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Laser Propulsion System for Space Vehicles

Aviad Brandstein*
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Propulsion of a space vehicle by means of a laser beam is among several innovative propulsion concepts
currently being studied. The main advantage gained is the low-weight system, from decoupling the energy
source from the space vehicle, and the low fuel consumption, thus achieving high levels of thrust and
specific impulse. This paper concerns the design of a laser propulsion system based on the repetitively
pulsed method, while taking into consideration the relevant physical processes occurring inside the engine,
namely, inverse bremsstrahlung and the laser detonation wave. A feasibility study was conducted for a
Hohmann orbital transfer, using an engine with a parabolic nozzle that focuses a projected laser beam
to its focal region, enabling gas ionization and plasma ignition. The focusing of the laser beam was studied
according to the ray-tracing technique. Mathematical simulation was applied to investigate the effect of
the nozzle wall roughness to determine the sensitivity of laser intensity distribution within the focal region
(and hence the size of the preliminary ionized volume) to nozzle surface quality. Results show that for
elevating a satellite weighing 500 kg from 300 to 36,000 km above Earth, a suitable engine can be
designed, producing 19,600 N with I, of 1200 s. A laser power of 400 MW is required to perform the
maneuver, with 10,000 pulses per second of 30-ns duration at an energy level of about 50 kJ per pulse.

Nomenclature
= roughness amplitude, i = 1-4
laser beam diameter at the transmitter
cold gas flow valve diameter
laser pulse energy
gas energy per unit mass
average thrust
laser pulse frequency
Earth gravity acceleration
gas enthalpy preunit mass
laser intensity
specific impulse
= nominal laser intensity along the nozzle symmetry
line
= absorption coefficient
roughness length scale
plasma length
nozzle length
cold gas mass injected per pulse
total mass flow
average mass flow
maneuver point fuel mass, i = 1, 2
payload mass
gas pressure
average laser power
defined in Eq. (12)
detonation pressure rise
focal point length
total laser energy absorbed
laser energy absorbed per unit mass
= reflector system distance from Earth
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r = polar radial coordinate

reflector mirror radius

Earth radius

low-Earth-orbit altitude

geostationary-Earth-orbit altitude

time

t,; = maneuver burning time or laser engine operating
time, i =1, 2

= laser pulse duration

gas velocity

. exit jet average velocity

~ NN S~
N o= o
o nonon

St
1l

Vo = detonation velocity

w = radial distance, Eq. (27)

w; = percent of nozzle coverage by the laser beam

X = Cartesian horizontal coordinate

Y = Cartesian vertical coordinate

y = specific heat coefficient ratio

AV = velocity increment

m = defined by Eq. (12)

7, = engine efficiency

7; = ionizing efficiency

6. = conical nozzle opening angle

A = laser beam wavelength

P = gas density

7, = laser pulse period

Subscripts

B.T. = laser-supported detonation wave break through
conditions

0 = upstream conditions

1 = downstream conditions

Superscript

* = chocked flow condition

I. Introduction
ROPELLING various kinds of objects in space requires
careful consideration regarding the means to accomplish
each different mission, such as launching a payload from Earth
to orbit, orbital transfer, and changes in angle or trajectory
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plane. For example, the required thrust level to launch a useful
payload of 1000 kg from Earth to orbit by means of current
chemical rocket propulsion is on the order of 10°-10° N. For
missions such as keeping trajectory parameters, necessitated
by small perturbations caused by drag or Earth gravity, where
a thrust level of no more than several newtons is needed, one
might attempt to use one of the newer propulsion concepts
such as electrical, nuclear, or, the newest, magnetoplasmady-
namic."” These propulsion methods (except chemical propul-
sion) provide very high levels of specific impulse (1000-4000
s), but so far fail to achieve a substantial absolute thrust (typ-
ical 107> N).

The level of specific impulse determines the usable payload.
The target is to optimize thrust and specific impulse for a se-
lected mission. The concept of the laser propulsion system
(LPS) is to use a laser beam as the energy source, thus accom-
plishing both high levels of thrust and specific impulse. Laser
propulsion is classified today’ as an interim region between
chemical (conventional) and advanced (state-of-the-art) means
of propulsion, achieving thrust in the range of 10>~ 10* N and
specific impulse of 800-3000 s. Among the different missions,
orbital transfer is the most suitable for applying LPS because
of the lack of alternative options that can provide high thrust
and high specific impulse together. It is desired to provide a
solution for the gradual increase in the need to transfer heavier
payloads (such as communication satellites) from low Earth
orbit (LEO) to geostationary Earth orbit (GEO), and vice
versa, in a shorter time, while maintaining full control of the
process from start to end. The thrust level required for such a
mission is on the order of 10* N. It will be shown that LPS
can provide such a level with more than 1000 s of specific
impulse.

