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Mutually guided light and particle
beam propagation

Andres M. Castillo'™, Prabhat Kumar?, Christopher M. Limbach® & Kentaro Hara*

The polarizability of atoms and molecules gives rise to optical forces that trap particles and a
refractive index that guides light beams, potentially leading to a self-guided laser and particle beam
propagation. In this paper, the mutual interactions between an expanding particle beam and a
diffracting light beam are investigated using an axisymmetric particle-light coupled simulation. The
nonlinear coupling between particles and photons is dependent on the particle beam radius, particle
density, particle velocity and temperature, polarizability, light beam waist, light frequency (with
respect to the resonance frequency), and light intensity. The computational results show that the
maximum propagation distance is achieved when the waveguiding effect is optimized to single-mode
operation. The application of the coupled beam propagation as a space propulsion system is discussed.

The ability for light to influence particles through optical forces has been studied since the 1950s"“% With
increased experimental work in this field during the 1970s, optical tweezers that trap particles using a light
beam enabled developments in a variety of applications®*, including surface imaging or force sensing for bio-
logical systems®. Optical forces have been used for particle trapping and in sub-Doppler cooling devices that
can compress and cool molecules to the order of wK®”. The manipulation of light has also been studied and
employed, most notably through the use of optical waveguides, which are a critical component of high-speed
communication and computing systems®®. Recent experiments and simulations show the capability of beam
self-cleaning using a multi-mode fiber, opening the door for further studies in nonlinear interactions relevant
to high-power fiber systems'®!!.

Light and particle beams have been considered for space propulsion systems. For instance, solar sail utilizes
radiation pressure exerted by sunlight on spacecraft, which is demonstrated by IKAROS'. The discovery of
Proxima Centauri b has also triggered research in the area of beamed power propulsion systems'. Despite the
advantage of being completely external propulsion systems, employing either a laser or particle beam to pro-
vide thrust for a spacecraft can be considerably limited due to beam diffraction or diffusion. Consequently, the
spacecraft would be accelerated only during the time that the beam is concentrated enough to deliver noticeable
momentum transfer, which results in thrust. While degradation of the spacecraft materials by the intense laser
and particle beams could pose challenges in realizing beamed-power propulsion systems!*!°, another funda-
mental limitation of the technology lies in the propagation distance of the beams.

By tuning the laser frequency near resonance, gaseous particles experience a dipole force that lead to trap-
ping or detrapping of the particles. This has been shown in past experiments, where a converging light beam is
used to trap gaseous alkali particles, resulting in the amplification of particle beam density'®-'®. In addition, the
atomic polarizability and gas density affects the refractive index of light propagation, which may lead to guiding
or defocusing light. Numerical work by Kumar et al. has quantitatively validated the experimental results by
Pearson et al."” and reported notable waveguiding in higher particle density cases?’. These results considered
a converging light beam that forces the gaseous particles to be trapped within a short propagation distance.
However, the ability to self-propagate an initially diverging light beam and an initially expanding particle beam
has not yet been demonstrated. The tailoring of optical forces and refractive interactions so as to produce self-
channeling would represent a significant step forward in the ability to engineer particle-light interactions. For
propulsion applications, the key metric of interest is the enhancement of the propagation distance beyond that
determined by the Rayleigh criterion for a diffracting Gaussian beam in vacuum.

In this work, a validated cylindrical particle-light coupling simulation is utilized to explore the conditions
for mutual guiding of a diffusing particle beam and a diffracting light beam. While the nonlinear physics can
be extended to different scales, the parameters for the simulations in the paper are chosen to demonstrate the
capabilities of the self-guided particle and light beam as a space propulsion technique. The governing equation
for the light beam propagation and the optical forces on the particles are reviewed in “Particle-light coupling
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physics” section. The pertinent parameters that characterize light and particle beams are in “Parametric study”
section. “Simulation results” section presents the optimal configuration and condition for maximizing propaga-
tion distance. The optimal configuration demonstrates the superiority of the coupled light-particle beam over
the individual beams.

Particle-light coupling physics
Governing equation for light beam. As derived from the Maxwell’s equations in previous work?!, the
governing equation for the light beam is the axisymmetric paraxial Helmholtz equation, assuming that the wave
propagation in the axial (z) direction is dominant over the transverse (L) direction and consequently employing
the slowly varying envelope approximation. This relation is also solved independent of time, which assumes the
refractive index varies slowly compared to the speed of light. The evolution of the electric field can be expressed
as

viEHikg—f + K (n* - 1DE =0, (1)
where E is the slowly varying amplitude of the complex electric field, k = 27/ is the vacuum wave number,
is the wavelength, and # is the refractive index. The refractive index can be modelled asn = (1 + x)/2, where
x = Na/egis the electric susceptibility for a rarefied medium, N is the number density, « is the complex polariz-
ability, and & is the vacuum permittivity. The real part of the propagation constant, or equivalently, the refractive
index, is associated with changes in the phase speed of the wave and leads to defocusing or guiding of the light.
The imaginary part corresponds to attenuation by absorption and emission.

