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The direct simulationMonte Carlo method is used to study the feasibility of new propulsion concepts based on the

interaction of an optical lattice with gas molecules. Two regimes are considered, high density and low density. In the

first one, a de Laval nozzle is examined with the carrier gas driven by energy and momentum deposition from the

lattice to the region near the nozzle throat. Analytical expressions are developed and compared with the numerical

predictions that describe the energy and momentum energy transfer between the lattice and the gas. In the second

regime, amultiple orificeflow is consideredwithmolecules accelerated to high velocities by a chirped lattice potential.

Specific impulse of about 500 is obtained with the total thrust of over 10 �N per single 100 �m orifice.

Nomenclature

a = acceleration, m=s2

c = speed of light, m=s
E = amplitude of the optical electric field, V=m
�E = normalized energy, K
F = force, N
Fx = longitudinal force, N=m3

f = molecular velocity distribution function
Isp = specific impulse, s
I = laser intensity, W=m2

Imax = maximum pulse intensity, W=m2

k = wave number, 1=m
kB = Boltzmann constant, J=K
lc = gas mean free path, m
m = mass of molecules, kg
N = gas density, molecule=m3

n = index of refraction
Pd = power transferred to gas from the lattice, W=m3

q = lattice wave number, 1=m
T = temperature, K
t = time, s
�t = nondimensional time
v = molecule velocity, m=s
W = density of electromagnetic energy in the lattice, J=m3

Xc = lattice center location, m
x = distance, m
�x = nondimensional distance, m
Z0 = impedance of vacuum, �
� = static molecular polarizability, A2 s2 kg�1

� = frequency chirp, rad=s2

�p = momentum change per molecule, kg �m=s
�$ = energy change per molecule, J
�0 = permittivity of free space, F=m
� = density of momentum per unit volume, kg=�m2 s�
� = spatial period of the optical lattice potential, m
�0 = permeability of free space, H=m
� = phase velocity, m=s
�col = collision time, s
�m = lattice potential well depth, J
! = laser frequency, rad=s

Subscript

0 = initial state
1, 2 = laser beams 1 and 2

I. Introduction

A NOPTICAL lattice, which represents a periodic optical dipole
potential, is created by the interaction between a polarizable

particle and the field of an optical interference pattern formed by
counterpropagating laser fields. Optical dipole potentials have been
used extensively to trap and manipulate ultracold atoms in the
nK–�K range using the optical dipole force. Although these
conservative optical forces are weak, they are capable of trapping
ultracold atoms [1,2] and have been used to guide atoms through
optical fibers [3]. Larger potentials in the 100 K range can be
produced by high-intensity pulsed lasers for shorter time periods
where the maximum potential is limited by the probability of
multiphoton dissociation and ionization at high laser intensities.
These stronger potentials have been used to deflect cold molecules,
�5 K, and, more recently, to dissociate diatomic molecules by
strong centrifugal optical forcing [4].

Synchronous acceleration of charged particles to energies in
excess of 100 GeV can be achieved using electrostatic and Lorentz
forces, and accelerated neutral atomic beams can be created from ion
beams by charge capture [5]. Gas dynamic methods that accelerate
molecules to velocities greater than 10 km=s (14.5 eV for N2) [6]
have been demonstrated, but it is extremely challenging to accelerate
neutral molecules above this energy range without a large fraction of
the gas being thermally ionized and dissociated.

Linear acceleration within the time-varying electric field of an
accelerated optical traveling wave has been proposed as a means to
accelerate atoms to high velocities [7,8], and, more recently,
molecular acceleration has been proposed [9]. Linear acceleration
using opticalfields is attractive because extremely large dipole forces
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can be produced by high electric field gradients that can be created
within an optical traveling wave. The electrodeless electric field
gradient produced by a focused laser beam can be orders of
magnitude greater than electrostatic gradients, allowing acceleration
of not only polar, but also polarizable, molecules and atoms. This
concept has already been demonstratedwith acceleration of ultracold
atoms up to the velocities in the meter-per-second range using very
weak optical periodic potentials, which are called optical lattices
[10,11]. A one-dimensional optical lattice was created by two
counterpropagating laser beams, and acceleration of the lattice was
achieved by changing the frequency of the counterpropagating fields
(chirping) with respect to time.

