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Abstract. A periodic optical dipole potential is created by the interaction of a polarizable particle with the field of an optical
interference pattern (optical lattice) formed by counter propagating non-dissipative laser fields. The analysis of motion of
trapped and untrapped particles, combined with the direct numerical simulation of the 1D non-stationary Boltzmann equation,
demonstrates that atoms and molecules can be accelerated in chirped pulsed optical lattices from room temperature level to
velocities in 10 to 100 km/s range over distances of hundreds of microns. A deceleration scheme that uses non-dissipative
optical forces to slow molecules by decelerating the optical lattice from an initial velocity equal to that of a supersonic plume is
also considered. The deceleration scheme is used in recent experiments performed by Dr. Peter Barker’s group at Heriot-Watt
University, UK. A number of other possible applications of optical lattice – neutral gas interactions are mentioned briefly.
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INTRODUCTION

In this paper, we present a brief overview of recent experimental and theoretical studies of the interaction of neutral
gases with optical lattices produced by non-resonant laser radiation.

Small gas density perturbations produced by relatively weak intensity laser beams (when the optical lattice potential
well depth� kT) can be used for powerful nonintrusive diagnostics based on Coherent Rayleigh [1, 2] and Coherent
Raleigh-Brillouin scattering in gases [3, 4, 5]. In this case, a probe laser beam was coherently scattered from the
density perturbation waves induced by an optical lattice. The line shape of the scattered signal was modeled using the
kinetic theory. In the high intensity regime where the optical lattice potential is comparable to the thermal energy of
gas particles, a Coherent Raleigh scattering (low density limiting case of the Coherent Raleigh-Brillouin scattering)
line shape narrowing phenomenon was predicted [6] and recently has been observed experimentally [2].

The transport and dynamics of ultra-cold atoms in shallow (mK) periodic optical potentials called optical lattices
have been widely studied[7, 8] and, more recently, deceleration and acceleration of molecular and atomic species
traveling in a supersonic beam has been demonstrated using deep (100 K) optical lattices [9, 10].

Recently, it has been shown [11, 12] that when an optical periodic potential created by a light field affects neutral
atoms or molecules with a finite polarizability, in the collisionless regime these particles undergo a process similar
to Landau damping. This process was called optical Landau damping because, in a sense, this process is analogous
to the collisionless Landau damping observed in plasmas [13, 14]. In the optical Landau damping, the dissipation of
the optical wave is transformed into particle motion via the dipole force. Note that in the laser induced drift (LID) of
atomic and molecular species, which does not employ the dipole force [15], the drift results from a flux imbalance
created by the difference in collisional cross sections between optically induced excited states and the ground state of
particular gas species. It occurs only when the resonant species is in a buffer gas [15] or in a narrow capillary [16]
where a buffer gas is substituted by collisions with capillary walls. For LID, velocities in the cm/s range have been
achieved. In contrast to LID, molecular transport induced by weak periodic optical dipole forces may be achieved in
single-species gases in collisionless and low collisional [11, 12] and highly collisional regimes [17].

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 velocity [18, 19] and, more recently, a molecular acceleration has been proposed
[20, 21]. Linear acceleration using optical fields is attractive because extremely large dipole forces can be produced
by the 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 demonstrated



with acceleration of ultracold atoms up to velocities in the m/s range using very weak optical lattices [22, 23]. A one
dimensional optical lattice is created by two counterpropagating laser beams, and acceleration of the lattice is achieved
by changing the frequency of the counter propagating fields (chirping) with respect to time.

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 [24]. Gas
dynamic methods that accelerate molecules to greater than 10 km/s (14.5 eV for N2) [25] have been demonstrated,
but to our knowledge no method has been proposed to accelerate neutral molecules above this energy range without a
large fraction of the gas being thermally ionized and dissociated [26].

The interaction between high density gases and non-resonant laser radiation produced by deep optical lattices was
also investigated. Each of the laser beams creating the lattice was considered to be non-resonant with internal degrees
of freedom of molecules, which has resulted in a localized gas-lattice interaction only in the lattice region. Collisional
momentum and energy transfer from an optical lattice to gas molecules was examined analytically and numerically
[17, 27, 28]. The possibility of non-intrusive creation of localized molecular beams in unbounded high density gases
was shown for the first time [17, 27]. It has also been shown that, for a gas flow in a capillary, a pressure differential
along the capillary is produced due to gas-lattice interaction, which can be used to separate gas species based on their
polarizability [17] .