Optical forces on particles. The two forces that the light beam imposes on the particles are the dipole
and scattering force, which depend on the real (¢’) and imaginary («”) components of the atomic polarizability,
respectively. Assuming the laser frequency is near atomic resonance, the polarizability for a two-level atom can
be written as'®?2-24
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where /g is the resonance wavelength, yy is the natural line width, Af = fy,, — fo is the laser detuning from
particle resonance, f4op = f — vp// is the Doppler-shifted laser frequency, f = c// is the laser frequency, c is
the speed of light, v, is the particle velocity, and fy = ¢/ is the atomic resonance frequency. Here, p(f) is the
saturation parameter, which is expressed as

L
PO = ap + 2 3)

where I = %ce |E|? is the laser intensity, ¢ is the permittivity of the medium, and

2 th&” op YN
sat = 5 (4)
c
is the saturation intensity, with / being the Planck constant.
The real component of the atomic polarizability affects the dipole force through the following relation:
1
Fgp = —a'VI = —VU,
dip 2ceg )

where U = —a’I/(2cg) is the optical dipole potential®®. Here, & & g for rarefied media. The optical dipole
force works to push and trap the particles towards the centerline of the beam, if the light intensity is largest at
the centerline of the beam and the real component of the polarizability is positive. As can be seen from Eq. (2),
this corresponds to a negative laser detuning, i.e., red detuning. Furthermore, for a particle beam to be effec-
tively trapped by the light beam, U > kgT| must be satisfied, where kg is the Boltzmann constant and T'; is the
perpendicular particle temperature?!.

On the other hand, the scattering force is linked with the imaginary component of polarizability as

k ~
Fscat = ia//Ik: (6)
Cc&o

where k is the direction at which the scattering force is applied to. During a scattering event, a particle absorbs
and then reemits a photon, essentially receiving two adjustments in momentum. The scattering force is directed
along the light wave vector to model an absorption event. Assuming that a photon can then leave the particle
in any direction via spontaneous emission after the light is absorbed by the particle, the emission component
of the scattering force leads to isotropic scattering of the particle. In order to account for both processes, the
computational model applies the scattering force on a particle in the direction of the light wave vector and in a
random direction to represent absorption and emission events, respectively.

The two optical forces on individual particles are visualized in Fig. 1. Considering the dependence of the
dipole force on the gradient of the laser intensity, particle trapping can be represented through the amplitude of

Scientific Reports |

(2022) 12:4810 | https://doi.org/10.1038/s41598-022-08802-z nature portfolio



www.nature.com/scientificreports/

Absorption £ »
Particle [ 3 Fscat2 4

Photon

Figure 1. Schematic of the optical forces that the particles experience in the region of large light intensity
gradient. Upay = @'In/(2cgg) is the maximum potential amplitude that is dependent on the maximum light
intensity, Iy, and the beam radius, wy. Note the scattering force has two contributions: absorption in the
direction of the incoming photon and spontaneous emission resulting in a momentum change in a random
direction.
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Figure 2. (a) Real and (b) imaginary component of lithium polarizability over a range of light detuning and
for a few light intensities, I. Polarizability is calculated using the resonance wavelength of the D, line of °Li,
Jo = 670.977 nm and spontaneous emission rate, yy = 5.9 x 10° Hz. Note that arer = 2.704 x 1073 Fm?2,

a potential well, Upay = ‘zxc/—gg, where Ij is the centerline intensity. This simplified schematic assumes the potential
structure remains constant along the axis of propagation. In reality, the shape of the well would evolve in the axial
direction. It can be seen that not only does the strength of trapping depend on the real component of polariz-
ability and peak intensity, but the initial light beam waist, wy, also plays a role by directly determining the shape
of the potential well. The depiction of the scattering force demonstrates how the particles can be detrapped from
the potential well, particularly due to the random kick from the emission process.

