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The utility and power of lasers have been continuously increasing. High-energy lasers
interact with the fluid medium through which they pass, leading to laser beam distortion. This
thermal distortion of the laser beam within the beam delivery system affects the quality of the
laser and poses challenges in designing high-power laser beam delivery systems. To numerically
study the laser-fluid interaction within such systems, we developed a 3-D laser-fluid solver in the
OpenFOAM toolbox. While most existing computational studies address the beam distortion
during propagation in open atmosphere, this paper focuses on what happens within a confined
domain. The details and validation of the solver are presented. The solver effectively captures
the physical phenomena observed in the literature and demonstrates accuracy in simulating
beam behavior and fluid response. The results are consistent with theoretical predictions and
experimental findings.

I. Introduction

IGH energy lasers find various industrial applications such as cutting, welding, and heat treatment [1, 2]. They
Halso hold potential for diverse fields, including laser propulsion and wireless power transmission [3,4]. When a
high-energy laser beam propagates through a fluid medium, the fluid medium gets heated due to the absorption of the
laser beam photons by the molecules of the medium. This heating changes the fluid’s temperature and thus its density
and refractive index. The changed refractive index of the fluid medium then distorts the laser beam passing through it
which again affects the fluid’s refractive index. Thus, the laser beam intensity distribution in the three dimensional
space and the refractive index of the medium affect each other in a coupled manner. The presence of natural convection
due to gravity complicates this laser-fluid interaction which results in laser beam deterioration.

Initially, when the convection effects are insignificant, the refractive index decreases due to the expansion of the fluid
in the laser’s path, forming a negative lens. This results in the swelling of the beam profile, a phenomenon known as
thermal blooming. Thermal blooming is a well-reported phenomenon [3]]. In the open atmosphere, significant laser-fluid
interaction studies have been carried out [SH8]]. These studies considered beam distortion in presence of transverse
wind. The presence of external flow or wind modifies the fluid dynamics of the medium because the thermal convection
effect of the applied flow dominates other effects. This simplifies the computation by imposing wind or another external
flow. Using similar techniques, some studies have been done by changing the fluid medium to seawater and rain [9, [10].
Recently Akers et al. solved the 2-D fluid dynamics along with laser to study the laser beam distortions [11].

Within the laser beam delivery system, after the beam production, the laser beam passes through various optical
systems that adjust its size and direction before it exits out of the beam director’s window [12}[13]]. While travelling
between the mirrors and lenses inside the beam director, the laser beam interacts with the fluid and gets distorted. The
mitigation of laser distortions inside the beam delivery systems will aid in developing efficient and more powerful high
energy laser devices.

To investigate laser-fluid interactions within a closed domain and account for three-dimensional fluid dynamics, we
have developed a solver, icoLfiFoam, in the OpenFOAM environment. The novelty of the work lies in the implementation
of the laser propagation solver coupled with a conventional finite volume flow solver, as well as its application to
laser-fluid interaction in confined spaces.
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I1. Mathematical Formulation

Our objective is to simulate the interaction between the laser beam and the fluid medium as it propagates between
two optical systems within a beam director. We model a section of the beam director, between these two optical systems,
as a closed domain. In this domain, the laser enters at one end, passes through the fluid medium, and exits at the
opposite end. The laser beam properties at the exit are the primary metrics of interest. In the computational domain, the
fluid adheres to physical boundary conditions, while the laser remains sufficiently distant from the side walls along the
beam propagation direction.

Given practical conditions and laser power, the temperature increase caused by the absorption of a continuous laser
beam propagating through the fluid is minimal. Fluid dynamics is thus governed by the incompressible Navier-Stokes
equations under the Boussinesq approximation [[14]:
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In the energy equation, a source term s is added to account for the temperature increase resulting from laser absorption
by the fluid medium. Here, u represents velocity, p represents pressure, T represents temperature, v is the kinematic
viscosity, « is the thermal diffusivity, while Ty and pg respectively represent initial temperature and density of the
medium. Additionally, g refers to gravitational acceleration.

The propagation of the laser beam through the fluid medium under the paraxial approximation (|0A/dz| < |kA]) is
described by the paraxial equation (see Appendix A):
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Here, z is the direction of beam propagation, while x and y are the orthogonal directions. The local (complex) amplitude
of the laser is denoted by A, and i is the square root of negative unity. Beam intensity and amplitude are related by
I = |A|2. The wave number of the beam is denoted by k, while n(x, y, z; t) represents the refractive index of the medium,
and n represents the initial (# = 0) refractive index of the medium. The refractive index and temperature are related
using the following relation (see Appendix B):
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Here, dn/dT is a property of the medium, representing the rate of change of refractive index with temperature. It is
typically a negative value, meaning the refractive index decreases as the temperature increases.