Although concepts exist such as flat-base detonation wave
propulsion, double-pulse laser propulsion, and microwave pro-
pulsion, they are less likely to be applied for the mission of
interest in this paper.'”” The characteristics of flat-base pro-
pulsion make it more likely to be employed for a ground-to-
orbit launch mission.' Focusing on this specific mission, laser
propulsion may be applied mainly by two methods:

1) Repetitively pulsed (RP)—high-power laser beam pulses
fired at very high frequency into an engine nozzle onboard the
space vehicle, through the nozzle exit cross section. The laser
pulses ionize the working fluid (usually gas) inside the nozzle
and ignite a plasma jet that expands through the nozzle to
create a thrust pulse.

2) Continuous wave (CW)—a steady-state mode of opera-
tion. The laser beam is projected to the engine through an
optical window located at the front of the engine. The gas
absorbs the laser beam energy and expands through the nozzle
to produce thrust. This is usually done with a nozzle similar
to a converging-diverging chemical rocket nozzle.

Figure 1 illustrates these methods of operation, which are
founded on the assumption that a high-power laser source ex-
ists, based either on a high mountain or on a space station.*’
The typical range of laser power is 0.5- 1000 MW.* Both types
apply low molecular gas (often hydrogen) that, in the plasma
state, can easily reach temperatures as high as 10*- 10° K. Such
values are necessary to create the high level of thrust required.

The main advantage of LPS is the decoupling of the energy
source from the space vehicle. Other advantages are the sim-
plicity and reliability of the propelling engine because of few
moving parts, the lack of complicated plumbing, and the low
fuel consumption as a result of the high specific impulse. The
LPS based on the RP method is the simpler of the two. There
is no need for an optical window (Fig. 1), and the design of
the complete engine may be less heavy than in the CW system
for the same mission. Nevertheless, improved performance
may be achieved in the CW system because in the RP system
thrust and specific impulse are formed as a series of pulses,
whereas in the CW system thrust is constant in time and con-
tinuous. It may be added that in the RP system the plasma jet
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Fig. 1 Laser propulsion system modes of operation: a) continu-
ous wave laser powered and b) repetitively pulsed laser powered.

is more stable, compared with a severe problem of plasma
stabilization in the CW system.

Several LPS problems still need investigating, such as the
method of pointing and focusing the laser beam into the nozzle
exit, and the alignment between the thrust (nozzle) axis and
the laser beam axis. The operational difficulties of LPS-based
space vehicles, using a laser beam projected from Earth, may
be overcome if a time window is defined. Consequently, a
mission such as trajectory corrections for satellites may be per-
formed during a defined limited time interval. One can cal-
culate the location and timing for the laser firing to a prede-
termined point in space. A possible solution to the pointing
and alignment problem is suggested in the Appendix. The so-
lution applies to the orbital transfer mission discussed in this
paper.

Further discussion will assume system operation in the RP
mode, where the paper focuses on the operational mechanism
and the design of a laser engine.

II. Physical Phenomena

The basic phenomenon that occurs inside the nozzle is the
ionization of gas and plasma ignition. During the 1960s sci-
entists succeeded in focusing a high-power laser beam to a
rather small-diameter focal point (10”* m) using mirrors and
lenses.® With the laser engine, the parabolic nozzle is the
means of achieving the same desired result.

When a laser beam is focused by the reflective parabolic
nozzle at the focal point, its intensity is concentrated, and ra-
diation intensities much higher than the threshold level for gas
ionization and plasma formation may be achieved. The plasma
is visible and referred to as a glow, also called a laser spark
or light flash. The characteristic ionization threshold value for
air at standard day (300 K, 10° Pa) is Iy, = 10" W/m®> As
discussed in Ref. 6, such a value has already been achieved,
using a 1-J laser source, with a pulse duration of 30 ns (laser
peak power was 30 MW). The plasma residence time was 20
-50 us. As mentioned in the preceding text, the laser diameter
at the focal point was about 10™* m. It was also found that I,
reduces with pressure.

