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ABSTRACT The momentum transfer and the specific impulse
of the ablative laser propulsion of nanosecond laser irradiation
on copper, lead, aluminum and graphite targets are investi-
gated. The effects of the ambient pressure and laser focal spot
sizes on the target momentum are measured. The results show
that the target momentum strongly relates to the ambient pres-
sure and target property. The highest target momentum about
2.28 g ·cm/s is obtained on lead targets under 1 atmospheric
pressure. With the increase of the focal spot sizes, the specific
impulse decreases. The highest specific impulse in vacuum is
about 950 s on copper targets.

PACS 52.75.Di; 52.38.Mf; 52.50.Jm

1 Introduction

Ablative laser propulsion (ALP) has attracted
much attention due to its unique advantages such as high spe-
cific impulse and low cost in comparison with other propul-
sive techniques [1–3]. Since Kantrowitz first proposed laser
ablation as an alternative to chemical fuels to drive space ve-
hicles in 1972 [4], many experiments on momentum transfer
have been performed with various target materials and laser
systems [5–8]. Those experiments mainly focused on the
measurements of target impulse generated by high power CO2
laser pulses [9, 10]. However, the physics of the mechanisms
of ALP strongly depend on the ambient pressure, pulse dura-
tion and laser intensity etc.. For example, when a high power
laser pulse of microsecond duration interacts with a target
in air, a laser-supported detonation (LSD) wave or a laser-
supported combustion (LSC) wave is formed in front of the
target. These waves are the main thrust sources [6]. How-
ever, if the ambient pressure is too low, these waves cannot
be formed and the impulse is directly generated from the
plasma expansion [8, 11]. In early 1974, Ready investigated
the effects of the ambient pressure on the target momentum
using submicrosecond CO2 laser pulses [12]. Up until now,
no experiment has used nanosecond laser pulses to investigate
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the characteristics of ablative laser propulsion under differ-
ent ambient pressures. This paper provides the measurements
of target momentum and specific impulse of ALP driven by
nanosecond laser pulses under different ambient pressures.
Simplified analysis are given to understand the results depen-
dence on the experimental conditions.

2 Experiments and results

The measurement of target momentum was per-
formed in a vacuum chamber using a simple pendulum. The
schematic of the experimental setup is shown in Fig. 1. The
pendulum was installed on a stage driven by a microstep mo-
tor, which controls the distance between the lens and target.
The laser pulses (532 nm wavelength, 7 ns pulse duration)
were focused perpendicularly on the target surface through
a lens (Φ = 38 mm, F = 75 mm)). The maximum incident
laser energy on the target surface was approximately 800 mJ.
The experimental parameters are summarized in Table 1. The
zero position is the minimum focus point of the laser beam.
And the negative positions are the positions between the fo-
cal lens and the target surface. The oscillation of the pendulum
after irradiation by the drive laser pulses was recorded by
a video camera through a window of the chamber. The tar-
get momentum is calculated from the oscillation amplitude
and the length of the pendulum. The coupling coefficient is
defined as the ratio of target momentum to the laser energy.

When a target is irradiated by a high power laser pulse in
air, blow-off of the target material and breakdown of the air
occur in front of the target surface. The inverse Bremstrahlung
absorption of laser energy by the plasma forms an LSD wave.
The plasma then expands with supersonic velocity. If the
plasma density is lower than the critical density, the laser en-
ergy can be directly absorbed by the target material and the
plasma expansion plays a main role in the momentum trans-
fer. If the plasma density is higher than the critical density, the
laser energy is absorbed by the LSD wave. In this case, the
momentum transfer is mainly completed by the LSD wave.
Figure 2 shows the dependence of target momentum on the
ambient pressure at the zero target position and −1 cm target
position. From Fig. 2a we can see that the target momentum
increases with ambient pressure. According to Fabbro’s the-
ory [13], the laser ablation pressure on the target surface can
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Target position (cm) 0 −0.2 −0.4 −0.6 −0.8 −1
Focus area (mm2) 0.114 0.2057 0.823 1.851 3.291 5.143
Laser intensity (W/cm2) 1.143×1011 0.556×1011 0.139×1011 0.617×1010 3.47×109 2.22×109