Volumetric heat absorption rate by the fluid medium due to the laser heating is 81, where § is the absorption
coeflicient of the medium. Hence, the corresponding rate of temperature change in the medium due to laser heating is
given by:

__B
s =
POCp

where ¢, denotes the specific heat capacity of the fluid.

I, 4

III. Solution Methodology
The solution of equations[IT|and [2 with the appropriate initial and boundary conditions yields results for laser-fluid
interaction. We selected icoFoam, a validated transient incompressible laminar flow solver within the OpenFOAM
library for solving the fluid dynamics [[15]. It solves the Navier-Stokes equations using the PISO algorithm [16]].
OpenFOAM is structured to handle any time dependent partial differential equation (PDE) having convection, diffusion
and source terms [[17]]. The paraxial equation is a complex PDE, parabolic in the z-direction, and it does not have any
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time dependence (i.e., since the laser propagation time scale is minuscule relative to the flow time scale). We split the
paraxial equation of variable A = A, +iA; into two PDEs of real variables A, and A;.

dA, 2
2kl = Ajy + Ay + K (”—2 - 1| Ai — kBA,, (5a)
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Equations 2] and hence, Eq. 5a, 5b are parabolic equations that are solved numerically by marching along the beam
propagation direction, i.e., z. To the best of the authors’ knowledge, OpenFOAM does not have in-built modules that
allow this space-marching approach. Hence, we explicitly added the computation of the paraxial equation within the
icoLfiFoam solver using basic C++ syntax.

Since the source term k2 (n?/ n% — 1)A is k times larger than the 2ik (0 A/dz) term, where k is a very large value,
the paraxial equation exhibits stiffness. We used the split-step spectral method to solve the paraxial equation [18] [19]].
First, the source terms are integrated analytically over Az. Then, the x- and y- derivatives are calculated in the spectral
domain and are integrated over Az using the values obtained by the integration of source terms. In a compact form, the
method can be expressed as:

2 k2 + k2)A
A(x,y,z+Azt) =F ! (7—' (A(x,y,z;t) exp (k2 (n—2 — 1) Az _ ﬁ“AZ)) exp (—M)) . (6)
n
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kx and k, represent the wavenumbers in the x and y directions, respectively. The operators # and ! denote the
forward and inverse Fourier transforms in the x and y directions. These operations are executed within the icoLfiFoam
solver using the FFTW library [20]. Thus, the paraxial equation is solved in two separate steps. Each step is highly
accurate, but a small error is introduced due to their separate computation. We verified the numerical implementation of
the split-step method by testing it on the 1-D nonlinear Schrodinger Equation (NLSE) (see Appendix C).
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Fig.1 Laser-fluid grid in the plane perpendicular to the beam propagation direction.

While the spectral method is a node based method, OpenFOAM solves fluid variables at the cell centers using the
finite volume method. To ensure compatibility, the grid nodes for the paraxial equation variable coincide with the cell
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centers of the grid for the fluid variables in the x, y directions as represented in Fig. 1. The laser grid is periodic, with
the laser amplitude solved at each z plane on (N — 1) X (N — 1) nodes. The laser domain is truncated by half a grid size
at both ends in the x and y directions. Since the laser remains far from the side walls, the laser amplitude drops to
zero near the walls, eliminating the need for additional boundary treatments. The laser amplitude at the N™ nodes is
assumed to be equal to its value on the respective 1% nodes in the x and y direction. The fluid at the (j + 1) time step
is solved using the laser intensity field at the j™ time step, and the laser amplitude is corrected at the (j + 1)™ time step
using the temperature field at the same step.

The incoming laser beam profile serves as the initial condition at the first stencil plane (xy) along the z-direction, as
shown in Fig. |2l To compute the laser amplitude at the z + Az location, the refractive index used is calculated using the
average temperature between the z and z + Az planes.

Az
3 Az
2 —=

2 3 N, +2

N

Fig.2 Computational stencil along the beam propagation direction.