In contrast to acceleration of ultracold atoms in weak lattices
[10,11], the authors of [12,13] have studied the acceleration of
polarizable gas particles, both molecules and atoms, at much higher
temperatures (5–300 K) and to velocities in the 10–100 km=s range
by application of large lattice potentials created by pulsed lasers. The
latter work follows on from the original work of Kazantsev [7,8], and
investigates the motion of trapped and untrapped particles in the
velocity phase space of the accelerated optical dipole potential. The
dynamics of the accelerating ensemble of polarizable particles under
the influence of large dipole or stark forces is examined, and the
velocity distribution function of both trapped and untrapped particles
is predicted [12].

Recently, the molecular beam formation was also demonstrated in
the collisional regime (pressures 400 and 1300Pa) by the direct simu-
lationMonte Carlo method (DSMC) [14]. Suchmolecular beams are
of great potential importance for material processing (etching,
deposition, etc.), as well as for studying the relaxation processes in
gasses and gas–surface collisions. Another possible application of
lattice-accelerated beams of neutral particles is rocket propulsion,
where high velocities of trapped particles may result in extremely
large specific impulses of lattice-driven propulsion devices. At
pressures on the order of 1 atm, it is not possible to trap particles and
create a molecular beam using a chirped optical lattice. It is possible,
however, to transfer the momentum and energy from a traveling
optical lattice to the gas; the optimal phase velocity in this case is
close to the average gas thermal velocity [13]. Microscale thrusters
with typical throat diameters of hundreds ofmicrons tomillimeters is
one of the possible applications of this type of interaction [14].

Themain goal of this paper is to numerically study new propulsion
concepts based on the interaction of an optical lattice with gas
molecules in two flow regimes, nearly free-molecule and continuum.
Two new microthruster schemes are considered for these regimes
that use 1) acceleration of molecules to very high velocities with a
linearly chirped lattice, and 2) energy and momentum deposition
from an optical lattice traveling at a constant speed into the throat of a
microscale nozzle. The estimates of thruster performance character-
istics are presented and possible ways to improve them are outlined.
The direct simulation Monte Carlo method [15] is used in this study.

II. Laser Beam Propulsion

Propulsion concepts based on laser energy deposition, primarily to
the solid matter, were proposed as early as 45 years ago. One of the
first studies in the field is presented in [16] in which the thrust
produced by molecules vaporized from a target surface due to laser
radiation was examined. The process of surface ablation and thrust
generation by pulsed laser beams has been extensively studied
experimentally and theoretically starting in the early 1970s [17,18]
for different chemical composition of the surface. The use of laser
beam propulsion with a terrestrial source of laser energy was
proposed in [18]. More recent research [19] includes the use of high-
energy lasers to transmit solar power through free space in the formof
coherent light.

The laser ablation of the surface is not the only known laser-based
mechanism of spacecraft thrust generation. The laser beam energy
may also be used for liquid propulsion thrusters, where the laser
energy plays the role of the oxidizer, and for air-driven thrusters [20].
In the latter concept, the thruster is powered by atmospheric air
effectively heated by a laser beam.At present, although lasers did not

take on a thrust-producing role of ion engines, the idea of beaming
energy from both space- and terrestrial-based lasers to power
spacecraft continues to draw interest. A radiatively driven
hypersonic wind tunnel was proposed 10 years ago [21] to provide
high-enthalpy, high-Mach-number, true airflows for durations of
seconds with high-power laser or electron beams as suitable energy
sources. The concept has recently been demonstrated at 1 MW of
electron beam energy power [22].

The principal difference of the present work from previous studies
is that the nonresonant impulse and energy deposition are used here.
This means that only translational and not internal energies of
molecules are directly changed by laser radiation, and it is therefore
possible to avoid or minimize a number of undesirable effects, such
as molecular dissociation and ionization, and associated charging
and degradation of working surfaces.

