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Nomenclature
Cm

=

momentum coupling coefficient (N/W)

D

=

aerodynamic drag force to capsule (m)

EL

=

laser pulse energy (J)

F

=

thrust force vector (N)

F z, F r =

components of F (N)

g

=

gravitational acceleration rate (m/s2)

h

=

flight altitude of capsule (m)

L

=

length scale of gust (m)

M

=

mass of capsule (kg)

pa

=

ambient air pressure (Pa)

P

=

laser power (W)

R

=

radius of spherical capsule (m)

rb

=

spot radius of laser beam (m)

Rbw

=

(EL/pa)1/3 (m)

rc

=

radial location of center of spherical capsule (m)

Re

=

Reynolds number

r, z

=

cylindrical coordinates (m)

uext

=

gust velocity (m/s)

V

=

velocity of capsule in the vertical direction (m/s)

Vmax =

maximum velocity of capsule

zR

Rayleigh range (m)

1

=
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Δrc

=

standard deviation of rc (m)

φ

=

laser power density (W/m2)

Φ

=

power spectrum

λ

=

wavelength of laser beam (µm)

µ

=

viscous coefficient of air

σ

=

standard deviation of gust velocity (m/s)

T

I.

Introduction

HE concept of the laser-propelled launch to orbit was first proposed by Kantrowitz. [1] Myrabo et al.

proposed an epoch-making design of a laser-propelled vehicle called LightCraft and conducted a series of free flight
tests. [2] The vehicle was designed to have the so-called beam-riding characteristics so as to maintain a trajectory
along a laser beam. However, in the flight tests, the vehicle went off the track along the beam shortly after the
launch. As a result of the six-degree-of-freedom flight analyses, [3] it was found that the angular misalignment of
the vehicle relative to the laser beam diverged. The beam-riding design is again open for discussion.
The objective of the present study is to propose a new beam-riding design. Figure 1 shows the schematic. A
spherical capsule is accelerated along a donut-mode laser beam in the form of a circularly symmetric ring with a
darker disk on axis. Several methods have been developed to generate the donut mode. [4-6] Fz is generated by
irradiating a repetitively-pulsed laser beam on the lower-half surface of the sphere generating plasma and initiating a
blast wave. Fr is generated to offset rc. By the assumption of a simple spherical body, the attitude control, which was
a source of difficulties in stabilizing the Lightcraft, can be neglected. General flight dynamics in 6-DoF is reduced to
2-DoF. Another advantage of using a sphere is its convex shape at the bottom, by which the centering force is
generated when the position of the capsule is deviated from the center axis of the laser beam. One of the
disadvantages of using a sphere is its large drag coefficient. Another disadvantage is that we cannot control
the altitude of the vehicle. The acceleration performance and flight stability of the launch system are analyzed for
laser power up to 10 MW, which should be the reasonable upper limit in near future. Because the vehicle made of a
simple spherical shell works without any consumption of the propellant on board, the launch cost will be oriented
mostly from the electricity for laser. Such a low-cost micro launch system will be useful for piece-by-piece launch
of numerous parts to the orbit.
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Fig. 1 A new concept of laser-powered air-breathing blast wave propulsion.

II.

Analyses

The local thrust density, dF(r)/dS, on the sphere surface is proportional to φ(r) as

dF ( r )
= Cmφ ( r )
dS

(1).

φ(r) for a donut-mode is approximated by a polynomial function as
2
4⎫
⎧
φ0 Δφ ⎪ ⎛ r ⎞ ⎛ r ⎞ ⎪
φ (r ) = 2 + 2 ⎨2 ⎜ ⎟ − ⎜ ⎟ ⎬
π rb π rb ⎪⎩ ⎝ rb ⎠ ⎝ rb ⎠ ⎪⎭

(2).