For gases such as hydrogen, Raizer® determined a charac-
teristic range for the ionization threshold to be between 5 X
10" and 1 X 10" W/m> This is important to note because it
is almost impossible to find a complete and final approach to
determine I, according to Raizer.’
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When plasma is ignited its length can be evaluated by using
Eq. (1)

L=2XV,Xt, (1)

L (sometimes considered as width) is calculated by multiplying
Vp and ¢, V, (formed immediately when the plasma ignites,
to be discussed later) is on the order of 10° m/s.” The pulse
duration has an order of 107% s. That gives an initial plasma
length on the order of only millimeters. L should be multiplied
by two to represent plasma propagation in both directions.

When the laser pulse ends ionization of new cold gas in the
vicinity of the initial plasma core still exists. This is because
of the inverse bremsstrahlung (IB) effect described in the fol-
lowing text.

A. Inverse Bremsstrahlung Effect

The IB effect is the prime process assisting to achieve the
very high plasma temperatures (10*- 10> K) necessary for laser
engine operation and creation of high thrust. In the IB process
free electrons are generated in the gas by the ionization process
caused by the high-intensity laser beam. These free electrons
are accelerated because they absorb the electromagnetic energy
supplied by the laser beam. The major steps within the IB
process are as follows.

1) Initial ionization takes place in the gas as a result of
focusing the laser beam to high intensities (much higher than
the threshold value), which generates free electrons. The initial
L is in the range of 107*-107> m. At this plasma zone, the
laser beam energy is absorbed in the gas. L is proportional to
the electron mean free path in the gas. This ionization process
is faster and, hence, shorter than a single laser pulse duration.

2) Free electrons are accelerated during the remainder of the
laser pulse until its end. During that time the gas temperature
rises, enhancing absorption of laser energy. L increases to
107*-107" m. This phenomenon is important because it is the
cause of the expansion of the hot plasma region.

3) When the laser pulse terminates the high-speed electrons
lose their energy because of random interaction with other par-
ticles in the gas. The high kinetic energy of the electron is
converted into thermal energy, which, in turn, causes the
nearby cold gas layer temperature to rise until it also reaches
the plasma state.

The total energy absorbed in the gas during the IB process
is

0=KXI 2)

where Q is measured in units of W/m>, I is in W/m? and K
is in m™". K is the inverse of L

K=1/L 3)

High absorptivity of the gas is accompanied with higher L
values, thus achieving lower K per Eq. (3), which, according
to Eq. (2) defines a lower energetic deposition in the gas.

B. Laser Detonation

The plasma propagation mechanism in the engine nozzle is
referred to as the laser detonation wave (LDW). This phenom-
enon occurs when the laser power is much higher than the
required laser intensity ionization threshold value. When such
conditions take place, the ionization degree is high enough to
heat not only the core gas at the focal region, but also the cold
gas layers near the focal region employing the IB effect. A
propagation of the initial plasma region is then achieved to-
ward the nozzle exit cross section in the form of a detonation
wave. At first, the wave is supported by the laser pulse. After
the laser pulse terminates, the detonation wave front exists
because of the high energy absorbed in the plasma, causing
further ionization of the cold gas layers. In 1964, Nelson, who

is mentioned in Ref. 6, found that the majority of the laser
energy is already absorbed in the plasma rather than in the gas,
because the plasma ignited about 9 ns after firing the laser
pulse, whereas its duration was 30 ns. Because L increases
with temperature (and time), the location where the high-speed
electrons come in contact with the cold gas front is eventually
shifted away from the focal point. It should be noted that gas
is discharged into the exhaust nozzle in a pulsating mode and
its volume expands in time. The detonation front separates
between the plasma and the colder gas. Consequently, L in-
creases and the high-speed electrons can propagate to a longer
distance. When the propagation distance of the plasma exceeds
the outer boundaries of the cold gas cloud in the nozzle cavity,
the electrons have nowhere to propagate to, and the detonation
wave front simply evaporates into the vacuum outside the gas
boundaries.

The properties of the specific impulse and the equivalent gas
expansion velocity can be determined as a function of the det-
onation velocity:

q = QLIpsVp 4)
where po is the initial gas density. Using Egs. (2-4) we obtain
q = Io/poVp (5)
Then, assuming that the laser energy is fully converted into
the kinetic energy of the plasma jet, the following may be

written:

Ul=¢q (6)

(SIE

From Eq. (6), it is easily derived that
U.=V2q (N
If one uses I, = U./g, then

Isp = (1/8) \% (21()/P()VD) (8)

The expression for V,, can be evaluated by assuming a laser
detonation wave moving at V, through the gas. In the case of
steady-state and one-dimensional conditions and in accordance
with the Chapman-Jouguet (CJ) detonation theory,® the follow-
ing set of conservation equations are used:

Mass:
pU = pV, 9)
Momentum:
P + pU?= P, + poVp (10)
Energy:

e+ (Plp) + éUzze() + (Po/po) + évlz)-’_ UlpoVp) (A1)

The index O indicates upstream conditions of the wave front.
The factor I/p,V, represents the laser energy absorbed in the
gas. .

