Design of efficient lens ducts
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Lens ducts have the potential to couple the output from a laser diode array efficiently into the gain
medium of a solid-state laser in an end-pumped configuration. Using a ray-tracing method we inves-
tigate different design approaches of lens ducts and demonstrate the possibility to obtain an output beam
with a symmetric profile that is insensitive to the small displacement from the output surface of a lens

duct.
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1. Introduction

All-solid-state lasers with laser diodes as pumping
sources have attracted a large research and develop-
ment effort in recent years because of their potential
to achieve high reliability and energy efficiency.
Among these lasers, an end-pumped configuration is
preferred whenever the requirements of high effi-
ciency and good mode structure inside the cavity are
necessary. However, the highly divergent output
from a laser diode array presents a great challenge to
researchers in search of highly efficient and yet sim-
ple optical devices that can couple the output from a
laser diode array into a gain medium. A nonimag-
ing lens duct has emerged in the past few years as a
promising candidate to meet these challenges.12
Together with a cylindrical microlens, which reduces
the divergence angle of the laser diode from approx-
imately 40° to less than 3° in the fast-axis direction,
the use of a lens duct can significantly increase the
irradiance from a laser diode array on a gain medium
in the end-pumped configuration. In comparison
with other coupling methods such as gradient-index
lenses,? optical fibers,* aspheric lenses?® or direct cou-
pling,é the lens duct has the advantages of high cou-
pling efficiency, simple structure, and insensitivity to
minor misalignment. These advantages are espe-
cially important for the design of high power lasers
with large laser diode arrays as the pump source. In
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contrast, the monolithic lens duct is a nonimaging
light collection device that cannot be characterized by
simple geometrical-optics formulas. The difficulty
of analysis can impede the wide application of this
device in all-solid-state lasers.

Here we report the investigation of lens ducts based
on the conventional ray-tracing method. Different
approaches are compared to determine an efficient de-
sign of the lens duct. Preliminary experimental re-
sults of lens duct coupling is obtained from a Nd:YAG
laser end pumped with a high power quasi-cw laser
diode array.

2. Ray-Tracing Calculation

A lens duct is a glass device that can consist of one
spherical input surface and five planar surfaces.
The spherical surface is designed for efficient collec-
tion of the output radiation from a laser diode array
into the duct. As the light rays proceed into the
duct, they are incident on one of the four canted side
surfaces and, ideally, are totally reflected from the
side surfaces until they reach the planar output sur-
face opposite the input surface. Once transmitted
through the output surface with dimensions that
match the center area of a gain medium, the light
rays are injected into the gain medium with little loss
because of the proximity of the output surface to the
gain medium. The objectives of lens duct design are
high coupling efficiency and high quality profile of the
output beam for pumping, which is related directly to
the mode structure of the beam inside the laser cav-
ity. These objectives can be achieved through care-
ful selection of the lens duct parameters to reduce the
reflection loss at side surfaces and to adapt to the
specific dimensions of the laser diode array and gain
medium.

We designed lens ducts using the conventional ray-
tracing method. A two-dimensional schematic of a



Fig. 1. Schematic of a lens duct in the slow-axis plane of the laser
diode in which r is the radius of the spherical input surface, L is the
length of the duct, and H; and H, are the widths of the input and
output surfaces, respectively.

lens duct with four key parameters, r, L, H;, and H,,
defined in the x—y plane or the slow-axis plane of the
laser diode is shown in Fig. 1. Parameter r is the
radius of the input surface, L is the length of the duct,
H, is the width of the input surface, and H, is the
width of the output surface. For our calculations we
assumed that the output surface is square and thus
H,, the width of the output surface in the x—z plane or
the fast-axis plane, is equal to H,.

The focal length of the spherical input surface is
given by f = rn/(n — 1), where n is the refractive
index of the glass at the pump light wavelength. Us-
ing a coordinate system with its origin overlapping
the center of the spherical input surface, we consid-
ered a general light ray that originates from a point
(9, ¥o) on surface H, which could be the front surface
of a laser diode or a microlens bar. Without loss of
generality, we assumed that y, > 0 and the ray forms
an angle 6 with respect to the x axis. The point (x;,
y,) at which the ray is incident on the input surface of
the lens duct is determined by

¥1— Yo = (x1 — xp)tan 6, 1)
x12 +y12 =r 2)

The refractive angle of ray 6, can be found by use of
Snell’s law:

n sin 0, = sin 6, 3)

where incident angle 6; = 6 + arcsin(y,/r). Fur-
thermore, the intersecting point (x5, ys) of the re-
fracted ray with a canted side surface can be related
to the lens duct parameters (r, L, H,, Hy) by the
following equations:

Y2 — y1 = (x5 — x7)tan[6, — arcsin(y,/r)],
(4)

yo — Hy/2 _ (H, — Hy)/2
X+ \rt— (H,/2)? —\r*— (Hy/2)' = (L—1)

The considered ray is reflected from the side surface
at (x5, ¥5) with an angle 65 with respect to the x axis
given by

(5)

0; = —[0, — arcsin(y,/r)] — 2a, (6)
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Fig. 2. Example of ray tracing inside a lens duct with H as the
width of the originating surface of the pump beam from a laser
diode array with H = 9 mm, r = 50 mm, H; = 11 mm, and H, =
4.5 mm.