IV. Results

A. Vacuum propagation
When a laser beam propagates through a vacuum, diffraction causes the beam to diverge. At the source (z = 0), the
intensity of a Gaussian beam is defined as

x2+y2

I(x,y,0;t) = Ipe” . @)

Here, I, represents the peak laser intensity at the source and r represents the laser beam’s initial radius (between 1 and
1/e intensity points). It is calculated using the laser power at source, Py and the radius using the relation (see Appendix
D)
Py
=0 @®)
For a continuous Gaussian beam of wavelength A, radius r, propagating through a medium of constant refractive index
n, laser beam intensity distribution after propagating through distance z is [21]]

ar?’
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is the beam radius at distance z.

For a laser beam of power 11 W, wavelength of 10.6 pm and radius of 1.4 mm, the intensity profile after propagating
for 0.5 m through a vacuum (n = 1) was calculated using the laser-fluid solver. We used a computational domain of size
1.2 cm X 1.2 cm X 50 cm discretized into a 201 X 201 x 40 grid. The laser beam was sourced atx =0,y =0inthez =0
plane. At the end of the domain (z = 50 cm), the numerical results were compared to the analytical solution, showing
good agreement, as illustrated in Fig. 3. Since the medium is vacuum, the values of all fluid dynamic variables are zero.
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Fig. 3 Comparison of numerical and analytical solutions for laser beam propagation in a vacuum. Plots of 7/
and the absolute error in 7/ at y = 0, z = 50 cm as functions of x.

B. Laser fluid interaction

Another validation of the developed laser-fluid solver is conducted based on the laser thermal distortion experiment
by Gebhardt et al. [22]]. In their experiment, a laser beam is directed through a high-absorptivity fluid in a cylindrical
cell of 5 cm diameter and 2.5 cm length. The cell is made to move at a constant speed perpendicular to the laser
beam propagation direction. The resulting laser distortion has been reported. To replicate their experiment, for ease of
computation we have taken a cuboid-shape computational domain of dimensions Ly X L, X L as shown in Fig. E],
where Ly, Ly, and L, are the domain lengths along x, y and z axes respectively. The dimensions of the cuboid are taken
as Ly = Ly =3.54 cm. (whichis 1/ V2 times the diameter of the cylindrical cell used in the reference experiment) and
L, =2.5 cm, inscribing the cuboid within the cylindrical cell’s dimensions.

In this setup, a continuous Gaussian laser beam with a wavelength of 10.6 pm and a radius of 1.4 mm is introduced
from the z = 0 plane. The fluid medium is CS,, having thermophysical and optical properties as mentioned in Table
1. This fluid has an exceptionally high absorption coefficient, which leads to significant beam distortion over a short
propagation path, even with a laser beam of modest power. The laser beam is moving with respect to the domain along
the negative x direction. All the boundaries of the fluid domain are considered as free-slip, isothermal wall. We have
considered free-slip walls since we are not interested in resolving the boundaries especially along the z direction. Based
on our numerical trials, free-slip, isothermal walls provided better stability. Moreover, the experimental domain is a
cylindrical cell whereas our computational domain is a cuboid, which implicitly discounts any significant wall boundary
effects.

Table 1 Thermophysical and optical properties of the fluid medium.

dn/dT(K™") a@m?™') v@m*s™) Bm") c,0kg'K™") ny potkgm 3) Tp(K)
-0.79x 1073 1.25%x1077 2.86x 1077 25.2 950 1.63 1260 300

The laser beam has an initial power of 11 W and a velocity relative to the fluid domain of 0.9 cm/s. After conducting
a grid independence test, as shown in Fig. |5 we have selected a 601 x 601 x 40 uniform grid. The beam distortion
parameter, Np, defined by Gerhardt et al. is calculated using the formula [22]:

Np

f— —_ _ﬁaLz
_ —2dn/dThL, (1_1 e ) an

nopeC pUr BaL;
Here, u is the velocity of laser relative to the fluid domain and is perpendicular to the beam propagation direction. It

should be noted that for the simulation parameters considered in this work, the calculated value of N is approximately
0.74, whereas for the experiment it is reported as 0.7.
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Fig. 4 Illustration of the computational domain for moving laser problem.
0.40 A 0.40 1
—— 301 x301 x40 A —— 601 x 601 x 10
0.35 451 x 451 x40 | 0.35 601 x 601 x 20
-—- 601 x 601 x 40 \ -—- 601 x 601 x 40
0.30 - \ 0.30 1
0.25 - 0.25 J
I .'
o . i o ]
< 0.20 : \ < 020 ::
0.15 | \ 0.15 u
[\ .'
0.10 A " \ 0.10 A ,l
'I \\ l’
0.05 / N 0.05 /
0.00 {4 F—mmmm—— / S ——— - 0.00 e — =
0.6 0.7 0.8 0.9 1 0.6 0.7 0.8 0.9 1
X/Ly X/Lx

Fig.5 Grid independence test in the xy and z directions in terms of the x-profile of the laser at the bottom wall
(y=Ly/2,z=L;)att=0.3s. By this time, significant laser beam distortion has occurred, as shown in Fig. 6.