From Egs. (5) and (6), it is readily apparent that the atomic polarizability is a key element in both the dipole
and scattering forces. Equation (2) illuminates how the choice of laser frequency with respect to resonance deter-
mines the real and imaginary polarizability values. Figure 2 shows the real and imaginary components of polariz-
ability of lithium as a function of Doppler-shifted laser detuning from resonance. Polarizability is calculated using
the resonance wavelength of the D; line of 6Li, 1o = 670.977 nm, spontaneous emission rate, yy = 5.9 x 10° Hz,
and several different light intensities. Note that the saturation intensity is 66.9 W/m? near resonance, the laser
detuning is normalized by the particle resonance frequency, and the polarizability is normalized by a reference
value, aor = 2.704 x 1073° Fm?, which is the far-off resonance, frequency-independent polarizability of lithium
found experimentally and theoretically*®?’. These results imply that the laser should be tuned close to resonance
to strengthen the dipole force, but not so close that the scattering force dominates. Through the saturation
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Figure 3. Influence of beam waist and detuning on trapping. (a) Both optical forces and (b) the effective
trapping force over a range of detuning and for a few different beam waists. Light power is 2.2 TW. Note the light
detuning below resonance is Doppler-shifted considering a particle beam velocity of 0.1¢, Frer = 2.76 x 10724
N, and 7ef = 1m.

parameter, the light intensity functions to reduce both components of polarizability, with the most notable impact
occurring within a close range of particle resonance. It is also important to note that higher light intensity leads
to a larger reduction of polarizability values over a wider range in detuning from resonance.

Parametric study

For the particle beam, the governing features are the type of particle, beam shape, temperature, initial radius,
axial drift velocity, and the injected particle density. In this study, the particle type and drift velocity are chosen
to be lithium and 0.1¢, respectively, based on previous work considering an application of the coupled beam
system for a flyby mission to Proxima Centuari b. In addition to mission-related considerations, selecting alkali
metals for the particle type provides the advantage of modelling the polarizability using a two-level atomic model.
Furthermore, the particle beam shape is constructed to have a uniform injection density in the radial direction,
i.e., the particle density at the injection plane is constant within the beam radius.

For the light beam, the characteristic features are the injection power, beam waist, and frequency (or equiva-
lently, wavelength). A potential additional feature is the profile of the light beam. An axisymmetric Gaussian
laser beam (TEMg mode) is chosen for this study. Lastly, The particle beam radius is chosen to be equivalent to
the light beam waist to maximize the light-particle interaction®.

Theoretical trapping and vacuum propagation. As will be seen in the following section, optical
waveguide theory suggests that a laser could be effectively guided given a collimated particle beam of a certain
density®®. Considering a constant laser power, the laser beam waist determines the light intensity (i.e., power
density): Py = twily/2, where Py is the light power, assuming a Gaussian light beam. While light intensity is
proportional to the trapping potential, Upay, the saturation parameter (Eq. 3) becomes appreciable above a cer-
tain range of light intensity and causes the polarizability to decrease. In addition, the larger the light intensity, the
larger the scattering force, which may result in larger loss mechanism for particles. Thus, it can be expected that
there is an optimal light intensity that maximizes trapping and minimizes scattering.

It was proposed in Ref.?! that one condition for particle trapping is U >> kgT| in the absence of particle-
photon scattering. To quantitatively assess the impact of the laser detuning and beam waist on particle trapping
in the presence of particle-photon scattering, the effective particle trapping can be approximated, to first order,
by comparing the magnitude of the dipole force (resulting in trapping) and the magnitude of the scattering
force (particularly due to the spontaneous emission), as shown in Fig. 1. The dipole force is approximated as
Faip ~ %, and the scattering force is approximated as Fycat ~ kot 'lo Both Fgip and Fcat have a nonlinear
relation with the beam waist because Ij is a function of wy and the polarizability can be affected by the light
intensity, considering a constant light power, Py. Figure 3a illustrates the approximations for both of these forces
over a range of detuning below the particle resonance for a few different beam waists. At light frequency near
particle resonance, the scattering force dominates over the dipole force for larger wy because Fgjp oc wy %and
Fgcat ¢ Wy 2, Consequently, smaller beam waists result in the dipole force dominating over scattering force in a
wider range of light frequencies. The beam waists are normalized by a reference radial length, r,.f = 1 m, and
the forces are normalized by a reference dipole force, Fyef = Sretleef ywhere ILef is the reference light intensity.

: . . 2cQTyef . C
For the reference values we consider a trapping potential that retains approximately 95% of the particles in the
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Figure 4. Relevant factors affected by the light beam waist, which is assumed to be equal to the particle beam
radius. The left axis corresponds to the effective trapping force (Eq. 7) and the right axis corresponds to the light
and particle characteristic lengths z, (Eq. 8) and z, (Eq. 9), respectively. Different values for the particle beam
temperature are shown for zp. The light power and detuning frequency are 2.2 TW and —19 THz, respectively.
Also note that Tyef = 0.1K, zref = 4.68 x 10°m, ref = 1 m, and Fref = 2.76 x 10724 N are considered for
normalization.

