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The calculation of the laser absorption is very important for implosion simulations to capture precisely its
dynamics. In many implosion simulations, the laser absorption is computed by the use of ray tracing. However,
the conventional ray tracing method has the problem that it generates a non-physical absorption distribution
because it represents a laser beam by a ﬁnite number of rays. Such a non-physical distribution on the target
surface could be numerical perturbations that grow drastically due to Rayleigh-Taylor instability. An enormous
number of rays are required to avoid such a non-physical distribution. This results in high computational costs.
Thus, we have developed a new method of ray tracing that essentially generates no non-physical absorption
distribution. In the new algorithm, rays are inversely traced from grid points unlike the conventional method.
This paper presents the new algorithm and a preliminary implosion simulation where the pressure perturbation
due to the non-uniformity of the irradiation is computed by the use of this new ray tracing.
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1. Introduction

2. Conventional Method

In laser fusion, a fuel capsule is imploded by the irradiation of high-intensity lasers from all directions. The
fuel is compressed to 1000 times its solid density and the
temperature is raised to so high that thermal nuclear fusion
can occur [1]. Uniformity of irradiation is one of the most
important issues to eﬃciently implode the fuel. In general,
the ablation surface and the fuel-shell contact interface of
the imploding target are Rayleigh-Taylor unstable [2–4].
Thus, perturbations on the target surface induced by the
non-uniformity of the irradiation grow drastically, which
degrades the implosion performance [5]. Therefore, it is
very important to estimate the eﬀect of the uniformity of
the irradiation on the implosion performance by simulations. In implosion simulations, ray tracing is often used
to calculate the interaction of the laser with matter. Accuracy is very important to estimate precisely the eﬀect of the
non-uniformity of the irradiation.
Sec. 2 of this paper describes the conventional ray
treatment and its problem, whereas Sec. 3 presents a new
algorithm that overcomes thus problem of the conventional
method. Sec. 4 shows a preliminary implosion simulation
with the new method applied.

In implosion simulations, the target is assumed to be
plasma, and the typical time and space scales of the plasma
allow treatment of the laser light by geometrical optics [6–
10]. In geometrical optics, the light is represented as a ray
and the ray’s position x is represented by,
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where c, ρ and ρc are the light speed, mass density and
critical density of plasma, respectively [6]. In a typical
hydro simulation, ﬁeld variables like ρ are frozen in the
calculation of the ray equation. The laser light is divided
into multiple beamlets and each beamlet is treated as a ray.
The trajectory of each ray is obtained by solving Eq. (1) for
each ray, where the initial values are deﬁned by the position and direction of the incident laser. The light intensity
of each beamlet along the trajectory is calculated from the
following equation.
dI
= −κI,
dx

(2)

where κ is the absorption coeﬃcient. In ablation plasma,
the absorption process is assumed to be inverse bremsstrahlung and the absorption coeﬃcient is represented by
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where κ, z, λL , T e , ρ and ρcr are the absorption coeﬃcient in cm, charge number, laser wave length in μm, electron temperature in keV, mass density and critical density
of plasma, respectively [1]. The absorbed energy of the
beamlet is deposited on the plasma.
This scheme has a problem that generates a nonphysical energy distribution when the number of rays is
not suﬃciently given (e.g.: an appendix of [10]). Figure 1
illustrates rays passing through each mesh. The color of
the mesh represents the number of rays in the mesh. The
energy deposited on the (i, j) mesh is contributed by two
rays compared to one ray for the (i + 1, j) mesh. This difference in the number of rays is directly reﬂected in the
distribution of energy deposited on the plasma.
An example of the non-physical distribution that appeared in this conventional method is shown in Fig. 2. Figure 2 (a) is the density proﬁle with ray trajectories. The
plasma proﬁle has a 20-μm scale length that is assumed
as typical for ablation plasma. The region inside the circle formed by the dotted line is the area that exceeds the
critical density. Figure 2 (b) is the distribution of energy
deposited on plasma computed with 100 rays, and (c) with
10,000 rays, respectively. The number of grid points is
100 × 100 and one mesh equals one μm. The laser has a
diameter of 80 μm and its normal incident from the right
side. The spatial proﬁle of the laser assumes a uniform
distribution. It has been found that the case involving the
100 rays cannot fully resolve the laser beam, and therefore, the energy distribution deposited in the plasma re-