where « is the inclination angle of the side surface
with respect to the x axis, satisfying

H, - H,
2L —r) + \ar> — H*'

(7

sin o =

If the ray reflects further from side surfaces, the next
intersecting point can be calculated from the follow-
ing two equations:

Y3 — ¥2 = (x5 — xp)tan 0, (8)

ys + H/2 _ (Hy— H,)/2
X3+ \rP— (Hy/2)? P — (H/2-L-1'

9

Using Eqs. (4)—(9) we calculated the propagation of
various rays in a lens duct. For the following results
we considered a quasi-cw laser diode array consisting
of five 10-mm-long diode bars stacked on top of each
other. The center-to-center distance between adja-
cent bars is 0.5 mm. Thus, the array has a dimen-
sion of 10 mm in the slow-axis direction and 2 mm in
the fast-axis direction. The output of the laser diode
array is reshaped by a microlens array, reducing the
divergence angle in the fast-axis plane from 40° to
approximately 3°, whereas the angle in the slow-axis
plane remains at 10°. The distance between the mi-
crolens array surface and the apex of the input sur-
face of the lens duct was assumed to be 0.1 mm.

A typical result of ray tracing in the slow-axis plane
or the x—y plane is shown in Fig. 2. Note that the
irradiance of the radiation inside the lens duct is far
from homogeneous. Moreover, the inside distribu-
tion of the irradiance and consequently that directly
outside the output surface of the lens duct can be
favorably varied with different lens duct parameters.
We illustrate this aspect of the lens duct design with
two different approaches.

A. Single-Reflection Approach

For the single-reflection approach the lens duct was
designed to have all the light rays reflected from one
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Fig. 3. Ray-tracing result from the single-reflection approach for
alens duct with H = 10 mm, r = 10 mm, H, = 11.6 mm, H, = 2.9
mm, and L = 28 mm.

side surface only after the rays were inside the duct
and before they exited through the output surface.
Consequently, the length of the lens duct is fairly
small, which has the advantages of reduced loss and
a compact size. The corresponding ray-tracing re-
sult in the slow-axis plane is shown in Fig. 3.
Within each bundle, the most diverging rays con-
verge to the center area of the output surface of the
duct. The corresponding distribution of the normal-
ized irradiance outside the output surface is plotted
as a function of y/H, in Fig. 4. A top-hat distribu-
tion is obtained precisely at the output surface. The
spatial profile of the output beam spreads out and
becomes smooth as the distance from output surface
d increases. For d > 1 mm the beam profiles have a
form close to a Gaussian distribution, which may be
necessary for mode matching inside the cavity of the
pumped laser.

B. Converging Approach

As shown in Fig. 2, the light rays can be concentrated
in a small area after several reflections from the side
surfaces, indicating the possibility of creating a beam
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Fig. 4. Normalized irradiance distribution of the same lens duct
as in Fig. 3 except in the slow-axis direction.
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Fig. 5. Ray-tracing results of a lens duct from the converging
approach in (a) the slow-axis plane assuming 10° for the divergence
angle of the incoming ray bundles and (b) in the fast-axis plane
with a 3° divergence angle with H = 10 mm, r = 25 mm, H, = 14.4
mm, H, = 2.9 mm, and L = 68 mm.
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Fig. 6. Normalized irradiance distribution of the same lens duct
as in Fig. 5: (a) in the slow-axis direction with a 10° divergence
angle and (b) in the fast-axis direction with a 3° divergence angle.



of high irradiance. In this approach the radius of
the input surface and the duct length increase from
the single-reflection approach so that the output sur-
face is located near the area in which the rays are
concentrated. Figure 5 displays the ray-tracing re-
sults of this approach in both the slow-axis and fast-
axis planes whereas the corresponding irradiance
distributions are plotted in Fig. 6, where H; (=H,) is
the width of the lens duct in the fast-axis direction.
From these results one can see that the profiles of the
output beam in the slow-axis direction are close to a
Gaussian distribution and not sensitive to distance d.
In contrast, the output beam profile is much more
irregular in the fast-axis direction than that in the
slow-axis direction. We found, however, that, if the
divergence angle in the fast-axis direction was in-
creased from 3° to 10°, the same as in the slow-axis
direction, the beam profiles became smooth as shown
in Fig. 7. Therefore, it is possible to obtain a symmet-
ric profile in the transverse y—z plane for the output
beam from the lens duct that is close to a two-
dimensional Gaussian distribution if the divergence
angles of the laser diode beams can be controlled to be
about the same by a suitable microlens.

3. Discussion

We have calculated the beam profiles of the lens duct
output based on ray tracing in the slow-axis and the
fast-axis directions to demonstrate that a smooth and
symmetric beam can be obtained for solid-state laser
pumping with high power laser diode arrays. Based
on this analysis we fabricated several lens ducts us-
ing the converging approach design. Coupling effi-
ciency as high as 87% was obtained for lens ducts
with no antireflection coatings using the quasi-cw
laser diode array described above.
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Fig. 7. Normalized irradiance distribution of the same lens duct
as in Fig. 5 except in the fast-axis direction with a 10° divergence
angle.
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