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Abstract

energy into the kinetic energy of propellant gas is a
critical ﬁgure of merit. In addressing laser thruster
performance it is useful to consider both the absorption eﬃciency as well as the the propulsion eﬃciency.
In the context of laser thrusters, the propulsion efﬁciency is a measure of how much absorbed energy
appears as kinetic energy of the propellant at the nozzle exit.

This paper explores the concept of laser propulsion
using a molecular absorber. Unlike the conventional
approach of using a laser sustained plasma to heat
a propellant, molecular absorption of laser energy
makes it possible to avoid the frozen ﬂow losses
associated with the high temperature and complex
chemistry of a plasma. The molecular absorption
concept is developed by exploring several thermodynamic pathways for energy addition in the supersonic
regime, which are visualized as curves in H-K coordinates. The case of an isothermal expansion is studied in depth. The absorption physics of a promising molecular absorber, SF6 , is described at arbitrary
laser beam intensities using a two-temperature nonequilibrium model, which is then applied to calculate
the required length of the supersonic energy addition
region in a laser rocket nozzle.
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The established approach for achieving energy
conversion is to create a laser sustained plasma
(LSP) in the ﬂowing propellant. The plasma is localized near the focal point of a laser beam, and
laser energy is absorbed through the electron inverse
bremsstralung process. As the propellant gas ﬂows
through and around the stationary plasma high bulk
temperatures are sustained which can be in excess of
10,000 K in gases such as argon. Stable LSPs were
created and observed by Keefer et. al.[4], who report absorption eﬃciencies as high as 86 %. Several
attempts have been made to visualize the physical interactions occurring in laboratory LSPs using two dimensional numerical simulations[5, 6]. Although the
coupling of laser energy to a plasma has been found
to be quite high, the overall propulsion eﬃciency is
not as good. There are several processes that degrade the eﬃciency. In general, plasma radiation is a
signiﬁcant contributor, and in the case of molecular
propellants such as hydrogen, dissociative frozen ﬂow
losses are also important. The equilibrium fraction
of dissociated hydrogen is known to vary exponentially with temperature, and the reduction of frozen
ﬂow losses in hydrogen thermal thrusters necessitates
ﬁnding a way to add signiﬁcant amounts of energy
without completely dissociating the propellant. The
dissociation fraction of hydrogen for various temperatures and densities is shown in Fig. 1.

Introduction

As high-power laser technology continues to mature
the possibility of using a laser to generate rocket
thrust for propulsion applications grows more feasible. The laser propulsion concept was ﬁrst introduced
by Kantrowitz[1] , more than twenty ﬁve years ago,
and was experimentally demonstrated by Krier et.
al.[2] and by Myrabo[3] . As with any thermal propulsion system, the eﬃciency of conversion of laser beam
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Figure 1: The calculated equilibrium dissociation
fraction of H2 is presented above, as a function of
temperature and density.
A diﬀerent approach for energy addition, one
that does not utilize a plasma, is the molecular
absorption of radiation in the supersonic regime.
Adding energy using a molecular absorber involves
the excitation of an internal mode such as rotation or
vibration of a seed molecule, the seed molecule subsequently transfers its energy to the propellant gas
by relaxation collisions. The molecular absorption
approach for laser propulsion was previously identiﬁed by Caledonia et. al.[7] in 1975. More recently,
molecular absorption has been considered as an energy addition mechanism in the supersonic region for
a proposed atmospheric, hypersonic wind tunnel and
has been the focus of an ongoing research eﬀort[8, 9].
The central issues with this approach involve the
choice of the thermodynamic path over which energy
is added and the choice of the seed molecule, with its
associated set of physical parameters. Fig. 2 shows
that with a molecular absorber it is possible to extend the energy addition region throughout the nozzle rather than concentrating all the energy in the
plenum, the way it is done in conventional propulsion systems. The goal of this paper is to explore
relatively simple energy pathways, such as constant
temperature expansion to gain insight into the more
complicated cases that may be of use to laser propulsion. The interaction between the seeded propellant
mixture and the laser beam is described in general
terms, using a familiar quasi-one dimensional model.
It is understood that this approach is useful in a restricted sense, and is intended as a starting point for
more robust numerical simulations. This formalism
is then applied using absorption data for SF6 to calculate the length of the energy addition region in a