III. Optical Lattices in Free Molecular and Weakly
Collisional Regimes

A periodic optical dipole potential is created by the interaction
between a polarizable particle and the field of an optical interference
pattern created by counterpropagating laser fields with wave vectors
k1 and k2. The phase velocity of the pattern, and therefore the
potential, is given by �� �!1 � !2�=q, where q� jk1 � k2j.

For laser radiation far from resonance, the ponderomotive force on
the molecules within the lattice is given by the quasi-electrostatic
approximation [23]

F�x; t� � 0:5�rE�x; t�2

It has been shown [12] that the equation of collisionless motion of a
particle moving in a pulsed accelerated or decelerated optical lattice
is given by

d2x

dt2
���qE1�t�E2�t�

2m
sin�qx� �t2� � �a sin�qx � �t2�

where E1 and E2 are the amplitudes of the electric fields of the two
laser beams. Here, the first term of the product represents the
maximum force per unit mass supplied by the optical lattice. In a
reference frame that accelerates with the optical lattice, this equation
may be conveniently rewritten in nondimensional units

d2	

d�t2
�� aq

�
sin�	� � 2

where 	� �x � �t2, �t�
����
�

p
t and �x� qx. The phase-space analysis

[12] shows that particles with velocities and coordinates that satisfy
the requirement j2�=aqj< 1 will be trapped by accelerated lattice,
and their velocities increase with the lattice velocity.

With increasing laser beam intensities, the optical lattice potential
depth increases and at relatively low gas densities a large number of
gas particles can be trapped and collisionlessly accelerated. Particle
velocities can be increased from the room level to the 10–100 km=s
range in a short laser pulse over distances of hundreds of microns
[12]. The evolution of particles that are distributed over a range of
velocities, and over all phases, is described by the Boltzmann
equation. For short acceleration periods, acceleration without
collisions between particles becomes possible at pressures in the
104 Pa range, and the collision integral in this equation can be set to
zero. The results of calculations of particle acceleration using the
solution of the collisionless Boltzmann equation are given in [12].
More details on the physics of the acceleration of the polarizable
particles may be found in [24], and particle trajectories in free-
molecule and collisional regime are studied in [25].

To model the evolution of particles at higher pressures, when the
collision time in gas becomes on the order of the pulse duration and
molecular collisions are important, the full integro-differential
Boltzmann equation has to be solved. One of the most convenient
and widely used approaches to the solution of the Boltzmann
equation is the DSMC method. This method has been used in all
presented computations. The principal computational tool used in
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this work is SMILE, an advanced code based on the DSMCmethod.
Details on the tool may be found elsewhere [26]. The variable hard
sphere model is used for intermolecular interactions. The discrete
Larsen–Borgnakke model with temperature-dependent rotational
relaxation number is used for rotation-translation energy transfer.

Modeling of particle acceleration due to the impact of an optical
lattice in a weakly collisional regime is performed in one dimension,
with periodic boundary conditions applied at the inflow/outflow
boundaries.Methane gas, initially stagnant at a temperature of 300K,
is treated as the working fluid. Two gas pressure are considered: 400
and 1300 Pa. The maximum laser beam intensity is assumed to be
6 � 1015 W=m2, the optical lattice wave length is 400 nm, and a
Gaussian temporal profile of intensity is used with a maximum at
10 ns. The computation is performed with about 3 million molecules
to provide an acceptable accuracy of the distribution functions, and
the computational domain spans over 10 wavelengths. The unsteady
flow development is modeled with a time step of 10�12 s. The
influence of molecular collisions on acceleration is illustrated in
Fig. 1, in which the distribution function of molecular velocities in
the laser beam direction is shown.

Over thefirst few nanoseconds, the distribution function is close to
Maxwellian because the beam intensity is relatively weak at this
stage. Then, by t� 4 ns, a bimodal distribution starts to appear. The
separation of trapped molecules from untrapped ones becomes clear
at times larger than 6 ns. It is also clearly seen that there is a
considerable amount of trapped molecules accelerated up to
velocities of 15 m=s over the time period of 16 ns for a pressure of
400 Pa. The larger number of molecular collisions at 1300 Pa
generally reduces the number of trapped particles, because almost all
trapped particles that collide with other particles leave the potential
well as the result of collisions. Still, there is a significant amount of
molecules accelerated to velocities over 10 km=s, which means that
such an acceleration is possible even for collisional gas with
pressures on the order of 1300 Pa.

