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A multi-lens retroreflector with field curvature compensation was designed and used in an alignment-free distributed-
cavity laser with a long working distance for resonant beam charging applications. The multi-lens design, which makes
use of off-the-shelf components, also allows a large field of view (FoV) without requirement of large element aperture.
By implementing this design, an end-pumped 1063 nm Nd∶GdVO4 laser could deliver over 5 W continuous-wave output power
over a large range of working distances (1–5 m) and with ±30° receiver FoV under an incident diode pump power of 16.6 W.
The output power fluctuation was less than 10% when moving and tilting the receiver over such a large range, without
requiring any realignment of the cavity.
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1. Introduction

Lasers, which implement retroreflectors as opposed to conven-
tional cavity mirrors, have the potential of being alignment-free
over long working distances[1–4]. Such a featuremakes it possible
to build a distributed-cavity laser with a long working distance,
which is a characteristic of great interest in applications includ-
ing sensing, measurement, as well as resonant beam charging
and communications[4–8]. Compared with the corner-cube ret-
roreflector, the cat-eye retroreflector allows for more flexible
laser designs and is more suitable for practical long distrib-
uted-cavity lasers operating in the continuous-wave (CW)
scheme, which is required for applications in resonant beam
charging and communications[8–12]. In our recent work, we
presented the first experimental demonstration of efficient CW
operation of such a distributed-cavity laser[13,14] with a long
working distance and large field of view (FoV). We found that
the cat-eye defocusing induced by spherical aberration (SA) and
field curvature (FC) is the main issue that limited the working
distance and the FoV of the laser. By compensating the aberra-
tions by choosing appropriately designed elements such as a
custom aspherical lens, the end-pumped Nd-vanadate lasers

could deliver stable output within a working distance of
1–5 m and with a receiver FoV of ±20°, without needing to
realign the cavity.
As detailed in our former work and work by other groups,

conventional cat-eye retroreflector designs typically comprise a
focusing lens and a mirror positioned at its focal plane[1,8,13–18].
When implemented in a distributed-cavity laser, such a cat-eye
design will introduce strong SA and limit the working distance
of the laser; in the case where a long focal lens is used, a large
diameter output coupler is required in order to provide feed-
back for beams at large angle of incidence (AoI) (angle θ in
Fig. 1)[13,14]. For example, in our work, in which we demon-
strated a receiver FoV ± 20° by compensating the FC, further
optimizing of the FoV was restricted by the aperture of the
output coupler, even though a 50.8-mm-diameter mirror was
used[14]. Therefore, in order to produce more compact lasers
with larger dynamic range, the optical design needs to be
improved. In this work, we designed an improved multi-lens
retroreflector to remove the FoV limitation imposed by the
element’s aperture. This also effectively compensated the SA
and FC, enabling the distributed-cavity laser to work efficiently
over a long working distance and large FoV. Here, we designed
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a multi-lens retroreflector consisting of off-the-shelf, standard
elements; this enabled the receiver FoV to reach ±30° at a long
working distance of 5 m, and the output power fluctuation was
less than 10%.

2. Cavity and Optical Design

The schematic of the alignment-free distributed-cavity laser is
shown in Fig. 1(a). The details of the transmitter (from the
fiber-coupled diode pump to the intracavity lens F3) can be
found in our prior work[14]. The maximum 808 nm diode pump
power used to end-pump the 1063 nm Nd∶GdVO4 laser was
16.6 W. To optimize the alignment-free range of the laser, we
designed an improved receiver retroreflector, which comprised
of three lenses and a partially reflective mirror (output coupler),
instead of the conventional two-element cat-eye design. The lens
F4-1 was a plano-convex lens with an effective focal length (EFL)
of 76 mm, while the lenses F4-2 and F4-3 were plano-concave
and plano-convex, with EFLs of−160mm and 25.4 mm, respec-
tively. The output coupler M3 was plano-concave with a radius
of curvature (ROC) of 32.5 mm.
The distances between the four elements above (referred to

as L7-1, L7-2, and L7-3) were 0.1 mm, 5.9 mm, and 21 mm,
respectively.
The parameters of the lenses and mirror used to make up the