Figure 2: Illustrated above are the laser rocket
propulsion concepts discussed in this paper: a: Energy addition using a laser sustained plasma in the
plenum region. b: Energy addition in the supersonic
region using a molecular absorber.
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Fluid Model for Energy Addition

Within the constraints of one dimensional theory, the
physics of an absorbing ﬂuid in steady state is expressed by the ﬂuid conservation equations,
1 dA 1 dρ
1 du
+
+
A dx
ρ dx u dx
dP
du
+ ρu
dx
dx
dT
du
cp
+u
dx
dx

=

0

(1)

=

0
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=

dT0
.
dx
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0
T0 is the total temperature of the ﬂuid and dT
dx =
dPw
κ dx . Pw is the laser power which is assumed to be
uniform across the beam cross section. It is assumed
also that the gas is ideal and perfect i.e. with P =
ρRT and constant cp .
The absorption coeﬃcient, κ, is in general a function of the gas thermodynamic variables T and ρ and
the laser intensity, I. There are more variables in
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dH
= χ,
dK

(4)
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with K = u2 and H = cp T . Going a step further, all
the variables that describe the ﬂuid, A, T0 , ρ, T , and
u, can be written in terms of M 2 , γ and χ,
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fer with constant area, adiabatic, isentropic expansion and constant Mach number heating of the gas.
The appropriate χ functions for these three cases are
given below
χ = (1 − γM 2 )/M 2 (γ − 1),
χ = −1,
χ = 2/(γ − 1)M 2 ,

(6)
(7)
(8)

where Eq. 6 refers to the constant area heat transfer case, Eq. 7 refers to the adiabatic, isentropic expansion case and Eq. 8 refers to the constant Mach
number case. The example cases just discussed are
illustrated in Fig. 3, and do not exhaust the set of
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this system than equations relating them. When the
nozzle area, A, is speciﬁed everywhere and when the
laser power incident to the energy addition region,
Pw0 , is known, the above equations uniquely determine the thermodynamic and mechanical state of a
gas with a given set of initial conditions.
It is well known that if a transformation is performed, expressing all quantities in terms of the optical length, τ = κdx, the conservation equations
can be solved without reference to the properties of
the absorbing species[7, 10]. The solution in physical
space is recovered, for a chosen absorber, by reversing the transformation. There are limitations to the
eﬀectiveness of this approach since the radius of the
nozzle is now a function of τ . Choosing A(τ ) to give
a speciﬁc shape in physical space is not intuitively
obvious.
This diﬃculty can be removed, if instead of constraining the nozzle to have a given proﬁle in space,
an additional relation among the ﬂuid variables is
speciﬁed. The enlarged system of equations is solved
with A as a variable. In this way nozzle proﬁles
are determined to satisfy thermodynamic constraints.
The additional relation can be chosen as
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Figure 3: This ﬁgure shows the H-K coordinates of
four trajectories in the supersonic regime that intersect at point P. The conditions at P represent a mixture of H2 with 2 % SF6 at T=300 K with M=3.0.
(A) refers to a cooling process with constant area, (B)
refers to an adiabatic, isentropic expansion process,
(C) refers to an isothermal expansion process and (D)
refers to a heating process at constant Mach number.