Gaussian beam, i.e., Uyef = 2kp Tref, where Tief = 0.1 K is chosen to be the particle temperature. The relation
from Eq. (5) yields Lef = 2Uyefc€0/0lref, which results in Fref = 2.76 x 10724 N.
The overall strength of particle trapping is quantified using the effective trapping force introduced as

I() O!/
Fetf = Fgip — Focat = o (7 — kW”)- (7)
0

Note that Fe is chosen as a metric of interest as opposed to the ratio between the dipole and scattering force
to show the absolute force exerted on particles. Figure 3b shows the effective trapping force near the resonance
frequency. This result further illustrates the advantage of smaller beam waists to produce effective trapping as
Feg > 0 for a wide range of frequencies. Most importantly, Fig. 3b identifies the light frequency that maximizes
the effective trapping force for a given beam waist. Thus, once the beam waist is chosen, the optimal detuning
frequency can be readily determined.

Although a smaller beam waist is preferred to maximize the effective trapping force (i.e., the dipole force
minus the scattering force) as shown in Fig. 3, the vacuum propagation distance of the light and particle beams
increase with beam waist. The propagation distance of the light beam in vacuum is characterized by the Rayleigh
range:

2
Wy

Zr = 7

which describes the axial distance that the laser beam would double its cross-section size from the focus
position?. An analogous relation for the particle beam propagation distance can be introduced as

m
Zp = Wovp TTL’ 9)

where m is the particle mass. Here, we call this quantity the particle propagation range. Similar to the Rayleigh
range, the particle beam shows a longer propagation in vacuum with a larger beam waist and a smaller gas tem-
perature, assuming that the light beam waist is equal to the particle beam radius. While a smaller beam waist
is preferable to increase the effective trapping force, a larger beam waist is desirable to extend the characteristic
lengths of the individual beams.

Figure 4 shows how the effective trapping force (left axis) and characteristic lengths (right axis) vary with light
beam waist. The laser power, detuning frequency, and particle velocity are assumed constant at 2.2 TW, —19 THz,
and 0.1c, respectively, and z,e¢ = 1%/ is used to normalize the characteristic lengths. Furthermore, the light
beam waist is assumed to be equal to the particle beam radius®. The effective trapping force, Fef;, is inversely
proportional to the beam waist as shown in Eq. (7). However, the Rayleigh range, z;, is quadratically proportional
to the beam waist (see Eq. 8) and the particle propagation range, zp, is linearly proportional to the beam waist
(see Eq. 9). Here, three different radial temperatures of the particle beam are considered to illustrate that the
colder the temperature, the less diffusion of particle beam, and hence the longer the particle beam propagates.
This result can identify three approximate regions for the beam waist. For a beam waist of less than 0.87.f, the
trapping force is favorable, but z, and z, are both small. On the other hand, if the waist is larger than 2r;f, the
effective trapping force becomes negative, which indicates the scattering process dominates over the dipole force.

(8)
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The characteristic lengths of light and low temperature particle beam may be large, but the scattering will limit
the propagation distance of the beam. Thus, an intermediate beam waist that achieves notable effective trapping
force and characteristic lengths is optimal to maximize the absolute distance of the coupled beam propagation. It
is also important to note how the difference between z, and z, influences the effectiveness of trapping or guiding.
A large difference between these two lengths would correspond to significantly different divergence angles in the
light and particle beams, which consequently may reduce the particle-light interactions in the outer regions of
the beams. It was hypothesized in Kumar et al. that the nonlinear coupling of particle and light beams is achieved
when the two beams geometrically overlap®.

Optimization of the beam propagation depends on multiple parameters of both the light and particle beams.
The axisymmetric particle-light coupling simulation allows for the parametric study to investigate the optimal
conditions of the self-guided propagation. In the remainder of the paper, the two main parameters of interest are
identified as the gas particle density and light intensity, once the beam waist and light frequency are determined
to maximize the effective trapping force and the propagation distance. A beam waist of 1 m is chosen to serve
as a compromise between the vacuum propagation of the particle and light beams and the effective trapping
force, as can be seen in Fig. 4. This beam waist maximizes the effective trapping force at a detuning frequency of
19 THz below resonance (—Af /fo = 0.042), as can be seen in Fig. 3. A more rigorous optimization of the light
beam waist and frequency via a parametric study using the coupled beam simulation is reserved for future work.
Lastly, although experimental work using a magneto-optical-trap have shown the capability of producing a cold,
lithium atom beam with transverse temperatures around 0.001 K*!, a gas temperature of 0.1 K is assumed taking
into account the uncertainties of beam formation in the space environment. Note that a gas temperature of 0.1 K
and beam waist of 1 m results in z,/z, = 0.389 at the injection plane.