retroreflector were optimized to provide good retroreflection for
incident beams across a large FoV of ±30°. The requirements of
“good retroreflection” here include the direction, path, as well as
the divergence of the back reflected beam, to be opposite to those
of the incident beam. The availability of the elements was also
considered during the design, i.e., the standard off-the-shelf ele-
ments were preferred. All the lenses in the laser cavity were con-
structed from N-BK7 and were antireflective (AR) coated at
1064 nm (R < 0.2%). The reflectivities of mirrors M2 and M3
at the 1063 nm laser wavelength were 30% and 50%, respectively,
with a corresponding “effective feedback” of 82% (18% output
coupling). The specifications of each element and the distances
between them are summarized in Table 1. The length of the ret-
roreflector (from the convex face of F4-1 to the plano face ofM3)

was less than 45 mm. Figure 1(b) shows the ray-tracing model of
this multi-lens retroreflector implemented through Zemax soft-
ware. The AoI interval between each beam is 5°, and the
50.8 mm diameter of output coupler M3 supports a large AoI
of ±45° (the 25.4 mm aperture of the lens F4-1 is insufficient
for a 4-mm-wide incident beam with ±50° AoI). We also made
a lens tube to mount the elements together as an assembly, the
schematic of which is shown in Fig. 1(c). It should be mentioned
that we originally planned to use one convex-concave lens
instead of using two lenses F4-1 and F4-2, two make a three-
element device. However, after inquiring with several suppliers,
we were unable to source the appropriate elements in stock, and
we proceeded with the design as outlined above; in this case, all
three lenses with AR coatings at the laser wavelength were in
stock with suppliers. The improved retroreflector making use
of off-the-shelf elements is hence very cost-effective.
As illustrated in our former work, the SA and FC are the main

issues that limit the working distance and the FoV, respec-
tively[13,14]. Using ABCD matrices, we know the fundamental
mode has a beam diameter of ∼4mm when it reaches the
receiver (lens F4-1) at the longest working distance in the experi-
ment of 5 m. Using Zemax software, we found that most of
the beam energy is within the Airy radius after being focused
on the output coupler M3, which means that the beam is
near-diffraction-limited and would not be influenced much
by the SA. In terms of FC, Fig. 2 shows the calculated FC as a
function of AoI of the multi-lens retroreflector (black solid line)
using Zemax software. It can be seen that the absolute value of
FC within the AoI of ±30° was below 0.04 mm, and this
increased to 0.22 mm at an AoI of ±40°. For cat-eye retroreflec-
tors, which use lenses with different focal lengths, it is unreason-
able to compare their aberration-induced defocusing in terms
of distance (millimeters) directly. For instance, with the same
aberration-induced defocusing of 1 mm, a cat-eye retroreflector
with a short focal length lens would cause more significant dis-
tortion of the beam after retroreflection than a retroreflector
with a long focal length lens. A more reasonable way to quantify
the aberration-induced defocusing is to use the focusing power
(in terms of diopters). A defocused retroreflector would focus
or defocus the incident beam, which means that the beam
reflected back along the incident path has a divergence different
from that of the incident beam. It is easy to understand that the
same focusing/defocusing has the same influence on the laser

Fig. 1. (a) Schematic of the alignment-free laser; (b) Zemax ray-trace model
of the multi-lens retroreflector (the AoI interval between adjacent beams is
5°); and (c) the assembly drawing of the receiver lens tube.

Table 1. The Elements Used in the Multi-Lens Retroreflector.

Optic Shape EFL/ROC (mm)
Diameter
(mm)

Distance/Spacing
(mm)

F4-1 Plano-convex 76.0/39.28 25.0 L7–1∶ 0.1

F4-2 Plano-concave −160.0/−82.62 25.0 L7–2∶ 5.9

F4-3 Plano-convex 25.4/13.08 25.0 L7–3∶ 21

M3 Plano-concave −63.0/−32.5 50.0
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operation (at the same working distance). The FC-induced defo-
cusing in terms of diopters is also plotted in Fig. 2, using
the blue dashed line. The maximum absolute value of calculated
defocusing within the optimized FoV of 30° is no more than
0.11 D (at ∼ ± 20°), and this increased to 0.31 D and 0.87 D at
the AoIs of 35° and 40°, respectively. For comparison, we also
converted the calculated defocusing in terms of millimeters in
Fig. 3 of Ref. [14] into diopters. For the FC-compensated
cat-eyes #3 and #4, the maximum absolute values of FC-induced
defocusing within the aperture-limited FoV were 0.13 D and
0.15 D, respectively; also, the laser output power did not exhibit
an obvious decrease in these cases. These values can be used
to estimate if the FC is compensated well to facilitate efficient
laser output over the desired FoV. The FC of our multi-lens
receiver is below 0.11 D with an FoV of ±30°, lower than the
values stated above. Therefore, we can expect that the output
power will be stable across this range, but will decrease if the
AoI increases.