possible curves in H-K space. Any function χ(M 2 )
(5) deﬁnes a path for the thermodynamic and mechanical parameters of the ﬂuid to traverse. The task
where for the moment χ is an unspeciﬁed function with regard to laser propulsion is to identify the χ
of M 2 . The above equations trace curves in a ﬁve function or set of functions which achieve a required
exhaust velocity, while having desirable characterisdimensional space parametized by M 2 .
Another way to visualize the above relations is to tics in terms of eﬃciency of laser energy addition and
look at their trajectories in H-K coordinates[11] . In nozzle size.
An attempt is made in the following sections to do
the H-K plane each horizontal line, χ = 0, corresponds to a constant temperature process and each this by solving the case of χ = 0, isothermal ﬂow,
vertical line, χ → ∞, corresponds to a constant pres- using a realistic model of a molecular absorber, SF6 .
sure process. Three other basic cases are heat trans- An isothermal energy pathway was selected for the
=
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examples in this work to ensure that the temperature would remain below the dissociation limit everywhere in the nozzle. The solution is obtained for
the ﬂuid variables in τ -space ﬁrst, then the results
are transformed back into physical space by computing the SF6 absorption coeﬃcient at each point in the
nozzle. SF6 was chosen because of its exceptionally
high absorption coeﬃcient at 10.6µm, the wavelength
of commercial CO2 lasers. As discussed later the required SF6 absorption data exist in a narrow temperature range around 300 K, and for this reason 300 K
was used in all the example cases computed here.

3

Study Case: Isothermal Expansion

a functions of τ and of the conditions at the nozzle
exit. These are used to compute the ﬂow properties
at each section of the nozzle and are given below
M2
ρ

2Γ
[1 − exp −τ ] ,
γ
= ρ0 exp Γ [1 − exp −τ ] .

= M02 +

(10)
(11)

The non-dimensional parameter Γ has the form Γ =
Pw0 /ṁRT and in physical terms it is proportional to
the ratio of incident laser beam power to ﬂow enthalpy.
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SF6 Absorption Physics

Gaseous SF6 is a strong absorber of infrared radiation at the C02 laser wavelength. A spherical top
molecule,
SF6 has six fundamental vibrational modes,
Consider an isothermal expansion taking place in the
one
of
these,
designated by the ν3 quantum number,
supersonic region of a laser thruster. The laser enters
corresponds
to
an infrared active band. In addition
at the nozzle exit and propagates in the direction of
to
vibrational
motion
the SF6 molecule also has rothe throat, as seen in Fig. 4.
tational energy components, described collectively by
the quantum number J. Let N1 be the number density of SF6 in a state with none of its vibrational
Exit
M = 1.5
modes excited and with a rotational quantum number, J1 ; let N2 be the corresponding number density
Laser
Beam
for a state with ν3 = 1 and with rotational quanGas Flow
Energy Addition
•
Region
m
tum number J2 . The absorption coeﬃcient can be
m , T,
expressed
as a function of N1 and N2 according to
ρ ,P
the equation below,
g1
κ = σ(N1 − N2 ).
(12)
g2
Figure 4: This ﬁgure shows the orientation of the
laser beam propagation relative to the ﬂuid ﬂow in Based on the measurements by Anderson [12] in pure
−1
the examples considered in this study. The non- SF6 at 100 torr and 300 K, the value of κ is 3500 m .
dimensional optical length, τ , and the physical axial Computing N1 and N2 at these conditions, the ablength are measured relative to the nozzle exit where sorption cross section, σ, can be determined from the
the laser beam enters and the ﬂuid conditions are experimental value for the absorption coeﬃcient, κ.
To understand the eﬀect of laser intensity on κ, it
speciﬁed.
is necessary to explore the physics contained in the
The energy addition term of Eq. 3 is related to the N1 and N2 terms. At equilibrium conditions N2 and
power extracted from the laser beam. In τ -space the N1 are determined by the Boltzmann relation and
equation describing the evolution of the beam power depend entirely on the thermodynamic temperature.
Situations may arise when the translational and vican be written as
brational modes of the ﬂuid become uncoupled, for
dPw
(9) instance when a ﬂuid is perturbed by a tightly fo= −Pw .
dτ
cused laser or when a shock wave passes through the
The solution is an exponential function of τ . τ is ﬂuid. In such a case N1 and N2 are described in terms
measured relative to the nozzle exit, and the direc- of two temperatures, a translational temperature, T ,
tion of increasing τ corresponds, in physical space, to and a vibrational temperature, Tvib . Energy transfer
marching upstream toward the throat, Fig. 4. With from one mode of vibration to another occurs on a
this expression for Pw and the isothermal condition, short time scale relative to energy transfer to a transanalytic solutions for M 2 and ρ can be obtained as lational mode. The evolution of the ﬂuid vibrational
0

