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“Distinguished by its use of a collimated laser or microwave beam”

Point Design Laser Propulsion

/ i 4
.‘. 4 III

Concept of laser propulsion system
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— 1. Ablative Thrusters
Ablative

Thermal/Aerndynami(‘

Air-breathing laser
thrusters

I. Powered by Ground

/Space-based Lasers || 2. Detonation Thruster

Microwave Rocket

. Laser Plasma Thruster
3. Continuous Wave

~ Laser Thrusters

Heat Exchanger Thrusters

— 1. Laser Micro-thrusters

I . Powered by
On-board Lasers 1 2. Laser-electric Hybrid thrusters

3. Relativistic Acceleration Thrusters
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Propulsion parameters are not limited by propellant chemistry.
Thrust is a function of available laser power, and high acceleration is
achievable (greater than 10g.)

* The craft need not to park in a low earth orbit and

- can head directly for a geosynchronous or supersynchronous orbit.
No-fuel flight is realized in air-breathing flights in the atmosphere.
No pressure vessel nor turbo-pump system is required when gas is heated
isometrically through laser detonation or ablation.

- Simple, inexpensive, and disposable vehicle structures.
Laser facility, the most complex and expensive one, is maintainable and
replaceable at any time on the ground.

* Redundancy without vehicle-mass penalty.

* Reusable
low-cost, low-emission, and resource-saving
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1. Using a remote power supply from space-based lasers, unlimited
specific power (power per thruster system weight) would be available
(greater than that of solar electric propulsion)

- Mission period shortened.

2. Plasma is generated and sustained apart from chamber walls or
electrodes, so that a higher gas temperature > 10,000K is expected at
higher pressure than EP.

- low propellant consumption

3. Laser micro-thrusters using on-board diode lasers for orienting or
repositioning microsatellites with precise thrust control.
The diode lasers will be driven directly by a solar array.

- very compact electric propulsions
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Vehicle
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Space
Expansion of o
Breakdown blast wave Thrust Air refill

Beam d Q
Blast wave
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Beam oscillators Reusable, Amortizable
on the ground redundant constraction cost

Coupling with advanced aerospace technologies

- : No combustion, High payload
AIHAER TG infinite I, ratio
No turbo- Low manufactureing

Pulse detonation pUMPS cost
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Plasma layer (Laser induced plasma)

\

Shock front
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Reaction layer (shock induced combustion)
Shock front
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Raizer’s empirical theory

» LSD speed at choking condition (minimum to maintain detonation)

1

D = [2(7/2 — 1)10 /,0a ]5 (1) lateral expansion id\s//_/
side

D is about 10 km/s when a 1 MW beam S

fromn
is focused on a circle of 1 mm diameter | __ 959" é/ﬂlasmalayer

in the atmosphere (p, = 1 kg/m3). LSD

propagan /

l

« LSD Termination condition r: LSD wave spot size
[: absorption layer thickness
2zrl ) S,
( - :j side ~ 8 (2)
r S iont Schematic of LSD enthalpy balance.
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= A=
radiation loss and
&“ \x frozen flow loss
total laser laser energy
energy irradiated to LSD >blast wa_ve ene;jgy >
E. ELSD = nLSDE' Ebw - 77bw i
1
Mo
W\ %1, N
nLSD
> nbw
LSD energy efficiency
_ 3
Thsp = Lisp /Ei (3)
Blast wave energy efficiency
Now = Eo [ E, (4)
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from laser beam focus: z [mm]
—
(@)

Displacement
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- A A Plasma

__ LSD regime->|

p,=0.26 kg/m’
0.78 kg/m°

0o 1 2
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t [us]

7

Adiabatic expansion range
is fitted to the self-similar solution

Displacements of a shock front and plasma front
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Dimension of phenomena 2-D  quasi 1-D

focal length / beam diam. 1.5 2.0
Nyl 70] 33 37

f splMs] 1.2 1.8

S, sp[MW/cm?] 3.4 1.7

M o 5.3 6.3

Nispl%0] 68 81
nm 49 47

e Enthalpy confinement is effective for LSD sustention.
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1. Laser energy is directly converted to pressure through Laser
Supported Detonation.

2. Energy conversion efficiency from laser to pressure of about
40% has been achieved.

3. Air-breathing/Pulse Detonation Engine(PDE) will realize low-
weight vehicles and efficient supersonic flights.

4. Environmental acceptability is another aspect of this system.

References
- Y. P. Raizer, Laser-Induced Discharge Phenomena. New York, NY,
USA: Springer-Verlag, 1978.