3. Results and Discussion

We first characterized the laser output power at an AoI of 0°,
i.e., the transmitter and receiver were parallel with one another
and shared a common optical axis. The results are plotted in
Fig. 3. The laser threshold was ∼3W incident diode pump
power, and the maximum output powers at the working distan-
ces of 2 m and 5 m were 5.80 W and 5.13 W, respectively, with
the receiver optimized at each working distance. The output
powers were similar to those obtained with conventional two-
element cat-eye retroreflectors, as detailed in our former
work[14]; this reveals that using two additional lenses in the
cavity does not add significant insertion loss.
Figure 4 shows the laser output power as a function of work-

ing distance L6. The solid circle shows the results with the dis-
tance L7-3 unchanged after first being optimized at the longest
working distance of 5 m. Here, moderate fluctuation in power
between 5.03 W and 5.55 W is observed when the working dis-
tance L6 was shortened from 5 m to 1 m. The “alignment-free”
output powers were a little lower than that obtained when
the distance L7-3 was optimized at each working distance
(empty square). However, for practical resonant beam charging
and communications applications, it is generally considered
impossible to reoptimize the laser, as the position of the
receiver changes. Therefore, stable “alignment-free” output can
be considered a more important characteristic for these lasers
to have.
The receiver FoV (θ) was characterized with the multi-lens

retroreflector on the optical axis of the transmitter under the
maximum pump power of 16.6 W. Since the FC was compen-
sated, a large receiver FoV was achieved, as plotted in Fig. 5.
At the longest working distance of 5 m, the laser output was
above 5 W within the optimized FoV of ±30°, with a very small
fluctuation between 5.17 W and 5.05 W. When further increas-
ing the AoI to ±35°, the output power decreased significantly
to ∼2.5W, and no laser output was observed at AoI of ±40°.

Fig. 4. Laser output power as a function of working distance L6 under an
incident pump power of 16.6 W, with the receiver optimized at the working
distance 5 m and with the receiver optimized at each point. The lines are
a guide to the eye.

Fig. 3. Power transfer of the laser at the working distances of 2 m and 5 m
(AoI = 0°). The lines are a guide to the eye.

Fig. 2. Calculated FC-induced defocusing in terms of millimeters and
diopters.
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When the working distance L6 was decreased to 2 m, the wider
stability zone made it more resistant to FC-induced defocusing.
At the AoIs of ±35° and ±40°, over 4 W and ∼2W laser output
powers were obtained, respectively. To the best of our knowl-
edge, this is the largest FoV for such an alignment-free laser
in the CW scheme, and this performance is attributed to care-
ful and innovative optical design. When the elements were
mounted in the lens tube, the maximum FoV reduced to ±30°
because the output beam was clipped by the lens tube at a larger
AoI. As shown in Fig. 1(c), the mirror M3 was not positioned
at that rear end of the lens tube, as we planned to add another
lens there to refocus the output beam to a photovoltaic cell (as a
demonstration of resonant laser charging application). The large
alignment-free range of this distributed-cavity laser (which
includes both the working distance and FoV) paves the way
for practical implementations of resonant beam charging
applications.

4. Conclusions

In this work, we designed an improved multi-lens retroreflector
and used it in a distributed-cavity, alignment-free laser for res-
onant beam charging applications. The retroreflector, which was
composed of off-the-shelf elements, was designed with a large
aperture-limited FoV and with SA and FC compensated so that
the distributed-cavity laser could operate efficiently over a long
working distance and FoV. Using the improved multi-lens ret-
roreflector as the receiver, the laser output power fluctuation was
below 10%, with the receiver moving across a working distance
of 1–5 m and tilted over a large FoV of ±30°. These results are
a significant improvement over conventional two-element cat-
eye retroreflectors with similar physical length and aperture.
Our design extends the dynamic range of distributed-cavity
alignment-free lasers significantly and is promising for laser res-
onators and optical systems that require effective retroreflection
over a large FoV.
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