The non-resonant interaction of gas molecules with the optical lattice potential was also studied with application
to rocket propulsion [29]. The principal driving force for the non-resonant laser propulsion at high densities is the
energy and momentum deposition from optical lattice to gas. Analytical model has been developed to qualitatively
characterize this deposition; the results of the model are in good agreement with the DSMC predictions [17, 27]. The
non-resonant acceleration of molecules to velocities of 10 km/s and higher in a chirped frequency optical lattice
was suggested for use in the proposed low-density propulsion device. Stagnation pressures from 0.01 to 1 torr
were investigated, and a seven-fold increase in the specific impulse was obtained. The shown ability of the optical
lattice to accelerate molecular beams to extremely high velocities in weakly collisional regime without ionization and
dissociation of molecules may be used not only in propulsion, but also in various material processing devices.

Although there is a number of possible applications of the optical lattice – gas interactions, the main topic of this
paper is neutral molecular beam formation and closely related reverse problem of molecular beam deceleration. Note,
the maximum laser intensity that can be used to accelerate neutral particles, both atoms and molecules, is limited
by ionization [30]. In all numerical simulations presented in this paper, the laser intensity is below the ionization
saturation intensity of organic molecules measured in reference [30].

OPTICAL LATTICES

A periodic optical dipole potential is created by the interaction between a polarizable particle and the field of an optical
interference pattern created by counter propagating laser fields with wave vectors

−→
k 1 and

−→
k 2 (Fig.1). The phase

velocity of the pattern, and therefore the potential, is given by ξ = Ω/q, where q =
∣∣∣−→k 1−

−→
k 2

∣∣∣is the wavenumber,
and Ω = ω1−ω2. A moving optical lattice can conceptually be created by a single laser and a mirror when the laser
radiation with k1,ω1 reflects from the mirror moving with the velocity vm where −→vm ‖

−→
k1 . Due to the Doppler effect,

the reflected light in the laboratory frame has a frequency ω2 ≈ ω1(1−2vm/c),when |vm|/c� 1. The corresponding
wave number of the reflected counter beam is k2 = k1(1− 2vm/c) and the interaction of the primary laser and the

reflected beams results in the traveling interference pattern with the phase velocity ς = ω1−ω2
k2+k1

= 2ω1vm/c
k1(1+1−2vm/c) . In the

non-relativistic limit, vm/c << 1,the phase velocity of the optical lattice traveling wave is equal to the velocity of
the mirror, ς = vm. In practice, a moving lattice is created by a frequency difference between the counterpropagating
fields.

For molecules that are far detuned from resonance the force on the molecules within a lattice is given by the quasi-
electrostatic approximation given by [31, 32]

−→
F (x, t) =

1
2

α∇E(x, t)2 (1)

where α is the static polarizability and E(z, t) is the optical electric field. For infrared fields in the 1 µm range, the
first single photon resonance of many molecules is in the UV and VUV region. At high intensities (1012 W/cm2),



FIGURE 1. The creation of an optical lattice by two counterpropagating optical fields for transport of molecules and atoms. (a)
- idealization; (b) - practical beam arrangement with the angle ϕ . 1800.

pendular states can be created when the pulse duration is greater than the rotational period [34]. In this process, the
molecule vibrates around the polarization direction of the optical field effectively aligning the molecule with the field.
This process increases the optical force since it leads to a higher effective polarizability when compared to the static
polarizability. The polarizability of a molecule that is not aligned within the field is given by α = (α‖+2α⊥)/3, where
α‖ and α⊥ are the parallel and perpendicular components of the static polarizability with respect to the molecular axis
[33]. This expression is a lower limit to the force because, in an intense field, molecular alignment of the molecule
with the field has been shown to occur when the pulse duration is greater than inverse of the rotational rate. At high
intensities (1012 W/cm2), pendular states can be created when the pulse duration is greater than the rotational period
[34]. In this process, the molecule vibrates around the polarization direction of the optical field effectively aligning the
molecule with the field [35, 36].

OPTICAL MICROLINEAR ACCELERATOR

In contrast to acceleration of ultracold atoms in weak lattices[22, 23], we have studied the acceleration of polarizable
gas particles, such as molecules and atoms at much higher temperatures (5-300 K), to velocities in the 10 to 100 km/s
range by application of large lattice potentials created by pulsed lasers. Our work follows on from the original work
of Kazantsev [18, 19], and investigates the motion of trapped and untrapped particles in the velocity phase space of
the accelerated optical dipole potential. We study the dynamics of the accelerating ensemble of polarizable particles
under the influence of large dipole or stark forces, and predict the velocity distribution function of both trapped and
untrapped particles [37].