At the start of the simulation (¢ = 0 s), the laser beam source is positioned at the mid xz plane (y = L, /2) near
the right wall, as shown in Fig. 4l The laser beam starts moving in the xz plane from right to left until it reaches the
left wall. As the laser beam passes through the fluid medium, the fluid is heated due to the absorption of photons.
This heating increases the temperature along the beam’s path, causing the beam to experience thermal blooming. The
swelling of the laser beam’s cross-section relative to its initial state can be observed in Fig. [6] The laser beam continues
to move forward (right to left) over time, leaving behind a heated region. The temperature profile at a time ¢ = 1.5 s is
shown in Fig. [7] In the forward direction, the beam encounters cooler fluid, as it has just arrived in that region, while on
the backward side, the fluid temperature is higher since the beam has previously passed through that region. Since
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refractive index decreases with increase in temperature (dn/dT < 0), and light bends towards the region with higher
refractive index, we observe the beam skewing in the forward direction. Laser beam intensity profile evolution with
time along the beam path is shown in Fig. [§] Due to gravity, the hot fluids are convected upwards. The convection
currents carry the heat with them, and colder fluid enters the beam path from below. These convection currents thus
reduce the strength of the temperature gradient that was built up by the combined effects of laser heating and beam
motion. Therefore, in this experiment, convection reduces the beam distortion.

Fig. 6 Laser intensity profile evolution with time in the z = L, plane. For better visibility of the beam profile,
each image has its own scale.

®/L X

3.1e+02
306

— 304 —
[ 302
3.0e+02

Fig.7 Temperature profile in the y = Ly/2 plane at r = 1.5 s. The laser moves from right to left.

The peak intensity value of the laser beam in the exit plane is represented by /,,. The evolution of laser beam peak
intensity with time in the z = L, plane is plotted in Fig. 9(a). The peak intensity due to thermal blooming initially
decreases rapidly, and then increases due to the beam skewing towards the direction of beam motion. At# = 0.6 s, we
observe a local maximum in the peak intensity value, which then begins to decrease again. The peak intensity value
appears to attain steady-state after r = 1.2 s. After r = 2.5 s, as the beam approaches the left wall, we observe a dip in
the peak intensity due to wall effects.

The laser beam travels parallel to the z-direction. In the absence of distortion, the beam center (in terms of x and y
coordinates) at both the inlet and exit planes would coincide. The distance between the location of peak intensity at
the exit plane and the beam center at the inlet plane represents the beam deflection, denoted by Ax. The normalized
beam deflection Ax/r as a function of time is shown in Fig. 9(b). Initially undeflected, the beam deflects rapidly in
the direction of its motion. At ¢ = 0.2 s, the normalized beam deflection value reaches 0.8. Following fluctuations
until # = 1.3 s, the deflection value nearly stabilizes around 0.6. The laser moves on a discrete grid, with a grid size
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Fig. 8 Laser beam intensity along its path over time in the y = L, /2 plane, with the full xz domain displayed.
The laser is directed from top to bottom.

in the xy plane relative to the beam radius of 0.042, which is significant compared to the beam deflection. Quadratic
interpolation was employed to determine the beam deflection values. At the start of the experiment, heating causes
convection currents to move upwards, and the hot fluid hits the upper wall of the domain, where it is then deflected
around the laser path. As a result, some hot fluid regions precede the laser path, reducing laser beam skewing, and we
observe a dip in both peak intensity and deflection after a short time. The average beam deflection behavior aligns with
physical expectations. The details of these transients probably depend on the formulation of the boundary conditions at
the inlet and outlet walls; however, the long-term behavior may be expected to be robustly simulated.

0.8 A
0.50 A
0.6 A
© 0.45 1 >
21 é 0.4 A
0.40 - — 024
0.35 1 0.0 - J
0 1 2 3 0 1 2 3
t(s) t(s)
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Fig. 9 Plot of (a) normalized peak intensity values and (b) normalized beam deflection over time in the z = L,
plane.