IV. Low-Density Microthruster

The acceleration of molecules to very high velocities, possible
when the gas collision time is on the order of or smaller than the pulse
duration, may be used in propulsion devices with the primary goal of
obtaining high specific impulses. One of the possible designs of this
device [14] is shown in Fig. 2. In this figure, the transparent plates
denote windows, and gray plates denote mirrors. Carrier gas is

entrapped between two transparent windows, one of which has
multiple openings to allow for gas expansion. The gas density
between the mirrors and the windows is negligibly small. The
principle of operation is based on acceleration of molecules by
multiple optical lattices created with two laser beams that have
multiple intersections in the gas section. Gas molecules accelerated
to very high velocities leave through the openings, thus creating net
thrust force. The left window separates the carrier gas from the left
branch of optical lattices, which would have otherwise accelerated
molecules in the direction opposite to the openings. The optical
lattices are created through multiple reflections of the two
counterpropagating beams on the opposite windows. Because of the
recent progress in laser related optics technologies, which has
resulted in the improved performance of low-absorbing mirrors,
reflectivity on the order of 99.999% is now feasible. The advent of
ultrahigh reflectivity mirrors, in conjunction with the fact that only a
small fraction of the laser energy is absorbed by the gas, makes
possible the use of hundreds or even thousands of thrust-producing
openings in a single propulsion device fed by two laser beams.

Fig. 1 Distribution function of molecular velocities at different time moments for a) 400 Pa and b) 1300 Pa.
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Fig. 2 Schematic of a low-density micropropulsion device powered by
the optical lattice/gas interaction.
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The performance characteristics of the preceding low-density
propulsion device has been analyzed with the DSMC method for
different stagnation pressures. The simulations have been performed
for an axisymmetric domain that represents a part of theflowadjacent
to an opening. The computational domain is shown in Fig. 3. The
equilibrium stagnation conditions were set at the upstream boundary
(left). The lower boundary is the axis of symmetry, and specular
conditions are specified at the upper boundary to simulate the effect
of a large array of openings. The vacuum condition was used at the
downstream boundary. The working gas was methane and the
stagnation temperature was 300 K. The three stagnation pressures
used were 1.3, 13, and 130 Pa. The optical lattice was created with
two 800 nm wavelength 50 �m radius beams with a chirp of
1019 rad=s2; the lattice center was located 0.5 mm upstream from the
opening; the maximum laser intensity at the axis was
6:4 � 1016 W=m2, and the pulse duration was 10 ns. The initial
lattice velocity �0 varied from �5 to �7:5 km=s to select the
optimum value.

The evolution of the axial flow velocity field after a single pulse is
presented in Fig. 3 for pressures 13 and 130 Pa and �0 ��6:5 km=s.
Two time moments are shown here: t� 0, which corresponds to the
time immediately after the pulse, and t� 0:04 �s. During the pulse,
the trapped molecules start moving toward the opening, and the
location of the maximum flow velocity shifts downstream by about
0.1 mm by the end of the pulse. The molecules with high velocities
start passing through the opening and create a region of elevated
velocities next to its exit plane. After 0:04 �s, most of the molecules
have passed through the opening and their relatively small radial
velocities led to the formation of a high-velocity region closer to the
axis downstream from the orifice. For the lower pressure of 13 Pa, the
velocities in that region exceed 10 km=s and reach a maximum of
13:5 km=s. The twentyfold increase of average flow velocities in the
coreflow after the opening exit plane as a result of the lattice/gas
interaction is related both to the high-number flux of the trapped
molecules and their low divergence from the centerline. For this
pressure, themean free path is larger than the distance from the center
of the lattice to the exit plane, and molecular collisions do not reduce
significantly the number of particles trapped by the optical lattice.
For the higher pressure of 130 Pa, the molecular collisions visibly
reduce the number of trapped particles, therefore decreasing the
average velocity in the high-velocity region at and after the exit
plane.