Fig. 1 A schematic diagram of ray trajectories.

sults in the non-physical distribution. This would become
a numerical perturbation, which is drastically enhanced
by Rayleigh-Taylor instability. This problem is associated
with the number of rays and is an essential problem. To
avoid the non-physical result, a vast number of rays are
required. In the example of 10,000 rays, the energy distribution is suﬃciently smooth. The required number of rays
to avoid non-physical distribution depends on the plasma,
laser and mesh size. In the case of a uniform density proﬁle
along one axis, we have estimated the required number of
rays passing through one mesh to be more than 100. However, in arbitrary proﬁles, it is very diﬃcult to determine
the exact criterion for the number of rays. To overcome
this problem, we have developed a new algorithm that essentially does not generate a non-physical result due to the
number of rays.

3. Algorithm of the New Method
The new algorithm begins with searching rays that just
pass though the grid point of each mesh. Using such a ray
and its trajectory, the exact light intensity at the each grid
point is obtained from Eq. (2). Once the light intensity at
all grid points has been obtained, the distribution of the
deposited energy per unit volume is deﬁned by multiplying the light intensity by the absorption coeﬃcient for each
grid point.
However, it is quite diﬃcult to ﬁnd such a ray from
the conventional ray tracing calculation. This algorithm
therefore has applied an inverse ray tracing method. In this
method, the ray is shot from a grid point with a certain
velocity |u| and angle θ. Then, the exact |u| and θ required
so that the ray can arrive at the area of the incident laser and
the velocity is parallel to the incident direction are searched
as shown in Fig. 3. As for the |u|, it can be deﬁned from
the following condition like the conservation low that is
derived from Eq. (1):
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where |u0 | and ρ0 are the velocity of the ray and the plasma
density at the incident area of the laser, respectively. In

Fig. 2 (a) Density proﬁle with ray trajectories. The laser is incident from the right side. (b) and (c) show the energy distribution deposited
in this density proﬁle with 100 rays and 10,000 rays, respectively.
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Fig. 3 A schematic diagram of inversely traced rays. The red
solid lines are the exact rays that satisfy the incident condition. The laser is normal incident from the area in the
yellow double-headed arrow.

Fig. 5 The distribution of energy deposited on the same proﬁle
with Fig. 2 (a) by the use of the new algorithm.

Fig. 4 A schematic diagram of the subsidiary rays. The red solid
line is a main ray shot from the grid point that satisﬁes
the incident condition. The red dashed lines indicate the
subsidiary rays. d0 and d1 are the width of the subsidiary
rays at the incident point and the grid point.

usual cases, |u0 | is c and ρ0 is 0 since the incident laser is
set outside the simulation box. As for the θ, it is determined by iteration. The direction of the ray at the simulation boundary can be obtained for θ by inverse ray tracing.
The direction at the boundary is considered to be the direction at the incident area because the ray travels straight
in the region outside the boundary. Here we deﬁne P(θ)
as the dot product of the direction of the ray at the boundary and the incident direction of the laser. If P(θ) = −1,
this ray satisﬁes the incident condition with regard to the
direction. The solution of P(θ) + 1 = 0 is obtained by the
bisection method. Note that the iteration number of the bisection method means the number of the inverse ray trace
calculation. Finally, whether or not this ray can intersect
with the incident area is calculated. This procedure is one
method by which to search for the exact ray that satisﬁes
the incident condition.
In these consecutive procedures, geometrical eﬀects
like light focus are not considered. However, these geometrical eﬀects can be reﬂected by adding a speciﬁc width
to the ray. Therefore, subsidiary rays are introduced at
each side of the ray and are also computed by ray tracing.
Figure 4 illustrates the subsidiary rays with the main ray,
where d0 and d1 are the distance of the two subsidiary rays
at the incident area and the grid point, respectively. The
ratio of d0 to d1 represents the degree of the light focus.
The eﬀect of the light focus is reﬂected by multiplying the
intensity by this ratio.