Optical waveguide theory. The most relevant real-world example of light guiding is communication and
computing systems that use optical waveguides®. An optical waveguide, such as an optical fiber, is a structure
usually composed of a cylindrical glass core with index of refraction, #;, surrounded by an annular cladding
material with index of refraction, n,. Light enters through the core and is maintained within the waveguide due
to refraction at the core/cladding interface. For certain waveguide conditions, the profile of the incoming light
can be reshaped into specific modes. To determine what mode(s) propagate, a V-parameter is given as,

/2 2
v 2way/ny — nj (10)
-
where a is the radius of the waveguide core?. For a step-index fiber, single mode propagation occurs at V = 2.405,
which is the first zero of the Bessel function that characterizes the modes in the waveguide. This relation can
be applied to the coupled light-particle beam by considering the particle beam to be the core of the waveguide
and the outside vacuum as the cladding, i.e., n% = 1, a = wy, and expressing the index of refraction in terms of
gas properties, n? = 1 + Na'/go. The V-parameter for the light-particle beam coupling can therefore be given

from Eq. (10) as,
2 Nao’'
V= n,wou—a. (11)
A =)

Once the polarizability, light wavelength, and beam waist are set, the number density of gaseous particles can be
determined to achieve a given V-parameter. In this study, the number density at which a single mode propaga-
tion occurs, i.e., V = 2.405, is defined as the critical particle density, Ny.

The single mode waveguides operate at the lowest mode, which yields axisymmetric modes. It can therefore
be considered that the coupled beam will be axisymmetric even if the initial light or particle beam may be azi-
muthally nonuniform. When the number density of the particle beam is larger than the critical particle density,
the V-parameter exceeds 2.405, leading to the generation of multimode propagation'®!!, which can result in the
generation of azimuthal modes. In addition, it is known from waveguide theory that modal dispersion limits the
distance capabilities of multimode optical fibers®. Therefore, we hypothesize that axisymmetric mode propaga-
tion leads to the most effective coupled beam for the space propulsion application below. In this study, we vary
the number density of the particle beam from 0.2Nj to 6N, assuming axisymmetric (single mode) beams for the
space propulsion application. Investigation of the non-axisymmetric beams, particularly for multimode regime,
requires a three-dimensional simulation and is reserved for future work.

Simulation results
Equation (1) is discretized using the first-order backward Euler method and solved as a tridiagonal matrix
problem. To minimize the reflection of the laser beam at the domain boundary, a transparent boundary condi-
tion is used. This boundary condition was developed in Ref. % to accommodate wide-angle propagation waves.
The particles are first introduced into the domain within the beam radius by sampling velocities from a shifted
Maxwellian distribution, with the drift velocity in the axial direction. To reduce numerical noise due to the
particle dynamics, a variable grid step size is used in the radial direction that maintains equal node volumes®.
Thus, the radial cell size decreases from the center while the axial cell size is uniform. The particle positions
and velocities are updated using a leap frog method. Particle-particle collisions are accounted for using a Direct
Simulation Monte Carlo (DSMC) algorithm with the No-Time-Counter Method, as described in Ref. 3. The
particle dynamics occur in a 3D Cartesian coordinate system. In order to update the light intensity distribution
using the discretized, axisymmetric paraxial Helmholtz equation (Eq. 1), the particle density component is
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Figure 5. Comparison of optimized, coupled beam results with vacuum cases: (a) light intensity for a light
beam propagating in vacuum, (b) particle denisty for a particle beam propagating in vacuum, and (c) light
intensity and particle density for a coupled light-particle beam. The light intensity and particle density are
normalized to their corresponding center line values at injection, i.e., z = 0. Min and max values of the color
contour correspond to 0.1 and 3, respectively.

calculated by mapping the particle positions to a cylindrical coordinate system. It then follows that the optical
forces on the particles are mapped from a cylindrical to Cartesian coordinate system for the particle velocity
and position update.

The light is initialized as a diverging, i.e., convex wavefront, Gaussian beam with a waist of 1 m. The particle
beam, composed of lithium atoms, is also initialized with a radius of 1 m at the injection plane, i.e., z = 0 m.
These particles are injected with a drift velocity of 0.1c and temperature of 0.1 K. For these conditions, a laser
detuning frequency of — 19 THz is used to maximize the effective trapping force. 100 computational macro-
particles are injected every time step, and the macroparticle weight is defined by the desired injection density.
The total number of macroparticles is 90,000-180,000, taking approximately 3 h on a single core CPU to reach
steady state, which is monitored by the changes of the number of macroparticles in the calculation domain. The
computational domain spans 5 m radially and approximately 10z, axially, with 2000 cells in both directions.
Results are obtained by averaging the light intensity and particle density distributions over 1000 iterations, once
the simulation reaches steady state.

Optimal configuration. From a given beam waist, particle temperature, and light detuning frequency, the
mutual propagation of the coupled particle-light beam is studied varying the laser power, Py, and particle density
at injection, Niy. After conducting parameter sweeps on the light power and injected particle density in the next
two sections, the optimal conditions are found to be 2.2 TW light power and 5.0 x 10'* m~2 particle density,
which is close to the critical density for a single mode waveguide, Nj.