We consider an accelerating optical lattice that is formed by two almost counterpropagating fields, as shown
in Figure 1. The lattice traps and transports the trapped particles to the desired velocity by acceleration. The
slowly varying interference term between the two counterpropagating fields that leads to the acceleration is given
by E(x, t)2 = E1(t)E2(t)cos(qx−β t2), where β = dΩ(t)

dt is the frequency chirp due to the time dependent frequency
difference between each of the fields where Ω(t) = ω1(t)−ω2(t). We require that Ω(t)<<ω1(t),ω2(t), and therefore
that q is approximately constant over the chirped frequency range. In Figure 1, the instantaneous phase velocity
indicates for a positive chirp and the phase velocity, ζ (t), of the lattice is given by: ζ (t) = 2β t

q .This is also the average
velocity of a particle that is trapped and accelerated by the lattice. We consider acceleration of ensembles of ‘hot’
particles that are initially at thermal equilibrium near room temperature, and do not consider the quantized motion of
the particles. The equation of motion for a particle that is perturbed by the periodic potential of the optical lattice is
given by [37] d2x

dt2 = 1
2

αqE1(t)E2(t)
m sin(qx−β t2),where m is the mass of the accelerated particle. In a reference frame that

accelerates with the optical lattice, this equation in non-dimensional units, is now given by: d2θ
dT 2 =−aqsinθ−2,where

θ = X −T 2 is the phase of the particle with respect to the accelerated frame, and T =
√

β t and X = qx are the non-
dimensional temporal and spatial variables respectively. The maximum force per unit mass supplied by the optical
lattice is given by a = 1

2
αqE1(t)E2(t)

m , and for most of this paper we assume that the electric field amplitudes are equal
and constant in time, E1(t),E2(t) = E1,E2. We have assumed that the optical fields are sufficiently far detuned from
resonance so that the force is harmonic [38].

To understand the motion of both trapped and untrapped particles within the lattice, it is instructive to investigate
the trajectory of particles in the velocity phase space, [η , θ ], from the system, given by: dη

dT = − aq
β sinθ − 2 and



dθ
dT = η .The critical points correspond to sinθ =− 2β

aq , and η = 0. A linear stability analysis around the critical points
indicate that the family of points [θ ,η ] =

[
2nπ− sin−1 ψ,0

]
are stable equilibrium points, where n is an integer and

ψ = 2β
aq . The points [θ ,η ] =

[
(2n−1)π + sin−1 ψ,0

]
are unstable equilibrium or saddle points.

For a lattice with a stable equilibrium point, sinθ =−ψ and therefore: ψ =
∣∣∣ 2β

aq

∣∣∣< 1 is the condition for a particle

to be trapped and accelerated by the lattice [37]. This condition implies that the chirp, β , must be less than aq
2 , and

confirms the intuitive result that the acceleration of the lattice, aL = 2β
q , must be less than a, the maximum force per

unit mass supplied by the gradient of the lattice potential. The depth of the potential well in each case is determined by
the difference in potential height between a saddle point and its closest equilibrium point. The potential well depth, ∆U,
is given by: ∆U = ma

q

[
2cos(sin−1 ψ)−ψ(π−2sin−1 ψ)

]
.It can be seen that no potential well exists for case ψ ≥ 1,

because either the chirp is too high, or the force per unit mass supplied by the lattice is not sufficient to trap particles.
The maximum well depth is given by ∆Umax = 2ma

q when ψ = 0 which corresponds to the case with no chirp or
acceleration. In the accelerated frame, any particle that is initially trapped in the potential well will remain in the well
and oscillate about the stable critical point, [θ ,η ] =

[
2nπ− sin−1 ψ,0

]
,with a characteristic frequency that depends on

its initial phase and velocity. Acceleration without oscillation occurs only for particles initially at this critical point. The
maximum velocity half-spread of the trapped and accelerated particles is given by: ∆v =

√
2∆U/m,which determines

the maximum velocity deviation that a trapped particle can attain in its oscillation around the stable equilibrium point.
For a lattice with ψ = 0.59, a = 2.14× 1012 m/s2, q = 1.57× 107 m−1, where the electric field for each beam is
E1 = E2 = 5×109 V/m, the potential well depth of ∆U ≈ 133 K corresponds to a velocity spread of 735 m/s.

Acceleration of an ensembles of particles

The evolution of particles that are distributed over a range of velocities, and over all phases, can be conveniently
calculated from the collisionless Boltzmann equation. To calculate the velocity distribution we assume, for simplicity,
a periodic potential with infinite length. This condition elucidates the essential physics and allows the use of the
cyclic boundary condition f (−L/2,v, t) = f (L/2,v, t), where L = 2λ , and where λ = 4π/q for counterpropagating
beams. The Boltzmann equation was also subject to the boundary conditions f (x,v→±∞, t) = 0 and was numerically
integrated with an initial condition f (x,v, t = 0) = f0(v,T0), where f0(v,T0) is the equilibrium Maxwell distribution at
gas temperature T0.