The temporal change of the thrust force computed using
instantaneous values of flow velocity and density are given in Fig. 4
for pressures 13 and 130Pa. It is clearly seen that the thrust force has a
maximum at about 0:04 �s for 13 Pa and 0:02 �s for 130 Pa. The
value of 0:04 �s corresponds to the timewhen the trappedmolecules
initially located at the center of the lattice reach the orifice exit plane.
For p� 130 Pa, the mean free path is too small for these molecules
to travel to the exit plane without collisions, and the largest
contribution to the thrust force give trapped molecules located closer
to the exit plane. The center of the lattice generally corresponds to the

maximum laser intensity, and therefore the largest portion of trapped
molecules compared with the regions off-center. It is therefore
beneficial for the higher pressure to move the center of the lattice
closer to the exit plane. Even though the number density is somewhat
smaller in that region compared with the stagnation conditions, it
results in a significantly larger number of trapped molecules that
reach the exit plane compared with the original location. This is
illustrated in Fig. 4 for the optical lattice center located at Xc �
�0:5 mm and Xc ��0:1 mm. Note, the maximum thrust in the
latter case is about 10 times higher than that for 13 Pa.

For pressures lower than 13 Pa, the thrust as a function of time
increases almost linearly with pressure, as shown in Table 1. It is also
possible to preserve this linear behavior even for higher pressures, by
moving the center of the lattice closer to the exit plane. The increase
of thrust due to the optical lattice is very significant; about 20 times
for the range of pressures considered. Themaximumspecific impulse
observed is about 450 s,which is a sevenfold improvement compared
with the flow not affected by the optical lattice. Note also that the
results shown are for the initial lattice velocity of�6:5 km=s, which
was found to givemaximumparticle trapping. This is because at time
10 ns, which corresponds to the maximum of the laser intensity, the
lattice velocity is about zero and therefore the maximum number of
molecules become trapped. For lattice velocities of �5 and
�7:5 km=s, the maximum thrust decreases by over 40% compared
with the �6:5 km=s case.

V. Energy and Momentum Deposition in the
Continuum and Transitional Regimes

When the gas density is high enough so that the mean collision
time is much smaller than the pulse duration, it is not possible to
effectively trap particles and accelerate them to high velocities with
the lattice; it is still possible, however, to increase the particle thermal
velocity as well as transfer momentum from the lattice to the gas. In
this case, the chirping of the lattice is not needed, and a constant
lattice velocity should be used. Let us now consider the effect of
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Fig. 3 Axial velocity fields (m=s) in a low-density micropropulsion

device at two different pressures and two time moments.
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Fig. 4 Temporal change in thrust force for different pressures and

center of the lattice locations Xc.

Table 1 Maximum observed thrust and specific impulse for various

pressures and Xc

Pressure, Pa Xc, mm Mass flow, kg=s Thrust, N Isp, s

1.3 �0:5 3:899 � 10�11 1:794 � 10�7 469
13 �0:5 3:400 � 10�10 1:472 � 10�6 441
130 �0:5 1:670 � 10�9 5:092 � 10�6 311
130 �0:3 2:443 � 10�9 9:174 � 10�6 383
130 �0:1 3:360 � 10�9 1:474 � 10�5 448
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lattice on gas and associated energy deposition in more detail. In
what follows, it is assumed that lc=�� 1.