0

w0

x=0

xl

τ=0

τl
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energy is described by a conservation equation which
in steady state appears as
ṁ

devib
ρA(e∗vib − evib )
=
+ κPw .
dx
β

(13)

β, the characteristic time for vibrational relaxation,
was measured for pure SF6 by Burak et. al.[13]
and was found to be 140 µsec torr. This value was
adopted in this work, although it should be noted
that for laser propulsion the interest is in SF6 -gas
mixtures, not in pure SF6 , whose molecular mass is
considerably greater than that of useful propellants
like hydrogen. For this reason one would expect the
relaxation time to be shorter for an SF6 -H2 mixture
than for pure SF6 . Eq. 13 can be transformed from
physical space into τ -space in the same way as the
other ﬂuid conservation equations. When this is done
a coeﬃcient, 1/uκ appears, which is the characteristic ﬂow residence time. The ﬂow residence time is the
time required for the ﬂuid to travel a distance equal
to the distance over which the laser beam intensity
drops by a factor of 1/e. devib /dx can be neglected
in Eq. 13 when two criteria are met simultaneously,
the ﬂow residence time, σ, is much longer than the
vibrational relaxation relaxation time, β, and the difference between the vibrational energy that the ﬂow
would have at equilibrium, e∗vib , and the ﬂow vibrational energy, evib , is the same order of magnitude
as evib . evib is a function of Tvib and e∗vib is a function of T . The conditions for neglecting devib /dx are
summarized below,
σ  β,
e∗vib

− evib ∼ evib .

(14)

The functional forms of the terms, N1 , N2 , evib and
e∗vib , are given in Ref. [12].
A two-temperature approach was put forth by
Anderson[12] to treat saturation absorption in SF6
at high laser intensities. The model presented in that
work is used here to compute the SF6 absorption coeﬃcient and is strictly valid at room temperature,
300 K, where absorption data was collected. The
present implementation of the model diﬀers from the
one used by Anderson in one way, only absorption
from the ground state is considered here. The original
model considered absorption from both the ground
state and an excited state. The present model is more
conservative in the sense that at high laser beam intensities the absorption coeﬃcient is less because absorption by excited states is not considered.
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Results for a Supersonic
Isothermal Expansion with
SF6 as an Absorber

To assess the potential of laser propulsion using a
molecular absorber it is necessary to get a rough answer to some basic questions regarding how much energy can be deposited in the supersonic region of an
expanding nozzle ﬂow, whether the expansion can begin at a low enough temperature to avoid hydrogen
dissociation and if the nozzle size in such a system
is so large as to be impractical. As discussed in the
previous sections, one possible way of introducing the
laser into the supersonic energy addition region is to
direct the beam from downstream through the nozzle
exit. For nozzles where the supersonic expansion ratio is suﬃciently gradual the one dimensional theory
developed in this paper is not a bad approximation.
This is true of the nozzles considered in this section.
The ﬂuid conditions and laser beam power are
speciﬁed at the nozzle exit. Using Eq. 10 and Eq. 11
the conditions at all other points upstream of the
exit in the energy addition region are uniquely determined. The nozzle exit conditions were chosen to
be realistic values for an expanded supersonic ﬂow,
such as M0 = 3.0 and ρ0 = 0.001 kg/m3 . T was
set to 300 K for reasons discussed earlier and the
mass ﬂow rate was selected as 10 g/sec to keep the
required nozzle exit diameter in the 5-10 cm range.
The computation marched forward toward the throat
from the exit, and was concluded when the ﬂow
achieved M = 1.5. The propellant mixture consisted
of H2 with an SF6 concentration of 2 %. The laser
beam power was allowed to vary for each run. For
a given run, the ﬁrst step was to ﬁnd the point in
τ -space where M = 1.5, this was accomplished using
Eq. 10. Then for all points in the energy addition region, Eq. 13 was solved numerically for Tvib assuming,
devib /dx ≈ 0, and the absorption coeﬃcient was calculated using Eq. 12. Knowing κ at all points in the
energy addition region, the nozzle radial proﬁle and
all the ﬂuid conditions were determined as functions
of axial length.
Twenty two runs were made with the nozzle exit
conditions discussed above. For each run the laser
beam power was increased. For a given value of laser
power, the non-dimensional optical length at the position where M = 1.5, denoted τL , was calculated and
the corresponding position, xL , was then determined.
Fig. 5 shows how xL varies with laser power. The
laser beam power is non-dimensionalized in terms of