Two nondimensional parameters, P and 7, are defined and
incorporated in the following Hugoniot relation, which origi-
nated from the energy equation (11) and Egs. (9) and (10):

-0 [a+mpa=0  p| Ip¥
[(1 —n)} [ 2 T P(J'P:;‘ (12

where P 2 P/P, and 1 = po/p, and h = e + Plp. i
The Hugoniot relation represents a set of curves on the (P,
m) plane. Based on the CJ theory, the detonation velocity is
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the velocity that satisfies the CJ conditions, i.e., Eqs. (9-11).
When the laser energy is fully absorbed in the gas and the
laser pulse had terminated, the CJ condition is achieved. Ac-
cording to Raizer® the theoretical detonation velocity is set to
be

V= |:2(7——1)I:| (13)
Po

III. System Structure and Operation

The main components of the LPS, whose schematics are
illustrated in Ref. 2, are the high-power laser transmitter, the
reflector, which directs the approaching laser beam from Earth
to the space vehicle, and the space vehicle engine including
its fuel tank. (Fuel tank is a reference for a reservoir of work-
ing fluid, e.g., a gas such as hydrogen. This is not the tradi-
tional fuel that requires an oxidizer as well.) The laser trans-
mitter is supposed to be in the range of several hundreds of
megawatts to be able to provide sufficient power to propel a
useful payload from one orbit to another. A dedicated energy
source should be assigned to provide the laser transmitter the
needed power. The energy source would probably be an Earth
power station or a solar-pumped laser mounted on a separate
space station. The reflector is essentially a large mirror de-
signed to direct the incoming laser beam from the laser source
to the space vehicle. The size of the mirror depends on the
laser wavelength as well as on the topographic location of the
laser transmitter, e.g., on a high mountain. Because of the di-
vergence of the laser beam, the diameter of the reflector de-
pends on its distance from the laser source. The lower the
mirror orbits in space, the smaller it could be. However, in
low-orbiting-trajectories operation a coverage problem may
emerge. This problem could be overcome by stationing several
reflectors at different altitudes in space. The reflector dimen-
sions can be stated as

ry = 1.22(A/D)R (14)

For example, a 2.2-um laser wavelength (most suitable for
transmitting because of a minimum of atmospheric distur-
bances), a 5-m laser aperture diameter, and a GEO altitude of
36,000 km will result in about 19-m mirror radius.

The principal component of the space vehicle is the engine,
which is designed to efficiently convert the laser beam energy
into thrust. As mentioned in the preceding text, further discus-
sion will assume operation in the RP mode. A powerful laser
beam enters the engine nozzle through its exit cross section.
Thus, the main components of the engine are the nozzle, the
fuel tank, and a control system, combined with a suitable valve
to regulate the gas flow rate injected into the nozzle.

The laser beam is focused to a focal region inside the nozzle,
where an ionization process of the preinjected gas takes place.
The ionized gas rapidly reaches the plasma state, and expands
through the nozzle toward the exit cross section. Consequently,
the nozzle has two main tasks: to focus the laser beam and to
enable the proper expansion of the heated gas (plasma). The
engine is in fact the nozzle itself, where ionizing and igniting
the plasma as well as plasma expansion occur.

The nozzle is of a diverging (parabolic) type. The flow
through the entire nozzle is supersonic. A conical contour of
the nozzle can also be selected, where the cone half-angle is
an optimization parameter for engine performance and beam-
focusing efficiency. However, a much better design is to define
a parabolic nozzle contour where all incoming parallel laser
beams are reflected from the nozzle wall to the focal region
of the parabola. Figure 2 is a schematic of a parabolic laser
engine.

The laser energy loss from propagation in the atmosphere is
described in detail in Ref. 9. For a finite nozzle length, the
wall contour at its end is not parallel to the symmetric axis of
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Fig. 2 Schematic of a laser engine.

the nozzle (dr/dx # 0). This could result in having a two-
dimensional flow that may affect performance. The nozzle
could be extended to end with a parallel section at the cost of
extra weight. Typically, a parabolic contour such as

Y? = 4pX (15)

is selected for RP-operated LPS. This is also in accordance
with the nozzle shape selected in chemical rockets.