In a single interaction of a molecule with the lattice potential, the
change in momentum and energy of the molecule are given by
�p� 2m�� � v�, �$ � 2m�� � v��. In the collisionless case, the
corresponding trajectory length for the momentum or energy
exchangewith themoving potential well is about�. In a high-density
gas, a particle travels only a small part of its trajectory, approximately
lc=�, over a collision time given by �col � lc=jv � �j. Therefore, the
effective rates of momentum and energy exchange are

_�p� ��p=�col�lc=�� 2m�� � v�j� � vj=�

and

_�$ � ��$=�col�lc=�� 2m��� � v�j� � vj=�

Integrating these expressions with the Maxwellian distribution
function over velocity space from � �� to �	� for all particles
inside the potential well, and expanding the distribution function into
a Taylor series up to the first order, f�v� 
 f0��� 	 �df0=dv�
�v � ��, we obtain the total rate of energy and momentum exchange
between the optical lattice and gas given by

_W ��Pd ��
m2�2

�kBT
f0����4 (1)

_�� 1

�
Pd �

m2�

�kBT
f0����4 (2)

where

W � "0E
2

2
� I
c
; Pd ��

dW

dt

is the power transferred to the gas due to the optical wave dissipation

[13],��
���������������
2�m=m

p
, and �m is the potential well depth. Note that in

[13], the coefficient lc=� in the corresponding equation for _W was
mistakenly omitted. For two counterpropagating laser beams with
the combined intensity I � I1 	 I2, the maximum potential well

depth is �m � �IZ0=n, where Z0 �
�������������
�0="0

p
� 376:73 �. From

Eqs. (1) and (2) follows [13] that the phase velocity, corresponding to

the maximum rate of momentum transfer is �mmax �
���������������
kBT=m

p
, and

the maximum rate of energy transfer is at �Emax �
������������������
2kBT=m

p
. It may

also be shown that Pd / _� / NI2.
Note also that the longitudinal force acting on the gas isFx � _�. If

gas is moving along the optical lattice axis with the velocity vx, the
corresponding Fx and Pd are

Pd �
m2�� � vx�2
�kBT

f0�� � vx��4

Fx �
m2�� � vx�
�kBT

f0�� � vx��4

and the optimum phase velocities for the energy and momentum

transfer from the traveling optical lattice to gas molecules are �Emax �������������������
2kBT=m

p
	 vx and �mmax �

���������������
kBT=m

p
	 vx. For a stagnant gas of

methane at 300 K, �Emax and �mmax correspond to 558 and 394 m=s,
respectively. To verify these analytical predictions and provide more
detail on energy and momentum deposition, one-dimensional
DSMC computations have been performed for the following laser
parameters. The laser pulse duration was 1 ns, the maximum single
laser beam intensity was 0:25 � 1017 W=m2 and 0:5 � 1017 W=m2,
the optical lattice wave length was 400 nm, and a Gaussian temporal
profile of intensity was used with a maximum at 1 ns. The lattice
velocity was varied from 0 to 1500 m=s. Again, the working gas was
methane with T0 � 300 K, and four pressures from 400 to 106 Pa
were considered.

The energy and momentum deposition per molecule is presented
in Fig. 5 as a function of the lattice velocity for
Imax � 0:5 � 1017 W=m2. Note that the energy values are divided
by the Boltzmann constant, and the momentum is divided by the
molecular mass. Several conclusions can be drawn from these
figures. First, the values of �Emax and �

m
max are close to those predicted

analytically (compare the maxima in Fig. 5 to 558 and 394 m=s,
respectively). Second, the energy, as well as momentum, deposition
per molecule slightly increases with pressure, whereas the theory
predicts a linear dependence onN (Pd / NI2). This small difference
is related to the fact that the theory does not include all the details of
the interactions between the molecules inside and outside the
potential well, when somemolecules may leave thewell while others
may become trapped in the well due to molecular collisions. The
third conclusion is that the energy and momentum deposition are
generally less efficient for 106 Pa than for lower considered
pressures at high lattice velocities. This is related to the fact that the
quick Maxwellization at 106 Pa, when the collision time is over an
order ofmagnitude shorter than the pulse duration, acts to prevent the
deposition as compared with the velocity distribution that has a
plateau formed due to the optical Landau damping [13] at lower
pressures. This is confirmed by the fact that deposition at high lattice
velocities becomes relatively more efficient for shorter pulses.