φ(r) takes the local minimum of φ0 at r = 0, and the local maximum of φ0+Δφ at r = rb. Cm has been formulated in the
previous study for an aluminum disk as

⎛ R ⎞
Cm = ζ ⎜
⎟
⎝ Rbw ⎠

0.9

⎧⎪ ⎛ R ⎞1.5 ⎫⎪
⎨1− ⎜ spot ⎟ ⎬
⎩⎪ ⎝ R ⎠ ⎭⎪

(3)

where the coefficient ζ = 0.243 ± 0.05 [N/kW]. [7] Here, R was the radius of the disk, and Rspot was the spot radius
of the laser beam. It should be noted that from the definition of Rbw = (EL/pa)1/3, Cm is proportional to EL-0.3. When
the laser pulse is irradiated on the body surface, thin layer of the surface material is ablated, and then the evaporated
gas expands to push the atmospheric air above the material surface on the laser spot. Evaporated mass is confined in
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the region between the material surface and the over-laying air layer. The mass removal rate due to laser ablation
increases as the ambient pressure is reduced but it is estimated of the order of 10-10 kg/J even at pa=10-2 Pa, which
has negligibly small impact on the specific impulse. [8] The impulsive thrust is generated as a reaction of the blast
wave expansion from the laser spot outward in the air atmosphere above the surface of the target. The dependence of
Cm on R and Rspot is resulted from the blast wave dynamics. Equation (3) has been validated for R < Rbw and for pa
from 0.1 kPa to 100 kPa. pa = 0.1 kPa corresponds to h = 45 km. This limiting value of h is enough for the present
analyses. However, the exact value of ζ in Eq. (3) for the spherical capsule should be different from that for
the flat disk studied in the reference [7]. This is partly because of the difference in the curvature of the
surface, on which the blast wave expands. In addition, the incident angle of the laser beam onto the surface
should affect the impulse originated from the laser ablation especially at low ambient pressure. In the present
study, we shall admit Eq. (3) as the first-order approximation of Cm assuming that R is equal to the sphere radius,
and Rspot << R.
Fz and Fr are formulated by integrating Eq. (1) over the area of the lower-half surface of sphere as

2
Fz = Cm π R 2 (φ0 + Δφ gz )
3
−2

where

⎛r r ⎞ ⎛r ⎞
gz = gz ⎜ b , c ⎟ = ⎜ b ⎟
⎝ R R⎠ ⎝ R⎠

2
−4
2
4
⎧⎪ 4
⎛ r ⎞ ⎫⎪ ⎛ r ⎞ ⎧⎪ 8 8 ⎛ r ⎞ ⎛ r ⎞ ⎫⎪
⎨ + 2 ⎜ c ⎟ ⎬ − ⎜ b ⎟ ⎨ + ⎜ c ⎟ + ⎜ c ⎟ ⎬ , and
⎩⎪ 5 ⎝ R ⎠ ⎭⎪ ⎝ R ⎠ ⎩⎪ 35 5 ⎝ R ⎠ ⎝ R ⎠ ⎭⎪

Fr = −Cm π R 2 Δφ gr
−2

where

(4)

−4

rc
R

(5)

2

−4

⎛r r ⎞ ⎛r ⎞
2⎛r ⎞ ⎛r ⎞ ⎛r ⎞
gr = gr ⎜ b , c ⎟ = ⎜ b ⎟ − ⎜ b ⎟ − ⎜ b ⎟ ⎜ c ⎟ . For rb = R, Fr is negative for rc/R <
⎝ R R⎠ ⎝ R⎠
3⎝ R⎠ ⎝ R⎠ ⎝ R⎠

rc,cr R = 1

3 ≈ 0.58 , and positive for larger rc. We shall assume Δφ/φ0 = 1 to ensure the sufficient restoring

force.
The equation of motion of a sphere in the vertical direction is

dV Fz − D
=
−g
dt
M

(6).