The order of events occurring inside the engine operating in
the RP method follows:

1) A powerful laser pulse is reflected by a reflector mirror
into the engine nozzle.

2) The parabolic nozzle focuses the laser beam in its focal
region. The theoretical focal point is defined by Eq. (15), rep-
resenting the nozzle wall contour.

3) The focused and therefore intensified laser beam raises
the temperature of the preinjected gas at the nozzle focal re-
gion, ionizes it, and initiates the plasma (the IB process).

4) The duration of the laser pulse is longer than the time
required to create and ignite the plasma. Thus, immediately
after plasma ignition, a laser detonation wave is formed that
is supported by the energy of the remainder of the laser pulse.
This phenomenon is referred as a laser-supported detonation
wave (LSD). LSD occurs because the level of I achieved at
the focal point is higher than the threshold intensity value re-
quired for the ionization. Absorption of laser energy continues
all through the duration of the laser pulse. However, absorption
is augmented by formation of the plasma, which has higher
absorptivity to laser radiation.

5) The detonation wave progresses from the nozzle focal
region toward its exit cross section, thus enabling the plasma
to expand rapidly into the preinjected cold gas layer. The LSD
formed, which is a spherical wave, starts to progress imme-
diately after the plasma is formed. It continues also after the
termination of the laser pulse, and only after the LSD has
advanced to the boundaries of the preinjected gas.

6) While stages 3-5 take place, high pressure is created
inside the nozzle, blocking the flow of new cold gas, stored in
the fuel tank. At the end of the thrust cycle, when the pressure
inside the nozzle drops, the gas flow restarts.

7) Thrust is produced from the pressure difference created
through the nozzle wall, and exists as long as the detonation
wave expands within the nozzle.

IV. Laser Engine System Dynamics and Properties

Thrust in the RP method is not constant in time and depends
on the dynamic phenomena of the LSD wave. Thereafter, the
pressure drops to the ambient values and thrust is reduced
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drastically. The process starts when the cold gas is injected
through a chocked valve (Fig. 2) into the nozzle from a gas
reservoir. After a short period, during which the cold gas prop-
agates toward the nozzle exit, the firing timing is set to allow
the gas to pass the focal region. The gas is ionized, creating a
hot plasma front (the LSD) propagating toward the exit plane
of the nozzle. To optimize the thrust cycle it is best if the
process terminates inside the nozzle. For convenience, we av-
erage parameters such as the thrust, laser power, and mass flow
over T,

F X dt (16)

where F is obtained over 7,. The mass average flow is

m = M|ty (17

P =ElT, (18)
Hence, the specific impulse will be
I, = Flgm (19)

According to Pirri and Simmons,'® an equation estimating
the specific impulse can be obtained

Lol <L> 20)

g \mp*u*D*m,

The variables p*, u*, and D* are the properties of the cold gas
that flows from the gas reservoir through the chocked valve
into the nozzle.

Ppow, which is a characteristic of the LSD, is estimated as™®

pi(r) X V12)
Ppw= T 21)
The density p,(r) is the time-averaged gas density upstream of
the LSD wave front. It is assumed (in accordance with Ref.
10) that a linear pressure distribution exists along the axis,
reducing from a maximum value at the focal point to the tem-
poral position of the LSD. The maximum pressure value re-
duces in time with the propagation of the LSD. This point is
the meeting point between the LSD and the boundary of the
preinjected cold gas and is named the breakthrough point
(B.T.). The LSD vanishes exactly at B.T. and practically into
the ambient vacuum. The pressure inside the nozzle is a func-
tion of time. At different times, the LSD is situated at a dif-
ferent nozzle position (and radius). The cycle-averaged thrust
is

F = f P(r) X sin*(8.) X 27r X dr (22)

0

P(r) = Ppw(rirsr) (23)

where r indicates the nozzle radius at the temporal LSD po-
sition, and r, and rgr are the focal radius and B.T. point ra-
dius, respectively. The angle 6. is calculated for an equivalent
conical nozzle that has walls tangent to the walls of the par-
abolic nozzle at its exit cross section.