The energy andmomentum deposition for a smaller laser intensity
are presented in Fig. 6. The general shape of the lattice velocity, as
well as pressure dependence, is similar to that of a higher intensity.
However, the absolute values are significantly lower for this case.
The energy deposition per molecule is smaller by about a factor of
two for lower pressures and four for high pressures, whereas the
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Fig. 5 Deposition of a) energy and b) momentum in an initially stagnant gas for different pressures and Imax � 0:5 � 1017 W=m2.
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momentum deposition is about two times smaller for Imax � 0:25�
1017 W=m2. Note that for high pressures, the energy deposition as a
function of laser intensity is in good agreement with the theory that
predicts that I2 dependence. It is also clearly seen in Fig. 7, in which
the energy deposition is shown for gas pressure of 105 Pa and lattice

velocity of 500 m=s. The line in this figure represents �E�I0;max�
�Imax=I0;max�, where I0;max � 0:25 � 1017 W=m2.

VI. High-Density Microthruster

The nonresonant deposition of laser radiation energy into high-
density gas with the consequent increase of both gas momentum and
energy, examined in the previous section, may be used to construct a
thruster driven by the nonresonant optical lattice/gas interaction.
Although there are a number of possible configurations for such a
thruster, the most straightforward seems to be a converging–
diverging deLaval nozzlewith the interaction region located near the
nozzle throat. A schematic of such a configuration is shown in Fig. 8.
The first laser beam passes through the plenum and the diverging
section of the nozzle, and then reflects back on themirrormounted on
the upper part of the nozzle. The second beam enters the diverging
section through the exit plane after reflecting on the mirror located in
the lower part of the nozzle, and intersects with the first beam near the
nozzle throat, thus creating an optical lattice in that region. Because
the energy consumed by gasmolecules over a single pulse represents
a small fraction of the total pulse energy, the beams should be reused
using amirror system, with an optical lattice repeatedly formed in the
throat region.

The efficiency of the proposed scheme has been studied for a cold
gasmicrothruster influenced by intersecting 690 nm laser beamswith
a pulse duration on the order of 5 � 10�11 s, maximum intensity at
the axis of 5 � 1017 W=m2, a beam radius of 40 �m, and the initial
lattice velocity of 1300 m=s. The ten 20 ns pulses were repeated
every 30 ns, and such a high repetition rate may be achieved with the
aforementioned multiple use of the laser pulse power. A conical
de Laval nozzle was used with the throat radius of 50 �m, the length
of the diverging part of 1mm, and the diverging half-angle of 15 deg.
The stagnation pressure was assumed to be 105 Pa, temperature was
300 K, and the carrier gas was nitrogen. For this pressure, the
considered laser pulse is well below the breakdown [27].

The results of the unsteady flow development after 10 successive
laser pulses are shown in Fig. 9 for the axial velocity and translational
temperature fields. Immediately after the pulses, t� 0, there is a
high-velocity region (Fig. 9, left) observed at the location of the
optical lattice near the nozzle throat. The maximum velocity reaches
2500 m=s in this region, compared with about 400 m=s if there were
no optical lattice. The velocity perturbation propagates downstream,
and the elevated velocity front spreads from the nozzle centerline out
to the nozzle surface. The velocity maximum in this front decreases
with time and leaves the nozzle after 1 �s from the pulses. The gas
translational temperature (Fig. 9, right) also increases due to the
lattice/gas interaction. Initially (t� 0), the temperature in the throat
is approximately 700K, which is about 450K higher than in the flow
without the lattice. During the subsequent propagation of the
elevated temperature front through the diverging part of the nozzle,
the maximum temperature is observed near the surface and not at the
nozzle axis. This observation is due to the friction of the high-energy
front on the diffuse wall. The gas temperature in that region is
typically about 200 K higher than the surface temperature of 300 K,
which is an indication that the surface may be exposed to significant
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loads as the heated front passes through the diverging part of the
nozzle.

The temporal change of the axial velocity profile extracted along
the nozzle axis is presented in Fig. 10. In this figure, X � 0 and
X � 1 mm correspond to the nozzle throat and exit planes,
respectively. Although most of the velocity increase due to the
lattice–gas interaction occurs downstream from the throat, there is a
significant part of molecules being accelerated by the lattice in the
converging section of the nozzle, where the flow is subsonic. This
perturbation is therefore expected to affect both the nozzle mass flow
rate and the thrust. Positioning the lattice fully in the supersonic
region further downstream would minimize the impact of the lattice
on the mass flow, but on the other hand, reduce the momentum and
energy deposition into the gas. Generally, at high pressures, the
energy deposition increases nearly as the square of the gas density,
and the interaction of the lattice with a higher-density gas near the
throat is thus beneficial.

