. 

About the physics of laser propulsion, the characteristics 

of ablative laser propulsion in vacuum condition were 

examined by Phipps et al.[2]. The obtained results from 

five separate experiments showed a strong relation 

between the impulse and the parameters of the laser beam 

(wavelength, pulse width, and laser fluence). In 1999, the 

first free flight test of a laser-powered vehicle was 

performed by Myrabo [3]. The vehicle could climb up to 

the altitude of 71 m, but start to drift from the trajectory 

along the laser beam in a short flight time. The vehicle 

design of stable flight along the laser beam is now open 

question. Recently, K.Mori [4] proposed a new system 

design based on a combination of a spherical target and 

donut-mode laser beam, as shown in Fig.1. Unlike the 

conventional beam, in the cross-section of the beam, the 

energy is distributed around the spot of laser beam. This 

design is expected to realize the stable flight by generating 

the restoration force to the radial drift of the spherical 

vehicle from the center axis of the laser beam.  

For the feasibility study of this new laser-powered 

launch system, this study aims to clarify the impulse 

performance in a wide range of the atmospheric pressure, 

particularly in the stratosphere environment. The 

propagation of the shock wave are visualized by Schlieren 

method to observe the role of the shock wave to contribute 

to the impulse performance.  

 

Figure 1. The donut-mode laser beam 

EXPERIMENTAL SETUP 

Fig.2 shows the schematic of the experiment. 

Experiments were conducted in a vacuum chamber whose 

pressure is controlled by using a rotary pump and a turbo-

molecule pump. In order to study the laser propulsion 

performance in low ambient pressure, the ambient 

pressure, pa, was varied from 10 Pa to 100 kPa at totally 

17 points. A Nd:YAG laser has pulse energy EL of 0.7 J 

with the pulse width duration is 5±1 ns. The laser 

wavelength is 1064 nm. It should be noted that both a 

single-spot beam and donut-mode beam were used in this 

study. The laser beam was reflected by several mirrors 

before passing through a BK7 window into the test section. 

After that, the laser beam was focused using a lens, aimed 

to generate the single-spot beam on the center of a 

spherical target. On the other hand, in order to generate 

donut mode beam, a donut mode optical system was 

installed before the chamber. The incident beam goes 

through this system and then irradiate to the target. Due to 

the cancellation the energy in the central area of the laser 

beam, the energy of outlet laser beam was kept at 0.448 J 

with the diameter of 6.7 mm. 

For visualization, the Schlieren images are taken at 

5×106 frames per second using HPV-X2 (Shimadzu Inc.). 

The spherical target whose diameter is 10 mm is attached 

to a load cell to measure the impulsive thrust force. 
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Figure 2. The schematic of experiment 

RESULTS 

The instantaneous photographs indicate the spatial 

development of shock wave after 0.25 µs from the target 

was irradiated by the laser beam (diameter dsp=1.3 mm) as 

shown in Fig.3. The shape and propagation speed of shock 

wave which depend on the interaction between the ablated 

material and ambient air are strongly affected by ambient 

pressure pa. In the low ambient pressure, pa = 100 Pa, the 

interaction between the ablated material and ambient air 

is weak; therefore, the ablated material removes rapidly 

towards the incident laser beam. The energy of shock 

wave is weak and the speed of propagation is found to be 

different between the horizontal direction and vertical 

direction. The increase of ambient pressure which 

corresponds to the addition of the air density surrounding 

the target makes the interaction between ablated material 

and ambient air become stronger. As a result, the shock 

wave propagation speed decreases and then the shape of 

shock becomes more spherical. 
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Figure 3. Instantaneous shock wave at t=0.25 µs 

 

The momentum coupling coefficient Cm defined as the 

ratio of the impulse to the energy of incident laser beam, 

is an important factor to estimate the efficiency of the laser 

propulsion system. As shown in Fig.4, the value of Cm 

varies with the wide range of pa from 10 Pa to 100 kPa. 

Firstly, in the low pressure condition, pa < 100 Pa, Cm is 

found as a function of I  , where I,   are the laser 

intensity, wavelength, and pulse width of the laser beam, 

respectively. Secondly, the characteristics of Cm is 

insensitive to the laser intensity in the transient complex 

domain, pa from 2 kPa to 20 kPa. Finally, in the high 

pressure domain, pa >20 kPa, Cm is a function of the 

dimensionless blast radius, R0/Rbw. Here, R0 is the radius 

of the target, while Rbw is the radius of the effective 

volume of the blast wave defined as (EL/pa)1/3.  

From the present experimental results, the relationship 

between Cm and the energy of shock wave can be 

investigated. At low ambient pressure, the shock wave is 

very weak, the impulse is produced due to ablation of 

material. Meanwhile, the shock wave plays the main role 

in generating the impulse at high ambient pressure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. The momentum coupling coefficient Cm 
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