V. Orbital Transfer Mission Application

The present study evaluates the feasibility of using a laser
engine as a propulsion device suitable for a Hohmann orbital

Transfer Orbit 2

Fig. 3 Hohmann orbital transfer.

transfer (with a minimum energy requirement) of a small sat-
ellite, to be raised from LEO to GEO. Figure 3 illustrates that
transfer. The relevant data are r, = 6378 km, r, = 300 km, r,
= 36,000 km, space vehicle m, = 500 kg, and mp. = 100 kg.

Velocity increments are applied when the space vehicle
reaches 1) the perigee and 2) the apogee (Fig. 3). The veloc-
ities needed for such transfers are 2.42 km/s at point 1 and
1.46 km/s at point 2. The total trip time 7 from point 1 to
point 2 is calculated as half of a full elliptical orbit, which
gives the value of 19,115 s.

The laser engine is designed to operate at points 1 and 2 for
a specified period of time. The time required for operating the
laser engine is calculated, and indicates that it is on the order
of typical burning time in conventional chemical rockets, and
hence can be a suitable replacement. In general, the time for
engine operation should be as short as possible, to support the
main assumption that we are dealing essentially with thrust
pulses at the two points. The short time also means a short
distance covered by the space vehicle, compared with the or-
bital transfer distance and 7. In addition, short periods are
required to align the laser beam with the nozzle axis of sym-
metry.

The burning time at each point of the maneuver (operating
time of the laser engine) is

by = M/ (24)

where m,; is at each point and »1 is from the nozzle. For each
point, m,; can be calculated by

AV = Isp x g X fn(m()/ml) (25)

where m, and m, are space vehicle masses before and after the
maneuver.
The mass flow is

2m, X P

m = (26)
(g X I’

where 7, is defined by the ratio of kinetic energy of the plasma
jet to P obtained at the focusing volume of the nozzle.” Typical
(maximum) efficiency value predicted for the RP laser engine
is 0.4°

The selected values for the present mission are m, = 0.36
(90% of maximum efficiency), I, = 1200 s, and P = 400 MW,
which may be considered practical values. From these values
we obtain m = 2.0782 kg/s, F = 24,464 N, t,, = 44.7 s, t,,/T
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=0.23%, t,, = 22.9 s, and t,,/T = 0.12%. These short periods
of time justify the previous assumption of pulse operation.

VI. Nozzle Geometry and Laser Beam Focusing

The nozzle selected during the research was of a parabolic
shape with a wall contour according to Eq. (15). Dimensions
are L, = 0.4 m, and parabolic nozzle p = 0.1 m.

The laser beam source distribution at the entrance to the
nozzle is assumed to be of a Gaussian profile, typical for laser
beams (Fig. 4):

I(r) = Iy exp(—2r°w?) 27

Here, r is the radial distance from the axis of symmetry, and
w is the radial distance at a specific cross section where the
local intensity is reduced to e~ of its local I, (the maximum
value at the specific cross section).

A special ray-tracing computer program was developed to
compute the I distribution at the focal region of the parabolic
nozzle. Figure 5 illustrates a laser ray propagation in the noz-
zle.

Selecting the laser power (of 400 MW) and beam coverage
to be 25% at the entrance cross section of the nozzle, we obtain
a value for I = 2.5 X 10" W/m> Such calculations enable us
to determine the I distribution at the focal region as well as
the power loss at the nozzle.

To simulate an imperfect nozzle (a result of manufacturing
difficulties of surface quality or deterioration), Eq. (15) was
modified to include a surface contour perturbation. The per-
turbation simulates a surface roughness. Hence, the modified
nozzle contour may be simulated as

Y = V4pX + A X sin[27k(X/p)] (28)

For practical values, k is selected to be 1000 (roughness cycle
length is about 0.25 mm). The amplitude was varied between
0 (ideal nozzle) and 10 pum.

-

Fig. 4 Characteristic laser beam Gaussian intensity distribution.
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Fig. 6 Laser intensity distribution along the focal cross section
for 25% laser coverage and zero roughness amplitude.
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Fig. 7 Laser intensity distribution along the focal cross section
for 25% laser coverage and 10”7 m roughness amplitude.
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Fig. 8 Laser intensity distribution along the focal cross section
for 25% laser coverage and 10”° m roughness amplitude.
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Fig. 9 Laser intensity distribution along the focal cross section
for 25% laser coverage and 10~> m roughness amplitude.

The relevant focusing characteristics of the nozzle may be
determined by analyzing the percentage of laser power re-
flected into the focusing region. When we take into consider-
ation the ionization threshold level of the specific fuel, we may
define m; as a measure of the amount (in percentage) of laser
energy, which is focused within a region defined by a contour
of radiation intensity that equals the ionization threshold level
of the fuel.