Equation (6) is integrated to calculate the launch trajectory of a sphere capsule in two cases. In the first case, a
diverging Gaussian laser beam is used. rb changes with the distance z from the beam waist along the beam axis as
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rb ( z ) = rb,0 1+

z
zR

(7)

where rb,0 is set equal to R. rb, φ0, Δφ change as the capsule climb.
In the second case, a parallel laser beam is used. rb = R = constant. The parallel beam is achieved in practice with
the help of a telescope tracking the vehicle motion to cancel the beam divergence. The laser power transmitted to the
vehicle is kept constant while both Fz and Fr decrease as the vehicle climb due to the decrease in pa with the flight
altitude. In the case of a parallel laser beam, response of rc to the gust is investigated as well. The equation of motion
in the radial direction perpendicular to the laser beam axis is deduced by linearizing Eq. (5) as

d 2 rc
dr
+ ω res rc + d c = duext
2
dt
dt
where

ω res =

π Cm Δφ R
3M

and d =

(8)

6π Rµ
. d is formulated assuming that Re for drc/dt and uext is so small that
M

the drag coefficient can be approximated by 24/Re. [9] We shall apply the well-known Dryden model for uext. [10]

1+ 3 ( LΩ)

2

Φuext (Ω) = σ L

{

1+ ( LΩ)

2

(9)

2 2

}

where Ω = ω(drc/dt)-1. We shall take a typical value 525 m (1750 ft) for L. σ ranges from 0.1 m/s to 10 m/s in gust
analyses for piloted airplanes at h < 20 km. [10] σ is assumed here to be constant at 1 m/s. Φrc, is deduced from
Eq.(8) as
2

Φrc = H (iω ) Φuext
where the response function is defined as

1

2

H (iω ) =

Δrc =

1
π

2

−ω + ω res + d 2ω 2

(10)
. Δrc, is then calculated as

∞

∫Φ

rc

dω

(11).

0

Δrc increases proportionally to σ, V, and Fr-1. The capsule stays guided along the laser beam as long as Δrc < rc,cr,
but deviates from the laser beam for Δrc > rc,cr.
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III.