- Myrabo, L. N. (2001).World Record Flights of Beam-Riding Rocket Lightcraft, AIAA
Paper 2001-3798.



Not Laser, but Microwave!

Vertical Launch experiment in 2003.
A 9.5-g model was lifted up to 2 m altitude.
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,  Sub-mm wave & FIR light X-ray

A= 1mm

UK, BIZUK. TINLYIE

Millimeter-waves are in use for

v' Weather radars, Defense radars

v’ Collision avoidance radars for automobiles,
v Body scanners

v’ Inter-satellite communications
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1. Availability of a GW-class beam station.
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- Microwave sources are technically easier than laser
sources. eg. Magnetron, Gyrotron, etc.

- Economically affordable. 0.1 S/W will be achieved. cf.
laser source 10 S/W (diode laser).

2. High DC-RF conversion efficiency.

- Magnetron 90%, Gyrotron 60%. cf. Diode laser 50%, Solid
laser 20%.

- Cooling capability is the key issue.
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Gyrotron facilities available for atmospheric discharge research
. . Fukui Univ. R.C.
Inst. Applied Tsukuba Univ. ,
MIT QST Physics, RAS  |Plasma R.C. for Ear-lnfrared Univ. of Tokyo
Region
Frequency |110GHz |23 170 1063 670 GHz |28 GHz 303 GHz 94 GHz
quency 203 GHz !
Beam power (1.5 MW <1 MW < 250 kW < 500 kW 104 KW 600 kW
Pulse duration |3 Hs 10 ms 100 us 10 ms <65 s 100 us
50 G:¥3¥EF5"{7¥BEP¥03§§¥Microwave 50
1 \\u y//” J 40| Sg‘lgggekv 140
—all g o 30r 130 «=
& z
% % - & £ 20 120 :
Y 3 - Beam current, A Lis m
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2D parabola reflector

RF Power 930kW, Pulse duration 0.2 msec.

* Plasmais easily ignited
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Atmospheric discharge (170 GHz, 0.1 MW/cm?)
Oda, Y. etal. J. Appl. Phys. 2006.

LSS S S
_

Jan
ke () Discharge in He (35 GHz)
Vikharev et al., Sov. Phys, JETP, 1988.

Discharge at focus (110 GHz, 3 MW/cm?)
Hidaka et al. Phys. Rev. Lett. 2008.



NAOOREOTY bvs L—Y -S4 5T b

— -*‘lﬁ¢‘-_-'=g:__'.r"_1:"-ﬁ‘-——-v*
T

IA4/0RAT vk L—H—35A4:05Tk

Myrabo (1995)

- Pulse width of a few ms _ Pulse width of sub-ms

- Cylindrical detonation tube - High repetitive frequency of KHz
structure, similar to Pulse

, : - Thrust generated by a blast wave
Detonation Engine (PDE).

reflection.
- Thrust generated by stagnation
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Continuous thrust generation for 1.2 altitude was demonstrated. ©100. L300,
Power: 600kW, PR frequency:100Hz,:1.25msec, Average power 75kw 109 (AR)
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Momentum coupling coefficient.
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Microwave Rocket
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Standing wave
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2 mm

| SR

2 mm
il

Measured A/4 filamentary structures. (a) E
plane, (b)-(d) H plane. Temkin et al.

Computed filamentary structures in H-z plane.

Y. Hidaka et al., Phys. Rev. Lett., 100, 035003 (2008)
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Self-emission images Schlieren images
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Pulse Count Filling Rate u/Lf
Measured impulse with and without Performance dependence on the partial
forced breathing filling rate.

Partial filling rate
Replaced air volume Au,/f u
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Maxwell equations in vacuum (no charge, no current)

Al ———

Nl

vxp o Q)
ot

(1)
Ve H O(¢E)
x H = p)
Py (2)
V-E=0
Take a curl of Eqg. (1) V(V-E)—VzE =—u
Using Egs. (2) and (3), we have

(3)
o(VxH) (4)
ot

2
E
V’E —¢cu g

=0
ot
Wave equation. Propagation speed v (=speed of light) is

(5)

v=1/\Jeu =299,792,458 m/s in vacuum




Coherence and directivity

- A S

Superposition of coherent spherical waves— a plane wave— Directivity

Ej\x"'-’?jf*‘- An advancing wave is the sum
O s BN of all the secondary waves

[V\,(‘“L“*E?} ) arising from points in the

AN T T medium already traversed.

it . — e — — — — — — ——

Coherent wave superposition



Gaussian Beam (1)