Parametric study was performed with various amplitudes
and several laser percents of nozzle coverages [w; = (W/R) X
100] at the nozzle entrance. The selected parameters were A;:
0,107% 107% 107" m, and i = 1-4; and w;: 25, 50,75, 100%,
and i = 1-4.

The presented results (Figs. 6-10) were obtained in most
cases with percentage of laser coverage at the nozzle entrance
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Table 1 Laser power and loss resulting from ionizing efficiency at the focal region

Roughness amplitude, m

1073 107° 1077 0 Laser
coverage
Effective Effective Effective Effective for fixed
Loss, power, Loss, power, Loss, power, Loss, power, laser source,
100% m;, MW 100% m;, MW 100% m; MW 100% m; MW %
71.1 110.2 20.8 310.9 1.6 386.5 0 392.7 25
95.6 33.8 75.0 192.3 27.3 559.5 0 769.7 35
97.7 35.8 76.9 362.6 45.8 851.0 0 1.57 GW 50
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Fig. 10 Preliminary ionized region inside the nozzle for 25% la-
ser coverage and various roughness amplitudes.

of 25%. This value is within the optimal range of 20-35%."
In addition, the program was used to evaluate the preliminary
ionized volume inside the nozzle as well as the ionization ef-
ficiency.

The required laser energy E. per pulse at the nozzle en-
trance is

Ewq=PI(fX 1) (29)

Calculation of E. indicates a value of 50.5 kJ, with the laser
operating at a frequency of 10* Hz. Assuming negligible at-
mospheric disturbances (based on proper selection of laser
beam wavelength), these values may also represent the char-
acteristics of the laser beam at its source.

VII. Results and Discussion

The laser intensity distribution inside the nozzle and the pre-
liminary ionization volume and efficiency were calculated for
the selected nozzle. Figures 7-9 illustrate the profile of the
laser intensity distribution at the nozzle focal cross section for
various roughness amplitudes. It is seen that the ionization
threshold level has been surpassed only in a small and limited
volume inside the nozzle. These profiles can be compared to
a perfect nozzle surface, with zero roughness (A, = 0, Fig. 6).
It is important to evaluate whether sufficient energy is focused
in that region, hence enabling the desired levels of thrust and
specific impulse for the selected mission. Even though the ion-
ization threshold has been achieved in most conditions (albeit
at different 7,), it is important to analyze the effect of rough-
ness amplitude and laser coverage on the engine performance.

The contour of the location where the local intensity sur-
passes the threshold ionization value is shown in Fig. 10 for
various roughness amplitudes and w; of 25%. Figure 10 shows
that the ionized volume shrinks with increases in roughness
amplitude until there is practically no ionized volume for a
roughness value of 107> m or higher. In Fig. 11, similar con-
tours are given for various laser coverages and a zero rough-
ness amplitude, which indicates a direct correlation between
the laser coverage and the ionized volume. Figure 12 illustrates
the effect of laser power on the preliminary ionized volume
(zero roughness and 25% laser coverage), which increases
monotonically with the laser power.

Table 1 summarizes computation of the total power and
power loss caused by ionization efficiency for several combi-

Distance from focal point, X/L

Fig. 11 Preliminary ionized region inside the nozzle for various
laser coverages and zero roughness amplitude.
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Fig. 12 Preliminary ionized region inside the nozzle for various
laser power values (25% laser coverage, zero roughness ampli-
tude).

nations of laser coverage percentages and roughness ampli-
tudes. It is seen that a roughness amplitude of 107° m or
smaller should be selected for 25% laser coverage, and a 107’
m value or smaller for 35% coverage. Another conclusion ob-
served from Table 1 is that a 50% laser coverage cannot sup-
port the mission performance requirements because of the low
ionizing efficiency (even with a high surface quality condition
of 107" m).

Calculation of the engine performance, using a surface qual-
ity of 107° m, results in producing 19,600 N, which is 80.1%
of the required thrust for the selected mission. This in turn can
enable operation at the cost of 28% longer engine operation
periods t,,, t,,. Such extended periods still justify the pulse
operation assumption, as they both remain below 0.3% of total
trip time.

Figures 13- 15 illustrate the variation of required nozzle ra-
dius as a function of space vehicle mass, with a percentage of
laser beam coverage as a parameter, for a fixed acceleration
of a = 5g

F 2nm,P
— = S e (30)
mo mo X glsp

a =

Here m; evolved from Table 1 in accordance with wall A and
laser coverage percentage.