Figure 5 shows the results of the optimized coupled beam compared with the light and particle beam propa-
gating independently in vacuum, i.e., diffracting light beam and diffusing particle beam. The light intensity and
particle density distributions are normalized to the initial centerline intensity and injection beam density atr = 0
and z = 0 for the decoupled beam cases, respectively. The results clearly show how effective particle trapping
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Figure 6. Normalized (a) light intensity and (b) particle density over a range of injection particle densities
relative to Ny = 5.0 x 103 m™3, which is the critical density that results in a single mode waveguide, i.e.,
V = 2.405. The min and max values are 0.1 and 1, respectively.

and waveguiding maintain a collimated coupled beam for several Rayleigh ranges further than the decoupled
beams. The coupled beam also shows regions of intensity and density that are larger than their injection values,
illustrating that the particle-light beam is trapped and focused. These concentrated areas could provide additional
thrust to the space probe if used for space propulsion applications. It is important to note that these simulations
assume an idealized model of the light beam in which the chosen frequency and amplitude remains constant,
while in realistic systems there can be uncertainties and noise. For instance, shifts in the laser frequency may
impact the coupled beam results. The focus of this paper is to demonstrate the coupling between idealized light
and particle beams. Investigation of the effects of realistic uncertainties and noise on the beam propagation is
reserved for future work.

Effects of the particle density. One key parameter for the coupled system is the injected particle beam
density. From optical waveguide theory, a relation was determined for a critical density that would maximize
light waveguiding for single mode propagation, as discussed in Eq. (11). In order to confirm the implications
of this relation and analyze the effect of multi-mode light on propagation distance (assuming axisymmetric
beams), the injected particle density is varied in this section. The light power is fixed to 2.5 TW and the other
parameters are the same as the previous subsection.

Figure 6 shows the normalized laser intensity and particle density for the coupled system from simula-
tions over a range of injection particle beam density that covers the single mode and the first two higher order
mode cutoffs (V = 2.405, 3.832, and 5.136), which corresponds to the particle density of Ny, 2.5Ny, and 4.5Np,
respectively. Note Ny = 5.0 x 10'3 m™>. When Njyj < Ny the beam shapes are similar to vacuum propagation
which shows some noticeable trapping and guiding as Nj,j approaches Np. The Ny case, which is approximately
the density for the single mode shows the most collimated beam for both particle and light. This clearly shows
the ideal parameter choice for particle density and confirms the relations from waveguide theory. However,
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Figure 7. (a) Light power ratio and (b) particle flux ratio for a range of injected laser power. Min and max
values correspond to 0.1 and 1.0, respectively. The injected power is normalized by Pyf = 8.52 TW.

additional testing revealed that the optimal density was actually slightly lower than the critical density from
waveguide theory. The case that prolonged the beam propagation distance has a V-parameter of 2.3 instead of
V = 2.405 that the theory of single-step fibers predicts. This discrepancy can be attributed to the fact that the
particle beam is changing and therefore does not match the influence of a fixed waveguide. The higher densities
show a shorter propagation distance. This is most likely due to the larger index of refraction gradient resulting in
larger refraction angles for the light. The light beam overfocuses and influences the particles, leading to a pinched
beam effect that will be discussed in a later subsection. Around the second mode, Njnj = 2.6Np, the beams begin
to show signs of improved trapping and guiding after z = z,, after the beams go through overfocusing. This can
be attributed to the fact that the particle density in this secondary region is now similar to the density for the
single mode waveguiding of the reduced beam. It is interesting to note that this secondary region of guiding
and trapping shows another co-propagation of light and particle beams around Niyj = 3.4Np before decaying
at larger injection densities.

Overall, Fig. 6 illustrates how the beam shape appears optimal around the single mode, and the formation of
radial intensity profiles that match the higher order modes are mitigated by the dynamic nature of the system.
In other words, since the waveguide theory assumes that the waveguide is a fixed medium of constant refrac-
tive index, the expected results for higher modes become less likely as the particle beam deviates from the fixed
waveguide it is meant to represent. However, at certain axial locations in the higher density cases, the intensity
radial profiles appear to show higher mode shapes. The numerical results suggest that the multimode structure
can be an onset of axial dynamics that produces a secondary particle-light self-guided beam propagation.