Figure 3 shows the evolution in time of an ensemble of thermally distributed CH4 molecules, that are initially at
temperature T0 = 300 K, and are perturbed by an accelerating optical lattice [37]. The top hat temporal intensity
profile is chosen so that the results can be compared with the velocity-phase diagram of Figure 2,a. The evolution of
the initial Maxwell distribution function is calculated by integration of the Boltzmann equation, as discussed above.
The distribution function is averaged over the spatial period of the lattice at each time. The top hat profile has the ratio
ψ = 0.59, which corresponds to a total laser intensity (both beams) of 6.5×1016 W/m2(6.5×1012 W/cm2), and a chirp
of 1×1019 rad/s2. We use the static polarizability of CH4.

Approximately 30 % of the particles are trapped and accelerated at the phase velocity, reaching 10.2 km/s in the 8 ns
duration of the calculation. The long tail between the largely unperturbed distribution at v = 0 m/s and the accelerated
distribution is caused by molecules that are undergoing incomplete unstable orbits around the stable region in the
phase space. After 2 ns, the number of particles in the accelerated distribution is approximately constant, indicating
that the integration scheme is working correctly and that no particles are being numerically lost from the accelerated
distribution. This accelerated distribution is almost Gaussian with a full width half maximum velocity spread that
corresponds to a temperature in the accelerated frame of 41 K. It is emphasized that the initial temperature of the
ensemble does not determine the energy spread of the accelerated distribution, only the fraction that will be accelerated.
For comparison, Figure 3,b shows the evolution of the an ensemble of CH4 molecules that are perturbed by a Gaussian
temporal intensity profile with an initial lattice velocity of -5 km/s and the same chirp of β = 1×1019 rad/s2. The full
width half maximum (FWHM) intensity of this Gaussian profile is 6.5×1015 W/m2, which is the same as the top hat
profile intensity in Figure 3,a. As expected, the fraction of accelerated particles varies during the pulse because both
ψ and the potential well depth ∆U vary during the acceleration period. In this case, at most 11 % of the particles are
trapped and accelerated, compared to 30 % for the top hat profile. The width of the accelerated distribution decreases
as particles are lost from the lattice because the intensity rolls off in the latter part of the pulse. The number of particles
in the long tail behind the accelerated distribution increases as these particles are lost from the lattice. Because we



FIGURE 2. (a) The instantaneous velocity distribution function of CH4 molecules within an accelerating optical lattice in 2-
ns time increments after the lattice is created. The distribution function was averaged over the spatial period of the lattice and
ψ =0.59. (b) The instantaneous velocity distribution function of CH4 molecules within an accelerating optical lattice with a
Gaussian temporal profile, in 2-ns time increments. The velocity distribution functions were averaged over the spatial period of
the lattice at each time moment.

must start at a negative velocity, the final velocity that can be reached by starting at -5 km/s is approximately half
that achieved by the top hat profile. These results indicate, that in a experiment, higher performance will be achieved
for fields which can be rapidly switched on and off. The spatial variation of beam intensity must also be taken into
account, since this will determine the number and spatial extent of the accelerated particles, as well as the variation in
velocity across the beam. The spatial and temporal variation of the laser field will not change an essential physics of an
acceleration process, but as shown above for the Gaussian temporal profile, they both must be considered to correctly
model an experiment.

Collisional dynamics

To model the evolution of particles at higher pressures, when the collision time in a gas becomes on the order of
the pulse duration, and the 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
this work is SMILE, an advanced code based on the DSMC method. Details on the tool may be found elsewhere.[39]

When molecular collision time becomes close to the pulse duration, the collisional relaxation causes a three-fold
degradation of the trapped molecules peak. It is however remarkable that even at a pressure of 3 torr there is a
significant number of molecules (about 3%) with velocities over 10 km/s. The collisions of trapped and untrapped
molecules produce a significant number of molecules with velocities between 0 and 14 km/s. Note also that due to
these high-energy collisions there are more molecules with large negative velocities at a pressure of 3 torr. At even
higher gas pressures, 1 atm and higher, molecular collisions will result in rapid gas maxwellization during the pulse
and efficient dissipation of laser energy over all molecules.

