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Introduction

W E introduce the concept of a launcher boosted by electromag-
netic waves: When electromagnetic waves are beamed from

the ground intermittently and focused in the atmosphere, breakdown
occurs near the focus, and plasma is formed. The plasma absorbs
the following part of beamed energy and expands outward generat-
ing shock waves. The shock waves reflect on a nozzle surface of a
vehicle, generating impulsive thrust. Because the energy is provided
from the ground and the atmospheric air is utilized as a propellant,
neither energy source nor propellant need to be loaded onto the vehi-
cle. Consequently, this type of launcher can achieve a high payload
ratio at a remarkably low launch cost.

Generally speaking, both lasers and microwaves can be used for
energy beaming from the ground to vehicles; many experimen-
tal and analytical studies have been carried out on laser-boosted
launchers.1−3 On the other hand, very few studies have been con-
ducted regarding microwave-boosted launchers, mainly because of
poor directionality of the microwave beam. However, this is not
necessarily true when the transmission distance is in the range of
100 km.

Use of microwaves offers several advantages. Energy conversion
efficiency from electricity to microwaves can exceed 90%. Also,
development costs for high-power microwave generators would
be much lower than those for high-power laser oscillators. Espe-
cially, phased-array technology enables us to realize a single large-
diameter coherent beam.4

This study is intended to evaluate performance of a microwave-
boosted vehicle through launch tests on the ground.
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Experimental Equipments and Methods
Vehicle Models

We fabricated and tested three models of microwave-boosted ve-
hicles. A parabola-shaped model made of duralumin was fabricated
to ensure precise beam focus. Nozzle-exit diameter and parabola
focal lengths were 90 and 15 mm, respectively, as shown in Fig. 1a.
The vehicle weighed 95 g.

A polymer membrane was used to configure the parabola nozzle,
as shown in Fig. 1b, because the duralumin model was too heavy
to lift high with the microwave power available in this experiment.
Although the polymer model size and shape were identical to the
duralumin one, it weighed only 3 g. Membrane-parabola fabrica-
tion technology was originally developed at the National Aerospace
Laboratory of Japan for a sunlight concentrator for solar thermal
propulsion.5

We also addressed the relationship between vehicle length and
thrust performance. A conical nozzle with a cylinder body of vari-
able length was made as shown in Fig. 1c. Its structural material
was a thin plastic sheet. Body length was varied from 60 to 120 mm
and corresponding model weight was varied from 9.5 to 19.5 g. The
inner surface of the cone was covered with aluminum foil. Although
a cone does not focus a microwave beam tightly, we ignited plasma
successfully with no misfiring.

Microwave Generator
A gyrotron microwave oscillator developed by the Japan Atomic

Energy Research Institute was used in this study.6 Table 1 lists its

Table 1 JAERI gyrotron specifications

Characteristic Value

Frequency 110 GHz
Output power P <1 MW
Pulse duration τ 0.175 ms–10 s
Output mode Gaussian
Electrical efficiency 50%

Fig. 1 Vehicle models: a) duralumin parabola model, b) polymer mem-
brane parabola model, and c) plastic cone-cylinder model.
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specifications. This high-power facility was originally constructed
as a radio-frequency heating device for fusion reactor research. Pulse
width τ is variable from 0.175 ms to 10 s. Output power P is almost
constant during the pulse. The microwave beam was guided from the
gyrotron to the launch site using a circular corrugated wave guide.
Distance from the outlet window of the guide to the vehicle model
was 30 cm; the beam waist was 20.4 mm.

Propulsive Impulse Measurement Methods
Propulsive impulse was measured by three methods using hor-

izontal and vertical beaming apparatus. The horizontal beaming
setup is shown in Fig. 2. The duralumin parabola model was mounted
on a linear-motion-guide rail, which restrained its movement only
in the thrust direction. Propulsive impulse was deduced from the
maximum output signal of the force transducer because the charac-
teristic response time of this measurement system (typically 15 ms)
is one order of magnitude longer than the time in which thrust is
imparted: Shock reflection is completed in about 0.1 ms from the
ignition, and then gauge pressure on the parabola surface would be
kept positive for the microwave pulse width of 0.175–1.0 ms. Even
if the air refilling process is taken into account, total duration is
estimated at several ms. Calibration of force transducer signal was
conducted using an impulse hummer.7 The result is shown in Fig. 3.

Figure 4 shows the vertical beaming setup. Altitude h was mea-
sured with a laser displacement sensor; its ejection velocity v0

Fig. 2 Horizontal beaming setup.

Fig. 3 Calibration result of the force transducer signal using an im-
pulse hummer.

Fig. 4 Vertical beaming setup.

was estimated by analyzing images of vehicle motion taken at
t = 2 − 10 ms by a high-speed video camera (1000 fps).