Effects of the laser power. Parametric studies of the mutually guided particle-light beam propagation
varying the light power is performed with all other parameters fixed. In order to quantitatively assess the opti-
mized beam propagation distance, light power ratio is defined as A(z) = OWU 2w vl (r, z)dr /Py, which essentially
describes how much light power resides within the initial beam waist area at a specified axial distance relative to
the light power at injection. Figure 7a illustrates how the light power ratio varies for different cases of injected light
power along the axis of propagation. Note the injection laser power is normalized by Pyf = nrrzeflref /2 =8.52
TW. The result in the limit of Py/P.f — 0 corresponds to the solution of a natural diffraction as the effective
trapping force approaches zero (see Eq. 7), i.e., no particle trapping. On the other hand, the results at high laser
intensities (e.g., Po/Pref > 0.5), the solution also shows limited beam propagation due to strengthened scattering
forces and an over-focusing effect. In order to investigate the relative impact of these loss mechanisms, the over-
focusing effect is discussed in the next subsection. Due to the balance between the effective trapping and the loss
mechanisms, for an intermediate range of injected laser power, the light intensity is maintained for a large dis-
tance, where the particle and light beams self-guide each other. The maximum propagation is observed around
Py = 2.2 TW (Py/Prer = 0.26). This observation is in agreement with the expression, Pyp; = 27 wg ceokpTy /o,
which is the same formulation as Pyf except it uses the simulation rather than reference values. The light power
ratio is defined as the power within the initial beam waist, wy. Thus, the decrease in A around 0.5z, — z, for
Py/Pres = 0.23 — 0.35 is due to the light initially diffracting. The A exceeding its injection value at z, — 2.5z,
indicates that the outward radiating light beam is entrained into the center of the beam due to waveguiding
effects.

Similarly for the particle beam, particle flux ratio is defined asT1(z) = OWO T(z)rdr/ fow" I'(z = 0)rdr, which
describes the particle flux within the initial beam cross-sectional area relative to the injected particle flux. Since
the axial forces on the particle have minimal impact on its injected drift velocity, this flux ratio could be con-
sidered the particle beam power ratio, where the particle flux is replaced with the particle kinetic energy flux.
The results for the particle flux ratio are exhibited in Fig. 7b. As some fraction of the particles are lost initially
due to the radial temperature being finite, the integrated particle flux is observed to be always smaller than the
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Figure 8. Beam propagation in the absence of the scattering force, i.e., only dipole force is considered, and
zero particle temperature for a light beam power of (a) 0.1 TW and (b) 1 TW. The over-focusing effect is
demonstrated through (al, bl) the normalized light intensity with four representative particle trajectories
and min and max values corresponding to 0.1 and 2.5, (a2, b2) the normalized particle density with min and
max values corresponding to 0.1 and 4, and (a3, b3) the radial kinetic energies, Ek, of the particles compared
with the depth of the light potential well, ®, at each axial location. The energies, E, are normalized by

Usef = 2.76 x 107247,

injected particle flux, hence IT < 1. However, similar to the light power ratio A, the integrated particle flux shows
a smaller loss around Py/Pres = 0.2 — 0.3. The maximum distance for particle beam propagation is found at a
slightly lower power case than for the light power ratio, as shown in Fig. 7. This is likely due to the definition of
A andTI, integrating the light intensity and particle flux density within the initial beam waist, wy. The particles
are lost in the radial direction due to their thermal motion more than the photons within the first Rayleigh range.

Particle loss due to over-focusing effects. In the previous subsections, mutually-guided propagation of
the particle and light beam is observed. The particle-light coupled simulation shows that the self-guided propa-
gation is maximized when the single mode waveguiding is achieved. However, the self-guiding performance
drops at larger particle density and larger light intensity. It can be considered that such optimality results from
the balance between the trapping (due to dipole force and waveguiding) and the loss (due to scattering force).
In this section, the simulations are performed without the scattering force exerted on the particles to investi-
gate whether detrapping due to the scattering force is the only loss mechanism for the self-guided beam. In the
absence of scattering force, the effective trapping force is always positive (as discussed in Fig. 3), which could
result in an infinitely long propagation of the light and particle beams. In addition, the mutual trapping would
be more effective as a larger light intensity is considered as Uy,qx > kgT'. The following simulation considers
a hypothetical situation where the dipole force is only considered in addition to the waveguiding of light beam
due to the change in refractive index, by removing particle-photon scattering and setting the injected particle
temperature to zero. Thus, the particle beam is initialized as an ideal, collimated beam that, in the absence of other
forces, would propagate infinitely. The particle beam density at injection is assumed to be Ny = 5.0 x 10"*m~3,
Figure 8 shows the results of a coupled beam assuming two laser powers at 0.1 TW and 1 TW (Pg/Pyef = 0.012
and 0.12, respectively). Despite only having the dipole force on the particles, i.e., the scattering force is not
accounted for, the light intensity and particle density distributions from Fig. 8al,a2, respectively, show consider-
able losses. By analyzing these results, the cause of these losses can be described through a connected sequence of
events due to overfocusing. First, the strong dipole force causes the particles to be accelerated towards the cen-
terline of the beam, which for an axially constant dipole potential structure (such as the one visualized in Fig. 1)
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would not present a problem. However, since this is a fully coupled system, amplification of the particle density
guides the light beam to further converge and cause a concentrated region of high light intensity. This region of
high light intensification creates a much stronger dipole force, i.e., a pinching effect, that increases the particle
speed in the radial direction. This can be seen in Fig. 8a3, which shows the phase plot of radial (transverse) kinetic
energies of the particles along the axis of propagation. The increase in the optical dipole potential that leads to
particle trapping is demonstrated by tracking the depth of the dipole potential structure. This depth is defined as