Results

Figure 2 shows the relation between Vmax and M in the case of a diverging Gaussian beam. Here, P is defined at the
waist on the ground. In general, Vmax is a function of P, M, EL, R, rb, and Δφ/φ0. We shall limit our discussion to the
influences of the P and M on the acceleration capability. EL, is determined so that Rbw on the ground equals to R,
which is assumed constant here at 10 mm. Cm has the maximum for R ~ Rbw as shown in previous studies. [2, 11]
R/Rbw decreases with the decrease in pa as the vehicle ascent, and then Cm, as formulated in Eq.(3), decreases
concomitantly. Here, Cm has been optimized on the ground so that the thrust force overcomes the aerodynamics drag
at low altitude. The maximum Cm is equal to ζ = 0.243 [N/kW]. By choosing R = 10 mm, the thrust density on the
ground becomes 100kPa for P = 160 kW. The available range of rb depends on the laser facility, beam optics, and
the size of the target, that is R. Here, rb is simply assumed equal to R. Δφ/φ0 influences the lateral motion of the
capsule, and it is assumed unity for the simplicity of the analyses.
As shown in Fig.2, Vmax is found almost constant for M lower than a critical value. For example, for P = 10 kW,
Vmax is constant at 130 m/s for M < 10g, for which during the flight, V increases while D increases to balance with Fz.
Vmax equals to the terminal velocity, which is independent to M. For larger M, as shown in the figure, Vmax decreases
monotonously with M. During the flight, Fz is always larger than D over the entire trajectory. However, Fz reduces
sharply to balance with Mg at h ~ zR, which is equal to 310 m for λ = 1 µm and rb0 = R = 10 mm. Vmax is affected by
the beam divergence. A suborbital velocity is unattainable at P = 10MW. Vmax is maximum at 3 km/s for M < 10g.
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Fig. 2 M-Vmax for rb0 = R = 10mm for a diverging Gaussian beam.
Figure 3 shows the relation between Vmax and M in the case of a parallel laser beam. R is kept at 10mm as in the
previous case. For P = 10 MW, Vmax reaches an extraordinary value, 112 km/s for M = 0.88 g. Vmax decreases
monotonously with M. Vmax becomes 9.73 km/s for M = 0.82 kg. The flight paths in the cases of Vmax ~ 10km/s are
shown in Fig.4 (a) for different laser power. The launch weight of capsule, M is 0.82 kg for P = 10 MW, 13-g for P
= 1 MW, and 0.4-g for P = 100kW. The flight path for P = 10 MW is different from the other two cases. In the cases
of P = 1MW and 100 kW, V is saturated for 102 m < h < 104 m, where the thrust force balances with the
aerodynamic drag force. The capsule is accelerated initially at a constant Fz that is much larger than D. As V
increases, D approaches Fz, and then acceleration becomes zero. The capsule climbs further keeping V at a constant
value. Because the beam divergence is suppressed in this case, large velocity increment is generated after the
capsule reaches the stratosphere. Although both Fz and D decrease with h due to the reduction in pa, Fz prevails D in
the stratosphere. The acceleration continues until h ~ 50 km where Fz balances with Mg.
The inclination ∂Vmax/∂M in Fig.3 decreases with the increase in P. By using higher P, higher Vmax is achievable
at higher M. The figure of merit for the acceleration to an orbital velocity at 8 km/s is around 0.01 kg/MW for P = 1
MW. The figure of merit increases around to 0.1 kg/MW for P = 10 MW. This value of the figure of merit is similar
to the value estimated by Katsurayama et al for different laser-propelled launch system. [11]
For the lateral motion of the capsule, Δrc/R for Vmax ~ 10km/s are shown in Fig.4(b). In the case of P = 10 MW,
the vehicle is accelerated continuously to 9.73km/s as shown in Fig.4(a), while Δrc/R increases sharply at h > 104 m
(stratosphere) and reaches its maximum around 0.02, which is still much lower than the critical value, 0.58. Because
Δrc/R increases inversely with Δφ/φ0, the assumption of Δφ/φ0 = 1 is found reasonable. Moreover, it should be noted
that Δrc is overestimated in the stratosphere. σ has been assumed constant at 1 m/s independently of h. Although this
should be a reasonable assumption for low altitude, h < 20km, it would be too large for the flight in the stratosphere.
Consequently, the influence of the gust to the flight stability is considered marginal.
For the hypersonic flight in stratosphere, more careful analyses are necessary for the flow past the capsule
to estimate the exact acceleration performance. A bow-shock is generated ahead of the spherical capsule, and
the flow is separated at the bottom of the sphere. The pressure at the bottom of the capsule should be
different from the static pressure, which is used for pa in the present analysis. Concomitantly, the impulse is
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influenced significantly by the flow past the spherical capsule. On the other hand, the density gradient in the
high temperature flow and the shock waves in the wake should diffract the laser beam degrading the fraction
of the incident laser power that reaches the bottom surface of the capsule. Detailed analyses of the hypersonic
flows past the capsule and the laser beam diffraction are beyond the scope of the present note, and author
would like to leave these issues for future studies.

Fig. 3 M-Vmax for rb = R = 10mm for a parallel laser beam.
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Fig. 4 Velocity and radial deviation of the vehicle accelerated up to Vmax = 10 km/s by a parallel laser beam.

IV.

Conclusion

A simple concept of the laser-propelled launch system is proposed. As a result of the launch calculations and
gust response analyses, for a typical case, a small spherical capsule of a centimeter-size can be accelerated to an
orbital velocity stably along a donut-mode laser beam at an energy cost of 0.1 kg/MW by using a 10 MW laser and a
tracking telescope to suppress the beam divergence. More importantly, it is found that large velocity increments are
attainable during the flight in the stratosphere, where the beam-riding performance degrades sharply as the vehicle
ascent. The propulsion characteristics at hypersonic speeds in stratosphere should be more complicated than the
simplified model employed in the present study. The capsule suffers severe heating by the laser beam and the high
speed flows around it. These problems remain to be solved in future studies.
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