TABLE 1 Experimental parameters

FIGURE 1 Schematic of the experimental setup

FIGURE 2 Target momentum as a function of ambient pressure (dots) at
the zero target position (a) and at the −1 cm target position (b). The solid line
is the theoretical approach

be written as

P = 32.2
(

α

2α+3

)2/3

�1/3 I2/3, (1)

where P is the pressure on the target surface, � is the ambi-
ent density in front of the blast wave, α is the energy coupling

coefficient and I is the laser intensity. It can be seen from this
formula that the pressure on the target surface increases with
the ambient density and laser intensity. The target momentum
is proportional to �1/3. The experimental results at a small fo-
cal spot agree well with this analytic formula. However, for
a large focal spot at −1 cm target position, the momentum
transfer efficiency strongly depends on the atomic number of
the target material.

The formula (1) is derived from the one-dimensional
geometry and it well agrees with the experimental results at
small focal spots. For a large focal spot, the target momen-
tum should be better described by Eq. (1). However, the target
momentum in Fig. 2b does not agree well with Eq. (1) but de-
pends more on the target property. For a large focal spot, the
laser intensity decreases accordingly. This results in a low in-
tensity of the LSD wave. Under these conditions, besides the
LSD wave and the laser plasma, the target momentum is also
determined by target property, such as the melting tempera-
ture, and boiling temperature as well as the thermoconductiv-
ity of the target.

We can deduce from (1) that for a fixed ambient pres-
sure and laser energy, the target momentum is proportional to
I−1/3. This means that the target momentum decreases when
the target moves toward to the geometrical focal position (the
minimum focus of the laser). Experimental results in Fig. 3
agree with this tendency when the target surface is located
before the geometry focal position. But the target momen-
tum presents a local maximum at the geometry focal position
under 1 atmospheric pressure. This phenomenon may origi-
nate from different status of the blast wave. When the focal
spot size is large, the hydrodynamics of the plasma can be
described by the planar blast wave theory [14]. So target mo-
mentum firstly presents a decrease with target position. When
the target closes in to the geometry focal position, the blast
wave becomes a point source wave and Fabbro’s theory is
not suitable for this situation. In fact, at the geometry focal
position, higher laser intensity can lead to an effective ab-
sorption of laser energy by the plasma. A stronger LSD wave
is formed and finally results in a larger target momentum.
After the geometrical focal position, the target momentum
presents a rapid decrease. This attributes to the absorption
of laser energy by the air plasma at the focus. But in vac-
uum, there is no difference in the momentum transfer for the
target located behind or in front of the laser minimum focal
position as shown in the curve c in Fig. 3. For other target
materials, the target momentums have similar characteristics
like lead targets. Comparing our results with earlier experi-
ment with CO2 laser pulses [12], two experiments present
the same tendency of the target momentum dependence on
the ambient pressure. But with the target momentum depen-
dence on the target positions, it behaves very differently. In
addition to the laser wavelength, a shorter laser pulse width
and a high laser intensity in our experiments lead to this dif-
ference [15–17]. For a longer laser pulse, there is more en-
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FIGURE 3 The dependence of the lead target momentum on the target
positions under different ambient pressures (a) 1 atmospheric pressure, (b)
2×104 Pa, (c) 5 Pa

ergy lost in the target by thermal dissipation, and less energy
converted to ablated mass. Moreover, plasma shielding and
target surface reflectivity is expected to be more predomi-
nant for long pulses [17]. On the other hand, the penetration
depth of laser pulses into the target material and laser gen-
erated plasma, is determined by the laser wavelength and
plasma parameters. So different wavelength and widths of
laser pulses lead to the difference between the experimental
results. A laser beam with shorter wavelength yields a higher
target momentum transfer. The effects of the higher penetra-
tion of the target surface by the longer wavelength are rela-
tively small compared with the effects caused by the plasma
absorption.