/Imax
D) = 0‘72%0(2), (12)

where I ;4. (2) is the maximum intensity value at the given axial location. Here, the particle kinetic energy and
potential depth are normalized by Uyer = 2kpTrer = 2.76 x 107247, Initially the dipole potential increases fol-
lowed by the increase in the particle kinetic energy. Following this intensified region, the highly accelerated
particles cross through the centerline region of the beam, i.e., r = 0, as can be seen from the particle trajectories
in Fig. 8al and travel into an axial location in which the light beam is not deeply intensified due to the multidi-
mensional propagation of the beam. The drop in potential depth of the light beam after 1.5z, creates a disparity
that allows for substantial, high-energy particles to escape the dipole potential. The particles lost in the radial
direction make the particle beam density lower, which consequently reduces the amount of light being guided.

The example particle trajectories in Fig. 8al further exemplify the over-focusing effect. A particle injected
near the edge of the beam (represented by the dark blue line) is accelerated towards the centerline of the beam.
As illustrated by the purple and light blue lines, the next two trajectories of particles closer to the center of the
beam are drawn towards the centerline earlier in the domain. This is expected since these particles are initialized
closer to the centerline. After a particle crosses through the center of the light beam, it appears to ballistically
propagate out of the beam. Lastly, the green line trajectory shows that a particle injected close to the center of
the beam is deeply trapped within the potential well, resulting in a regular bouncing motion for the particle path.

Figure 8b shows the results when increasing the laser power to 1 TW, which illustrates that the pinching effect
scales with the strength of the dipole force. The convergence of the particle beam occurs earlier in the domain,
indicating that the pinching effect is much stronger. It can be seen in Fig. 8bl how the particle trajectories
change for the higher light intensity. The blue line marks how the location at which the beam is pinched occurs
at a shorter axial distance. The light blue and green trajectories also illustrate how the path is simply modified
to reflect a stronger dipole force. The path of the particle from the purple line, however, is significantly altered
by the irregularity of the potential structure. Throughout its journey, the particle is accelerated and decelerated
in a manner that results in a lower velocity around the centerline, which causes the particle to become quasi-
trapped. Therefore, the injected particles travel in the domain depending on the path they take through the mul-
tidimensional structure of the light intensity. Light intensity and particle beam density, as shown in Fig. 8b1,b2,
respectively, show the complex nature of the particle-light coupling. The particles are deeply trapped around
the centerline. However, the mechanism at which the particles detrap from the light beam is clearly shown in
Fig. 8b3, similar to Fig. 8a3.

While it was initially hypothesized that the lack of particle-photon scattering can be beneficial to the particle-
light self-guided propagation, the simulation results in this subsection show that the pinching effect (due to the
multidimensional nature) without any scattering mechanism results in a significant loss mechanism. This effect
is especially influential considering that the particle beam is initialized with an infinite characteristic length, z.
Hence, with the demonstration of the over-focusing effects in this section, it can be concluded that the optimal
mutual guiding between particle and light beams is achieved by not only minimizing the scattering force, but also
is related to the multidimensional nature of the particle-light coupled beam propagation. The optimal mutual
guiding occurs when the particle trapping is strong enough to overcome particle-photon scattering and thermal
diffusion without being so strong that it leads to the over-focusing effect.

Conclusion

A fully verified and validated code is used to explore the feasibility of the mutual guiding of an initially expanding
particle beam and an initially diffracting light beam. The simulation conditions chosen are selected based on the
application for the deep space propulsion, but the nonlinear physics shall be scalable for different applications.
The relevant parameters that dictate the propagation distance of the coupled beam are identified and optimized
theoretically and computationally.

Results indicate that the light detuning that maximizes the dipole force with respect to the scattering force
can be determined once the beam waist is chosen. The simulation results show that propagation distance is
maximized by using a particle density approximately equal to the critical density for a single mode waveguide. It
was observed that an optimal light power is needed to maximize the nonlinear coupling, overcoming scattering
and particle loss due to its thermal motion. At higher light power, the large scattering force and the pinching
effect due to the large dipole force can lead to reducing the self-guiding effects of the particle and light beams.
Paths to further optimize the beam will be to focus on the choice of beam waist and beam shape, which affects
the strength of the dipole force, as well as the characteristic lengths of the beam. Nevertheless, the simulation
result of the optimized, coupled beam clearly shows that the propagation distance can be made larger than the
Rayleigh range, shedding light into manipulation of light and particle beams.
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