The axial velocity maximum at the axis decreases from over
2500 m=s at t� 0 to about 1500 m=s at 0:3 �s and further down to
1300 m=s at 0:6 �s. The half-velocity front reaches the nozzle exit at
t
 0:65 �s. After 1 �s, the front has mostly left the nozzle, but the
velocity at the exit plane is still over 300 m=s higher than for an
undisturbed flow. The large values of axial velocity at the exit result
in an almost threefold increase in thrust due to the lattice–gas
interaction. The thrust of the nozzle increases from 1.19 mN for a
flowwithout a lattice to 2.99mN for the flow. The lattice effect on the
specific impulse is smaller because themassflowalso increases in the

present configuration, but still significant, 92 s vs 72 s. The better
performance of a cold gas thruster integrated with an optical lattice
demonstrates the feasibility of such an integration. It is also
important that larger gas density, laser energy, and the number of
pulses will all result in a subsequent increase in device performance
both in terms of thrust and specific impulse. Because only a small
fraction of laser energy, about 10�6, is transferred to gas, multipass
systems may be used to effectively recycle laser beams to produce a
number of optical lattices separated in time.

Note also that although a microscale, 100 �m throat diameter,
thruster was considered in this research, the approach and the
conclusions are fully applicable for larger scale thrusters.

VII. Conclusions

The nonresonant interaction of gas molecules with the optical
lattice potential is studiedwith application to rocket propulsion. Two
propulsion concepts are examined, high density and low density,
based on the gas flow regime. The direct simulation Monte Carlo
method is used in all presented computations.

The principal driving force for the nonresonant laser propulsion at
high densities is the energy and momentum deposition from optical
lattice to gas. An analytical model has been developed to
qualitatively characterize this deposition; the results of the model are
in good agreement with the DSMC predictions. Note that the
analytical model may be used to specify initial conditions for optical
lattice/gas interactions in the continuum regime using continuum
approaches, such as the solution of Navier–Stokes equations.

The high-density propulsion device considered in this work
represents a de Laval nozzle with power deposition in the region of
the nozzle throat. The stagnation pressure of 105 Pawas considered,
and the DSMC computations of a 1 mm long nozzle have shown an
improvement of about 300% in thrust and 20% in specific impulse for
a �50 mJ pulse. It is possible to use higher pressures and larger
nozzle dimensions to increase the thrust and specific impulse. It is
also beneficial to recycle the laser beams usingmirrors and an optical
cavity, because the laser energy absorption by gas is very small, on
the order of 10�6 for a pressure of 105 Pa.

The nonresonant acceleration of molecules to velocities of
10 km=s and higher in a chirped frequency optical lattice is used in
the proposed low-density propulsion device. The stagnation
pressures from 1.3 to 130 Pa are investigated, and a sevenfold
increase in the specific impulse is obtained. Themaximum thrust and
specific impulse for 130 Pa are 16 �N and 448, respectively. There
are a number of possible ways to increase these numbers, such as to
1) increase stagnation pressure; 2) use larger lasers and bigger
openings; 3) use a multiple-opening configuration to recycle laser
power; 4) optimize the device in terms of lattice location, chirp, and
velocity; 5) use polarmolecules, such asH2O. The latter option alone
may give several times larger specific impulse due to the larger forces
on molecules.
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The shown ability of the optical lattice to accelerate molecular
beams to extremely high velocities in weakly collisional regimes
without ionization and dissociation of molecules may be used not
only in propulsion, but also in various material processing devices.
The nonresonant energy deposition at high pressures may also be
used to create high-temperature gas pockets in arbitrary points of
space. Note that a variable lattice velocity needs to be used for this
purpose to account for gas temperature increase and provide
optimum energy deposition.
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