In vacuum, the target momentum is only generated by
the plasma expansion from the target surface. This problem
was investigated by Phipps in earlier years. According to the
Phipps’s formula, the ablation pressure on a target surface can
be written as [7]

p = 5.83A−1/8Ψ 9/16 I3/4(λ
√

τ)−1/4, (2)

where Ψ = A/2
[
Z2(Z +1)

]1/3
, A is the atom mass of the tar-

get material, Z is the average charge number of ion, λ is the
wavelength of the drive laser, I is the drive laser intensity and
τ is the laser pulse width. It can be deduced from this formula
that for a fixed drive laser energy, target momentum is propor-
tional to I−1/4. This can be seen from curve c in Fig. 3. We
also investigated the effects of incident laser energy on the tar-
get momentum in atmospheric pressure as shown in Fig. 4.
It shows that high laser energy generates a large target mo-
mentum. But the target momentum does not vary much for
different target material This is due to the target momentum
at a high laser intensity mainly determined by the LSD wave
not the target property. The largest target momentum of a lead
target is about 2.28 g · cm/s, this corresponds to a coupling
coefficient of about 6.5 dyne · s/J.

Another important parameter for evaluation of the propul-
sion efficiency is the specific impulse, which is defined as
the impulse generated by unit weight of propellant. In experi-
ments, the specific impulse is the ratio of the target momentum
to the ablation mass irradiated by a single pulse. The abla-

FIGURE 4 Target momentums as a function of laser energy under 1 atmo-
spheric pressure at the geometry focal position

tion mass is obtained by weighing the target mass before and
after the laser ablation. In order to reduce the experimen-
tal error in measurement of the ablation mass, every ablation
point on target surface was irradiated by one hundred shots
and the total number of shots was about one thousand for
a fixed target position. Figure 5 shows the specific impulse
as a function of target position under vacuum. We can see
from this figure that the specific impulse shows a decrease
with the target approaching the geometrical focal position.
This phenomenon is related to many factors. An important
one is the sputtering of target material. When targets are ir-
radiated by high power laser pulses, the surface layer is ion-
ized into a plasma. Accompanied by the plasma, are many
un-ionized particles that can be removed from the target sur-
face with a low velocity. These particles mainly affect the
ablation mass and result in a lower specific impulse. This phe-
nomenon is serious for soft target materials ablated with high
laser intensity. Furthermore, the thermal properties of target
materials can also affect the specific impulse. A good thermo-
conductivity can lead to a heating and vaporization of target
material in deep layers. This might be the reason why the
higher specific impulse is always realized on the target ma-

FIGURE 5 The average specific impulse as a function of target positions
under 5 Pa ambient pressure
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terial with a high hardness, and a high melting and boiling
temperature.

3 Conclusion

In conclusion, our results show that the target mo-
mentum increases with the ambient pressure. Irradiation with
a high laser intensity at the geometrical focal position, gives
good experimental results which are in good agreement with
the theoretical prediction. Irradiation with a low laser inten-
sity, for a large focal spot, shows that the target momentum
strongly relates to the target property. It is found that the tar-
get momentum has a local maximum at the geometrical focal
position under high ambient pressure, but has a local mini-
mum under vacuum. The highest coupling coefficient is about
6.5 dyne · s/J for lead target under 1 atmospheric pressure. For
a fixed drive pulse energy, the average specific impulse de-
creases, with the target approaching the geometrical focal
position. An averaged specific impulse as high as 950 s is ob-
tained on copper targets in vacuum. But the specific impulse
is strongly affected by the thermal properties of the target
materials.
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