We compared the laser beam intensity profile at t = 1.5 s from the simulation with that from the reference experiment
in Fig. @ At this time, the laser beam reaches the middle of the domain and exhibits almost steady-state behavior, as
shown in Fig. 6 and Fig. 9. Since the experiment does not specify the exact time of the intensity profile, we assume it
represents a steady-state profile as well. Considering the approximations in the governing equations and simulation
parameters, the computed intensity profile shows satisfactory agreement with the experimental profile. We conducted
simulations for other laser powers and velocities as described in the reference experiment. For higher laser velocities,
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the system reaches steady-state, and the results align well with those reported in the experiment. However, for lower
velocities, we were unable to achieve steady-state.
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Fig. 10 Comparison of experimental [22] and computational laser beam intensity profiles in the z = L, plane.

V. Conclusion

To investigate laser-fluid interaction within closed domains, we developed a 3-D solver, icoLfiFoam. Within the
OpenFOAM toolbox, we essentially augmented the built-in icoFoam fluid solver with capabilities for solving the coupled
laser and fluid dynamics. We have validated the solver for two test cases:

1) Laser beam diffraction while propagating in a vacuum.

2) Thermal distortion of a laser beam propagating in the direction of gravitational force through a fluid cell, while

moving at a constant velocity perpendicular to the beam propagation direction.

The obtained results are consistent with physical principles, and align closely with experimental findings available in the
literature. We will use this solver to conduct a parametric study of the laser-fluid interaction in the closed domain. In the
future, we plan to update the solver to solve the laser-fluid interactions in generalized domains and parallelize it in line
with the other OpenFOAM solvers.

Appendix A: Laser beam attenuation effect in the paraxial equation
The paraxial equation in its nominal form is given by [23]:

. 6A ) n2
2k~ = Avct Ay 4k (n—3—1 A (12)

It is assumed that the rate of decrease in laser beam intensity along the beam propagation direction is directly proportional
to the laser beam intensity:

dl

o (13a)
For a constant absorption coefficient S, this relationship can be expressed as

di

— =-pI. (13b)

dz

The paraxial equation is written in terms of the intensity amplitude A. Since

I=1AP%, (13¢)
to satisfy Eq. [I3b] the following must hold:
A B
— =-=A. 13d
dz 2 (13d)
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Thus, the paraxial equation, accounting for beam attenuation due to absorption, becomes:

. 0A 2 f’l2
ZZka—ZZAxx+Ayy+k (n—2—1

0

A — ikBA. (14)

Appendix B: Refractive index and temperature change relation
For small changes in refractive index and temperature:

dn
nzn0+(T—To)ﬁ. (15a)
For small changes, ’(T - TO)%| << ng, we obtain:
d
n? ~ n(2)+2n0(T—T0)d—;. (15b)

Rearranging the terms of the above relation, we get:

n? (T -Ty) dn
— —]l=2—— 15
n% no dT (15¢)
Appendix C: 1-D NLSE solution
The 1-D nonlinear Schrodinger (NLSE),
.ou 2
i— + Uy +ulul”=0, (16)

ot

is a PDE similar to that of the paraxial equation. We have validated the implementation of split-step method by
comparing the numerical solution of 1-D NLSE, solved using the split-step spectral method, against its exact solution
[24] 4

u(t, x) = V2e! 053340750 gech (x — 7). (17)

For —10 < x < 10, N =100 and At = 0.01,the results show satisfactory agreement, as illustrated in Fig. 2.
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Fig. 11 Numerical solution of 1D NLSE, solved using the split-step spectral method, compared against its exact
solution at 1 = 3 with a time step of Az = 0.01.
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Appendix D: Laser power and peak intensity relation for a Gaussian beam
The radius of a laser beam is defined as the distance from the peak of the beam to the points where the beam intensity
is 1/e times its peak value. The intensity distribution of a Gaussian laser beam with radius r in radial coordinates is
given by:

2

I=1Ie 7. (18a)
For the laser beam of power Py, we have
Py = / I2xr’) dr’ (18b)
0
Substituting [ into the integral:
oo 2 2 2 o
Py = / lpe” 2 2nr’ dr'  =2rly|—-—e 2| =nlyr’. (18¢)
0 0
Thus,
Py
Ip = —. (18d)
nr
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