6

CHIRAVALLE, MILES, CHOUEIRI: LASER PROPULSION USING A MOLECULAR ABSORBER

ṁRT . The absorption coeﬃcient, κ, at the point
where M = 1.5, is used to non-dimensionalize xL .
The largest nozzle size of 0.72 m occurs when Γ = 5.0.
This case is also the case where most of the laser
beam power is absorbed in the supersonic region.
The fraction of laser beam power absorbed in the
supersonic region to the incident laser beam power
is shown in Fig. 7. As the laser beam power is increased two trends occur, the required nozzle size in
the supersonic energy addition region decreases and
the fraction of absorbed power decreases, i.e. more
of the laser power passes through the intended energy addition region into the throat region. Looking at Fig. 5 and Fig. 7, it is evident that there is
a limit for Γ, which can be found by solving Eq. 10
for Γ as τ → ∞. For the speciﬁed Mach number
at the nozzle exit, M0 = 3.0, the limit is Γ = 4.72.
The laser beam power corresponding to Γ = 4.72 is
24 kW and represents the minimum amount of input
power, ṁcp dT0 /dx, required to satisfy the isothermal
condition from M = 1.5 to M = 3.0. Laser beams
of greater power propagate through the supersonic
energy addition region without being completely attenuated, i.e. η < 1.
Among the cases computed the results for Γ of 5.63,
9.67 and 23.12 are presented. The ratio of ﬂow residence time to vibrational relaxation time is plotted
in Fig. 8, and it is seen that σ is at least an order
of magnitude larger than β. The ratio of vibrational
temperature to translational temperature is given in
Fig. 6, and is everywhere greater than 1. It is evident,
therefore, that the criteria for neglecting devib /dx are
satisﬁed in the cases considered. As the laser beam
power is increased Tvib increases, raising N2 and lowering N1 . The net eﬀect is to decrease κ. The computed nozzle proﬁle for the case with Γ = 5.63 is
shown in Fig. 9. At the nozzle exit the radius is
3.5 cm. The right most point on the graph corresponds to the M = 1.5 point, where the radius is
0.47 cm. The total length is 68 cm with an area expansion ratio of 56.

6

Conclusions

The concept of laser propulsion using a molecular absorber was studied by choosing a simple isothermal
pathway for energy addition, and by implementing
a realistic model of SF6 absorption. The results indicate that signiﬁcant amounts of energy can be deposited in the supersonic region without paying too
unreasonable a penalty in terms of nozzle length. Although one energy addition pathway was explored in

depth in this paper, other traditional cases such as
constant Mach number energy addition, and other
less familiar χ functions should also be studied. To do
so with SF6 , however requires additional absorption
data to describe how σ varies in the high T regime,
since no data of this type exist today. The Isp of the
example cases studied here was 250 sec, operation at
a higher temperature, although not high enough to
cause dissociation, would open the door to a higher
speciﬁc impulse.
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