Note, that we have used the static polarizability to describe the force on polarizable particles because, for many
molecules, the laser sources available are far from resonance. However, for many atoms and some molecules, the laser
sources can be tuned closer to resonance, and the force per unit mass provided by the optical field can be increased
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FIGURE 3. Distribution function of molecular velocities at different time moments for 3 torr.

by at least an order of magnitude over the static case [18]. In these cases, the number of particles that can be trapped
and accelerated can be increased, or the number of particles can be held fixed while increasing the final velocity of the
accelerated distribution by increasing the chirp.

SLOWING OF MOLECULES WITH A TRAVELING OPTICAL LATTICE

The reverse to acceleration process is a molecular beam deceleration. The creation of essential amount of the cold
molecules in the sub-Kelvin temperature range is very important for many application: from precise spectroscopy and
van der Waals interaction studies to cold chemistry. Recently, synchronous deceleration of dipolar molecules using
time dependent stark forces has been demonstrated [40]. In this technique, polar molecules are trapped and decelerated
in a stark potential created by an electro-static traveling wave produced by up to 68 electrode stages. This scheme was
used to decelerate jet of dipolar molecules moving at supersonic speeds to near zero velocity. For the case of ND3, a
density of 106cm−3 was decelerated to zero velocity in the laboratory frame and trapped electrostatically. As pointed
out by the authors [40], this concept could also be used to accelerate dipolar molecules to high energy and velocity, in
analogy to the synchronous acceleration in charged particle accelerators.

We suggested the creation of a cold ensemble of molecules by optical dipole or Stark deceleration [41]. This
scheme is the optical analog of the successful electrostatic scheme which has been used to slow a range of dipolar
molecules [40]. Although high intensity fields are required, we operate far from resonance, while maintaining the
intensity well below a value where multiphoton ionization, tunneling ionization or dissociation would cause significant
neutral molecule depletion. We previously explored the application of this general scheme for producing an accelerated
ensemble of molecules or atoms. In the paper [41] we show that this scheme could be used to slow heavy polarizable
molecules and presented results for I2 as an example. Our deceleration scheme uses non-dissipative optical forces to
transfer jet-cooled molecules in a supersonic expansion (1012 cm−3) to zero velocity in the laboratory frame. To slow
the molecules a decelerating optical lattice with an initial velocity equal to that of a supersonic gas is created. By
chirping one of the two counterpropagating beams, the lattice velocity decelerates in time reducing the velocity of the
trapped molecules. Analysis of the phase trajectories gives similar results as in the considered above accelerator case
[37].

Recently, the deceleration scheme was realized for NO [9, 10] and C6H6 molecules [42]. Experimentally [10] the
dynamics of cold (1.8 K) NO molecules initially traveling at 400m/s within a molecular beam, perturbed by an optical
lattice with an average well depth of 22 K and 5.8-ns duration was measured. To probe the motion of the molecules after



the lattice was turned off, they were ionized using a resonantly enhanced multiphoton ionization (REMPI) scheme.
The velocity of the ions, and thus the neutrals along the y axis, was determined by their time-of-flight in a mass
spectrometer. Figure 4 shows plots of the measured velocity distribution of molecules in the lattice for a range of
lattice velocities. Each plot is labelled with the lattice velocity relative to the molecular-beam velocity. Adjacent to the
experimental plots are simulations of the velocity distribution for each lattice velocity. For comparison, the unperturbed
velocity distribution functions are also shown. For lattice velocities less than the molecular-beam velocity (-79, -52,
-26 m/s), a significant fraction of the probed molecules is decelerated, and conversely, for lattice velocities greater than
the molecular-beam velocity (52, 26 m/s), molecules are accelerated, with approximately the same velocity spread as
the initial unperturbed molecular beam. Our simulations, based on a solving of a 1D Boltzmann equation with the force
term determined by the experimental laser pulse intensities, show all of the major features measured in the experiment.

FIGURE 4. The velocity distribution function of NO molecules perturbed by the optical lattice. Lattice velocities with respect to
the molecular-beam velocity of -79, -52, -26, 0, 26 and 52 m/s are shown. For comparison, simulations of the perturbed distribution
function created by the different velocity lattices is shown alongside the experimental data.

CONCLUDING REMARKS

Microlinear acceleration by optical lattices may be used to produce neutral atomic and molecular beams with velocities
in the 100 km/s range over distances of less than 1 mm. The beams have higher velocities and larger densities than
those produced by pulsed molecular beams or other gas dynamic means. The final beam energy and the energy spread
can be manipulated by laser fluence, frequency chirp, and pulse duration. Such a configurable, intense, and compact
source of high-energy neutral particles may find application to collision studies, lithography, and atomic and molecular
implantation or etching.
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