Figure 5 shows the energy distribution deposited on
the same plasma proﬁle as in Fig. 2 (a) in the case of the
new algorithm. A non-physical distribution as in Fig. 2 (b)
does not occur and is similar to that in Fig. 2 (c). The total number of rays that just pass through each grid point is
7,565. The reason why that the total number diﬀers from
the total number of grid points is that there are no rays at
grid points above the critical density. That multiple rays
exist at some grid points as shown in Fig. 3 should also be
considered. The total number of rays is less than that of the
conventional result with 10,000 rays. However, the computational cost is approximately 20 times as great. This
reason is that the iteration number at the stage of the bisection procedure is 10 - 20. This means that the inverse ray
trace calculation is conducted 10 - 20 times at each grid.
There is room for improvement of the search algorithm to reduce the computational cost. On the other hand,
this new algorithm does not generate the non-physical distribution associated with the number of rays and enables
the calculation to be made only for necessary points.

4. Implosion Simulation
As a ﬁrst step, we performed a preliminary threedimensional implosion simulation by pressure drive instead of laser ablation, in which the non-uniformity due
to the laser irradiation is reﬂected in the initial pressure
proﬁle. The initial pressure is deﬁned from the laser absorption distribution. In this preliminary simulation, we
used the previous result (Fig. 5) as assuming axial symmetry, where a geometrical eﬀect for the axial symmetry is
considered in the process of the focus factor. We deﬁne r0
and r1 as the distance between the axis and the ray position
of the incident point and the distance between the ray position of the grid point and the axis. Then, the ratio of r0 to r1
is multiplied by the intensity. The energy distribution obtained from this process is integrated in the direction of the
radius and normalized. This is deﬁned as the distribution
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Fig. 6 The distribution function of the pressure perturbation by
one laser beam. θ is the angle measured from the laser
axis.
Fig. 8 Pressure proﬁle of the driven layer.

Fig. 7 The initial proﬁle. The solid and dashed lines are the
density and pressure, respectively. ρf and ρs denote the
density of the fuel and shell. Pf and Pd are the pressure
of the fuel and driven layer. The driven layer accelerates
the target inward.

function for the pressure perturbation by one laser beam.
Figure 6 shows the distribution function for the pressure
perturbation by one laser beam. θ is the angle measured
from the laser axis.
To simulate the implosion, a pure three-dimensional
hydro code, IMPACT-3D [11], is used. IMPACT-3D solves
compressible and inviscid hydro equations on Cartesian
grids. The implosion target is assumed to be a spherical
shell target and the initial condition is shown in Fig. 7,
in which the “driven layer” generates the driving force
for the target to accelerate inward. The pressure in the
“driven layer” will be given the perturbation as the form
of Pd × f (θ), where f (θ) is the distribution function that is
deﬁned by one laser beam (see also Fig. 6). As for the
irradiation orientation, GekkoXII at Osaka University is
used. GekkoXII has twelve laser beams and is designed
to be irradiated into a target with a dodecahedron orientation [12, 13]. Figure 8 shows the pressure proﬁle of the
“driven layer” as a result of overlapping twelve beams of
GekkoXII.
Figure 9 shows the density iso-surface that corresponds to the fuel-shell interface near the maximum compression time. It has been found that the surface irregularity caused by GekkoXII irradiation orientation is enhanced
by Rayleigh-Taylor instability. In the case of laser implosion, the target is consecutively accelerated inward during

Fig. 9 The density iso-surface that corresponds to the fuel-shell
interface. A maximum compression time of (a) 1.84 nsec
and (b) 2.04 nsec.

irradiation by the laser. The surface irregularity caused by
the orientation of the irradiation is emphasized more.
From this simulation result, it has been determined
that the numerical perturbations that appeared in the conventional ray tracing calculation is a critical issue. Therefore, the new ray tracing method will be required. As a
next step, we will introduce laser absorption into our hydro code and simulate the implosion by laser ablation.
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