Figures 14 and 15 describe the required nozzle characteris-
tics, i.e., radius, percentage of laser coverage, and surface
roughness amplitude, for a different mass of space vehicle. It
is found that nozzle radius sensitivity (curve slope) is decreas-
ing for higher laser coverage (50%). This fact enables an in-



268 BRANDSTEIN AND LEVY

Nozzie Radii [m]

100 300 500 700 900
Initial Space Vehicle Mass [Kg]

Fig. 13 Required nozzle radius vs space vehicle mass for various
laser coverages (zero roughness).
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Fig. 14 Required nozzle radius vs space vehicle mass for various
roughness amplitudes and 25% laser coverage.
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Fig. 15 Required nozzle radius vs space vehicle mass for various
roughness amplitudes and 35% laser coverage.

crease in payload by a small increase in nozzle size. However,
sensitivity to wall roughness amplitude, which is greater with
an increase in percentage of laser coverage, still forces em-
ployment of a lesser coverage (25%) (Figs. 14 and 15). Using
25% coverage results in less penalty in engine performance
with degradation in wall surface quality. For example, for a
fixed nozzle radius of 200 mm, an increase in roughness from
zero amplitude to 10™" m (using 35% laser coverage) results
in a payload reduction of about 100 kg. However, at 25%
coverage the payload reduction as a result of similar wall sur-
face degradation is an almost negligible amount. A further sur-
face degradation to 10™° m (at 25% coverage) still results in
only a minimal payload reduction of about 20 kg.

VIII. Conclusions

This paper describes the RP laser propulsion mechanism and
its feasibility for a specific mission. All major physical phe-
nomena occurring inside the nozzle that contribute to thrust
generation were taken into consideration.

For an orbital transfer mission raising a 500-kg satellite from
300-km altitude toward GEO orbit, a laser engine was found
to be capable of producing 19,600 N of thrust with a specific
impulse of 1200 s. Engine operation periods for the mission
are 57 and 29 s in accordance with each step of the maneuver
(less than 0.3% total trip time). These periods are on the order
of chemical propulsion systems.

The nozzle selected has a parabolic shape that can be man-
ufactured, for 25% laser beam coverage at the nozzle entrance,
with a 107°m surface roughness and still achieve the required
performance. The typical 7, attributed to the LPS engine was
found to be 79.2%. Laser coverage higher than 35% does not
achieve system performance requirements (an impractical sur-

Transfer Orbit -

Fig. A1 Possible solution for the laser beam alignment problem.

face quality of 1077 m is required). Results obtained in this
work show that the laser source required for the described
mission should have 30 ns 7, with energy per pulse of 50 kJ
at a frequency of about 10* Hz.

We assume that such a powerful laser device will be avail-
able in the near future. Currently, one of the highest energy
lasers, as described in the literature, is the GEKKO XII laser
device, operating in Japan. It is capable of producing energy
in the range of 25 kJ but at 1 ns only. Hence, significant im-
provements are still needed to comply with mission require-
ments, and further study on these devices is justified.

Appendix: Laser Alignment

Figure Al presents a scheme of a possible solution to the
pointing and alignment problem. We assume the reflector mir-
ror that directs the laser beam into the engine nozzle is in orbit
100 km above the orbiting space vehicle.

Point R, represents the reflector location in respect to the
space vehicle location in point S, (point I is when the laser
engine starts to operate at the beginning of the maneuver, i.e.,
the transfer orbit perigee). At that specific predetermined lo-
cation, a laser beam projected from the reflector toward the
engine nozzle will be fully aligned with the nozzle axis of
symmetry. When the laser engine terminates its operation, both
the reflector and the space vehicle will be at points R, and S,
respectively. Knowing t,,;, calculated in Eq. (24), and the orbital
maneuver parameters at the LEO orbit point (also the perigee
point), it is easy to evaluate the angle difference between the
laser beam and the engine nozzle axis at point II (the angle
difference is predetermined to be practically zero at point I).
Calculations of these values show a relatively small change in
alignment of no more than 0.5 deg, compared with the original
full alignment between the reflector laser beam axis and the
space vehicle nozzle axis (at point I). The ray-tracing computer
program referred to in the preceding text was executed, taking
as an input that same angle difference in alignment, up to 10
times as much, i.e., 5 deg. It was shown that the ionization
threshold level was still achieved at those conditions, enabling
the operation of the laser engine.
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