AT
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Transverse distribution of intensity is given by 0-th order Gaussian.E = ——exp(%)
T

w w
E is described in a paraxial form along the z axis (JTEhiTN)

E(I”,Z)=g0(r,z)exp(—jkz) r:\/m,k=272'/ﬂ (6)

Substituting Eq.(6) into Eq.(5),

£ %WEZ)eXP[WZZ)}XP{"’{”2£zz>ﬂ 7

w(z) : Beam spot size (beam radius)

Az ’
w(z)zwo\/1+(ﬂng (8)




Gau55|an Beam (2)

- G ———

2 .
z<w, w(z) = wy. |1+ Az | Beam waist |
’ ’ o 0 (minimum beam spot size)
) 2
R(z):z{1+[ﬂ/1w0j }_m Plane wave
Z
zZ > Wy, 2
w(z):w\/1+( Az _>£ Hztanl[ A j Divergence angle
’ oy 7w Wy
0 0

2y’ 1 .
R(z):z{lﬁt[ﬂﬁwo }—m EocEexp(—ij) Spherical wave
z
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Microwave :
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S Fresnel | '
m 1
1 | |
1 10 100 1000 10*

Transmission Distance L, km

Fresnel - Fraunhofer boundary
Laser beam: 2,000 km
Microwave beam: 7 km

2
Az Az
wg=wr |[1+|— ~ —— (8)
w4 TWq

Scaling of beamed radiation
transmission

Lg:w.: A4
=200:10:1
=20000:100:1
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v Power is transmittable in long distance by a
diffraction-limit (Gaussian) beam.

v Transmittable distance, Ly is in proportion to the
square of beam aperture.

v’ Atmospheric attenuation and Scintillation should
be cared.
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SFUA Laser SSTO Ca#lEEE

o Flight modes
Flight modes Flight M At tados
Pulsejet ~5 ~10km
Ramjet ~12 40k
Rocket 12~ 40km~

Ram-compression Laser-Ramjet is most
_:f/los‘ | / efficient and attractive

mode.

@]

Laser SSTO (Single Stage to Orbit)



At L 8B (GEO) N D E % ABE

AT

Kick (acceleration)

N W A

Velocity increment by a kick motor, (AV,+AV)), km/s

Kick (deceleration)
Supersynchronous orbit.

10.0 105
Velocity increment by laser propulsion, AV, km/s
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A=0.57 A=0.41 A=0.12
i1} TR

P./m,, MW/kg

15T

Flight Mach number, Mg

Alrbreathlng
flight 5

Hk (Iogscale)

\g - 1 1 L 1 1
0 50 100 150 200 250 300 350 400 450
Flight altitude, H, km

RITERE (RITTYN\BM ERITEE H)
C,, (=thrust/power) is assumed constant in Pulsejet mode.
Diffuser efficiency and thermal choke are assumed in Ramjet mode.
Initial vehicle mass: 100 kg, the vehicle diameter: 1 m.
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Acceleration (m/s2)
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- - - Acceleration
——Drag/Mass

20

Times (s)

60

Acceleration and Drag on rocket mass as function of
time. Results obtained for: m =500 kg, L =12 m, D
=15m,L;,=63m, Dy =1m; Pm=1.57T MW/kg
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k] X The cost becomes
2 60Ff s lower compared with ]
< .
g 2 the chemical rocket.
E 3 | |
> Conventional chemical rocket
o 40
D
9 The cost becomes
5 1\ quarter of the chemical rocket cost.
S 20 [ Laser ! -
« transmitter |
I
I
' L
0 — ] 5
1 10

Vehicle Fabrication 1
Divisional launch counts, n,

Launch cost based on the flight trajectory analysis
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Sizing of Microwave Rocket
Number of tubes 40
(Tube diameter 0.67 m)
(Tube length 6m)
Total diameter 8.5m




Fairing

Second stage

(LE-5B2) Second stage
(LE-5B2)
First stage
(LE-7A)
Horizontal acc. by LE-5
Four SRBs Vertical ascent by MR

First stage Trajectory
Microwave Rocket

H-1IB Hybrid



H-IIB 1 RHOBES#]RX > 1A

Cutoff velocity of MR
is set at 2 km/s.

AV by a 2nd stage engine
is 5.8 km/s

v" No need of 15t stage engine and SRBs.

Launcher mass breakdown (ton).

1st st p t
st stage nd stage Payload Liftoff Payload

LE-7 SRBs LE-5  Fairing toLEO Ratio, %
H-11B heavy 19 550.2 3.45
MR Hybrid ' 1222 | 155

v’ Liftoff mass reduction saves launch power.

= 80% cost-cut is expected.
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