Propulsive impulse I is a function of h or v0, as

I = M
√

2gh = Mv0 (1)

where M and g represent vehicle mass and gravitational accelera-
tion, respectively. The aerodynamic drag was negligibly small be-
cause h and v0 were kept less than 0.5 m and 3 m/s, respectively, by
adding weights to the models.

Results and Discussion
Validation of Thrust Measurement Methods

Figure 5 shows the propulsive impulse obtained with the dura-
lumin model. Both vertical and horizontal beaming were tested. A
coincidence in measured propulsive impulse was obtained by these
methods. The propulsive impulse could not be deduced from v0

because v0 was very small, and the camera had insufficient spatial
resolution to estimate it.

Figure 6 shows the propulsive impulse obtained with the polymer
membrane model. Vertical beaming was conducted. Equivalent im-
pulses were obtained from h and v0. Impulse measurement with a
force transducer was impossible because of its poor rigidity.

Consequently, it was found that these three methods yield equal
propulsive impulses.

Performance Characteristics
Figure 7 shows the momentum-coupling coefficient Cm , defined

as

Cm = I/Pτ (2)

We compared duralumin and polymer membrane parabola mod-
els. The polymer membrane modelCm was about half that of the

Fig. 5 Correlation between direct thrust measurement and thrust es-
timation from the altitude.

Fig. 6 Correlation of estimated propulsive impulses from altitude and
ejection velocity.
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Fig. 7 Momentum-coupling coefficient.

Fig. 8 Momentum-coupling coefficient and vehicle length.

duralumin model. This would be because the polymer membrane
parabola was less rigid than the duralumin one, and shock reflection
on the membrane became inelastic.

For both models Cm decreased with τ . This would be because, in
the long pulse case, most of the energy was provided to the plasma
developed outside of the parabola, and the pressure of the plasma
was not converted to the thrust. Optimum pulse width for this scale
of parabola would be shorter than 0.175 ms.

Figure 8 shows measured Cm for the cone–cylinder model along
with those for the parabola models. It was deduced from v0. Cm

increased monotonically with the length of cylinder L . This in-
dicates that the pressure of plasma was effectively converted to
thrust by the cylinder portion of the model. The effect of rigidity of
the cone–cylinder model would be similar to that of the membrane
model.

Maximum Cm of 395 N/MW was recorded at τ = 0.175 ms,
P = 1 MW, and L = 120 mm. This value was comparable to those
of laser-boosted vehicles.7−9

Conclusions
Using a 1-MW gyrotron, microwave-boosted vehicle models

were launched, and propulsive impulse was measured by three meth-
ods. Results showed good agreement among measurement methods.

We estimated the momentum-coupling coefficient from the mea-
sured propulsive impulse. As a result, the maximum coupling coef-
ficient of 395 N/MW was obtained with the cone–cylinder model.
This value was comparable to those of laser-boosted vehicles.

The coupling coefficient will be increased further by optimizing
pulse width and vehicle length as well as by increasing rigidity of
the vehicle structure.
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Introduction

S INCE early in 2001, various teams of contractors have been
funded for the Responsive Small Cargo Affordable Launch

(RASCAL) project.1 The stated goal of the RASCAL project is
development of a low-cost, small-satellite launcher with the capa-
bility of delivering a 50–75-kg payload to low Earth orbit (LEO).
The initial concept being pursued is that of miniature rocket launch
from an airbreathing carrier aircraft at high altitude to provide in-
dependence from use of a dedicated launch facility (with a signif-
icant saving in ground-support costs). The critical part of the con-
cept is the feasibility of developing a new type of carrier aircraft
with a “souped-up” turbojet engine as a reusable booster stage. Air
launch of the rocket would occur at about 130,000 ft (39.6 km)
with the rocket continuing its ascent to orbit and the carrier aircraft
descending for a runway landing. It is anticipated that the gross
takeoff weight of an aircraft and a 6000-lb rocket would be about
22,000 lb.

There has been only one air-launch system developed among all
the U.S. space launch vehicles. The Pegasus XL2 is a three-stage,
solid-propellant rocket that is air launched horizontally from an
L-1011 TriStar aircraft for LEO. The rocket has a delta wing attached

Received 11 April 2003; revision received 10 September 2003; accepted
for publication 10 September 2003. Copyright c© 2003 by Frederick W.
Boltz. Published by the American Institute of Aeronautics and Astronautics,
Inc., with permission. Copies of this paper may be made for personal or
internal use, on condition that the copier pay the $10.00 per-copy fee to
the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA
01923; include the code 0022-4650/04 $10.00 in correspondence with the
CCC.

∗Aerospace Engineer; currently Senior Consultant, Knowledge Systems
Design, Inc., Newport Beach, CA 92663. Senior Member AIAA.


